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Abstract

Electron paramagnetic resonance (EPR) is often used in dosimetry using biological samples such as teeth and bones. Itis generally assumet
that the radicals, formed after irradiation, are similar in both tissues as the mineral part of bone and tooth is carbonated hydroxyapatite.
However, there is a lack of experimental evidence to support this assumption. The aim of the present study was to contribute to that field
by studying powder and block samples of human finger phalanxes that were irradiated and analyzed by multi-frequency EPR. The results
obtained from bones are different from the ones obtained in enamel by several respects: the ordering of the apatite crystallites is much smaller
in bone, complicating the assignment of the observed O@dicals to a specific location, and one type of:£0radical was only found
in enamel. Moreover, a major difference was found in the non-Cshd non-C@*- signals. The elucidation of the nature of these native
signals (in bone and tooth enamel) still represents a big challenge.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction for in vivo measurements. The low frequency has, however,
an inconvenience, i.e. the compression of all EPR signals
Electron paramagnetic resonance (EPR) spectroscopy iswvhich results in a single line. In this respect higher frequency
often used in dosimetry, dating and detection of irradiated EPR studies at Q-band (34 GHz) and W-band (94 GHz) are
food where teeth and bones are the most studied biologi-useful for increasing the spectrum resolution and for distin-
cal material§1]. The measurements are generally conducted guishing between the individual components in the X- or
in X-band (9.5 GHz) for practical reasons, like the sample L-band spectra.
size, the spectrometer availability, cost, etc. It was recently ~ Tooth and bone are both composed of a mineral part (car-
suggested to use L-band (1 GHz) EPR spectroscopy for non-bonated hydroxyapatite), water and an organic part, but the
destructive dosimetry of whole teeth and fing@rs4]. Low- relative contributions of these three constituents differ in
frequency microwaves are indeed less absorbed by water ana&tnamel, dentin and bone. Average values are summarized
penetrate more deeply into the tissues which make them of useén Table 1 [5] The EPR stable C£ dosimetric signal can
originate from CQ@%~ ions, CQ molecules or COOH groups
_— present in the calcified tissue struct(iée/]. Tooth enamel
* Corresponding author. Tel.: +32 9 2644352; fax: +32 9 2644996. is the most sensitive EPR dosimeter due to its high mineral
E-mail addressfreddy.callens@ugent.be (F. Callens). .
1 Postdoctoral Fellow of the Fund for Scientific Research, FWO, Flanders, content and degree of crystallinity. Moreover, enamel does
Belgium. not undergo remodelling as dentin and bone do. Bone is esti-
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Table 1 with grease-removing soap, dichloroethane, rinsed and dried
The main constituents of sound human tooth enamel, dentin and bone (av-in air. These samples were already used in a previous work
erage wt.%) and comparison of the average density of these fissues [4]

Constituent Enamel Dentin Bone Bone powder was obtained by grinding the irradiated
Water 3 10 25 bones with an agate mortar. Powders from the extrem-
ﬁfgan'lc matter 961 7%0 5%5 iies of the phalanx and from its central part yielded

neral . . . . .

Average density (g cr) 292 251 535 identical EPR spectra. Several blocks (with dimensions

