
INTRODUCTION

Strontium (Sr) is an alkaline earth metal, belonging to 
group 2A of the periodic table and with atomic number 38, 
found in the oceans, groundwater, earth’s crust, and the 
human body. In the latter, it is considered a trace element 
present in plasma, extracellular fluid, and soft tissues, but 
the greatest deposition occurs in bones and teeth. Leafy 
vegetables, grains, seafood, and dairy products are food 
sources of this ion; however, its absorption is approximately 
25 to 30% of the total intake [1, 2]. 

Despite the available studies, the physiological action of 
this metal is still the source of several studies focused on 
different clinical applications. However, it is already known 
that this ion has similarities in size, charge, site and form of 
absorption, site of deposition, and excretion with calcium 
(Ca). Thus, it presents similar chemical and physical 
properties that justify its biological role like Ca in some 
mechanisms, such as muscle contraction, blood coagulation, 
and secretion of hormones, in addition to its action and 
incorporation in bone tissue [2-5].

The correlation between the use of Sr with increased 
regenerative capacity of bone tissue has been increasingly 
researched, with greater emphasis after the development of 
the drug strontium ranelate (SrRan) that began to be used 
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in the treatment of osteoporosis to increase bone mineral 
density [5, 6]. This drug has a dual action on the cells of this 
tissue, due to Sr stimulating two different mechanisms: 1) on 
osteoblasts, with inhibition of apoptosis and promotion of 
proliferation and differentiation of these cells, which favors 
the synthesis of the new bone matrix; 2) on osteoclasts, due 
to limitation in cell formation and differentiation, as well as 
stimulation of apoptosis, with consequent reduction of bone 
resorption [1, 5, 7, 8].

In addition to its use in individuals with osteoporosis, 
studies have investigated the effect of SrRan on the repair 
of critical [9-11] and non-critical [12-15] in animal models, 
with favorable results for bone neoformation. Despite 
the already proven benefits, the use of this drug has been 
restricted to individuals with severe osteoporosis and who 
have no possibility of treatment with other drugs, because the 
use of SrRan has been correlated with the risk of developing 
heart disease [2, 16]. With this, evaluating the association of 
Sr with biomaterials for application in bone defects, in non-
osteoporotic animals, has gained prominence, likewise its 
application, through oral administration, as a pharmacological 
alternative in stimulating bone regeneration.

In this context, hydroxyapatite (HA) becomes a promising 
material, since it allows, during synthesis, the replacement 
of Ca in its structure by metals such as zinc (Zn) [17], Sr 
[18-22] and magnesium (Mg) [23]. Furthermore, according 
to Li et al. [24], the joint administration of Sr and Ca favors 
the expression of osteogenesis-stimulating genes and bone 
neoformation. Thus, using this ceramic as a Sr carrier 



shows to be an effective alternative for releasing these ions 
after oral administration. This occurs because when HA is 
synthesized by the principles of nanoscience, this material 
presents greater solubility, modifications in porosity, and 
reduction of particle size, which consequently increases the 
surface area, biodegradation, and bioabsorption [25, 26].

Nanostructured HA replaced with Sr (nSrHA) can 
be used locally to provide the direct release of Sr in the 
implantation region and, in these cases, also act as a scaffold, 
which provides a three-dimensional structure that enables 
the cellular events involved in tissue repair; or orally, to 
release this metal systemically. Thus, this study aimed to 
analyze the effect of oral administration of Sr, carried out 
using nanostructured HA, on the regeneration of critical 
bone defects in non-osteoporotic rats.

