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Abstract

Biocompatible materials based on hydroxyapatite are potentially attractive for a wide range of medical applications. The effect of aluminium
substitution on the biocompatibility of hydroxyapatite (HA) under the physiochemical conditions has been investigated. Various samples of
aluminium doped hydroxyapatite (Al-HA) with different concentration (0. 0.5, 1.0, 1.5, 2.0, 2.5 mol%) were successfully synthesised by solution
combustion method and characterized by X-ray Diffraction (XRD), Transmission Electron Microscopy (TEM), and Scanning Electron
Microscopy (SEM), and thermal analysis technique. XRD and TEM results reveal uniform and crystalline nature of Al-HA nanoparticles. The
biocompatibility of the Al-HA nanoparticles was studied using L1929 cell lines by MTT assays up to 24 h. These Al-HA nanoparticles are
biocompatible on cell lines L.929 and do not have toxic effects for further possible in vive applications. The results of these studies confirmed the
biocompatibility of Al-HA and demonstrated the suitability for biomedical applications. The present work reveals the importance of structural,

morphological, biocompatible properties of AI-HA nanoparticles and predicts the suitability for biomedical applications.

© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Sol—gel processes; Nanocomposites; Apatite; Biomedical applications

1. Introduction

Calcium orthophosphate based inorganic biomaterials have a
wide range of biomedical applications [1,2]. Among them,
hydroxyapatite (HA) is one of the most promising inorganic
biomaterials. HA is the principal mineral constituents of natural
bones and teeth [3]. The bioactive ceramics HA [Ca p(PO4)s(OH)-]
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is able to bond with living tissues and one of the most attractive
calcium phosphates due to its medical applications. HA has
become one of the most important bioceramic materials for
artificial bone owning to its excellent biocompatibility and surface
active properties with living tissues [4,5]. Since 1980, HA has been
commercially used as a coating on metallic implants. An ideal
bone implant should be osteoinductive, resorbable and easy to
shape, and possessing adequate mechanical properties. Therefore,
artificial HA is widely applicable in the field of bone tissue
engineering [6,7]. Restoration of loosed bone, maxillofacial
reconstruction, spinal surgery and bone repair after tumour surgery
are some applications of HA in orthopaedics and dentistry [8-10].
Recent research reported that HA nanoparticles can retard the
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growth of cancer cells [11]. However, synthetic pure HA has
certain inferior properties such as poor mechanical properties, a
high degree of crystallinity and higher structural stability. This
results in a low rate of biodegradation causing a poor response as
an orthopaedic implant material [12—14].

Metal doping in HA for biomedical applications has gained
lot of attention because of the high stability and flexibility of
apatite structure, a great number of cationic substitution area of
potential application in the biomedical field [15-17]. The HA
structure is so tolerant to ionic substitutions hence, Ca sites can
be replaced by various divalent (Ca>*Mg®" Sr*+.Cd*",
Pb’*and Ba’") [18-24] and trivalent cations (A", Fe’™)
[25]. Tt is well known that metal ions doping in HA can
influence the biomedical properties of the HA by improving its
biocompatibility. Replacement of Ca ions by other cations can
lead to contraction or expansion of the lattice parameters,
depending upon ionic size. Copper and zinc-doped HA
nanomaterials exhibited viable cells reduction ability for a
for a wide range of microorganisms [26].

The synthetic HA is not suitable for bone implant in load
bearing applications, due to its lack of strength and brittleness.
In addition to this, a high degree of crystallinity results in
reduced degradability of pure HA when it is implanted into the
organ [27]. In order to overcome these limitations, HA is
doped with various metals such as strontium [28], manganese
[29], magnesium[30,31], ttanium [32] and zinc [33] to
improve its mechanical strength. It is reported that minerals
and traces of metal elements accelerate bone formation and
resorption on bone cells in vive and in-vitro [28,34].

HA is associated with minor groups and elements (e.g.
CO3~, HPO7 ~, Na, Mg”") and trace elements (e.g. Sr*™,
K™, Cl-, Al**and F~), some of them at mg L™ " level [35].
A bio inert ceramics such as alumina is used as load-bearing
articulating material specifically designed with mechanical and
biocompatible properties. [36].