1 mmx 1 mmx 3mm) were cut from the bone prior to ir-
radiation for rotation in mutually orthogonal planes (to be
explained in more detail below). Some samples were heated
mated to be around 10 times less radiosensitive than enamefor several hours at 15@ and other samples at 400 for
[8]. In addition, its bigger organic part could reveal additional 2—3 weeks prior to irradiation, others were heated after irradi-
radicals. Nevertheless, bone is sometimes the only dosimet-ation. For in situ X-band measurements, a Bruker ER4114HT
ric material available. Itis actually already studied since sev- high temperature cavity was used.
eral decades (modern and ancient bones from different ani-
mals and mefi] (and references thereif9)]), but still needs 2.2. Irradiation
further analyses. Recently very interesting applications ap-
peared related to human bones exposed for radioth¢t@py X-irradiations were carried out at room temperature (RT)
and radiation acciden{s,11]. with a tungsten anticathode Philips X-ray tube, operated at
In human tooth enamel, the EPR spectrum normally con- 60 kV and 40 mA. Typical irradiation times of a few minutes
sists of a broad native signal supposed to be of organic ori- were applied with a dose rate ofl.3 kGy/min. One phalanx
gin atg=2.0045 and stable GO signals with g values in  was irradiated withff°Co gamma rays at RT at a dose of
the region 2.003-1.997. This signal was thought for a long 1400 Gy with a dose rate 6f5 Gy/min. No effect of the type
time to be due to the C§~ radical[12], but was later at- of irradiation was observed.
tributed to CQ~ [13-15] Thanks to multi-frequency EPR
and electron-nuclear double resonance studies, sevepal CO 2.3. EPR spectra
species differing in symmetry (isotropic, axial, orthorhom-
bic) and location (phosphate or B-site, surface site, occluded The X-band EPR spectra were recorded at RT using a
water) could be identified. Similar studies with enamel (pow- Bruker ESP300 X-band spectrometer with a maximum avail-
ders and blocks) heated at 40D before irradiation revealed  able microwave power of 200 mW. The magnetic field and
the presence of different G&- radicals, which evenbecome  the microwave frequency were measured using a Bruker
predominant at low microwave power. Other radicals, such ER035M Gaussmeter and a HP5350B microwave frequency
as CQ~, CO and O can also be formefll6-20] The counter. The Q-band spectra were recorded at RT using a
decomposition of both C§ and CQ?- radicals might pro-  Bruker Elexsys E500 Q-band spectrometer with a maximum
duce CQ™ specieg21,22] The thermal stabilities of C§ available microwave power of 150 mW. The magnetic field
and CQ*" radicals vary from sample to sample depending and the microwave frequency were measured using a Bruker
on their impurity content, pretreatment, etc. Typical values ER035M Gaussmeter and a EIP 548B microwave frequency
range from several days to 100 d4g8]. counter. In X- and Q-band DPPIg £ 2.0036) was used for
As the main component in the mineral part of both bone absoluteg-value calibration. The sample rotation for the an-
and tooth enamel is carbonated hydroxyapatite, the radicalsgular variations was carried out with using a Bruker stan-
formed after irradiation can be expected to be similar in both dard goniometer. The W-band spectra were recorded using a
compounds. The present work tries to verify the pertinence Bruker Elexsys E600 spectrometer. For an absajutalue
of this assumption. Bone powders and blocks from dry hu- calibration, Mri#* in CaO was used and proportionality was
man finger phalanxes were irradiated and analysed by multi-assumed between the current through the superconducting
frequency EPR, with or without heating before or after irra- coil and the magnetic field.
diation.

@ Data from Driessens and Verbedék.

3. Results and discussion
2. Experimental
3.1. Powder spectra
2.1. Materials
The X-band spectrum of non-irradiated crushed human
Several dry human finger phalanxes of the same hand werephalanxes exhibits a broad native signal arogad2.0045,
supplied from anonymous collection of the Human Anatomy which is however more complex than in human enamel with
Department of the Faculty of Medicine, UCL. The bones peaks around=2.007 and 1.998, and already a small.CO
were boiled for 3—4 days, scraped with bistouries, cleaned component (see Fig. 5 in Zdravkova et[4l).
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Fig. 1. RT EPR spectra of irradiated bone powd@Cp-dose 1.4 kGy, 3

weeks after irradiation) in X- and Q-band, and simulated spectra using an Fig. 2. RT W-band spectrum of irradiated bone powder (X-ray dose 1.5 Gy,
orthorhombic C@~ radical, an axial Cg?*~ radical (CQ3~ (2)) and an 5 days after irradiation). Theg-values of the C@~ radical are shown.
isotropic signal ag=2.0007. Nearly identical spin Hamiltonian and line  P=14pW, MA=0.1mT).

