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Porous Allograft Bone Scaffolds: Doping with Strontium
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Abstract

Strontium (Sr) can promote the process of bone formation. To improve bioactivity, porous allograft bone scaffolds
(ABS) were doped with Sr and the mechanical strength and bioactivity of the scaffolds were evaluated. Sr-doped
ABS were prepared using the ion exchange method. The density and distribution of Sr in bone scaffolds were
investigated by inductively coupled plasma optical emission spectrometry (ICP-OES), X-ray photoelectron
spectroscopy (XPS), and energy-dispersive X-ray spectroscopy (EDS). Controlled release of strontium ions was
measured and mechanical strength was evaluated by a compressive strength test. The bioactivity of Sr-doped ABS
was investigated by a simulated body fluid (SBF) assay, cytotoxicity testing, and an in vivo implantation experiment.
The Sr molar concentration [Sr/(Sr+Ca)] in ABS surpassed 5% and Sr was distributed nearly evenly. XPS analyses
suggest that Sr combined with oxygen and carbonate radicals. Released Sr ions were detected in the immersion
solution at higher concentration than calcium ions until day 30. The compressive strength of the Sr-doped ABS did
not change significantly. The bioactivity of Sr-doped material, as measured by the in vitro SBF immersion method,
was superior to that of the Sr-free freeze-dried bone and the Sr-doped material did not show cytotoxicity compared
with Sr-free culture medium. The rate of bone mineral deposition for Sr-doped ABS was faster than that of the control
at 4 weeks (3.28+0.23 pym/day vs. 2.60£0.20 ym/day; p<0.05). Sr can be evenly doped into porous ABS at relevant
concentrations to create highly active bone substitutes.
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Introduction

The long recovery time for bone defect healing highlights the
need for a superior osteogenic scaffold [1,2]. Improving the
osteogenic potential of implantable scaffolds will effectively
shorten recovery time and provide a robust solution to critical
sized bone defects, while reducing the occurrence of nonunion
[3].

Elemental strontium (Sr) has recently gained attention for its
ability to promote bone formation. Sr has been incorporated
into hydroxyapatite (HA), tricalcium phosphate (TCP), and
calcium phosphate cement (CPC) to improve their bioactivities
and physicochemical properties [4-7]. Among various materials
used as substitutes for autograft bone, freeze-dried allograft
bone provides a natural scaffold for osteoconduction.
Incorporation of Sr into allograft bone is an attractive method
for developing a superior osteogenic scaffold. The application
of Sr to allograft bone is comparatively safe and practical when
compared with other cytokines [8]. However, the method for Sr
incorporation is very specific for bone scaffold. For allograft
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bone, Sr cannot be mixed into the raw materials or added to
the structure from the beginning. Furthermore, allograft bone
cannot withstand any extreme conditions during preparation.

Sr can be detected in the mineral phase of natural bone,
especially in regions of high metabolic turnover [9]. Biological
apatites are known to have the capacity to exchange ions with
the surrounding fluids [10], and bone tissue is a reservoir of
mineral ions, capable of both binding and releasing them as
needed for different biological functions. For example, calcium
(Ca) ions in bone can be exchanged with other divalent cations
in serum, such as Sr. When strontium ranelate (SrR) was
administrated to treat osteoporosis, Sr deposition was targeted
in bone tissue and promoted bone formation while inhibiting
local bone resorption [11,12]. Sr can promote bone formation
even at low concentrations [7]. In vitro studies have shown that
Sr can enhance osteoblast replication and incite bone
formation [13]. Furthermore, Sr can balance the bone formation
and resorption processes in vivo [14,15], which decreases the
incidence of bone nonunion. The replacement of some Ca?
ions by Sr?* ions improves the mechanical properties and the
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dissolution of HA, although the mechanism of action has not
yet been clarified. The use of the trace element Sr is an
interesting alternative to growth factors to promote bone
formation. Moreover, making use of the ion exchange
processes that occur in biological bone tissue is a promising
method that can be applied in vitro to prepare Sr-incorporated
scaffolds.

Freeze-dried allograft bone has a reasonable three-
dimensional structure and is rich in bioactive ingredients.
However, the manufacturing processes, such as washing,
degreasing and irradiation, are not favorable for new bone
growth and bone defect restoration [16,17]. In this study, Sr
was incorporated into freeze-dried bone scaffolds using an in
vitro ion exchange method to prepare a highly bioactive
scaffold material. The effects of Sr-incorporation on scaffold
physicochemical and mechanical properties, bioactivity,
cytotoxicity, and bone formation rate were investigated.

Materials and Methods

Allograft bone was provided by Xinkangchen Inc. (Beijing,
China) and processed according to basic standard procedures,
including hypothermal freezing, slicing into 0.2 g cubes with 5
mm sides, degreasing, freeze-drying, and sterilization.