The synthesis of HA have been carried out using various
methods such as sol-gel process [2], emulsion and micro-
emulsion [37], co-precipitation [38], microwave irradiation
[39], ete. The nanoparticles obtained from sol-gel method
generally contains sol-gel matrix components at the surfaces
of particles which alter the structural and magnetic properties
of the material [40]. The combustion technique has also been
employed for the synthesis of HA nanoparticles in the
biomedical field to overcome the disadvantages mentioned
above [38]. Short duration process and the formation of
various gases during combustion inhibits particle size growth
and favours the synthesis of nanosize materials with the high
specific surface area.

In the present investigation, nanocrystalline HA was pre-
pared by a facile combustion method. This work aims to study
the effect of aluminium on the bioactivity of nanocrystalline
HA under the physiological conditions. The cytotoxicity
assessments have been carried out to evaluate the biocompat-
ibility of nanocrystalline HA and Al-HA with different
concentration. Cytotoxicity of the prepared material has been
studied by utilising L929 (mouse Fibroblast) cell line for 12
and 24 h. For this, trypan blue dye exclusion (TBDE) and

MTT assays were performed to identify the possible toxicity of
nanoparticles.

2. Experimental
2.1. Materials

Calcium nitrate tetrahydrate and di-Ammonium hydrogen
orthophosphate were purchased from Sigma-Aldrich and
aluminium nitrate were purchased from Thomas Baker. All
chemicals used here were of analytical grade and used without
further purification.

2.2. Synthesis of Al-doped hydroxyapatite

Al-doped hydroxyapatite (Al-HA) with different concentra-
tion (0, 0.5, 1.0, 1.5, 2.0, 2.5 mol%) were prepared by
modifying solution combustion method reported previously
[41]. For this, polyvinyl alcohol (PVA) was used as a fuel. In
brief, the stoichiometric amounts of the nitrate precursors Ca
(NO3)2'4H,0, Al (NO3)3'9H;O0 and phosphate precursor
(NH4)>HPO, were dissolved in double distilled water to form
the solution of 0.1 M. The equimolar solution of PVA was
prepared in double distilled water. The mixture of oxidants and
fuel was placed onto a magnetic stirrer for 30 mins to get
uniform mixing. Evaporation of water to form a gel of
precursors was carmried out at 100 °C and then the gel was
heated at 300 °C to obtain a powder. The obtained powder of
Al-HA was then annealed at 950 “C for 6 h to remove carbon
residues and then used for further analysis. The dried mixture
possesses the characteristics of combustion and can be ignited
to start combustion reaction using muffle fumace. Various Al-
doped hydroxyapatite samples containing Al content 0, 0.5,
1.0, 1.5, 2.0, 2.5 mol % were denoted as HA, Al-HA-1, Al-
HA-2, Al-HA-3, Al-HA-4, Al-HA-5, respectively.

2.3. Characterisations

2.3.1. Structural and morphological studies

The structural and morphological studies of the samples
were studied using X-ray Diffractometer (XRD), Fourier
Transform Infrared spectroscopy (FTIR), Transmission Elec-
tron Microscopy (TEM) and Scanning Electron Microscopy.
Phase identification and structural analysis of Al-HA were
studied using X-ray diffraction (Philip-3710) with Cu-Ka
radiation in the 20 range from 10° to 80°. The pattern were
analysed by X-pert high score plus software and compared
with the Joint Committee on Powder Diffraction Standards
(JCPDS) (JCDPS card no. 01-074-0565 and 01-075-0278).
The surface morphology and particles sizes of the AI-HA were
determined by using transmission electron microscope (Philips
CM 200 model) with an operating voltage of 20-200 kV and a
resolution of 2.4 A. The compositional analysis was done by
energy dispersive spectroscopy (EDS, JEOL JSM 6360). A
Perkin-Elmer spectrometer (Model no. 783 USA) was used to
obtain FTIR spectra of Al-HA samples in the range of 450 to
4000 cm ™! using KBr pellets.



