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Abstract

Natural origin hydroxyapatite (HAp) was extracted from animal bones by their treatment with hot NaOH solution. The remaining organic
material oxidized in air atmosphere at moderate temperatures. In the material of this kind carbonate groups and small amounts of magnesium
were found, usually not present in the synthetic HAp. Ca/P ratio in pig cortical bones was higher than that in the stoichiometric (synthetic)
material. Fraction of carbonate groups decreased with temperature and CaO appeared at higher temperatures, but structure of hydroxyapatit
became preserved even at 1000 the highest temperature applied in this investigation. At temperatures €&id9stallite growth became

intensive, specific surface area of the powder decreased and compacts of such powder started to shrink. Biological test showed that CAL-72
(human osteosarcoma) cells growth depended on heat treatment temperature of the natural HAp substrate.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction in the present study characteristics of the starting natural
origin HAp material of pig origin will be followed by its

Hydroxyapatite (HAp) with its high biocompatibility and  characterization at elevated temperatures.

good bioaffinity, stimulates osteoconduction and is slowly

replaced by the host bone after implantatidnHAp mate-

ria}l manufactured from a.nimal bones have the_ advantage t_hat2. Experimental procedures

it inherits some properties of the raw material such as its

chemical composition and structure. Therefore, it seems to

be an alternative for numerous products based on syntheti

HAp. In our previous studie$yve focused on the method of

extraction of HAp from bovine bones. In the present work

pig bones were used as source of the HAp mineral.

Three kinds of hydroxyapatite applications can be pointed The following preparation route was applied: about 200 g

out: (i) as a porous or granulated material useful in bone of clean bones were treated in a poly(tetrafluoroethylene)

surgery, (i as an additivg__to organi_c polymers improving (Teflon) beaker at 100C for 24 h with 1000 cri of NaOH
their biofunctionality and (iif) as coatings, plasma spréyed water solution of 4 mol/dm3 concentration. The treatment

or prepared by laser ablatiGrAll these applications involve was repeated for another 24 h at 2@with a new NaOH
treatment of the material at elevated temperature. Thatis WhySolution of the same concentration. In order to remove

remaining sodium hydroxide the material was washed with
* Corresponding author. distilled water until pH 7 of the filtrate was reached and then
E-mail address: haberko@uci.agh.edu.pl (K. Haberko). dried at 120C in air atmosphere.

Preliminary experiments have shown that organic part of
%he system can be nearly totally removed from bovine bones
by treating them with hot sodium hydroxide solut®m the
present study, we focused on hydroxyapatite extracted from
the cortical part of long pig bones.

0955-2219/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
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Specific surface areas of the starting and calcined pow- Ca(2+) and its concentration after treating the solution with
ders were determined by nitrogen adsorption (BET isotherm) COo.
using a Sorpty 1750 (Carlo Erba) apparatus. A standard
technique was applied in preparation transmission infra red
spectra (Bio-Rad FTS 60 MV apparatus): a 2 mg sample was3, Results and discussion
pressed with 300 mg of KBr. Number of scans 256 and res-
olution 4 cn ! characterized these measurements. DTA and Specific surface area of the material as measured by nitro-

TG measurements were made using Derivatograph model Cgen adsorption (BET) was of 71.4/g. Its transmission
(MOM Budapest). Rate of temperature increase@min, electron micrograph showed anisometric, plate-like particles
100 mg samples, Pt crucibles amdhl ;03 reference samples  of nanometric thickness{g. 1).
were used. Chemical analysis of gases emitted at elevated |n Table 1 chemical analysis of the studied material is
temperatures by the HAp sample was performed using massgiven. For comparison two commercial, synthetic materials
spectrometer QMD 300 Thermostat (Balzers). Rate of tem- are shown as well as the analysis of bovine origin HAp studied
perature increase was 16/min. Philips CM 20 transmission  in our earlier worl® The essential difference between syn-
electron microscope allowed us to observe morphology of thetic and animal origin materials was that the latter showed
HAp powder. Linear shrinkage of the HAp compacts were higher Ca/P ratio than the synthetic material, while the former
measured using home made dilatometer. Rate of temperwas closer to the stoichiometric HAp (1.67). Other authors
ature increase 1@/min and samples uniaxially pressed (e.g.10) also observed Ca/P ratio higher than stoichiometric.
under 50 MPa and repressed isostatically under 200 MPaNatural HAp contains Mg, which is lacking or nearly lacking
ware applied. Phase compositions of samples were studiedn the synthetic material. Carbonate groups were found in the
using X-ray diffraction (Cu k& radiation) and Philips X'Pert  bovine origin HAp? It will be shown below that, they also
system. Identification was based on. exist in the pig origin HAp. However, they were absent in the
The following procedures were applied to determine tested synthetic materials. It should be pointed out that the
Ca(2+), Mg(2+) and P&~ content: a 0.5 g sample was dis- methods of synthesis were elaborated which allow incorpora-

solved in concentrated HCI (0.9 &nand 5cni of water.  tion of Mg and carbonate groups into the HAp structtird?3
After cooling the solution was diluted with water to about

