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ABSTRACT
With the increasing elderly population an increase in the number of bony fractures associated to
age-related diseases such as osteoporosis also follows. The relatively high stiffness of the acrylic
bone cements used in these patients has been suggested to give raise to a suboptimal load
distribution surrounding the cement in vivo, and hence contribute to clinical complications, such as
additional fractures. The aim of this study was to develop a low-modulus bone cement, based on
currently used, commercially available poly(methyl methacrylate) (PMMA) cements for
vertebroplasty. To this end, acrylate end-functionalized oligo(trimethylene carbonate) (oTMC) was
incorporated into the cements, and the resulting compressive mechanical properties were
evaluated, as well as the cytotoxic and handling properties of selected formulations. Sixteen
wt%oTMC was needed in the vertebroplastic cement Osteopal V to achieve an elastic modulus of
1063 MPa (SD 74), which gave a corresponding compressive strength of 46.1 MPa (SD 1.9). Cement
extracts taken at 1 and 12 hours gave a reduced MG-63 cell viability in most cases, while extracts
taken at 24 hours had no significant effect on cell behavior. The modification also gave an increase
in setting time, from 14.7 min (SD 1.7) to 18.0 min (SD 0.9), and a decrease in maximum
polymerization temperature, from 41.5�C (SD 3.4) to 30.7�C (SD 1.4). While further evaluation of
other relevant properties, such as injectability and in vivo biocompatibility, remains to be done, the
results presented herein are promising in terms of approaching clinically applicable bone cements
with a lower stiffness.

KEYWORDS
bone cement; compression;
low-modulus; mechanical
properties; PMMA; stiffness;
TMC; vertebroplasty

Introduction

Bone cements based on poly(methyl methacrylate)
(PMMA) have been in orthopaedic use since the
1960s when they were first introduced for the fixation
of joint prostheses.1 They commonly consist of a liq-
uid and a powder component that are mixed together
at the time of implantation, creating a liquid or a paste
that can be injected or packed into place and then left
to harden in situ. These types of acrylic cements have
been used in a variety of orthopaedic applications
including implant fixation, screw augmentation and
spinal augmentation procedures such as vertebro-
plasty. Vertebroplasty is a minimally invasive proce-
dure, which consists in the percutaneous injection of
bone cement into a fractured vertebra in order to
achieve pain relief and fracture stabilization. These
vertebral fractures can be caused by different patholo-
gies such as hemangioma,2 multiple myeloma,3

osteolytic metastases4 and primary or secondary oste-
oporosis.5 While being a successful treatment in terms
of quick pain relief, new fractures may occur after a
vertebroplasty, in untreated vertebrae. These may
partly be due to the underlying disease, but a dispro-
portionately large number of new fractures have been
observed next to the vertebra treated with PMMA.6,7

Also, adjacent fractures have been found to occur
sooner than other new fractures.8 A recent study
reported a high hazard ratio (3.53) for fracture of a
vertebra if it lay adjacent to a treated one.9 One of the
reasons for the higher incidence of adjacent fractures
has been hypothesized to be the high stiffness of the
injected bone cement in comparison to the surround-
ing bone. Most commercial acrylic bone cements
have an elastic modulus in the range of 1700-
3700 MPa,10,11 while the elastic modulus of cancellous
bone is typically in the range of 10-900 MPa.12-14 In
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fact, several experimental studies have focused on
developing novel PMMA-based cements with a lower
elastic modulus,15-20 but none of these cements are
currently available on the market. Boger et al.16,17

introduced macroporosity into the cements through
the use of a hydrogel phase. However, excessive parti-
cle release from the modified cements was found.15

An organic plasticizer, N-methyl-pyrrolidone, has also
been used to substitute some of the liquid phase in
order to reduce the elastic modulus,18 but to the
author’s knowledge, no data on the cytocompatibility
of this formulation is currently available. Recently, we
introduced the use of a triglyceride oil as a method of
reducing the stiffness of PMMA-based bone
cements.20 However, relatively high amounts of the oil
were required, which had a negative effect on the cyto-
compatibility of the cements. A similar outcome was
reported by Lam et al.,19 who modified their cements
with strontium-substituted hydroxyapatite-nanopar-
ticles and linoleic acid. Modifications of PMMA using
only linoleic acid in very small amounts, have, how-
ever, shown promising results, although the in vivo
biocompatibility is yet to be confirmed.21-23

