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Synthesis and characterization of acrylic bone cement
reinforced with calcium carbonate-bioceramic
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Acrylic bone cement reinforced with bioceramic was synthesized by mixing beads of PMMA (produced by suspension
polymerization), methylmethacrylate (MMA) as monomer, benzoyl peroxide (BPO) as free radical initiator and calcium
carbonate (CaCOj3) powder as bioceramic. The structure of PMMA, the structure of calcium carbonate and that of the acrylic
bone cement reinforced or not with bioceramic were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD) and scanning electron microscopy (SEM). Bioactivation of the PMMA bone cement by adding CaCO3;
powder acting as bioceramic can be an advantageous solution for problems of bone filling as well as bone regeneration.
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1. Introduction

For nearly five decades, poly(methyl methacrylate)
(PMMA) bone cement is one of the most important
primary synthetic biomaterials used in orthopaedics to
anchor artificial joints [1, 2, 3]. The PMMA bone cement
fills the free space between the implant and the bone and
constitutes a crucial interface. It acts as a grout, adapting
the surface irregularities of the surrounding bone tissue to
the surface of the inserted implants [2, 4]. However, poor
integration with bone, local tissue damage due to chemical
reactions during polymerization, monomer toxicity, 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 [3, 5]. Therefore, the development of new
formulations namely bioactive bone cements is highly
desirable, in order to promote bone growth and the
formation of a strong chemical bond between the implant
and the bone tissue. The incorporation of a bioactive
component in combination with the acrylic polymer seems
to be the main route to improve the interfacial strength of
cement to the bone [6, 7]. In this sense, a wide variety of
PMMA bone cements based on corn starch/cellulose
acetate blends filled with hydroxyapatite (HA) or
Bioglass, cements composed of chitosan and natural bone
powder, cements containing microspheres of chitosan/p-
TCP or calcium phosphate cements have been used to
improve the properties [6, 7].

Bioactive bioceramics include: bioactive glass,
calcium carbonate (natural coral), calcium sulfate and

calcium phosphates of biologic (derived from bovine
bone, coral and marine algae) or synthetic origin [8, 9].

Calcium carbonate (CaCO;) is one of the most
abundant minerals in nature and has three polymorphs
known as calcite, aragonite and vaterite [10, 11]. The most
thermodynamically stable phase is calcite followed by
aragonite and vaterite [12, 13]. The industrial importance
of calcium carbonate is well recognized as a filler in
composition materials such as plastics, textiles, rubbers,
paints, pigments, paper, coating, tooth paste cosmetics,
sealants and in the food industry [14, 15].

Calcium carbonate is also considered one of the most
significant building materials of natural hard tissues such
as bones and teeth [16].

Recent applications as a bioceramic material for
implantation purposes have been proposed due to its
potential in biomineralization, biocompatibility and
bioresorbability properties [15, 17]. Furthermore, calcium
carbonate could be an interesting candidate to prepare
cement with improved biodegradation rates due to its
higher solubility compared to apatite [12]. Ohgushi et al.
[18] showed that the bone forming response of CaCO; was
comparable to that of the well-known bioactive
hydroxyapatite.

In this work, an acrylic bone cement reinforced with
bioceramic was prepared by mixing beads of PMMA
(produced by suspension polymerization),
methylmethacrylate (MMA) monomer, benzoyl peroxide
(BPO) as free radical initiator and calcium carbonate
powder acting as bioceramic.
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2. Experimental
2.1. Preparation of the calcium carbonate

A 4.24 g quantity of sodium carbonate (Na,CO;)
(Sigma Aldrich) and 5.33 g of calcium chloride (CaCl,)
(Sigma Aldrich) were each dissolved in 200 ml of
deionized water. The Na,COj; solution was added slowly
drop wise to the CaCl, solution under magnetic stirring,
yielding a milky suspension, which was then stirred for
1.5 h at room temperature. The products (calcium
carbonate) were filtered, washed with deionized water and
dried in an electrical air oven at 60 °C for 48 h. The
procedure was similar to that of Guo et al. [19].

