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Abstract The purpose of this study was to investigate
in vivo biocompatibility and osteogenesis as well as
degradability of the porous strontium-doped calcium poly-
phosphate (SCPP) scaffolds as a biomaterial for bone
substitute applications. The evaluation was performed on a
rabbit model over a period of 16 weeks by histology com-
bined with image analysis, X-ray microradiography and
immunohistochemistry methods. The histological and X-ray
microradiographic results showed that the SCPP scaffold
exhibited good biocompatibility and extensive osteocon-
ductivity with host bone. Moreover, a significant more bone
formation was observed in the SCPP group compared with
that in the CPP group, especially at the initial stage after
implantation. New bone volumes (NBVs) of the SCPP group
determined at week 4, 8 and 16 were 14, 27 and 45%,
respectively. Accordingly, NBVs of the CPP group were 10,
19 and 40%. Immunohistochemical results revealed that
both the expression of collagen type I and bone morphoge-
netic proteins in the SCPP group were higher than that in the
CPP group, which might be associated with the release of
strontium ions during the implantation. In addition, during
16 weeks implantation the SCPP scaffold exhibited similar
degradability with the CPP scaffold in vivo. Both scaffolds
showed the greatest degradation rate for the first 4 weeks,
and then the degradation rate gradually decreased. The
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results presented in this study demonstrated that SCPP
scaffold can be considered as a biocompatible material,
making it attractive for bone substitute application purposes.

1 Introduction

Developmental pathology, accidents, and tumor resection
frequently cause bone loss, which still is a problem in
orthopedic and reconstructive surgery. To resolve these
problems, many types of bone substitutes have been
developed [1]. Calcium polyphosphate (CPP), a kind of
calcium phosphates, has drawn more and more attention in
recent due to its similar chemical elements to bones and the
degradability in biological environments. There have been
some reports on the possible use of CPP in the literature
[2—4]. These studies suggested the potential of CPP as a
bone substitute material.

On the other hand, strontium (Sr) has been gradually
recognized during the research of treatment for osteoporo-
sis. It enhances the replication of bone cells, and simulates
bone formation in calvarial cultures in vitro [5]. Further-
more, it has been demonstrated that strontium ranelate
decreased bone resorption in vivo [6, 7]. The resulting
increase in bone mineral density seems to be associated
with improved mechanical properties of bone. As a kind of
bone-seeking trace elements, Sr has various effects on bone
metabolism depending on the dose used. At low dose levels,
stable Sr is of great benefit to bone formation as mentioned
above. However, high doses of Sr can induce bone changes
in experimental animals, especially if calcium (Ca) intake is
low [8, 9]. This seems to be caused by a combination of
impaired intestinal absorption of Ca and reduced renal
production of 1,25-dihydroxy cholecalciferol.
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In our previous study, a novel strontium-doped calcium
polyphosphate (SCPP) scaffold was prepared and osteo-
blasts were seeded on the SCPP scaffolds to estimate the
optimal dose of Sr [10].The results indicated that a dose of
1% Sr was optimal. In this work, in vivo biocompatibility
and osteogenesis as well as degradability of the porous
SCPP scaffolds was investigated in a rabbit model, in order
to demonstrate potential bone substitute applications of this
material.

2 Materials and methods
2.1 Preparation and characterization of the scaffolds

The SCPP scaffold was prepared according to a procedure
described previously [10, 11]. The CPP scaffold was pre-
pared under the same conditions and served as a control.
The resulting scaffolds were 4 mm in diameter and 15 mm
in thickness. Microstructure of the scaffolds was charac-
terized by scanning electron microscope (SEM; JSM-
5900LV, JEOL Techniques, Tokyo, Japan) and X-ray dif-
fraction (XRD; X’ Pert Pro MPD, Philips, Netherlands).