In this study, we suggest another approach to
reduce the modulus, by copolymerizing PMMA
with a more flexible polymer. Poly(trimethylene
carbonate) (PTMC) is used in biomedical applica-
tions24 and could be an excellent candidate for this
purpose, due to its low modulus and high ductil-
ity.25 The current study hence aimed to investigate
the possibility of obtaining low-modulus bone
cements through the modification of PMMA-based
cements with acrylate end-functionalized low
molecular weight PTMC, termed oligo(trimethylene
carbonate) (oTMC). The developed cements were
evaluated in terms of their mechanical properties
and selected formulations were further assessed in

terms of their in vitro cytotoxicity, setting time and
peak polymerization temperature.

Results

The elastic moduli, compressive strengths and yield
strains of the unmodified and modified cements are
summarized in Table 1. The strength was determined
according to the ASTM F-451 standard, which speci-
fies the strength as the stress at the 2.0% offset (2.0%
proof stress), upper yield point, or at fracture, which-
ever occurs first. None of the samples exhibited a clear
fracture, only increasing deformation. For the unmod-
ified cements, the 2.0% proof stress and the upper
yield point usually coincided, whereas the modified
cements exhibited no clear upper yield point (the
stress increased continuously, although with a differ-
ent slope). The 2.0% proof stress was hence reported
as the compressive strength (yield strength).

The effect of oTMC on the elastic modulus was
greater for Osteopal V than for Simplex P; statistically
significant differences were found between all formu-
lations except between the two controls and between
Osteopal V-16%oTMC vs. Simplex P-16%oTMC and
Osteopal V-16%oTMC vs. Simplex P-18%oTMC and
Simplex P-16%oTMC vs. Simplex P-18%oTMC. Hence,
OsteopalV-16%oTMC and Simplex P-18%oTMC were
chosen for further testing as these formulations also
showed moduli of approximately 900 MPa, which cor-
responds to the upper limit for cancellous bone
reported in the literature.12-14

Figure 1 shows the relative viability of cells cultured
in extraction media from different cements for 1 and
3 days. Compared to the control group cement
extracts generally caused a decrease in cell viability.
The extent of this effect was different among the mate-
rials and the incubation times. After 1 day the 1 h

Table 1. Compressive mechanical properties of the tested cements. Mean values are shown, with standard deviations. N D number of
specimens tested per group.

Cement Elastic modulus (MPa) Yield Strength (MPa)� Yield strain (%)� N

Osteopal V 1761§ 49 84.0§ 5.8 6.78 § 0.39 7
Osteopal V-16%oTMC 1063§ 74 46.1§ 1.9 6.36 § 0.34 6
Osteopal V-18%oTMC 734 § 62 25.6§ 1.6 5.50 § 0.22 9
Osteopal V-20%oTMC 241 § 38 5.2§ 0.9 4.20 § 0.47 8
Simplex P 1616§ 70 85.5§ 4.9 7.30 § 0.40 9
Simplex P-16%oTMC 1075§ 113 43.9§ 6.7 6.07 § 0.28 10
Simplex P-18%oTMC 935 § 90 34.6§ 3.2 5.71 § 0.20 11
Simplex P-20%oTMC 519 § 60 15.2§ 1.2 4.94 § 0.27 7

�At 2% proof stress.
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extraction media of the modified cements had an
increased cytotoxic effect compared to media obtained
from unmodified cements (p < 0.003). However,
although there was a trend for increased cytotoxicity
also for the 12 h modified cement extracts, there was
no statistically significant difference between any of
the modified cements and their respective base cement
for 12 or 24 h extracts (p > 0.086). After 3 d of incu-
bation even lower cell viabilities were detected for the

1 h and 12 h groups of the modified samples com-
pared to the 1 day incubation, and for this incubation
time the differences were statistically significant also
for the 12 h extracts compared to the base cements (p
< 0.048). Nevertheless, no statistically significant dif-
ference was found between any of the cement extracts
at 24 h (p > 0.117).

