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Original Research Article
Microstructureand In Vitro Bioactivity of Metal Substituted

Hydroxyapatite
Abstract:

Pure Hydroxyapatite (HAp) nanoparticles doped witi** and F&" ions
were synthesized using wet chemical method (WCMam@es were
characterized by different spectroscopic technigaesh as XRD, FTIR, and
ESR. The measurements revealed that a typical Héwder pattern was
obtained. Comparing with pure stoichiometric HApth Mri? substituted HAp
(Mn-HAp) andFe™ substituted HAp (Fe-HAp) did not demonstrate digant
structure deviation. Since ion exchange mechanisas wpplied for the
preparation process, the morphology and particte svere not significantly
affected. The FTIR absorption spectra of the dopatiples are presented as
absorption bands characterizing ¥inand Fe™® which occupy different
crystalline sites. The obtained data agrees well thiat obtained from XRD the
crystal field parameters and degree of crystajlifor sites of these ions in the
HAp matrix can be estimated. The addition of iromd ananganese ions into
hydroxyapatite results in improvement of the biatay) performance of the
implant. Iron and manganese substituted hydroxyepatis shown superior
biological performance compared to its stoichiometounterparts in vitro. The
addition of such ions also enhances the magnetipepties of hydroxyapatite
for the use in hyperthermia medical applications.

Keywords: Hydroxyaptite, bioactivity, crystallinithyperthermia
1. Introduction

Development of new materials is considered to be of the most
important objectives of biomaterials science for ndo substitution.
Hydroxyapatite (HAp) {Ca(PQOy)s(OH),} is one of the important biominerals
of interest in the broad group of calcium phosphmtsed bioceramics and the
main inorganic constituent of bone and teeth. H&pnainly used as bone and
dental replacement material. Hydroxapatite is reggbrto be fully non-
resorbable when tested in vivo [1-3].

The major advantage of hydroxyapatite phase ofiwmalcphosphate
materials is that the nano size (10-100 nm) hycapatite crystalline arrays
along the collagen fibers inside the bone is ablbdnd directly with the hard
tissue and can provide perfect lattice matchingveenh the fracture bone
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surfaces. Moreover, HAp exhibits osteoconductiebdvior, is stable toward
bioresorption, and has no adverse effects on thehwrganism.

Hydroxyapatite (HAp) is the main inorganic phasénoman bones and teeth
[1-3]. Its structure is nearly similar to naturarne material which consists of
nearly 72 wt% apatitic materials. Calcium to phadphratio (Ca/P) in the
building structure of HAp is 1.67. This ratio isryeclose to the Ca/P of natural
bone [4-5]. Hydroxyapatites have a wide range @liagtions both in medicine
and dentistry due to the some characteristic ptigsdi6-7]. The most important
characteristic properties of HAps are good biodgtiand biocompatibility. The
biocompatibility property comes from the non togitects on human tissues
[8-9]. Implants coated with HAps promote a direbtygiochemical bond with
bone, which leads to more rapid implant fixatiord ahe development of a
stable bone biomaterial interface [10].

The main disadvantage of HAp is that they cannafy@icable to use for
heavy load bearing applications due to its low ragotal properties in wet
environments. In addition, HAp can be dissolveediy during its setting in
living tissues. The problems associated with ragigbolution, fatigue failure
and the creation of particulate debris can be sbyeaddition of some types of
reinforced agent such as iron oxide and Mn oxidddap[11]. In addition, these
agents can play good role in enhancing the magpegjerties of the product.

Magnetic-nanoparticles are used in bio-applicatiams usually made
from biocompatible materials such as magnetitg@fefor which susceptibility
is large. These particles have to be integrateal siructure of HAp thus it has
the potential to achieve localized tumor heatinghaut any side effects i.e.;
hyperthermia effects. One of the main biomedicitiersces is the hyperthermia
application consists of targeting magnetic nanaglad to tumor tissue followed
by application of an external alternating magndigtd. The temperature in
tumor tissue is increased to above 43°C, whichesmuagcrosis of cancer cells,
but does not damage surrounding normal tissue [MFgnetic hydroxyapatites
containing Fe or Mn or both were previously studted form a composite
materials [13-14].

