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RESUMEN

Este trabajo reporta la preparacién de cementos é6seos utilizando
metacrilato de metilo (MMA) como mondémero base y rellenos
bioactivos tales como hidroxiapatita (HA), fosfato tricdlcico alfa (-
TCP) o hueso bovino.

En general, los tiempos de curado aumentaron con la inclusién de
estos refuerzos (de 4 hasta 6.7 min). La temperatura méaxima
alcanzada durante la polimerizacién del cemento disminuy6 ligeramente
al adicionar 20% de o-TCP o hueso bovino (80.3°C y 73.2°C
respectivamente) y se mantuvo sin cambio en las formulaciones con
HA (84.3°C) con respecto al control de solo PMMA. El contenido de
mondémero residual en los cementos bioactivos fue menor al 4%.

La presencia de o-TCP o hueso bovino aumenté la resistencia a
la compresién del cemento base y la adicién de HA la disminuyé,
cumpliendo en todos los casos con la resistencia minima a la compresién
(70 MPa) sugerida para su uso como cemento 6seo. La adicién de a-
TCP o hueso bovino aumenté la resistencia a la flexiéon del cemento
base pero la adiciéon de HA la redujo aunque el requerimiento minimo
de resistencia a la flexién (50 MPa) fue cumplido solamente al usar
concentraciones bajas de a-TCP. La resistencia tensil minima (30 MPa)
fue satisfecha por todas las formulaciones aunque siempre fue menor que

la exhibida por el cemento base.

Palabras clave: cementos é6seos, hidroxiapatita, fosfato tricalcico
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In this work, we report the preparation of bone cements by using methyl
methacrylate (MMA) as a base monomer and either hydroxyapatite
(HA), alpha tricalcium phosphate (a-TCP) or bovine bone particles as
bioactive fillers.

In general, it was observed that curing times increased by the addition
of any of these fillers (from 4 to 6.7 min). Maximum temperatures
decrease slightly by the addition of 20 wt.% of either a-TCP or bovine
bone (80.3°C and 73.2°C respectively) but it did not change by the
addition of HA (84.3°C) with respect to PMMA only bone cement
used as control. Residual monomer content was lower than 4% in the
bioactive bone cements.

By using a-TCP or bovine bone compressive strength increased with
respect to the unfilled bone cement but it was reduced when HA was
used. However, all these formulations fulfill the 70 MPa required for
bone cement use. Flexural strength was increased by using either a-
TCP o bovine bone but the addition of HA decreased this properties
compared to the base bone cement. However, the minimum flexural
strength (50 MPa) was fulfilled only in those experimental formulations
containing low amounts of a-TCP. The minimum tensile strength (30
MPa) was satisfied by all formulations but it was always lower than the
exhibited by the unfilled bone cement.

bovine bone.

INTRODUCTION

Bone cements are polymeric biomaterials used
with the aim of fixing articular prosthesis as it is
shown in Figure 1. These materials are used not
only as fillers between the metallic prosthesis and
the bone but also with the purpose to transfer
complex mechanical loads. Conventional bone
cements are prepared with a liquid component,
mainly methyl methacrylate monomer, and a
solid part, mainly composed of poly(methyl
methacrylate). In spite of their great used in
the modern orthopedics they suffer from high
residual monomer content, high polymerization
exotherms, high shrinkage and poor bioactivity.
These properties in turn lead to chemical and
thermal necrosis of the surrounding tissue, which
along with their poor mechanical performance,
cause the aseptic loosening of the implant.
Due to these disadvantages, new bone cement
formulations include low toxicity activators, low
heat of polymerization monomers and the use
of bioactive ceramics in order to improve their
biocompatibility [1-5].

It has been reported that between 200,000

Keywords: bone cements, hydroxyapatite, a-tricalcium phosphate,

and 300,000 total hip and knee replacements
are conducted annually in U.S.A only, costing
the health system approximately $13.8 billion
US [6-7].  Worldwide it is estimated that
800,000 total hip replacements are performed
annually [8]. Mexican state hospitals, IMSS and
ISSSTE, reported in 2008 more than 10,000 hip
replacements where 11,000 bone cement kits were
used with a $10 million pesos associated cost [9].

Therefore, considering the current limitation
of modern bone cements and their importance
in the Mexican and worldwide orthopedics, this
work is aimed to improve the biocompatibility
of bone cements formulations by using
either hydroxyapatite (HA), alpha-tricalcium
phosphate (a-TCP) or bovine hydroxyapatite.
HA is the mineral component of bone and
teeth, and is considered as biocompatible,
non resorbable and osteoconductive ceramic
whereas a-TCP can be soluble at physiological
pH and therefore, capable of generating a
porous substrate with osteointegration potential.
On the other hand, bovine bone is also
osteoconductive and has been used as a filler
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Figure 1. Comparison between a healthy hip
joint (a) and artificial joint after total hip
replacement (b).

in many orthopedic and dental applications, for
example, Bio-Oss®, Osteograft®, Nukbone®,
etc.

