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Abstract Ionic substitution is a powerful tool to improve

the biological performance of calcium phosphate based

materials. In this work, we investigated the response of pri-

mary cultures of rat osteoblasts derived from osteopenic (O-

OB) bone to strontium substituted hydroxyapatite (SrHA),

and to hydroxyapatite (HA) as reference material, compared

to normal (N-OB) bone cells. Strontium (Sr) and calcium

(Ca) cumulative releases in physiological solution are in

agreement with the greater solubility of SrHA than HA,

whereas the differences between the two materials are lev-

elled off in DMEM, which significantly reduced ion release.

O-OB cells grown on SrHA exhibited higher proliferation

and increased values of the differentiation parameters. In

particular, Sr substitution increased the levels of prolifera-

tion, alkaline phosphatase, and collagen type I, and down-

regulated the production of interleukin-6 of O-OB cells,

demonstrating a promising future of SrHA in the treatment of

bone lesions and defects in the presence of osteoporotic bone.

1 Introduction

There is an increasing interest in the improvement of bio-

materials to replace diseased bone because of trauma,

arthritis and tumors. Many patient-related conditions

impair bone healing and remodeling and among these,

osteoporosis is one of the most frequent diseases affecting

bone cell proliferation, protein synthesis, cell reactivity to

signal molecules and mesenchymal stem cell number [1].

Strategies based on bone grafting, biochemical (i.e., growth

factors) and biophysical stimulation (i.e., pulsed electro-

magnetic fields and ultrasound), systemic administration or

local release of antiresorptive and bone forming agents

(i.e., bisphosphonates, parathyroid hormone) have been

developed [2, 3]. Moreover, in order to avoid disease

transmission risks and to have an unlimited supply of graft

materials also avoiding donor site morbidity, different

classes of bone substitutes such as hydroxyapatite, trical-

cium phosphate, biological glasses, synthetic polymers,

alone or in combination, are under investigation [2].

The composition of the mineral phase of bone is char-

acterized by the presence of a number of foreign ions

associated to the poorly crystalline carbonated apatite,

which constitutes the inorganic component. Among these

ions, Sr has received an increasing attention since the

development and introduction of Sr ranelate in the treat-

ment of patients with postmenopausal osteoporosis [4, 5].

Sr is reported to modify bone turnover in favor of bone

formation and a mixed mode of action with increased bone

formation and reduction of bone resorption has been sug-

gested [6, 7]. As a matter of fact, Sr presence in bone is

greater at the regions of high metabolic turnover, and in

new than in old bone [8, 9]. The cellular action of Sr has

been shown both in vivo and in vitro: it decreases bone

resorption by inhibition of osteoclast resorbing activity and

osteoclastic differentiation, and it promotes bone formation

by enhancing pre-osteoblastic cell replication and osteo-

blastic differentiation [4, 10, 11]. The growing evidence of

positive results obtained in clinical studies on strontium

long-term treatment [6, 12] has stimulated a number of

studies on Sr incorporation in biomaterials for bone tissue
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repair [13–17]. We have previously shown that Sr can

influence cells response even when incorporated into

hydroxyapatite (HA) structure. In particular, the results of

the investigation carried out on Sr-substituted hydroxyap-

atite (SrHA) using osteoblast-like MG63 cells and human

osteoclasts indicated that strontium influences bone cells

behavior in a dose-dependent way. Sr concentrations in the

range 3–7 at% significantly stimulate osteoblast activity

and differentiation, whereas even 1 at%, Sr substitution is

sufficient to affect osteoclast proliferation, which reduces

on increasing Sr content [18]. Similar results were obtained

on SrHA thin films deposited on titanium substrates by

pulsed laser deposition, suggesting that the presence of Sr

could not only enhance the positive effect of HA coatings

on osteointegration and bone regeneration, but it also

prevents undesirable bone resorption [14].

When cultured in vitro osteoblasts derived from aged or

osteoporotic bone maintain some biological differences with

respect to healthy bone derived cells both in basal conditions

and, even more, when in direct contact with biomaterials

[19–21]. This behavior is more representative of the clinical

situation where the number of aged and osteoporotic patients

affected by fragility fractures and other bone pathologies is

increasing and the success rate of reconstructive surgery is

lower than in healthy patients because of microarchitectural

and biological bone alterations. By comparing results of

experimental studies where the same biomaterials were

tested in vitro in ‘‘pathological’’ and normal osteoblast cul-

tures and implanted in bone of osteoporotic and normal

animals, it was also demonstrated that in vitro models with

osteoporotic bone derived cells turned out to be a predictor of

the in vivo osteointegration rate [21, 22].

