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ABSTRACT

In this study, hydroxyapatite (HA, G&O,)s(OH),) and fluorine-substituted hydroxyapatite (FHA,
Cayo(PO,)sOHF) nanopowders were synthesized through wateedbasl-gel technique using a novel phosphorous
precursor. Transmission Electron Microscopy (TEMBET Surface Area, X-ray Diffraction (XRD), Fourier
Transform Infrared Spectroscopy (FTIR) and Thermawgnetry (TGA)/Differential Thermogravimetry (DTG)
techniques were employed in order to evaluate attarstics of nanopowders. The in-vitro study ofoowders
was assessed in simulated body fluid (SBF) maiathat 37°C. The band assigned to OH---F---OH preseRTIR
spectrum of FHA at 721 ¢htonfirmed the substitution of fluorine in HA la#i The fluorine substitution was found
to alter the morphology and structural parametefsapatite crystals. It also significantly loweretetBET surface
area. FHA nanopowder had improved thermal stabiisy compared to HA in the temperature range 25°C to
1600°C. The bioactivity assay confirmed formatidnan amorphous calcium phosphate layer on the serfaf
nanopowders after immersion in SBF solution.

Keywords: Hydroxyapatite; fluorine substitution; nanopowd@&T surface arean-vitro.

INTRODUCTION

Hydroxyapatite (HA) is a major mineral componenttbé calcified tissues (i.e. bones and teeth) anteing
extensively used as the most hopeful hard tissubstitute material due to its similarity to natut@ne in
crystalline structure, chemical composition, bidatt, and biocompatibility [1]. Synthetic HA hasbn used for a
variety of other biomedical applications like meds for controlled drug release, bone cementsh foaste additive,
dental implants etc. [2-4]. The bioactive HA phass been most widely researched due to its ouisigibiblogical
response to the physiological environment. Howethare is a significant difference of propertiesween natural
apatite crystal found in the bone mineral and theventional synthetic HA. The bone mineral alsotaors trace
ions such as cations (Zn Na, Mg®, K*, Mn?*, S or anions (F CI, HPQ?, SiO* or CQ?) [5]. The
incorporation of physiologically relevant ions irtfte hydroxyapatite structure can affect its ptglsamd chemical
properties such as crystallinity, thermal stabilitgolubility and osteoconductivity [6] and improviés
biocompatibility and bioactivity [7]. Among theseris, the presence of fluorineXfn saliva and blood plasma is
important for normal skeletal and dental developimis substitution in HA improves the bond betwédka bone
and the implant [8] and strengthens the bone stredi9]. As it provides the low solubility, demidization of
bone is prevented. The thermal stability of HAmh&nced by its substitution and it also inducestteb biological
response [10]. When OHhttice positions in HA are partially substituted F, fluorine substituted hydroxyapatite
(FHA, Cao(PO)éOH,_F, , 0 < x < 2) is obtained. If substitution is comigld, fluorapatite (FA, Ga{PQy)sF,) is
formed, which is not osteo-conductive [11]. For thest dissolution and resistance and cell actssitie is
recommended that the molar level of fluorine ioowdd be in the range 0.8 to 1.1 [12].

Many methods have been developed, namely, preguitg10, 11, 13], ethanol based sol-gel, [14-16glid state
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reaction [17], hydrothermal, [18,19], pH cyclingOf22], mechanical alloying method [23] and microwav
processing [24] for the synthesis of nanopowddrgliierent pH conditions, using diammonium hydroge
phosphate or phosphorous pentaoxide as phosphprecsrsor. But no research has reported the upetagsium
dihydrogen phosphate as phosphorous precursorhvigifreely soluble in water and is not toxic comgghto the
above mentioned phosphorous precursors. The effdtiorine substitution on surface area anditro behaviour
has seldom been studied systematically. Biancd. ¢13] and Nathanael et al. [18] have reportedasie area of
FHA nanopowders synthesized by precipitation ardtdijrermal method, respectively.

As per available literature, the synthesis of FH&nhopowder by water based sol-gel method and systema
investigation on influence of fluorine on structurahermal andin-vitro behaviour of nanodimensional
hydroxyapatite has not been reported. Thus thedithis study was to examine in detail the struaitdeatures
(crystallite size, crystallinity, morphology, sucka area), thermal anth-vitro behaviour of HA and FHA
nanopowders synthesized using water based soégiehigue.