5306 T.V. Kolekar et al. / Ceramics International 42 (2016) 5304-5311

2.4. Biocompatibility study

2.4.1. Cell culture

In vitro cytotoxicity of nanocrystalline Al-HA was carried
out by using MTT assay on L929 (mouse fibroblast) cell lines
obtained from National Centre for Cell Sciences, Pune (India)
while toxicity study was camried out at National Toxicology
Centre Pune (ISO 10993/USP 32 NF 27). The 1.929 cells were
grown in DMEM (Dulbecco’s modified Eagle’s medium)
supplemented with 10% (v/v) foetal bovine serum, kanamycin
(0.1 mg/mL), penicillin G (100 U/mL), and sodium bicarbo-
nate (1.5 mgmL ™~ ') at 37 °C in a 5% CO, atmosphere. MTT
assays were used for cytotoxicity study.

2.4.2. MTT assay

The details of MTT assay to test cytotoxicity of various
nanomaterials have been reported in our recent reports [41-43].
In brief, the L929 cells were incubated with the concentration of
2 x 10° cells mL~" in the respective medium for 24 h in a 96-
well microtiter plate. After 24 h, the old media was replaced by
fresh media and different proportions of sterile Al-HA (0.01,
005, 0.1, 0.2, 04, 06, 0.8 and 1 mg/mL of culture media).
Then the total medium was incubated at 37 °C in a 5% CO»
atmosphere for 12 and 24 h. After 12 and 24 h, the 10 pLL MTT
solution was added into each well including control wells. The
plates were incubated for 3 h at 37 °C in a 5% CO; atmosphere
for metabolization of MTT with the nanoparticles and cell
media. Then the total medium was removed by flicking the
plates and only anchored cells remained in the wells. The cells
were then washed with PBS and formed formazan was extracted
in 200 pL acidic isopropanol. Finally, absorbance was recorded
at 570 nm and the cell viability was calculated. The experiments
were replicated three times and the data was graphically
presented as mean + SD. The relative cell viability (%) com-
pared with control well containing cells without nanoparticles
are calculated by the equation:

Relative cell \"iﬂbi]i[y(%l} = [A(i.b.!'m'bmrcc']fu_\'fe\d/[A(fbs‘oJ'b(m('e']conrrof x 100+

)

3. Results and discussion
3.1. Thermogravimetric analysis

TGA curve of pure HA and the representative Al-HA-5 are
shown in Fig. 1. In TGA curve, four different stages were
observed during the total weight loss. The first stage of weight
loss is in between room temperature to 230 °C, which is due to
the loss of physically adsorbed water. The second stage of
weight loss is from 230 to 430 °C and this is due to loss of
chemisorbed water, organic groups and solvent attached to the
sample. The third stage is from 430 to 830 °C, and above
830 °C the weight loss is less than 0.65%. Taking into
consideration of TGA studies, all the samples are calcinated
at 950 °C for their further characterisation.
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Fig. 1. TGA pattern of pure HA and HA-Al-5 nanoparticles.
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Fig. 2. XRD patterns of pure HA and Al-HA nanoparticles.
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3.2. XRD analysis

XRD pattems of the pure HA and Al-HA samples are shown
in Fig. 2. The main phase in all samples was identified as
hydroxyapatite (JCDPS no. 01-074-0565) while the secondary
phases of Al (JCDPS no. 01-083-2081) was observed for
doped samples with small extent. HA showing a hexagonal
structure with space group P63/m. It can be seen that, the
lattice parameters of the prepared samples are in excellent
agreement with standard data a=9.4240 A, ¢=6.8790 A and
a=4.7180 A, c=12.8180 A for HA and Al-HA, respectively.
Gaussian fit of the most intense peak (211) was used to
calculate the full width at half maxima for the determination of
crystallite size (D) by using the Scherrer equation:

0.94
~ Pcosl

where D is the crystallite size, 4 is the wavelength of Cu-Ka
radiations (1=1.5405A), 6 is the corresponding Braggs
diffraction angle and f is full width at half maxima of the
most intense peak (211). The average crystallite sizes of HA
and AI-HA were found to be 34.50nm and 32.42 nm,
respectively.
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Fig. 3. SEM images of (a) pure HA, (b) Al-HA-1, (c) Al-HA-2, (d) Al-HA-3, (e) Al-HA-4, and (f) Al-HA-5.