width parameters were used for both simulations (@.gliffers by 0.0001

between both bands) and are given for Q-bandahle 2 P=0.53mW, - . .
MA=0.1mT. ) ? Q detectability of the latter signal can be (partly) explained by

the large spread in magnetic field in W-band and the overlap

Irradiation strongly enhances the gOsignal. In X-band ~ With the oxygen spectrum, which is probably enhanced by
this signal looks axial with featuresgt 1.9972 and 2.0019.  the heating of the bones during the preparation procedure.
The native signal seems distorted and other small compo-The O spectrum is also found in Q-band at higher power,
nents appear on both sides of the dominant C®ignal. albeit less pronounced than in W-band. The fact that the O
Fig. 1compares X- and Q-band spectra of a sample recordedsignal has not been detected at all in X-band is more or less
3 weeks after irradiation. The Q-band spectrum shows bettercompatible with the above, but the underlying reason is for
resolved components gt 2.0007, 2.0023, 2.0033, 2.0042 the moment totally unclear. _
and 2.0060. The lines at=2.0033, 2.0042 and 2.0060 are The X-, Q-and W-band results presented above seem quite
easily saturated and already at 4 mW ¢fv2.0033 shoulder compatible with the ones reported earlier for unheated tooth
is no longer visible. The latter could be due to £50 rad- enamel. Even in W-band only one (anisotropic)C@enter
icals which have principag-values in this range and which ~ can be detected. Thus only by comparison with block spec-
are known to saturate easily. Simulations of the central part of tra[16,19]and spectra of heated enamel, it can be expected
the X- and Q-band spectra are also presentddgnl Only that the further substructure of the g0and CQ°~ spectra
an isotropic §=2.0007), an orthorhombic GO radical (in will become clear. Minor differences between both calcified
Q-band the shoulder around 2.0019 is completely resowed)tiss_ues concern the signals at low field (related to collagen
and an axial C@~ radical appeared necessary to reach an radicals?).
excellent agreement with experiment (ignoring the uniden-
tified low field features). Thg-values and line widths used 3.2, Blocks of bone
in the simulations are reportedTable 2 The W-band spec-

tra are characterized by a dominant broad signglag.06 Due to the anisotropic ordering of the apatite microcrystal-
and a strong minimum a=2.001 which can be attributed jites, intact bone is also a partially ordered system like tooth
to an O specieq17]. In theg=2.00 region only one rela-  enamel. However, it is known that this anisotropy is smaller
tively small CQ ™~ signal is well visible Fig. 2). The poor  than for enamel. In order to further investigate this matter and
to try to use this anisotropy to our advantage, next to powders,

Table 2 also small elongated bone blocks (plates) were prepared. As-
Parameters of the EPR components used for simulations suming that the blocks are rectangular, the following axes
Ox Oy 9% Line width ~ Shape system can be defined. The long axis of the phalanx (corre-
(mT) sponding to the collagen fiber axis) is labeledVhen the
CO- 20031 1.9972 2.0019 0.20 Lorentzian  axis perpendicular to the macroscopic surface of the bone is
CO* (1) 20046 20034 20017 0.16 Gaussian  denoted byx, the third orthogonal axis corresponds wjth
CO:% (2) 20040 2.0040 2.0018 0.16 Gaussian

Blocks were cut for rotation of the magnetic field in tty@nd
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xz(or equivalently, thgzplane, see below) planes. The rota- From our investigations the earlier described weak
tion with the magnetic field in they plane does not show any  anisotropy of the EPR spectra in bones seems to be com-
angular dependence of the EPR signals, making«#and pletely confirmed. Next to the arguments given above, our
yzplanes equivalent. The spectra are identical to the powderresults could point to the predominance of “chaotic” ££O
spectra independently of the time after the irradiation. radicals in the irradiated, unheated bone. The spectra due to

