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Abstract

The bone-bonding behaviors of various biomaterials have been extensively investigated. However, the precise mechanisms of bone
bonding have not yet been clarified, and the differences in interfacial behaviors of biomaterial bonding with cancellous bone and cortical
bone have not yet been understood. In this study, strontium-containing hydroxyapatite (Sr-HA) cement, in which 10% calcium ions were
substituted by strontium, was performed in a rabbit hip replacement model. Six months later, the morphology and chemical composition
of interfaces between Sr-HA cement with cancellous bone and cortical bone were evaluated by field emission scanning electron
microscopy (FESEM) and time-of-flight secondary ion mass spectrometry (ToF-SIMS). Remarkable differences between these two
interfaces were suggested both in morphology and chemical compositions. An apatite layer was found between Sr-HA cement and
cancellous bone with a thickness of about 70 pm. However, only a very thin interface (about 1 pum) was formed with cortical bone. As for
the cancellous bone/cement interface, high ions intensity of Ca, P, Sr, Na, and O were confirmed by FESEM-EDX and ToF-SIMS.
Differences in morphology and chemical component between these two interfaces provided convincing evidences for the proposed

dissolution—precipitation coupling mechanism in the formation of biological apatite.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Strontium-containing hydroxyapatite bone cement; Bone-bonding behaviors; Interface; Mechanism; Chemical composition

1. Introduction

Bioactive materials are classified into surface-active
materials (e.g., bioglass, ceravital, hydroxyapatite (HA),
apatite-and wollastonite-containing glass-ceramic (A-W
GC)) and resorbable materials (e.g., f-tricalcium phos-
phate (B-TCP), calcite) [1]. All these materials have been
reported to bond to bone tightly [2-7], but the precise
mechanisms of bone bonding have not yet been clarified.
Many investigators have examined the interface between
bioactive materials and bone using scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) [8-15]. Surface-active ceramics bonded to bone
through an intervening apatite layer, dissolution—precipita-
tion mechanism is commonly proposed for the formation
of biological apatite. This intervening layer is speculated to
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be formed by dissolution of some components of the glassy
phase of the materials with precipitation of apatite crystals
on their surface. In resorbable ceramics, however, calcified
bone reaches the chemically and biologically degraded
ceramics surface, eventually making direct ceramic—
bone contact resulting in mainly mechanical bonding by
interlocking.

As for HA, although classified as a surface-active
ceramic, it bonds to bone sometimes directly and some-
times through an intervening apatite layer that is very thin
and indistinct. The mechanism of the formation of the
intervening apatite layer may be different from that of
other surface-active materials because of its low solubility
[8]. From TEM observation of HA implants, Orly et al. [16]
and Daculsi et al. [17] assumed that epitaxial precipitation
of apatite crystals occurred. However, the manner in which
HA bonds to bone may vary. The dissolution rate of HA in
vivo increased when silicate ions were incorporated into the
HA lattice [18]. And the substitution of silicate ions into
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the HA lattice was further suggested to the morphology of
apatite depositions and the timing of their deposition [19].
It was also suggested that the substitution of calcium (Ca)
by strontium (Sr) caused a crystal expansion due to the
larger atomic radius of Sr—which in turn alters the
solubility of the mineral [20,21]. Strontium-containing
hydroxyapatite (Sr-HA) cement, a bioactive bone cement
developed recently for spinal and bone fracture surgery,
consists of Sr-HA powder and bisphenol-a-glycidyl
dimethacrylate (Bis-GMA)-based resin, in which 10%
calcium ions are substituted by Sr [22,23]. Our previous
in vivo study [24] indicated the dissolution of Sr-HA
cement and proposed a new dissolution—precipitation
mechanism for the formation of the bone-like zone
subsequently.

