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Abstract

Strontium (Sr), a mineral element present in triacthe human body, has significant effect
on bone remodelling. Sr containing ceramics hawgehpotential to heal bone defects and
improve osseointegration of implants. In this stuggrovskite oxide — strontium titanate
(SrTiOs) was synthesized and explored its potential fomadical applications. The phase
pure SrTiQpowder was synthesized from solid state reactiastrohtium carbonate (SrGD
and titanium dioxide (Tig) at 1200 °C for 2 h. The as synthesized SgTpOwder, pure
hydroxyapatite (HAp) and SrTb0 wt.% HAp (SH50) premixed powders were sintesed
different temperatures varies from 1100 to 1400iRCair. The sintered samples were
characterized using X-ray diffraction (XRD) for @es and scanning electron microscopy
(SEM) for microstructure analysis. XRD results raeel no dissociation of HAp or reaction
with SrTiO; during sintering. The sintered samples were stutbednechanical properties,
wettability, and biocompatibility. The relative dety of the sintered SrTiQincreases with
increasing sintering temperature. The relative tgm$ SrTiO; was increased from 77% to
98 % with increase in sintering temperature fronbQ2o 1400 °C. The substantial
improvement of hardness and compressive strength otserved for sintered Sri3O
compared to HAp of similar porosity level. The haeds and compressive strength of SgTiO
sintered at 1250 °C found ~6 and ~3.5 times highan sintered HAp. In vitro dissolution
study carried out in phosphate buffer solutionaf@, confirmed the release of’Sion from
the bulk SrTiQ sintered at 1250 °C. The in vitro cell materiatgeraction showed
cytocompatibility of sintered SrTiDand SrTiQ-HAp composite. In summary, excellent
biocompatibility of SrTiQ with superior mechanical properties confirmedptgential as
novel biomaterial for use in the repair of infectecaseptic bone defects.

Keywords:  Strontium; Hydroxyapatite; Biocompatibility; Mechaal property;

Nanoindentation,



1. Introduction

The development of new bone substitute materiakh winproved osteoconductivity,
functionality and mechanical properties, is of grederest. Till now calcium phosphate
based bioceramics, i.e. hydroxyapatite (HAp) @nAdicalcium phosphatep(TCP) are the
mostly used materials for tissue engineering anmteb@pairing, because of their chemical
similarity with inorganic phase of bone, biocomp#iand osteoconductivity [1,2]. However,
calcium phosphate based ceramics exhibited low arechl properties (brittleness and low
strength) which limits its applications as an inmplenaterial [3,4]. Therefore, there is a need
for alternative materials or combination of diffietematerials to enhance mechanical
properties of existing bioactive ceramics as welslbw release of essential ions to promote
both osteogenesis and angiogenesis [5]. Severahnas efforts have been made in this
direction for developing new resorbable bioceramitth improved mechanical properties

for bone tissue engineering [5-8].

Strontium (Sr), alkaline earth metal, present acéramount in human body that is 0.00044%
of a standard 70 kg body mass [9]. Sr mostly preisetine mineral phase of bone along with
calcium owing to their chemical similarity and fmled the metabolic pathways almost
similar to calcium [10,11]. Since 2004 Sr has gatgd clinical interest due to the
development of strontium ranelate (SrRan) — a vaseful drug for treatment of
postmenopausal osteoporosis [12]. SrRan prevemis logs by enhancing differentiation of
pre-osteoblastic cells and inhibit the osteoclasglis formation [13]. Different types of
vertebral, peripheral and hip fracture of the bdaeerease due to oral administration of SrRan
within the patients [12,14]. In view of promisinffexts of Sr on bone, several studies were
performed to evaluate effect of strontium incorpiora in calcium phosphate and calcium-

silica based synthetic materials — in terms of talystructure, stability, mechanical