Morphological investigations confirmed the initial
cytotoxic effects on the cells as described before. After

Figure 1. Relative cell viability of MG-63 cells after 1 (left) and 3 (right) days of contact with cement extraction media, taken at different
time points after commencement of cement preparation.

Figure 2. Representative light micrographs of cells after 1 day of incubation in extraction media of unmodified and modified cements.
Cells in 1 h extraction media from modified cements showed signs of apoptosis, i.e. cell shrinkage and round cell morphology. Cell mor-
phology in 12 h and 24 h extracts was comparable to extracts of the unmodified cements as well as the control group (the latter is not
shown).
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1 day of incubation, cells of the 1 h extraction media of
the modified cements exhibited an apoptotic, rounded
cell morphology (Fig. 2). In contrast, cells cultured in
the 12 h and 24 h extraction media were more fibro-
blastic, similarly to the control (not shown) and
unmodified cements. On the other hand the cell den-
sity was lower, explaining the lower relative viability
compared to the control group. This was also observed
for all extraction time points of the unmodified
cements. Prolonged incubation time (3 days) had no
effect on cell morphology. Cells in the 1 h extracts of
the modified cements were apoptotic whereas cells of
all other groups showed a normal cell morphology
and increased cell density compared to day 1.

The handling properties were evaluated for the ver-
tebroplastic cement as the base, i.e. for Osteopal V
and Osteopal V modified with 16%oTMC, and are
shown in Table 2. A statistically significant difference
was found between the 2 materials for all handling
properties (p < 0.02, t-test).

Discussion

In this study, a telechelic acrylate-functionalized oligo
(trimethylenecarbonate) (a,v-oTMC-diacrylate)26

was used as partial MMA monomer substitute in
PMMA bone cements, with the aim of enhancing rela-
tive chain mobility and flexibility and hence decrease
the modulus of the cements. The resulting materials
were studied in terms of mechanical properties, cyto-
compatibility and handling properties.

The desired decrease in stiffness, specified as an
elastic modulus of approximately 900 MPa,12-14 was
achieved with 16% oTMC in Osteopal V and 18%
oTMC in Simplex P. Larger amounts of oTMC were
generally needed in Simplex P compared to Osteopal
V to reach similar moduli. This followed from the rel-
ative amounts of cement components: in order to
reach a similar oTMC to monomer ratio, a larger
weight percentage of the total cement was needed in
Simplex P than in Osteopal V (see Materials and
Methods section). The strength of the modified Osteo-
pal V and Simplex P cements was still substantially

higher, 46.1 § 1.9 MPa and 34.6 § 1.2 MPa, respec-
tively, than that of the potentially surrounding trabec-
ular bone (0.1–15 MPa12-14). In previous studies on
low-modulus bone cements, formulations with similar
moduli (872-1000 MPa) also exhibited strength values
above those of the trabecular bone, but varying
between 17–45 MPa.16,17,20-22 However, the lowest
value, 17 MPa, was observed after compression tests
where the specimens were subjected to cyclic precon-
ditioning (i.e., loaded repeatedly within the elastic
region) before testing to failure, which could result in
a higher modulus than for specimens directly tested to
failure.21 In the study by Lam et al., no cement with a
similar modulus was reported, but it appeared that a
higher strength could be reached in the low-modulus
cements than in the current study.19 This could be due
to a strengthening effect of the linoleic acid-function-
alized hydroxyapatite particles, which were added to
the cement besides the linoleic acid substitution of
part of the monomer.

While the elastic modulus of the cements decreased
with an increased amount of oTMC, the yield strain
also decreased (Table 1), but was still well above that
found in trabecular bone, which commonly lies below
1%.27

While cells in contact with extracts from modified
Osteopal V and Simplex P, taken 1 h and 12 h after
mixing the cements, showed a decreased viability
(although not statistically significant for 12 h extracts
after 1 day of contact), cement extracts taken at 24 h
induced no change in cell viability compared to the
unmodified material extracts. Light micrographs also
indicated little effect on cell morphology, except for
the 1 h group. This may be attributed to the quasi-
dynamic extraction method used. During sampling
the extracts were replaced by fresh culture medium.
Thus, the different extracts correlate to different stages
of cement curing. The results hence suggest that the
release of cytotoxic components was increased for the
modified cements, especially during the first hour(s)
of the setting reaction. This may be attributed to the
increased setting time of these samples (Table 2) and/
or to a higher diffusion rate of residual monomer in

Table 2. Handling properties of Osteopal V and Osteopal V-16%oTMC. Error values indicate standard deviations.

