Characteristics and Mechanical Properties of AcrylolpamidronateTreated Strontium Containing Bioactive Bone Cement
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Abstract: The aim of the present study was to determine the influence of surface treatment
on the mechanical properties of strontium-containing hydroxyapatite (Sr-HA) bioactive bone
cement. Previously we developed an injectable bioactive cement (SrHAC) system composed of
Sr-HA powders and bisphenol A diglycidylether dimethacrylate (Bis-GMA). In this study, the
Sr-HA powder was subjected to surface treatment using acrylolpamidronate, a bisphosphonate
derivative, which has a polymerizable group, to improve the interface between inorganic filler
and organic matrix by binding Sr-HA and copolymerizing into the matrix. After surface
treatment, the compression strength, bending strength, and stiffness of the resulting composites
were defined by using a material testing machine (MTS) according to ISO 5833. The fracture
surface of the bone cement specimen was observed with a scanning electron microscope.
In vitro cytotoxicity of surface-treated SrHAC was also studied using a tetrazolium-based cell
viability assay (MTS/pms) on human osteoblast-like cells, the SaOS-2 cell line. Cells were
seeded at a density of 104/mL and allowed to grow in an incubator for 48 h at 378C. Results
indicated that after surface treatment, the compression strength and stiffness significantly
improved by 22.68 and 14.51%, respectively. The bending strength and stiffness of the
bioactive bone cement also showed 19.06 and 8.91% improvements via three-point bending
test. The fracture surface micromorphology after compression and bending revealed that the
bonding between the resin to surface-treated filler considerably improved. The cell viability
indicated that the treated particles were nontoxic and did not inhibit cell growth. This study
demonstrated a new surface chemistry route to enhance the covalent bonds between inorganic
fillers and polymer matrix for improving the mechanical properties of bone cement. This
method not only improves the overall mechanical performance but also increases osteoblastic
activity. ' 2007 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 83B: 464–471, 2007
Keywords: mechanical properties; bioactive bone cement; acrylolpamidronate; cytotoxicity;
surface chemistry

INTRODUCTION
Injectable acrylic bone cements are widely used in orthopaedic surgery to ﬁx artiﬁcial prostheses. Conventional polymethylmethacrylate (PMMA) bone cement has been
successfully used in arthroplastic procedures of the hip,
knee, and other joints for the ﬁxation of polymer or metallic prosthetic implants to living bone; however, it still has
some potential problems and risks, such as poor adhesion
of the bone cement to bone surface1 and a high exothermic
reaction during polymerization,2 both which limit its appliCorrespondence to: Dr. W. Lu (e-mail: wwlu@hkusua.hku.hk)
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cation and may also lead to complications.3,4 The drawbacks have promoted the search for alternative solutions.
The incorporation of bioactive ﬁllers, such as hydroxyapatite (HA), inorganic bone particles, or bioactive glass into
a methacrylate (MA) matrix as an alternative to PMMA
bone cement was ﬁrst reported by Hennig et al.5 With the
aim of replacing the traditional PMMA bone cement, some
bioactive bone cements were developed. PMMA ﬁlled with
inorganic ﬁllers6–9 or bisphenol A diglycidylether dimethacrylate (Bis-GMA) ﬁlled with inorganic ﬁllers was commonly studied.10–13 The incorporation of a bioactive ﬁller
into the organic-based bone cement can partially increase
the biocompatibility, as well as osteoconductivity. Nevertherless, the addition of inorganic ﬁllers embrittles the bone
cement, because of the low ductility of the ﬁllers and the
weak interface bonding between the ﬁllers and the matrix.

