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ABSTRACT: One important issue for the acrylic bone
cements concerns the radiopacity, which may be achieved
by different ways. In this work, a new bromine-containing
acrylic monomer, the 2-(2-bromopropionyloxy) propyl
methacrylate (BPPM), was synthesized and proposed to be
used for providing radiopaque bone cements. Different
acrylic bone cements were realized by partially replacing
the methyl methacrylate (MMA) monomer phase with 5–
20% w/w of BPPM-comonomer. The effect of this comono-
mer on the curing parameters of acrylic bone cements, on
their thermal and rheological properties, water absorption,
density, contact angle, compression tests, and radiopacity
was studied. It appears that the presence of BPPM does
provide radiopacity, improves the curing parameters by
decreasing the maximum curing temperature and increas-

ing the setting time. The new BPPM-acrylic bone cements
exhibit lower glass transition temperature and better ther-
mal stability when compared with the classical radiolucent
acrylic cements. Rheological measurements have shown
that 10–20% w/w of BPPM in the liquid phase of acrylic
bone cement formulations increase its flexibility, and may
also induce a slight crosslinking reaction during the curing
phase. BPPM-modified acrylic bone cements present lower
polymerization shrinkage and higher compression
strength, and similar water uptake, porosity, and water
contact angle as the radiolucent PMMA-cements. VC 2008
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INTRODUCTION

Acrylic bone cements are extensively used in ortho-
pedics for fixing prosthetic devices to bones.1–3 In
these applications, the main function of the cement
is to serve as interfacial phase between the prosthe-
sis and bone, thereby assisting to transfer and
distribute loads in the ‘‘prosthesis-bone cement-
bone’’ system.1,4

Commercial acrylic bone cements are usually
based on poly(methyl methacrylate) (PMMA). They
consist of a solid polymer phase (mainly PMMA
beads or related copolymer) and a liquid monomer
phase (methyl methacrylate, MMA). After mixing
the two phases, the polymerization takes place via
free radical reaction of the monomer. The polymer-
ization kinetics is not only controlled by the
monomer-to-polymer ratio, but also by the concen-
trations of the initiator (e.g., benzoyl peroxide),
present in the solid phase and the activator (e.g.,

N,N-dimethyl-p-toluidine), present in the liquid
phase.1–3 As the polymerization reaction proceeds in
situ, the powder/liquid mixture progresses from vis-
cous liquid to dough consistency and finally a rigid,
amorphous polymer, within 10–15 min.5,6

Orthopaedic acrylic bone cement have to fulfill
several medical requirements, such as moderate set-
ting times (so that the cement does not cure too fast
or too slowly), low values of maximum curing tem-
perature (to avoid thermal necrosis of the bone
tissue, during the setting of the cement), high values
of compressive strength (allowing the cured cement
mantle to withstand the compressive loads involved
by normal daily activities). It is also essential for the
acrylic bone cements to be radiopaque, to allow radi-
ological detection.7,8 However, the radiopacity of
orthopedic acrylic bone cement itself is very limited,
because of the low density of the polymeric materi-
als (macromolecular structures containing light
elements such as hydrogen, oxygen, and carbon).
Radiopacity has been frequently achieved by adding
X-ray contrast materials, such as barium sulfate or
zirconium dioxide, which are also known to alter
the biological and mechanical properties of the bone
cement.2,5,7–11

Considering all these aspects, some alternatives to
the traditional inorganic radiopacifying agents have
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been put forward.8,12–16 One approach consists in
introducing radiopaque-monomeric units during the
polymer synthesis. Monomers having covalent-
bounded halogen atoms such as iodine and bromine,
possessing radiopaque properties, can be copolymer-
ized with classical monomers (such as MMA), to
form the final bone cement. In this line, some io-
dine-containing methacrylates have been proposed
for different clinical applications.13,16,17 More specifi-
cally, in the field of the acrylic bone cement, the
possibility to confer radiopacity by introducing io-
dine-containing methacrylates in the liquid monomer
phase has been studied.7,8,15–17

Although it is well-known that some bromine-con-
taining organic compounds may be used as contrast
agents,18 there are no information regarding their
use to confer radiopacity to acrylic bone cements.
Our research proved relatively simple acrylic bro-
mine-containing monomers may provide radiopaque
bone cements.

This article deals with modification of acrylic bone
cement formulations by introducing a bromine-con-
taining monomer in the liquid monomer phase, the
2-(2-bromopropionyloxy) propyl methacrylate (BPPM),
which was synthesized in the laboratory.18

MATERIALS AND METHODS

Materials

MMA (Aldrich), 2-hydroxypropyl methacrylate
(Aldrich), 2-bromopropionic acid (Acros Organics),
thionyl chloride (Acros Organics), tetrahydrofuran
(Acros Organics), pyridine (Aldrich), p-xylene
(Fluka), N,N-dimethyl-p-toluidine (DMPT) (Aldrich),
and benzoyl peroxide (BPO) (Aldrich) were used as
received. The 2-(2-bromopropionyloxy) propyl meth-
acrylate was synthesized in the laboratory. PMMA
beads (medical grade) were supplied by Astar SA
(Cluj-Napoca, Romania).