Strontium chloride reagent SrCl,-4H,0O (Shanghai, China)
was dissolved in deionized water at 5, 10, 20, 30, and 40 mM
and sterilized by autoclave at 128 °C for 30 min. Cubes of bone
were immersed in the SrCl, solutions at a mass ratio of 1:200
using aseptic technique. A vibration machine (THZ-82,
Guohua, China) was used to promote the reaction at 25 °C.
Vibration time lasted 14 days to achieve incorporation of Sr.
Bone cubes were next ultrasonically washed with deionized
water 4 times to remove residual SrCl, solution. Cubes were
then freeze-dried and sterilized for preservation.

Inductively coupled plasma optical emission
spectrometry

Freeze-dried bone cubes processed as described above
were dissolved in 68% nitric acid. After 12 h, bone particles
were completely dissolved and had a clean outer appearance.
The Ca and Sr contents of bone samples were determined
from these solutions by inductively coupled plasma optical
emission spectrometry (ICP-OES) (IRIS Intrepid 2 XSP, USA).
The Sr incorporation ratio, expressed as a molar ratio [Sr/(Sr
+Ca)], was calculated to show the relative density of Sr in bone
mineral.

Energy-dispersive X-ray spectroscopy

Bone cubes were sliced into halves and the inner surface
was coated with gold, and then examined by energy-dispersive
X-ray spectroscopy system (JSM6460, JEOL, Japan). The
route across the trabecular wall was selected for line scanning
to analyze the distribution of elements of interest, including Sr
and Ca.

X-ray photoelectron spectroscopy

Portions of the samples were ground into powders and
analyzed by X-ray photoelectron spectroscopy (XPS) (Thermo,
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Fisher, USA). Major parameters for analysis were: aluminum
target, 100 W power, 10° Pa vacuum, 0.5 eV minimum energy
resolution, and 30 ym minimum step size.

Mechanical testing

Compressive testing on the bone cubes was performed by a
multi-functional testing machine (AGS-500, Shimadzu Corp,
Japan). Tests were carried out at a very low load speed of 0.5
mm/min to avoid viscoelastic effects of the bone scaffold. The
compliance of the system was accounted for to give a true
measurement of the bone displacement. To improve the
reproducibility of the compressive test, a 10 cycle precycling
load (up to 5 N) was first applied to the hydrolyzed specimens
[18]. The strength-strain curves were recorded and the
maximum strength and Young’s modulus of each sample were
computed. Six samples for each group were tested and t-tests
were used to assess the significance of differences between
Sr-doped ABS and controls.

Release curve

In vitro Sr?* ion release was measured by placing one bone
cube (0.125 cm?®) into 20 mL of demineralized water. The
immersion liquid was changed daily [19]. Released Sr?* ions in
the immersion liquid were separately measured by ICP-OES
(IRIS Intrepid 2 XSP, USA) on days 1, 3, 5, 7, 14, 21 and 30.

Bioactivity in simulated body fluid

Individual bone cubes were immersed in 120 mL of acellular
simulated body fluid (SBF) with pH 7.40 and ionic
concentrations: Na* 142.0, K* 5.0, Mg?* 1.5, Ca?* 2.5, CI- 147.8,
HCO?* 4.2, HPO,* 1.0, SO,* 0.5 mM, nearly equal to those in
human blood plasma at 36.5 °C [20]. The SBF was prepared
by dissolving reagent-grade chemicals of NaCl, NaHCO;, KCI,
K,HPO,-3H,0, MgCl,-:6H,0, CaCl, and Na ,SO, (Nacalai
Tesque Inc., Kyoto, Japan) into distilled water and buffering at
pH 7.40 with tris (hydroxymethyl) aminomethane
((CH,OH),CNHj3) and 1.0 M hydrochloric acid (Nacalai Tesque
Inc., Kyoto, Japan) at 36.5 °C. After being immersed in SBF for
one week, samples were analyzed by JSM6460 scanning
electronic microscopy (JEOL, Japan) to observe surface
structure and morphology.

Cytotoxicity analysis

Cytotoxicity assays were carried out following standard
laboratory procedures according to the international standard
ISO 10993-12 [14]. One gram of material, sterilized by gamma
radiation, was placed into glass flasks, which were then loaded
with 10 mL DMEM culture medium containing 10% fetal bovine
serum (FBS) at pH 7.3. The flask was incubated in a humidified
atmosphere of 5% CO, at 37 °C for 48 h. The supernatant was
then filtered through a membrane and dilutions were made at
100, 50, 25, and 10% pure extracts. A suspension of L929 cell
was prepared at 2x10* cells/mL and 100 uL of the suspension
was added to each well of a 96-well tissue culture plate for cell
adhesion. After the adhesion, the culture medium was removed
and each dilution and the control culture medium (DMEM +
10% FBS) were added to the plate with 6 replicate wells per
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Figure 1. Incorporation of strontium in bone as a function of SrCl, concentration in the immersion solution.