Nanopatrticles are incorporated into different matersuch as polymers,
noble metals, metal oxides and silica. Many reseasc have developed
different magnetic nanoparticles of ferromagnetioglass ceramics which
provide magnetic properties for hyperthermia puesd45].

It was reported that insertion of the spinel feriinFeQO, through a wet
chemistry process resulted in nanoparticles haangpre—shell structure (in
which the core was made up of the ferrite and Hetl ®f HAp. Synthetic HAp
has been successfully used in hard tissue surgeny,is capable of undergoing
bonding osteogenesis and is relatively insolutlvo [16].

Mn?* containing HAp and tri calcium phosphate (TCP) wstadied
previously [17-18]. The motivation for the additiai Mn®** ions to HAp was
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due to the fact that divalent Kfrhas been linked to the activation of integrins
which are defined as a family of receptors whichdiae cellular interactions
with extracellular matrix and cell surface ligantispresence of M ions, cell
adhesion is promoted because the ligand affiniipteigrin increases.

The aim of this study is to construct a new spemésmagnetic
hydroxyapatites. These types are having a goodedegi magnetic properties
and compatibility properties. These types of hyglapatites contain Féand
Mn*? ions into the structure of HAp aiming to limit foation of magnetic
secondary phase and able to be manipulated irbgitnagnetic forces. These
new types of magnetic hydroxyapatites are good idatel to be used in
hyperthermia applications. In fact, the use of nedigrstimulation in the field of
tumor treatment i®ne of the modern trendshich have received increased
attention in scientific circles.

Materials and M ethods
2.1. Preparation of hydroxyapatite

Analytical grades of calcium nitrate Ca(pe4H,O (Merck) and
diammonium hydrogen Phosphate {(NHHPQO,} (Sigma-Aldrich) with Ca/P
molar ratio 1.67 were used to produymgre HAp was produced using the
following chemical reaction:

10(Ca(NO3),.4H,0)+6((NH.4),.HPO ) +8NH ,OH—Cayo(PO4)s.(OH),+20NH ,NOs+46H,0 (1)

MnCl,.4H,0 (Sigma-Aldrich) and FegbH,O (Merck) were used as
sources of, Mff and Fé&® respectively. The different types of hydroxyapestit
were presented in table 1.

Table 1 : Chemical formulas and symbols for pregasamples.

Chemical Formula Symbol
Ca(POy)s.(OH): HAp

Cay Fens(PO)s(OH), | Feos HAp
CagaFe o(PO)s(OH), | Feis HAp
Cay oFe{PO)s(OH), | Fea, HAp
Cas o3 (POy)s(OH), | Fes > HAp
Cay Mnog(POy)s(OH), | Mn o HAp
CasMn 1 (PO,)s(OH), | Mn 1 ¢ HAp
Cay eMn 2.4(POy)s(OH), | Mn 2.4 HAp
Cas M3z o(POy)s(OH)2 | Mn 3> HAp

Group (B)| Group (A)




105 To produce a pure hydroxyapatite sample, a caktilamount of calcium
106 nitrate (Ca(NQ@),.4H,O0) was dissolved in 1L distilled water with vigaso
107 stirring (1 h) to form 0.5 M/L. then, Calculated aumt of diammonium
108 hydrogen phosphate {(N).HPQO} was also dissolved in 1L distilled water
109 with vigorous stirring (1 h) to form 0.5 M/L anddet drop wise to the calcium
110 nitrate, the pH of the solution was adjusted tosthg ammonia solution. The
111 two solutions were mixed to obtain a Ca/P molaiorabdf 1.667 at a controlled
112 constant pH of about 10-11. The mixture was cowtusly stirred about 1hr at
113 temperature 80C, until a white transparent gel was obtained. Tee was
114 cooled and incubating at 3T for 24 h until a white precipitate was produced.
115 The precipitate was decanted and filtrated undeuwan by using sintered
116  Buchner funnel with continued washing by distildter to remove ammonia
117  solution and then dried in oven at 4D. The powdered sample was sintered at
118 10°C/min at temperatures 500, 600, 700, 800 and°@0far 1 h then placed in
119 air-cooling to ambient temperature. The sintereddpct was crushed using
120 agate mortar and pestle to obtain resultant powder.

