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Abstract

Bioactive nano-hydroxyapatites have been synthesised 
for orbital floor repair and regeneration. Hydroxyapatite 
(HA) is widely used for bone repair and regeneration. It is 
composed of multiple anionic and cationic species, such as 
carbonate, fluoride, phosphate, sodium, magnesium, silicon 
and citrate. However, the development of bioactive materi-
als that can repair and regenerate bone is crucial for orbital 
floor fracture repair. Different ionic-substituted hydroxy-
apatites that included carbonate, fluoride and citrate were 
prepared by using a low-temperature hydrothermal flow 
process and their chemical and physical properties evalu-
ated. Biological properties were evaluated by analysing cell 
viability of these synthesised materials by Alamar Blue cell 
metabolic activity assay with two different cell lines (MG63 
and HTERT-BMSC’s). Results confirmed that ionic substitu-
tion with fluoride and citrate improved biocompatibility and 
cell viability of synthesised hydroxyapatites. 
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Introduction

Bone repair and regeneration is required as consequence 
of bone losses due to trauma or disease. It has been reported 
that fractures in orbital regions and facial bone are the most 
common midfacial fractures [1-3], where orbital floor fracture 
is the most common fracture (accounting for 50.2%) among the 
orbital’s walls (roof, lateral and medial) [3] (Figure 1).

Figure 1: Orbital floor showing the maxilla and zygomatic bone.
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Orbital floor bone is a natural composite material made up 
of organic and inorganic matrices, organic matrix being mostly 
collagen fibrils and the inorganic matrix comprising of mineral 
particles of hydroxy carbonated apatites. Synthetic Hydroxy-
Apatite (HA) is similar to biological hydroxyapatite, the min-
eral component of bone, although it differs in crystallinity and 
chemical composition. Due to its osteoconductive nature and 
biocompatibility, HA has been used in bone repair and regener-
ation for a number of years. In addition, ionic substitution, such 
as carbonate, fluoride, phosphate, sodium, magnesium, silicon 
and citrate of HA can easily carried out, which improves both 
biocompatibility and bioactivity of these materials, playing an 
important role in bone repair and regeneration [4-8].

Recent studies have established that modification of func-
tionalities on the surface of nanomaterials play an important 
role in bone repair and bone replacement. Therefore, alteration 
of the chemistry in synthetic HA has attracted significant atten-
tion in biomedical research, especially in scaffold development 
for tissue engineering applications, carriers for drugs, and con-
trol drug release [6].

The functional modification of HA in these applications is 
determined by the nanoscale morphology and crystallinity [9]. 
Moreover, the chemical and biological properties are known to 
depend on the crystal phases of HA. Therefore, techniques for 
the preparation of HA with a controlled structure would be high-
ly useful for developing biologically suitable inorganic materials 
[10]. Over the past decades, many synthetic methods have been 
used to produce HA with various shapes and morphologies [11-
17]. Due to its relatively economical production costs and sim-
ple synthetic processes, the hydrothermal technique (Figure 2) 
is an efficient synthesis method that produces materials with 
high crystallinity and nano morphological features that can be 
controlled [9,18]. 

Figure 2: Hydrothermal process for HA synthesis. The technique 
uses two-pump (P1, P2) flow system for the synthesis of Stoichio-
metric and ionic substituted HA using a “T mixer”. A water bath 
with heating jacket used for hydroxyapatite crystallisation [19].

The main minor substituent in bone apatite is carbonate ions, 
whose weight proportion can reach 2.0–8.0% in bone mineral 
[20]. If carbonate ions replace the OH- ions in HA lattice (A-type 
substitution - minor) and the phosphate ions (B-type substitu-
tion - major) or replace two positions at the same time (AB-type 
substitution) [21,22]. The ratio of type A to type B in natural 
apatite is between 0.7 and 0.9, depending on the individual's 
age [8]. The B-type substitution in HA was influenced to cause 
an increase in solubility and a reduction in crystallinity in both 
in vitro and in vivo tests, resulted in better osteointegration and 
bioresorbability rate [23], while the human osteoblastic cells 
had a lower affinity for the Carbonate Hydroxyapatite (CHA) 

surface compared to HA [24,25]. Hence, carbonate substitution 
has minor effects on the structure and performance of HA.

Fluoride hydroxyapatite (fluorapatite, FHA), is synthesised by 
substituting OH- with fluoride over a range of different concen-
trations. Recent studies have shown that fluoride substitution 
has enhanced mechanical properties and thermal stability [3,6]. 
FHA has good biocompatibility and low solubility compared to 
HA, which makes it a useful material for a number of dental ap-
plications [10]. Moreover, fluoride ions were demonstrated to 
increase HA's crystallization and mineralization during the bone 
development [26]. Furthermore, fluoride ions released from 
synthetic FHA can inhibit dental caries in a bacteria-containing 
acidic environment [7]. However, carbonate and fluoride sub-
stitution have conflicting outcomes on solubility and crystallin-
ity in apatite. Therefore, managing the carbonate and fluoride 
combined substitution in the apatite allows to form a carbon-
ate-fluoride-apatite as a bone graft material with tailored prop-
erties.

