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Abstract The present study is to investigate the influence
of Sr2+ and Ce3+ ions in the structure of fluorohydrox-
yapatite (FHA) (Ca10(PO4)6F0.5(OH)1.5), a partial substitu-
tion of fluorine ion in hydroxyapatite. Co-substitution of
Sr2+ and Ce3+ ions improves the osteoblast cell response,
an important factor which stimulates the bone formation
surrounding the implant material. Sol–gel derived fluor-
ohydroxyapatite samples were co-substituted with Sr2+ and
Ce3+ ions [xSr/yCe-FHA, where x= 5–40 mol% of Sr2+

and y= 5–20 mol% of Ce3+]. The intensity variation and
shift of Fourier transform infrared bands observed after the
co-substitution of Sr2+ and Ce3+ ions confirmed the doping.
The X-ray diffraction shows the decrease in crystallite size
with Ce3+ concentration and aids in forming beta-tri cal-
cium phosphate and cerium-oxide (CeO) phases. Co-
substitution of Sr2+ and Ce3+ increases the microhardness
and fracture toughness, while micro structural analysis
reveals the decrease in grain size. In-vitro bioactivity studies
were conducted on samples using human osteosarcoma
MG63 cells to investigate the osteoblast cell response. Co-
substitution of cations in fluorohydroxyapatite by sol–gel
method influenced the structure, phase formation, mechan-
ical property, and grain size. These factors due to addition
of Sr2+ and Ce3+ ions in fluorohydroxyapatite are attributed
to the improvement of cell viability and alkaline phospha-
tase (ALP) activity.

Graphical abstract

● XRD patterns confirm co-substitution of strontium and
cerium ions in fluorohydroxyapatite.

● Co-substitution of Sr2+ and Ce3+ ions in FHA enhances
in-vitro bioactivity.

XRD patterns of HA, FHA and Sr/Ce doped FHA samples. Comparison of cell viability of Sr/Ce-FHAwith
control

Keywords Sol–gel process ● Fluorohydroxyapatite ● X-
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1 Introduction

Bone, the connective tissue is associated with a number of
health issues which needs treatment such as repair or repla-
cement. The hard tissue is resorbed and regenerated con-
tinuously by a balance between osteoclastic (bone resorption)
and osteoblastic (bone formation) activity. This remodeling
process heals minor bone defect while additional stimulation
is required for bone formation in the case of implantation or
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bone replacement. Hydroxyapatite (HA-Ca10(PO4)6(OH)2) is
the bioceramic material of wide interest for application in
orthopedic implants and has received a focus over three
decades. The biocompatible apatite closely resembles the
mineral phase of human bone and teeth but lacks mechanical
strength and bioactivity [1–3].

Natural apatite in bone along with calcium, phosphate, and
hydroxyl group has trace elements such as CO3

2−, Na+, K+,
Mg2+, Sr2+, Cl−, F−, Zn2+, Cr3+, Co2+, Mn2+, and Si4+ [4].
Substitution of metal ions in synthetic HA, replacing the
Ca2+, PO4

3−, and OH− ions modifies the solubility, mecha-
nical properties and bone bonding ability. As an essential
trace element of bone which improves the mechanical
properties, a lot of interest has been directed towards the
fluorohydroxyapatite (FHA-Ca10 (PO4)6(OH)2-2xF2x), a par-
tial substitution of fluorine ion in HA [4–7]. Lower con-
centration of F− ions incorporated in HA induces bioactivity
while higher fluoride level results in an undesirable effect
causing osteomalacia. It is also reported that with the addition
of F− the solubility decreases [5–9]. Many researchers have
reported that the F− ions of range x being 0.4–1.0, improves
the mechanical properties, chemical and thermal stability
[10–12]. Improvements of osteogenic potential in FHA
coatings are achieved with x= 0.8–1.1 fluorine concentration
[13]. Qu and Wei et al. [14] observed higher amount of
protein and proliferation rate for 0.3–0.567 F-/mol
concentration.

Sr2+ in HA has been reported to enhance the osteoblast
activity and inhibit resorption [15–21]. Strontium contain-
ing calcium phosphate bone cement is said to increase the
mechanical strength and is used in the treatment of osteo-
porosis. Strontium in a stable form is non-toxic and even
administered in the larger doses in the human body which
always favors the mechanical and biological properties [23–
29]. In biomedical field, the post-surgical infection is a
frequent problem confronted which ultimately leads to the
removal of the implants. The adhesion of bacteria on the
surface of the implant develops infection and forms a bio-
film which affect the tissue-implant integration. The long
term in-vivo performance of any implants could be affected
for similar reasons. Cerium, the lanthanide element is an
antibacterial agent and when doped in HA exhibits anti-
bacterial property against micro-organisms [30–32]. The
trivalent Ce3+ also change the surface property which
enhances the structural stability, bioactivity while altering
the dissolution rate [33]. Studies have been reported on the
improved bioactivity HA doped with trivalent and divalent
cations. Researchers have suggested that the osteoblast
activity is enhanced in the case of trivalent doped HA. The
increase in valence of doped cations improve the bio-
compatibility of the HA ceramics [18–20, 31–34].

