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Abstract

Bone cement is used as load-distributing
filler between the prosthesis and the bone as
well as a method to anchor prosthesis in
orthopedic implants. There are severd
disadvantages of using PMMA as bone
cement such as shrinkage of the cement
during  polymerization and  apparent
brittleness of PMMA bone cements because
of their low fracture toughness values.
Shrinkage of the cement during
polymerization may loss the good load
transfer through the interface between the
bone and bone cement and is a source of
prosthetic loosening. The poor mechanical
propertiesof PMMA may lead to failure of the
cement. In this study, the results show that the
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mechanical  properties of cross-linked
P(MMA-AA) modified bone cement
reinforced with carbon nanofiber are able to
improved compared with commercial bone
cement.

Keywords: bone cement, PMMA, swell,
carbon nanofiber
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Bone cement is used as load-distributing
filler between the prosthesis and the bone as
well as a method to anchor prosthesis in
orthopedic implants such as total hip
replacement. Basically, bone cement consists
of two portions typicaly: (1) powder portion
including pre-polymerized
methylmethacrylate (PMMA) and initiator
(benzoyl peroxide) and (2) liquid portion
including  methylmethacrylate  (MMA)
monomer and promoter (N,
N—dimethyl—p-toluidine). When two portions
are mixed, the initiation is activated by
promoters that make the free radicals
(initiators). The free radicals react monomers
for polymerization [1]. There are severa
disadvantages of using
poly(methylmethacrylate) (PMMA) as bone
cement such as shrinkage of the cement
during polymerization [2, 3, 4, 5] and
apparent brittleness of PMMA bone cements
because of their low fracture toughness values
[6]. Shrinkage of the cement during
polymerization may loss the good load
transfer through the interface between the



bone and bone cement and is a source of
prosthetic loosening. The poor mechanical
properties of PMMA may lead to failure of the
cement [7, §].

From our previous studies of
cross-linked poly(methylmethacrylate-acrylic
acid) (P(MMA-AA)), it is found that this
copolymer exhibits the ability to absorb body
fluidsand swell in acontrolled manner [9-13].
Gualtieri et a. have reported that cross-linked
P(MMA-AA) copolymer is able to induce
bone ingrowths in the interface of bone and
this copolymer [14]. By introducing
cross-linked P(MMA-AA) copolymer into
bone cement, the fixation strength in the
interface of bone and cement can be improved
by the controllable swelling of the modified
bone cement to compensate the shrinkage of
the cement during polymerization [15]. Kathy
et a. compared osteoblast proliferation on
larger-diameter carbon fibers(i.e., dimensions
larger than 100 nm) with carbon nanofibers
(i.e., dimensions 100 nm or less) and fund that
the later enhance the functions of osteoblasts
[16]. Carbon nanotubes are known for alarger
aspect ratio and higher modulus [17]. Lozano
and Barrera mixed carbon nanofibers with
polypropylene to enhance thermal stability
and storage modulus of the nanofiber
composites [18]. Kearns and Shambaugh
found that the fiber tensile strength of
polypropylene fibers reinforced with carbon
nanotubes could increase 40% [19]. There are
several studies related to the preparation and
characterization of carbon
nanotube/poly(methyl methacrylate)
composites. For example, Jin et a studied
muti-walled carbon nanotube/poly(methyl
methacrylate) composites fabricated by
melting blending and found that the nanotubes
are well dispersed in the polymer matrix and
the storage modulus of the composites is
significantly increased [20]. Stephan et al
prepared poly(methyl
methacrylate)-singlewalled carbon nanotube
composites by solution mixing [21]. Cooper
et a. used a polymer extrusion technique to
prepare carbon nanotubes mixed in a
poly(methyl methacrylate) matrix and found
that the impact strength was significantly

improved by even smal amounts of
single-wall nanotubes [22]. Jia et a prepared
poly(methyl methacrylate)/carbon nanotube
composites by anin situ process. Their studies
show that carbon nanotubes can participate in
the polymerization of PMMA initiated by
AIBN and form a strong combining interface
between the carbon nanotubes and the PMMA
matrix [23]. Haggenmueller et a. also found
that reinforced poly(methyl methacrylate)
with Single-wall carbon nanotubes increase
tensile strength and modul us by 54% and 94%,
respectively, when 8 wt% of nanotubes was
used [24].