The structure of the calcium carbonate (CaCO;) was
investigated by FTIR, XRD and SEM.

2.2. Preparation of PMMA beads

PMMA beads were prepared by free radical
suspension polymerization [20, 21]. The raw materials:
water, suspending agent (CMC) (Fluka), monomer
(MMA)(Fluka) and initiator (BPO)(Merck) 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 250 pm was used.

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

2.3. Preparation of the acrylic bone cement
reinforced or not with bioceramic (calcium
carbonate powder).

The acrylic bone cement reinforced with bioceramic
was prepared by mixing beads of PMMA (produced by
suspension polymerization), methylmethacrylate (MMA)
as monomer, benzoyl peroxide as free radical initiator and
calcium carbonate powder as bioceramic. Bioceramic
powder (calcium carbonate powder in 13 % w/w of
mixture components) was added to a solution of PMMA
beads (2 g) in MMA (1.42 ml) with benzoyl peroxide as
free radical initiator (0.5 % w/v of MMA). The
components of the acrylic bone cement reinforced or not
with bioceramic were hand-mixed for ca. 5 min until the
mixture became a paste with high viscosity. Then, the
paste was placed into small parallelepiped moulds and
polymerized at 60 °C for 24 hours to give acrylic bone
cement or acrylic bone cement reinforced with bioceramic.

The structure of the acrylic bone cement reinforced or
not with bioceramic (calcium carbonate powder) was
investigated by FTIR, XRD and SEM.

2.4 Characterization of the materials by FTIR,
XRD, SEM/EDS

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

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

The SEM studies were carried out in a FEI Quanta
200 Scanning Electron Microscope (SEM). The material
was examined as specimen with dimensions of
10x8x4mm.

3. Results and discussion
3.1FTIR

Fig. 1 shows the FTIR spectra of PMMA beads,
calcium carbonate (CaCOs) after drying at 60 °C for 48 h
and acrylic bone cement reinforced with bioceramic
(CaCO; powder in 13% w/w).
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Fig. 1. FTIR spectra of (@) PMMA, (b) calcium

carbonate (CaCOy) after drying at 60 °C for 48 h and (c)

acrylic bone cement reinforced with bioceramic (CaCO3;
powder in 13% w/w).

According to Fig. 1(a), the characteristic vibration
bands of PMMA appear at 1757 cm' v(C=0) and
1451 cm™' v(C-0). The bands at 3054 and 2959 cm
correspond to the C—H stretching of the methyl group
(CH3) 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-O, while C—
C stretching bands are at 997 and 845 cm ' [22, 23, 24].

All the characteristic vibration bands of calcium
carbonate (CaCQOs) are presented in Fig. 1 (b) The bands
at 1799 em™, 1469 em™, 1091 cm™, 877 cm™ and 711 em™
are assigned to the carbonate group (CO5>) and according
to literature [19] are bands characteristic of calcite
structure.
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According to Fig. 1 (c), the presence of calcium
carbonate (CaCO;) powder in the acrylic bone cements is
indicated by the additional vibration bands at 1799 cm™,
1444 cm™, 877 cm™’ and 711 cm™ attributed to the
carbonate group (CO;”) [19].

3.2 XRD

Fig. 2 shows the XRD results of PMMA beads,
calcium carbonate (CaCOs3) after drying at 60 °C for 48 h,
acrylic bone cement not reinforced with  bioceramic
(CaCO;) and acrylic bone cement reinforced with
bioceramic (CaCOj; powder in 13% w/w).
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Fig. 2. XRD diffractograms of (a) PMMA beads, (b)

calcium carbonate (CaCOs) after drying at 60 °C for 48

h), (c) acrylic bone cement not reinforced with

bioceramic (CaCO;) and (d) acrylic bone cement

reinforced with bioceramic (CaCO;z; powder in 13%
wiw).

