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Bioactive bone cement composite was prepared by mixing beads of PMMA, methylmethacrylate monomer, benzoyl
peroxide as free radical initiator and bioglass powder. The latter consisted of SiO,, CaO and P,0Os was produced by the sol-
gel method. The structure of PMMA beads, glasses and bone cement composite were investigated by TG/DTG, FTIR, XRD
and SEM/EDS. The in vitro bioactivity was carried out by immersing specimens of the cement composite in simulated body
fluid (SBF) at 37 °C and pH 7.4 for a reaction time period of 14 days.

(Received March 26, 2012; accepted June 6, 2012)

Keywords: PMMA, bone cements, bioglasses, TG/DTG, SEM/EDS

1. Introduction

Over the last 5 years the bone cement materials
become one of the major fields in biomaterials. Bone
cements are materials employed in orthopaedic surgery
and dental applications for the fixation of joints prosthesis
to act as a load distributor between the artificial implant
and the bone, as well as filling selfcuring materials for
bone and dental cavities [1]. The most widely used bone
cement is based on polymethylmethacrylate (PMMA), also
called acrylic bone cement. PMMA is used in clinical
applications to fix joint prostheses for hip and knee joints
[2, 3]. Approximately 50% of all orthopedic implants
utilize bone cement to achieve implant fixation. However,
local tissue damage due to chemical reactions during
polymerization, the high shrinkage of the cement after
polymerization, the stiffness mismatch between the bone
and the cement are some drawbacks associated with
PMMA-based bone cements. Loose cement particles also
mediate osteolysis of the bone. Loosening is recognized as
one of the primary sources of total hip replacement failure
[4]. Several investigators have been researching
alternative formulations to improve the deficiencies noted
above. Bioactive bone cements including calcium
phosphate cements and polymeric cements with bioactive
fillers have been reported as alternatives to acrylic bone
cements. The rationale of the inclusion of a bioactive
phase is attractive due to its bone bonding ability and
combination of properties of different phases [5].

In this work, a bioactive bone cement composite was
prepared by mixing beads of PMMA (produced by
suspension polymerization), methylmethacrylate (MMA)
monomer, benzoyl peroxide (BPO) as free radical initiator
and bioglass powder. The latter consisted of SiO,, CaO
and P,0Os was produced by the sol-gel method with initial

molar proportion of SiO,/CaO/P,05=50:45:5 [6, 7].
Bioactivation of the PMMA bone cement by adding
bioglass powder can be an advantageous solution for
problems of bone filling as well as bone regeneration and
may also strengthen bone-cement interface.

2. Experimental
2.1. Preparation of bioactive glasses

The bioglass based on SiO,, CaO and P,Os was
produced by the sol-gel method with initial molar
proportion of Si0,/CaO/P,0s = 50:45:5. The procedure
was similar to that of Hench and Saravanapavan [6, 7].
The sol was prepared by mixing distilled water, HNO;,
tetracthyl orthosilicate (TEOS), triethyl phosphate (TEP)
and calcium nitrate tetrahydrate Ca(NOs),.4H,0,
following this order. The liquid remained in a small
cylindrical bottle which was hermetically closed with its
lid and left to gel at room temperature for 4 days. The
bottle was transferred without its lid to an oven and heated
at 60 °C, for 3 days in order to age the gel. Then, it
followed the drying at 150 °C for 2 days. The dried gel
was thermally stabilized in an electric furnace at 700 °C
for 3 hours under air atmosphere. The stabilized glass was
ground and sieved and the portion of grains less than 63
pm was used.

The structure of the bioactive glasses was investigated
by Fourier transform infrared spectroscopy (FTIR),
thermogravimetric and differential thermal analysis
(TG/DTG), and X-ray diffraction (XRD).
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2.2. Preparation of PMMA beads

PMMA beads were prepared by free radical
suspension polymerization [8]. The raw materials: water,
suspending agent (CMC), monomer (MMA) and initiator
(BPO) were added in a 1L three-necked reactor equipped
with a reflux condenser, a mechanical stirrer and a
temperature control system. The polymer was received as
beads and after sieving its portion less than 100 pm was
used.