EXPERIMENTAL SECTION

2.1. Synthesis of HA and FHA

Nanodimensional HA and FHA powders were synthesimesdol-gel route. Nominal composition (Ca/P maktio)

of synthesized HA and FHA was 1.67. HA was obtaibgddding dropwise (3-4 drops) 1.0 M aqueous smiuf
calcium nitrate tetrahydrate (Ca(h)@4HO, Merck, Germany) to 0.6 M aqueous solution ofagsium di-
hydrogen phosphate (KRO, Merck, Germany), under continuous stirring at 2@ for 1 hour at 25°C. The pH
was continuously monitored and adjusted to 10 #§.4dding 25% ammonium hydroxide (MBPH, Merck, India)
solution to improve gelation and polymerization lbfA structure. In case of FHA, a stoichiometric amiof
ammonium fluoride (NiF, Merck, India) was mixed with KIPQO, solution to maintain P/F ratio at 6 to obtain
Cag_o(PO4)60H2_XFX for x=1.

Gels obtained were aged at 25°C for 24 hours. (Belad precipitates formed were washed thoroughlylibiilled
water, centrifuged and dried in an oven at 70°C2fbthours. The powders were prepared by crushidgyanding
the dried gels using mortar and pestle.

2.2. Powder characterization

The morphology and size of nanopowders were obdemging TEM (Hitachi, 7500) with resolution of Orin,
operated at an accelerating voltage of 80-100 Khe powders were ultrasonically dispersed in ethemdbrm a
dilute suspension and then a drop of suspensiondrasped on carbon coated copper grid of 300 mesh f
observation.

The BET surface area of powders was evaluated Jgdiorption using Quantachrome Instruments NOVAQ0220
Surface Area Analyser using Brunauer—-Emmett—TéB&T) method [25]. The linearized form of BET eqoatis
expressed by:

p _ 1 +z—1£
V(P =P) VoZ VnZ B,

1)

wherep/p, is the relative vapour pressure of the adsorldtethe volume of gas adsorbes,is the volume of gas
adsorbed in a monolayer, ant a constant related to the energy of adsorpfitie minimum relative pressure
p/p, resolution was 2 x 10 A linear regression of the left side of BET equatimdp/p, yields a slope and intercept
from whichz andv,, are obtained. The BET surface area is then catmifaomv,, [26].

XRD (Philips X’Pert 1710) analysis was performed &l powders using Cu Kradiationt = 1.54 A, - 20° to
80°, step size 0.017°, time per step 20.03 s, aad speed 0.005 °/s. Relative amount of differduatsps present in
nanopowders were estimated on the basis of theiptsaisity variation by means of external standaaihod. Both
cell parameters andc have been calculated using the equation givenbga]:

()

1 h?+hk + k? | 2
d2 =4/3 [ — az ] + oz
whered is the distance between adjacent planes in thefskiiller indices f k I), the reference for HA being

JCPDS file no. 09-0432(= 9.418 Ab=9.418 Ac = 6.884 A, space groupé/m) and for FHA being JCPDS file
no. 15-0876 4 = 9.368 A,b = 9.368 A ,c= 6.884 A, space group6y/m. Crystallite size of nanopowders was
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calculated using Scherrer’s equation [28]:

0.94

= — 3

* Bcoséd ®)
whereXs is the crystallite size in nmi, is the wave length of X-ray beagjs the broadening of diffraction line at
half of its maximum intensity in radians, afids the Bragg’s diffraction angl€)( The silicon standard was used to
measure the instrument broadening in order to cbthe value ofi. The three diffraction peaks (0 0 2), (2 1 3) and
(2 2 2), which are well separated and have higknsities were chosen to calculate mean crystadlite of
hydroxyapatite lattice [29].

FTIR spectra (Perkin Elmer) were recorded in thggore 500—-4000 cthusing KBr pellets (1% wt/wt), with spectral
resolution of 2 cm, taking four scans for each sample.

The thermal behaviour of as-synthesized powdersimestigated by TGA/DTG using Mettler Toledo Anédsl 2
under following conditions: sample weight 10 mgatieg rate 10 °C/min, peak temperature 1600 °C,ramdgen
gas flow 40 ml/min.