Cement Doughing time (min) Setting time (min) Peak temperature (�C)

Osteopal V 4.7 § 0.1 14.7 § 1.7 41.5 § 3.4
Osteopal V – 16%oTMC 2.6 § 0.2 18.0 § 0.9 30.7 § 1.4
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the low-modulus, higher molecular mobility cements.
Once the polymerization is completed the cytotoxicity
of the modified materials is comparable to their
unmodified counterparts. This is in accordance with a
previous study on modified PMMA cements,23 where
both a modification with castor oil, as well as a cus-
tomized PMMA formulation (components acquired
from Sigma-Aldrich) induced a cytotoxic effect at
early time points, but not with 24 h extracts.

It should be noted that previous studies assessing the
cytocompatibility of PMMA-based bone cements often
use diluted extracts in order to simulate physiological
processes and transport phenomena of body fluids.28,29

Furthermore, extracts are normally obtained using
almost cured or fully cured cements. No dilutions were
used in the current study and extracts were obtained in
situ, i.e. from the setting cement. Hence, a worst-case
scenario was applied, and a comparison with data from
the literature is difficult. It can also be noted that previ-
ous in vitro cytotoxicity studies on bioactive, calcium
phosphate based bone cements have also used similar
dilutions, and needed 8-fold dilutions to reach similar
values as the control at 1 day.30

Osteopal V containing 16% oTMC had a signifi-
cantly shorter doughing time than unmodified cement
(2.6 § 0.2 min compared to 4.7 § 0.1 min), but a lon-
ger setting time (18.0 § 0.9 min compared to 14.7 §
1.7 min), indicating a faster formation of a pasty con-
sistence with the addition of oTMC, which slowed
down the diffusion of monomer within the paste and
hence increased the setting time.31 In agreement with
this, the polymerization temperature significantly
decreased with the addition of oTMC, suggesting that
the reactions took place over a longer period of time,
giving a lower peak polymerization temperature (from
which the setting time is calculated, according to
ASTM F-451 32). A decrease in the peak polymeriza-
tion temperature could be advantageous from a clini-
cal point of view, as high temperatures may have
negative effects on surrounding tissues.33,34

While the results presented herein are promising,
further evaluation of clinically relevant properties is
needed, such as injectability and in vivo biocompati-
bility. The complexity involved in producing the mod-
ifying phase may also be a limiting factor to future
use, when comparing these cements to other low-
modulus cements, e.g. those modified using linoleic
acid, where the modifying phase can be acquired
ready-made, and lower amounts may be used.21-23

In conclusion, it is possible to reduce the elastic
modulus of PMMA bone cements by incorporating
small amounts of acrylated oTMC, a reduction which
could be important in order to avoid clinical compli-
cations related to biomechanical changes after surgery,
especially in the increasingly larger elderly population,
where low-density, low-modulus bone is more
common.

Materials and methods

Acrylate-functionalized oligo(trimethylenecarbonate)
(a,v-oTMC-diacrylate, 1500 Da) was synthesized and
characterized as described elsewhere.26 Bulk ring-
opening polymerization of trimethylene carbonate
was performed using 1,4-butanediol as co-initiator
(100:8 feed ratio) at 160�C under argon. In order to
make it cross-linkable, the resulting hydroxyl-termi-
nated pre-polymer (1 eq) was modified by acrylation
with acryloyl chloride (2 eq) in the presence of N,N-
diisopropylethylamine (2 eq) and 4-dimethylamino-
pyridine (0.2 eq). The product was purified by filtra-
tion through a column of activated alumina and roto-
evaporation of the solvent.