The produced PMMA was characterized by FTIR,
and scanning electron microscopy (SEM).

2.3. Preparation of glass/acrylic bone cement
composite

The glass/ acrylic bone cement composite was
prepared as follows:

Bioglass powder (4 g) was added to a solution of
PMMA beads (2 g) in MMA (4 ml) with benzoyl
peroxide (BPO) as free radical initiator (0.5 wt %). The
components of bone cement composite were hand-mixed
for ca. 5 min until the mixture became a paste with high
viscosity. Then, the paste was placed into bar-shaped
molds. The polymerization mixture was carried out in at
60 °C for 24 hours.

The structure of the glass/acrylic bone cement
composite was investigated by FTIR, TG/DTG, XRD and
SEM/EDS.

Characterization of the materials by FTIR, TG/DTG,
XRD, SEM/EDS.

FTIR spectra were recorded using a Perkin Elmer
Spectrum 2000, on discs prepared by mixing of the sample
powder and KBr.

TG/DTG curves were recorded using a TG/STDA
Mettler Toledo 851 instrument. The sample was heated
from 25 to 1300 °C at a constant heating rate of 5 °C/min
under air atmosphere.

XRD measurements were performed with a Siemens
D5000 X-Ray Diffractometer by using sample of the
material as powder.

The SEM-EDS studies were carried out in a FEI
Quanta 200 Scanning Electron Microscope (SEM) and
simultaneously elemental analysis was determined by
Energy Dispersive Spectroscopy (EDS). The material was
examined as specimen with dimensions of 10x8x4mm.

2.4. Characterization of the cement composite by
“in vitro” study

The in vitro bioactivity of the cement composite was
carried out by immersing specimens with dimensions of
10x8x4 mm in 50 ml simulated body fluid (SBF), as has
been proposed by Kokubo [9], at 37 °C and pH 7.4 for a
reaction time period of 14 days. Then, the surface of the
cement composite was studied by FTIR, XRD and
SEM/EDS.

3. Results and discussion
3.1. Bioactive glasses- results FTIR

Fig. 1 shows the FTIR spectra of the glass after aging,
drying and stabilization.
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Fig. 1. FTIR spectra of the glass after (a) aging at 60 °C
(b) drying at 120 °C; (c) stabilization at 700 °C.

According to the Fig. 1 (a), the peak at 471 cm™ is
assigned to the bending modes of the Si-O-Si and O-Si-O
bonds [6, 10]. A doublet at 546, 599 cm™ is associated
with the O—P-O stretching vibrations of phosphate groups
[14]. The peak at 811cm™ corresponds to the stretching
mode of the O-Si-O bond [6, 10, 12]. The peak at 954 cm™
corresponds to the Si-O-Ca bonds containing non-bridging
oxygen [6, 13]. The peak at 1086cm™ is attributed to the
symmetric stretching vibration of the Si-O-Si bonds [6, 12
]. The peak at 1379 cm™ is assigned to the vibration of
ionic (NO3) [6, 10, 12]. The vibration of H,O (vibration
due to the OH bond) is at 1633 cm™ [6, 12]. No peaks
assigned to organic matter have been observed.

The same bands are observed for the dried glass
(Fig.1 (b)).

According to the Fig. 1 (C), after the stabilization at
700 OC, the material shows the peaks of H,O (vibration
due to the OH bond), Si-O-Si and O-Si-O (bending
modes), O-Si-O (stretching modes) and Si-O-Si
(symmetric stretching modes). The peak at 1380 cm™ due
to the vibration of ionic (NO,) is disappeared [6, 10, 12].
According to literature, the peak at 1414 cm™ corresponds
to (CO;)* groups [14]. The presence of carbonate is
attributed to a carbonation process of the material due to
the atmospheric CO, as a consequence of the high calcium
content [14].