80cn? and pH was fixed to 3 using diluted NHwvater
solution. Phosphate ions, &, ions were separated from
Ca(+2) and Mg(+2) in an ion exchanger Dowex 50 W by
means of the method applied for ceménthe amount of
P43~ was determined indirectly by precipitation as LaPO
and complexometric titration of the excess of La(3+) ions
by EDTA in the acetic acid buffét.The results obtained
by complexometric titration were verified by amperometric
titration using standard solution of Pb(2+) ions and precipi-
tating PQ3~ as Plg(P0Oy)3Cl.° After elutriation from the ion
exchanger the amount of Ca(2+) was determined by complex-
ometric titration with EDTA in alkaline solution of NaOH and
the amount of Ca(2+) + Mg(2+) in the ammoniacal buffer of
pH 10. The amount of Mg(2+) was determined from the dif-
ference between the two values. However, in case of small
amounts of Mg(2+) this method was found to be not suffi-
ciently accurate and flame atomic absorption spectroscopy
(AAS) had to be used.

The amount of C@*~ ions was determined by the method
based on the precipitation of CagOThe HAp sample
(0.1-1.0g, depending on the expecteds£Ocontent) was
treated with an excess of HCI in a closed vessel. The releasedrable 1
CO, was carried by a slow stream of argon and absorbed Chemical analyses of hydroxyapatite samples

Fig. 1. Transmission electron micrograph of the hydroxyapatite particles
extracted from the pig bone.

in two washing bottles connected in series, containing the sample Elektromet  Mitsubishi HAp HAD (pig)
known amount (100 cA) of saturated Ca(OH)water solu- (Poland) (Japan) (bovine)

tion. The mixture was allowed to stand overnight, in order synthetic synthetic

to let CaCQ to sediment, and concentration of remain- CaO 55.71 51.65 52.25 51.37
ing Ca(2+) ions was determined by complexometric titra- M39 Traces 0.05 0.41 0.62
tion with EDTA. The amount of Cg#~ was calculated, Ezacl); 412.67; 381'2; 32‘% 31;2

based on the difference between initial concentration of
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Fig. 2. Pig bone DTA and TG curves. Rate of temperature increa$e/ifin., air atmosphere.

In Fig. 2differential thermal analysis (DTA) and thermo- existence of carbonate groups in the natural hydroxyapatite.
gravimetric curves (TG) are shown. The low endothermic Absorption bands of 2860 and 2929 thare assigned to
effect should plausibly be attributed to evaporation of water stretching vibrations of €H bonds. The remaining bands in
adsorbed on high surface area of the material. Within the the high wave number range result from vibrations ef-D
whole temperature range sample lost its mass. At higherbonds. These bonds occur in water, which is adsorbed on
temperatures two exothermic effects occurred. In order to the high surface area of the starting powder and in hydroxyl
recognize their nature two calcinations were performed for groups present in the HAp structure.

30 min at the end temperatures of these effects, i.e. 350 and Absorption bands assigned to thel€ vibrations in the
780°C. Rate of temperature increase was Cdmin, i.e. the starting sample suggest that treatment with NaOH does not
same as applied during the DTA/TG measuremdrits. 3 result in the total removal of the organic material of bones.
shows infrared absorption spectra of these samples as well ahese absorption bands disappear in the materials calcined
the sample before thermal treatment. Absorption bands wereat 350°C and at higher temperatures. Based on this, we con-
ascribed to particular bonds according'fovibrations of clude that the exothermic effect observed at the low tempera-
P—O bonds are assigned to the absorption bands within waveture rangefig. 2) corresponds to oxidation of the remaining
number ranges of 471-603 cand 992—1091 cmt. Bands organic materials. This is corroborated by the mass spectro-
in the 1415-1468 cmt range confirm the above-mentioned metric analysis of gases emitted from the sample heated in
air atmosphereFig. 4 shows an increased signal at about
300°C corresponding to a species of mass/charge quotient

m/q =44 (CO,)
m/q =18 (H,0)
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] o S ) Fig. 4. Mass spectrometric analysis of the gases emitted from the HAp sam-
Fig. 3. Transmission infrared spectra of pig origin hydroxyapatite. ple heated in flowing air. Rate of temperature increaseClfin.
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Fig. 7. Content of Cg%~ groups vs. calcination temperature.
Fig. 5. Changes of specific surface area and crystallite sizes of HAp vs.
temperature. Samples prepared under dynamic heating conditions with the
rate of temperature increase of X¥min. To StUdy in detail chemical Changes in HAp taking place

with temperature a series of samples were manufactured by

(mlq) of 44 which can be attributed to the singly ionised£CO heating them at temperatures in the range from 5@
molecules. The pale line of/g = 18 corresponds to the singly  1000°C. Rate of temperature increase wa&C#min, soak-
ionised water vapour molecules. ing time 30 min at the pre-selected temperature and cooling