behaviour, in vitro and in vivo performance. Recgtdies on Sr incorporated calcium-silica
based ceramics showed superior bone regeneratidnaagiogenesis ira critical sized
calvarial defect model, in comparison with purectah-silica bioceramic [5,15]. Huang et
al. showed that the degradation rate of calciuncadé cements increased with increasing
strontium content in the cements [16]. The improdedradation raised the ionic products in
the microenvironment which stimulate the angiogemd osteogenic differentiation. Further,
the studies have shown that increasing substitutibrcalcium in HAp by Sr ion can
apparently decrease thermal stability and increélasesolubility of the material [17,18]. In
addition, Sr substituted HAp and bioglass in thenfe@f powders, granules, porous scaffolds,
and bioactive coatings showed a superior bone sxgion capability than the pure synthetic
materials [19-23]. In vitro studies showed thedttaent and proliferation of osteoblast cells
by addition of Sr in HAp [21]. Sr has a significagffect in reducing osteoporosis of the
bones by inhibition of osteoclastogenesis and sétauosteoblast cells for regeneration of
bone [21,22]. However, there is not much literatavailable to explore the potential of Sr
based compounds as biomaterial. There are fewatiters available where Sr based
compounds such as strontianite (SgCé&nd strontium titanate (SrTiPnanotubes were used
as coating materials for sustained release of &y 24-29]. Our previous study on laser
deposition of SrTi@ reinforced Ti matrix coatings showed sustain deaf St* from Ti
surface which effectively enhanced cell viability surface modified Ti [27]. Strontium
titanate, a perovskite oxide, has wide range ofiegins as piezoelectric, photocatalytic
and electronic devices [30, 31]. Due to its intengs functional properties, not much
attention has been given on structural and bioctilvipaaspect of the bulk ceramic.
Therefore, in this study we focused on synthesigfesng of SrTiQ at different
temperatures, in vitro degradation behaviour anditiro cellular interactions using mouse

embryonic fibroblast (NIH3T3) cell line, to undast its potential in biomedical



applications. Further, mechanical behaviour in miand nanoscale, and wettability of

sintered SrTi@Qwere compared with sintered HAp.

2. Materials and Methods

2.1 Powder synthesis

In the present work, strontium carbonate (SgC&gma-Aldrich) and titanium dioxide (THD
Sigma-Aldrich) powder were used to produce strontititanate (SrTi@ by solid state
reaction. SrC@and TiQ powders in stoichiometry were ball-milled in a pinga vial in ethyl
alcohol medium for 8 h. The mixed powders weredlimea hot oven followed by calcination
at 1200 °C for 2 h. The calcined powders were gioamd sieved to get fine SrT{@owder.
Further, a fraction of calcined SrTi(powders were mixed with 50 wt.% HAp powders
(Merck, Germany) using wet ball milling for 8 hdevelop homogeneous mixing of powders

which was further used for composite preparation.

2.2 Sintering of ceramic

The fine powders of SrTi(calcined), commercial HAp and premixed SrH&DHAp
powders were mixed with 2% polyvinyl alcohol (PVAplution, followed by uniaxially
pressed in a 15 mm die. The green pellets were isastatically pressed (CIP; EPSI,
Walgoedstraat, Belgium) at 150 MPa pressure. Thp Bi&d the SITiIQg50HAp green pellets
were sintered at 1100 for 1 h to restrain any dissociation of HAp phaBee SrTiQgreen
compacts were sintered at different temperaturegessdrom 1250 to 1400C for 2 h.
Density of the sintered samples were measured usiofgimedes principle. The relative
density of the sintered specimens was measuredlogigt the theoretical density of the

SrTiO; and HAp as 5.12g/chi32] and 3.16 g/crii{33], respectively. The theoretical density



of the SrTiQ-50HAp composite was calculated as 4.13 §/twm the rule of mixture. The
sample nomenclature as well as compositions ardrsig temperatures are summarized in
Table 1.

Table 1.Density and crystallite size measurement for tHk bimtered specimens.