doi: 10.1371/journal.pone.0069339.g001

condition. The plate was incubated in a humidified incubator
with 5% CO, at 37 °C for 1, 3, and 5 days, after which 20 pL
methyl thiazolytetrazolium (MTT) solution at 5 g/L was added to
each well and incubation continued for 4 h. After this period,
the supernatant of each well was carefully aspirated and 150
pL of dimethyl sulfoxide (DMSO) was added, followed by 5 min
shaking. The optical density (OD) at 490 nm was read on a
spectrophotometer (MR600, Dynatech), which was used to
calculate the relative growth rate (RGR) of L929 cells according
to the following equation: RGR (%) = OD esteq sampie / ODeontrol

group*

Bone formation rate

The in vivo bone formation rate for Sr-doped ABS was
assessed by implantation in a rabbit tibial defect model. All
animal procedures were approved and overseen by the
Institutional Animal Care and Use Committee of First Affiliated
Hospital of PLA General Hospital. Twelve healthy, skeletally
mature New Zealand white rabbits (20 weeks old, 2.5 + 0.3 kg)
were included. Rabbits were anesthetized with intravenous
sodium pentobarbital (50 mg/kg). The medial portion of the
radius was exposed through a skin incision of approximately 3
cm in length and a bone defects was made by removing a 1.5

PLOS ONE | www.plosone.org

cm diameter bone section from the middle of the radius. Next,
freeze-dried bone and Sr-doped bone powders were separately
implanted to repair the defect. The surrounding tissues were
sutured to keep the implants in position and the wound was
closed according to standard operation procedures. Analgesia
was provided by the administration of meloxicam at 0.2 mg/kg
by intramuscular injection prior to surgery, followed by
additional doses every 24 hours for 3 days. Food intake and
body weight were recorded daily. Calcein was injected
intramuscularly at a dose of 10 mg/kg on days 25 and 28.
Three days after fluorescent labeling, animals were sacrificed
by an intravenous overdose injection of pentobarbital. The
middle section of the radius was taken out and prepared
according to solid tissue slicing procedures. The slices
obtained were observed with fluorescent microscopy and
measured with Osteomeasure software (Military medical
science research institute, China). T-tests were used to
compare differences between groups.
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Figure 2. Line scanning route and distribution of Ca and Sr elements in ABS.
A) The arrow shows the scanning route. B) The relative quantity of Ca and Sr elements across the scanning route. X axis
represents the distance from the starting point and the Y axis represents the relative quantity of each element recorded during the

examination.
doi: 10.1371/journal.pone.0069339.9g002
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Figure 3. XPS analysis of bone powder:. A) XPS result before treatment. B) XPS result after treatment. The peak binding energy
at 269.13 eV is from Sr3p3/2, at 133.52 eV is from Sr3d5/2, and at 347.08 eV is from Ca2p3/2.

doi: 10.1371/journal.pone.0069339.g003

Results

ICP-OES

The allograft bone without treatment showed a Sr
concentration approaching 0.01%. Sr concentration in Sr-
doped ABS showed an increasing trend with the increase in
SrCl, concentration from 5 mM to 40 mM (Figure 1). When the
concentration of the SrCl, solution was above 30 mM,
incorporated Sr density surpassed 5%.

Line scanning

Line scanning of the samples indicated that elemental Sr
distributed comparatively evenly across the inner matrix of the
trabecular wall (Figure 2). Within the bone mass, the density of
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Sr was nearly constant, whereas near the trabecular wall
surface, the concentration of Sr was slightly higher.

XPS

XPS results confirmed the incorporation of Sr into bone after
SrCl, solution treatment (Figure 3). Two major peaks for Sr
were observed with binding energies of 269.13 eV (Sr3p3/2)
and 133.52 eV (Sr3d5/2). As expected, the incorporation of Sr
increased the Ca element binding energy, with the Ca2p3/2
peak increasing from 347.08 eV to 348.24 eV. In addition,
single element analysis suggested that Sr mainly combined
with oxygen atoms or carbonate groups, which is the same
formula as how Ca exists in bone.
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Figure 4. Release curve of strontium ions from Sr-doped ABS into deionized water.

doi: 10.1371/journal.pone.0069339.g004

Mechanical testing

The average compressive strength and Young’s modulus of
the two groups are reported in Table 1. There were no
significant differences for compressive strength and Young's
modulus between the two groups (p > 0.05).

lon release curve

The time-release profile of Sr is shown in Figure 4. Sr ions
were detected in the immersion fluid from the beginning. The
largest release of Sr occurred early, especially on the first day.
As time progressed, the release of Sr ions decreased sharply,
plateauing after 2 weeks, and approaching, though slightly
higher than, the concentration of Ca ions released from bone
on day 30 (p < 0.05).