121 2.2. FTIR measurements

122 Fourier transform infrared absorption signals & sfudied HAp samples
123 were measured at room temperature @pin the wavelength range 4000-400
124 cm’ using a computerized recording FTIR spectromewatison5000, USA).
125 Fine powdered samples were mixed with KBr in theor&:100 for quantitative
126 analysis and the weighed mixtures were subjected toad of 5t/crhin an
127 sample cell i.e to produce clear homogenous diShen, the IR absorption
128 spectra were immediately measured after prepahagliscs to avoid moisture
129  attack.

130 2.3. X-ray diffraction analysis

131 The structure of dried and calcined samples wassassl using an X-ray
132 powder diffractometer (a Philips PW1390 X-ray difftometer) with Cu K
133 target (Ni filter), wavelengthij = 1.54 A. C/S=1 x 1)KV = 40, time constant
134 (T.C) =2 and mA = 25 was used. The Bragg's arleit the range of 4—70
135 step size = 0.02 and step time 0.4s at room temyeraCrystallographic
136 identification of the phases of synthesized apatieas accomplished by
137 comparing the experimental XRD patterns to starslaamplied by the Joint
138 Committee on Powder Diffraction Standards (JCPDS).
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The size of the crystallites responsible for thedgr reflection of the
(002) and (300) planes were determined using Scleeretion:

KA

- [ cos 8 @)

where d is the crystalline diameter in nins the peak width at half-maximum
peak height in radiang, is the x-ray wavelength, typically 1.54 A, aéds the
Bragg angle.

2.4. Differential Scanning Calorimetry and Thermogravimetric Analysis

DSC/TG analysis was carried out using a NETZSCH SIO®C/CD
instrument. Known mass=80 mg) of crushed samples was placed into an
aluminum pan then sealed with a crimped lid anddtefrom 25 °C to 100€C
at a rate of 8C/min with argon as carrier gas at a flow rate @t8%/min.

3. Resultsand Discussion:

Calcium phosphate ceramics, particularly those Wi#P ratios between
1.5 and 1.67, i.e., tricalcium phosphate {€&y),) and stoichiometric calcium
hydroxyapatite (Ca(PQOy)s(OH),), respectively, have long been used as prime
candidate biomaterials to restore, reconstruct, rapthce human bone tissues
[19-23]. This is because of their close chemicalilairity to minerals found in
calcified tissues, such as bone, tooth enamel amtira, in both humans and
vertebrates. Hydroxyapatite (HAp) is one of the masportant calcium
phosphates and has received wide attention asdutrstitutes over the past few
decades [19, 24-26].

Figure 1 shows the thermogram of the synthesized pydroxyapatite
material. The figure reveals four distinct stagedezomposition. The first stage
that occurs between 35 and 140 is due to loss of adsorbed water with the
value about (5.5% 0.0956 mg). The second stage for weight loss dbetirs
between 110 and 22@ is assigned to the decomposition of ammonia (5.43
0.094 mg).The third stage is due to the dehydratio@a(OH) into CaO also
contributes the total weight loss in this stage79%~ 0.13 mg. The fourth
weight loss that occurs between 300 and #00s due to the decomposition of
nitrate is about (4.37% 0.075 mg). This temperature range for nitrate
decomposition was also reported by Liu et al [2F-Z8om the thermogram
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presented in figure 1, it can deduced that temperdietween 500- 9T is a
convenient for sintering process.