ACRYLOLPAMIDRONATE-TREATED STRONTIUM-CONTAINING BIOACTIVE BONE CEMENT

Recently, the authors have described an injectable, bioactive bone-bonding cement especially for use in minimally
invasive surgery.14,15 The cement mainly comprises BisGMA and triethylene glycol dimethacrylate (TEGDMA) as
the organic matrix, and Sr-HA as the inorganic ﬁller. The
use of strontium-containing hydroxyapatite (Sr-HA) has a
number of key advantages, including the fact that Sr is a
trace element in the human body, thus allowing for radiographic visualization without the need for adding radiopaque particles, which are known to decrease mechanical
properties.16 Some studies indicated that strontium could be
localized in calciﬁed bone, and it has been associated with
improving osteoporosis.17–19 Furthermore, this bioactive
bone cement showed improved contact with living bone
when compared with commercial PMMA cement.20,21 SrHA bioactive bone cement was designed to have desirable
properties for use in vertebroplasty and for the treatment of
osteoporotic fracture.15,22
However, like other HA- or bioglass-containing bone
cements, adding 40% Sr-HA ﬁller into the organic matrix
increases the brittleness of the cement. This is partially due
to the weak interfacial interaction between the inorganic ﬁller and organic matrix in a particle-ﬁlled composite.23 Various studies have demonstrated that improved adhesion
between ﬁller and matrix resulted in enhanced mechanical
properties of the cement.9,24–27 One approach could be the
surface modiﬁcation of the inorganic ﬁllers before mixing,
to improve the interaction between the ﬁllers and the matrix. Acrylic and MA esters have been used to strengthen
ionic interaction between ﬁller and matrix.26 However, toxicity is still a concern for these monomers.
Bisphosphonates are simple chemical compounds based
on a phosphorous-carbon-phosphorous (P-C-P) motif. This
template forms a three-dimensional structure capable of
binding to divalent metal ions, such as Ca2+, Mg2+, and
Fe2+, in a bidentate manner through the coordination of
one oxygen from each phosphate group with the divalent
cation.28,29 Moreover, bisphosphonates are now the most
widely used drugs for diseases associated with loss of bone
mass, such as osteoporosis.30 Earlier studies showed that
bisphosphonates could effectively bind to HA.31 However,
no study has been reported on whether surface treatment of
HA by bisphosphonates can increase the mechanical properties of bioactive bone cement. The speciﬁc objective of
this study was to investigate the mechanical properties,
fracture surface and in vitro cytotoxicity of the Sr-HA bioactive bone cement with acrylolpamidronate treatment.

465

line HA powders. After ﬁltration of the slurry, the product
was dried at 1108C. An alumina ball mill was used to pulverize the granular product into ﬁne powder, and the product under 200 mesh (<75 mm) was calcined in a hightemperature Mufﬂe furnace (F46240CM; Thermolyne,
Dubuque, IA) at 8008C for 3 h. The particle size distribution of HA powder was measured by using a MAM500-5
powder analyzer (Ivern, UK). The average particle diameter
was 8.99 mm.
Surface Treatment of Sr-HA Powder

In pilot studies, Sr-HA powder was treated by acrylolpamidronate with different concentrations. Based on the pilot
trials, the best group of mechanical and handling properties
was used in this study and the ratio (w/w) of acrylolpamidronate to Sr-HA was 0.25%. Fifty milligrams of acrylolpamidronate was dissolved in 50 mL distilled water.
Twenty grams of Sr-HA powder, dried at 1108C for 24 h,
was then added into the acrylolpamidronate solution. A
homogeneous paste was achieved by gently stirring under
nitrogen ﬂow for 3 h. This paste was frozen at 708C for
1 h and lyophilized to achieve a dry powder. This treated
powder was stored in a dark dry box with 28% humidity at
238C until use.
Preparation of the Resin

The resin was prepared from 50 wt % Bis-GMA (Aldrich,
UK), 40 wt % TEGDMA (Aldrich), and 9.75 wt % polyethylene glycol methacrylate (PEGMA) (Aldrich). N,Ndimethyl-p-toluidine was dissolved into the mixture at 0.25%
per unit weight of resin. To increase the homogeneity of
the components, the resin was mixed with a mechanical
stirrer for 72 h. Mixing was performed at 238C under a
dark hood.
Preparation of Cement Samples

SrHAC specimens were prepared by mixing 40 wt % original Sr-HA or surface-treated Sr-HA powder into 60 wt %
resin. Brieﬂy, the liquid resin was poured directly into the
MixEvac1 Bone Cement Mixer (Stryker Instruments, MI)
and then the powder was poured into the bowl on top of
the liquid resin. The mixture was stirred for 2–3 min in
MixEvac unit when the pressure level reached 20–22
in.Hg, then it was injected into a cylindrical mold, and
held until fully cured. The specimens were pushed out
from the mold after setting.

