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Abstract

The aim of this study was to investigate the effect of adding bio-mineralized hydroxyl functionalized multi-walled carbon nanotubes
(MWCNTs—OH) on the compressive strength of calcium phosphate cements (CPCs). Bovine serum albumin (BSA) was also incorporated as a
protein which acts as promoter of hydroxyapatite (HA) crystal growth when bounded to CPC granules. The results show that the strong interfacial
bonding of CPC/MWCNTSs—-OH is essential to improve the mechanical properties of CPC/bio-mineralized MWCNTs—OH/BSA composite.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Calcium phosphate cements (CPCs) are potential materials
for use in minimal invasive surgery for bone defect repair due to
their similarity to the mineral phase of bone [1]. CPCs have
been developed as injectable bone substitutes (IBS) because of
their biocompatibility, excellent bioactivity, self-setting char-
acteristics, low setting temperature, adequate stiffness and easy
shaping in complicated geometries [2,3]. A number of CPC
products are available commercially. However, due to their
limited compressive strength, 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]. Therefore, new CPCs with excellent mechanical
strength, enhanced bioactivity and resorbability should be

* Corresponding author. Tel.: +60 4 599 6442; fax: +60 4 594 1013.
E-mail address: chhussein@eng.usm.my (S.H.S. Zein).

developed in order to broaden the application potential to heal
bone fractures and bone diseases [7].

Since the comprehensive investigation by lijima [8], carbon
nanotubes (CNTs) have been the focal point of considerable
research. There is increasing interest in applications of CNTs as
reinforcement in composite materials because of their excellent
mechanical properties [9-12]. However, there are two main
obstacles to overcome when using CNTs as reinforcing
elements, which are: (i) enhancing the wettability of the CNTs
surface to improve the matrix/CNT interface in order to enable
efficient load transfer from the matrix to the nanotube [13] and
(i) achieving an homogeneous dispersion of CNTs in the
matrix material [14]. Thus, good interfacial bonding is an
essential condition in order to improve the mechanical
properties of CNTs containing composites [15]. Due to the
chemically inertness and highly hydrophobic nature of CNTs,
modification of their surfaces is required so that efficient
CNTs—matrix interactions can be created [14,16]. In particular
in case of inorganic matrices, surface functionalization
facilitates improved dispersion of CNTs in the ceramic or
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glass matrix, leading also to the achievement of an ideal interface
bonding, which will be ultimately responsible for an efficient
load-transfer mechanism. Despite some concerns about possible
cytotoxic effects, there is an ever increasing interest in the
application of functionalized CNTs in the biomedical field [17-
21]. Recently, the manufacturing and properties of CNTs-
reinforced hydroxyapatite (HA) ceramic composites suitable for
clinical bone graft procedures have been presented [22,23]. Zhao
et al. [24] reported the mineralization of chemically functiona-
lized single walled carbon nanotubes (SWCNTs) with CPC using
avariety of functionalities, including the carboxylic acid group (-
COOH), the phosphonate group (diethyl methylene phosphonate
ester and diethyl benzyl phosphonate amide) and the sulfonic
acid group [poly(aminobenzene sulfonic acid), PABS]. These
functionalities were introduced by chemical reaction and they
were shown to improve the solubility of SWCNTs in water and to
exert a strong effect on the mineralization of the SWCNTSs with
HA [24]. In related research, Wang et al. [15] have reported the
reinforcement of CPC (50 wt% partially crystallized calcium
phosphate (PCCP) and dicalcium phosphate anhydrous (DCPA))
with CNTs functionalized with -COOH. However, the type of
CNTs used was not reported. If CPC is reinforced by bio-
mineralized functionalized multi-walled carbon nanotubes
(MWCNTs), a composite with higher mechanical properties
and bioactivity can be obtained, which has potential application
as bone repair material. In addition, results in the literature show
that CNTs can be used to induce the ordered growth of anano-HA
surface layer on biomaterial surfaces for example in contact with
simulated body fluid, which provides a nanostructured topo-
graphy that resembles closely the surface of bone in its chemistry,
crystallinity and morphology [25-27].