2.2 Animal experiments

In vivo evaluation was performed by implanting the scaf-
folds in rabbit left foreleg radiuses. The scaffolds without
adding any growth factor or living cell were used to repair
15 mm segmental defects in the implantation experiment.
Forty eight healthy New Zealand white rabbits weighting
about 2.5 + 0.4 kg each were divided into two groups, one
for implantation of the SCPP scaffolds, another for the CPP
scaffolds. With the animal under general anesthesia, the
diaphysis of its radius was exposed through a longitudinal
extensile incision, and then a 15 mm segmental bony
defect was inflicted. The defect was filled with the prepared
scaffold, and the wound was closed.

2.3 Histology and microradiography

For histological study, six rabbits from each group were
sacrificed at 4, 8 and 16 weeks respectively after implan-
tation. The scaffolds together with surrounding tissue were
excised, fixed in 4% paraformaldehyde, decalcified in 10%
EDTA and embedded in paraffin. The embedded tissue
blocks were sectioned at 5 um in thickness and stained
with hematoxylin and eosin (H&E). Histological sections
were observed by light microscope (BX41, Olympus,
Japan). To monitor the bone formation as closely as pos-
sible, some rabbits were examined using X-ray
microradiography before histological study at 16 weeks.
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2.4 Quantification of newly formed bone and residual
material

Quantitative determinations of newly formed bone and
residual material were performed using image and statis-
tical analysis of histological sections. In every implantation
time, six pieces of histological sections were randomly
chosen from both SCPP and CPP groups. After H&E
stained, each section was observed under light microscope
with 50x magnification, and at least 10 images were ran-
domly obtained in one section. Using image analytical
software Image-ProPlus (Media Cybernetics, USA), new
bone volume (NBV) was expressed as the percentage of
newly formed bone area in the available pore space (bone
area/pore area x 100%), and residual material volume
(RMV) was expressed as the percentage of scaffold
material area in the total implant area (scaffold material
area/total implant area x 100%).

2.5 Immunohistochemistry

For immunohistochemical study, six rabbits from each
group were sacrificed at 2 weeks respectively after
implantation. The scaffolds together with surrounding tis-
sue were excised, fixed in 4% paraformaldehyde, and then
decalcified in 10% EDTA. After being dehydrated in gra-
ded alcohol and embedded in paraffin, tissue blocks were
sectioned at 5 pm in thickness and then used for collagen
type I (COL I) immunohistochemical staining and bone
morphogenetic proteins (BMP)-2 immunohistochemical
staining. When collagen type I immunohistochemical
staining was employed, the sections were immersed in 3%
hydrogen peroxide for 10 min and then blocked with 10%
normal goat serum in PBS at room temperature for 30 min.
Next, the sections were incubated with monoclonal rat anti-
human COL I antibody (Santa Cruz, USA) diluted in PBS
in humidified boxes for 60 min at 37°C, then incubated
with biotin-marked goat anti-mouse immunoglobulin G
(Beijing Zhongshan Biotech Co., Ltd., China) for 20 min at
37°C and horseradish-marked streptomycin avidin (Beijing
Zhongshan Biotech Co., Ltd., China) for 20 min at 37°C.
After DAB coloration and hematoxylin staining, the sec-
tions were washed with PBS, coverslipped and viewed with
a light microscope. A negative control was prepared by
omitting the primary antibody. For BMP-2 immunohisto-
chemical staining, the sections were quenched with 3%
hydrogen peroxide for 20 min and digested with 0.05%
trypsin for 20 min at 37°C then blocked with 10% normal
goat serum in PBS at room temperature for 30 min to block
endogenous peroxidase and non-specific protein binding,
respectively. The sections were incubated with a primary
antibody, in which monoclonal rat anti-rabbit BMP-2
antibody (Santa Cruz, CA) was diluted in PBS in
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humidified boxes for 60 min at 37°C. The following
operations were according to the above steps. The mean
deepness values (gray-scale value) of immunohistochemi-
cal staining of COLI and BMP-2 were quantitative
determined with LeicaQuantimet 500 Image analyzer
(Wetzlar, Germany). Six pieces of the sections were ran-
domly chosen from both SCPP and CPP groups, and at
least 10 images were randomly obtained in one section.