MATERIALS AND METHODS

Synthesis and characterization of strontium-substituted 
HA: strontium-substituted nanostructured HA (nSrHA) 
used in this study was produced and characterized at 
the Brazilian Center for Physics Research (CBPF), Rio 
de Janeiro (RJ), Brazil. The nanometric SrHA powder 
was synthesized by the wet precipitation method, using 
solutions of calcium nitrate [Ca(NO3)2.4H2O], strontium 
nitrate [Sr(NO3)2.6H2O], and dibasic ammonium phosphate 
[(NH4)2HPO4]. A solution containing calcium nitrate and 
strontium nitrate (0.2M concentration) was dripped onto a 
dibasic ammonium phosphate solution, using a peristaltic 
pump with a flow rate of 4.5 mL/min, with a concentration 

of 0.2M, maintaining pH 9 was achieved with concentrated 
ammonium hydroxide (NH4OH), at a temperature of 90°C 
and mechanical stirring at 240 rpm. During this process, 
Sr was replaced in the HA structure by the addition of 
strontium nitrate at a concentration of 50%. After dripping, 
the mixture remained in digestion for 3h under the same 
conditions, with subsequent filtration in a Buckner funnel 
and resuspension in Milli Q water at 90°C until pH 7 was 
obtained in the washing water. The solid obtained was 
freeze-dried for 24h, macerated, and separated using a sieve 
with an opening < 74µm mesh. To obtain microspheres, the 
nSrHA powder was added to the sodium alginate solution, in 
a 15:1 ratio, under slight agitation until a homogeneous paste 
was obtained, which was dropped into a solution of calcium 
chloride dihydrate (CaCl2.2H2O, 0.15M) for the immediate 
formation of microspheres, which remained in this solution 
for 24 hours for complete gelation. After this, the material 
was washed in deionized water, dried in an oven at 60°C for 
24 hours, separated according to the particle size range of 1 
to 2 mm, and finally packed in appropriate bottles and sent 
for sterilization by gamma radiation.

The obtained material was characterized as to: i) surface 
area and pore size by the Brunauer-Emmett Teller (BET) 
method (Micromeritics ASAP 2020, Norcross, Georgia, 
United States); ii) chemical composition by Atomic 
Absorption Spectrometry (AAS) (Shimadzu AA 6800, 
Shimadzu Corporation®, Chiyoda, Tokyo, Japan); iii) 
crystallinity by X-ray diffraction (XRD) (HZG4, Zeiss®, 
Jena, Thuringia, Germany); iv) presence of functional 
groups by Fourier Transform Infrared Spectroscopy (FTIR) 

Table I. Atomic absorption spectrometry of nSrHA microspheres.

Sample
Ca P Sr

Ca+Sr/P
%m mol %m mol %m mol

nSrHA 16.20 0.40 15.00 0.48 23.00 0.26 1.38

Figure 1: XRD and FTIR of nHASr and nHA. (A) XRD: It is noted that the bases of the main peaks of nHASr are slightly wider than those 
of nHA, which shows the lower crystallinity of HA with Sr. (B) FTIR: It is observed that both spectra show bands characteristic of HA – 
phosphate (PO4

3-), hydroxyl (OH1-) and water (H2O).
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(Schimadzu IR-Prestige 21, Shimadzu Corporation®, 
Chiyoda, Tokyo, Japan).

Regarding the analysis using the BET method, the surface 
area of the microspheres was 116.71 m2/g and the average 
pore width was 13.12 nm. The quantitative determination of 
the elements Ca, phosphorus (P), and Sr, as well as the Ca/P 
ratio of nSrHA microspheres, are presented in Table I.

In the XRD analysis, the diffractogram that the main 
peaks were wide, which shows the low crystallinity of the 
material (Figure 1A), concerning the standard PCPDFWIN 
09.0432 (JCPDS – Joint Committee on Powder Diffraction 
Standards). FTIR revealed bands of phosphate ions 
characteristic of a HA, except in the regions 1438 cm-1, 
1365 cm-1, and 870cm-1, which indicate the presence of the 
carbonate ion, due to the alginate used during the processing 
of the microspheres (Figure 1B). The presence of the water 
bands in the FTIR spectrum proves that the microspheres 
were not heat-treated (Figure 1B).

Animals and surgical procedure: this study was approved 
by the Ethics Committee on Animal Use (CEUA) of the 
Health Science Institute (ICS) of the Federal University of 
Bahia (UFBA), protocol no. 063/2014. Twenty male Wistar 
rats, with an average weight of 375 g, aged 3 to 4 months, 
were randomly distributed into two experimental groups 
with five animals in each group and analysis period: GSr 
- empty bone defect associated with oral administration of 
Sr; CG - control group, empty bone defect, without oral 
administration of Sr, evaluated at biological points of 15 and 
60 days postoperatively.