Specimen | Composition | Sintering Actual Relative Crystallite size
ID temperature | density density (nm)
(§®) (g/cn) (%)
HAp Pure HAp 1100 2.12 67 41
SH50 HAp- 1100 2.55 62 42 (HAp)
50SITi0y 49 (SITIQy)
ST1250 Pure SITi9 1250 3.92 77 45
ST1350 Pure SITi© 1350 4.50 88 a7
ST1400 Pure SITi9 1400 5.03 98 49

2.3 Phase analysis

X-ray diffraction (XRD) analysis was carried outing X'Pert Pro MPD diffractometer
(Panalytical, Almelo, Netherlands) in the range26f to 80° for the as synthesized powder
and sintered specimens. The crystallite size ofsthiered specimens was determined using

Scherrer equation.

g = kA (1)

" B-cose
Where d = crystallite size (nm), k = shape fac® (by assuming spherical crystallitf)=
full width half maximum (FWHM) of the highly inters(110) SrTiQ peak and (211) HAp
peak,0 = Bragg angle.
The microstructure of the sintered samples wasethowut using Field emission scanning
electron microscopy (FESEM; Zeiss, Jena, GermdBglore FESEM, samples were sputter

coated with gold (Au) to make the samples condectiv

2.4 Mechanical behaviour study



The hardness of the sintered specimens was measursitro as well as nano scale range.
Before hardness measurement, the specimens weighgmblupto 1 um diamond paste.
Vicker's micro-hardness (ESEWAY, Camberley, Unitéidgdom) measurement for all the
sintered ceramic samples was carried out at diffdoads (100, 200, 300 and 500 g) for 15
sec dwell time and an average of five measuremeeate reported. Total nine indentations
(3x3 matrix) for each specimen at a maximum load ohN applied by nano-indentation
(Hysitron, Minneapolis, USA) technique. Loading, elvand unloading time for each
indentation were 10-10-10 sec, respectively. Thdress and reduced elastic modulus of the

sintered materials were measured from load-deptreausing Oliver-Pharr method.

The compressive strength of the cylindrical sirdesamples was measured based on ASTM
C773 standard. The dimensions of the sintered Srfa@d HAp samples used for
compressive strength measurement were 7 mm in teéama@d 12.6 mm in height. The

crosshead speed of 1Imm/min was used for all theirapes.

2.5 Contact angle measurement

The wettability of the sintered ceramics was measiny the sessile drop method using drop
shape testing machine (DSA25E, KRUSS GmbH, Germasfpre the experiment, all the
samples were polished upto 1 um diamond pastewetl by ultrasonic cleaning in alcohol
and dried in a hot oven at 100°C. The distilledewalroplet size fl and the flow rate 100
ul/min were used during the contact angle measurenidére water droplet dispensed over
the sample surface and contact angle was measwoedthe droplet geometry by fitting
curves. Total 10 droplets were taken to measureavieeage contact angle for each type of

specimen.



2.6 Dissolution behaviour

The dissolution behaviour of sintered sample (SD)2fs studied in the phosphate buffered
saline (PBS, Sigma) solution. The ST1250 was pfottime PBS solution at a concentration of
0.1 gm solid in 30 ml solution and kept it in theubator at 37°C for 7, 14 and 21 days.
After filtration, the extracted solution was used ion release (8F and Tf* ion) study using
inductively coupled plasma analytical techniqueRjGpectra Analytical Instrument GmbH,

Kleve, Germany).