The clinical success of an implant depends upon both
stable implant-tissue osteointegration and its mechanical

properties. For remodification of bone, the most important
factor is that the implant should support and improve bone
cell formation. Despite good osseointegration, the implant
should also have improved mechanical properties. Several
studies have been reported on the ionic substitution and its
enhancement of properties [4]. Recent focus on co-
substitution of metal ions in hydroxyapatite improves the
overall performance of the materials [10, 27, 28, 31, 32].
The surface of the implant should give rise to osteo-
conduction by cell viability and differentiation towards
bone cell formation which reconstructs the bone. Before
fixation of the implant in the human body it is most essential
for an in-vitro cell study which includes cell viability and
differentiation (alkaline phosphatase (ALP) activity) which
gives the entire information of the behavior of the implant.
The MG 63 Human osteosarcoma osteoblast cells are used
to analyze the bone cell formation and remodeling features.
In the present study strontium–cerium ions are co-
substituted in FHA and investigated for the physico-
chemical properties and cell parameters, which have sig-
nificantly contributed to the improvement of both mechan-
ical and biological performances.

Sol–gel technique has been used to prepare nanomaterials,
as the partially hydrolyzed gel forms a network which facil-
itates the structure evolution, reduces particle size, and lowers
the processing temperature with excellent chemical homo-
geneity [35–38]. Researchers have reported about substitution
of metal ions in hydroxyapatite which alters either mechan-
ical or biological properties [5–7, 11–27, 33, 34]. This
technical paper is an attempt to investigate the synergetic
effect of both mechanical properties and in-vitro bioactivity
of Sr/Ce co-substituted in FHA. The present work aims to
investigate the influence of Sr2+ and Ce3+ cation co-
substitution in fluorohydroxyapatite using spectral,
mechanical, and biological characterization techniques.
Samples of pure HA, FHA, xSr / yCe-FHA (x= 5–40 mol%
Sr2+ and y= 5–20 mol% Ce3+) [Ca10-x-ySrxCey(PO4)6
(OH)1.5F0.5] with 25% of F− are synthesized. The hardness
and fracture toughness are measured for analyzing
mechanical properties. As the part of bioactivity, the cell
viability and ALP activity are evaluated and analyzed for
improvement in osteoblast performance.

2 Materials and methods

2.1 Fabrication

2.1.1 Pure HA

Hydroxyapatite [Ca10(PO4)6(OH)2] is prepared using ana-
lytical grade chemicals calcium nitrate tetrahydrate [Ca
(NO3)2.4H2O] and orthophosphoric acid (H3PO4) as
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precursors by sol–gel method. A sol is prepared by drop
wise addition of 1.0 M calcium nitrate tetrahydrate solution
with 0.25M orthophosphoric acid (H3PO4) solution so as
Ca/P molar ratio is 1.67. De-ionised water is used as the
solvent for all the solution preparation. In order to obtain the
pH as 10, ammonia solution is added to sol. The sol is aged
after an hour of vigorous stirring and is kept at ambient
temperature for 24 h. The sol when maintained in a tem-
perature of 65 °C in a constant temperature bath transforms
it into a white gel of uniform consistency. The dried gel is
repeatedly washed with deionsed water for the removal of
nitrates. The sample is further heated to 200 °C and
manually ground using mortar and pestle to obtain powder
HA.

2.1.2 Strontium–cerium fluorohydroxyapatites (xSr/yCe-
FHA)

The precursors strontium nitrate [Sr(NO3)2], cerrous (III)
nitrate[Ce(NO3)3] hexahydrate and ammonium fluoride
[NH4F] were used for doping Sr, Ce, and F ions in HA. For
all FHA samples the concentration of fluorine is kept as
25 mol%. The above said procedure is followed for the
preparation of FHA and Sr/Ce-doped FHA of various
concentrations [xSr/5Ce-FHA (x= 5, 15, 40 mol% Sr2+)
and 40Sr/yCe-FHA (y= 5, 10, 20 mol% Ce3+)]. In all cases
(Ca+Sr+Ce)/P molar ratio is maintained as 1.67.