The nucleation and crystal growth of HA powders are af-
fected by protein templates, such as collagen and some acidic 
molecules as they can be incorporated with calcium ions and 
produce calcium phosphate clusters in the early stage of min-
eralization [6,27]. 2% of bone's weight is an acidic molecule; 
citrate function remains a debatable factor in bone formation 
[28]. It has been suggested that citrate ions could induce the 
plate like morphology of amorphous precursor, increase the 
maturation time, and control the nanocrystals’ thickness during 
the HA synthesis [29]. Furthermore, NMR studies have revealed 
strong interactions between HA and citrate molecules; the size 
of HA crystal is decreased as citrate concentration increases 
within the polymer matrix [30]. Davies et al. (2014) have sum-
marised that the citrate anions could manage the assembling 
process of minerals in bone and link the HA platelets [28]. 

Figure 3: Graphical abstract (A): the objective was to fabricate 
scaffolds for orbital floor repair and regeneration. (B): Project ma-
terials and objectives. Synthesis of hydroxyapatites, carbonated-
hydroxyapatites (CHA) and fluoro-hydroxyapatites (FHA), Grafting 
of these on Polyester-urethane via covalent bonding between the 
functional groups of apatites and the polyurethanes. These materi-
als were used to fabricate bioactive scaffold with controlled poros-
ity to achieve enhanced vascularisation.

Producing nanoceramic powders is crucially vital for bone 
tissue engineering applications to mimic natural bone architec-
ture and teeth and produce better bioactivity [11,21,31,32]. The 
development of multi or co-substituted HA into the HA lattice 
is an exciting area of research trying to mimic the natural bone. 
Therefore, researchers have been concentrated on the multi 
substituted HA production, for instance, zinc citrate hydroxy-
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apatites (zin-citHA), silicon carbonated hydroxyapatites (SiCHA) 
[31,33]. However, there have been no publication or any stud-
ies about the multi substitution of fluoride citrate HA, citrate 
carbonate HA or fluoride carbonate citrate HA. This study aims 
to synthesise multi substituted HA to be used with scaffolds for 
orbital floor fracture repair and regeneration. In this study, HA 
with carbonate substitution have been synthesised and their 
chemical, physical, and biological properties evaluated (Figure 
3).

Materials and methods

Materials 

Calcium Nitrate Tetra Hydrate (Ca(NO3)2·4H2O) (Acros Organ-
ics, USA) and Diammonium Hydrogen Phosphate ((NH4)2HPO4) 
(VWR Prolabo Chemicals, Belgium) were used as precursors, 
and Double-distilled water (H2O) was used as a solvent. Liquid 
ammonia ((NH4OH), 28-30%) (Honeywell Fluka, Germany) was 
used as a pH regulator. Ammonium Flouride (F), Sodium Hydro-
gen Carbonate (C), and Potassium Citrate (Cit) were used as car-
bonate and citrate source for HA substitution. P218R Hydroxy-
apatite was used as commercial HA (Plasma Biotal Limited, UK).

Methods

The molar ratio of Ca/P was fixed to 1.67. 0.5M of calcium 
nitrate tetrahydrate (Ca(NO3)2·4H2O) solution and a 0.3M diam-
monium hydrogen phosphate ((NH4)2HPO4) solution were used 
as precursors.

The calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) solution 
was prepared by dissolving calcium nitrate tetrahydrate in 
100ml deionized water with continuous stirring at room tem-
perature for an hour. Similarly, the diammonium hydrogen 
phosphate ((NH4)2HPO4) solution was obtained by dissolving 
diammonium hydrogen phosphate into 100ml deionized water. 
The substituents fluoride (F), carbonate (C), and citrate (Cit) re-
spectively were added as shown in Table 1. The molar ratio of 
Ca/P (1.67) is fixed in this method.

Table 1: The concentrations used for the substituting, 
where Ca=Calcium, P=Phosphate, F=Fluoride, C=Carbonate and 
Cit=Citrate.

Ca + (Cit) P + (F + C)

Stoichiometric HA 0.5 0.3

FHA 0.5 0.22 + (0.08)

CHA 0.5 0.22 + (0.08)

CitHA 0.42 + (0.08) 0.3

F-C-HA 0.5 0.22 + (0.04+0.04)

F-Cit-HA 0.46 + (0.04) 0.26 + (0.04)

C-Cit-HA 0.46 + (0.04) 0.26 + (0.04)

F-C-Cit-HA 0.473 + (0.0267) 0.247 + (0.0267+0.0267)

pH values of both solutions were measured by pH meter and 
the initial values were, pH 6.0 for calcium nitrate tetrahydrate 
and pH 8.0 for diammonium hydrogen phosphate. The opti-
mum pH for the reaction was 10. To obtain this pH, ammonia 
solution (10ml) was added using dropwise via dropping funnel 
to each solution and pH was recorded at regular intervals till the 
optimum pH was reached.