Biocompatibility via SBF test

Before soaking in SBF, both groups of bone scaffold
exhibited a clean surface with a few scattered mini-pores. After
soaking, few small bone-like apatite particles were found on the
surface of the bone scaffolds, while larger quantities of bone-
like apatite were found on the surface of Sr-incorporated
samples (Figure 5).
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Cytotoxicity

Cytotoxicity, as measured by cell growth shown via MTT OD,
is shown in Figure 6. On the first day, OD values for all groups
were comparatively low, but increased over time. On day 3, the
OD values for each group had doubled compared with day 1.
On day 5, the OD values were above 1.0 for the 10% extract
and DMEM groups. The RGR of each concentration group
calculated by MTT OD were all above 75%.

Bone formation rate

Robust Ca deposition was observed for both groups as
shown in Figure 7. Adjacent double lines in the specimen
indicated the mineral deposition interval between the two
fluorescent label time points. The rate of new bone formation of
Sr-doped ABS was significantly higher than that of control
group at 4 weeks (3.28+0.23 pm/day vs. 2.60+0.20 pym/day,
p<0.05).

Discussion

Sr is a natural bone-seeking trace element, which resembles
Ca chemically and physically, that preferably accumulates in
new trabecular bone depending on the site within the skeleton.
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Figure 5. Surface analysis of samples by SEM before and after soaking in SBF.
A) freeze-dried ABS before soaking. B) Sr-doped ABS before soaking. C) freeze-dried ABS after soaking. D) Sr-doped ABS after

soaking.
doi: 10.1371/journal.pone.0069339.g005

In particular, the Sr content in a new compact bone is 3 to 4
fold higher than that in existing compact bone, and
approximately 2.5 fold higher in new than in existing cancellous
bone [12,21]. The Sr concentration in native trabecular bone in
the current study was found to be less than 0.01%, similar to
previous reports [22], which is negligible compared with the
incorporation levels attained here.

Sr is mainly incorporated into the mineral crystal in vitro by
ionic substitution of Ca. XPS indicated two major peaks for Sr
with binding energies of 269.13 eV (Sr3p) and 133.52 eV
(Sr3d). Incorporation of Sr induced a slight alteration of Ca
element binding energy. In addition, further analysis suggested
that Sr mainly combined with oxygen atoms and carbonate
groups, which is the same formula as how Ca exists in bone.
These results suggest that Sr entered the bone tissue via the
ion exchange mechanism. Low-temperature exchange
reactions have been described elsewhere [23], and they
generally occur in aqueous media and in most instances

PLOS ONE | www.plosone.org

involve a dissolution—reprecipitation mechanism. With regard to
the dissolution—reprecipitation mechanism primarily occurring
on the scaffold surface, it is quite reasonable that the Sr
concentration of the outer surface is higher than the inner
surface. The effective ion exchange deep inside the bone mass
was possibly due to the numerous biological pores, as shown
in SEM photographs, and the existence of hydrophilic collagen
structures in bone tissue.

At high doses of Sr by oral administration [21], molar ratios
[Sr/(Sr+Ca)] in the range of 0.5-3% were found in cynomolgus
monkey bone after 13 weeks of treatment [12]. The molar ratio
of Sr in the current study by far surpassed the data achieved
within 13 weeks under the normal orally administered dose. A
different investigation reported on bone material quality in
transiliac bone biopsies from postmenopausal osteoporotic
women treated longer than 3 years with Ca and vitamin D plus
either 2g SrR per day or placebo [24]. The authors observed
incorporation of Sr in bone tissue up to 6% [Sr/(Sr+Ca)], similar
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Figure 6. RGR of L929 cell showed as OD values in the cytotoxicity test of Sr-doped ABS.
doi: 10.1371/journal.pone.0069339.g006

Figure 7. Double lines of fluorescent labels showing bone mineral deposition interval in in vivo test.

A) Control group with a bone mineral deposition rate of 3.26+0.50 um/day. (x200). B) Sr-doped ABS group with a bone mineral
deposition rate of 4.02+0.45 pm/day. (x200).

doi: 10.1371/journal.pone.0069339.g007
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Table 1. Compressive strength and Young’s modulus of the
samples.

Maximum strength MPa Young’s modulus MPa

Samples (Mean * SD) (Mean * SD)
ABS 42+18 270 + 66
Sr-ABS 45+16 287 +73

to the level achieved in the current study. In vivo, doped Sr
levels correlated with the SrR serum levels of the individuals. In
vitro, doped Sr levels were also mostly directly related to the
concentration of the SrCl, treating solution, while above 20mM
the curve increased gently.

lon exchange has been previously reported to be
undetectable in porous samples of stoichiometric HA prepared
by the impregnation of cellulosic sponges with a suspension of
stoichiometric HA powder, successive sintering at 1250 °C, and
immersion in solutions of 0.5 and 1 M Sr(NO;), solution for up
to 5 days [23]. In this case, few Sr ions were found to have
substituted for Ca in the porous apatite samples. This lack of
ion exchange could be attributed to the low reactivity of the
sintered HA samples. In fact, the specific surface areas, the
material surfaces available for ion exchange, are very different
between the collagen interconnected natural bone and the so-
called porous sintering HA scaffolds.