Figure 2 shows the XRD patterns of heat treatadpsss at 700°C
(Plot A) and at 900 °C (Plot B) for 1 h. It can beted from this figure that
amorphous hump is limited and it can’'t be detecfddus indicates that the
prepared sample has crystalline structure and treasured degree of
crystallinity is 41.4%. On the other hand, the aliyte-structure peaks become
sharper in the sample sintered at, 9Q0resulting in crystallinity of 55.56%.
Increasing degree of crystallinity to 55.56% wititrieasing temperature, may
lead to conclude that any initial amorphous mafigsent in sample is well
crystallized by the effect of heat treatment. Thgudar location and intensity in
figure 2 of
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Figure 1: DSC and TGA curves of synthesized pudedxyapatite material

nearly all the peaks in sample sintered at #C0closely match the standard
JCPDF database (70-0364), which indicates thaméyer crystalline phases are
tricalcium phosphate G@&0Q,), (JCPDS 70-0364) with percentage (21.2%)
besides, some extra XRD peaks can be observedyumefi2 that match the
standard of HAp Ca(PQ,)s(OH), (JCPDS 72-1243) crystalline apatite phases
percentage (78.8%). Then both hydroxyapatite (HApJ calcium phosphate
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crystalline phases could be formed by the effecthefheat treatment process.
These phases are considered the essential phgsegdgor bone construction.

b) HAp-900 °C

Intensity (a.u.)

a) HAp-700°C

Il 1 1 Il 1 |
10 20 30 40 50 60 70

2 Theta (Degrees)

Figure 2: XRD patterns of heat treated hydroxyagasamples at
700°C (Plot A) and at 900 °C (Plot B) for 2 h.

FTIR spectroscopic Analysis

FTIR of the as-prepared derived at 10D HAp is shown in figure 3a.
The figure reveals the amorphous nature of the natgesince there are no
characteristic sharp peaks in the spectrum. Thigsgihen dried and fired at
temperature ranges from 500 to 900°C which helps it to convert slowly to
crystalline hydroxyapatite phase with Ca/P ratib.67 [29]. All hydroxyapatite
characteristic bands are shown clearly in figui&sfB

Figure 3a shows an FTIR spectrum of the materialelé at 100-C. The
broad envelope between 2700 and 3700" ésnattributed to the OH stretch of
Ca(OH), and HAp, and NH stretch of NH.The peak at 1763 chis assigned
to N=O stretch of N@. The bending mode of & is observed at 1631 ch
The intense peak at 1382 ¢nis assigned to N-O stretch of NOThe PG
stretching mode is positioned at 1031 triThe other bending modes of O
are observe at 603and 566 tnThe sharp peak at 825 Cin also assigned to
NOs; bending mode.

For sample sintered at 500 to 9 the broad envelope observed in the
above spectrum between 2700 and 3700'indicates the complete loss of
water, dehydration of Ca(Ok)and decomposition of NAH The peaks in the
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lower energy region include peaks due toP@ode at 985, 1027, 1062 and 579
cm?, and that due to amorphous calcium phosphateé, 11124, 757 and 579
cm* (common in PGFmode). Further, there is no peak corresponding@giN
this spectrum. FTIR spectrum of the sample sidtatdemperature greater than
1000 °C does not show any peak corresponding to thatAy. Hhis further
confirms the XRD findings that the HAp is complgtétansformed to a well
crystallized HAp. A similar observation was repdrtey for the samples
calcined at 1000-C [30-35]. These assignments were summarized in the
following table.