2.7 Bioactivity study

In vitro cell culture was performed for the sin@reeramic specimens, namely HAp, SH50
and ST1250, of identical dimensions (@ 12mm) andasae roughness. All the polished
samples were cleaned in a sonicator using distilatér followed by ethyl alcohol and then
sterilized in an autoclave at 121°C for 30 min. @impatibility of the materials was
evaluated using mouse embryonic fibroblast cek IINIH3T3, NCCS Pune, India). The
NIH3T3 cell lines were cultured in Dulbecco’'s Minum Essential Medium (DMEM,
Gibco), supplemented with 10% foetal bovine serd#BS, Sigma) and 1% antibiotic-
antimycotic solution (S&g-mL‘lstreptomycin and 5§I!g-mL‘1 gentamycin, Sigma) at 37 °C
in the atmosphere of 5% GOThe confluent cells were removed from T75 flaskl a cell
suspension prepared. In a sterile hood, samples trensferred in a 24 well plate and cell
suspension containing 5x “l@ells were seeded on the sample surface. The welie
cultured on the sample surface for 2, 4 and 6 dafgsr each time period, samples in triplet
were used for MTT assay to evaluate cell viabiétyd proliferation. Details of the MTT
protocol can be seen elsewhere [34]. Statisticalyars was performed on the data using

Student’s t-test and P < 0.05 was considered staliy significant.



3. Results and discussion

3.1 Phase analysis

Fig. 1 shows the X-ray diffraction patterns of initialypders used for sintering and samples
after sintering. The XRD of HAp powder and Srifowder shown irFig. 1(a) revealed
that the powder containing pure hydroxyapatite atrdntium titanate phase, respectively.
The SrTiQ powders were synthesized by calcination of prethpp@ewders, SrC®and TiQ,

at 1200°C. The solid state reactions occurreakiss:

SrC0; - Sr0 + CO, )

calcination

Sr0 + Ti0, — SrTi0; 3)

XRD result of the calcined powder confirmed theealz® of unreacted phases, indicating
successful synthesis of phase pure SgpOwder. Further, the XRD patterns of the sintered
HAp, HAp-50SrTiQ (SH50) and SrTi@sintered at different temperatures (ST1250 and
ST1400) were presented kg. 1(b). The sintered HAp and SH50 samples showed major
peaks correspond to HAp and Sr%iQt is clear from the results that after sinteriag
1100°C, no dissociation of HAp was observed andeaztion occurred between HAp and
SrTiOzin SH50 sample. Further, the Srgi€amples sintered at various temperatures showed
no trace of dissociated phasdsble 1 shows the crystallite size of the sintered samples
There is no significant change in crystallite sizas observed in SrTgspecimens with

increasing sintering temperature.
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Figure 1. XRD patterns of (a) HAp and as synthesized Sgfa@wder, (b) sintered samples.

3.2 Sintered density and microstructure

The actual and relative densities of all the sedespecimens are presentedrable 1 The
sintered HAp and SH50 samples were prepared fromnearcial HAp powders, showed
significantly lower sintered density. Similarly,wosintered density was also observed in
SrTiO; samples sintered at 1250°C. The relative sintdesbity of SrTiQsamples increased
from 77% to 98% with increasing sintering tempemtuaries from 1250°C to 1400°C. The
densification rate of SrTi9has improved significantly by increasing sinteriegnperature
from 1350°C to 1400°C. Higher sintering temperafor@motes mass transport phenomenon

by grain boundary and lattice diffusion at the lirptarticle contact region. Thus decreases the

10



surface energy and enhances the relative densatyekter, to avoid any dissociation of HAp
into B-TCP, sintering temperature of HAp and SH50 wast le¢pl100 °C. Low sintering

temperature and use of binder during compactiontess porosity in the rage of 25 — 35% in
HAp, SH50 and ST1250 samples. These porositiebansintered specimens significantly

reduce mechanical properties, even though portsségsential for cell ingrowth.

The SEM micrographs of the sintered HAp, SH50, $D15T1350 and ST1400 are shown
in Fig. 2 A large number of pores can be observed in HAfS(Band ST1250 samples,
sintered at low temperatures. The number of ponespmre size decreased with increasing
sintering temperature from 1250°C to 1400 °C fofiSg specimen. Due to diffusion, the
necking between neighbouring particles increasesespgradually decrease and become
spherical with increasing sintering temperaturee Tlumber of large size pores decreased

with increasing sintering temperature.