3.3. SEM analysis

SEM technique was used to observe and analyse the
microstructure, agglomeration and grain sizes of Al-HA.
SEM micrographs of HA and Al-HA samples are depicted in
Fig. 3. SEM micrographs of samples are shown similar
agglomerates that are consisting of fine crystallites and small
size. It has been reported that crystal size distribution of bone
plays an important role in bone fracture [37].

The EDS spectra was used for quantitative elemental analysis
of the HA and Al-HA samples. Fig. 4 shows EDS spectra of HA
and a representative Al-HA sample. The EDS spectra indicate
that samples are consistent with their elemental signals and
stoichiometry is as expected. In the case of pure HA, the
cormresponding peaks are due to the presence of calcium (Ca),
phosphor (P), and oxygen (O) while for AI-HA samples the
observed peaks corresponds with aluminium (Al), calcium (Ca),
phosphor (P), oxygen (O). This implies that the prepared samples
are pure in nature. The elemental composition estimated from
EDS analysis is tabulated in Table 1.

The Ca/P atomic ratios for pure HA is 1.66 which is in close
agreement with the standard 1.67. The Ca/P atomic ratios
(1.47, 1.49, 1.45.1.42, 1.38) for Al-HA samples are little
smaller than that of the standard. It is observed that there is a
decrease in Ca/P atomic ratio in the Al-HA samples. This can
be attributed due to the proper substitution of Ca with metal
ion during the preparation process. The larger multivalent ions
can be effectively removed than smaller ions [44]. It has been
found that Ca deficient apatite (Ca/P atomic ratios between
1.33 & 1.55) could be very beneficial to the formation of new
bone in vivo [45]. Thus, Al-doped HA could be beneficial for
the formation of new bone in vive.

3.4. TEM analysis

The particles size of HA and Al-HA were estimated from
TEM analysis. Fig. 5 shows TEM micrographs of HA and Al-
HA-5. The HA nanoparticles were a cylindrical rod-like shape
with homogeneous microstructure, around 100 nm in diameter
and several particles seem to aggregates. However, the particle
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Fig. 4. EDS spectrum of (a) pure HA, (b) Al-HA-1, (c) Al-HA-2, (d) AL-HA-3, (e) Al-HA-4, and (f) Al-HA-5.

sizes of Al-HA-5 were found to be in the range of 100 nm and
decreased significantly with the existence of Al element. The
diameters of particles are slightly larger than the observed
crystallite sizes calculated from XRD, due to the presence of
noncrystalline surface layers as well as high calcination
temperature (950 °C) which causes the grain growth. The
corresponding SAED pattern (inset of Fig. 5(a) and (b)) shows
bright ring patterns indicating the polycrystalline nature of
nanoparticles which is in good agreement with XRD results.

3.5. Cytotoxicity Study

The cytotoxicity study of HA and Al-HA nanoparticles were
carried out on L929 cell lines with different concentrations and
with varying incubation time. The obtained data is depicted in
Fig. 6(a—d). The L929 cell lines were incubated with HA, Al-
HA-1, Al-HA-3, AI-HA-5 nanoparticles for 12h and 24 h,
respectively with the concentration of 0.2, 0.4, 0.6, 0.8, and
I mgmL~" at 37°C in a 5% CO, atmosphere. The relative
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cell viability (%) compared with a control well containing cells
without nanoparticles are calculated by the equation:

Relative cell viability("0) = [A],,sea/[A) comror % 100 (3)

The cell cytotoxicity study of HA and Ag-HA against L929
cell lines for 24 h reported by Shi et al. [46] and they found
that OD values directly proportional to cell viability with
regard to the concentration of nanoparticles (50-1000 pg/mL)
and very low cell viability of nanoparticles on cells. In the
present study, we have evaluated cytotoxicity of developed
composite scaffold on L929 cells and study confirm non-
toxicity behaviour on the 1.929 cells after 24 h incubation and
reveals excellent cytocompatibility (Fig.6a—d). The low extract
concentration up to 25% show very less cytotoxicity, whereas
higher extract concentration induces slight toxic effect to L929
cells compared to positive control [47,48]. From cell cytotoxi-
city data, it was found that the cell viability gradually
decreases with increasing concentration and incubation time
of nanoparticles in all four samples. The reported study
indicates that cytotoxicity may increase with decreasing the
grain sizes since the cellular inflammatory reaction is generally
enhanced by endocytosis when the particle size decreases in
the range of 100 nm [49]. As compared with the previous
study, the result obtained in the present investigation clearly
show very low cytotoxicity on L929 cell lines.