The addition of these bioactive fillers is
expected to improve osteoblast adhesion [10],
reducing at the same time, the aseptic loosening
of implant, without sacrificing other properties.
Therefore, these bone cements were studied
in terms of residual monomer content (RMC),
curing properties such as curing time and
exotherm of reaction in addition of their tensile,
compressive and bending properties. The
assessment of the mechanical properties on bone
cements are of prime importance as the external
loads applied during several physical activities
can exceed bone cement capability to sustain
these loads. Tensile stresses can be found in the
lateral portion of the implant due to its bending
while compressive stresses can be found in the
medial region when a person is standing (see
Figure 1b). Finally, it has been proposed that
a combination of tension, compression and shear
is occurring during the in wvivo loading in an
artificial joint [11].

MATERIALS AND METHODS

a) Bone cement preparation

Experimental bone cements were prepared
by hand mixing a liquid (L) and a solid

(P) component at P/L=2 (g/ml). The
liquid component was composed of methyl
methacrylate (with 100 ppm of hydroquinone)
and N N-dimethyl-p-toluidine (DMPT) as
activator. The solid component was formulated
with a commercial acrylic (Nictone®) and
benzoyl peroxide (PBO) (reference bone cement,

PMMA).

Hydroxyapatite, from Plasma Biotal (average
particle size of 9.3 pum) or o-TCP (average
particle size of 7.6 um) was added to the solid
component at 5, 10, 15 and 20 wt.% (Al-
A4 and B1-B4, respectively). Bovine bone
particles (average particle size of 245 pum) were
incorporated only at 20 wt.% (C4).

b) Determination of physical and
thermal properties

The content of residual monomer (RMC) was
calculated by 'H NMR on a Varian Gemini 200
(0.050 g in 0.6 ml CDCl3). The monomer was
quantified on at least two bone cements plates
(3x1x0.1 cm) after 7 days of preparation. The
areas for the CHy=C- at ¢ 5.6 ppm and 3.75
ppm for OCHjs group of the methyl methacrylate
monomer were used to determine the percentage
of monomer present in the total sample.

Peak temperature and curing time were
determined according to ISO 5833 (annex C) at
20°C using a teflon mould [12]. The change in
temperature with time was recorded immediately
after mixing the powder and the liquid. Curing
time () is defined as:

Tax + 1,
tc — a _;— amb (1)

where T, is the temperature in the mould at
the beginning of the experiment and T},q, is
the maximum temperature reached during the
polymerization. An average of at least three
measurements for each condition is reported.
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The glass transition temperature, 7,, of
experimental bone cements was determined by
means of a DMA-7 (Perkin-Elmer) in the
extension mode. Bone cements machined as
20x3x0.1 mm strips were deformed under a
static force of 60 mN and a dynamic force of
40 mN. Experiments were conducted from -50°C
to 150°C at a heating rate of 2°C/min, 1 Hz
and under nitrogen flow. The Tj; was determined
from the peak of the Tan ¢ vs temperature curve.

Porosity was determined in both filled and
unfilled composites from density measurements
as the complement of the ratio of the observed
and theoretical densities. @ The density was
determined by the Archimedes’ principle using
a density kit attached to an Ohaus Voyager
V12130 balance. Water at 20°C was used as the
standard of known density. Theoretical densities
were calculated following the rule of mixtures
with pg4=3.156 g/cm?, pprrara =1.2 g/cm?.

c) Determination of mechanical
properties

Filled and unfilled bone cements were tested
on tension, compression and bending. Tensile
tests were conducted using ISO 527 dumbbell
specimens. A crosshead speed of 5 mm/min
was used and the final deformation was obtained
by means of a contact extensometer. From the
load vs. displacement curve Young’s modulus
(ET), tensile strength (op) and strain (¢) were
obtained. Compression tests were carried out
according to ISO 5833 (annex E) at 20 mm/min
with cylinders of dimensions as indicated in
Figure 2b where compressive strength (o¢) and
modulus (E¢) were obtained. Bending modulus
(EB) and bending strength (op) were obtained
at 5 mm/min by means of a 4-point bending
experiments also according to ISO 5833 (annex
F). All samples were tested using an Instron
1125 after storing the specimens at 25°C during
1 week. At least 5 specimens for each type of
testing were used.

For comparison purposes Simplex P
(Howmedica), CMW 3 (DePuy), Cemfix
(Teknimed) and Osteobond (Zimmer) were

10mm
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10r\r'lm:¢i 3.5mm EIlme E g 5 mm
75 mm |
] |
35m-m
() (b) (9
Figure 2. Dimensions of the samples used

for mechanical testing in 4-point bending (a),
compression (b) and tension (c).

prepared according to manufacturer instructions
and mechanically tested. Fracture surfaces of the
bioactive bone cements were observed after the
tensile experiments by using a JEOL JSM 5900-
LV SEM.