Two types of commercially available bone
cements were used as base cements, namely Simplex
P (Stryker Orthopaedics) and Osteopal V (Heraeus
Medical GmbH). While Simplex P is indicated for
use in e.g., joint prosthesis fixation, Osteopal V has
been developed for use in the spine and contains
larger amounts of radiopacifier (45.0 wt% zirconium
dioxide, ZrO2, in comparison to the 10 wt% barium
sulfate, BaSO4, of Simplex P). The powder phase of
Osteopal V (26 g) contains 54.6 wt% poly(methyl
acrylate-co-methyl methacrylate), 45.0 wt% zirco-
nium dioxide, 0.4 wt% benzoyl peroxide, and chloro-
phyll VIII. The liquid phase (10 ml) contained
92 wt% methyl methacrylate monomer, 2 wt% N,N-
dimethyl-p-toluidine and 6 wt% other additives
including chlorophyll VIII and hydroquinone. The
powder phase of Simplex P (20 g) contains 75 wt%
methyl methacrylate-styrene copolymer (in turn
containing 1.7 wt% benzoyl peroxide), 15 wt% poly
(methyl methacrylate) and 10 wt% BaSO4. The liquid
component (10 ml) contained 97.5 vol% methyl
methacrylate monomer, 2.5 vol% N,N-dimethyl-
p-toluidine and small amounts of hydroquinone.

The liquid components of Osteopal V and Simplex
P were modified by replacing some of the MMA
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monomer with 16, 18 and 20 wt% (of the total
cement) of oTMC, and homogenizing the mixture
using a Vortex-Genie 2 (Scientific Industries). The
cements were then prepared by mixing the resulting
liquid with the (unmodified) powder phase in a Cap
Vibrator (Ivoclar Vivadent AB), for 30 s. The resulting
cements are herein referred to as “base cement – x
wt% oTMC,” i.e., Osteopal V-16%oTMC refers to
Osteopal V as the base cement, modified with 16 wt%
oTMC.

The mechanical properties of the cured cements
were determined using uniaxial compression tests in a
universal materials testing machine (AGS-X, Shi-
madzu Corp.) according to ASTM F-451.32 Cylindri-
cal specimens of 6 mm diameter and 12 mm height
were tested at a loading rate of 20 mm/min after stor-
age in air at room temperature for 24 h.32

The cytotoxicity of selected cement extracts was
investigated on MG-63 cells (ECACC, 86051601)
based on ISO 10993-5.35 Since this is a curing sys-
tem, a previously developed method for evaluating
these types of materials was used.21,23 In summary,
the cements were mixed as previously described
and approximately 5 g per sample were injected
through a 20 ml syringe into sterile 50 mL Falcon
tubes. At 2.5 min after start of mixing, culture
medium - DMEM/F12 supplemented with 10%
bovine calf serum (Thermo Scientific HyClone),
2 mM glutamine, 100 U/mL penicillin and
100 mg/mL streptomycin (Sigma-Aldrich) - was
added to obtain a 200 mg/mL sample-to-medium
ratio. Extraction was carried out at 37�C. The cell
culture medium of each sample was withdrawn
and replaced by fresh culture medium at 1 h,
12 h, and 24 h after adding it to the cements.
Sampled extracts were filtered (0.2 mm) and either
stored in the fridge or used immediately after
sampling. MG-63 cells were seeded in 24 well
plates at a density of 30,000 cells/cm2. For each
incubation time (1 and 3 days), 3 wells were used
per experimental group and 6 wells for the con-
trol. After 24 h, the culture medium was aspirated
and replaced by the extraction media of each
group, while fresh medium was added to the con-
trol wells. Cells were cultured for 1 and 3 days,
after which the media were aspirated and cells
were carefully washed with DPBS twice. To assess
the cell viability an alamarBlue® viability assay
(Invitrogen) was applied according to the

supplier’s instructions. Cell morphology was evalu-
ated using light microscopy.

The handling properties of the cements, in terms of
peak polymerization temperature, doughing and set-
ting time were evaluated for Osteopal V and a selected
formulation, according to ASTM F-451,32 using 10 g
of cement.

IBM SPSS Statistics v. Twenty-one (IBM) was used
to perform statistical analyses at a critical level of a D
0.05. Comparison of 2 groups was carried out using
t-tests, whereas comparison of more than 2 groups
was performed using an analysis of variance
(ANOVA) or Welch’s robust test of equality of means,
followed by Scheffe’s or Tamhane’s post-hoc test
(when equal variances could or could not be con-
firmed, respectively).
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