Synthesis of 2-(2-bromopropionyloxy)
propyl methacrylate

The synthesis comprised two steps.18 First, 2-bromo-
propionyl chloride was synthesized by the reaction
between 2-bromopropionic acid and thionyl chlo-
ride. Second, the 2-(2-bromopropionyloxy) propyl
methacrylate was synthesized by the reaction
between 2-hydroxy-propyl methacrylate and 2-bro-
mopropionyl chloride, using tetrahydrofuran as
solvent and pyridine as HCl acceptor.
After purification, the product structure was iden-

tified via 1H NMR and 13C NMR (Scheme 1): 1H
NMR (400 MHz) CDCl3, d (ppm): 6.04 (a); 5.52 (a);
5.17 (f); 4.29 (c); 4.13 (d); 1.87 (b); 1.73 (e); 1.24 (g).
13C-NMR (100.6 MHz) CDCl3, d (ppm): 169.44 (h);
166.74 (d); 135.68 (b); 126.07 (a); 69.77 (e); 65.81 (f);
39.86 (i); 21.34 (j); 18.13 (c); 16.07 (g).

Methods

Preparation of acrylic bone cements

The new experimental BPPM-bone cements have as
starting point a standard formulation for radiolucent
acrylic bone cements obtained by adding the MMA
liquid phase to the solid phase (PMMA), at room
temperature (23�C), in a typical solid/liquid ratio of
2 : 1. For the new formulations, different amounts of
MMA (the base monomer) have been partially
replaced with the new (co)monomer, BPPM. Four ex-
perimental acrylic bone cements have been prepared:
with 5, 10, 15 or 20% w/w BPPM in the liquid phase
(Table I). All formulations contain 1.5% w/w DMPT
(activator) in the liquid phase and 2% w/w BPO (po-
lymerization initiator) in the solid phase (Scheme 2).
Preparation of the acrylic bone cements was car-

ried out following the usual procedure for acrylic
bone cements, as described in the ASTM Standard.6

Both phases (powder and liquid) and all the other
devices used in the experiment were allowed to
equilibrate at room temperature for 2 h prior to

Scheme 1 Chemical structure of BPPM with noted protons for 1H NMR (a) and 13C NMR (b) spectra analysis.
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mixing. Next, the components of the acrylic bone
cements were hand-mixed in a ceramic bowl with a
ceramic spatula, at about 1 Hz. When the dough
state was reached, the cement mass was placed into
the corresponding mold and allowed to cure for 1 h.

Characterization

The acrylic bone cement formulations were system-
atically characterized by measuring the curing
parameters, thermal, and rheological characteristics,

water absorption and water contact angle, density,
compression tests, and radiopacity.
The curing parameters were recorded at 23�C,

according to the ASTM Standard.6 The time and
temperatures were measured from the onset of the
mixing powder with the liquid phase. Two determi-
nations were performed for each acrylic bone
cement formulation.
The thermal properties were determined by differ-

ential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA). The DSC was performed
on a Pyris Diamond DSC (Perkin–Elmer, USA). The
samples, obtained by cryogenic grinding of the
cured cements, in powder form (8–12 mg), were
introduced in aluminum pans and then heated
from 10 to 160�C, at a constant rate of 20�C/min.
Glass transition temperatures (Tg) were determined
on the second scan, considering the onset of transi-
tion. The TGA was carried out under nitrogen flow
(25 cm3/min), at a heating rate of 15�C/min, from
25 to 700�C using a Mettler Toledo TGA/SDTA 851
(Mettler-Toledo AG, Switzerland). The initial
weight of the samples was around 4.5–7.5 mg.
The rheological measurements were performed on

a Physica MCR 501 rheometer (Anton Paar, Austria)

TABLE I
Composition of the Liquid and Final Phases for the

BPPM-Acrylic Bone Cement Formulations

Formulations

Monomer ratio
BPPM content in the feed

composition (% w)MMA BPPM

BPPM-0 100 – –
BPPM-5 95 5 1.66
BPPM-10 90 10 3.33
BPPM-15 85 15 5.00
BPPM-20 80 20 6.66

Scheme 2 Copolymerization reaction scheme of MMA and BPPM.
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equipped with electronically commutated synchro-
nous motor, allowing rheological measurements in
controlled-stress and controlled-strain modes.19 The
polymer samples were heated using a Convection
Temperature Device CTD 600, with direct detection
of the sample temperature. All measurements where
carried out in a parallel-plate geometry with a diam-
eter of 25 mm, and a gap of 1 mm. Sample
degradation was prevented by working under nitro-
gen atmosphere.

The water absorption of the acrylic bone cement
formulations was studied by immersing dry disk
samples (3.5 mm thickness, 10 mm diameter) in 100
mL of distilled water, at 23�C. The samples were
weighed at different times until the equilibrium
hydration degree was attained.