2.2 Sample preparation

To analyze the structure and morphology, the synthesized
powders were calcined at 800 °C for 1 h. To study the
osteoblast response of the synthesized material, the prepared
powder samples were uniaxially cold pressed at 100MPa
into disks of 16 mm diameter, 1 mm thickness. These disks
were sintered at 1200 °C for 2 h at the rate 10°/min and
furnace cooled to room temperature. The Sr/Ce ions
incorporated in FHA disks were subjected to biological
studies such as cell viability and ALP activity.

2.3 Characterizations

2.3.1 Structural studies

The phase composition of the pure HA, FHA, and Sr/Ce-
FHA composites were determined by XPERT PRO Dif-
fractometer with CuKα radiation (40 mA, 40 kV). The scan
range for 2θ was from 10° to 70°at a scan step time 0.05 s.
The HA phase peaks are identified and indexed with stan-
dard data compiled by the JCPDS 09–432 (ICSD #087724).
The phase composition, crystallite size and crystallinity of
xSr/yCe-FHA (with different concentrations x= 5–40mol%
and y= 5–20 mol%) nanoparticles were determined for the

calcined powder. As the (002) Miller plane perpendicular to
c-axis, is sharper and isolated from other HA peaks it is
chosen to calculate the crystallite size and crystallinity using
Eqs. (1) and (2), respectively [31]

Dð002Þ ¼ Kλ

β1=2COSθ
ð1Þ

where D(002) is the crystallite size, λ is the wavelength of
CuKα radiation (λ= 1.542 Å), β1/2 is FWHM for the
diffraction peak under consideration (in radians), θ is the
diffraction angle and K is the broadening constant.

Xc ¼ 0:24
βð002Þ

 !3

ð2Þ

where Xc is the degree of crystallinity and β(002) is the
FWHM of (002) plane.

The lattice parameters such as “a” and “c” of all powders
at different concentrations were calculated by using the Eqs.
(3) and (4) respectively [7];

a ¼ d �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
3 � h2 þ hk þ k2ð Þ

q
For ðhk0Þ planes ð3Þ

c ¼ l� d For 00lð Þ planes ð4Þ

where d is the distance between the planes and (hkl) are
Miller planes.

The presence of the bands in Fourier transform infrared
(FTIR) spectra confirmed the substitution of ions in HA.
The KBr along with the synthesized samples were cold
pressed to pellets in the weight ratio of 1:100. These pellets
were subjected to Perkin Elmer spectrophotometer in the
frequency range 4000–400 cm−1 and analyzed for func-
tional groups.

2.4 Mechanical studies

The microstructures were characterized for morphology and
grain size by field effect scanning electron microscope
FESEM-EDAX (FESEM- Make JEOL, Model-JSM-
6701F).

The micro-hardness of the samples was determined by a
Vickers micro-hardness tester. For the calculation, the fol-
lowing formula was used [39],

Hv ¼ 0:001854
P

d2
ð5Þ

Hv is the Vickers Hardness (GPa); P is the applied load (N);
d is the diagonal indent length (mm).

Fracture toughness of the samples was determined
according to the length of the cracks “C” generated by
the indentations applied during the micro-hardness test.
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The Evans and Charles equation used to calculate the
fracture toughness [41],

when C/a ratio is greater than 3,

K0em1c ¼ 0:0824
P

C1:5
ð6aÞ

If C/a ratio is less than 3 then,

K1c ¼ 0:035
H0:6 E0:4

ϕ0:6

� �
a

C � að Þ0:5
 !

ð6bÞ

K1c is the fracture toughness (MPa
ffiffiffiffi
m

p
); P is the applied

load (N); C is the crack length (m); a is the half length of
diagonal (m); E is the Young’s modulus of the material N/
m2; ϕ is the coefficient related to the material constraint and
the value is 3.

Brittleness index, the combination of hardness and
fracture toughness characterizes the deformation and frac-
ture phenomenon of the solids from metals to ceramics. The
brittle index is calculated as [40],

Brittleness Index ¼ Hv

K1c
ð7Þ

2.5 Cell study

The antitumor assay was performed on osteoblastic cell
lines MG-63 (Human Osteosarcoma cells) obtained from
National Center for Cell Science (NCCS), Pune, India. The
prepared disks of dimensions 16×1 mm were sterilized in
the autoclave at 121 °C for 1 to 4 h before being cultured in
96-well plates to observe cell morphology, cell viability-
cytotoxicity and ALP activity. The assays were performed
in triplicates for each of the samples.