Although the dissolution—precipitation mechanism
involved in the formation of biological apatite has been
widely advocated, evidence of dissolution of materials is
mainly based on results from SEM/TEM observation.
Obviously, a compositional image of the intervening layer
would provide convincing evidence for this proposed
mechanism. Furthermore, the differences in bone-bonding
behaviour of bioactive materials are considered to be
attributable to the differences in chemical composition,
crystallisation and solubility of the materials [8—15].
However, to better understand the mechanism of bone
bonding, consideration has to be given to the type of bone
to which the materials are required to bond. Cortical bone
and cancellous bone differ in vascularity and density as
well as mechanical properties [25,26]. This might result in
different bone-bonding behaviour of biomaterial to can-
cellous or cortical bone. In a rabbit hip replacement model,
we previously demonstrated that Sr-HA cement bonded to
cancellous bone and cortical bone in different ways, and
the nano-mechanical properties of the interfaces differed
considerably [27,28]. Therefore, the morphology and
chemical composition of the interfaces were examined by
field emission scanning electron microscopy (FESEM) and
time-of-flight secondary ion mass spectrometry (ToF-
SIMS) in the present study—in the hope of providing
insights into interfacial behaviours of Sr-HA cement with
cancellous bone and cortical bone.

2. Materials and methods

2.1. Preparation of the bone cements

Sr-HA cement was synthesised and characterised as previously reported
by our research group [22,23]. Briefly, Sr-HA bioactive bone cement
contains a filler blend of mainly Sr-HA powder and a resin blend of
bisphenol A diglycidylether dimethacrylate (Bis-GMA) and triethylene
glycol dimethacrylate (TEGDMA). In Sr-HA powder, 10% calcium ions
were substituted by Sr ions.

2.2. Animal tests

A total of 6 New Zealand white rabbits were used. The institution’s
guide for the care and use of laboratory animals was followed.

The rabbits were 12—14 months old and weighed between 4.5 and 5.5kg.
Both the rearing of these rabbits and the experiments were carried
out according to guidelines for animal experiments at the University
of Hong Kong. The rabbits underwent unilateral cemented
hip hemiarthroplasty with Sr-HA cement by the same experienced
orthopaedic surgeon.

After anesthesia and standard skin sterilisation, a straight incision
of about 6cm along the lateral greater trochanter was made on the
lateral side of the leg, exposing the coccygeofemoral and lateral
great muscles. Then a transverse capsulotomy was made at the level of
the joint space. The femoral head was exposed and removed. After that,
the femoral medullary canal was reamed, cleaned and dried. Then Sr-HA
cement was prepared and injected into the canal through a syringe. Next,
the custom-made hip prosthesis was inserted, and the joint was reduced
afterwards. The animals were allowed free activity in cages from
immediately after the surgery until sacrifice at the sixth month post-
operation.

2.3. Sample preparation

At the time of sacrifice, the femur containing the femoral component
and the cement was cut into two sections of 5-mm width (I metaphyseal
and 1 diaphyseal section), axial normal to the long axis of the femur,
using a high speed, water-cooled saw with a fine diamond coating
(EXAKT 300 CP Band System, Norderstedt, Germany). The specimens
were dehydrated and fixed in alcohol solutions with concentrations of
70%, 80%, 90%, and 100% for 3 days in each solution, and then cleaned
in xylene. The undecalcified samples were embedded in methylmethacry-
late at 4°C. The slow polymerisation of methylmethacrylate to
polymethylmethacrylate (PMMA) at low temperature allowed PMMA
to fill all the pores in the implant and the cavities in the bone. This ensured
the structure of the cement/bone interface remained intact during
sectioning and polishing.

After hardening, normal to the long axis of the femur, the specimens
were cut using a cutting machine (EXAKT 300 CP Band System,
Norderstedt, Germany). Two adjacent sections were selected from each
specimen for FESEM and ToF-SIMS.

2.4. Leo 1530 field emission scanning electron microscope

Representative sections were ground further with alumina-coated sand
paper to remove the surface staining, and then sputter coated with a 100 A
layer of carbon. These sections were analysed using Leo 1530 field
emission scanning electron microscope, a high-resolution FESEM,
together with an energy dispersive X-ray analysis (EDX system from
OXFORD?), enabling visualisation and analysis of surface features of
material as small as 0.3 pm in diameter. This makes SEM/EDX ideal for
analysing materials, minerals, contaminant particles and particles
collected by filtration.