2.6 Statistical analysis

Statistical analysis was performed with SPSS (v12.0).
Quantitative data were presented as means + standard
deviation (SD). A student’s t-test was performed to deter-
mine the statistical significance between experimental
groups. A value of P < 0.05 was considered to be statis-
tically significant.

3 Results and discussions
3.1 Scaffold characterization

As shown in Fig. 1, both SCPP and CPP scaffolds exhib-
ited three-dimensionally interconnected pore structure and
with a pore size of about 100400 pm. The porosity value
of the scaffolds was measured by liquid displacement. The
measured porosity value was about 65% for both scaffolds.
For bone substitute applications, ideal scaffolds should
have appropriate pore structure, pore size and porosity, to
ensure a biological environment conducive to cell attach-
ment, proliferation and flow transport of nutrients and
metabolic waste. The pore size should be large enough to
support cell migration and bone ingrowth against being
covered by the cells, forming pore bridging and occlusion.
The optimal pore size required for bone ingrowth has been

Fig. 1 SEM images of SCPP
and CPP scaffolds (SCPP: a

20x, b 200x, ¢ 5000x; CPP:
d 20x, e 200x and f 5000x)

suggested in the range of 100-800 um [12]. Therefore, the
three-dimensional and highly interconnected macroporous
network of the prepared scaffold allows not only for cell
growth and spatially even distribution but also for flow
transport of nutrients and metabolic waste. The difference
between the two scaffolds was that the crystal grain size of
SCPP was larger than that of the CPP (Fig. lc, f), which
might be associated with the doped of Sr elements.
Moreover, it seems that the crystal grains of SCPP are more
intimately connected with each other, resulting in a
smoother surface and a more compact bulk.

Figure 2 was the XRD patterns of SCPP and CPP
scaffolds. From the patterns, it can be seen that there was
no significantly difference between the two patterns of
scaffolds, indicating doped Sr elements entering CPP’s
crystal without changing on its original structure. Com-
pared with standard PDF card 77-1953, it was shown that
characteristic peaks in each curve accorded with the stan-
dard curves, especially three characteristic calcium
phosphate peaks between 20° and 30°, which indicated the
crystal system of SCPP was the same as f;-CPP, which was
monoclinic.

3.2 In vivo studies

In implantation experiment, all surgeries on the rabbits
were completed successfully and the animals survived
during the 16 postoperative weeks. None of the implanted
sites of the rabbits showed any infection and inflammation
after the operation. Figure 3 shows optical images of H&E
histological staining of the SCPP and CPP scaffolds after
implantation. Both tissue response and degradation within
and surrounding the scaffold could be observed. There was
no adverse tissue reaction in any of the sections examined
at the various time points. At 4 weeks of implantation, all
the scaffolds, both in the SCPP and CPP groups, were
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Fig. 2 XRD patterns of SCPP and CPP scaffolds

encapsulated by fibrous collagen, and the interface between
scaffold and natural bone was clearly visible. New bone
was observed in the margins of the implant, and there was
no new bone formation in the center of the scaffolds
(Fig. 3c). In the SCPP group, an active bone formation,
which was evident by large number of osteoblasts and
osteocytes, was seen in Fig. 3a. These osteoblasts were
found lining the front-line of the developing bone and the
osteocytes in the almond-shaped lacunae were embedded
randomly in the bone matrix, which indicated that new
bone was mainly of the woven type. However, in the CPP
group, only a small quantity of osteoblasts was observed,
which was the evidence of amount of bone formation. With
the implantation prolonged, more newly formed bone tis-
sues, including bone trabecular and lacuna, were observed
with the presence of active osteoblasts in the SCPP group
after implantation for 8 weeks (Fig. 3d). Fibrous connec-
tive tissue was located predominantly in the inter-