Nanocrystalline apatites offer faster reaction times and
improved capabilities for ion exchange compared with well-
crystallized apatites [23]. The nano-effect of particles is mainly
due to dimensional factors and boundary effects that create
unusually high surface energy and reactivity. Bone apatite is
known to consist of hydroxyapatite (HA) with nano-crystals
[25]. The nanostructure of the bone scaffolds likely contributed
to the high ion exchange rate of Sr for Ca in the current study.
Biological apatite, consisting of nano-crystals, is very active
and contains more exchangeable ions than synthesized HA
[26].

Furthermore, natural bone apatite contains other
components, such as carbonate groups [27]. In the solution
environment, divalent metal ions can combine with carbonate
groups to form insoluble products. The solubility product
equilibrium constants (Ksp) for the reaction follow the order:
MgCO,; > CaCO,; > SrCO, [28]. This order suggests that
carbonated components are apt to form SrCO; in the presence
of Sr ions. The carbonate quantity of the biological apatite is
above 2 wt%, which has a large potential to influence
incorporation of Sr into bone scaffolds [26,29].

In one study of the trace metals present in human bone, Sr
was the only one that was correlated with bone compression
strength [30]. Sr has also been found to show anti-fracture
efficacy in the treatment of postmenopausal osteoporosis
[31,32]. The dissolution-reprecipitation mechanism that occurs
is apt to repair defects on the bone scaffold surface, which is
helpful for compressive resistance. In the current study, the Sr-
doped ABS did not show a significant improvement in the
compression strength over controls. However, it did not reduce
the strength of ABS either.
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Incorporation of Sr can make ABS more advantageous, such
as by contributing to the bone forming process through local
release of Sr. Therefore, the release profile of Sr from the Sr-
doped ABS was determined. Landi et al. [26] synthesized a Sr-
substituted HA with 8.7 wt% Sr content and measured the in
vitro Sr?* ion release by immersing 3 g of HA granules in 50 ml
of Hanks’ balanced salt solution with 6.060 ppm Sr?* (6.060
mg/L). After 24 h, the Sr concentration decreased to only 0.602
ppm on day 7 with daily changes of the immersion liquid. In the
current study, a mass to liquid ratio of 1:200 was used, which
achieved much higher Sr?* concentrations in the immersion
liquid. Even low doses of Sr?* released from bone cement can
influence cellular response, as was shown for an a-TCP-based
cement/gelatin composite with 5 mol% Sr element [33].
Release of Sr from the local defect site can promote cell
function directly and avoid the potential deleterious effects of
oral administration resulting from the reduction in the intestinal
absorption of Ca [7].

A burst release of Sr from Sr-doped ABS was observed. In
addition, Ca and phosphate elements both have similarly high
initial burst release rates, indicating that the freeze-drying
procedure might partially solubilize biological apatite. Unstably
incorporated Sr in the apatite crystal is apt to leak out during
early time points, when the environmental Sr concentration
dropped sharply. During the initial stage, the quantity of
phosphate in the immersion fluid was twenty-times less than
the total amount of Sr and Ca. Over time, the (Ca+Sr)/P ratio
decreased, approaching 1.67. Unstably incorporated Sr may
explain this release profile, since some fraction of the Ca or Sr
positions in HA crystal are more apt to be ionized and
exchanged, as mentioned previously. The Ca at these
positions had mostly been substituted by Sr, and thus the Ca
element released at the initial time was even lower than
phosphate release. The existence of SrCO; might contribute to
the high Sr release rate at the initial time point. The solubility of
SrCO; is 0.011 g/100 mL at 18 °C, which is much higher than
the solubility of HA (0.4 ppm). The high initial release rate of Sr
could be helpful to quickly increase the concentration of Sr ions
at a wound site. The bioactivity of a bone substitute material is
often evaluated by examining the capability of bone-like apatite
formation on its surface in SBF with ion concentrations nearly
equal to those of human blood plasma. Although the efficacy of
this method for evaluating bone-bonding ability is still debated,
the formation of bone-like apatite on the surface of biomaterials
can be regarded as a preliminary indication of their biological
activity [34]. The results here suggest a beneficial interaction
between the Sr-doped ABS and body fluid.