The XRD diffractogram of PMMA beads is shown in
Fig. 2(a).

PMMA is known to be an amorphous polymer and
shows three broad peaks at 20 values of 11.62 °, 30.67 ,0
and 31.96 ° (d spacing aprox. 7.61, 2.91 and 2.79A
correspondingly) with decreasing intensity. According to
literature, the shape of the first most intense peak reflects
the ordered packing of polymer chains while the second
peak denotes the ordering inside the main chains [22].

According to the diffraction peaks shown in Fig. 2(b),
the corresponding d spacings (A) were determined:
d=3.85 (20=23.08 ), d=3.02 (20=29.4 ), d=2.83

(20=31.5 %), d=2.49 (20=36.0 °), d=2.15 (20=41.9 °),
d=2.08 (20=43.2 %), d=1.96 (20=46.2 ), d=1.92
(20=47.2 %), d=1.87 (20=48.5 °), d=1.60 (20=57.4 °),
d=1.58 (20=58.2 9), d=1.43 (20=64.7 %), d=1.41
(20=65.7 %), d=1.35 (20=69.2 °), d=1.33 (20=70.3 °),
[25, 26]. The corresponding d (lattice spacing) of the 2®
(°) peaks are similar to those determined in the literature
[25, 26] for the crystalline calcite phase of calcium
carbonate.

The XRD diffractogram of the acrylic bone cement
without bioceramic (calcium carbonate powder in 13%
w/w) presented in Fig. 2 () indicate amorphous structure.
The acrylic bone cement has similar peaks to those of
PMMA.

The XRD diffractogram of the acrylic bone cement
reinforced with bioceramic (calcium carbonate powder in
13% w/w) presented in Fig. 2(d,) shows the characteristic
peaks of calcite with the peaks of the amorphous PMMA,
mainly its first peak [25, 26].

3.3SEM

(b)

Fig.3. SEM image of the (a) PMMA beads and of the (b)
calcium carbonate (CaCOs).
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(b)

Fig.4. SEM images of (a) acrylic bone cement without
bioceramic and (b) reinforced with bioceramic (CaCOs
powder in 13 % wiw).

Fig. 3 (a) 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. 250 pm.

Fig. 3 (b) shows the SEM images of calcium
carbonate crystals (CaCO;). It can be seen that
rhombohedral calcite crystals (CaCO;3) with an average
diameter around 4 pm were obtained.

According to SEM image presented in Fig. 4 (a), the
PMMA beads are distinguished in the acrylic bone cement,
with the polymerized MMA connecting the beads.

According to Fig. 4 (b), the acrylic bone cement is a
multiphase composite material. The PMMA beads are
surrounded by the polymerized MMA monomer acting as
binding agent. The small white particles are calcium
carbonate powder used as bioceramic.

4. Conclusions
It can be concluded that a suitable acrylic bone

cement reinforced with bioceramic (calcium carbonate
powder) has been synthesized which can be used as

biomaterial candidate. Bioactivation of the PMMA bone
cement by adding CaCOj; powder acting as bioceramic can
be an advantageous solution for problems of bone filling
as well as bone regeneration.

Acknowledgements

The authors gratefully acknowledge Mr. Loukas
Zoumpoulakis, Assistant Professor in the School of
Chemical Engineering, Department of Materials Science
and Engineering, National Technical University of
Athens, for his technical collaboration. Also, the authors
would like to thank Prof. A. Vgenopoulos of the School of
Mining Engineering and Metallurgy, for kindly helping
for FTIR measurements.

References

[1] N. Shearwood-Portera, M. Browne, 1. Sinclair,
Journal of the Mechanical Behavior of Biomedical
Materials 13, 85 (2012).

[2] S. Chaudhry, D. Dunlop, Orthopaedics and Trauma,
26(6), 391-396 (2012).