The continuous hydrothermal synthesis method involved the 
aging of the reaction mixture at 90⁰C in a water bath. A sili-
con tube was inserted in each solution (diammonium hydrogen 
phosphate and calcium nitrate tetrahydrate) and these solu-
tions were pumped through silicon tubes into the water bath 
with the help of a pump at flow rates of either 30 rpm 30ml/min 
or 60ml/min flow rates. Both solutions were run until they were 
consumed. The precursor solutions interacted at the T piece 
connecter used for mixing and followed by crystallization and 
the ageing process in a water bath 90⁰C for about 5 min. The 
reaction product was collected as white suspension via a silicon 
tube outlet into a glass flask.

The precipitates were filtered and washed with deionized 
water three times. The pH of the filtrate was recorded, and the 
washing process was repeated until pH 8 was achieved. The 
precipitate was collected in a glass petri dish and dried in an 
oven at 200⁰C for 24 hrs. The resulting powder was stored in 
a dry environment and its chemical, physical, mechanical and 
biological properties evaluated. 

Fourier transform infrared spectroscopy (FTIR)

FTIR spectrometer iS50R™ (Thermo Nicolet, UK), in conjunc-
tion with a photoacoustic sampling (PAS) accessory (MTech™ 
PAS cell) was used in this study. PAS was used to characterize 
the bulk and neat samples, as it permitted analysis without any 
sample preparation. The sample chamber of the PAS cell was 
purged with helium gas to ensure a dry environment. 

Spectral data acquisition and processing was carried out by 
using OMNIC™ version 9 software. Background spectrum was 
collected by using a carbon black film at 4 cm1 resolution, ac-
cumulating 128 number of scans within the spectral range of 
4000 to 400 cm-1. HA powder was placed in a sample cup and 
analysed neat accumulating 128 number of scans within the 
spectral range of 4000 to 400 cm-1 at 4 cm1 resolution.

Transmission electron microscopy (TEM)

Copper: palladium carbon-coated EM grids were glow dis-
charged using an Agar Scientific Glow Discharge Unit attached 
to an Agar Scientific Turbo Carbon Coater Unit (Agar Scientific 
Stansted Essex UK). A 10µl drop of the sample was deposited 
onto the TEM grid for 30 seconds, after which any excess was 
removed by gently touching the edge of the grid with filter pa-
per (Whatman grade 1 GE HealthCare UK, Little Chalfont, UK). 

TEM grids were viewed in a FEI tecnai G2 Biotwin Transmis-
sion Electron Microscope (FEI Cambridge, UK) at an operating 
voltage of 80kv. Images were captured by a Gatan Orius 1000B 
digital camera using Gatan Digital Micrograph software suite 
(Gatan Ltd, Corby UK).

The synthesised HA particles’ sizes were evaluated by ImageJ 
1.50 software (Rasband, W.S., ImageJ, U. S. National Institutes 
of Health, Bethesda, Maryland, USA) on the TEM images. 

Preparation of HA suspension for cell evaluation

The powder samples (Stoichiometric HA, FHA, CHA, CitHA, F-
C-HA, F-Cit-HA, C-Cit-HA and F-C-Cit-HA) and the control group 
(commercial HA) were weighed (20 mg) in Eppendorf tubes, 
and were sterilised using Autoclave (for 30 minutes at 121oC) 
in water. Suspensions of sterilised powders were prepared by 
adding 1 mL of serum free media (DMEM media for MG63 and 
AMEM media for HTERT-BMSC; without) to each sample inside 
the cabinet and the autoclaved Eppendorf tubes with test pow-
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der were sealed by parafilm strips to avoid contamination. The 
Ultra Sonic water bath was used for 1 hour to ensure that pow-
ders were well dispersed into suspension to form the stock solu-
tion (20mg/1ml), which was stored at -20oC.

The working solution were prepared from the suspension 
stock solution by two concentrations (0.1 and 0.2) mg/mL into 
media with serum (DMEM media for MG63 and AMEM media 
for HTERT-BMSC; without) to evaluate whether cell viability 
could be supported. The working solution were prepared fresh-
ly for each experiment and stored at 4oC during the experiment. 
The reason for the freshly prepared working solution was to 
avoid media oxidation.

Culture conditions for human osteoblast cell line (MG63)

The human osteosarcoma cell line MG63 was used for the 
assessment of cell viability. Cells were cultured and maintained 
at 37°C and 5% CO2 with Dulbecco's Modified Eagle's Medium 
(DMEM) supplemented with 10% FBS (Advanced protein prod-
ucts, Brierley Hill, UK), 100 IU/mL penicillin, 100 μg/mL strep-
tomycin, 2 mM glutamine, and 0.25% fungizone (Gibco Invitro-
gen, Paisley, UK).