2.5.1 Cell viability

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) tetrazolium (Himedia) reduction assay
used for the analysis of cell viability. Cell culture was
conducted in 96-well plate at 37 °C in a humidified 5% CO2

atmosphere in a standard culture medium containing Dul-
becco’s Minimum Eagle’s medium (DMEM), pH= 7.4 to
5 mg/ml supplemented with 10% bovine serum and 1%
penicillin-G, streptomycin, amphotericin B.Cells were see-
ded on the sterilized pellets in the DMEM medium at a
density of 1 x 104 cells/well and cultured up to 7 days. At
each period (1, 4, and 7 days) the samples were taken out
and removed to a new 24-well tissue cultured plates. The
MTT substrate is prepared in a physiologically balanced
solution, added to cells in culture, usually at a final con-
centration of 0.2–0.5 mg/ml, and incubated for 1 to 4 h. The
formazan was solubilized by acidified 10% (vol/vol) of

isopropanol and DMSO, 40% (vol/vol) of dimethylforma-
mide, 2% (wt/vol) of SDS, and 2% of (vol/ vol) combina-
tions of detergent and organic solvent [41]. The quantity of
formazan (presumably directly proportional to the number
of viable cells) is measured by recording changes in
absorbance at 570 nm using a microplate reading spectro-
photometer (Elx808 absorbance reader). Equation (8) is
utilized to calculate the percentage of cell viability by
comparing the effect of extract on treated cells to the con-
trol. The cell line MG 63 in DMEM without the samples
(untreated) is the control. The untreated (control) after the
first day is compared with the treated first day. Similarly the
comparisons between untreated and treated are done for 4th
and 7th day [41].

% of cell viability ¼ Treated cells group

Untreated cell groupðcontrolÞ � 100

ð8Þ

2.5.2 Differentiation assay (ALP activity)

Intracellular ALP activity is analyzed for 14 days (1, 4, 7,
and 14 day’s interval) to evaluate the functionality of the
cultured cells on Sr/Ce-doped FHA disks. In the colori-
metric assay, using p-nitrophenyl phosphate as substrate,
the ALP was measured for the cultured supernatants.
The released p-nitrophenol was measured spectro-
photometrically at 405 nm absorbance; presumably the
released p-nitrophenol is proportional to the ALP activity.
The 24-well plates were used to seed the MG-63 cells and
treat the cultures with the prepared sample disks. Following
the incubation period the cell free supernatants were col-
lected for ALP assay. The procedures were triplicated and
all the obtained results were compared against control and
pure HA.

2.5.3 Statistical analysis

All data were expressed as mean standard deviation(n= 3)
and statistical analysis were carried out on cellular tests
using one-way analysis of variance followed by t-test (or)
Turkey’s HSD using SPSS program (version 11.5). Differ-
ences were considered statistically significant at p ≤ 0.05.

3 Results and discussion

3.1 Structure and morphology studies

XRD patterns of the calcined powder of pure HA, FHA, and
Sr/Ce-doped FHA are depicted in Fig. 1a–g. The lattice
parameters “a” and “c”, crystallite size and crystallinity of
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the pure and doped apatite samples are tabulated in Table 1.
The peaks identified for pure HA (002), (210), (211), (112),
(300), (202), and (310) confirmed the apatite formation. The
crystallite size and crystallinity was calculated as 47.9 nm
and 2.814. An increase in D002 and Xc is observed for the
partial F− ion substituted HA (FHA) sample. A shift is seen
in the peaks of 2θ was observed and the sharper peaks of
FHA correspond to the increase in Xc. The OH

− groups are
oriented randomly due to a lesser affinity between the
smaller ion H+ and O2− ions and it confers a certain degree
of disorder [12]. In the FHA sample an affinity between
F−ions and O2− ions are greater than the former and results
in a well-ordered apatite structure and crystallinity increa-
ses. The absence of CaO and β-TCP secondary phases
confirms the phase purity of the formed HA and FHA.

The Sr2+ ion (ionic radius—0.118 nm) and Ce3+ ion
(ionic radius—0.101 nm) are co-substituted in the FHA
samples to replace Ca2+(ionic radius—0.100 nm) ion. The
ionic substitution influences the lattice symmetry and
structural characteristics resulting in the shift of peak
intensity towards the lower value of 2θ (Fig. 1). In the case
of higher substitution of Sr2+ (40 mol%) along with Ce3+

influences the lattice symmetry and favors the formation of
beta-TCP phase. At lower concentrations of Sr2+ in samples
5Sr/5Ce-FHA and15Sr/5Ce-FHA, the formation of sec-
ondary phase such as beta-TCP is not distinguishable. The
co-substitution of Ce3+ and Sr2+ to replace Ca2+ creates a
charge imbalance and is compensated by Ca2+ vacancies
which favor the formation of beta-TCP phase [34]. As Ce3+

concentration increases, the peak intensity is shifted towards

the lower 2θ value and this not only favors beta-TCP phase
but also gives rise to an additional CeO phase. The presence
of the peaks related to the beta-TCP and CeO confirms the
phase formation (Fig. 1). It is reported that the solubility of
TCP is more when compared with HA [42].