In order to provide a deeper insight into the role of Sr that

is particularly aimed for osteoporotic patients, objective of

the present study was the evaluation of the in vitro effect of

SrHA on primary osteoblasts derived from osteopenic bone

in comparison with healthy bone derived osteoblasts. For this

purpose we used ovariectomized osteopenic rats and sham-

aged as control, and comparatively studied morphology,

viability, proliferation, extracellular matrix protein synthesis

of osteoblasts cultured in direct contact with SrHA.

Moreover, we investigated the rate and amount of ionic

release in physiological solution and in the cell medium, as

well as the roughness of the materials, in order to provide a

reliable interpretation of the in vitro results.

2 Materials and methods

2.1 Preparation and characterization of HA and SrHA

HA nanocrystals were synthesized in N2 atmosphere as

previously reported [23]: 50 ml of 1.08 M Ca(NO3)2�4

H2O solution at pH adjusted to 10 with NH4OH was heated

at 90�C and 50 ml of 0.65 M (NH4)2HPO4 solution, pH 10

adjusted with NH4OH, was added dropwise under stirring.

The precipitate was maintained in contact with the reaction

solution for 5 h at 90�C under stirring, then centrifuged at

10,000 rpm for 10 min and repeatedly washed with CO2-

free distilled water. The product was dried at 37�C

overnight.

Sr containing HA was obtained following the same

procedure but adding Sr2? ions into the Ca2? solution,

before adjusting the pH to 10 with NH4OH. To this pur-

pose, the appropriate amounts of Sr(NO3)2 and Ca(NO3)2�4
H2O were dissolved in order to obtain a [Sr/

(Ca ? Sr)] 9 100 molar ratio of 10. The total concentra-

tion of [Ca2?] ? [Sr2?] was kept 1.08 M.

All chemical were purchased from Sigma-Aldrich Italia

and used without further purification.

Ca and Sr contents in the solid products were deter-

mined by means of an inductively coupled plasma (ICP)

mass spectrometer (ICP Optima 4200DV, Perkin Elmer).

Powders were previously dissolved in 0.1 M HCl.

X-ray diffraction analysis was carried out by means of a

PANalytical X’Pert PRO powder diffractometer equipped

with a monochromator in the diffracted beam. CuKa
radiation was used (40 mA, 40 kV). The 2h range was

from 10� to 60� at a scanning speed of 0.75�/min. In order

to evaluate the coherence lengths of the crystals and the

apatitic lattice parameters, further X-ray powder data were

collected in the 2h range from 10� to 60� in step scanning

mode with a fixed counting time of 10 s for each 0.030�/

step.

Disk-shaped samples, diameter = 13 mm, were prepared

by pressing 300 mg of powders into cylindrical moulds.

For Atomic Force Microscopy (AFM) imaging a Veeco

Nanoscope 3D instrument was used. The disk-shaped

samples were analyzed in tapping mode using a E scanner

(maximum scan size 15 lm) and phosphorus(n)-doped

silicon probes (spring constant 20–80 N/m; resonance

frequency 250–290 kHz; nominal tip radius \10 nm).

Roughness parameters, namely arithmetic mean roughness

(Ra), root-square roughness (Rq), and the vertical distance

between the highest and lowest points within the evaluation

length (Rmax), were recorded on three samples of HA and

on three samples of SrHA.

Release of Ca and Sr from disk-shaped samples in

physiological solution (NaCl 0.9%) and in DMEM was

measured up to 14 days by an ICP spectrometer (ICP

Optima 4200DV, Perkin Elmer). The volume of the release

solution utilized for each disk-shaped sample (300 mg) was

1 ml. Results from this analysis represent the mean value

of three different determinations.

Energy dispersive X-ray spectrometry (EDS) analyses

were performed on disk-shaped samples before and after
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release in physiological solution using a Philips XL-20

microscope.

Before cell experiments, the disks were sterilized with

gamma rays (Cobalt-60) at a dose of 25 kGy.