A small effect of the rotation is observed in theplane such radicals do not depend on the orientation and are in
when freshly irradiated bones are used. During the rotation, fact powder spectra. For enamel Brik et[d@]. suggested that
the position of the signals does not change but the line width these radicals have mainly G&@om the nanocapillary water
and the relative intensities are affected. These changes ardayers, present between the enamel prisms, as precursors. A
more visible in the region where contributions from §€0 second possibility consists in carboxyl groups of surround-
are expected (arourg=2.0033, se€ig. 3). Small changes  ing amino acids. As also stressed by the same authors, bulk
are also registered in the dip@t 1.9971 (corresponding to  radicals in enamel (and maybe also in bone) are probably
gy or g; for COx7). for a major part non-Ce- radicals, as e.g. G§~ and the

For tooth enamel, there are several articles in the literatureless stable (in unheated apatites)£COThis could explain
about the effect of the rotation on the EPR spectra of blocks the small variations in the G§~ region inFig. 3 The data
[6,16,19,24,25]The experiments show a pronounced angular are however insufficient to retrieve any information about the
dependence of the EPR spectra for these samples in the planesrientation of the radical axes system with respect to the ap-
containing thex-axis as defined above. The bone and tooth atite crystallites and/or the global bone structure. If the above
enamel mineral part are both mainly made up of hydroxyap- hypothesis is true, one could a priori hope for a better visible
atite microcrystals, but these crystals are much smaller in theanisotropy in the block spectra of (pre)heated bone (see be-
case of bone and also the crystallinity is worse. For example, low). Indeed, if comparable results as for enamel are found,
the average crystallite length decreases from 500—600 nm inone would expect the “chaotic” part, which largely masks
enamel to 100 nm in dentin and 30—-100 nm in bone, whereaspossible anisotropy, to decrease or even to disappear com-
the amorphous phase in bone can reach 40-/%Jp to pletely, depending on the temperature and the duration of the
now the angular dependence in bone is less studied than inapplied heating.
tooth enamel. A weak angular dependence in Q-band is re-
ported for a cortical femoral bone after thermal annealing at
200°C [26]. These authors showed that there are a factor of 3.2.1. Heating before irradiation
2.2 more crystals in the fiber direction than perpendicularto  Different thermal treatments of the samples in air before
it. Brik et al. [6] observed that the anisotropy in bones from or after irradiation were performed during this work. On the
rat legs substantially differs from that of tooth enamel. They one hand, heating after irradiation allows to remove the un-
found that the oxygen—oxygen axis of g0in the bonesis  stable centers but can also produce additional paramagnetic
primarily parallel to the gravitational field of the Earth. centers. On the other hand, heating before irradiation can
sometimes lead to important structural alterations and affect
the precursors of the radicals. For example, a thermal treat-
ment at 400C during 2 or 3 weeks until constant weight of
the sample, as already used in Callens dfiél. and Sadlo et
al.[17,18] is normally enough to deproteinate the bone and
thus eliminate the EPR signal due to the collagen cofig&iht

=2.0042
2.0033

=

g

0 According to the latter authors, heating at a temperature be-
10° low 500°C does not affect the structure and distribution of
the mineral phase, although collagen is no longer present
20° in the samples. Treatment of bone at temperatures exceed-
. ing 500°C causes complete disruption of the tissue architec-
30 ture and the reorganization of the mineral phase into tightly
40° packed, dense crystals. Similar observations are quoted in
Gilinskaya and Zanirj23] and Bachmann et aJ28]. Ac-
50° cording to Gilinskaya and Zan[23], heating causes removal

of adsorbed water (<20@), of organic substance (around
350°C), of bound water (400-60@) and of carbonate ions
(600—900°C). Annealing at 400C leads to a significant de-
crease in the C® content following the removal of part of
the bound water stabilizing the GO radical. Similar state-
Fig. 3. RT Q-band angular variation of an irradiated bone block per- ments were made by Brik et al. after their detailed study on

formed in thexz plane immediately after irradiation (X-ray dose 1.3kGy). the effect of (pre)heating on the magnetic resonance spectra
P=0.34mW; MA=0.3mT. of tooth ename]7].