In our previous study, the reinforcement of CPC with
0.5 wt% as-received MWCNTs-OH and the addition of
15 wt% BSA was investigated [28]. A relatively high
compressive strength was measured, as compared with CPC/
BSA composites reinforced by as-received MWCNTSs and
MWCNTs—COOH. Thus, the aim of this study is to develop a
novel CPC based composite consisting of p-tricalcium
phosphate (B-TCP) and DCPA containing MWCNTs functio-
nalized with hydroxyl ions (-OH) and bio-mineralized by
treatment with SBF. Subsequently the resulting composites
were incorporated with bovine serum albumin (BSA) in order
to enhance crystal growth. This novel CPC composite combines
the osteoconductive properties of CPCs, the excellent
mechanical properties of MWCNTs—OH and the crystal growth
effect induced by BSA. The interfacial bonding between
MWCNTs-OH and the CPC matrix as well as the HA crystal
growth in the composites were investigated and the compres-
sive strength was measured. The new composites are proposed
for applications as bone substitute materials.

2. Materials and methods
2.1. Sample preparation

Bio-mineralized MWCNTs-OH were prepared by immer-
sing MWCNTs-OH (95% purity, diameter = 30-50 nm,

length = ~ 20 pm) (provided by Chinese Academic of
Science, China) in simulated body fluid (SBF) for 7 days.
The SBF was prepared according to the Kokubo method
reported in the literature [29,30]. The product formed was
washed with distilled water and filtered. Then, the product was
dried in air at room temperature. Equimolar mixtures of 3-TCP
and DCPA (supplied by Sigma—Aldrich) were physically mixed
with 15 wt% of BSA in powder form (supplied by Fluka) and
with 0.5 wt % of as-received MWCNTs—OH or bio-mineralized
MWCNTs-OH. De-ionized water was then added to the mixed
compounds and the mixtures were blended by using a
mechanical overhead stirrer in order to obtain a workable
cement paste. The cement paste obtained was firmly packed
into a stainless steel mold to prepare cylindrical specimens
(diameter = 25 mm, height = 10 mm) for compressive strength
tests. The packed stainless steel mold was wrapped with water
soaked KimWipe tissue paper to prevent the sample from
drying out and it was then stored in a Gyro-Rocker Incubator
(Model: S170) at 37 °C and 97% humidity for 24 h. Upon
removing from the incubator, the cylindrical specimens were
carefully taken out from the mold. The compressive strength of
the cylindrical specimens was tested using an Instron 3367
universal testing machine at a crosshead speed of 1.0 mm/min.

2.2. Sample characterization

The chemical and physical properties of CPC/as-received
MWCNTs-OH/BSA and CPC/bio-mineralized MWCNTs—
OH/BSA composites were investigated by scanning electron
microscopy (SEM) and Fourier transform infrared (FTIR)
spectroscopy. SEM was performed using a Leo Supra 35VP-24-
58 microscope in order to investigate the microstructure and
morphology of the composites. Fracture fragments were
mounted on conducting carbon tape and observed using an
accelerating voltage of 5keV. FTIR was carried out on a
Perkin-Elmer FTIR 2000 spectrometer over the frequency
range 4000-400 cm ™" in KBr pellets. FTIR spectroscopy was
employed to characterize the presence of specific surface
functional groups in the composites.

3. Results and discussion
3.1. Formulations of CPC composites

In order to achieve a controlled combination of degradation
behavior and bioactivity to promote bone formation, we used [3-
TCP and DCPA as the main components of the CPC material
[31]. As a candidate material for bone graft, B-TCP has
excellent merit in bone formation [32]. Mixtures of 3-TCP and
DCPA for bone substitution have been used for many years
[33]. It has been shown that the more slowly resorbing granules
are surrounded by newly grown bone, thus providing an inverse
scaffold for bone regeneration [34]. Thus, by adding 3-TCP
granules, the overall resorption rate of the cement can be
tailored to meet specific needs and the bone formation rate can
be controlled. Cements containing 3-TCP and DCPA have been
found to completely degrade in 16 weeks in vivo [33].



K.L. Low et al./Ceramics International 37 (2011) 2429-2435 2431

. HO

0 0 ca* PO& ho SBF

i SBF soaking i Ca* pos  Ho Nat K-
C-O'(CHZ}POH (7 days) C'O-{CHz)z'O' Ca?* POg& PO :g' 8;" yciz

—_—

0 (0] Caz* Caz* PO& HO- Ca®* PO/
] HO- Cos
C-0-(CH,),-OH

n
C-0-{CH,),-O- Ca* PO HO
—

HA nuclei

Fig. 1. Schematic representation of the process of HA growth on the surface of MWCNTs—OH when soaked in SBE.