Fig. 3 Histological sections of
SCPP and CPP scaffolds after 4
(a, b, ¢ 200x), 8 (d, e, f 50x),
and 16 (g, h, i 50x) weeks of
implantation (SCPP: a, ¢, d, f, g,
i; CPP: b, e, h). In the SCPP
group, ¢, f and i are the center
areas of the scaffolds at the
various time points respectively
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trabecular area. Moreover, a large proportion of osteoblasts
penetrated through the interconnective pores to the center
of the scaffold (Fig. 3f), which would accelerate the min-
eralization and regeneration of new bone. In addition,
degradation of the scaffold was observed, indicated by the
loss of integrity of the implant and concomitant replace-
ment by newly formed bone with increasing implantation
time. In contrast, numerous osteoblasts were observed from
the histological results of the CPP scaffold. Newly formed
bone increased gradually both in quantity and maturation
(Fig. 3e). Finally, after 16 weeks of implantation new bone
regenerated and penetrated through the interconnective
pores to the center of the scaffolds (Fig. 3i), increasing the
quantity and density of the defected area. Fibrous tissues in
the intertrabecular area were replaced by hematopoietic
marrow (Fig. 3g). The interface between material and host
bone was hardly detectable and formed a close union
without any gap. In the case of the CPP group, new bone
with trabecular structure encasing the scaffold was con-
sistently seen (Fig. 3h). While in the center of the scaffold,
it was observed no new bone but only fibrous tissues
formation.

To quantitatively determine the amount of newly formed
bone, we statistically analyzed the histological sections of
different implantation periods. Figure 4 shows NBV at
each implantation period. Obviously, before 8 weeks post-
implantation, the amounts of newly formed bone in SCPP
group increased dramatically, much more than that of CPP
scaffold. After that period, however, bone formation in
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Fig. 4 Quantification of newly formed bone was performed using
statistical analysis of histological sections. Error bars represent
means = SD for n = 6. *P < 0.05 (compared to CPP group)

SCPP scaffold slowed down, while in CPP scaffold the
speed of new bone formation gradually grew. At 16 weeks,
NBVs of SCPP and CPP group were 45% and 40%,
respectively. These results demonstrated that SCPP scaf-
folds presented higher efficiency of bone formation than
CPP scaffolds at the initial stage of implantation, but in
long term (>16 weeks) both scaffolds might show similar
osteogenesis.

The present in vivo evaluation indicates the SCPP
scaffold has good biocompatibility and osteoconductivity
16 weeks postoperation in the rabbit radiuses. The pattern
of the formed new bone was similar to that reported pre-
viously in the literature with bone being formed first at the
margins of the implants and then growing into the porous
structure [13]. Compared with the CPP scaffolds, the
enhanced bone formation of the SCPP scaffold might be
associated with the release of Sr ions during the degrada-
tion process. It had been suggested that the distribution of
body Sr located in bone [14] and the supplementing Sr
resulted in a significant increase in bone density and bone
strength [6, 7]. Moreover, it was reported that Sr could
enhance bone cell replication and bone formation in vitro
[5]. Therefore, the release of Sr ions in this study might
have contributed to the enhanced formation of bone tissue
around and within the SCPP scaffold.

During 16 weeks implantation, the percentage of resid-
ual scaffold material at all time points was shown in Fig. 5.
For both scaffolds, the degradability was found to be
similar and there was no statistical significance of degra-
dation rate at any time points. The two scaffolds exhibited
the greatest degradation rate for the first 4 weeks, and then
the degradation rate gradually decreased. After 16 weeks
implantation, the percentages of residual SCPP and CPP
scaffold materials respectively were 11.9% and 12.4%,
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Fig. 5 Quantitative determination of residual material was performed
using statistical analysis of histological sections. Error bars represent
means £ SD for n = 6. Statistical analysis indicated there was no
statistical significance at any time points

which corresponded to 67.5% and 65.9% material degra-
dation for SCPP and CPP scaffold, respectively. In general,
the degradation rate of CPP scaffold in vivo was affected
by following 3 factors [3]: (1) initial size of particles from
which the scaffold was formed; (2) scaffold structure,
including pore size, porosity and crystal type; (3) implan-
tation site. The above 3 factors for SCPP and CPP group
were similar in our experiment, which explained why it
was observed no significantly different degradation rate
between the two groups. However, in our previous studies,
the higher degradation rate of CPP scaffold observed in
vitro in physiological saline [11]. The reasons may be that
in addition to the hydrolytic degradation of the scaffold in
vitro, there may be a more biologically active degradation
in vivo, which may be due to cellular activity, as has been
shown with other calcium phosphate ceramics [3, 15].