Table 2: Assignments for pure HAp calcined at chffie temperatures

OH stretch and NH stretch of NH 2700-3700
N=0O stretch of N@ 1760 and 830
Bending mode of H20 1630

N-O stretch of N@ 1380

P,O;" stretching modes 1160, 1120 and 750
PQ,” stretching modes 1060 and 1030
PO,® bending modes 1032,1060 and 560
Common for BFO;* and PQ” 580

(HHAp 900°C

(e) HAp 800°C
= >

(d) HAp 700°C
—

Absorbance (a.u.)

o22p

(c) HAp 600°C
~—

(b) HAp 500°C

(a) As-prepared HAp

1 1 1 1 1 1 1 1 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm_l)

Figure 3: FTIR of pure as-prepared hydroxyapathp) and heat treated at different
temperatures.
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The asymmetric stretchings] mode of P@%ons were detected at 1040,
and 1092 cifand bending modev) at 601, 575 and 561 Ccff36].
Symmetrical stretching modes of P@nsv, andv, were also found at around
960 and 470cil, respectively [37]. Stretching mode of the hydiogyoup
(OH-) were detected at around 3570 and 163U caspectively [38].

FTIR spectra of hydroxyapatite doped with Fe.

Figure 4.1 (b-e) show hydroxyapatites doped witfedent concentrations
of Fe atoms at the expense of calcium atoms wighstbichiometric ratio of
(Catmetal)/P=1.667. The figure reveals some fewctiral changes that may
be attributed to incorporation of metal ions in fopd/apatite structure. In Fig.
4.2(b-e), the peak in wavenumber range 500 to 796 are now merged and
becomes a broad peak rather than splitting in plinere is an increase in the
intensity of the peak at 720 ¢nand the envelope in the ranges of 800 to 1300
cm* to become broader; this may also be attributebotading of Fe to HAp
structure [39]. The sharpness of vibrational peak®72 crif, 1160 crt in
hydroxyapatite decreases and the peaks becomedbraad less intense. The
absence of the sharp vibrational peaks at 940dh10 crif, and 1178 cfimay
also be seen. Additional bands of low intensities wsible at 818 ci and
833 cm'. These bands can be assigned,tandvs vibrations of FgO, groups.

(e) Fe 3.2

(b) Fe 0.8 _N/
(a) HAp J\/\/

1 1 1 1 1 Il 1 1 |
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Absorbance (a.n.)

Wavenumber (cm’™)

Figure 4.1: FTIR of (a) pure hydroxyapatite HApda(b-e) Hydroxyapatite doped with

concentrations of Fe ions.
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(e) Mn 3.2
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Fig. 4.2 FTIR of (a) pure hydroxyapatite HAp anee(Hydroxyapatite doped with

concentrations of Mn ions.

Clearly the characteristic band positions obser¥ed both of the
synthesized samples are in good agreement with dhgture HAp. This
observation supported the formation of the expedaition-substituted HAp
within the present experimental protocol.

XRD of the pure hydroxyapatite

Fig. 5 shows XRD for pure HAp. The majority of pealte indexed to the
hexagonal lattice of Ga(PQOy)s(OH), crystal while other peaks are indexed for
B-calcium phosphatd{Ca(POy),. The wide and high peaks reveal that the pure
HAp has a very small size (nanoparticles), alseekewit crystal quality and no
impurities were detected by X-ray. The d-spacingtensities and lattice
parameters for the hexagonal HAp are compared WitRDS Card (data file
No. 72-1243) standard for HAp. The obtained latfiegameters are (a=9.432
and ¢=6.881) and the d- values of the strongesethines are 2.81, 2.72 and
2.78.
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Figure 5: XRD of pure hydroxyapatite.

XRD of pure HAp and Fe doped hydroxyapatites

Figure 6 shows XRD patterns of all samples HAp agydroxyapatite
doped with concentrations of Fe atoms. The peaktipos are not clearly
changed, but the peaks intensity changed and hieudegree of crystallization is
changed gradually. Clearly a number of prominemtkpgor apatite phase were
in the XRD pattern. However, the observed intenaitg d-spacing values for
both the samples are in excellent agreement wghJ@PDS standard data for
HAp.