The confection of the critical bone defect with 
approximately 8.5 mm in diameter in the medial portion 
of the calvaria was performed similarly to that described in 
Miguel et al. [27] and illustrated in Santos et al. [28].

Oral administration of Sr: in the GSr, oral administration 
of Sr, at a dose of 900 mg/Kg/day, was performed by mixing 
microspheres with the animals’ diet. For this, two pellets 
of the standard Nuvilab CR-1 feed (Nuvital, Quimtia®) 
were macerated and mixed with distilled water and the 
material. Then, this paste diet was placed in an appropriate 
container and offered to the animals from the 2nd to the 15th 
postoperative day. In the CG, the animals received the same 

paste diet, however, without the addition of microspheres 
with Sr.

Biochemical analysis of Sr and Ca: the biochemical 
analyses were performed in the Laboratory of Clinical, 
Environmental, and Occupational Toxicology at the School 
of Pharmacy, UFBA. For the determination of the plasma 
concentration of Sr+2 and Ca+2 ions, 3.5 mL of blood was 
collected through transthoracic cardiac puncture at the 15 
and 60-day biological points. The plasma Sr+2 concentration 
was determined by graphite furnace atomic absorption 
spectrometry (GFAAS) according to the method described 
by D’Haese et al. [29] and the Ca+2 concentration by Flame 
Atomic Absorption Spectrometry (FAAS), a method adapted 
from Welch et al. [30]. Statistical analysis of plasma Ca and 
Sr concentration was performed using the Wilcoxon Signed 
Ranks Test.

Histomorphological and histomorphometric analyses: 
at the biological time points of 15 and 60 days, after blood 
collection, the animals were euthanized by intraperitoneal 
lethal doses of ketamine and xylazine. Then, the upper portion 
of the calvaria was removed, the soft tissue was removed, 
and the specimen was fixed in 4% buffered formaldehyde 
for 72 h. Afterward, the samples were decalcified in 5% 
EDTA for seven days. After this, the calvaries were sent 
for routine histological processing, embedded in paraffin, 
and cut 5 µm thick. Histological sections were stained by 
hematoxylin-eosin (HE) and Masson Goldner’s Trichrome 
(TG) and examined by common light microscopy. For 
histomorphometric analysis, Leica Application Suite (LAS) 
was used to quantify the percentage of the neoformed osteoid 
matrix (%OM) about the total defect area. The differences 
between the means obtained for each group/biological point 
were analyzed by the Wilcoxon Signed Ranks Test.

RESULTS

Biochemical analysis: the values of plasma concentrations 
of Sr+2 and Ca+2 found for the two experimental groups 
evaluated at 15 and 60 days are summarized in Table II. In 
this, it can be observed that in GSr the value of Sr+2 was 
higher than in CG, at all points evaluated. On the other hand, 

Table II. Plasma concentrations of Sr+2 and Ca+2 (mmol/L), mean (±SD, standard deviation), in GSr and CG, at biological 
points of 15 and 60 days.

Biological point 15 days 60 days Wilcoxon Test

Groups Sr+2 Ca+2 Sr+2 Ca+2 p value

GSr
0.0109 

(±0.00091)
2.4518 (±0.06466)

0.0057 
(±0.00187)

2.3901 
(±0.14916)

Sr+2 p = 0.063 NS
Ca+2 p = 0.438 NS

CG
0.0005 

(±0.00006)
2.4971 (±0.03108)

0.0002 
(±0.00003)

2.6019 
(±0.05071)

Sr+2 p = 0.058 NS
Ca+2 p = 0.063 NS

p value p = 0.011 S p = 0.151 NS p = 0.009 S p = 0.032 S
NS: not significant; S: significant.
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the plasma concentration of Ca+2 was higher at all biological 
points in the CG, when compared to the GSr. Throughout 
the experimental period, it was possible to notice that the 
concentration of Sr+2 decreased in both groups studied. 
On the other hand, Ca+2 levels decreased in the GSr and 
increased in the CG. The differences observed between the 

values of plasma concentrations of Sr+2 at 15 and 60 days, 
as well as Ca+2 at 60 days, showed statistically significant 
differences when comparing GSr with CG.