Adapted from Wang et al. [15].

In this study, f-TCP and DCPA were mixed with de-ionized
water to form calcium deficient HA [Cag(HPO,)(PO4)s(OH)]
(CDHA). Then, this HA was mixed with as-received
MWCNTs-OH or with bio-mineralized MWCNTs—OH and
incorporated with BSA to form CPC/as-received MWCNTs—
OH/BSA and CPC/bio-mineralized MWCNTs—OH/BSA com-
posites. The schematic diagram shown in Fig. 1 illustrates the
precipitation of HA on the surface of bio-mineralized
MWCNTs-OH by immersion in SBF, as suggested by Wang
et al. [15]. The —OH groups react with the —OH ions in SBF to
produce a negatively charged surface with the functional group
—COO(CH,),07, as shown in Eq. (1):

—COO(CH,),0H + OH™ — —COO(CH,),0™ +H,0 (1)

In SBF, activated —COO(CH,),OH surfaces can act as
nucleation sites for HA [15,35]. Then Ca* in the SBF solution
can be attracted to the negatively charged surface site of
MWCNTs—OH. The attachment of PO43* from the HA nuclei
at the Ca®* accumulated sites result in a precursor cluster of
calcium phosphate. Thus, HA nuclei can precipitate on the
surface of the MWCNTs-OH when immersed in SBF, which
will form a suitable interfacial bonding between the bio-
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mineralized MWCNTs-OH and the CPC matrix. Besides, there
is a crystallization process taking place when bio-mineralized
MWCNTs-OH are mixed with 3-TCP, DCPA and BSA to form
CPC/bio-mineralized MWCNTs—OH/BSA composite. In this
process, effective interfacial bonding is expected between the
bio-mineralized MWCNTs—OH and the CPC matrix while
BSA can promote HA crystal growth. The consequence of these
microstructural reactions should lead to the improvement of the
compressive strength of the composites.

Furthermore, it is well-known that SBF with ion concentra-
tions similar to those of the inorganic constituents of human
blood plasma is able to act as a medium for the development of
a low crystallized HA similar to the mineral phase of bone on
substrates of different materials [36-39]. It is likely that this
crystallized HA layer formed on the MWCNTs—OH surfaces
will further contribute to improvement of the mechanical
strength of the composites.

3.2. Compressive Strength

Fig. 2 shows the effects of as-received and bio-mineralized
MWCNTs-OH on the compressive strength of CPC compo-

59
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CPC/Biomineralized CPCA{WCNT-OH/BSA CPC/Bio-mineralized
MWCNT-OH MWCNT-OH/BSA

Fig. 2. Compressive strength of CPC modified by as-received MWCNTs—OH and bio-mineralized MWCNTs—OH and with addition of BSA (No. of samples, n = 2).
*Note that the compressive strength of the CPC/BSA composite (without MWCNTSs) could not be measured because the composite was too weak to form the required

specimen shape for the compressive test purpose.
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sites. It was found that with addition of as-received MWCNTs—
OH, the compressive strength of pure CPC composite
significantly increased, from 1.0 & 0.2 MPa to 1.5 &+ 0.3 MPa.
The compressive strength of CPC composites is further improved
from 1.0 £ 0.2 MPa to 2.5 & 0.7 MPa, when reinforced with
bio-mineralized MWCNTs—OH. Moreover, even if only two
specimens were tested per condition investigated, it could be
confirmed that when BSA is added, the compressive strength of
CPC/as-received MWCNTs—OH composite significantly
increased to 14 £ 3 MPa. In addition, the compressive strength
of CPC/bio-mineralized MWCNTs—OH/BSA composite sig-
nificantly increased to 59 4+ 3 MPa, as compared to CPC/as-
received MWCNTs-OH/BSA composite.