TG/DTG

Fig. 2 and 3 shows the TGA /DTG curves of the
glasses after drying and stabilization, respectively.
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Fig. 2. TG/DTG curves of the glass after drying at 150 °C.
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Fig.3. TG/DTG curves of the glass after stabilization at 700 °C.

According to the Fig. 2 the dried material at 150 °C
during its thermal treatment up to 1300 °C exhibits the
following weight losses: 2.8 % up to 175 °C, 8.2 %
between 175 - 326 °C, 38.1 % between 326 -641 °C and
2.1 % between 641 and 1300 °C, i.e. the total weight loss
is approx. 51.2 %. The weight loss up to 326 °C is
attributed to the loss of residual water and ethanol [6, 10]
and that between 326 - 641 °C to the loss of organic (i.e.
alkoxy group) and nitrates (in the form of CaNO3.4H20

and HNO3) used in the sol preparation [10, 11].

According to the Fig. 3, the stabilized material at 700
°C during its thermal treatment up to 1200 °C exhibits the
following weight losses: 1.4 % up to 450 °C, 12 %
between 450 - 713 °C and 1.05 % between 713 - 1200 °C,
i.e. the total weight loss is approx. 3.6 %. The weight loss
up to 450 °C is attributed to the loss of residual water and
ethanol [6, 10] and that between 450 - 713 °C to the loss
of organic (i.e. alkoxy group) and nitrates (in the form of
CaNO3.4H20 and HNO}) used in the sol preparation [10,

11].

RD
Fig. 4 shows the XRD results of the glass after the
thermal process at 700 °C. The diffractogram has no
reflection and its form indicates internal disorder i.e. an
amorphous state of the glass as it was expected.
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Fig. 4. XRD diffractogram of the glass after thermal
process at 700 °C.
3.2. PMMA- results
FTIR

Fig. 5 shows the FTIR spectrum of the PMMA.
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Fig. 5. FTIR spectrum of PMMA.

The characteristic vibration bands of PMMA appear
at 1751 cm ™' v(C=0) and 1451cm ™' v(C-O). The bands at
3054 and 2958 cm™' correspond to the C—H stretching of
the methyl group (CH;) and the bands at 1315 and 1451
cm ! are associated with C—H symmetric and asymmetric
stretching modes, respectively. The 1244 ¢cm' band is
assigned to torsion of the methylene group (CH,) and the
1176 cm™' band corresponds to vibration of the ester group
C-0, while C—C stretching bands are at 997 and 845 cm'
[15, 16, 17].

SE

Fig. 6 shows the SEM image of PMMA beads. As
clearly seen, the PMMA beads have a spherical form. The
diameter of the most beads is approx. 32 um.
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Fig. 6. SEM image of PMMA beads: (a) magnification
800x; (b) magnification 2000x.

3.3 Bone cement composite- results

FTIR

Fig. 7 shows the FTIR spectra of the bone cement
composite before and after 14 days immersion in SBF.
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Fig. 7. FTIR spectra of the bone cement composite
(a) before and (b) after 14 days immersion in SBF.

Accordmg to the literature, the peaks at 563-593, 955

and 1035 cm are assigned to the (P-O) vibrational mode
of an amorphous phosphate [10]. According to the

the peaks at 1428, 1470 and 872 cm
2-
correspond to (CO3 ) carbonate group [10].

literature,

TG/DTG

Fig. 8 shows the TGA /DTG curves of the bone
cement composite after polymerization at 60 ° C for 1 day.
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Fig.8. TG/DTG curves of the bone cement composite.

According to the literature, the weight loss of 28.77%
between 240 and 430 °C corresponds with the PMMA
decomposition [18].

XRD

The XRD results of the bone cement composite show
XRD patterns typical of amorphous materials. Fig. 9
shows the XRD results of the bone cement composite.
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Fig. 9. XRD diffractogram of the bone cement composite.

3.4. In vitro bioactivity study of the bone cement
composite- results

XR
Fig. 10 shows the XRD diffractogram of the bone

cement composite before and after 14 days immersion in
SBF.
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Fig. 10. XRD diffractogram of the bone cement
composite (a) before and (b) after 14 days immersion in
SBF.