The apparent densities of acrylic bone cement for-
mulations were determined by picnometer method,20

using ethanol as immersion liquid. The maximum
densities were calculated according to a method pre-
sented in literature.21 The polymerization shrinkage
and porosity are directly related to density.

Water contact angle measurements were per-
formed on cement samples, at room temperature,
using a contact angle measuring system Kruss K 121
(Kruss GmbH, Hamburg) with software for fully
automatic contact angle determination.22

Compressive tests were carried out on cylindrical
specimens (6 mm diameter and 10 mm high), on a
mechanical testing machine (Tyratest, Germany),
using a load of 100 kN and a cross-head speed of
5 mm/min, at room temperature. Tests were con-
ducted up to failure or until 70 or 80% reduction in
specimen height. Five specimens were tested for
each formulation and their compressive strength
(CS) was calculated as CS ¼ F/A, where F is the
application load and A is the area of the test
specimen.

The radiographic study was carried out on a
standard General Electric X-ray instrument (set at 55
kV and 2.5 MAS). The relative X-ray opacity was
visually determined.

RESULTS AND DISCUSSION

Curing parameters

The free radical polymerization of monomers forming
the liquid phase of acrylic bone cement formulations
is an exothermic reaction, and the generated heat
increases the system temperature during cement cur-
ing (Fig. 1). This exothermy varies according to the
chemical composition of monomer liquid phase (i.e.,
544 J/g for MMA), the powder/liquid ratio, and the
nature of the radiopaque agent.23–27

With regard to the orthopedic application, the
main curing parameters such as peak temperature

(maximum temperature, Tmax), temperature corre-
sponding to setting time (Tts), setting time (ts) and
working time (implicitly, the time of reaching maxi-
mum temperature, tTmax) are crucial for cement
handling and the success of the surgical procedure.
The peak temperature is considered to be the maxi-
mum temperature reached during the polymerization
reaction, and the setting time can be determined
according to the ASTM standard as follows6:

Tamb þ ðTmax � TambÞ=2 (1)

where Tmax is the maximum temperature in �C and
Tamb is the ambient temperature (23�C).
Figure 2 and Table II present the temperature pro-

files and the curing parameters (Tmax, tTmax, ts, Tts)
corresponding to the cement formulations from
Table I.
As can be seen, all formulated acrylic bone

cements exhibited Tmax much lower than the value
established by the ASTM Standard (90�C).6 Further-
more, Tmax significantly decreases when adding the
bromine-containing monomer, and with increasing
the BPPM content in the cement formulation. This
means that the new BPPM-acrylic bone cement for-
mulations are supposed to cause less adverse effects
on the surrounding bone tissues, at least as far as
concerning the curing temperature.8,28–32 The Tmax

values obtained for acrylic bone cements modified
with bromine-containing comonomer are similar
with the values presented in literature for acrylic

Figure 1 Change in polymerization temperature versus
time (Tmax, maximum curing temperature; Tamb, room
temperature; DT, doughing time; WT, working time; ts,
setting time (the time when bone cement temperature
reaches the half of the difference between Tmax and Tamb,
Tmax�Tamb

2 , according to the ASTM Standard6), Tts ¼ Tamb þ
Tmax�Tamb

2 ).
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bone cements modified with iodine-containing
comonomers.7,8,15–17

They are two reasons for this effect of the BPPM
content on the maximum curing: first, the exother-
mic effect depends on the number of acrylic groups
susceptible to react during the polymerization pro-
cess, and replacing 5–20% w of MMA with BPPM
(acrylic monomer with the molecular weight 2.66
times larger than the one of MMA) will diminish the
number of moles of acrylic monomers in the system.
Consequently, the amount of generated heat per
mass unit will decrease. In addition, the lower and
slow release of the polymerization heat during the
curing reaction allows gradual heat dissipation
through the mass, leading to a lower Tmax.

The setting temperature is strongly related to
Tmax, and its value decreases as well with increasing
the BPPM content in the cement formulations. The
corresponding setting time and the time of reaching
Tmax are comparable or even higher than the ones
for the radiolucent cement, as soon as the added
BPPM content in the initial liquid phase exceeds
10% w/w. This behavior is a result of a reduced
reaction rate in liquid phase, because of a lower
number of double bonds on mass unit in monomer
mixture as compared with only MMA and selective
absorbtion of comonomers in PMMA solid phase.
Similar results have been reported when part of
MMA was replaced with iodine-containing mono-
mers [8,15–17]. This represents a second significant
advantage with respect to the orthopedic applica-
tion, because the new BPPM-bone cement
formulations allow longer but not excessive working
time as comparing with the classical PMMA-
cements.8,29 Preliminary tests showed that new for-
mulated acrylic bone cements modified with BPPM
comonomer present a good biocompatibility. A

study about the toxicity of bromine-containing
monomer is in progress.