Culture conditions for human telomerase reverse tran-
scriptase-immortalized bone marrow mesenchymal stromal 
cells (hTERT-BMSCs) 

The T75 flask was coated by adding 5ml of 0.1% gelatine so-
lution (see protocol: Gelatine Solution). The flask was incubated 
for 30min at room temperature. The gelatine solution was dis-
carded and the flask was ready for use. Cells were cultured and 
maintained at 37°C and 5% CO2 with Alpha’s modified eagle's 
medium (aMEM) supplemented with 10% FBS (Advanced pro-
tein products, Brierley Hill, UK), 100 IU/mL penicillin, 100 μg/
mL streptomycin, 2 mM glutamine, and 0.25% fungizone (Gibco 
Invitrogen, Paisley, UK).

Assessment of cell attachment and cell viability

MG63 and HTERT-BMSC cells were seeded in 96-well flat-
bottomed plates (Nunc, Nunclon™ Surface Roskilde, Denmark) 
at a concentration of 1 X 104 cells / well. The seeded cells were 
allowed to attach for 24 hrs. On culture day 1, culture medium 
was discarded and replaced with 100 μL of suspension contain-
ing the test powders. Samples were maintained at 37°C, 5% 
CO2 in media (DMEM media for MG63 and AMEM media for 
HTERT-BMSC) for 24 hrs. For HTERT-BMSC cells, prior seeding 
the 96 well plates was coated by adding 1ml of 0.1% gelatine 
solution. The well plate was incubated for 30min at room tem-
perature. The gelatine solution was discarded and the well plate 
was ready for use.

The metabolic activity of MG63 and HTERT-BMSC cells cul-
tured with powders was measured by AlamarBlue® assay (AbD 
Serotec, Kiddlington, UK), absorbance (MG63) fluorescence 
(HTERT-BMSC) was measured at λ570 nm in a colorimetric plate 
reader (Bio-TEK, North Star scientific Ltd, Leeds, UK). Wells were 
then washed with PBS, media with 100 μL of the same suspen-
sions added and the cells were returned to culture conditions. 
The AlamarBlue® assay was repeated on 3, 5 and 7 days of cul-
ture for MG63, and on 7, 14 and 21 days of culture for HTERT-
BMSC. Cell-free samples in DMEM were included.

Statistical analysis

All experiments were conducted in triplicate and repeated 
three times (n=3 and N=3). Data are reported as mean ± stan-
dard deviation. Comparison of sample means of Alamar blue 
absorbance data was performed by one-way analysis of vari-
ance using GraphPad Prism. Differences between two groups 
were distinguished as statistically significant if p ≤ 0.05 (*), p ≤ 
0.01 (**), p ≤ 0.001 (***) and p ≤ 0.0001 (****) as determined 
by the Turkey post-hoc test.

Results

Fourier transform infrared spectroscopy (FTIR) 

The FTIR results confirmed that the synthesis of Stoichiomet-
ric HA, FHA, CHA, CitHA, F-C-HA, F-Cit-HA, C-Cit-HA and F-C-Cit-
HA was successfully achieved (Figures 4, and 5 and Table 2).

Figure 4: The FTIR spectra of commercial and synthesised HA 
including, stoichiometric and substituted apatites.

Figure 5: FTIR spectra of commercial and synthesised HA with 
different substitutions.
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Table 2: The spectra peak positions of HA synthesis with different substitutions (HA=P218R commercially available HA 
from Plasma Biotal Limited, UK and Sto-HA=stoichiometric).

Functional Group HA Sto-HA  CitHA CHA FHA C-Cit-HA F-Cit-HA F-C-HA F-C-Cit-HA

OH
3570 3571 3569 3570 F 3568 F F F

633 633 633 634 F F F F

CO3 

A and B-Type

1453 1457 1454 1456 1456 1456

1420 1334 1419 1419 1428 1419 1418 1421 1419

876 875 875 879 865 875 867 874 874

PO4

1039 1034 1030 1029 1031 1035 1032 1034 1035

962 963 962 962 965 962 964 964 963

604 & 564 602 & 566 602 & 564 602 & 563 605 & 565 602 & 565 607 & 565 607 & 567 605 & 565

COOH (citrates) 1576 1575 1575 1575.5

Transmission electron microscope (TEM)

The commercially available HA consisted of spherical par-
ticles (Figure 6A). Interestingly, the Stoichiometric HA prepared 
at 90°C had morphology of nano-roads (Figure 6B). The FHA, 
CHA, and F-C-HA also had nano-rods morphology, with more 
flake like structures (Figure 6CDF). However, HA with citrate 
(CitHA, F-Cit-HA, C-Cit-HA and F-C-Cit-HA) showed more needle 
like morphology (Figure 6EGHI). Most of HA particles were rod 
shaped, but citrate substitution produced more needle shaped 
particles.