2.2 Cell culture and analyses

2.2.1 Osteoblast isolation and culture

Rat osteoblasts were sterilely isolated from small specimens

derived from the trabecular bone of the distal femurs of

Sprague–Dawley normal or osteoporotic female rats, aged

13 months. Estrogen-deficient osteoporosis was obtained

3 months after bilateral ovariectomy in 10 month-old rats,

as a well characterized model by means of densitometric,

ultrasonographic, mechanical and histomorphometric

analyses [24]. All animals were used, handled, maintained

and euthanized by strictly following International and

European Laws on animal experimentation and after local

Ethic Committee approval. In aseptic conditions, the distal

femurs were cleaned from soft tissues and the cortical area

was removed with a bone cutter in order to expose the

trabecular tissue used for osteoblast cultures. Trabecular

bone fragments from distal femurs were put in DMEM:F12

(Sigma, UK) serum-free culture medium and immediately

processed to obtain primary cultured osteoblasts. Bone

fragments were repeatedly washed with DMEM:F12 serum-

free medium, and digested in medium with 1 mg/ml col-

lagenase (Sigma) for 90 min at 37�C. The enzymatic

reaction was stopped by adding an equal volume of medium

with 10% of FCS and the supernatant containing the

released cells was collected. Washing and collecting were

repeated three times. The cells obtained were pelletted by

centrifugation, resuspended, seeded in culture flasks

(75 cm2), and cultured in DMEM medium containing 10%

FCS (Lonza CH), and 1% antibiotics (Penicillin 100 U/ml,

Streptomycin 100 lg/ml, Invitrogen, USA), and incubated

at 37�C in a humidified 95% air/5% CO2 atmosphere.

At 90% confluence, cells were detached from culture

flasks by trypsinization, and centrifuged; cell number and

viability were checked with trypan blue dye exclusion test.

Osteoblasts derived from both normal (N-OB) and os-

teopenic (O-OB) bone were plated at a density of 2 9 104

cells/ml in 24-well plates containing six sterile samples

each ([ 13 mm) of HA and SrHA, obtaining the following

experimental groups: N-HA, N-SrHA, O-HA, O-SrHA.

The same concentration of cells was seeded in empty wells

for control of experiment (N-OB, O-OB). Medium was

changed with DMEM additioned with b-Glycerophosphate

(10 mM, Sigma) and Ascorbic acid (50 lg/ml, Sigma) to

activate osteoblasts, and plates were cultured in standard

conditions, at 37�C ± 0.5 with 95% humidity and 5%

CO2 ± 0.2 up to 14 days. For the production of osteocalcin

the culture medium was enriched with 1.25(OH)2D3

(10-9M, Sigma) 48 h before end of each experimental time

(7 and 14 days).

2.2.2 Osteoblast proliferation

Cell proliferation and viability (3, 7, and 14 days) was

monitored by WST1 (WST1, Roche Diagnostics GmbH,

Manheim, Germany) colorimetric reagent test. The assay is

based on the reduction of tetrazolium salt to a soluble

formazan salt by a reductase of the mitochondrial respira-

tory chain, active only in viable cells. 50 ll of WST1

solution and 450 ll of medium (final dilution: 1:10) were

added to the cell monolayer, and the multi-well plates were

incubated at 37�C for a further 4 h. Supernatants were

quantified spectrophotometrically at 450 nm with a refer-

ence wavelength of 625 nm. Results of WST1 are reported

as optical density (OD) and directly correlate with the cell

number.

2.2.3 Osteoblast activity and differentiation

At the end of experimental times (7 and 14 days) the

supernatant was collected from all wells and centrifuged to

remove particulates, if any. Aliquots were dispensed in Ep-

pendorf tubes for storage at -70�C and assayed for Bone

Alkaline Phosphatase activity (BAP, immunoassay kit,

USCN Life Science, Wuhan, China), Type I Pro-Collagen

(PC I, immunoassay kit, USCN Life Science, Wuhan,

China), Osteocalcin (OC, immunoassay kit, Biomedical

Technologies, MA, USA), Interleukin-6, (IL-6, immunoas-

say kit, Bender Medsystems, A), and Tumor Necrosis Fac-

tor-a (TNF-a, immunoassay kit, Diaclone, F); all kits were

specific for rat. All the measured concentration and activity

were normalized by Total Protein content (TP, Total Protein

micro-Lowry kit, SIGMA, MO, USA) at 7, and 14 days, to

take into account the differences in cell growth.