Metanawin et al. reported that when any healthy cells are
treated with the nanoparticles, the presence of nanoparticles on

Table 1
Elemental composition of HA and Al-HA nanoparticles.

Sample Atomic % composition
Al Ca P 0

HA - 3233 19.52 48.15
Al-HA-1 092 28.13 19.03 51.92
Al-HA-2 1.95 26.09 17.47 54.49
AlFHA-3 327 23.12 15.93 57.68
Al-HA4 448 21.90 15.33 58.29
Al-HA-5 6.07 19.61 14.11 60.21

the cell surface affects the plasma membrane (not directly
microtubule or nucleus of the cell) over a period of time and
causes the lysis of the cell. After the removing of nanoparticles
from the cell surface, cells are stained with MTT (3-(4.5-
dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide). The
MTT enters the cell and passes into the mitochondria where
it is reduced to an insoluble, coloured (dark purple) formazan
product because viable cells reduce the yellow tetrazolium salt
to a blue/purple dye [50]. The cells are then solubilized with an
organic solvent (e.g. isopropanol) and the released solubilized
formazan is measured spectrophotometrically. Since the reduc-
tion of MTT can only occur in metabolic active cells, the level
of activity is a measure of the viability of the cells.

Two factors should play important roles for the cell
viability. One is the grain size and the other is their chemical
stability. The particle intake by the cells is indirectly propor-
tional to its size; as compared to larger size particles the lower
size particles have an efficient interfacial interaction with the
cell membrane. The sizes of nanoparticles no longer play an
influencing key role in the cytotoxicity and there may be a
limit beyond that cytotoxicity of the nanoparticles which is not
influenced by its size. The Al-HA nanoparticles were smaller
in size compared to pure HA nanoparticles hence significantly
low cytotoxicity was observed. It is obvious due to the two
reasons, (i) small size particles have smaller mass concentra-
tion and total surface area than the large particles and (ii) the
effective interaction area of large nanoparticles on the cell is
always greater than the small particles. Thus, the large particles
exert a stronger stimulus on the cell surface and results in the
reduction of cell viability [51,52].

From the biocompatibility study, it can be seen that there
was no drastic change in the cytotoxicity of HA and Al-HA
nanoparticles. This is attributed to a relatively small difference
in the particle size with the change composition (Ca/P ratio).
The results obtained from cytotoxicity experiments show better
biocompatibility of pure-HA and Al-HA nanoparticles with a
concentration up to 1 mg mL ™', The preliminary cytotoxicity
study on L.929 cells of HA and Al-HA nanoparticles synthe-
sised by solution combustion technique, here confirmed that

Fig. 5. TEM images of (a) HA, (b) Al-HA-5. (Inset: comresponding SAED patterm.).
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Fig. 6. Cytotoxicity profiles of (a) pure HA, (b) Al-HAL (c) Al-HA3, (d) Al-HA-5 for 12 and 24 h.

the biological effects are not based on chemical composition
alone, in addition, size, shape, aggregation state and surface
texture also play an important role.

4. Conclusion

The structural and cytotoxic properties of the pure HA
and Al-HA nanoparticles with different stoichiometric ratios
prepared by a modified solution combustion technique have
been studied in great detail. The physicochemical properties
of the pure HA have been affected with the existence of
aluminium. The pure HA and Al-HA nanoparticles having
pure phase and almost identical particle sizes. EDS analysis
confirmed the presence of pure HA and AI-HA with
stoichiometric ratio and this material could be applicable
for the formation of new bone in vivo. The cytotoxicity
study established biocompatibility of nanoparticles up to
I mgmL~" and the cell viability was influenced with
particle sizes. The preliminary results obtained from cyto-
toxicity study are highly encouraging. The results of this
work demonstrate the applicability of AI-HA nanoparticles
in the biomedical field. Furthermore, the cytotoxicity studies
show that the Als-Hap lower cytotoxicity. Hence, it is
revealed that Al-HA is an excellent candidate in the
biomedical field.
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