X-ray microradiographic analysis confirms the results of
the histological study that both the SCPP and the CPP
substitutes are biocompatible and osteoconductive to the
host bone. At 16 weeks post-implantation, the SCPP/bone
boundary became illegible, suggesting the occurrence of
mineralization and increasing density of the scaffold
(Fig. 6b, c). The disappearance of the boundary of material
and tissue indicated that the density of newly formed bone
was as high as that of host bone.

COL I and BMP-2 immunohistochemical staining of the
sections were shown in Figs. 7 and 8. The brown areas
stained by DAB were positive results which indicated the
expression of COL I and BMP-2. COL I is considered the
basic initial bone matrix protein in bone formation. During
the remodelling of skeletal structures, reparative cells
migrate on this matrix, and subsequently organize and
remodel the matrix through cytoskeleton and matrix
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Fig. 6 X-ray microradiographs of the defect area (arrow in a) of
rabbit radiuses after 16 weeks of implantation (SCPP: b; CPP: ¢)

synthesis and degradation [16]. Therefore, expression of
COL I could play an important role during osteogenesis. In
both groups, the expression of COL I at 2 weeks was
localized within osteoblast-like cells, some osteocytes and
in the front-line of the newly formed bone-like matrix on
the pore surface of the scaffold. However, compared with
CPP group, the expression of COLI in SCPP group
(Table 1) was higher (P < 0.05), which might be due to the
effect of the released Sr ions on related cells, e.g. osteo-
blasts. This phenomenon was consistent with previous
report that Sr could increase collagen synthesis without
affecting matrix mineralization [17].

BMP-2 stimulates proliferation of both chondrocytes
and osteoblasts and causes increased matrix production in
each cell type. BMPs have also been found to induce
mesenchymal stem cells differentiation to osteoblasts [16].

Table 1 The mean deepness values (gray-scale value) of immuno-
histochemical staining of COL I and BMP-2 of histological sections
at 2 weeks

Group n COL 1 BMP-2
SCPP 132 +£5 115+ 4
CppP 6 124 + 4 107 £ 4

@ Springer

When looking at the immunhistochemical results of BMP-
2 staining, it was shown BMP-2 expression was primarily
localized in the mineralized matrix of newly formed bone
on the pore surface of the scaffold. The results of the
expression of BMP-2 proved to be a sufficient marker of
early bone formation. In addition, it can be seen from
image analytical results (Table 1) that the expression of
BMP-2 in SCPP group was higher than that in CPP group
(P < 0.05). This confirmed the results obtained by histo-
logical evaluation and bone formation determination,
where a significant more bone formation was observed in
SCPP group at initial stage of implantation.

Recently, Sr-containing compounds or ceramics have
attracted more and more interesting in the prevention and
treatment of osteoporosis. There are many reports on the
beneficial effects of Sr salt or Sr-containing ceramics on
bone formation [5-7, 18-22], however, the cellular
mechanisms underlying the effects are not completely
known. Some mechanisms have been suggested in recent
years [18, 19]. First, it was found that Sr, like Ca, can
activate the calcium-sensing receptor (CaSR), resulting in
activation of inositol-1,4,5-trisphosphate (IP3) production
and mitogen-activated protein kinase (MAPK) signaling.
This suggested that Sr can activate osteoblastic cell repli-
cation through the CaSR. The second mechanism is Sr can
activate extracellular signal-regulated kinase (ERK) 1/2
phosphorylation, indicating that, in addition to the calcium-
sensing receptor, another receptor could mediate the effect
of Sr on osteoblastic cell replication. The third is that Sr
may inhibit bone resorption by increasing osteoprotegerin
(OPG) and decreasing receptor activator of nuclear factor
kappa B ligand (RANKL) expression by osteoblasts. For
the SCPP scaffold, further studies on the cellular mecha-
nisms are carrying out in our group.