2.2.4 Cell morphology

Samples for each material, at the end of the experiment,

were processed for scanning electron microscopy (SEM):

osteoblasts grown on the materials were fixed in 2.5%

glutaraldehyde, in pH 7.4 phosphate buffer 0.01 M for 1 h

and dehydrated in a graded ethanol series. After a passage

in hexamethyldisilazane, the samples were air dried.

Samples were sputter-coated with Pd before examination

with a Philips XL-20 SEM operating at 10 kV.

2.2.5 Statistical analysis

Statistical evaluation of data was performed using the

software package SPSS/PC? StatisticsTM 10.1 (SPSS Inc.,
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Chicago, IL, USA). The experiment was repeated 3 times

and the results presented are the mean of six samples each.

Data are reported as mean ± standard deviations (SD) at a

significance level of P \ 0.05. After having verified nor-

mal distribution and homogeneity of variance, a one-way

ANOVA was done for comparison between groups.

Finally, the Scheffé’s post hoc multiple comparison tests

were performed to detect significant differences between

groups.

3 Results and discussion

The powder X-ray diffraction patterns of the as-synthesized

products confirm that they are constituted of HA as unique

crystalline phase [23]. The cell parameters of the sample

synthesized in presence of Sr are slightly enlarged with

respect to those of the sample obtained in the absence of Sr,

as reported in Table 1. The enlargement of the unit cell

provoked by the partial replacement of Ca2? (ionic radius

0.099 nm) with the bigger Sr2? (ionic radius 0.12 nm) is in

agreement with the amount of Sr incorporated into the

nanocrystals, which accounts for 9.8 ± 0.3 at% (mean

value of the measurements performed on five samples).

Figure 1 reports the comparison between the powder X-ray

diffraction patterns of HA and of SrHA in two selected

ranges of 2h: 24–27� and 38–41�, where the 002 and 310

reflections are centred, respectively. In agreement with the

greater cell parameters of SrHA, both the reflections appear

shifted to smaller angles in the pattern from SrHA (b) with

respect to that of HA (a). Moreover, the reflections of

SrHA appear broader than those of HA, indicating shorter

lengths (shkl) of the perfect crystalline domains. shkl values,

which are related to the crystal size and strain in the long

dimension (002) and the cross section (310) of the apatite

crystals, were calculated from the full width at half maxi-

mum intensity (FWHM) using the Scherrer equation [25]:

shkl ¼
kk

FWHM cos h
ð1Þ

where k is the wavelength, h the diffraction angle and K a

constant depending on crystal habit (chosen as 0.9). The

values of shkl reported in Table 1 indicate that Sr substi-

tution for Ca provokes a significant reduction of the

coherent length both along the direction parallel to the

Table 1 Lengths (shkl) of the perfect crystalline domains calculated using the Scherrer method, and cell parameters of SrHA and HA

Sample s002 (Å
´

) s310 (Å
´

) a-axis (Å
´

) c-axis (Å
´

)

HA 469 (5) 224 (6) 9.4269 (3) 6.8840 (2)

SrHA 319 (7) 150 (3) 9.457 (1) 6.9158 (6)

Each value is the mean of the measurements performed on five samples, and it is reported with its standard deviation

Fig. 1 Powder X-ray

diffraction patterns of HA

(a) and of SrHA (b) in two

selected ranges of 2h�

Fig. 2 Calcium and Strontium cumulative release from HA and

SrHA as a function of soaking time in physiological solution. Ca from

HA (filled diamond); Ca from SrHA (filled square); Sr from SrHA

(filled triangle)
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c-axis and even more along the direction perpendicular to

it, in agreement with previous data [18, 23, 26, 27].

The reduction of shkl values indicates destabilization of

crystal structure by the larger Sr atom, which might be

invoked to justify the significant increase in solubility with

strontium content verified by solid titration of SrHA [28].

The rate and amount of ion release can affect cells

response. Therefore, we investigated Ca and Sr release

from SrHA and HA in physiological solution. The analysis

was carried out on disk-shaped samples, as those utilized

for cell experiments, under dynamic conditions. The

cumulative ion release is reported in Fig. 2 as a function of

time up to 14 days. The standard deviations are smaller

than the symbols. Ca release from HA is about 2 mmol/l

after 3 days in physiological solution and it increases up to

4.5 mmol/l at 14 days. These quantities are almost double

as much as the amounts of Ca released from SrHA after the

same periods of time. Nonetheless, the sum of Sr and Ca

released from SrHA is always greater than the extent of Ca

release from HA, in agreement with the greater solubility

of Sr-substituted HA [28]. Sr release is about 0.51% of the

initial amount after 3 days, and it increases up to about

1.26% after 14 days. These values are consistent with those

previously reported for Sr release from SrHA granulates of

similar composition in Hanks’ balanced synthetic fluid

[29].