The cytotoxicity analysis demonstrated that L929 cells grew
robustly, even in the presence of 100% extract from Sr-doped
ABS. The RGRs of all concentration groups were above 75%,
and the Sr-doped ABS was ranked ‘1st class’, meaning the
material is non-toxic. OD values in the 10% extract group were
slightly higher than in the 100% extract group, possibly owing
to the higher ion concentrations and osmotic pressure in the
100% extracts. Alternatively, the slight growth inhibition with
high extract concentration might be due to the chelation of
potentially harmful elements by fetal bovine serum proteins.
However, according to the cytotoxicity standard 75% RGR, all
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groups are safe and non-toxic. The results suggest that any
potentially harmful elements of the Sr-doped ABS were within
safe concentration ranges and the scaffold is biocompatible
with cultured cells. Furthermore, the in vivo results further
support the biocompatibility and safety of the Sr-doped ABS
with direct evidence: robust bone formation. If deleterious
effects of Sr were observed after further study, the doping ratio
can easily be lowered from 5% by changing the solution
concentrations (Figure 1).

The in vivo results indicated a higher bone mineral
deposition rate and more active positions on the bone
formation interface in the Sr-doped ABS. Other studies have
investigated the effects of Sr-substituted hydroxyapatite
coatings on osseointegration and implant mechanical fixation
[35,36,37,38], demonstrating that SrHA coatings enhance
implant osseointegration. In the current study, the Sr
incorporation was effective in enhancing bone formation rate
and the incorporation ratio approached the Sr-doped level in
bone after long-term oral administration of SrR [24]. The
biocompatibility of the Sr-doped ABS material is satisfactory.
Therefore, the Sr-doped ABS might be a safe and more
effective material for the treatment of bone defects.
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Sr ions can be detected for 4 weeks. Sr-doped ABS displays
satisfactory safety and improved bioactivity in both in vitro and
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Acknowledgements

The authors gratefully acknowledge Beijing Engineering
Technology Center of Orthopedics Implantable Medical Device.

Author Contributions

Conceived and designed the experiments: YZ DG SH.
Performed the experiments: YZ JY CZ YZ. Analyzed the data:
YZ JY HZ. Contributed reagents/materials/analysis tools: YZ
JY CZ YZ. Wrote the manuscript: YZ DG SH.

13. Takaoka S, Yamaguchi T, Yano S, Yamauchi M, Sugimoto T (2010)
The Calcium-sensing Receptor (CaR) is involved in strontium ranelate-
induced osteoblast differentiation and mineralization. Horm Metab Res
42: 627-631. doi:10.1055/s-0030-1255091. PubMed: 20560105.

14. Bakker AD, Zandieh-Doulabi B, Klein-Nulend J (2013) Strontium
Ranelate affects signaling from mechanically-stimulated osteocytes
towards osteoclasts and osteoblasts. Bone 53: 112-119. doi:10.1016/
j.bone.2012.11.044. PubMed: 23234812.

15. Rodriguez J, Escudero ND, Mandalunis PM (2012) Effect of strontium
ranelate on bone remodeling. Acta Odontol Latinoam 25: 208-213.
PubMed: 23230643.

16. Aspenberg P, Tagil M, Kristensson C, Lidin S (1996) Bone graft
proteins influence osteoconduction. A titanium chamber study in rats.
Acta Orthop Scand 67: 377-382. doi:10.3109/17453679609002335.
PubMed: 8792743.

17. Costain DJ, Crawford RW (2009) Fresh-frozen vs. irradiated allograft
bone in orthopaedic reconstructive surgery. Injury 40: 1260-1264. doi:
10.1016/j.injury.2009.01.116. PubMed: 19486972.

18. Linde F, Gegthgen CB, Hvid |, Pongsoipetch B (1988) Mechanical
properties of trabecular bone by a non-destructive compression testing
approach. Eng Med 17: 23-29. doi:10.1243/
EMED_JOUR_1988_017_008_02. PubMed: 3366292.

19. Tsourvakas S, Alexandropoulos C, Karatzios C, Egnatiadis N,
Kampagiannis N (2009) Elution of ciprofloxacin from acrylic bone
cement and fibrin clot: an in vitro study. Acta Orthop Belg 75: 537-542.
PubMed: 19774823.

20. Kim HM, Himeno T, Kokubo T, Nakamura T (2005) Process and
kinetics of bonelike apatite formation on sintered hydroxyapatite in a
simulated body fluid. Biomaterials 26: 4366-4373. doi:10.1016/
j.biomaterials.2004.11.022. PubMed: 15701365.

21. Marie PJ, Ammann P, Boivin G, Rey C (2001) Mechanisms of action
and therapeutic potential of strontium in bone. Calcif Tissue Int 69:
121-129. doi:10.1007/s002230010055. PubMed: 11683526.

22. Nielsen SP, Barenholdt O, Barenholdt-Schigler C, Mauras Y, Allain P
(2004) Noninvasive measurement of bone strontium. J Clin Densitom 7:
262-268. doi:10.1385/JCD:7:3:262. PubMed: 15319495.

23. Cazalbou S, Eichert D, Ranz X, Drouet C, Combes C et al. (2005) lon
exchanges in apatites for biomedical application. J Mater Sci Mater
Med 16: 405-409. doi:10.1007/s10856-005-6979-2. PubMed:
15875249.