The particle size of synthesised HA was significantly small-
er than commercial HA (3806 nm2), with a mean value of 
(1627nm2). Moreover, CitHA has the smallest particles size 240 
nm2 ± 101.3 compared to Pour HA (548 nm2), FHA (828 nm2) and 
CHA (1261 nm2). Furthermore, the co-substitution HA (F-C-HA, 
F-Cit-HA, C-Cit-HA and F-C-Cit-HA) leads to a decrease in par-
ticles size compared to substituted HA (Stoichiometric HA, FHA, 
CHA and CitHA) significantly. The smallest particles size among 
all synthesised HA was in F-Cit-HA with particles size average 
147 nm2 ± 55.1 (Table 3, Figures 7 and  8). 

Figure 6: TEM images of substituted HA nanoparticles; (A) Com-
mercial HA, (B) Stoichiometric HA , (C) FHA, (D) CHA, (E) CitHA, (F) 
F-C-HA, (G) F-Cit-HA, (H) C-Cit-HA and (I) F-C-Cit-HA.

Table 2: Particle size of hydroxyapatite as measured from TEM 
images using Image J.

 HA N total Mean Standard Deviation

Commercial HA 15 3806.48 1627.27

Stoichiometric HA 15 548.381 206.617

CHA 15 1261.82 517.343

FHA 15 828.65 239.304

CitHA 15 240.163 101.27

F-C-HA 15 444.931 154.317

F-Cit-HA 15 147.893 55.1264

C-Cit-HA 15 409.835 163.909

F-C-Cit-HA 15 207.428 87.0476

Figure 7: HA particle size distribution indicating that all synthe-
sised hydroxyapatites were in the nano range. Citrate ion substitu-
tion led to a maximum reduction of the particle size.
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Figure 8: The particles size of synthesised HA (Stoichiometric 
HA, FHA, CHA, CitHA, F-C-HA, F-Cit-HA, C-Cit-HA and F-C-Cit HA) 
reduce compared to commercial HA significantly. Differences be-
tween two groups were distinguished as statistically significant if 
p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) and p ≤ 0.0001 (****) as 
determined by Turkey’s post hoc pair-wise comparison.

Assessment of cell attachment and cell viability

Human osteoblast cell line (MG63) 

Human osteosarcoma cell line MG63 was used to evaluate 
the in vitro cell compatibility of synthesized hydroxyapatite and 
substituted hydroxyapatite over seven days. Cell viability assays 
indicated that none of the HA formation was toxic at a concen-
tration of 0.1 µg/ml, (as seen by the increase in cell viability 
over time (Figure 9A). However, some formations were shown 
to support higher cell viability, difference between formulations 
could be observed after 5 days of culture and statistical analysis 
at culture day 7 indicated there were significantly more meta-
bolically active cells in cultures contain the suspensions of Stoi-
chiometric HA , FHA, F-C-HA, F-Cit-HA, C-Cit-HA and F-C-Cit-HA 
than in commercial HA (Figure 9B). For the 0.2 µg/ml concen-
tration, there was some evidence of toxicity (as seen by lower 
cell viability at day 7 compared to day 1 (Figure 10A) in samples 
containing CHA and F-C-Cit-HA but other formations supported 
cell growth Stoichiometric HA , FHA, CHA, CitHA, F-C-HA, F-Cit-
HA and C-Cit-HA by day 7 (Figure 10B). The significant improve-
ment was in samples with F-C-HA and F-Cit-HA. Commercial HA, 
Stoichiometric HA, FHA, CHA, CitHA, F-C-HA, F-Cit-HA, C-Cit-HA

Figure 9: (A) cell viability over 7 days with MG63 for Commer-
cial HA, Stoichiometric HA , FHA, CHA and CitHA, and co-substitut-
ed HA (F-C-HA, F-Cit-HA, C-Cit-HA and F-C-Cit-HA). Samples were 
used with concentration of 0.1 µg/ml in the suspension. (B) Signifi-
cantly more cells were found on the 7th day with Stoichiometric HA 
, FHA, and co-substituted HA (F-C-HA and F-Cit-HA) compared with 
commercially available HA ‘cells’ indicates cells cultured in media 
with no sample added Differences between two groups were dis-
tinguished as statistically significant if p ≤ 0.05 (*), p ≤ 0.01 (**), p 
≤ 0.001 (***) and p ≤ 0.0001 (****) as determined by the Turkey.