T T T
1208 1212 1216
Magnetic field (mT)
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Some samples heated at T&Dfor several hours before
irradiation did not show EPR spectra different from the ones .
for non-heated samples. This result is essentially in agree- experim
ment with the fact that the bones were already boiled during
their preparation (see Secti@ril). simul

Most samples were heated at 4@during 2—3 weeks be-
fore irradiation. In agreement with the literature, the heated
but non-irradiated samples still show a very weak signal Cco.
aroundg=2.004. Heating by itself is known to produce EPR

signals. Progressively stronger (partially decaying) EPR sig- co,” (1)
nals atg=2.0043 with a line width of 0.44 mT were recently
observed in bovine dentin after thermal annealings from 100 co,” (2)

to 300°C [28].

Because C@® and CQ3~ spectra are known/expectedto - . . . : .
be best visible at high and low power respectively, angular 1207,5 1210,0 12125 12150 1217.5
variations at different power levels have been performed. Also Magnetic field (mT)

comparable powder spectra have been recorded. _ _
Inboth X- and Q-band. the high pover powder speciraal- 7. 17.3675 P 0 e Povi s e
ways revgal awell detectabl_e, albeit substantially decreased,; o cq3- radicals (EPR parameters givenTiable 2. P=0.33mW,
contribution from CQ~, mainly based on the presence of pma=0.1mT.
the signal around=1.997, whereas at lower power this sig-
nal is practically absent. This means that at least one type Another signal which is probably the isotropic septet due
of CO;~ radical is resistant to the temperature treatment. to the isopropyl radical witig=2.0038 ancA =2.17 mT[29]
Around 0.3 mW, the spectra are dominated byz&Ocon- is also observed, as well as in post-heated samples (see be-
tributions, as will be discussed in more detail below. As the low). This signal is known to be enhanced by heating up
powder spectra of “chaotic” and anisotropic £0ions, if to 250°C but is lost around 280C [30]. The presence of
both present, are hardly distinguishable even in Q-band, blockthe components & =2.0042 and 2.0060 after such drastic
spectra are indispensable to gain insight into the further sub-heating rejects the hypothesis of an organic origin. A carbon
structure of the C@" signal (see e.g[16] for an enamel  centered radical could be suggested like, e.g.; @Qich has
study). Like for unheated blocks, hardly any anisotropy could g-values (2.0057, 2.0043 and 2.0021 in Callens ef3l))
be detected for the CO signals. Since we could notrecorda in the right range. This assignment is however rather specu-
high power block spectrum without a 1.997 component, the lative. E.g., CQ™ radicals, also witfg-values in this range,
conclusion is not as simple as in the enamel case. Only if could be considered too, as it is known that heating stabilizes
we assume that the “chaotic” component has disappeared bythese radicals in synthetic apatif82].
the preheating, as was the case for enamel, only then we may The above results show that bone behaves quite differently
conclude that also in bone a bulk @Ocomponentis present. ~ from tooth enamel. If the “chaotic” radical precursors leave
We would then have to conclude that the ordering of the ap- in a similar way as in tooth enamel by the heating procedure,
atite crystallites in bone is very weak or even isotropic for we should conclude that the crystallite distribution is nearly
the specific samples under study. This would, of course, thenisotropic. If the precursors are not (all) destroyed by the heat-
also a fortiori explain the very weak anisotropy of unheated ing, it is possible that the GO signal is non-composite and
bone samples. completely “chaotic”. There are also other differences: the
Focusing now on the low power spectra, itis found that the third CO;3~ component is either missing or different from
EPR signal of an irradiated preheated sample is sharper tharthe one in enamel and again there are differences in the “na-
that of a non-preheated one. The analysis of the spectrumtive” signals.
reveals the presence of a very small quantity ohC@nd a
much higher quantity of two types of G& radicals. IrFig. 4 3.2.2. Heating after irradiation
it is shown that the spectrum can be essentially reproduced A 1.4 kGy gamma-irradiated sample was stepwise heated
by adding two C@3~ spectra. In spite of intensive efforts, in air from 100 to 210C several weeks after irradiation.
some features of the experimental spectrum could not be re-After each annealing period of 20 min at the selected temper-
produced in the simulation. Also attempts with threes80 ature, the spectrum was measured at RT. The results obtained
radicals, which were successful for tooth enamel, failed for using the X-band high temperature cavity are presented in
bone. The two components found in bone correspond with Fig. 5. A decrease of the intensity of the @Osignal and
the Z1 and Z2 signals in tooth enanj20]. The reason why  an increase of a signal arouge 2.0050 is observed, gradu-
the third enamel component is absent in bone is not clear forally replacing thegy=2.0060 and 2.0042 features frdtig. 1
the moment. The signals of G& decay nearly completely  The major changes in the spectra occur attemperatures higher
in 10 days, but are easily restored by a new irradiation. than 150°C. At the same time other signals appear and be-
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strong increase of thgg=2.0050 signal is not observed. This
could point to transformations between radicals, although it
is not simple to propose a reasonable mechanism.