2.5. ToF-SIMS

ToF-SIMS measurements were performed on a PHI 7200 (Physical
Electronics, USA) spectrometer equipped with two ion guns (Cs™ for high
massresolution spectroscopy and “*Ga™ for spatially resolved imaging)
and a reflection analyser. SIMS mapping was acquired in both positive
and negative ion modes using a 25keV Ga™ primary source. To obtain
high spatial resolution mapping and to control the surface charging, an
ion pulse length of 50ns was used. SIMS images were generated by
collecting a mass spectrum at every pixel (400 pm x 400 um) as the primary
ion beam was rastered across the sample surface. Before starting to collect
chemical information, the surface was bombarded using a Ga + DC beam
(1.5nA current) for 20 min to eliminate surface contamination during the
process of specimen preparation.
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3. Results

SEM micrograph revealed a distinct apatite layer
between Sr-HA cement and cancellous bone with a
thickness of about 70 pm (bar = 100pum) (Fig. 1(A)).
Line-scan EDX showed calcium and phosphorus contents
at the interface were higher than either at cancellous bone
or Sr-HA cement. The content of Sr at the interface was
similar to Sr-HA cement, and higher than that at
cancellous bone (Fig. 1(B)). On the contrary, a very
thin and indistinct interface was found between Sr-HA
cement and cortical bone, with a thickness of about
lum (bar = 10 pum). Under low magnification (952 x,
Fig. 2(A)), the interface appeared to be a gap. However,
with higher magnifications (5560 x, Fig. 2(B) and
28720 x , Fig. 2(D)), a smooth transitional interface was
confirmed. Line-scan EDX analysis revealed that the
content of calcium (Ca), phosphorus (P), oxygen (O) and
Sr at the interface was lower than those at bone and Sr-HA
cement, respectively (Fig. 2(C)).

SIMS mapping of ionic groups provided additional
information on ion intensity on bone, Sr-HA cement and
the interfaces. Figs. 3(a and b) show the images of the
integrated positive and negative secondary ions, and spatial
distribution of various ions in an area including cortical
bone, Sr-HA cement and their interface. Figs. 3(c and d)
show the equivalent images of the integrated positive and
negative secondary ions and spatial distribution of various
ions in an area including cancellous bone, Sr-HA cement
and their interface. Remarkable contrast in ions distribution
was found between these two interfaces. Figs. 3(a and b)
show the intensity of such ions as Ca, Na, P, PO,, and O
was lower in the cortical bone/cement interface than Sr-HA
cement. In contrast, Figs. 3(c and d) show the ion intensity
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of ions such as Ca, P, Na, O, OH and F was considerably
higher in the cancellous bone/cement interface than the
Sr-HA cement. As for the Sr ion, lower intensity was found
in cortical bone/cement interface than the cement, while
similar intensity was indicated in cancellous bone/cement
interface to the cement. The image of the integrated
secondary ions represents the sum of all ions in the mass
spectrum. In most cases, it would give some idea of surface
topography. Overall, images from both interfaces clearly
revealed much higher ion intensity in cancellous bone/
cement interface than in cortical bone/cement interface.
From SIMS, results of ion intensity of Ca, P, Sr and O
were generally consistent with those from EDX analysis, as
shown in Figs. 1 and 2.

4. Discussion

A body of research has demonstrated that different types
of biomaterials exhibit different bone-bonding behaviours
due to differences in chemical composition, crystallisation
and solubility of materials used [8-15]. However, little
attention has been paid to the 7ype of bone to which the
material bonds. For the first time, this study demonstrates
the difference in morphology and chemical composition of
the interfaces of Sr-HA cement bonding to cancellous bone
and cortical bone. On one hand, Sr-HA cement bonded to
cancellous bone through a distinct intervening apatite layer
with a thickness of about 70 um. Yet quite narrow and
indistinct junction (only about Ipm wide) was found
between Sr-HA cement and cortical bone. On the other,
however, remarkable contrast was indicated for the
chemical composition between two interfaces, with EDX
and ToF-SIMS both providing information of chemical
composition of interface between the biomaterial and bone.
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Fig. 1. SEM micrograph and line-scan EDX in an area including cancellous bone, Sr-HA cement, and their interface. B: bone; I: interface; C: Sr-HA

cement; Ca: calcium; P: phosphorus.
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Fig. 2. FESEM microscopy and line-scan EDX in an area of cortical bone, Sr-HA cement, and their interface. B: bone; I: interface; C: Sr-HA cement.

Compared to the cortical bone/Sr-HA cement interface,
considerably higher ion intensity of Ca, P, Na, O and PO,
was found in the cancellous bone/Sr-HA cement interface.
The difference in ion intensity between the two interfaces
suggested that the dissolution rate of Sr-HA cement
differed when bonding to cancellous bone and cortical
bone.