Figure 10: (A) Cell viability over 7 days with MG63 for Commer-
cial HA, Stoichiometric HA , FHA, CHA and CitHA, and co-substitut-
ed HA (F-C-HA, F-Cit-HA, C-Cit-HA and F-C-Cit-HA). Samples were 
used with concentration of 0.2 µg/ml in the suspension. (B) Signifi-
cant improvement on the 7th day with co-substituted HA (F-C-HA 
and F-Cit-HA) and significate decrease with CHA and F-C-Cit-HA. 
Differences between two groups were distinguished as statistically 
significant if p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) and p ≤ 
0.0001 (****) as determined by the Turkey.
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Human telomerase reverse transcriptase-immortalized 
bone marrow mesenchymal stromal cells (hTERT-BMSCs) 

The Primary Human Mesenchymal Stem Cells (hTERT-BM-
SCs) was used to evaluate the in vitro cell viability of synthe-
sized hydroxyapatite and substituted hydroxyapatite over 21 
days. Cell viability assays indicated that none of the HA forma-
tion was toxic at a concentration of 0.1 µg/ml and 0.2 µg/ml, (as 
seen by the increase in cell viability over time (Figure 11A and 
Figure 12A). However, some formations were shown to support 
higher cell viability, difference between formulations could be 
observed after 7, 14 and 21 days of culture. The statistical anal-
ysis at culture day 21 indicated there were significantly more 
metabolically active cells in cultures containing the suspensions 
of stoichiometric HA, FHA, and citHA and F-Cit-HA than in com-
mercial HA for the 0.1 µg/ml concentration (Figure 11B). For the 
0.2 µg/ml concentration, there were significantly more meta-
bolically active cells in cultures contain the suspensions of CHA 
and F-Cit-HA HA than in commercial HA (Figure 12B).

Figure 11: (A) Cell viability over 21 days with hTERT-BMSC for 
Commercial HA, Stoichiometric HA, FHA, CHA and CitHA, and co-
substituted HA (F-C-HA, F-Cit-HA, C-Cit-HA and F-C-Cit-HA). Sam-
ples were used with concentration of 0.1 µg/ml in the suspension. 
(B) The significant improvement on 21 days cultured were with 
Stoichiometric HA, FHA, and citHA and F-Cit-HA. Differences be-
tween two groups were distinguished as statistically significant if 
p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) and p ≤ 0.0001 (****) as 
determined by the Turkey.

Figure 12: (A) cell viability over 21 days with hTERT-BMSC 
for Commercial HA, Stoichiometric HA, FHA, CHA and CitHA, 
and co-substituted HA (F-C-HA, F-Cit-HA, C-Cit-HA and F-C-
Cit-HA). Samples were used with concentration of 0.2 µg/
ml in the suspension. (B) The significant improvement on 21 
days cultured were with CHA and F-Cit-HA HA. Differences 
between two groups were distinguished as statistically sig-
nificant if p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) and p ≤ 
0.0001 (****) as determined by the Turkey.

fluoride ions, indicating that the substitution or co-substitution 
of fluoride ion occupies the OH– sites in the lattice structure 4,5,7. 
The broad peak at 3220 - 3385 cm–1 is attributed to the presence 
of adsorbed water as well as the peak at 1653 cm–1 (Figure 4 
and Figure 5; Table 2), which are shown in all HA except the HA 
with citrate [4,5,7]. 

The broad band at 1575 - 1576 cm–1 is due to C=O vibration 
from COOH group of citrate in all substituted HA samples (Fig-
ure 4 and Figure 5, Table 2). This confirmed the grafting of ci-
trate in HA surface due to the shifting of C=O vibration from 
COOH group of citrate sodium from 1703 - 1752 cm–1 to 1575 
- 1576 cm–1 in HA as reported by Verma et al. (2016) and Zhong 
et al. (2017) [6,29,37].

The spectral peaks present at 1453 - 1457 cm–1 are attrib-
uted to A-type carbonate, whereas the peaks at 1334 - 1428 
cm–1 are assigned to B-type carbonate, and 865 – 879 cm–1 ap-
peared in all HA, except for the HA with citrate where the peak 
at 1453 - 1457 cm–1 disappeared (Figure 4, Figure 5 &Table 2). 
This indicated that the HA grafted with citrate had B-type site 
carbonate, but when the citrate HA substituted with carbonate, 
peak appeared at 1453 - 1457 cm–1 in high intensity changing 
the carbonate to be in A-type site. Similarly, HA substituted with 
Fluoride or carbonate had A-type site carbonate, due to which 
the 1453 - 1457 cm–1 band appeared in higher intensity than 
that of 1334 - 1428 cm–18. These results are in agreement with 
the findings reported by Rehman and Bonfield (1997) Kovaleva 
et al. (2008) and Zhu et al. (2015), where the A-type site carbon-
ate existed above 0 – 4 wt. % range of carbonate [4,8,37,38]. 