Thermal properties

The influence of BPPM-modified cement formula-
tions on glass-transition temperature (Tg), and the
heating behavior of the new acrylic bone cements
were determined. The Tg of the acrylic bone cements
is an important parameter, as it may be related to
the flexibility and toughness of these cured biomate-
rials. Generally it is assumed that materials with
high Tg are brittle, which is indirectly related to the
failure of the cement and, subsequently, to compo-
nents loosening.31

Figure 3 and Table III show the influence of
BPPM-content in the cement formulation on the Tg

and sample thermal stability (Fig. 4), with regard to
heating temperature (TGA) and sample decomposi-
tion (DTG). As can be seen, replacing 10–20% w/w
of MMA from the cement liquid phase with our bro-
mine-containing monomer induces a notable
decrease of the Tg. This decrease may be correlated
with the higher mobility of the system-born chain
segments of the copolymer (BPPM-co-MMA) because
of the large lateral substituents of BPPM. When
BPPM content increases from 10 to 20% w/w, a
small decrease for the Tg of the BPPM-acrylic bone
cements is noticed, meaning that BPPM-10 and
BPPM-20 exhibit better flexibility than the radiolu-
cent PMMA-formulation.
The similar shapes of TG and DTG-diagrams for

BPPM-0, BPPM-10, and BPPM-20 indicate that the
new comonomer does not modify significantly the
heating behavior of the acrylic bone cements. How-
ever, the onset temperature (Tonset) of the thermal
decomposition of BPPM-acrylic bone cements is 40–
70% higher than the one for radiolucent cement,
indicating a better thermal stability of the BPPM-
modified cements as comparing with PMMA-
cements.

Rheological properties

Most of the research on acrylic bone cements fixed
prostheses was devoted to static analysis.33–35 Very

TABLE II
Curing Parameters for the BPPM-Acrylic Bone Cement

Formulations

Formulation Tmax (�C) tTmax (s) ts (s) Tts (
�C)

BPPM-0 61.0 320 250 41.0
BPPM-5 40.8 240 175 30.9
BPPM-10 39.2 300 245 30.1
BPPM-15 36.4 390 310 28.7
BPPM-20 34.5 440 370 27.7

Figure 2 Polymerization exotherms for the BPPM-acrylic
bone cement formulations.
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few researches focus on dynamic analysis of pros-
theses.35,36 However, the elements design for static
loading could fail under dynamic loading conditions
such as walking, since the dynamic add up to about
10–20% or more loading to the prosthesis. This fact
has to be taken into account to avoid fracture or fail-
ure of the prosthesis.37 The acrylic bone cements
used to fixing prosthetic devices is assisting to trans-
fer/distribute loading in the ‘‘prosthesis-bone
cement-bone’’ system, and thus it is concerned as
well by cyclic loadings.

This rheological study is also intended to provide
useful information on the new BPPM-acrylic bone
cements from structural viewpoint and by compari-
son with the PMMA-radiolucent formulation.

Viscoelastic effects of the materials can be effi-
ciently evaluated via oscillatory measurements as
both components of the viscoelastic behavior are
represented by the storage modulus G0 (elastic part)
and the loss modulus G00 (viscous part). The storage
modulus G0 gives information about the elastic char-
acter of the material, or the energy stored during the
deformation. The loss modulus G00 tells about the
viscous character of the material, or the energy dissi-
pation that occurs in flow.

Oscillatory tests allow the investigation of a large
range of viscoelastic materials, from low-viscosity
liquids to polymer solutions and melts, pastes, gels,

elastomers, and even rigid solids. Three types of
dynamic measurements were carried out: (a) ampli-
tude sweep; (b) frequency sweep; (c) parallel-plates
dynamic mechanical thermal analysis.

TABLE III
The Tg, TGA, and DTG-Values for the BPPM-Acrylic

Bone Cement Formulations

Formulation Tg (
�C) Tonset (

�C) Tpeak (�C)

BPPM-0 111.64 182.2 396
BPPM-10 89.95 248.3 401.4
BPPM-20 88.29 231.4 409.4 Figure 4 The TG (a) and DTG (b) thermograms for the

BPPM-acrylic bone cement formulations.

Figure 3 DSC curves for BPPM-0 (n), BPPM-10 (x), BPPM-20 (~).
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The amplitude sweep is used to determine the lin-
ear-viscoelastic (LVE) range Table IV. Here, the
oscillation frequency is kept constant (x ¼ 10 s�1),
while the oscillation amplitude (c) is varied
(between 0.01 and 100%). All the experiments were
carried out at 160�C, above the glass transition tem-
perature for all investigated acrylic bone cements.
The limit of the LVE region indicates the maximum
deformation tolerated by the sample before the inter-
nal superstructure is destroyed.

Figure 5 shows that at low oscillation amplitudes,
within the LVE range, all three investigated bone
cements exhibit G0 and G00-constant plateau values.

The radiolucent cement (BPPM-0) presents a sharp
decrease in G0 and G00 beyond the upper limit of
LVE region. The presence of BPPM units in the bone
cement composition (samples BPPM-10 and BPPM-
20) extends significantly the LVE range and gener-
ates higher G0 and G00-values within the LVE region,
suggesting more stable structures.