As discussed above, HA crystals precipitated on the surface
of bio-mineralized MWCNTs—-OH should induce strong
interfacial bonding between HA nuclei and bio-mineralized
MWCNTs-OH. A strong interfacial bonding is a necessary
condition for improving the mechanical properties of compo-
sites, in order to achieve load transfer across the MWCNTs—
matrix interface [40]. Because of the chemically inertness and
the highly hydrophobic nature of the MWCNTs—OH [16], as-
received MWCNTs—OH did not exhibit a favorable wettability
for dispersion in CPC matrices and there was no strong
interfacial bonding between the as-received MWCNTs-OH
and the CPC matrix. Thus, MWCNTs-OH in the as-received
condition cannot be used as a stable reinforcement element in
CPC. In contrast, there was an interfacial bonding formed
between the bio-mineralized MWCNTs—OH and the CPC
matrix. This interface favors the load transfer between the bio-
mineralized MWCNTs—OH and the matrix leading to improved
mechanical properties.

Furthermore, the improvement in the mechanical properties
with addition of BSA can be explained by considering that
appropriate amounts of BSA are capable of promoting crystal
growth in the CPC matrix [41,42]. At low concentrations
(<10 g/1), BSA has been hypothesized to stabilize nuclei and
promote growth of octacalcium phosphate crystals while at
higher concentrations of BSA, the crystal growth seems to be
impeded by excessive BSA coverage [41]. The protein contains
both positively and negatively charged residues [43]. The
arrangement of these charges, as well as the complementarities
between the charged groups on the protein and the growing
apatite surfaces, may influence crystal growth behavior and also
lead to more cohesive cements for higher BSA contents [42,44].
In this study, it was hypothesized that BSA would promote HA
crystal growth and contribute to the increase of the compressive
strength, which was confirmed by the experiments (Fig. 2).

3.3. Microstructural analysis

3.3.1. Scanning electron microscopy (SEM)

Fig. 3 shows SEM images of the composite microstructures.
In general, different morphologies of the HA crystal structures
of CPC/as-received MWCNTs—OH/BSA and CPC/bio-miner-
alized MWCNTs-OH/BSA composites were observed, as
shown in Fig. 3(a and b), respectively. These different
microstructures may be the result of the effect of the different

Fig. 3. SEM micrographs of CPC composite morphologies; (a) CPC/as-re-
ceived MWCNTs—OH/BSA and (b) CPC/bio-mineralized MWCNTs-OH/BSA
composites.

interfacial bonding between as-received MWCNTs—OH and
bio-mineralized MWCNTs—OH with the CPC matrix and the
effect of the BSA for the HA crystal growth. These differences
result in the marked variation in compressive strength values
(Fig. 2). Referring to the morphologies of HA crystals obtained
by Xu et al. [45,46], it is suggested that HA crystals are grown
in CPC/as-received MWCNTs—OH/BSA and CPC/bio-miner-
alized MWCNTs—OH/BSA composites as a result of BSA
addition. Fig. 3(a) shows that well-packed HA crystals of plate-
like shape and clusters are grown in CPCl/as-received
MWCNTs-OH/BSA composite. It is hypothesized that this
particular microstructure led to increase compressive strength
of these composites. However, the interfacial bonding between
as-received MWCNTs—OH and CPC matrix is weaker than that
of bio-mineralized MWCNTs—OH, as discussed previously.
Moreover, in the SEM image of the CPC/bio-mineralized
MWCNTs—-OH/BSA composite shown in Fig. 3(b), a bio-
mineralized MWCNTs—OH well adhered to the CPC matrix
can be observed, which is the result of the HA precipitated on
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Fig. 4. FTIR patterns; (a) CPC/as-received MWCNTs—OH/BSA and (b) CPC/bio-mineralized MWCNTs—OH/BSA composites.

the outer wall of the MWCNTs—OH. It is suggested that the
finer HA crystals, grown in the CPC matrix and linked with the
bio-mineralized MWCNTs-OH, are responsible for the higher
compressive strength of CPC/bio-mineralized MWCNTs-OH/
BSA composite in comparison to CPC/as-received MWCNTs—
OH/BSA composite.