Discussion 

FTIR spectra of the HA of various substituted formulations 
are given in Figure 4 and Figure 5; Table 2). Presence of hydrox-
yl group was evident from the spectral peak at 3568 – 3571 cm-1 
in all HA samples except the HA substituted with F-. The O–H 
peak intensity decreased with the substitution of carbonate and 
citrate. However, O–H peak disappeared with incorporation of 
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However, HA, which co-substituted with fluoride and car-
bonate, have less peak intensity at 1453 - 1457 cm–1 than 1334 
- 1428 cm–1 [4], indicating that the substitution priority of fluo-
ride for OH- has changed the carbonate substitution type and 
compelled most of the carbonate to be located in the B sites 
(Figure 4 and Figure 5, Table 2). This was similar to the results 
of HA that grafted with citrate and co-substituted with fluoride 
and carbonate. Moreover, this was the case with commercial 
and Stoichiometric HA.

The other spectral peaks of phosphate modes are assigned 
as, 1029 - 1039 cm–1 (phosphate asymmetric stretching vibra-
tion), 962 - 965 cm–1 (phosphate symmetric stretching vibra-
tion), 602 – 607 cm–1 and 563 - 567 cm–1 (phosphate bending 
vibration) and were observed in all samples representing the 
typical bands of apatite [4,7] (Figure 4 and Figure 5, Table 2). 
FTIR results indicating successful synthesis of Stoichiometric HA 
, substituted HA (FHA, CHA and CitHA) and co-substituted HA 
(F-C-HA, C-Cit-HA, F-Cit-HA and F-C-Cit-HA) with hydrothermal 
methods.

The results of TEM have shown that the synthesised HA were 
in rod shaped, but the HA with citrate substitution produced 
more needle shaped particles (Figure 6). Furthermore, the 
particle size of synthesised HA were reduced with the substitu-
tion compared to commercial HA (Table 3 & Figure 7, Figure 
8) [4,7,29,39,40]. The substituted or co-substituted HA with 
citrate have smaller particle size compared to the rest of syn-
thesised HA (Table 3 & Figure 7, Figure 8), due to the effect 
of citrate on HA crystal size. This is in agreement with the re-
sults already reported in literature [30,33,37,41]. In this study, 
particle size and shape was controlled by carrying out type and 
amount of substitutions within the HA lattice structure, which 
plays a pivotal role is bone repair and regeneration, as it helps in 
controlling the bioactivity and biocompatibility of these nano-
ceramics [11,21,31,32].

To investigate whether the substituted HA formulations were 
able to support cell viability of osteoblasts and mesenchymal 
stem cells metabolic activity of the cells cultured in two concen-
trations of the powders was measured over time. As shown in 
(Figure 11B & Figure 12B), there was an increase in hTERT-BM-
SCs cell viability over 21 days on all HA, however, in contrast to 
MG63 cells over 7 days (Figure 9B & Figure 10B); there was no 
decrease in their ability to support cell proliferation compared 
to commercial HA. MG63 cell viability decreased significantly 
with CHA and F-C-Cit-HA by increasing the concentration from 
0.1 µg/ml to 0.2 µg/ml compared to commercial HA. This was 
different in hTERT-BMSCs cell viability with F-C-Cit-HA as no de-
crease happened, where the CHA showed a significant improve-
ment by increasing the concentration to 0.2 µg/ml compared 
to commercial HA. MG63 and hMCS showed similar results as 
the cells viability were improved significantly with Stoichio-
metric HA, FHA and F-Cit-HA in 0.1 µg/ml concentration, and 
by increasing the concentration to 0.2 µg/ml F-Cit-HA showed 
a significant improvement compared to commercial HA. There 
is no apparent cause for this differential effect of nHA on cell 
proliferation of the two types it could be associated with their 
different stages in the osteogenic differentiation pathways [42], 
may be related to the different time periods. However, there is 
an overall improvement of cell viability for F-Cit-HA. The reason 
could be the size of the nanoparticles of synthesized HA which 
increases the surface area leading to improved cell adhesion as 
already reported in litertaure [42]. 

The chemical composition of inorganic matrix of natural 
bone has a similarity to hydroxyapatite (Ca10(PO4)6(OH)2,HA) [8]. 
However, as the HA is the most stable material and least soluble 
among the calcium phosphates may impede the rate of bone 
regeneration upon implantation [25]. Based on the in vitro re-
sults, the interaction between cell and HA gets affected by the 
concentration of substitutions in HA lattice [31,43,44]. 