The amount of Fe added to the basic hydroxyapalitnges the basic
structural unit and lowers the degree of crystajliby the formation of newly
crystalline phases. These phases are magnety®,JFfeon oxide, ICSD file no.
89-0951, cubic with lattice parameters (a=8.491¢ase of samples (b-e), and
calcium iron hydro-phosphate g&H(PQ); ICSD file no. 89-0513 cubic phase
with lattice parameters (a=10.33A and c=37.125A).

11
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Fig.6. XRD of (a) pure hydroxyapatite HAp and (dHgdroxyapatite doped with

concentrations of Fe ions.

XRD of pure HAp and M n doped hydroxyapatites

The XRD spectrum of the Mn-doped apatite [Fig. 7eJpshows the
presence of amorphous phase which supports thevelds&TIR data. The
reason of this nature is the temperature effecis Mvell established that the
degree of crystallinity increases with the increadesintering temperature
resulting several distinct peaks.

XRD patterns of all samples HAp, Hydroxyapatite eldp with
concentrations of Mn atoms showed that peaks presgee well with ICSD
file no. 72-1243 which is hexagonal hydroxyapastel the patterns displayed
extra peaks.

The amount of manganese added distorted the steuctut of HAp and
lower the degree of crystallinity to some extent dormation of a newly
crystalline phases. These phases are manganese (@Nth;0,)ICSD file no.
89-4887, orthorhombic one with lattice parameteas9(55, b=9.79, and
c=3.02), and calcium manganese hydro-phosphategV{@#PQ,),)ICSD file
no. 70-0009. Also, it can be noted that lines gpoading to crystalline phases
of other calcium-phosphate—based compounds argedsent.

12
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Fig.7. XRD of (a) pure hydroxyapatite HAp and (I-g)droxyapatite doped with

concentrations of Mn ions.

The crystallite size, crystallinity index and lagiparameters of doped and
calcined (at 700°C) samples were calculated asridesc previously. The
calculated values are tabulated in Table 3.

The lattice parameters and cell volume values ef RR-HAp and Mn-
HAp did not significantly change as compared te#hof pure HAp.

An increase of the a-axis and a decrease of c-asis detected as
expected in the case of Ca substitution with ioacgs having a lower radius.
This observation confirmed the formation of Fe-Hapd Mn-HAp substituted
apatite of hexagonal structure and conclusivelyvedo that a variety of
substitutions of both cationic and anionic is pikssin hydroxyapatite structure
without any significant modification of its hexagoisystem.

Table 3: Crystallite size, degree of crystalliréiyd lattice parameters

for pure HAp and HAp doped with Fe atoms.
13
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Symbol Crystallite size C%i%;ﬁﬁ]g Lattice parameters
HAp 37.63768 al4n0, | @=9-420A| c=6.881 A
Feos HAP 41.41286 30880 |a=9-392A c=6.870 A
Feie HAp 34.46734 A6as o | 29434 A1 c=6.869 A
Fe., HAP 34.46303 16.860 | @9-441A1 c=6.873 A
Fesz HAp 3l.8le4 46.84% | a=9.443 A| c=6.872 A
Mn o HAp 31.85732 482105 | @9:392A1 c=6.870 A
Mn ;& HAp 34.49934 40030 | 29444 A c=6.869 A
Mn2s HAD| o peakat2s.8) 38979 |3°9421A ©=6.853 A
Mn 52 HAp (No Peak at 25.8)  26.92 % a=9.423 A ¢c=6.862 A

However for both cases lower values of crystabitee and crystallinity
were observed as substitution significantly redubescrystallite size as well as
crystallinity. Possibly, the changes in cell volufoe the latter case would be
due to the substitution of more cation.