The 5 mol% each of Sr2+ and Ce3+ ion in FHA has
decreased the crystallite size and crystallinity. As the ionic
radius of Sr2+ is greater than Ce3+ the increase in Sr2+

concentration from 5 to 40 mol% has shown an increase in
crystallite size and lattice parameters. The electro negativity
of Ca2+ (0.99) is close to Sr2+ (0.95) and Ce3+ (1.04)
giving rise a stable apatite structure with the doping con-
centration. Greater the electric charge of ions, greater would
be the lattice energy influencing the stability of the crystal
structure [28, 33]. The crystallite size decreases upon
increasing the Ce3+ content. Ce3+ has more electric charge
than Ca2+ which is replaced. A stability is achieved on
doping Ce3+ ions and during nucleation more nuclei is
formed which leads to decrease in crystal size. Also the
ionic radius of Sr2+ and Ce3+ are slightly greater than Ca2+

which blocks the crystal growth and reduces the crystallite
size. The drastic decrease in crystallinity on the Sr2+ con-
tent was observed and it agrees with the literature. Along
with peak broadening the decrease in intensity of (300) peak
is also observed for higher concentration of dopants (40%
Sr2+ and 10, 20 % Ce3+) leading to decrease in crystallinity
[43].

The ten of calcium atoms of HA (Ca10(PO4)6(OH)2) are
arranged in such a way, that four are at Ca(I) site aligned in
column surrounded by nine oxygen atoms. The other six are
arranged in equilateral triangle at Ca(II) site each sur-
rounded by seven oxygen atoms. The dopant metal ions
have the tendency of occupying both Ca(I) and Ca(II) sites.
Recent study have revealed the preferential occupancy of
Ca(I) site for lower concentration of dopant ions. As the
concentration exceeds 10 mol% the Ca(II) site is also
occupied. The occupancy of Ca(I) and Ca(II) site leads to
increase in lattice parameters “a” and “c” which is in
agreement with literature [44]. Moreover Ce3+ doping
influences the growth along c-axis with increase in “c”
parameter and is evident from the Table 1 [33]. This pre-
ferably suggests that occupancy of co-substitution of Sr2+

and Ce3+ ions favors Ca (II) site for higher concentrations.
A structural strain is evident from the peak broadening
caused by the incorporation of larger ions in FHA and
further the shift of 2θ confirms the efficient incorporation of
Sr2+ and Ce3+ ions in the FHA structure.

The FESEM micrographs reveal the morphology and
composition of the entire samples with EDAX analysis as
shown in Fig. 2a–g and Table 2. It is evident from the
morphology study that the obtained particles by sol-gel
method are nanoparticles. Spherical shaped particles were
observed for HA, FHA and their size ranged from 100 to

Fig. 1 XRD patterns of HA, FHA, and Sr/Ce-doped FHA samples.
HA hydroxyapatite, β-TCP beta tricalcium phosphate, CeO cerium
oxide
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110 nm, 90 to 120 nm respectively. As the concentration of
Sr2+ increased from 5 to 40 mol% (xSr/5Ce-FHA, x=
5–40 mol% Sr) the spherical agglomerated particles
increased in size to 100–150 nm (Fig. 2). The increase in
concentration of Ce3+ (40Sr/yCe-FHA, y= 10, 20 mol%
Ce), has resulted in elongated particles, as cerium ions
promote the growth of the crystallites along c-axis. The
obtained XRD pattern and the FESEM studies confirm the
above result [33]. The length and breadth of the particle are
nearly 100 and 20 nm respectively which resembles a short
rod as shown in Fig. 2.

3.2 FT-IR spectral studies

The FT-IR spectrum revealed major phosphate and hydro-
xyl peaks related to HA and is shown in Fig. 3a. The
additional features unique to FHA and Sr/Ce-doped FHA
are also observed in the studies (Fig. 3b–g).

The phosphate bands (PO4
3−) exhibited by pure HA are

bending vibration (ν2)O–P–O at 472 cm−1, bending vibra-
tion (ν4) O–P–O at 568 and 602 cm−1, asymmetric
stretching (ν1) at 1040 and 1092 cm−1 indicating the for-
mation of pure HA phase. The peak 633 cm−1 is attributed
to OH− liberation and 1614 cm−1 represents bending
vibration of water. The broad and an extended band from
2900 to 3600 cm−1 represents the stretching modes of
hydrogen bonded H2O molecules [45].

The presence of the peak around 720–740 cm−1 is
attributed for the incorporation of fluoride ions in HA lattice
[46]. In Fig. 3b the peak at 718 cm−1 is the evidence for
addition of F− ions into HA structure. The decrease in
intensity of hydroxyl group at 633 cm−1 and the presence of
the band at 3538 cm−1 confirms the formation of OH–F
bond [10].