Simulated body fluid (SBF) was prepared in doultilted water using various reagents describe&bkubo [30].
SBF has an inorganic ion composition similar ta tifhuman blood plasma amttvitro experiments can reproduce
the reactions that may take place in-vivo [31jvéds kept in polystyrene bottles and placed in ¢ogioal incubator
at 37.0°C. To study than-vitro behaviour, the HA and FHA nanopowders were imneeigdividually in SBF
solution for 30 days. The change of pH of these S8lEtions was examined under a physiological dawi(T=
37.0°C and pH = 7.4) and the pH was measured antarval of pre-determined time interval using thagipH
meter. After 30 days, nanopowders were dried invan at 70°C for 4 hrs and were analyzed using BEM FTIR
in the range 400-4000 ¢

RESULTS AND DISCUSSION

3.1. Microstructure and BET surface area of nanogers

The morphology and size of powder particles werterdgéined by TEM observations, in order to evidetioe
influence of Fincorporation. In Figures 1a and 1b, TEM microdgrapf HA and FHA are shown. The particles of
HA consisted of flake- like morphology with lengththe range 24 + 5 nm and width in the range 62 FHA
powders consisted of rod-like particles having ager length as 29 + 7 nm and diameter as 3.8+0.8 nm,
respectively. Due to Fncorporation in HA lattice, it was found that thrphology changed from flake-like to rod-
like.

Figure 1: TEM micrographs of (a) HA (b) FHA nanopowders

The BET surface area of nanopowders is present@dbie 1. FHA showed significantly lower BET sudaarea
than HA.
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Table 1: BET surface area of nanopowders

Sample HA FHA
BET surface area (ffy) 205 121

The BET lines for HA, and FHA are shown in Figureti high correlation factor (0.999) giving eviderfor the
accuracy of BET surface area measurements.
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Figure 2: BET lines of HA and FHA nanopowders

3.2. XRD analysis of HA and FHA nanopowders
XRD patterns of HA and FHA powders exhibited almiantical patterns (Figure 3). Both powders cdesiof

hydroxyapatite and calcium deficient hydroxyapa(#®HA) phases. The (211) and (112) peaks of FHAgee
due to fluorination, which is in agreement witretature [15]. The positions of diffraction peaks fEHA were
slightly shifted towards higher angles with respectHA [32]. FHA showed stronger XRD intensities ayjatite
compared to HA, indicating that incorporation ofiéh into the apatite structure enhanced developrokapatite
phase [33]. The mean crystallite size and lattme@meters of HA and FHA nanopowders are reporteéhlie 2.
On comparing the lattice parameters of FHA nanomswdth HA nanopowder, it was found that substintof
OH- group with F- ion in apatite structure causbkdrges in ‘a’ and ‘c’ lattice parameters becausdifférence in
ionic radius of F(1.32 A) with respect to OH1.68 A). In the present study, increase in lattgarameter ‘c’
without significant change in lattice parameter veas observed, indicating the substitution of @kth F in HA

lattice.
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Figure 3: XRD patterns of HA and FHA nanopowders

Table 2: Mean crystallite size and lattice parametes of HA and FHA nanopowders

Nanopowder Mean crystallite size Lattice parameters
p (nm) cA | ald) cla
HA 34 6.878 9.411 0.728
FHA 22 6.894 9.410 0.730
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3.3. FTIR analysis of nanopowders

In Figure 4, FTIR spectra of HA and FHA are repdrt®oth powders presented the characteristic ptadsph
vibration of apatitesy; PO, (962 cm'in HA and 964 cnfin FHA), v; PO, (broad band 1031-1092 &rin HA and
1034-1096 ciin FHA) andv, PO, (565 cm® and 602 citin HA and 565 cit and 605 cilin FHA). The weak
absorption peak at 874 &nn nanopowders could be ascribed to P—-O—H vilmaiio HPQ? group, typical of
CDHA [10]. In HA spectrum, bands existed at 3569'@nd 631 cni due to the stretching mode of hydrogen
bonded OHions. The 3569 cthis attributed to a weak hydrogen bond and 637 massigned to strong hydrogen
bond [34]. These two vibrations in HA spectrura due to OHimmersed in an infinite chain of OHut this chain

is interrupted by FHn FHA, which is due to the substitution offer OH and clearly indicated by absence of these

two bands [11, 15]. As the fluoride ion incorposaiato the FHA lattice, the band assigned to OH... BH
appears at 721ch
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Figure 4: FTIR spectra of HA and FHA nanopowders

3.4. TGA/DSC/DTG analysis of nanopowders
TGA data (Figure 5) combined with DTG and diffeiehtscanning calorimetry (DSC) conducted on the as-

synthesized nanopowders in the temperature rarma #5°C to 1400°C were used to determine the onset
temperatures of the loss of OH groups and the dposition of the HA and FHA nanopowders.