MATERIALS AND METHODS
Setting Time and Maximum Temperature Determination
Synthesis of Sr-HA Powder

The Sr-HA powder was developed in our laboratory with
the method previously reported.14,15,20–22,26 Brieﬂy, Sr-HA
powder was made through the wet method, suitable for
mass production of both small crystalline and noncrystalJournal of Biomedical Materials Research Part B: Applied Biomaterials
DOI 10.1002/jbmb

The setting time and maximum temperature were recorded
in the method previously reported.14 In brief, the Sr-HA
bone cement was reconstituted in standardized conditions
(room temperature of 238C 6 18C, humidity of 50% 6
10%), and poured into a mold of 60 mm diameter and 6 mm
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Figure 1. Bending test curves of original Sr-HA bone cement. A: Five cycles of loading were
applied, and linear regression was used to calculate stiffness; DP is the force applied, Dd is the deformation; B: Bending curve for strength determination.

height. A thermocouple was inserted into the center of the
mold, and the temperature measured at 1-min intervals.
Mechanical Testing

SrHAC specimen were cut into rods with a diamond saw
(Exakt 300CP, Germany) for bending testing (6 mm diameter 3 25 mm length) and for compression testing (6 mm
diameter 3 12 mm length). The specimens were soaked in
distilled water at 378C for 24 h before being tested at
238C.
All mechanical tests were conducted on a servo-hydraulic material testing machine (MTS 858 bionix machine;
MTS System, Minneapolis, MN). The mean value and
standard deviation were calculated from each group of 12
specimens.
The compression strength was tested according to the
standard ISO 5833. Five cycles of compressive loading
were applied to each specimen at the range of 100–400 N
and the load deformation data was collected. The stiffness,
evaluated by the slope of the load-deformation curve, was
determined. After ﬁve loading cycles, the specimens were
loaded to failure. In all loading regimes, a speed of 1 mm/min
was used.
In this study, a three-point bending test was performed
as previously described.11,26 The dimension of the span
was deﬁned as that between the supports for the three-point
bending test, and it equaled 17.65 mm in this study. The
cross-head speed use was 0.5 mm/min. As with the compressive test described earlier, we recorded the load deformation data and evaluated it by the slope of the loaddeformation curves. Five loading cycles were applied for
calculating the bending stiffness with the loading range of
5–50 N [Figure 1(A)]. The specimens were subsequently

loaded to failure after cyclic testing to deﬁne the bending
strength [Figure 1(B)].
Characterization

Scanning electron microscopy (SEM) was used to observe
the fracture surface of the samples after compression and
bending test. The fracture sections of the Sr-HA specimens
were gold coated, and SEM observation was carried out
with the use of a Leica S440 (Cambridge, England) SEM.
In Vitro Cytotoxicity Assessment

To assess the short-term cytotoxicity of the original and
treated powders, the following ISO/EN 10993 Part 5 guidelines32 were used. The original and treated particles were
extracted for 72 h at 378C, using Dulbecco’s modiﬁed
Eagle’s medium (DMEM; Sigma) as the extraction ﬂuid.33
The culture medium was also used as a negative control. In
the test groups, the ratio of particle weight to extract ﬂuid
was constant at 0.05 g/mL.
Cell Culture