3.3.2. Fourier transformed infrared (FTIR) spectroscopy

Fig. 4(a and b) illustrates the FTIR results on CPC/as-
received MWCNTs-OH/BSA and CPC/bio-mineralized
MWCNTs—-OH/BSA composites, respectively. The spectra
show absorption bands at 3297-3307 cm ™' which correspond
to the strong characteristic peak of stretching mode of —OH
[47,48]. The peaks pertaining to the HA phase are -OH bands at
3302 cm ' and 3307 cm . The characteristic bending mode of
intercalated water can be observed at 1655-1656 cm ™! [47].
The phosphate band derived from the P-O asymmetric

Intensity (a.u.)

stretching mode (v;) of the PO~ group was identified in
the region 943—1128 cm ™', indicating a deviation of phosphate
ions from their ideal tetrahedral structure [47,48]. The
absorption bands appearing at about 400 to 600 cm ™' can be
attributed to the triple (v3) 548, 587 and 603 and double (v,)-
degenerated fundamental bending mode of the PO,*~ func-
tional group [47,48]. The bands observed at 1543 cm™ ! (v3
mode) and 1546 cm ! (v3 mode) can be assigned to the CO327
group [49]. The typical absorption bands of BSA are indicated
at 2900 cm™ ' and 1400 cm™' [50]. As a result, all the bands
discussed above and also their positions in the FTIR spectra
confirm the formation of HA in both CPC/as-received
MWCNTs-OH/BSA and CPC/bio-mineralized MWCNTSs—
OH/BSA composites. However, there are significant sharper
P-O bands (v; mode) at 1065-1100 cm ™! for the CPC/bio-
mineralized MWCNTs—OH/BSA composite, which could
prove that HA particles precipitated on the outer wall of

H:HA
B: B-TCP
D:DCPA

(2)

20 Diffraction Angle (°)

Fig. 5. X-ray diffraction patterns of the investigated samples; (a) CPC/MWCNTs—OH/BSA and (b) CPC/bio-mineralized MWCNTs—OH/BSA composites.
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bio-mineralized MWCNTs—OH [15]. This result also supports
the hypothesis about the forming of interfacial bonding
between bio-mineralized MWCNTs-OH and HA, which leads
to the relatively high compressive strength of CPC/bio-
mineralized MWCNTs—OH/BSA composite compared with
CPC/as-received MWCNTs—OH/BSA composite.

3.3.3. X-ray diffraction (XRD)

Fig. 5 presents typical XRD patterns of the CPC/as-received
MWCNTs-OH/BSA and CPC/bio-mineralized MWCNTs—
OH/BSA composites. Diffraction peaks corresponding to HA
crystalline phase were found at 26 angles of 26, 29, 32, 40 and
53°. The presence of an intense diffraction peak at 20 = 26°
reveals the growth of HA crystal along the c-axis [51,52]. These
XRD results confirming the presence of HA can be correlated
with the crystal morphology observed in the SEM images
(Fig. 3(a and b)). However, the XRD analysis also revealed two
extra phases of the starting materials corresponding to 3-TCP
and DCPA, suggesting that the reaction to form CPC is
incomplete. The incomplete reaction might be due to several
factors such as the liquid to powder ratio used, the hydration
time and the hydration environment. Considered in conjunc-
tion, the SEM, FTIR and XRD results showed that the
investigated CPC composites developed a crystalline HA
phase, which is in its chemical and crystallographic composi-
tion similar to the mineral phase of bone [53].

4. Conclusions

MWCNTs—OH was soaked in SBF for 7 days to synthesize
bio-mineralized @~ MWCNTs—OH. The  bio-mineralized
MWCNTs-OH was homogenously mixed with CPC and BSA
to form CPC/bio-mineralized MWCNTs—OH/BSA composites.
The strong interfacial bonding formed between bio-mineralized
MWCNTs—OH and CPC is suggested to have led to compressive
strength values significantly higher than those of CPC/as-received
MWCNTs-OH/BSA composite. SEM, FTIR and XRD results
showed that a HA layer precipitated on the surface of the bio-
mineralized MWCNTs—OH, which should lead to a strong
interface. Hence, bio-mineralized MWCNTs-OH can play a
reinforcement role in the CPC matrix through the formation of
interfacial bonding between HA nuclei and —OH groups of
MWCNTSs—OH. Due to concerns about the biocompatibility and
possible toxicity of CNTs for their use as biomaterials [21],
further research should focus on in vitro cell-biological
investigations and on the in vivo performance of the novel
CPC composites developed here. Significant work must be carried
out to improve the properties of the composites and to assess their
bioactivity and toxicity before they can be considered for clinical
applications.
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