Figure 2. Scanning electron micrograph of sintered specinfap&lAp sintered at 1100 °C,
(b) SH50 sintered at 1100 °C, (c) ST1250 sintetet?&0 °C, (d) ST1350 sintered at 1350
°C, and (e) ST1400 sintered at 1400 °C.

3.3 Mechanical behaviour study

11



Fig. 3 shows the Vickers micro-hardness of sintered sasnat different loads varies from
100 to 500 g. The average micro-hardness valuedAq, SH50, ST1250, ST1350 and
ST1400 were 0.8, 0.9, 4.7, 5.9 and 8.1 GPa, raspbctunder the normal load of 100 g.
There was no significant hardness improvement ebgden SH50 samples compare to HAp.
This may be due to lower sintering density of Sk&h HAp. It is clear from microhardness
results that all the sintered Srgi®@amples showed superior hardness compared toesinte
HAp and SH50 samples. The hardness of sinteredOgificreased gradually with sintering
temperature. The significant hardness improvemeas wbserved in ST1400 samples
compare to ST1250. The high hardness in ST1400ués td improve sintering density.
Further, with increasing indentation loads, hardnedues decreased for all the samples. The
indentation size effect (ISE) is the main reasohirmk the hardness value reduction with

increasing load.

900
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Figure 3. Vickers micro-hardness of sintered HAp, SH50, SI12ST1350 and ST1400
specimens.
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Figure 4. Nano-indention of the bulk sintered HAp, SH50, S30,2ST1350 and ST1400
specimens.

The load-displacement curves from nanoindentatiothe sintered samples carried out at a
load of 8 mN and dwell time 10 s, are showikrig. 4. The depth of penetration and stiffness
of the curves varies significantly for HAp, SH50[ 1250, ST1350 and ST1400. The results
clearly showed that hardness and stiffness of ititered samples are significantly different.
Table 2 summarises the hardness and reduced elastic maafidugered specimens obtained
from nano-indentation. The hardness as well ascestielastic modulus, become higher for
sintered SrTi@ samples compared to HAp and SH50 specimen. Therimgrgal data
showed that average modulus increased from 153 &H& in ST1250 to 248 + 9 GPa for
ST1400. In general, the modulus of elasticity aartlhess of ceramics depend on the type of
atomic bonding and the atomic arrangement. TheCiriias cubic perovskite structure with
mixed ionic-covalent bondings. However, the mectanproperties of SrTigare not studied
widely. Sakhya et al. recently reported the Young&dulus of SrTiQas 277 GPa from first
principales calculations using density functionbédry [35]. In another report showed

modulus of SrTi@single crystal as 225-14 GPa, measured from nanoindentation [36]. The

13



hardness and modulus of SrEi€intered at 1400 °C found to be within the repbrtalues.
Moreover, improvement in density with increasingtsiring temperature is the primary
reason behind the gradual enhancement of hardmesslastic modulus of sintered SrgiO

samples.

Further, compressive strength of HAp, and ST1256 w@mpared because of their nearly
similar pore fraction. Th&able 2 shows the compressive strength value of ST1250MHz#m
specimens. The compressive strength of SgT$@mples found much higher than HAp
samples. The slightly high relative density of &3 compared to HAp may be one of the
reasons. However, bonding nature and crystal streicif SrTiQ is the reason behind large
compressive strength value of bulk Srii®akamura et al. observed excellent plasticity in
SrTiO; crystals when chemical composition in the cryssaproperly controlled [37].The
compressive strength of ST1250 becomes higher t@rcompressive strength of cortical
bone (88.3-163.8 MPa), dentine (295 MPa), buthflijgesser than the compressive strength
of enamel (384 MPa) [30]. Therefore, SrEiCould be a potential material for load bearing
scaffolds.