The present experiment used a cell line of human osteoblast-like cells (SaOS-2). Cells were grown as monolayers
in DMEM supplemented with 10% fetal calf serum (Biowest), 100 U/mL penicillin–streptomycin (GIBCO), 4 mg/mL
fungizone (GIBCO), and 2 mM L-glutamine at 378C in a
humid atmosphere containing 5% CO2. Cells were trypsinized
before the experiments. For the viability test, cells were
seeded in 96-well plates (n ¼ 12), at a density of 2 3 104 cells
per well, and incubated for 48 h at 378C, in a humidiﬁed
atmosphere containing 5% CO2.
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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TABLE I. Mechanical Properties of Original and Treated Sr-HA Bone Cement

SrHAC with original Sr-HA
SrHAC with 25 mg/10 g treated
Improvement (%)
p value

Compression
Strength (MPa)

Compression
Stiffness (GPa)

Bending
Strength (MPa)

Bending
Stiffness (MPa)

115.68 6 16.39
141.92 6 17.72
22.68
0.01

1.93 6 0.21
2.21 6 0.26
14.51
0.01

42.96 6 4.34
51.15 6 8.04
19.06
0.01

818.10 6 65.67
890.99 6 65.36
8.91
0.02

Cell Viability Test (MTS/pms)

3-(4,5-Dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2(4sulfofenyl)-2H-tetrazolium (MTS) (CellTiter 961 AQueous
One Solution Cell Proliferation Assay Promega) is commonly

used for cell viability evaluation. Before the MTS/pms test,
culture medium was removed from the wells and an identical
volume, 200 mL, of serum-free culture medium replaced. After 24 h, the serum-free culture medium was replaced by
extraction ﬂuid. Cell response was evaluated after 48 h of

Figure 2. SEM micrographs of the Sr-HA bone cement fracture surface with original Sr-HA powder
(A, C) and treated Sr-HA powder (B, D). The compressive fracture surface of the treated Sr-HA
cement was relatively ﬂat (B) compared with the control (A). There were many Sr-HA particles
(black arrows, A) on the fracture surface of the control sample. However, fewer ﬁller particles (black
arrows, B) can be seen on the fracture surface of treated bone cement. Sr-HA particles could be
identiﬁed on the bending fracture surface (black arrows, C). It showed that gaps and pores (white
arrows, C) existed between the particles and resin. After treating with acrylolpamidronate, the
cement exhibited a rough and uneven surface, and no distinguishable particles could be seen on
the fracture surface. The treated bone cement showed a \wavy" fracture surface (white triangle, D).
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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stiffness of the treated bone cement were signiﬁcantly
improved by 19.06 and 8.91%, respectively.
Micrographic Observation

Figure 3. SaOS-2 cell viability after incubation with the test and culture medium over a period of 48 h. Results are based on optical
density measurements. (E: culture medium for control; Sr-HA: Sr-HA
extraction; A-Sr-HA: treated Sr-HA extraction.) Acrylolpamidronatetreated Sr-HA particles (A-Sr-HA) did not cause growth inhibition after 48 h, whereas it increased the SaOS-2 cell activity slightly when
comparing with the results that were obtained in control (E). Acrylolpamidronate treatment signiﬁcantly (p < 0.05) increased the cell activity over the original Sr-HA powder (Sr-HA).

incubation time, by adding 20 mL of MTS reagent to each
well. Cells were then incubated for 3 h at 378C in a humidiﬁed atmosphere containing 5% CO2. At this time optical density was measured with a microplate reader (Molecular
Devices model no. 300, Sunnyvale, CA) at 490 nm.
Statistical Analysis

Results are expressed as mean 6 SD. A Student’s t test
was used to compare the statistical signiﬁcance between
the treated and untreated cements. Signiﬁcant results were
accepted when p  0.05.
RESULTS
Setting and Handling Properties

The setting time of Sr-HA and modiﬁed bone cement was
8–12 min. The peak curing temperature of original and
modiﬁed Sr-HA bone cement was 588C. During the process
of handling, it was observed that Sr-HA bone cement had
equivalent properties to PMMA in terms of ease of injection. After surface treatment of Sr-HA powders, the ﬂuidity
of the mixture decreased, while its viscosity increased
slightly.
Mechanical Properties