Electron paramagnetic resonance

It is well known that the total magnetic field cdiah ion is established
from the spin-spin interaction of neighboring paagmetic ions®. The spin-
spin interaction caused by small magnetic field$ #uis play an important role
to alter the total magnetic field of each ion. 8@ energy levels of the unpaired

electrons to be shifted which led to a variation evfergies resulting in a
broadened EPR signal.
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Fig.8. EPR of pure hydroxyapatite, Fe- doped andddped hydroxyapatites

In Fe-HAp sample, the broad feature in the g-vabfie2.0 regions is
attributed to separation of ferric oxide phaseshwdifferent content in iron
cations (F& and F&9), and their separation results presence of sarfac
oxyhydroxides and Fe-O-Fe clustétsThe presence of high concentration of
Fe** caused electron spin-spin interactions betweemhbeiing F&Tnuclei
which yielded the broad signal. The poor crystéllimvith sample Fe-HAp that
results from the Fe-phosphates and Fe-oxyhydroxwiasld be expected to
have a high concentration of neighboring™Fimns. These agree well with
results of XRD and FTIR results. The rhombic criyfigld symmetry assigned
to Fe-HAp suggested that Fe was occupying the rim@a(2) site and not the
axial Ca(1) site. However, charge compensation fFam substituting for C&
could cause asymmetry distortion and lead to a Horanvironment in the
Ca(l) site.

The number and position of EPR transitions forasad F&" ions in a site
of well-defined symmetry observable in a powderctpen depends sensitively
on the local ligand-field symmetry of the sites apdssible magnetic
interactions between them. In the presence of mihodistortion of the ligand-
field the g values of the three doublets of the §2-system change as a zero-
field splitting parameters depending of its valubacomes possible to observe
ESR signal arising from the + 3/2 and £ 5/2 doulblethe excited states. Iron
(111 rhombic crystal field symmetry may indicatalsstitution into either of the
Ca sites in Fe-HAp.

Manganese (IV) may be the cause of the low fielthaxid hyperfine
patterns. Manganese (IV) would have originated fidm'? oxidation during
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Mn-HAp synthesis. However, the pink color of the #MAp materials indicated
that M was the dominant oxidation state in the g-val@'%

The hyperfine lines of the Mn-HAp were barely déabte. Minor
spectral differences were observed between the KMp-&hd Fe-HAp showed a
marked decrease in peak intensity relative to stahHAp.

The large decrease of the Mn-HAp g-value = 2.0lkpedicated that
nonstructural Mn phase(s) such as poorly crys&alin-oxyhydroxide and Mn-
phosphate phase(s) associated with the SHA crigsgalf. Poorly crystalline
Mn phase(s) also explain the broad g-value 2.0k peaVin-HAp that was
superimposed on the hyperfine pattern becausé? Mvould be closely
associated with one another leading to spin-sparactions.

The central sharp peak observed in Mn-HAp and wassiply from a
small concentration of an inorganic or organic aomhant in the synthesis
reagents. The high intensity of the Mpeaks Mn-HAp dominated the spectrum
and masked any contamination peak. Spin-spin exghemeractions because of
Mn and Cu atoms were the cause of an increasegpéisbroadening”. The
entire Fe-HAp spectrum was superimposed on thedbsamal that suggested
the presence of sites with strong spin-spin intevas caused by poorly
crystalline Fe-oxyhydroxide or Fe-phosphate phase(s

The crystalline structure has been determined uXirgy and neutron
diffraction, electron diffraction patterns of HAngle crystal are not readily
obtained. Its single crystal pattern of the (0Obhe is especially valuable
because it reveals the features of its apatitetsire.

Conclusion:

Nano-sized particles of pure HAp and various Fe Bimdatoms doped
HAp powders have been successfully prepared viaet avemical method.
Heating the hydroxyapatite thermally results inr@asing the crystallinity of
prepared samples. Doping of Fe into HAp powdersdrasatly influenced the
structure in a trend that the crystallinity was réased with Fe and Mn atoms
substitution. Good agreement with FTIR results weld#ained where the
splitting of band in wavenumber range 500-700"ésndecreased up on addition
of different metal ions in substitution of Calciuons. The data obtained from
XRD for different powder samples were found to beaigood agreement with
that obtained from FTIR. The magnetic propertigsnfrESR results played a
vital role to enhance the bioactivity and physiaol@l properties of the apatite.
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