24. Roschger P, Manjubala |, Zoeger N, Meirer F, Simon R et al. (2010)
Bone material quality in transiliac bone biopsies of postmenopausal
osteoporotic women after 3 years of strontium ranelate treatment. J
Bone Miner Res 25: 891-900. PubMed: 20437609.

July 2013 | Volume 8 | Issue 7 | €69339


http://dx.doi.org/10.1016/j.actbio.2010.07.035
http://dx.doi.org/10.1016/j.actbio.2010.07.035
http://www.ncbi.nlm.nih.gov/pubmed/20688196
http://www.ncbi.nlm.nih.gov/pubmed/19885447
http://tinyurl.com/krq6gqn
http://www.ncbi.nlm.nih.gov/pubmed/18478903
http://dx.doi.org/10.1016/j.biomaterials.2004.10.032
http://www.ncbi.nlm.nih.gov/pubmed/15664634
http://dx.doi.org/10.1021/jp808713m
http://www.ncbi.nlm.nih.gov/pubmed/19243110
http://www.ncbi.nlm.nih.gov/pubmed/18257062
http://dx.doi.org/10.1023/A:1014336517741
http://dx.doi.org/10.1023/A:1014336517741
http://www.ncbi.nlm.nih.gov/pubmed/15348612
http://dx.doi.org/10.1007/s00228-011-0999-2
http://www.ncbi.nlm.nih.gov/pubmed/21327420
http://www.ncbi.nlm.nih.gov/pubmed/3102236
http://www.ncbi.nlm.nih.gov/pubmed/13319277
http://dx.doi.org/10.1358/dot.2003.39.2.799416
http://www.ncbi.nlm.nih.gov/pubmed/1521262312698204
http://dx.doi.org/10.1016/S8756-3282(01)00419-7
http://www.ncbi.nlm.nih.gov/pubmed/11336927
http://dx.doi.org/10.1055/s-0030-1255091
http://www.ncbi.nlm.nih.gov/pubmed/20560105
http://dx.doi.org/10.1016/j.bone.2012.11.044
http://dx.doi.org/10.1016/j.bone.2012.11.044
http://www.ncbi.nlm.nih.gov/pubmed/23234812
http://www.ncbi.nlm.nih.gov/pubmed/23230643
http://dx.doi.org/10.3109/17453679609002335
http://www.ncbi.nlm.nih.gov/pubmed/8792743
http://dx.doi.org/10.1016/j.injury.2009.01.116
http://www.ncbi.nlm.nih.gov/pubmed/19486972
http://dx.doi.org/10.1243/EMED_JOUR_1988_017_008_02
http://dx.doi.org/10.1243/EMED_JOUR_1988_017_008_02
http://www.ncbi.nlm.nih.gov/pubmed/3366292
http://www.ncbi.nlm.nih.gov/pubmed/19774823
http://dx.doi.org/10.1016/j.biomaterials.2004.11.022
http://dx.doi.org/10.1016/j.biomaterials.2004.11.022
http://www.ncbi.nlm.nih.gov/pubmed/15701365
http://dx.doi.org/10.1007/s002230010055
http://www.ncbi.nlm.nih.gov/pubmed/11683526
http://dx.doi.org/10.1385/JCD:7:3:262
http://www.ncbi.nlm.nih.gov/pubmed/15319495
http://dx.doi.org/10.1007/s10856-005-6979-2
http://www.ncbi.nlm.nih.gov/pubmed/15875249
http://www.ncbi.nlm.nih.gov/pubmed/20437609

25.

26.

27.

28.

29.

30.

31.

Rubin MA, Jasiuk |, Taylor J, Rubin J, Ganey T et al. (2003) TEM
analysis of the nanostructure of normal and osteoporotic human
trabecular bone. Bone 33: 270-282. doi:10.1016/
S8756-3282(03)00194-7. PubMed: 13678767.

Landi E, Tampieri A, Celotti G, Sprio S, Sandri M et al. (2007) Sr-
substituted hydroxyapatites for osteoporotic bone replacement. Acta
Biomater 3: 961-969. doi:10.1016/j.actbio.2007.05.006. PubMed:
17618844.

Kannan S, Vieira Sl, Olhero SM, Torres PM, Pina S et al. (2011)
Synthesis, mechanical and biological characterization of ionic doped
carbonated hydroxyapatite/B-tricalcium phosphate mixtures. Acta
Biomater 7: 1835-1843. doi:10.1016/j.actbio.2010.12.009. PubMed:
21146640.

Moreno EC, Aoba T (1990) Solubility of human enamel mineral. J Biol
Buccale 18: 195-201. PubMed: 2174870.

Yerramshetty JS, Lind C, Akkus O (2006) The compositional and
physicochemical homogeneity of male femoral cortex increases after
the sixth decade. Bone 39: 1236-1243. doi:10.1016/j.bone.
2006.06.002. PubMed: 16860007.