The mechanical properties of the original and treated SrHA bone cement are listed in Table I. The compression
strength and compression stiffness of the bone cement after
surface treatment were signiﬁcantly improved by 22.68 and
14.51%, respectively. The bending strength and bending

Figure 2 shows the compressive fracture surfaces of the SrHA bone cement with original (A) and acrylolpamidronatetreated (B) Sr-HA particles, respectively. The acrylolpamidronate-treated Sr-HA bone cement had a different
appearance from the original bone cement. At high resolution, the surface of the acrylolpamidronate-treated Sr-HA
bone cement (B) showed a higher integrity than the control
sample (A). There were many Sr-HA particles [black
arrows, Figure 2(A)] on the fracture surface of the control
sample. However, fewer ﬁller particles [black arrows, Figure
2(B)] can be seen on the fracture surface of treated bone
cement. The surface of the control sample also exhibited a
considerable lamellar fracture morphology compared with
the acrylolpamidronate-treated Sr-HA bone cement.
The bending fracture surface of the control sample
[Figure 2(C)] appeared to be smooth. The Sr-HA particles
were embedded in the resin matrix, but could still be identiﬁed on the fracture surface [black arrows, Figure 2(C)].
After treatment with acrylolpamidronate [Figure 2(D)], the
Sr-HA bone cement exhibited a rough and uneven surface,
and no distinguishable particles could be seen on the fracture surface. The fracture surface of the control sample
showed that gaps and pores [white arrows, Figure 2(C)]
existed between the particles and resin. But after acrylolpamidronate treatment, the gap was not apparent. The treated
bone cement showed a \wavy" [white triangle, Figure
2(D)] fracture surface. The acrylolpamidronate-treated SrHA particles appeared well bonded to the matrix in the
cement in comparison to the original Sr-HA cements.
Cell Viability

Regarding short-term MTS/pms extraction tests, the results
(Figure 3) demonstrated that leachables from the acrylolpamidronate-treated Sr-HA particles did not cause growth inhibition after 48 h, while it increased the SaOS-2 cell
activity slightly when comparing with the results that were
obtained in control culture medium. Acrylolpamidronate
treatment signiﬁcantly (p < 0.05) increased the cell activity
over the original Sr-HA powder.
DISCUSSION
The modiﬁed Sr-HA bioactive bone cement has equivalent
properties to PMMA in terms of ease of injection and setting times. From safety aspects, Sr-HA bone cement was
superior to PMMA cement (908C) in its lower setting temperature. The slightly increased viscosity reduced the risk
of leak during the surgical process.
Subsequent mechanical tests with MTS after surface
treatment showed that the mechanical properties of the
Journal of Biomedical Materials Research Part B: Applied Biomaterials
DOI 10.1002/jbmb
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SrHAC were signiﬁcantly improved (p < 0.05). Previous
studies have indicated that surface treatment of inorganic
ﬁllers, such as bioglass, HA, and silica is an important
approach to achieve stronger bonds between the inorganic
ﬁller and the organic matrix, forming mechanically stronger
composites. A signiﬁcant fraction of organic reactive
hydroxyl groups can be made to graft organic molecules
onto the surface of HA particles.34 The hydroxyl groups
have been proven to have the ability to react with organic
functional groups.35,36
The results presented in this study are the ﬁrst to illustrate
the effects of modifying Sr-HA with acrylolpamidronate and
the particular chemical structure of acrylolpamidronate37 may
contribute to the observed improvement in mechanical properties of the bioactive bone cement. The acrylolpamidronate
belongs to the family of bisphosphonates, which is structurally
similar to endogenous pyrophosphates, but with a carbon molecule replacing the central oxygen molecule enabling the
accommodation of two additional substituents, R1 and
R2.28,29,38 Acylolpamidronate produced by grafting of an
acrylic group, which contains an unsaturated double bond, onto
the pamidronate39 enabled its binding to the Sr-HA effectively.
The imine in the R2 side chain of the acrylolpamidronate
increased its afﬁnity to Sr-HA and an acrylic group in the side
chain facilitated its crosslinking with Bis-GMA by free-radical
polymerization. These reactions, therefore, promoted the adhesion between the Sr-HA particles to the organic matrix. Apart
from Sr-HA, acrylolpamidronate can also bind to HA, divalent
cation-substituted HA, and other calcium-containing ceramics
effectively, and it can also crosslink with Bis-GMA and other
Bis-GMA-based or MA-based resins. Consequently, the application of this interesting surface treatment method could be
extended to other polymer-based bioactive bone cements.
Results of the morphology after compression suggest that
there was better integration between acrylolpamidronatetreated SrHAC [Figure 2(B)] than pristine SrHAC [Figure
2(A)]. The two components, powder and liquid, were mixed
to form a dough or paste. Setting of the cement occurs by way
of polymerization of the mixture, which is initiated by free
radicals produced by the reaction of benzoyl peroxide present
in the powder with N,N-dimethyl-p-toluidine present in the
liquid. The acrylolpamidronate covered and bound to the SrHA particles effectively after surface treatment. The unsaturated double bond on the R2 side chain of acrylolpamidronate
may crosslink with the Bis-GMA by free-radical polymerization. In the present case, the increase in the compressive
strength and stiffness can be explained by the Sr-HA treatment
with acrylolpamidronate, which promoted a better adhesion
between the Sr-HA ﬁller and the Bis-GMA matrix.
If the Sr-HA particles are present and distributed nonhomogeneously in acrylic bone cement, it will result in aggregation of particles and cause poor adhesion to the matrix.
The agglomerates are weak points, and break when stress
is applied.40 For untreated Sr-HA bone cement, a typical
smooth type I brittle fracture surface was observed [Figure