Three weight loss steps are distinguishable inT&A plot and the corresponding temperature regayes 25°C to
600°C, 600°C to 1300°C, 1300°C to 1600 °C for HAl &5°C to 380°C, 380°C to 800°C, 800°C to1600°C for
FHA. In the first step, the weight loss is duehe tvaporation of the adsorbed and lattice watérimhe second
step the weight loss is due to the release ofgdbiips from HA and FHA crystals.
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Figure 5: TGA/DTG/DSC curves of HA and FHA nanopowers

The third step weight loss is related to the furthecomposition of HA and FHA crystals. On compgrihe DTG
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signals for HA and FHA, it is noticed that sevegpabks which appeared for HA disappeared in cagdéf Most
prominent peak around 1400°C seen in case of HAnaisding in FHA, further indicates that thedabstitution in
HA enhances its thermal stability. Bogdanova ef38] explained high thermal stability of FHA byettdifference
in the energies of chemical bonds of &d OH ions with calcium ions in Ca-channels and by stmat
stabilization.

3.5. In-vitro analysis of nanopowders
In Figure 6, the variation of pH values as a fumetdf immersion time for HA and FHA nanopowdershgwn.

7.3
7.25

7.2 -

FHA

1
7.05 - HA

0 2 4 6 § 10 13 15 18 24 26 28 30
time, days

Figure 6: pH changes in SBF with time of immersiorior HA and FHA nanopowders

The pH values of SBF solution on immersion of nawgers rapidly decreased in the initial stageupto 3 days.
As reported in literature [36], the iso-electriamtcof HA in water is at pH ranging from 5-7, whighlower than pH
of SBF i.e. 7.4, the immersion of HA nanopowderSBF can reveal negative surface charge by expasing
hydroxyl and phosphate ions of its crystal struetuiA nanopowder uses this negative charge toaaotewith
calcium ions in the SBF, consequently forming Gd-rAmorphous Calcium Phosphate (ACP) layer onltfase.
After 3 days, there was an increase in pH valusBF due to interaction of Ca-rich ACP on the swefad
nanopowders with phosphate ions in SBF resultinfipimation of Ca-poor ACP layer. The alternate dase and
increase in pH of SBF continued till the periodrofestigation for HA, whereas for FHA, there waddi variation
in pH of SBF after 20 days.

TEM micrographs of HA and FHA (Figure 7) after inmsien in SBF revealed growth of a layer onto thdase of
nanopowders, which might be due to the crystalbradf ACP layer as also reported in literature][37

@HA : (b) FHA

- 20 nm 20 nm

Figure 7: TEM micrographs of HA and FHA dried nanopowders after immersion in SBF solution for 30 days

Figure 8 shows FTIR spectra of HA and Iv-HA (HA irareed in SBF for 30 days) nanopowders and Figure 9
shows FTIR spectra of FHA and Iv-FHA (FHA immerse@&BF for 30 days).
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Figure 8: FTIR spectra of HA and Iv-HA
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Figure 9: FTIR spectra of FHA and Iv-FHA nanopowders

The FTIR spectra of nanopowders immersed in SBRvetloa remarkable decrease in the relative intessitf
apatite groups, suggesting that ions from SBF gwludeposited a new ACP layer, which is in confdymvith the
results of pH changes of SBF and TEM results. kHA and Iv-FHA nanopowders, the additional vibraso
(molecular and adsorbed bands) due to the H-O-Hibgrin HO were observed at 3230 ¢mnd 1631 cil. The
vs vibration modes at 1461 ¢hand 1420 cmof CO,> groups were also observed in FTIR spectra of lvahé Iv-
FHA nanopowders, which can be attributed to thealigion of carbon dioxide from the atmosphere.c8ithe
carbonates are the constituents of the bone stajctile presence of carbonate may improve the thdscof
nanopowders [38].

CONCLUSION

Nanodimensional HA and FHA powders were success&yhthesizedvia a water based sol-gel route, using a
novel phosphorous precursor. HA nanopowder comkisfeflake-like agglomerates in comparison to riba-|
particles in FHA nanopowder. FHA nanopowder haddoBET surface area than HA nanopowder. The lattice
parameters changed due to the substitution dbms into the HA lattice. HA and FHA powders cated of
hydroxyapatite and calcium deficient hydroxyapafgiteases. FHA showed higher thermal stability tHa#n The

HA and FHA nanopowders showed bioactive behaviimwitro. The fluorine substitution in HA is likely to malie

a probable aid in the prevention of dental caried warious bone demineralization disorders, suchsssoporosis,
osteomalacia, and periodontal disease. Thus HAFRKW are promising candidates as bone and teethtigitbs
materials for biomedical applications.
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