Using the DTA equipment the sample was heated withthe furnaceFig. 7shows content of C€¥~ groups deter-
(10°C/min) to the temperature just below the beginning of mined by the chemical analysis. We notice that under static
the second exothermic peak and quickly quenched. The saméieat treatment conditions concentration of carbonate groups
procedure was repeated at the peak temperature and at tendecreases starting from calcination temperature of°@)0
perature slightly higher than the peak temperatéig. 5 in agreement with the phenomena above described. In sam-
indicates specific surface area of these three samples angbles calcined at this temperature and higher, X-ray diffraction
changes of the crystallite sizes assessed based on the X(Fig. 8) reveals one reflection corresponding to CaO. It could
ray line broadening. We notice that a sudden decrease ofeasily be removed from the system by washing the sample
the specific surface area and an increase of crystallite sizesvith distilled and de-carbonated water. A reaction of CaO
accompany the higher temperature exothermic effect. Mostwith water results in Ca(OH)formation, which is reason-
probably such phenomena are responsible for this effect.ably well soluble in water. Washing was continued until pH
Fig. 4 indicates that simultaneously with the exothermic of the filtrate reached the value of 7. Chemical analysis of
effect carbon dioxide is secreted from the sample changingthe filtrate allowed us to determine the amount of calcia
its composition. Another coinciding effect was found by the removed from HAp versus calcinations temperatiig.(9).
dilatometric measurementsi(. 6). Close to the beginningof ~ We notice again that this phenomenon starts at temperature at
the second exothermic effect, compacts of the HAp powder which deep changes of the material begin. Nevertheless, X-
started to shrink.
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Fig. 6. Linear shrinkage of the HAp powder compact vs. temperature. Rate Fig. 8. X-ray diffraction patterns of the HAp samples calcined at indicated
of temperature increase 1G/min. temperatures.
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1,01 ulated body fluid (SBF). In vivo no toxic reactions were
observed.
0,8
2 087 4. Summary and conclusions
o]
o
O 047 The presented chemical procedure allowed us to extract
hydroxyapatite from pig bones. The rest of organic material
021 disappeared at 35C. Crystallite sizes of the natural HAp
00 classify it as a nanometric material. In contrast to synthetic
' hydroxyapatite, natural HAp contained carbonate groups and

300 400 500 600 700 80D 900 1000 1100 small amounts of Mg. The Ca/P ratio was higher than that
in the stoichiometric (synthetic) material. At temperatures

Temperature, °C )
>700°C the material starts to decompose; CaO and carbonate

Fig. 9. Content of free CaO vs. calcination temperature. groups were partially removed from the system. Simultane-
ously compacts of the HAp powder shrink, specific surface
ray diffraction patternKig. 8 and infra red spectra&i{g. 10 area dgcreased anq crystallites grew ef_fe_ctively. In spite_ of
indicate that animal origin HAp preserves its structure even € indicated chemical changes pig origin hydroxyapatite
at calcination temperature as high as 1000 calcined at a temperature as high as 10D@reserved it
Preliminary experiments allowed us to check hydroxyap- Structure. o
atite originating from pig bones for biocompatibility with Preliminary biological tests have showed that rate of

CAL-72 (human osteosarcoma). Discs of diameter fitting 9"0Wth of the human osteosarcoma cells was faster on the
the well of 12-well cell culture micro-plate were formed POWder compacts calcined at 530 than those which had

by uniaxial pressing (50 MPa). Half of the plates were cal- 2€€n heat treated at 350. In vitro nanometric HAp parti-
cined at 350C and another half at 55C. Then the discs cles modifying surface of carbon fibres stimulate biomimic
were washed with distilled water followed by conditioning 9"oWth of apatite from the SBF. In vivo no toxic reactions
in growth medium prior to cell seeding. It was found that \Vere observed.
samples calcined at 55C were colonized more effectively
than those fired at 35. It indicates that the procedure of
the HAp thermal treatment affects the biocompatibility of the Acknowledgment
material.

HAp nanoparticles of pig bone origin were used to modify ~ This work was supported by the Polish grant PBZ-KBN-
surface of carbon fibré. It was found that this modifica- ~ 082/T08/2002.
tion stimulated biomimic growth of apatite from the sim-
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