The presence of Sr can be detected by means of EDS

analysis (Fig. 3a). In particular, no variation in the Sr/Ca

ratio is appreciable after the release experiment. Figure 3b,

Fig. 3 a EDS spectrum of a SrHA disk-shaped sample. EDS maps recorded from SrHA disk-shaped sample before (b) and after (c) immersion in

physiological solution for 14 days. Ca is black/blue; Sr is grey/red (Color figure online)

Fig. 4 Calcium (a) and

Strontium (b) cumulative

release from HA and SrHA as a

function of soaking time in

DMEM solution. Ion release

from HA (filled circle); SrHA

(open circle); N-HA (filled
triangle); O-HA (filled square);

N-SrHA (filled diamond);

O-SrHA (open square)

Fig. 5 AFM image of the surface of a SrHA disk-shaped sample
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c reports the EDS maps of the SrHA disks before and after

immersion in physiological solution. Both the maps are

consistent with a homogeneous Sr distribution on the sur-

face of the disk-shaped samples. Although the data pro-

vided by the EDS maps about the relative amounts of the

two ions are to be considered qualitative, they do not give

any indication of a preferential release of Sr in solution, as

it would have been expected on the basis of the cumulative

release data. It can be suggested that the dissolution pro-

cess responsible of ionic release during immersion in NaCl

solution is accompanied by a preferential precipitation of

the more stable HA, which reduces Ca concentration in

solution.

Osteoblast cultures were carried out in DMEM. There-

fore, Sr and Ca release in DMEM was determined up to

14 days in the absence, as well as in the presence of cells.

The results are reported in Fig. 4a, b for Ca and Sr,

respectively. The standard deviations are smaller than the

symbols. Both Sr and Ca cumulative release increase with

time. However, the values are always lower than those

measured in physiological solution. In particular, Sr

cumulative release at 14 days assumes a mean value of

Table 2 Normal (N-OB) and Osteopenic (O-OB) osteoblasts control values at 3, 7 and 14 days of culture

Test N-OB O-OB

3 days 7 days 14 days 3 days 7 days 14 days

WST1 0.791a ± 0.013 1.383a ± 0.011 1.649b ± 0.016 0.576 ± 0.029 1.115 ± 0.009 1.620 ± 0.012

BAP 8.67 ± 1.77 1.92 ± 0.14 7.85 ± 0.69 1.26 ± 0.30

PC I 19.50 ± 3.03 33.72 ± 3.67 16.24 ± 4.03 23.11 ± 1.21

OC 0.42 ± 0.12 1.18 ± 0.16 0.34 ± 0.03 1.22 ± 0.09

IL-6 10.83 ± 2.53 11.86 ± 2.40 23.95c ± 2.42 11.17 ± 2.76

TNF-a 6.47 ± 0.04 6.77 ± 0.04 6.26 ± 0.09 6.89 ± 0.10

Statistical analysis
a 3 and 7 days: control cultures of normal bone derived osteoblasts (N-OB) versus osteoporotic bone derived osteoblasts (O-OB), P \ 0.0001
b 14 days: N-OB versus O-OB, P \ 0.05
c 7 days: N-OB versus O-OB, P \ 0.05

Fig. 6 Proliferation (WST1, a), differentiation and synthetic activity

(BAP, b; PC I, c; OC, d) of N-OB and O-OB after 3, 7, and 14 days of

culture with HA (N-HA and O-HA) and SrHA (N-SrHA and

O-SrHA). Mean ± SD of six samples in triplicate. (*P \ 0.05;

**P \ 0.005; ***P \ 0.0001). a 3 days: *N-SrHA versus O-HA;

7 days: *,**N-SrHA versus N-HA, O-HA; *O-SrHA versus O-HA;

14 days: *N-SrHA versus O-HA. b 7 days: ***N-SrHA versus

N-HA, O-HA, O-SrHA; **O-SrHA versus N-HA, O-HA; 14 days:

*N-SrHA versus N-HA, O-HA; *O-SrHA versus O-HA. c 14 days:

**N-HA versus O-HA; ***N-SrHA versus N-HA, O-HA, O-SrHA;

*,***O-SrHA versus N-HA, O-HA. d 14 days: *N-SrHA versus

O-HA
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0.75 mmol/l, which corresponds to about 0.26% of the

initial amount. The reduced ionic release in DMEM is

justified by its ionic composition (DMEM contains 60 mg/l

of Ca2?, that is 1.5 mmol/l), as well as a variety of dif-

ferent ions and macromolecules, which remarkably

decreases the solubility of HA and SrHA. In agreement

with the main role of DMEM composition, the data indi-

cate that the presence of cells does not influence the

cumulative ionic release.

Cells response is greatly influenced by the roughness of

the materials. Thus, we investigated the surface of the disk-

shaped samples through AFM analysis. The surfaces are

quite smooth, and the roughness parameters, Ra, Rq and

Rmax, are quite similar for the disks of HA and SrHA with

mean values of Ra = 17.55 ± 2 nm, Rq = 23.59 ± 3 nm,

and Rmax = 206.07 ± 20 nm. A typical AFM image is

shown in Fig. 5.

3.1 Osteoblast proliferation, activity and differentiation

The characterization of control cultures of normal and os-

teopenic bone derived osteoblast (Table 2) showed a sig-

nificant lower proliferation of O-OB at all experimental

times when compared to N-OB.

BAP and PC I production in O-OB were lower than in

N-OB cultures at both 7 and 14 days, even if the differ-

ences did not reach significant values. No differences were

found for OC and TNF-a values. As observed in other

studies [30, 31], O-OB did not show in vitro a significant

altered metabolism when compared to N-OB, except for

cell proliferation rate, at all experimental times. As a

matter of fact, age-related or menopause-related osteopo-

rosis leads to loss of bone mass because of either excessive

osteoclastic bone resorption or reduced osteoblastic bone

formation due to decreased recruitment of osteoblasts and

increased osteoclastic activity, related to impaired bone

remodeling [32]. At variance, the evaluation of IL-6

showed an over-expression of IL-6 at 7 days in O-OB

when compared to N-OB. At 7 days, O-OB expression of

IL-6 is twice as much as that found for N-OB, in agreement

with the relationship between serum IL-6 and osteoporotic

bone in early postmenopausal phase [33, 34].

The results of in vitro investigation carried out on HA

and SrHA indicated that the cell behaviors were greatly

influenced by material composition. Results of N-OB and

O-OB cultured on HA and SrHA are reported in Fig. 6.

Cell proliferation was assessed at 3, 7 and 14 days by

WST1 test. The results reported in Fig. 6a indicated that

the cells grown on SrHA displayed higher proliferation rate

than those grown on HA. In particular, N-SrHA osteoblasts

showed significant higher proliferation rate at all experi-

mental times of culture, when compared to O-HA and

N-HA, whereas O-SrHA showed a significant higher pro-

liferation at 7 days.

BAP, PC I and OC were chosen to evaluate normal and

osteopenic osteoblast activation and differentiation. BAP

activity is an early marker of osteoblast differentiation, and

its increased expression is associated to the progressive

differentiation of cultured osteoblasts [35, 36]. Subse-

quently type I collagen is produced, as one of the major

component to form the extracellular matrix [37–39]. Col-

lagen deposition is accompanied by an increase of OC,

marker of late osteoblast differentiation [38, 40].

The results reported in Fig. 6b–d indicate that all the

chosen markers were positively influenced by the addition

of Sr to HA. BAP level (Fig. 6b) was significantly higher in

N-SrHA and O-SrHA both at 7 and 14 days when com-

pared to N-HA and O-HA groups. PC I production

(Fig. 6c) displayed no differences at 7 days, whereas at

14 days the levels of both N-SrHA and O-SrHA groups

were significantly higher than those found for N-HA and

O-HA. The influence of the presence of Sr on OC (Fig. 6d)

was less marked, and only the N-SrHA value reached a

significant higher level at 14 days. The comparison of the

data obtained on the different differentiation markers

Fig. 7 Interleukin 6 (a), and Tumor Necrosis Factor a (b) of

osteoblast after 14 days of culture on samples of N-OB and O-OB

grown on HA (N-HA, O-HA), and on SrHA (N-SrHA, O-SrHA).