The purpose of this study is to enhance
the mechanical properties of bone cement
using cross-linked P(MMA-AA) modified
bone cement reinforced with carbon
nanofibers. In this study, the various systems
of cross-linked P(MMA-AA) modified bone
cement reinforced with carbon nanofiber were
fabricated. The mechanical properties of bone
cement were characterized using tensile
anaysis and dynamic mechanical analysis
(DMA). The fracture surfaces of bone cement
after tensile analysis were observed by
scanning electron microscopy (SEM). In
addition, differential scanning calorimetry
(DSC) and thermogravimetric analyzer (TGA)
were conducted to characterize the thermal
properties of bone cement. The results show
that addition of carbon-nanofibers is able to
enhance the mechanical properties of bone
cement. The glass transition temperatures of
bone cement increase while carbon nanofiber
was introduced into bone cement. From the
observation of fracture surfaces, the modified
bone cements exhibit higher toughness than
commercia one.
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Preparation of pre-polymerized
cross-linked P(MMA-AA) powder

The preparation of pre-polymerized
cross-linked PIMMA-AA) powder isbased on
our previous study [15]. Polymerization will
be carried out in bulk using a free radical
polymerization with the initiator AIBN
(2,2’-azobisisobutyronitrile) (Showa



Chemical Co., Ltd). Varying ratios of
methylmethacrylate (MMA) / acrylic acid
(AA) monomers will be mixed thoroughly
with desired amounts of the cross-linker and
theinitiator. The amount of the initiator used
will be fixed, in al cases, to 0.49/100 ml of
the total mixture. The composition of MMA,
AA and allylmethacrylate (AMA) monomers
at volumeratio of 80/20/10 (MMA/AA/AMA)
and 70/30/10 will be applied to this
copolymer. The component will be mixed and
then alowed to sit for severa hours before
polymerization to ensure compl ete degassing.
Polymerization will be conducted in glass test
tubes, which will be tightly sealed and placed
upright in atemperature controlled water bath.
The course of the polymerization is chosen so
as to prevent the formation of gas bubbles.
The temperature will be gradually raised
(3°C/hr) over several daysto 65°C and kept at
that temperature for two days. The glasstubes
will be removed from the bath, allowed to
cool and the polymer samples retrieve after
breaking the tubes. After this primary
polymerization stage is completed, the
samples will be post-cured to complete the
cross-linking reaction and to insure that no
free monomers still remained. This will be
accomplished by placing them in a
temperature-controlled oven where the
temperature is raised slowly (1°C/min) to
150°C. The sampleswill beleft at 150°C for a
period of at least five hours followed by
overnight cooling. Then, the cross-linked
P(MMA-AA) inbulk formwill be ground into
powder by Scienceware Micro-Mill grinder
purchased from Fisher Scientific, Fair Lawn,
NJ.

Preparation of PMM A/carbon nanofiber
composites powder

Carbon nanofibers (CN) (40 ~ 60 nm in
diameter, 0.5 ~ 40 mm in length) was
purchased from Desunnano Co., Ltd and used
as received without further treatment in this
study. MMA monomer was supplied from
Kanto Chemical Co., Inc. The composition of
PMMA/CN composites manufactured by the
in situ processesis listed in Table 1. Benzoyl
peroxide (BPO) was used as initiator. The
procedure for fabrication of PMMA/carbon

nanofiber composites was first dissolution of
BPO in MMA monomer by stirring at room
temperature. After well mixture of BPO and
MMA monomer, carbon nanofiber was added
into the mixture followed by sonication and
polymerized at 50°C. When the mixture
became viscous, it was poured into mold for
further reaction by the process of baking as
following steps: (1) 60°C for 2 hours, (2)
80°C for 2 hours, and (3) 100°C for 3 hours.

PMMA/CN composites powder was
prepared from PMMA/CN composites ground
by Scienceware Micro-Mill grinder.

Preparation of cross-linked PIMMA-AA)
modified bone cement reinfor ced with
carbon nanofibers

There are several systems of cross-linked
P(MMA-AA) modified bone cement
reinforced with carbon nanofibers will be
prepared. The composition of liquid portion
of the bone cement will be the same in each
system. That is methyl methacrylate monomer
95wt% and ethylene glycol dimethacrylate
5wt% (as in commercia cement). The
compositions of powder portion of the bone
cement in each system are shown in Table 2
except initiator benzoyl peroxide. The weight
percentage of benzoyl peroxide in powder
portion of bone cement will be 0.2% (as in
commercial cement) in each system.

The specimens of bone cement will be
prepared by mixing the ratio of liquid portion
to powder portion at %2 to solidify in designed
shape for further characterization.