RESULTS AND DISCUSSION

a) Curing properties of bioactive bone
cements

Table I summarizes the properties of cements
prepared with methyl methacrylate and
bioactive fillers. From this table it can be
seen that curing times were in the 4.4-6-7
min. range, being the longest time observed
with 5 or 10 wt.% of HA, 15 wt.% of a-TCP
and 20 wt.% bovine bone. The increase in
curing time can be explained as the L/P ratio
changed from 0.5 (unfilled bone cement) up
to 0.62 (bone cements with 20 wt.% of the
filler) i.e. the acrylic was substituted by the
ceramic particles. Under this condition, there
are less initiator (BPO present in the acrylic)
and more monomer (more inhibitor) leading
to an incomplete monomer conversion. These
curing times although different to those exhibited
by commercial bone cements (approximately 10
min.) can be extended by an adequate control of
the PBO/DMPT ratio. A suitable curing time
is required in order to provide enough time for
the cement to be placed by the surgeon in the
femoral cavity, either by hand or by using an
injection gun.
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Table I. Curing and thermal properties of bone cements prepared with

bioactive fillers.

Cement composition RMC (%) t. (min.) Tee (°C) Ty (°C)

PMMA 1.1 4.4+0.7  83.9£2.3 95.2
Al 1.1 6.2+0.3 75.84+2.8 89.3
A2 2.3 6.2+0.2  81.3£4.0 90.1
A3 0.3 5.4£0.8  79.5£4.9 93.2
A4 0.5 6.0+0.1 84.3+6.9 91.9
B1 1.53 6.1£+0.1 72.6£4.0 91.5
B2 1.51 5.8+£0.1  56.0+5.0 96.7
B3 1.43 6.7+£0.2  72.1£4.1 93.1
B4 3.55 6.2+£0.3  80.3£2.5 92.5
C4 - 5.73+£0.1  73.2+£5.3 -

Table II. Mechanical properties of commercial bone cements available in Mexico.

Brand Tension Compression Bending
E (GPa) o (MPa) ¢ (%) E (GPa) o (MPa) E (GPa) o (MPa)
Osteobond  3.3£0.2 37.9+6.4 4.3£2.2 2.,5+0.2 113.846.8 3.6+0.2 54.0£6.2
Simplex P 3.6£0.6 50.2+4.5 5.1£2.9 2.6£0.1 117.6+£3.8 3.5£0.2 66.9+7.1
CMW 3 41414 35.2£9.5 5.34+0.9 2.6+0.01 117.0£3.7 3.7+£0.1 44.3+104
Cemfix 3.4+£0.1 37.0+8.6 4.0£2.3 2.3£0.1 113.6£5.5 3.5+0.1 49.7+£84

93

The maximum temperature reached during
the polymerization were between 56°C and
84°C being the latest similar to those exhibited
by CMW-3 (84.7°C), Osteobond (83.9°C) and
Simplex P (89.7°C) [13]. The addition of a-
TCP and bovine bone tended to decrease the
maximum temperature when compared to the
control bone cement (PMMA only) although HA
incorporation did not affect this parameter.

Table I also shows that the amount of
residual monomer increased when the filler
concentration increased, being as high as
3.5% in the bone cement prepared with 20
wt.% a-TCP (B4). Residual monomer arises
from the incomplete polymerization of methyl
methacrylate, and is present even in those
formulations without the filler when it reached
1%. If we consider and initial monomer
concentration of 33%, and taking into account
the residual monomer, we can obtain a degree
of conversion close to 97%. Although RMC
in the 2-6% range has been reported [13], this
parameter is relevant to its clinical performance
as it can lead to pulmonary embolisms and

patient death. In this regard, it has also being
reported that as the amount of residual monomer
increase, the glass transition temperature is
simultaneously lowered due to its plasticizing
effect. However, in our study this was not
observed as the T, was located between 89°C and
96°C.

b) Mechanical properties of bioactive
bone cements

Table III shows the mechanical properties of
commercial bone cements while Tables III
to V shows the mechanical behavior of the
experimental bioactive bone cements. From
these tables it can be seen that commercial
bone cements perform better as the fulfill the
minimum compressive strength (70 MPa) and
bending strength (50 MPa) required for bone
cement use as recommended by the ISO 5833
standard in addition to the minimum tensile
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Table III. Tensile mechanical properties of
bioactive bone cements

Bone Tension
Cement (GPa) (MPa) (%)