Histomorphological analysis: at 15 days, both 
experimental groups showed osteoid matrix (OM) 
neoformation restricted to the bone borders and deposition 

Figure 2: Photomicrographs of GSr at the 15 and 60 days biological point. Neoformed osteoid matrix (OM) is observed adjacent to the edge 
of the bone defect (BE); the presence of osteocytes (black arrow) and blood vessels (red arrow) in the connective tissue (CT). 15 days: (A) 
HE; (C) TG; and (E) HE. 60 days: (B) HE; (D) TG; and (F) HE.
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of thin connective tissue (CT) in the remaining area of the 
defect (Figure 2A and 2C; Figure 3A and 3C). In the CG this 
tissue was thin and more organized than in the GSr (Figure 
3E), in which the CT was loose and vascularized (Figure 
2E). The inflammatory response seen at this biological point 
was chronic, and mild, with the presence of a predominantly 

mononuclear inflammatory infiltrate dispersed in both 
groups (Figure 2A and 2E; Figure 3A and 3E). Vascular 
proliferation was more evident in GSr (Figure 2E).

At the 60-day biological point, OM neoformation 
continued restricted to the bone defect borders, in both groups 
evaluated, however, with a more mature and organized aspect 

Figure 3: Photomicrographs of CG at the 15 and 60 days biological point. Note the presence of osteocytes (black arrow) in the newly formed 
osteoid matrix (OM) adjacent to the edge of the bone defect (BE); and blood vessels (red arrow) within the connective tissue (CT). 15 days: 
(A) HE; (C) TG; and (E) HE. 60 days: (B) HE; (D) TG; and (F) HE.
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about 15 days (Figure 2B and 2D; Figure 3B and 3D). In 
both groups, the residual area of the defect was filled by CT 
with a thickness smaller than the bone borders (Figure 2F; 
Figure 3F). At 60 days, chronic inflammation was regressive 
in both groups, but more evident in the GSr (Figure 2B and 
3F; Figure 3B and 3F). In the GSr, the vascularization noted 
was less evident than at 15 days (Figure 2E and 2F), whereas 
in the CG, this finding was similar to that observed at 15 
days (Figure 3E and 3F).

Histomorphometric analysis: the histomorphometric 
analysis showed, at 15 days, that the neoformation of OM 
was more evident in the CG and at 60 days this data was 
more evident in the GSr (Figure 4). However, the comparison 
by the Wilcoxon non-parametric test between the means 
obtained in the groups showed that the differences did not 
reach statistical significance in any of the biological points 
(p>0.05).

DISCUSSION

Sr is a metal present in biological HA and with an 
important role in bone metabolism [5, 6], because it 
inhibits osteoblast apoptosis, which promotes the survival 
of these cells, besides increasing their proliferation and 
differentiation, due to the increased expression of osteogenic 
genes. Added to the stimulation of osteoblastic activity, this 
ion affects osteoclasts with the promotion of apoptosis and 
inhibition of proliferation and differentiation of these cells 
[1, 31, 32].

This ion has been used in the form of SrRan, in the 
treatment of osteoporosis [9, 16, 33] and associated with 
biomaterials for the repair of bone lesions [24, 34-36]. 
However, studies that propose the use of Sr systemically, 
for bone tissue regeneration, without being associated 
with ranelic acid, are scarce in the scientific literature. In 
this sense, this study was carried out with the perspective 
of collaborating with the development of an alternative 
method to the use of SrRan, considering its side effects and 
contraindications. Thus, this study evaluated the ability of Sr 
to stimulate bone regeneration when administered orally and 
carried by nanostructured HA.

In this study, bone neoformation was limited and 
restricted to the defect borders in both groups evaluated 
throughout the study. Although Sr acts positively on bone 
neoformation when administered orally, it is known that 
its action is directly related to plasma concentration, which 
depends on the dose administered and on metal absorption 
and bioavailability [2, 37].