The frequency sweep is widely used as standard test
in polymer rheology. In this test a sinusoidal strain
with a constant amplitude (c ¼ 5%) is applied and the

oscillation frequency is varied (between 10�2 and 103

s�1). All measurements were carried out at 160�C.
Figure 6 presents the storage modulus G0, the loss

modulus G00 and the complex viscosity (|g*|) for the
same three bone cements as previously.
The radiolucent cement shows a typical behavior of

polydisperse linear polymers38: the beginning of the
viscous (terminal) region can be seen for frequencies
below 10�2 s�1, zone where G00 predominates due to
the chains movements, i.e., reptation.
The so-called crossover point (the intersection

point between G0 and G00-curves), occurs at 5.9�10�3

s�1 and G0 ¼ G00 ¼ 4.7 kPa. Typically, the longest
relaxation time can be determined as the inverse of
the crossover frequency, xcrossover (xco). For linear
polymers, lower crossover frequencies indicate
higher average molecular weight.
Above the xco, the rubbery (plateau) region

appears, as a signature of polymer chain entangle-
ments that act as temporary ‘‘network crosslinking
points’’. Consequently, the elastic behavior of the
sample dominates (G0 > G00). BPPM-0 exhibits such
behavior over five decades of frequency. Increasing
more the oscillations frequency, the higher transition
crossover region can also be detected for this sample
where, due to high-frequency relaxation and dissipa-
tion mechanisms, the value of G00 rises much faster
than G0. The second crossover point corresponds to
x ¼ 374.5 s�1 and G0 ¼ G00 ¼ 99,500 Pa. This second
crossover frequency normally can be related to the
movements of the chain segments between two
entanglements.
Considering the applicability of the Cox-Merz rule

as valid for our systems, the rheological data were
fitted with Carreau-Yasuda model,19 using the rhe-
ometer software (Rheoplus):

Figure 5 Amplitude sweep diagrams for: BPPM-0,
BPPM-10, and BPPM-20.

Figure 6 Frequency sweep diagrams for: BPPM-0, BPPM-
10, and BPPM-20.

TABLE IV
LVE Limits (Strain Amplitude, cL, and Shear Stress, sL),
Together with G0 and G00-Plateau Values within the LVE
Range for the BPPM-Acrylic Bone Cement Formulations

Formulation cL (%) sL (Pa) G0 (Pa) G00 (Pa)

BPPM-0 5 2.48�103 4.73�104 1.67�104
BPPM-10 20 1.26�104 1.17�105 5.12�104
BPPM-20 20 2.00�104 1.95�105 8.52�104
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��g��� ¼ g0 � g1
1þ ðk � xÞa½ �1�n

a

þ g1 (2)

where g0 is the zero-shear viscosity, g1 is the infi-
nite-shear viscosity. Regression parameters of the
model: a, n and the k (the characteristic relaxation
time related to the onset of non-Newtonian or
shear thinning behavior), were calculated using the
rheometer software (Rheoplus). The rheological
characteristics are listed in Table V, together with
the characteristic plateau modulus (Gp,exp ¼
G0(x)tan d!minimum) and its corresponding angular
frequency (xp).

For comparing the rheological behavior of the
BPPM-acrylic bone cements and the radiolucent one,
we investigated the possibility of bringing all the ex-
perimental data [dynamic moduli and complex
viscosity curves at 160�C in the same rheological

conditions—Fig. 7(a,b)] together into single master
curves, by means of appropriate shift factors. One
has to keep in mind that the difference between the
three investigated acrylic bone cements is the pres-
ence of some BPPM monomeric units on a number
of polymer chains from the acrylic bone cements
BPPM-10 and BPPM-20 (namely the copolymer
chains formed via polymerization of the liquid
monomer phase).
The idea of master curves for the complex viscos-

ity and dynamic moduli is based on the method of
reduced variables. Three types of shift factors can be
defined (Table VI): aj, shift in angular frequency; fj,
shift in dynamic moduli (identical for G0 and G00);
and bj, shift factor for the complex viscosity, where
the subscript j indicates the corresponding acrylic
bone cement. The shift factors were found by shift-
ing the curves until they superpose to the reference
ones (here the reference is BPPM-0). Additionally, it
is found that the shift factors are interconnected by
the following relation: bj ¼ aj � fj.
The possibility of obtaining a master curve (Fig. 7)

indicates that the two BPPM-modified cements exhibit
comparable rheological behavior as the BPPM-0
cement, in the medium and high frequency range.
Some differences exist at low frequencies, probably
due to the BPPM later groups, which are modifying
the reptation of the copolymers. The equivalent cross-
over points corresponds to 0.04 s�1 and 10.5 kPa for
BPPM-10 and, respectively, 0.10 s�1 and 25.0 kPa for
BPPM-20, indicating that the longest relaxation time
diminishes when adding BPPM monomeric units.
Parallel-plates dynamic mechanical thermal analy-

sis for the three samples was carried out in a
temperature range between 30�C and 270�C, a heat
rate of 5�C/min, at constant frequency of 1 Hz and
constant strain amplitude c ¼ 5%. Firstly, the

TABLE V
Parameters of the Carreau-Yasuda Model

Formulation g0 (Pa s) g1 (Pa s) a n k (s) Gp,exp (Pa) xp (s
�1)

BPPM-0 1.156�106 145.54 1.78 0.19 94.91 3.5�104 3.4
BPPM-10 9.892�105 6.07�10�5 0.772 0.26 42.17 1.61�105 52.0
BPPM-20 8.949�105 1.05�10�4 0.848 0.25 18.49 2.64�105 47.2

Figure 7 Master curves for BPPM-0, BPPM-10, and
BPPM-20: (a) moduli curves; (b) complex viscosity curves.