Mean ± SD of six samples in triplicate. (*P \ 0.05; **P \ 0.005;

***P \ 0.0001). a 7 days: **N-SrHA versus N-HA, O-HA; *O-

SrHA versus N-HA, O-HA; b 7 days: *N-SrHA versus N-HA
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suggests that the differentiation state of the cells grown on

the different materials for 14 days follows the order:

N-SrHA [ O-SrHA [ N-HA [ O-HA.

IL-6 and TNF-a were chosen as indicative for pro-

inflammatory cytokine and growth factor. In fact, IL-6 has

a major role in the mediation of the inflammatory and

immune responses initiated by infections or injuries.

Moreover, an increase of its level is related to an oste-

openic state of bone tissue [41]. IL-6 has a key negative

role in osteoporosis and other bone diseases, influencing

Fig. 8 SEM images of normal osteoblasts (N-OB) grown on HA (a, e) and on SrHA (c, g), and of osteopenic osteoblasts (O-OB) grown on HA

(b, f) and on SrHA (d, h) for 14 days. Scale bars (a–d) 10 lm; scale bars (e–h) 5 lm
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both osteoblast and osteoclast activities. It is reported that

IL-6 has an inhibitory effect on bone formation and marker

expression in vitro and it can stimulate osteoclasts differ-

entiation [42, 43]. TNF-a is a pleiotropic cytokine that

plays a key role in both inflammation and apoptosis [44].

The results reported in Fig. 7 show that at 7 days IL-6

(Fig. 7a) was significantly lower in N-SrHA and O-SrHA

groups, and TNF-a (Fig. 7b) showed significant lower

value in N-SrHA. At 14 days there were no differences

among groups. These results suggest an initial down-reg-

ulatory effect of strontium upon osteoblasts production of

both IL-6 and TNF-a, in good agreement with the signifi-

cant reduction of their levels.

It has to be highlighted that the presence of Sr signifi-

cantly decreased the level of IL-6 in N-OB and O-OB and

most importantly significantly counteracted the increase of

IL-6 that was observed in O-OB. These data are of special

interest because Sr has an anabolic effect on bone remod-

eling and an inhibitory effect on osteoclast differentiation

and activity that seem to be mediated by an increase in

osteoprotegerin and a decrease in RANKL [7]. IL-6 secre-

ted by osteoblasts is reported to be interrelated with the

RANK/RANKL/OPG mechanism of bone resorption [45].

SEM images of the cells grown on the different materials

at 14 days showed good attachment and spreading (Fig. 8).

N-OB (Fig. 8a, e) grown on HA display more lamellipodia

and filopodia extensions than osteopenic osteoblasts

(Fig. 8b, f). Both kind of cells display even more extensions

when grown on SrHA (Fig. 8c, g, d, h). Moreover, the

amount of O-OB grown on the surface of SrHA disk appear

particularly great (Fig. 8d, h), even if the proliferation data

do not show significant differences at 14 days.

The results obtained are consistent with previous studies

reporting that Sr stimulates cell proliferation, collagen

synthesis, osteocalcin and alkaline phosphatase expression,

and mineralization rate [10, 46]. Moreover, they confirm

that the ion exerts its beneficial effect even when incor-

porated into HA structure [14, 15, 17, 18], and allow to

state that the different results obtained on SrHA and HA

are indeed due to the presence of Sr and not to other fac-

tors, such as solubility and roughness.

The data obtained on O-OB are of peculiar importance

since they indicate increased levels of proliferation, alka-

line phosphatase, and collagen type I, and down-regulation

of IL-6 of O-OB when grown on SrHA.

4 Conclusions

The results of this work indicate that although SrHA dis-

plays a greater solubility than HA in physiological solution,

calcium release in the medium utilized for cells culture

(DMEM) is remarkably reduced and almost the same for

the two materials. Both Sr and Ca releases are not affected

by the presence and/or the different type of cells. On this

basis, and in view of the same roughness of the disk-shaped

samples of SrHA and HA where the cells were grown on,

the different cell responses to the two materials can be

ascribed to the influence of Sr. The data showed that partial

substitution of Sr for Ca in HA promotes osteoblast dif-

ferentiation and IL-6 down-regulation both in normal and

osteopenic cells, suggesting that SrHA could be success-

fully employed for the preparation of biomaterials for bone

tissue repair not only in normal but also in pathological

conditions such as osteoporosis.
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