Carbonate apatite exhibits a chemical composition closer to 
bone or dental enamel than that of HA [45]. The presence of 
carbonate in synthetic HA leads to faster bonding between an 
inserted implant surface and human bone [21,46] due to the 
improvement in HA solubility by the presence of carbonate in 
HA lattice, which resulted in enhanced biological activity of HA 
[47]. A comparison of micro and nano CHA have already been 
reported in literature, both the CHA ceramics showed higher 
bioactivity than the micro HA over 7 days cell culture, whereas 
it was significantly higher for nanoceramic [46]. Results in our 
study are in agreement with these findings, as CHA showed 
improvement over 21 days with hTERT-BMSC, but with MG63 
the results showed decrease in cell viability. In another study, 
the substitution or co-substitution of HA with silicon (Si) and 
carbonate were evaluated in hTERT-BMSC. It showed that HA 
containing higher amount of carbonate showed higher propor-
tion of viable cells, particularly CHA and the C/Si HA (with less 
Si 0.8 (wt. %) compared to 5.2 (wt. % carbonate)) [31]. This is 
in agreement with the results obtained in this study as 0.2 µg/
ml concertation of CHA on hTERT-BMSC showed significant im-
provement of cell viability (Figure 12B). Whereas, with 0.1 µg/
ml concentration, the co-substituted HA (such as F-C-HA, C-Cit-
HA or F-C-Cit-HA), where carbonate amount reduced, showed 
less cell viability (Figure 11B). Furthermore, increasing carbon-
ate amount in HA lead to reduced cell viability significantly with 
0.2 µg/ml concentration in the case of MG63 (Figure 10B).

In the literature, higher cellular responses for the FHA have 
been reported, which could be due to the effect of fluoride ion, 
as it is well known effect that it improves bone formation in vivo, 
and promotes remineralization and calcification [26,48,49]. 
Chemically, the OH- groups in the HA supply binding sites for 
cell absorption, when the OH- groups are replaced by fluoride 
in the FHA leading to an increase of the material surface nega-
tive charges (Figure 4 & Figure 5). This may improve the cell 
attachment and subsequent cell activities along with increas-
ing fluoride and culturing time which has also been reported 
in a number of studies [42,50,51]. However, the cell response 
improves when the fluorine ion concentration administrated 
within appropriate range in HA lattice. Less than 40% of fluoride 
in HA lattice could improve cell viability, where more than 40% 
may lead to cell stress and death [43,44]. This was confirmed in 
this study as well, either substituted or co-substituted HA with 
fluoride showed a significant improvement in cell viability on 
MG63s and hTERT-BMSC. 

In 1960, it was discovered that citrate molecules are rela-
tively rich in the organic bone components (5% wt) [52]. The 
majority of body citrate around (80 wt%) is stored in bone [41]. 
Citrate plays a role in the biomineralization process by control-
ling the interaction between citrate and collagen [53], and sta-
bilizing nanoparticles of HA in bone tissue [54]. Recently, it was 
reported that the tightly bound citrate molecules are studded 
on the apatite surface [28,54]. The target of repairing and re-
generating fractured bone is to mimic the structural, functional 
and biomechanical properties of the native bone. For this target 
to be achieved, the new regenerative bone structural must in-
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clude the appropriate incorporation of citrate. However, there 
is a limitation about the citrate content and its incorporation in 
osteoinductive bone products [55]. The results of TEM showed 
that the presence of citrate in HA lattice led to control size in 
the particles as well as in co-substituted (F-Cit-HA, C-Cit-HA, F-
C-Cit-HA) (Figure 6 & Figure 7 & Figure 8 & Table 3). This has 
been reported in a number of studies [30,33,37,41]. Moreover, 
it has been explained that the released citrate can increase the 
hTERT-BMSCs differentiation by controlling energy-producing 
metabolic pathways, via active bone-forming cells [56,57]. The 
presence of citrate either in substituted (CitHA) or co-substitut-
ed HA (F-Cit-HA, C-Cit-HA, F-C-Cit-HA) promote cell viability not 
only with hTERT-BMSCs but also with MG63, particularly in the 
case of F-Cit-HA. In another recent study, it has been reported 
that substituted and co-substituted HA with zinc and/or citrate 
presented an improvement of the cell growth, particularly with 
zinc-cit-HA. However, the CitHA was similar to other samples 
after day 12 and 18 cultured days [33]. This indicated that ci-
trate is able to influence the biological outcome, epically when 
co-substituted. 

Findings of this study supports the possible use of the car-
bonate, fluoride, and/or citrate substituted apatite, specifically 
the F-Cit-HA, in the scaffolds fabrication, coating materials and 
an injectable gel for bone repair and regeneration, specifically 
for orbital floor repair an regeneration.

Conclusion

The synthesis of Hydroxyapatites with substitution (fluo-
ride, carbonate and citrate) leads to reduction in particles size 
compared to commercial and stoichiometric hydroxyapatites. 
Furthermore, the co-substituted hydroxyapatite resulted in 
nanosized needle-like morphology compared to substituted 
hydroxyapatites, specifically for citrate substituted samples. 
Efficient cell attachment and viability can be achieved by con-
trolled ionic substitution within the lattice structure of HA. 
However, the presence of citrate either in substituted (CitHA) 
or co-substituted HA (F-Cit-HA, C-Cit-HA, F-C-Cit-HA) promote 
cell viability not only with hTERT-BMSCs but also with MG63. 
These results confirm that incorporation of Fluoride and Citrate 
ions in HA lattice structure is the future direction of research for 
bone repair and regeneration, as their incorporation enhances 
bioactivity and cell viability.
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