Although Sr has beneficial effects on bone formation,
the possible negative effects of Sr should be also con-
cerned, especially in a high dose of Sr. In vitro studies have
indicated that Sr has a dose-dependent effect on osteoblasts
[23]. At 0.5 and 1 pg/ml Sr concentration in the culture
medium, a reduced intracellular nodule formation was
found (impaired in vitro osteoblast differentiation), at
2-5 pg/ml nodule formation and mineralisation were nor-
mal, and at 20-100 pg/ml there was an inhibitory effect on
mineralisation (reduced hydroxyapatite formation). On the
other hand, in vivo studies have suggested that excessive
doses of Sr could disturb the Ca metabolism. Morohashi
et al. [8] investigated the effect of varying oral doses of Sr
in rats. They found at constant Ca levels in the diet a
significant increase in the Ca content of bones if the ani-
mals received 87.5 umol/day Sr concentrations, but at a
dose of 875 pumol/day resulted in reduced bone Ca content
and hypocalcaemia. Grynpas and Marie [9] studied the
effects of doses of Sr on bone quality and quantity in rats
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Fig. 7 COL 1
immunohistochemical staining
of histological sections at

2 weeks (SCPP: a; CPP: b)

Fig. 8 BMP-2
immunohistochemical staining
of histological sections at

2 weeks (SCPP: a; CPP: b)

fed a relatively low Ca diet. The results showed that Sr, in
low doses, stimulated bone formation, but high doses had
deleterious effects on bone mineralization. It was should be
noted that the above in vivo studies were performed in rats
by oral administration and the negative effects occurred in
relative low Ca/Sr, that is to say, the negative effects
seemed to be caused by a combination of impaired intes-
tinal absorption of Ca and reduced renal production of
1,25-dihydroxy cholecalciferol [24]. The direct effects of
Sr on intestinal Ca absorption seem to be caused by the fact
that the two metals share a common absorption pathway,
combined active and passive transport mechanisms
favouring Ca absorption. The competitive inhibition has
been demonstrated in both isolated intestinal slices and
perfused intestines. In the case of direct implantation of
Sr-containing ceramics, Leong et al. [20-22, 25] reported a
strontium-containing hydroxyapatite (Sr-HA) bioactive
cement containing 10% Sr for bone repair in recent years.
Both in vitro and in vivo studies showed the cement was
biocompatible and osteoconductive. There are also some
other reports on Sr-containing or Sr-substituted ceramics
for bone replacement, but the reports limited in structure
characterization or physical performances [26, 27]. In our
previous study, the effects of SCPP on osteoblast were
evaluated by MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphe-
nyltetrazolium bromide) and ALP (alkaline phosphatase)

o\

¢

® . ?‘ 6‘ "

activity assay [10]. The results showed that the prolifera-
tion and ALP expression of the cells on the SCPP
containing a low dose (<10%) of Sr showed a higher level
compared to the control, and the SCPP containing 1% Sr
was optimal. In this work, it was demonstrated that the
SCPP containing 1% Sr exhibited good biocompatibility,
enhanced osteogenesis and degradability in vivo. The
in vitro and in vivo studies indicated that, at a dose of 1%
Sr, the SCPP appeared to be safety in the experiments.
However, there may be remain some unknown and delayed
negative effects on body when direct implantation of the
Sr-containing ceramics. For this reason, more attention
needs to be paid to investigate the potential negative effects
of the Sr-containing ceramics.

4 Conclusions

In this work, microstructure of SCPP scaffold was charac-
terized by SEM and XRD measurements. Subsequently, a
rabbit model was employed for in vivo study of the SCPP
scaffold. The evaluation methods included histology com-
bined with image analysis, X-ray microradiography and
immunohistochemistry. The results showed that the
scaffold presented good biocompatibility, enhanced osteo-
genesis and degradability, suggesting that the porous SCPP
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material represents an acceptable bone substitute implant.
In addition, the possible negative effects of strontium have
been discussed.
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