On co-substituting Sr/Ce in FHA, and when the con-
centration of Sr2+ ion increases from 5 to 40% a shift of
phosphate peaks were observed. The peak at 571 cm−1

shifts towards lower frequency 568 cm−1 and similarly the

peak at 604 shifts to 600 cm−1. These shifts are attributed to
the effective incorporation of Sr2+ ions. The substituted
cation has increased dimensions which results in anion-
anion separation [44, 47–49]. The shifting of 633 cm−1

towards lower frequency 569 cm−1 on increasing the cation
concentration is ascribed to the incorporation of larger ionic
radius (Sr2+ and Ce3+ replacing Ca2+) in the lattice [50]. A
similar shift of OH− peaks and intensity decrease are
reported in case of divalent substitution in HA lattice [48].
The band at 3435 cm−1 is attributed to the stretching of
metal—OH bond. As Sr2+ and Ce3+ ion of greater ionic
radius are co-substituted a shift from
3435 cm−1 to 3429 cm−1 was observed. Structural stability
of Sr/Ce-FHA samples is confirmed by the absence of
broadening of phosphate bands [28].

3.3 Mechanical studies

Vickers microhardness (Hv), fracture toughness (K1c) and
brittleness index (B.I) of pure HA and Sr/Ce-FHA samples
are calculated using Eqs. 5, 6a, 6b, and 7 and are tabulated
in Table 2. The corresponding microstructures are shown by
the FESEM micrographs in Fig. 4. The value of Pure HA
was found to be 4.15± 0.21 GPa. Addition of F− has
slightly increased the microhardness to 4.68± 0.30 GPa.
Fracture toughness of pure HA and FHA was found to be
0.66MPa m1/2 and 0.94MPa m1/2 respectively. The pure
HA shows small, loosely packed grains with pores of size
1–1.5 μm. Similar microhardness and fracture toughness
results were reported for pure HA [12, 40]. The micro-
structure of F− addition has shown the grain size of range
0.7–1.2 μm. The affinity between metal ion and F−/OH−

has increased the compactness with some pores and thus
increases Hv and K1c value [10].

The addition of Sr content from 5 to 40% increases Hv

and K1c to 5.85± 0.12 GPa and 1.36± 0.05MPa m1/2

respectively and is shown in Table 3. The Sr/Ce dopant in
FHA has decreased the grain size. The grain size of the

Table 1 Lattice parameters, crystallite size and crystallinity

Sample name Lattice
parameters in Å

Volume in Å3 Difference in lattice parameters
and volume

Crystallite size
D002 in nm

Crystallinity
Xc

a= b c Δa in Å Δc in Å ΔV in Å3

Pure HA -HA 9.436 6.887 531.1 — — — 47.9 2.814

FHA -FHA 9.444 6.892 532.7 0.008 0.005 1.60 60.5 4.342

5Sr/5Ce-FHA -SC1 9.560 6.910 546.9 0.124 0.023 15.80 55.3 3.573

15Sr/5Ce-FHA -SC2 9.562 6.928 548.5 0.126 0.041 17.4 57.3 2.813

40Sr/5Ce-FHA -SC3 9.573 7.011 556.3 0.137 0.124 25.2 65.4 1.813

40Sr/10Ce-FHA-SC4 9.541 7.052 555.9 0.105 0.165 24.8 13.1 0.067

40Sr/20Ce-FHA-SC5 9.472 7.063 548.7 0.036 0.176 17.6 20.7 0.226
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samples15Sr/5Ce-FHA and 40Sr/5Ce-FHA decreases to
0.69 and 0.58 μm, respectively and their sintered density
also increases which closes the pores in these samples. The
grain size and morphology influences the Hv and K1c value.
Decrease of grain size has improved the Hv and K1c value
for better mechanical strength, as smaller grains do not

favor crack propagation. The FESEM micrograph (Fig. 4d,
e) shows compact grains without pores as well plate-like
morphology on Sr/Ce co-substitution. The addition of Sr/Ce
has favored the reduction of grain size. Along with coarse
grains, fine grains of 0.16 μm are also seen which are due to
the secondary phase’s beta-TCP and CeO, while the XRD is

(c)(a) (b)

(d) (e) (f)

(g)

200 nm 200 nm 200 nm

200 nm 200 nm 200 nm

200 nm

Fig. 2 a–g FESEM micrographs of HA, FHA, and Sr/Ce-doped FHA. a Pure HA, b FHA, c 5Sr/5Ce-FHA, d 15Sr/5Ce-FHA, e 40Sr/5Ce-FHA, f
40Sr/10Ce-FHA, g 40Sr/20Ce-FHA
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also consistent with the phase formation. These fine grains
increase with the increase of Ce content to 10 and 20% and
are visible in the grain boundary in Fig. 4e–g. The fine CeO
phases found in between the grains change the grain pattern
giving rise to interconnected pores of size 1–1.2 μm. This
decreases the mechanical strength of the material.