TABLE VI
Shift Factors for Building the Master
Curves (Reference Curves: BPPM-0)

Shifted parameter
Shift
factors

BPPM-
0

BPPM-
10

BPPM-
20

Angular frequency, x aj 1 0.05 0.05
Dynamic moduli, G0, G00 fj 1 8.50 4.25
Complex viscosity, |g*| bj 1 0.425 0.21
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samples were melted at 200�C, under nitrogen
atmosphere, to avoid thermal degradation, and then
cooled down to 30�C. Figure 8 presents the tempera-
ture-dependence of the storage modulus G0, the loss
modulus G00 and the loss (or damping) factor, tan d,
where tan d ¼ G00/G0.

This test allows measuring the transitions in poly-
mers that present no chemical modification during
the measurement. The focus is on softening and
melting behavior and provides useful information
on the type of material structure.

The drop in storage modulus and the peak in
damping factor (tan d) (Fig. 8) are due to the glass
transition of the bone cements. Below glass transi-
tion temperature (Tg), the macromolecules are
almost immobile and G0 > G00. The polymer shows

the consistency of a rigid and brittle solid. Increasing
the temperature above Tg brings an increased mobil-
ity of the polymer chains. In the glass transition
region, the material is in a soft-elastic, rubbery state.
There are different methods to estimate Tg: as the
maximum of G00-curve, or maximum of tan d or the
inflection point of the G0-curve. Each method pro-
vides slightly different results, so the observed Tg

value should only be considered as estimative.
Nevertheless, one can use the values from one given
method to compare the three bone cements under
investigation.
For the BPPM-0 cement, the Tg is either 109.6�C

(as maximum of G00-curve), 116.9�C (as inflection
point of G0-curve) or 129.9�C (maximum of tan d),
depending on the method. The softening range is

Figure 8 Parallel plates DMTA diagrams for: (a) BPPM-0; (b) BPPM-10; and (c) BPPM-20.
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situated between 116�C and 140.8�C. The softening
process takes place gradually, and the temperature
range is wider for a broad molar mass distribution.
Finally, above 250.7�C, G00 becomes larger than G0,
indicating that the macromolecules move along each
other, increasing the number of disentanglements. In
this region, the radiolucent bone cement behaves as
a viscoelastic liquid.

When adding 10% or 20% w/w of BPPM-como-
nomer in the liquid phase [Fig. 7(b,c)], some
differences are observed. The behavior of samples
is between that characteristic for linear and
slightly crosslinked polymers. This could be an in-
dication that some crosslinks are formed within
the bone cement structures Literature is mention-
ing a network may develop during the curing
process of acrylic bone cements when POB/terti-
ary ammine initiation system is used.39,40 The
estimated (Tg)maximum tan d is 120�C for BPPM-10
and 118�C for BPPM-20; one can recognize the
same tendency as shown via DSC (see Table III),
namely the presence of BPPM units inside the
bone cement composition decreases its Tg.

Water absorption

Investigating the water absorption of the acrylic
bone cements is very important for orthopedic appli-
cations, as the absorbed water influences the
mechanical and biological properties of the bone
cement.12,15,32,41–44 Additionally, water absorption
may induce hydrolysis of some (active) ingredients
from the acrylic bone cement, which negatively
influences the mechanical and biological properties.
To a certain extent, water uptake may become bene-
ficial for some medical applications, as for the dental
filling materials, since the water swelling may com-
pensate for polymerization shrinkage.41–44

The water absorption characteristics were deter-
mined by immersing cement disks (diameter 10 mm,
thickness 3.5 mm) in distilled water, at room tem-
perature, and continuously monitoring the evolution
of the samples’ weight. More specifically, the sam-
ples were weighed at different times until the water
uptake was constant within 0.0005 g. Before each
weighing (Mt), the samples were removed from
water, dried on a filter paper and then rapidly
weighed. The equilibrated samples were dried to
constant weight (Mf) in a drying oven (60�C, under
vacuum, 72 h).
The early stages of water uptake by acrylic bone

cement are supposed to be diffusion-controlled and
so, reasonably described by a reduced solution of
Fick’s Second Law of Diffusion (Stefan’s approxima-
tion)45:

Mt

Meq
¼ 2

Dt

pl2

� �1=2

(3)

where Mt is the mass uptake at time t, Meq is the
equilibrium uptake, 2 L-thickness, D is the diffusion
coefficient. This approximation is usually valid
within the region where Mt/Meq is linearly depend-
ing on t1/2, typically for Mt/Meq < 0.5. In these
conditions, the diffusion coefficient D may be deter-
mined from the slope of the plot Mt/Meq versus t1/2.
The experimental results for the different BPPM-
acrylic bone cements are presented in Figure 9 and
Table VII.