Jensen J-EB, Stang JH, Kringsholm B, Pritzl G, Sgrensen OH (1997)
Relationship between trace element content and mechanical bone
strength. Bone 20: 104S.

Roux C, Reginster JY, Fechtenbaum J, Kolta S, Sawicki A, et al. (2006)
Vertebral fracture risk reduction with strontium ranelate in women with

PLOS ONE | www.plosone.org

10

32.

33.

34.

35.

36.

37.

38.

Doping Allograft Bone Scaffold with Strontium

postmenopausal osteoporosis is independent of baseline risk factors. J
Bone Miner Res 21: 536-542.

Seeman E, Vellas B, Benhamou C, Aquino JP, Semler J et al. (2006)
Strontium ranelate reduces the risk of vertebral and nonvertebral
fractures in women eighty years of age and older. J Bone Miner Res
21:1113-1120. doi:10.1359/jbmr.060404. PubMed: 16813532.
Panzavolta S, Torricelli P, Sturba L, Bracci B, Giardino R et al. (2008)
Setting properties and in vitro bioactivity of strontium-enriched gelatin-
calcium phosphate bone cements. J Biomed Mater Res A 84: 965-972.
PubMed: 17647240.

Kokubo T, Takadama H (2006) How useful is SBF in predicting in vivo
bone bioactivity? Biomaterials 27: 2907-2915. doi:10.1016/
j.biomaterials.2006.01.017. PubMed: 16448693.

Vestermark MT (2011) Strontium in the bone-implant interface. Dan
Med Bull 58: B4286. PubMed: 21535993.

Li Y, Li Q, Zhu S, Luo E, Li J et al. (2010) The effect of strontium-
substituted hydroxyapatite coating on implant fixation in ovariectomized
rats. Biomaterials 31: 9006-9014. doi:10.1016/j.biomaterials.
2010.07.112. PubMed: 20800275.

Yan J, Sun JF, Chu PK, Han Y, Zhang YM (2013) Bone integration
capability of a series of strontium-containing hydroxyapatite coatings
formed by micro-arc oxidation. J Biomed Mater Res A 101: In press doi:
10.1002/jbm.a.34548.

Yang GL, Song LN, Jiang QH, Wang XX, Zhao SF et al. (2012) Effect
of strontium-substituted nanohydroxyapatite coating of porous implant
surfaces on implant osseointegration in a rabbit model. Int J Oral
Maxillofac Implants 27: 1332-1339. PubMed: 23189282.

July 2013 | Volume 8 | Issue 7 | €69339


http://dx.doi.org/10.1016/S8756-3282(03)00194-7
http://dx.doi.org/10.1016/S8756-3282(03)00194-7
http://www.ncbi.nlm.nih.gov/pubmed/13678767
http://dx.doi.org/10.1016/j.actbio.2007.05.006
http://www.ncbi.nlm.nih.gov/pubmed/17618844
http://dx.doi.org/10.1016/j.actbio.2010.12.009
http://www.ncbi.nlm.nih.gov/pubmed/21146640
http://www.ncbi.nlm.nih.gov/pubmed/2174870
http://dx.doi.org/10.1016/j.bone.2006.06.002
http://dx.doi.org/10.1016/j.bone.2006.06.002
http://www.ncbi.nlm.nih.gov/pubmed/16860007
http://dx.doi.org/10.1359/jbmr.060404
http://www.ncbi.nlm.nih.gov/pubmed/16813532
http://www.ncbi.nlm.nih.gov/pubmed/17647240
http://dx.doi.org/10.1016/j.biomaterials.2006.01.017
http://dx.doi.org/10.1016/j.biomaterials.2006.01.017
http://www.ncbi.nlm.nih.gov/pubmed/16448693
http://www.ncbi.nlm.nih.gov/pubmed/21535993
http://dx.doi.org/10.1016/j.biomaterials.2010.07.112
http://dx.doi.org/10.1016/j.biomaterials.2010.07.112
http://www.ncbi.nlm.nih.gov/pubmed/20800275
http://dx.doi.org/10.1002/jbm.a.34548
http://www.ncbi.nlm.nih.gov/pubmed/23189282

	Porous Allograft Bone Scaffolds: Doping with Strontium
	Introduction
	Materials and Methods
	Inductively coupled plasma optical emission spectrometry
	Energy-dispersive X-ray spectroscopy
	X-ray photoelectron spectroscopy
	Mechanical testing
	Release curve
	Bioactivity in simulated body fluid
	Cytotoxicity analysis
	Bone formation rate

	Results
	ICP-OES
	Line scanning
	XPS
	Mechanical testing
	Ion release curve
	Biocompatibility via SBF test
	Cytotoxicity
	Bone formation rate

	Discussion
	Conclusion
	Acknowledgements
	References