Hardness and fracture toughness are the parameters
which characterizes the deformation and fracture phenom-
enon in ceramics. Brittle index (BI) is the ratio of hardness
and fracture toughness which analyze the material for
mechanical strength The decrease in BI favors the
mechanical strength of the material [40]. The pure HA and
FHA has the Brittleness Index as 6.30± 0.25 and 5.0±
0.10 μm−0.5 respectively while the co-substitution of Sr/Ce
in FHA (40Sr/5Ce-FHA) has a lower BI as
4.30± 0.07 μm−0.5.

3.4 Cell viability

Figure 5a–h shows the cell viability (MTT assay) of MG-63
osteoblast cells with Sr/Ce in FHA for 7th day along with
the positive control and HA. The optical density in micro-
plate reader is recorded with 570 nm wavelength and is
proportional to the number of cells formed.

The percentage of cell viability was calculated using the
Eq. (8). Figure 6 shows the graphical representation of the
cell viability for concentrations on 1st, 4th, and 7th days and
is compared with positive control and HA.

Studies have reported that increase in the valence of the
doped cations can improve the biocompatibility [10, 15–17,
26]. Webster et al has concluded trivalent doped apatite
showed better cell adherence to the surfaces than divalent
dopants [19]. The bone forming cells are also dependent on
resorption of the HA, while literature has proved the for-
mation of beta-TCP phase is proportional to resorption [15–
17, 26, 42].

No significant differences were observed in cell mor-
phology for all concentrations of Sr/Ce ions. It is evident
from Fig. 6 that the cells grew favorably and has spread

over the sample disks. The observed cells were flattened
with their filapodium and lamellipodium suggesting
improved cell viability due to co-substitution of Sr/Ce in
FHA. Cell viability was found to increase with time in
culture for variable doses of Sr2+ and Ce3+ in FHA. In all
the tested samples no down regulation was observed which
also confirms there is no cytotoxic effect (Fig. 6). The cell
viability of HA and FHA also increased with time and
recorded a positive regulation.

Co-substitution of Sr2+ and Ce3+ has exhibited the beta-
TCP phase confirming the resorption which in turn influ-
ences the bone cell formation. As the Sr2+ content increased
from 5 to 15 % an elevation in the cell viability was
observed. Cell viability from day1 to 4 is sustained, while a
greater proliferation occurs between 4 and 7th day resulting
in an increased osteoblast formation which was also in
agreement with literature [18]. The percentage of cell via-
bility for 15Sr/5Ce-FHA (SC-2) was higher over all the
other samples and a maximum cell density was observed for
this sample. This may be attributed to controlled and con-
tinuous release of ions which has significantly improved the
osteogenic cell response. The rapid release due to higher
concentration of dopants decreases the osteoblastic activity
[10, 16, 18, 19]. The presence of optimum concentration of
Sr2+ with Ce3+ in SC-2, has favored the osteoblast.

The release of Sr2+ in the environment does not always
provoke the osteoblasts, as higher concentration of dopants
results in gradual decrease of osteoblast activity [13, 18]. It
is evident that the concentration variation distorts the lattice
and develops a secondary phase such as beta-TCP and
cerium oxide phase. Collectively, higher concentration of

Fig. 3 a–g. FT-IR of the HA, FHA and doped FHA samples

Table 2 EDAX- mole fraction of elements

Sample name Mole fraction of elements

Ca P Sr Ce F

HA 0.977 0.532 – – –

FHA 0.970 0.571 – – –

5Sr/5Ce-FHA 0.894 0.595 0.032 0.053 0.048

15Sr/5Ce-FHA 0.760 0.487 0.171 0.055 0.045

40Sr/5Ce-FHA 0.440 0.424 0.295 0.052 0.048

40Sr/10Ce-FHA 0.430 0.411 0.286 0.183 0.049

40Sr/20Ce-FHA 0.406 0.411 0.289 0.212 0.048
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(a) (b)

(c) (d) 

(e) (f) 

(g) 

Fig. 4 a–g Microstructures of
pure HA and Sr/Ce-FHA. a HA,
b FHA, c 5Sr/5Ce-FHA-SC1, d
15Sr/5Ce-FHA-SC2, e 40Sr/
5Ce-FHA-SC3, f 40Sr/10Ce-
FHA- SC4, g 40Sr/20Ce-FHA-
SC5
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Sr2+ along with Ce3+ (SC3, SC4, and SC5) inhibits the cell
proliferation when compared to control. The decrease in cell
viability percentage for higher dopant concentration would
be due to biodegradability developed by the beta-TCP and
cerium oxide phase.