Regarding absorption, factors correlated with the carrier, 
such as particle size, surface area, and porosity, also interfere 
with bioavailability, since they influence biodegradation 
when they encounter biological fluids [4, 38]. In this 
perspective, the HA used as Sr carrier in this study, was 
synthesized from nanometric powder and processed by 
using sodium alginate, to facilitate the degradation of the 
material and stimulate Sr release in the small intestine, the 
site where this ion is absorbed [2]. According to Loca et al. 
[39], the porosity of the biomaterial directly interferes with 
the release of drugs from the bioceramic, thus, the increase 
in porosity favored the faster release of the drug impregnated 
in the material.

However, even with these physicochemical characteristics 
that facilitate absorption, the biochemical results of this 
study showed a lower Sr plasma concentration, both at 15 
(0.01088) and 60 days (0.00569), than that necessary to 
stimulate the formation of new bone matrix, according to 
Ammann et al. [40], which needs to be between 0.30 and 
0.35 mmol/L of blood. This can probably be explained by the 
correlation between this metal and Ca, when administered 
together, since these ions compete for transporters and 
absorption sites, due to their similarity, which consequently 
interferes with absorption in a mutual manner [3, 41, 42]. 
Thus, when there is an increase in Sr supply, consequently, 
there will be a decrease in Ca uptake [3, 43]. This 
corroborates the biochemical results of this study since the 
Ca concentration was lower in the group treated with Sr 
than in the CG. It is worth mentioning that Ca has precise 
homeostatic control to regulate its body distribution [3, 32] 
since it participates in several physiological functions and 
activities, which possibly kept its blood values unchanged 
in both GSr and CG. Unlike Sr, which, probably due to the 
higher intake, exhibited higher plasma concentration in GSr 
when compared to CG.

According to Boivin et al. [44], animals treated with Sr 
present a heterogeneous distribution of this metal, with a 
greater presence in the newly formed bone, since, due to the 
lower mineralization, the exchange between Ca and Sr in 
HA crystals is facilitated. With the maturation of this tissue, 
the incorporation of Sr into the crystalline network becomes 
irreversible [5, 32, 44] which may have led to greater bone 
neoformation at 60 days in GSr.

In addition to the participation of micronutrients, it is 
known that bone regeneration depends on different factors 
such as angiogenesis, framework, size, and site of the 
lesion. In this study, the absence of a framework limited 
the neoformation of BM in both groups studied, even 
with the oral administration of Sr in the GSr. This occurs 
because the lack of three-dimensional support makes the 

Figure 4: Percentage of newly formed OM (%OM) in the CG and 
GSr, in the two biological points.
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cellular and vascular events involved in bone regeneration 
unfeasible. In these cases, tissue repair occurs by fibrosis 
as demonstrated by Santos et al. [23], Miguel et al. [27], 
Miguel et al. [45], Santos et al. [28], and Ribeiro et al. 
[46]. In this tissue, in the neoformed connective tissue in 
the bone defect, it was possible to observe, in all groups 
evaluated, inflammatory response with infiltration of cells, 
predominantly, mononuclear, inherent to the tissue damage 
observed after the surgical procedure. The confection of the 
critical bone defect causes tissue injuries that cause blood 
extravasation and promote the local release of cytokines 
and inflammatory cells [47, 48]. Over time, the evolution of 
the inflammatory response stimulates osteoprogenitor cells 
from the periosteum to synthesize osteoid matrix, which 
is subsequently mineralized and transformed into the bone 
matrix, as observed at the edges of the defect in both groups 
studied.

Given the results found in this study, it is evident that the 
oral administration of Sr slightly increased the neoformation 
of OM throughout the experiment and that the dose, the 
plasma concentration, and the absence of a three-dimensional 
framework limited the complete regeneration of the bone 
defect. Thus, new studies are necessary to investigate the 
association of higher plasma concentrations of Sr with the 
presence of a three-dimensional framework implanted in the 
bone defect, in the search for a higher percentage of OM that 
preferably fills the entire defect area.

CONCLUSION

Under the experimental conditions of this study, it was 
concluded that the oral administration of Sr associated 
with HA microspheres substituted with the metal, at a 
concentration of 23 mol%, did not affect the formation of 
OM, due to the low plasma concentration of this ion.
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