Due to its low solubility, the mechanism of the
formation of the intervening apatite layer of HA may be

different from that of other surface-active materials [8]. HA
sometimes bonded to bone directly and sometimes through
an intervening apatite layer that was very thin and
indistinct [8,12]. However, the solubility of HA may be
different with the change of its structure. Porter et al.
[18,19] demonstrated that the dissolution rate of HA in
vivo would increase with silicate ions incorporated into the
HA lattice, and the differing solubility would lead to a
difference in morphology of deposits apposed to implants.
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Fig. 3. SIMS images of the integrated positive (a) and negative (b) secondary ions and and spatial distribution of various ions in an area including cortical
bone (left side), Sr-HA cement (right side), and their interface; and SIMS images of the integrated positive (c) and negative (d) secondary ions and spatial
distribution of various ions in an area including cancellous bone (left side), Sr-HA cement (right side), and their interface (middle).

Also, the substitution of Ca by Sr could cause a crystal
lattice expansion due to the larger atomic radius of Sr,
which in turn alters the solubility of the mineral [20]. As for
the Sr-HA cement used, 10% calcium ions in HA was
substituted by Sr. In our previous study [24], Sr-HA cement
was injected into rabbit ilium, and dissolution of Sr-HA
cement was demonstrated by HRTEM. In the present
study, high ion intensity of Ca, P, Na, O, Sr and PO, was
detected at cancellous bone/Sr-HA cement interface,

further indicating a high dissolution rate of Sr-HA bone
cement.

Results from this study suggest that a bioactive
material’s bonding to bone depends not only on the
material itself [8—15], but also on the type of bone to which
it bonds. Cancellous bone differs from cortical bone in
many respects, including vascularity and density [25,26].
Different histological response of Sr-HA cement to
cancellous bone and cortical bone was demonstrated in
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our previous study [27], in which the osteoclast-like cells
were found resorbing the surface of the Sr-HA cement
when bonding with cancellous bone, whereas no such
phenomenon was observed for cortical bone. This osteo-
clast-like cells intervening resorbing mechanism as well as
the chemical dissolving mechanism may explain why much
more ions were released when bonding to cancellous bone
than to cortical bone. Differences in chemical compositions
between these two interfaces may also account for the
differences in morphology of the interfaces. Since the
apatite precipitation on HA does not begin until the
surrounding environment becomes appropriate for bone
mineralisation or apatite formation [9], high ion intensity
should favour the apatite formation. Differences in
chemical components between these two interfaces may
further explain differences in mechanical properties
between these two interfaces suggested in our previous
study [27,28].

The influence of biomaterial dissolution rates on the
microstructure of apatite deposits has been demonstrated
by a number of studies [8-15,19,24]. The commonly
proposed mechanism for bioactivity of calcium phosphate
bioceramics involves the dissolution of calcium and
phosphate ions [29]. A subsequent supersaturation of these
ions in the vicinity of an implant leads to their precipitation
and the formation of biological apatite [29,30]. This effect
leads to the nucleation of biological apatite—both hetero-
geneously on the surface of the implant and also on
proteins nearby [31]. Subsequently, this modified surface
rapidly absorbs more protein and promotes cell adhesion
[32], particularly osteoblasts, which are associated with
bone bonding [33,34]. A new dissolution-precipitation
mechanism was proposed in our previous study for the
formation of the bone-like zone [24]. But there were
discrepancies in the details of the dissolution—precipi-
tation mechanism, mainly in the reaction sequence. Results
from our present study provide evidence for the dissolu-
tion—precipitation coupling mechanism. The remarkable
contrast in morphology of those two interfaces demon-
strated in our study further highlights a difference in
morphology of deposits apposed to implants with differing
solubility.

5. Conclusion

Differences in morphology and chemical composition
were demonstrated between interfaces of Sr-HA cement
with cancellous bone and cortical bone. This suggests that
a bioactive material’s bonding to bone depends not only on
the material itself, but also on the type of bone to which it
bonds. Differences between these two interfaces (lower ion
intensity and fine interface for cortical bone; higher ion
intensity and distinct apatite layer for cancellous bone) also
provide evidence for the dissolution—precipitation coupling
mechanism.
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