3.5 ALP activity

The early differentiation marker, ALP activity, is associated
with calcification, enhancement of mineralization and
enrichment of inorganic phosphate, one of the important
components of mineral phase of the bone. The early dif-
ferentiation marker, release of Sr2+ ion in the fluid,
increases the ionic activity followed by induced fluorohy-
droxyapatite precipitation. The Sr2+ induces the cell meta-
bolism resulting in the formation of protein matrix, the
fibrous tissue and the precipitated fluorohydroxyapatite is
embedded with it [18–20]. Many researchers have reported
on ALP activity for SrHA [13–21]. Researchers have also
reported that, the addition of Ce3+ into apatite has the
antibacterial activity [32–34]. The present study suggests
the improvement of ALP activity due to the co-substitution
of Sr/Ce ions in FHA.

Figure 7 shows that the ALP activity of MG63 cells on
Sr/Ce- FHA disks for 14 days and is compared with control
and HA. All the samples till 7th day showed a positive
regulation of ALP activity and they were consistent.

A moderate ALP activity was marked for HA and FHA.
The ALP activity of 5Sr/5Ce-FHA (SC 1) sample showed
no noticeable variation from 1st to 14th day. Webster [19]
has reported, the divalent doped HA ceramics, experiences a
greater osteoblast activity during later days compared to
earlier days and a trivalent doped shows appreciable
osteoblast activity only in early days. A significant change
of ALP levels was exhibited by the sample 15Sr/5Ce-FHA
(SC 2) which promotes cell differentiation. Though a
moderate level of ALP was seen till 7th day, from 7 to 14th
day, an excellent improvement in ALP activity was speci-
fically recorded only for sample 15Sr/5Ce-FHA (SC 2),
which agreed with the literature. Increased solubility of
FHA samples may be due to the presence of beta-TCP
phase and thereby the precipitation of inorganic phosphate
has resulted with improved ALP activity [42]. Even though
a positive regulation of ALP activity was observed for
higher concentration of Ce3+ (40Sr/10Ce-FHA (SC4) and
40Sr/20Ce-FHA (SC5)), the activity for 14th day compared
to samples 15Sr/5Ce-FHA and 40Sr/5Ce-FHA shows a
down regulation. Higher concentration of Ce3+ (10–20%)
would rapidly increase the solubility of Sr/Ce co-substituted
FHA, which reduces the early differentiation.

The present study reveals the Sr2+ with Ce3+ co-
substituted samples 15Sr/5Ce-FHA (SC2) and 40Sr/5Ce-
FHA (SC3) have exhibited a prominent ALP activity and T
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stimulates the cell differentiation. Thus, the ALP activity for
the sample 15Sr/5Ce-FHA (SC2) follows the cell viability
and highlights the biological performance.

4 Conclusion

● Sol–gel derived Sr2+ /Ce3+ co-substitution of FHA has
resulted significant improvement in mechanical and
biological properties.

● The XRD and FT-IR patterns confirm the co-substitution
of Sr2+ and Ce3+ in the crystal structure.

● The samples 15Sr/5Ce-FHA and 40Sr/5Ce-FHA have
higher hardness (Hv) value than HA and also the fracture

toughness K1c has increased to twice of HA.
● The samples subjected to analysis of biocompatibility,

percentage of cell viability and ALP activity was found
to exhibit an improved osteoblast cell response.

● Incorporation of Sr2+ and Ce3+ in FHA samples favored
the formation beta-TCP phase which increases the
solubility of FHA. This increase in solubility improves
bioactivity by the release of ions and is confirmed by the
ALP activity of the sample 15Sr/5Ce-FHA (SC2).

● Sr2+ with Ce3+ co-substituted FHA improves the
osteoblast cell response. The samples 15Sr/5Ce-FHA
and 40Sr/5Ce-FHA has resulted in improved mechanical
properties and bioactivity which may accelerate bone
formation and could be used for various biomedical
applications.
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Fig. 7 The ALP activity of Pure HA and doped Sr/Ce-FHA. Data=
Mean± SD; n= 3, *p ≤ 0.05, ^p< 0.1 compared to control
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SD; n= 3, *p ≤ 0.05, ^p< 0.1 compared to control

Fig. 5 a–h Cells cultured on the sample pellets shows the cell viability after 7days with control. a Control, b Pure HA, c FHA, d 5Sr/5Ce-FHA
(SC1), e 15Sr/5Ce-FHA(SC2), f 40Sr/5Ce-FHA (SC3), g 40Sr/10Ce-FHA(SC4), h 40Sr/20Ce-FHA(SC5)
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