PMMA 4.5+0.2 44.3+4.7 2.7£1.1
Al 4.1+1.1  36.442.2 1.9+£1.2
A2 2.6£0.2 36.6+3.5 2.9+04
A3 2.840.2 37.243.8 2.940.6
A4 3.0£0.7 29.41+4.4 2.1£0.8
B1 2.1+£0.3 36.9£3.6 4.0£0.8
B2 3.440.6 39.7£2.3 6.5£1.0
B3 4.840.7 39.2+24 4.0+1.9
B4 4.5+0.7 34.84+4.2 3.0£1.2

C4 ; - ;

strength (30 MPa) generally accepted for this
application [11,14-17]. Most of the experimental
bioactive bone cements developed during the
course of this study, fulfill the minimum
compressive strength and the minimum tensile
strength but not the minimum bending strength
required for bone cement use. Only those
formulations containing 5 wt.% and 10wt.% of
«o-TCP fulfill all the requirements.

The mechanical behavior exhibited by the
experimental bone cements can be explained
in several manners including T}, porosity and
polymer-ceramic interface (adhesion, size and
size distribution of the filler), etc. [18]. In
the first case, the glass transition temperature
does not explain the mechanical behavior as all
bone cements showed a similar 7. On the other
hand, porosity in bone cements containing HA
and a-TCP was similar to unfilled bone cements
and only those formulations with bovine bone
exhibited a higher porosity. The later behavior
can be explained by the higher particle size (250
pm for bovine bone vs. less than 10 um for HA
or a-TCP). Low porosity bone cements exhibited
higher compressive and bending properties but
lower tensile properties (see Bl formulation)
when compared with the unfilled bone cement.
It is known that materials that are strong
in compression are weak in tension but this
does not explain the observed properties as the
porosity was not controlled. Furthermore, the
control bone cement exhibited a high porosity

Figure 3 .Fracture surfaces of 20wt.% filled bone
cements. Hydroxyapatite (a), «-TCP (b) and
bovine bone (c).

but performed well in tension. Taking all
these results together, we can say that a-TCP
and bovine bone had a reinforcing effect in
compression and bending when compared to the
unfilled bone cement.
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Table IV. Compressive
mechanical properties of
bioactive bone cements

Bone Bone
Cement E (GPa) o¢ (MPa)
PMMA 2.1+0.2 104.6+6.1

Al 2.340.1 86.7+1.9
A2 2.440.1 86.0+5.0
A3 2.440.1 85.6+£3.9
A4 2.440.1 86.2+4.6
B1 2.4+0.2 117.14£2.7
B2 2.240.2 117.3+£3.4
B3 2.5+0.2 119.0£3.0
B4 2.4+0.2 116.6+2.5
C4 2.1+0.3 108.3+4.9

Table V. Porosity and bending mechanical
properties of bioactive bone cements.

Bone  Porosity Bending
Cement (%) E (GPa) op (MPa)
PMMA 2467 2.5+0.2 35.4+3.8

Al 2.153 2.6+0.1 34.8+4.7
A2 2.148 2.7£0.1 42.14+3.8
A3 3.774 2.84+0.1 36.9+2.6
A4 3.830 3.0+0.1 39.0+3.6
B1 1.381 2.840.1 54.0+8.4
B2 1.866 2.840.1 51.2+3.8
B3 2.487 2.9+0.2  45.7£94
B4 2.911 3.0£0.1 43.9£3.4
C4 5.135 2.6+0.1 47.7+3.1

Finally, the observed mechanical behavior
can be explained in terms of the poor adhesion
between the polymeric matrix and the ceramic
filler in addition to a poor dispersion of the
ceramic as shown in Figure 3.

Previous studies have demonstrated that
osteoblast adhesion is improved in bone cement
formulations containing «o-TCP over those
containing HA [19] 20% HA. However, it is
expected that bone cements prepared with
bovine bone particles should exhibit a similar
biocompatibility, a behavior that has to be
proved experimentally.

CONCLUSIONS

Bioactive bone cements with good thermal and
mechanical properties were prepared through
the addition of HA, a-TCP and bovine bone
particles to a PMMA matrix. It was observed
that in all formulations the amount of residual
monomer content never exceeded 4% and that
maximum temperature reached was never higher
than 90°C. Curing times were shorter that those
exhibited by commercial bone cements (6 min.
vs. 10 min.) although this parameter can
be adjusted by varying the PBO and DMPT
concentrations. Mechanical properties of the
experimental bone cements were comparable to
commercial formulations, mainly in compression
when «-TCP was used. However, these new
formulations have the advantage of providing an
osteoconductive support for bone growth and
improved mechanical performance. It can be
concluded that these bioactive bone cements
are a good alternative to current commercial
formulations as they offer good physicochemical
and mechanical properties. However, the cost
associated with HA and o-TCP production and
bovine bone cleaning has to be considered.
Currently, we are working in the addition of
antibiotics to improve their performance.
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