XRD patterns of the bone cement composites before
immersion in SBF solution show that it is an amorphous
material. When the bone cement composite is in contact
with SBF for 14 days (Fig. 10), the XRD diffractogram
indicates the formation of two phases: (211) of apatite and
(104) of calcite with a larger proportion of the calcite
phase [12].

SEM/EDS

SEM/EDS studies obtained from bone cement
composite before and after the immersion in SBF solution
are shown in the Fig. 11(a), (b); Fig. 12(al), (a2), (b) and
Fig. 13(a), (b). According to the Fig. 11 (a), the surface of
the bone cement composite before the immersion in SBF
solution is heterogenous. After 14 day’s immersion in SBF
solution the surface of the bone cement composite has
been covered by clear shaped rounded aggregated (HA)
particles as shown in the Fig. 12 (al), (a2). According to
the Fig. 12 (b), the EDS results reveal the inclusion of the
phosphorous in the composition of the newly formed
layer. The crystallized apatite layer contains also minor
components such as Na, CI, and Mg and the Ca/P atomic
ratio was 1.62, which was close to the theoretical value of
1.67 for apatite (CalO(PO4)6(OH)2) [ 19]. It can be

observed by SEM photograph as shown in the Fig. 13 (a),
(b) that the apatite layer does not grow only on the
external surface of the composite, but also inside the
material, where big pores exist. According to the
literature, a high concentration of Ca”" is released through
the pores leading to the apatite growth, similar to the way
that it is produced on the external surface [18].

Fig. 11. (a) SEM image (magnification 800x) and (b)
EDS spectrum of the bone cement composite surface,
before the immersion in SBF solution.
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Fig. 12. (al) SEM image (clear shaped rounded

aggregated HA particles) magnification 1600x; (a2)

magnification 800x and (b) EDS spectrum of the bone

cement composite surface, after 14 days immersion in
SBF.

Fig. 13. SEM image of the bone cement composite after
14 days immersion in SBF. A big pore covered by a new
grown phase; (@) magnification 400x and
(b) magnification 800x.
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To replace a PMMA bone cement with a bioactive
cement, it should have similar handling properties, better
mechanical properties and high osteoconductivity. Adding
a bioactive glass filler (which has high ability to bond
directly to bone through an apatite layer) [12] would
strengthen bone-cement interface which is considered a
weak point in bone-cement implant construct. According
to the literature reinforcing the PMMA cement with
bioactive filler reduces the amount of added monomer,
leading to a decrease of exotherm during the
polymerization, decrease of polymerization shrinkage and
increase of mechanical properties of the cement [20].

In this work, the bioglass prepared by sol-gel method
is amorphous, homogenous with high purity and after
stabilization at 700 °C. No traces of organic matter or
nitrates in the stabilized biomaterial were found according
to FTIR and TG/DTA analysis.

The PMMA beads obtained by suspension
polymerization have particles size <100 pm. The SEM
images show clearly their spherical form and rough
surface. According to previous reports using small-
diameter PMMA beads improves the handling properties,
the mechanical properties of the PMMA —based cements
[20].

The glass /acrylic bone cement composite obtained
has excellent bioactivity. After 14 day’s immersion in SBF
solution the surface of the bone cement composite has
been covered by clear shaped rounded aggregated (HA)
particles. The Ca/P atomic ratio was 1.62, which was close
to the theoretical value of 1.67 for apatite
(Ca1o(PO4)6(OH)2) [18]. The SEM results reveal that the

apatite layer does not grow only on the external surface of
the composite, but also inside the material, where big
pores exist.

FTIR data together with the XRD patterns confirms
that a hydroxycarbonate apatite (HCA) layer grows on the
surface of the glass/acrylic bone cement composite.

4. Conclusions

It can be concluded that a suitable glass/acrylic bone
cement composite have been synthesized which can be
used as biomaterial candidate. Bioactivation of the
PMMA bone cement by adding bioglass powder can be an
advantageous solution for problems of bone filling as well
as bone regeneration.
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