Figure 9 Water absorption for the BPPM-acrylic bone
cement formulations: (a) water absorption versus t1/2; (b)
hydration degree as a function of immersion time.

TABLE VII
Water Absorption Characteristics for the BPPM-Acrylic

Bone Cement Formulations

Formulation D � 108 (cm2/s) n Hmax % A% E%

BPPM-0 1.80 0.46 3.75 4.82 1.24
BPPM-5 1.59 0.47 3.60 3.45 0.28
BPPM-10 1.58 0.48 3.35 3.24 0.25
BPPM-15 1.57 0.48 3.10 3.08 0.23
BPPM-20 1.56 0.46 2.80 3.04 0.20
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Another way for quantifying the swelling kinetics
of the acrylic bone cement formulations is based on
the Frisch equation46,47:

Mt

Meq
¼ k � tn (4)

where n indicates the type of process associated to
water absorption.

The results from Figure 9(a) confirm that the new
formulation of Fickian diffusion can be assumed for
all acrylic bone cements, regardless the BPPM con-
tent, if considering the linear dependence obtained
up to Mt/Meq ¼ 0.8. The corresponding diffusion
coefficients vary in the range 1.56–1.8.10�8 cm2/s
(Table VII). The decrease of the diffusion coefficient
values when increasing the BPPM content in the
acrylic bone cements may be explained once again
by the slight crosslinking process due to the
chain transfer capacity of the bromine-containing
comonomer.

If expressing now the Mt/Meq as a function of
time, a power law time-dependence is obtain [as
described in eq. (4)], and allow double-checking the
type of mechanism assumed for the water uptaking,
via the n values of the acrylic bone cements. The cal-
culated n values range between 0.46 and 0.48 (Table
VII), which points out that the water absorption
does correspond to Fickian diffusion, for all the
acrylic bone cements presented in this study.48,49

It is also worthwhile to determine the hydration
degree (H%), water absorption (A%) and the per-
centage of elution (E%) for each of the experimental
acrylic bone cement formulations, as following32,47,50:

H% ¼ Mt �M0

M0
� 100 (5)

A% ¼ Meq �Mf

M0
� 100 (6)

E% ¼ M0 �Mf

M0
� 100 (7)

where M0 is the initial weight of the specimen and
Mf is the weight of the sample after testing.

One can see that the presence of the new synthe-
sized BPPM comonomer in the acrylic bone cement
formulations, has a positive effect on the magni-
tude of the water absorption: the maximum degree
of hydration decreases linearly with increasing the
BPPM content. Furthermore, all the BPPM-modi-
fied acrylic bone cements exhibit a lower elution
(weight loss) than the radiolucent acrylic bone
cement (see Table VII). One possible explanation is
that the BPPM comonomer may induce a slight
crosslinking during curing of the new cement for-
mulations. This idea is also supported by the fact

that all BPPM-cements are insoluble in ordinary
solvents.

Density, polymerization shrinkage, porosity

The polymerization shrinkage and porosity of the
BPPM-acrylic bone cements were estimated from ex-
perimental and theoretical density values. Cement
shrinkage associated to the setting reaction comes
with the transformation of a viscous material into
hardened one, which generates an increase in den-
sity, and a volume decrease.51 Quantitatively, the
polymerization shrinkage (Sh) was determined as
following42:

%Sh

¼ density of polymer� density of monomer

density of polymer
� 100 ð8Þ

The experimental shrinkage (Shexp) was determined
via density measurements (experimental, i.e., ap-
parent density, qexp), while for the theoretical
shrinkage (Shtheor) the following relation was consid-
ered21,42,52:

DV
V

ð%Þ ¼ 22:5 �DCmix �
P

iðfi � xiÞP
iðMmi � xiÞ � qmix � 100 (9)

where 22.5 is the volume change per mole of meth-
acrylate groups (C¼¼C) in MMA (cm3/mol) when
MMA is polymerized.53,54 DCmax is the fractional
degree of conversion, fi is the functionality of mono-
mer (i), xi is the mole fraction of monomer (i), Mmi is
the molecular mass of monomer (i), and qmix is the
density of the monomer mixture.