[3] F. Zivic, M. Babic, N. Grujovic, S. Mitrovic, G.
Favaro, M. Caunii, Journal of the Mechanical
Behavior of Biomedical Materials 5(1), 129 (2012).

[4] R. Ormsby, T. McNally, P. O’Hare, G. Burke, C.
Mitchell, N. Dunne, Acta Biomaterialia 8(3), 1201
(2012).

[5] M. A. Lopez-Heredia, Y. Sa, P. Salmon, J. R. de
Wijn, J. G. C. Wolke, J. A. Jansen, Acta
Biomaterialia 8(8), 3120 (2012).

[6] P. P. Lopes, M. P. Garcia, M. H. Fernandes, M. H.
V. Fernandes, Materials Science and Engineering C,
In press (2012).

[71S. Deb, L. Aiyathurai, J. A. Roether, Z. B.
Luklinska, Biomaterials 26(17), 3713 (2005).

[8] R. Z. LeGeros, G. Daculsi, J. P. LeGeros,
Muscoskeletal Tissue regeneration, 153 (2008).

[9] V. A. Kosma, K. G. Beltsios, Materials Science and
Engineering C 33(1), 289 (2013).

[10] Kh. Nurul Islam, Md. Zuki Bin Abu Bakar, Md.
Eaqub Ali, Mohd Zobir Bin Hussein, Mustapha M.
Noordin, M. Y. Logman, Gous Miah, Hanif Wahid,
Uda Hashim, Powder Technology 235, 70 (2013).

[11]J. Chen, L. Xiang, Powder Technology 189(1), 64
(2009).

[12] C. Combesa, B. Miaoa, R. Bareilleb, C. Reya,
Biomaterials 27(9), 1945 (2006).

[13] T. Menahem, Y. Mastai, Journal of Crystal Growth
310(15), 3552 (2008).

[14] C. Wang, C. Piao, X. Zhai, F. N. Hickman, J. Li,
Powder Technology 198(1), 131 (2010).

[15] A. F. Lemos, J. M. F. Ferreira, Materials Science
and Engineering C 11(1), 35 (2000.)

[16] Qiu Yu, Huang-Dong Ou, Rui-Qi Song, An-Wu Xu,
Journal of Crystal Growth 286(1), 178 (2006).

[17] Ming Ni, Buddy D. Ratner, Surface and Interface
Analysis, 40(10), 1356 (2008).



Synthesis and characterization of acrylic bone cement reinforced with calcium carbonate-bioceramic 149

[18] H. Ohgushi, M. Okumura, T. Yoshikawa, K. Inoue, [23] C. Parra, Gema Gonzales, C. Albano, e-Polymers,
E. C. Shors, J. Biomed. Mater. Res. 26(7), 885 no. 025 (2005).
(1992). [24] S. Rajendran, T. Uma, Bull. Mater. Sci.,
[19] Y. Guo, Y. Zhou, D. Jia, Acta Biomaterialia, 4(2) 23(1), 27 (2000)©Indian Academy of Sciences.
334 (2008). [25] X. Wang, H. Sun, Y. Xia, C. Chen, H. Xu, H. Shan,
[20] J. Simitzis, D. E. Baciu, J. Optoelectron. Adv. J.R. Lu, J. Col. Interf. Sci., 332, 96 (2009).
Mater. 14(5-6), 523 (2012). [26] J. Yu, X. Zhao, B. Cheng, Q. Zhang, J. Solid State
[21] J. Simitzis, D. E. Baciu, S. Soulis, M. Tzedaki, Chem., 178(3) 861 (2005).

J. Optoelectron. Adv. Mater.12(5), 1213 (2010).

[22] S. Ahmad, S. Ahmad, S. A. Agnihotry, Bull. Mater.
Sci., 30(1), 31 (2007)© Indian Academy of
Sciences.

"Corresponding author: dianabaciuro@yahoo.com