Table 2. Hardness, reduced elastic modulus, compressivagstreand contact angle of

sintered ceramics

Specimen Hardness Reduced elastic Compressive Contact
(H), modulus (E), strength angle
(GPa) (GPa) (MPa) ©)
HAp 1.6+0.5 46 + 10 89 + 11 82+9
SH50 1.5+ 0.3 54 + 4 _ 71+8
ST1250 6.2+ 1.8 153 £ 19 349+ 70 50+ 6
ST1350 95+ 2.2 202 £12 _ -
ST1400 15.0+1.2 248 + 9 _ -

3.4  Dissolution and wettability study

14



The contact angles measured by the distilled wateplet on the polished surface of the
sintered HAp, SH50 and ST1250 are presentelalie 2 The smaller contact angle on the
bulk SrTiG; ceramic indicates more wettability than the HAp &H50 materials. The
wettable surface is desirable in biological envwnamt that can enhance the protein
absorption on the surface [34,38]. The hydrophilature of the surface also affects the
dissolution of ion from the bulk. The dissolutioehaviour of ST1250 was carried out in
phosphate buffer solution (PBS) at a concentratibf.1 gm solid in 30 ml solution. The
concentration of $f and Tf* ions in PBS solution was measured after 7, 14 2indays
through ICP analysis. ICP result revealed presefi&’" ion in the filtered solution and no
Ti%* ions was detected. Xin et al. [25] mentioned tissalution of the St ion from SrTiQ

as follows

SrTiO; + H,0 - Sr?* + TiO, + OH™

Several researchers reported that the positiveteffeSr on osteoblastic cell responses [14,
24-27]. The release of 8rin vivo is desirable which can significantly enban

preosteoblastic cell differentiation, proliferatiand suppress osteoclast differentiation.
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Figure 5. SP* ion released from ST1250 specimen for differenmarsion times at the

concentration of 0.1g solid per 30 ml PBS solution.
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3.5 In vitro cell-material interactions

In vitro cytocompatibility of the sintered HAp, SBI5ST1250 samples were evaluated in
presence of NIH3T3 using MTT assay for 2, 4 ancdagsdMTT assay measured the optical
density which is equivalent to the number of livioglls on the sample surface. Titanium
samples were used as contrBlg6 shows the optical density values for the samptes a
different time periods. The MTT assay clearly rdgdathat number of living cells on the
ceramic samples increased with time. The contehwtiafy cells found significantly higher on
HAp samples for all the culture duration. The metalally active cells fibroblast cells on
ST1250 and SH50 was significantly higher than Tiate. The MTT results showed that the
non-cytotoxic behaviour of the ST1250. The relezfsthe Sf* ion from SrTiQ enhances the

bioactivity SrTiQy and the bioactivity becomes higher than Ti fortladl culture time.
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Figure 6. MTT assay of NIH3T3 cells observed on sintered H&H50 and ST1250

specimens for different culture time. Titanium s#&npas used as a reference material.

4. Conclusions
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In the present study, pure Srgi@vas synthesized from solid state reaction andathe
synthesized powder and its composite (SgT90%HAp) were successfully consolidated as
bulk ceramic. During sintering no phase transforomhappened in SrTi$or no reaction
occurred between SrTgand HAp. The densification of SrTi@ncreased sharply at 1400 °C.
With increasing sintering temperature, hardness @adtic modulus of SrTiincreased.
The compressive strength, hardness and elastic losdfl porous SrTi@was higher than
HAp or its composite. The release of'Spns from porous SrTiQincreased with increasing
dissolution time in PBS solution. The porous SrIgample found to be biocompatible and
surface was more hydrophilic compared to HAp asaddmposites. The cell proliferation on
SrTiO; was lower than HAp but significantly higher than fér all the culture duration.
Significantly higher compressive strength of por@u$iO; than HAp and cytocompatibility
could be useful for bone tissue engineering. ThisCy could be considered as potential

biomaterial with high load bearing capability.
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Resear ch Highlights

Explored potential of S'TiOzfor biomedical applications

The hardness and compressive strength of SrTiO3; found significantly higher than
hydroxyapatite.

Invitro cell culture showed cytocompltibility of SrTiOs.
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