%Shexp ¼ qexp � qmix

qexp
� 100 (10)

%Shtheor ¼ qtheor � qmix

qtheor
� 100 (11)

Maximum density (qtheor) is defined as the density
of the bone cement completely free of pores and
voids.20 The results are summarized in Table VIII.
The analysis of these results shows first that both

theoretical density (qtheor) and apparent density
(qexp) increase with the addition and subsequent
increase of the ratio of bromine-containing comono-
mer in acrylic bone cement compositions. This
increase is explained by the higher density of the
BPPM-comonomer (qBPPM ¼ 1.324 g/cm3) versus
MMA (qMMA ¼ 0.936 g/cm3).
Partially replacing MMA monomer with BPPM-

comonomer in the liquid phase of the composition
of acrylic bone cements reduces polymerization
shrinkage (Table VIII). The decrease is more
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significant when increasing the BPPM content in
acrylic bone cements. This may be explained by the
higher molecular weight of the BPPM-comonomer
(MBPPM ¼ 266 g/mol) as compared with MMA
(MMMA ¼ 100 g/mol). For a given gravimetric con-
tent of BPPM in acrylic cements composition, as its
molecular weigh is higher, the number of moles is
smaller than that of MMA, which means that the po-
lymerization shrinkage is reduced, too.

Besides, experimental shrinkage values are lower
than the theoretical ones, because of the presence of
pores in the structure of the cured cements.

Another factor directly related to density and poly-
mer shrinkage is the porosity of the sample, since
cements with reduced porosity contract more during
setting.55 Porosity is always present in the cement
structure as a consequence of the manual mixing of
the powder and liquid components in air.55–57

Determination of polymer density gives values of
the average percentage of porosity (%P) from the fol-
lowing expression55,57:

%P ¼ 1� qexp
qtheor

� �� �
� 100 (12)

The results presented in Table VIII show that the
addition of bromine-containing comonomer in radio-
lucent acrylic cements composition induces only an
insignificant increase of porosity. The slight increase
of porosity may be explained by the reduction of the
quantity of evaporated MMA during mixing, as a
result of the reduced ratio of this monomer in liquid
phase composition. All these results lead to the con-
clusion that the porosity of acrylic bone cements an-
alyzed in this article is primarily due to the mixing
method and, to a lower extent, to the composition of
the liquid phase.

Water contact angle

As can be seen in Table VIII, the addition of bro-
mine-containing comonomer in PMMA-cements
formulations induces a decrease of the water contact
angle. This means that the surface of acrylic bone
cements becomes more hydrophilic with respect to
the radiolucent PMMA-cement. However, this does

not imply automatically an increase of the water
absorption by the bulk BPPM-modified cements, as
already presented in section Water absorption. The
increased wettability of the new BPPM-cement for-
mulations are expected to lead to a satisfactory cell
adhesion since osteoblasts adhesion occurred prefer-
entially onto moderately wettable surface and
charged substrata.30

Compressive tests

In clinical service, the prosthesis is subjected to static
or quasi-static direct compressive forces during cer-
tain activities, such as the one-legged stance. The
cement mantle has been imagined as a compressive
wedge between the femoral stem and the bone,
while acting as shock absorber between the implant
and bone.29 As a consequence, the static compressive
properties of the acrylic bone cement are very
important.
Figure 10 shows the experimental results on com-

pressive strength of BPPM-modified acrylic bone
cements and the comparison with the radiolucent
(pure) PMMA-cement. As can be seen, all acrylic
bone cements fulfill the minimum compressive
strength (70 MPa) required in ASTM Standard.6 As a
positive point, the partial replacement of MMA from
the cement liquid phase with increasing amounts of

TABLE VIII
Density, Polymerization Shrinkage, Porosity, and Water Contact Angle for the BPPM-Acrylic Bone

Cement Formulations

Formulation qtheor (g/cm
3) qexp (g/cm3) % Shth % Shexp % P Contact angle

BPPM-0 1.129 1.094 5.70 4.80 3.15 74
BPPM-5 1.132 1.093 5.58 4.58 3.50 60
BPPM-10 1.136 1.099 5.46 4.51 3.31 61
BPPM-15 1.140 1.104 5.34 4.43 3.16 63
BPPM-20 1.145 1.110 5.22 4.33 3.06 65

Figure 10 Compressive strength for the BPPM-acrylic
bone cement formulations.
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bromine-containing comonomer increases the com-
pression strength, which meanwhile remains
comparable to the one of commercial acrylic bone
cements.21,24

Radiopacity

All the new BPPM-acrylic bone cements are radio-
paque, as shown in Figure 11, where a comparison
with an equivalent acrylic bone cements containing
10% BaSO4 is also proposed. As expected, the radio-
pacity degree does increase when increasing the
amount of bromine-containing comonomer in the
initial liquid phase of the acrylic cements.

CONCLUSIONS

A new bromine-containing acrylic monomer is pro-
posed for obtaining radiopaque acrylic bone
cements, the 2-(2-bromopropionyloxy) propyl meth-
acrylate (BPPM), which was synthesized and
characterized by 1H NMR and 13C NMR. Four ex-
perimental formulations of acrylic bone cements
were realized, by partially replacing the MMA from
the classical liquid monomer phase with 5–20% w/w
of BPPM. It was established that the BPPM mono-
mer in the initial liquid monomer phase does confer
radiopacity to the acrylic bone cements. Further-
more, the presence of BPPM units in the acrylic
bone cement composition improves the curing pa-
rameters, flexibility, thermal stability, polymerization
shrinkage, and compression strength of the bone
cements, without changing their water uptake, po-
rosity, or contact angle.
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