Journal of Biomedical Materials Research Part B: Applied Biomaterials
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2(C)], which meant that there was no or little plastic deformation when bending, whereas a rougher type II/III brittle
fracture surface was observed in treated Sr-HA bone
cement [Figure 2(D)]. Acrylolpamidronate covering the surface of the Sr-HA improved the compatibility of the ﬁller.
Thus, the surface tension as well as the viscosity of the
mixture decreased, whereas its ﬂuidity increased and consequently, less voids were formed by the trapped air. This
property change beneﬁts the mixing of the inorganic ﬁllers
in the organic liquid, decreasing the aggregation of Sr-HA
particles and leading to a more homogeneous dispersion of
the Sr-HA particles in the organic matrix. The morphology
of treated SrHAC after bending testing showed that the
fracture surface was much more jagged, irregular, and
rough [Figure 2(D)]. As a result, the bending strength and
stiffness of the bioactive bone cement were improved.
The cell viability assay in this study is particularly
aimed at establishing the possible toxic effects of leachables released from the particles during extraction.
Bisphosphonates are well-known potent inhibitors of osteoclast activity. The mechanisms by which bisphosphonates
reduce bone resorption directly acting on osteoclasts are
now largely clariﬁed even at a molecular level. But
research concerning the bisphosphonate’s effects on osteoblasts has instead shown variable results. Many in vitro
studies have reported positive effects on osteoblasts proliferation and mineralization for several bisphosphonates.41–43
The MTS/pms test indicated that the developed surface
treatment method may be nontoxic. In addition, it may also
promote osteoblastic bone formation.
CONCLUSION
In the present work, composites based on Bis-GMA and
Sr-HA were prepared as a potential bioactive bone cement
for orthopaedics or other clinical applications. The surface
modiﬁcation of Sr-HA particles using acrylolpamidronate
was demonstrated to be an effective way to improve the
interface bonding between the polymer matrix and Sr-HA
ﬁller. The compressive strength, compressive stiffness,
bending strength, and stiffness of the injectable bioactive
bone cement were signiﬁcantly improved with surface
treatment. Further, acrylolpamidronate-treated Sr-HA particles did not show cytotoxic effects in vitro.
The authors thank Mr. Patrick Wong and Stephen Chan for
their expert technical assistance.
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