Characterization of bone cements

The mechanical properties of bone
cements were characterized using tensile
anaysis (Gotech TS-2000-M) and dynamic
mechanical properties of cements were
measured by dynamic mechanical analysis
(DMA 2980, TA Instruments). The fracture
surfaces of bone cements after tensile analysis
were oObserved by scanning electron
microscopy (JEOL JSM-6700F). In addition,
differential scanning calorimetry (Perkin
Elmer Pyris Diamond DSC) and
thermogravimetric analyzer (Perkin Elmer



TGA 7 Thermogravimetric Analyzer) were
conducted to characterize the thermal
properties of bone cements.
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The tensile analyses of bone cements are
listed in Table 3 and 4. System 3 exhibits the
highest yield strength, strength, toughness,
young’s modulus, and extension rate among
all of the samples. It indicates that the
additions of PMMA/CN composites and
pre-polymerized cross-linked P(MMA-AA)
powder with right composition are able to
enhance mechanical properties of bone
cement. Table 5 shows the glass transition
temperatures of bone cements measured using
DSC. All of the modified bone cements have
higher Tg than commercial one. Table6isthe
list of thermal stabilities of bone cements
tested by TGA. System 4 demonstrates the
highest therma stability compared to the
others. Table 7 and 8 are the Tg and tan & of
the bone cements observed by DMA at
different frequency, respectively. In DMA, the
Tg of asample was labeled using the tan delta
peak, which occurs at the highest temperature.
The Tg observed by DSC is different from
that observed by DMA. The glass transition
temperatures of all samples measured at
higher frequency is similar while the Tg of
commercial one measured at lower frequency
isdlightly higher than the others. However, al
of the samples show that the glass transition
temperatures of the samples shift to higher
temperatures while frequency increases. It
indicates that the glass transition involves
molecular relaxations, which isrelated to time
and temperature. Therefore, when the testing
frequency increases, the molecular relaxations
can only occur at higher temperatures. In
Table 8, the tan 5 dightly decreases with the
increase of additions such as PMMA/CN
composites powder and pre-polymerized
cross-linked P(IMMA-AA) powder. Figure 1
to Figure 3 are the fracture surfaces of the
System 1, Sample 4 and Sample 2,
respectively, after breaking in tensile analysis
observed by scanning electron microscopy.
The fracture surface of the commercial bone

cement presents aflat surface, which indicates
brittle. On the contrary, the modified bone
cements have rougher fracture surfaces than
commercia one. It implies that the modified
bone cements exhibit higher fracture
toughness than commercial one.

PR

In this project, we have manufactured a new
type of bone cement. This kind of modified
bone cement exhibits excellent material
properties such as yield strength, strength,
toughness, young’s modulus, and extension
rate. The results show potential usage in
clinical applications. We have applied for
Taiwan patent.

Table 1. The composition of PMMA/CN

composites used in this study
MMA CN (g) CN (Wt %)
()

50 0.1 0.2 1

BPO (g)

Table 2. The compositions (by weight) of
powder portion and liquid portion of the bone
cement used in each system
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Table 3. The tensile analyses of bone cements

0.2% yield

yield strength strength

(MPa) (MPa) (MPa)
System 1 104 16.9 313
System 5 9.9 15.6 30.7
System 4 10.6 17.4 33.7
System 3 15.0 25.1 41.7
System 2 9.3 16.7 28.5

Table 4. The tensile analyses of bone cements
(continuous)

young
modulus | extension
toughness | (MPa) rate (%)

System 1 165.4 393.7 7.3
System 5 163.1 368.7 7.3
System 4 185.4 370.0 8.3
System 3 238.1 448.8 8.7
System 2 149.2 356.9 7.0

Table 5. The glass transition temperatures of
bone cements measured using DSC

Tg(°C)
System 1 93.4
System 2 127.3
System 3 128.4
System 4 117.8
System 5 135.7

Table 6. Thelist of thermal stabilities of bone

cements tested by TGA
The temperature for The temperature for
50% weight loss 20% weight loss

System 1 372 332
System 5 371 331
System 4 380 337
System 3 370 325
System 2 368 324

Table 7. The Tg of the bone cements observed

by DMA at different frequency

1Hz 3Hz 5Hz 10 Hz
System 5 1283 | 1320 | 1328 1362
System 4 1289 | 1325 1333 1367
System 3 1295 | 1333 | 1342 1378
System 2 1283 | 1321 1329 1362
System 1 1331 | 1369 | 1379 1389

Table 8. The tan & of the bone cements
observed by DMA at different frequency

1Hz 3Hz 5Hz 10 Hz
System 5 1.2 1.3 1.3 1.3
System 4 1.2 1.2 1.3 1.3
System 3 1.3 1.3 1.3 1.3
System 2 1.2 1.3 1.3 1.3
System 1 1.4 1.5 15 1.4

Figure 1. The fracture surface of the System 1
after breaking in tensile analysis
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Figure 2. The fracture surface of the System
4 after breaking in tensile analysis

Figure 3. The fracture surface of System 2
after breaking in tensile analysis
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