For the Q-band analysis, again a sample was used that had
been irradiated several weeks before. The heatings were per-

=2.0060
2.0050

ol
C o

210°C formed during 30 min at each temperature outside the EPR
cavity, since no high temperature cavity for Q-band was avail-
180°C able Fig. 7). The intensity of the signals connected with
CO;~ (g=2.0019 and 1.9972) decrease while the intensity
150°C aroundg = 2.0047 increases. These experiments with higher
100°C resolution seemtoindicate that e 2.0050 signal observed

in X-band Fig. 5) is most likely the same and thus gs/alue

unheated should be somewhat corrected downwards. Due to the over-
lap with the CQ~ signals, it is clear that a precigevalue

determination is not simple. It can even be expected that the

338 340 342 realg-value is somewhat smaller than 2.0047 or that the sig-
Magnetic field (mT) nal is axial or orthorhombic. After heating at 300, there

is a very dominant EPR signal gt=2.0029, probably due
Fig. 5. RT X-band spectra of irradiated bone powd8Cp-dose 1.4kGy,  tg the well-known coal radicdl]. Although not shown in
l%:”;c’;zthnfv\f‘f;j;:'rgaf';t#"”)' heated 20min at different temperatures. ¢ 5 and gthe same radical was found in X-band. In view
' ' T ofthe weak shoulder on the lefthig. 7, it cannot be excluded
come more intense with increasing temperature. One of thesghat theg =2.0047 signal is also still present.
signals is the already mentioned septet. The identification of the radical responsible for the latter
Another sample was studied similarly in X-band immedi- Signal, is notobvious, as usual when no hyperfine information
ately after a 1.5 kGy X-ray irradiation. The results are shown IS available. The above experiments seem to prove that the
in Fig. 6. In this case the main changes occur at lower tem- 9=2.0042 and 2.0060 signals are not related to the g =2.0047
perature, as the spectrum is already different after heating atSignal. Nextto the COand CQ™ options, suggested above,
150°C for 15min (not shown). The spectrum immediately &lSo organic radicals could be considered, but it then has to
after irradiation can be successfully simulated with a signif- P& assumed that there are several radicals involved gwith
icant contribution of C@* radicals, while the spectrum at  values in the range 2.0040-2.0060. From a literature study,
175°C contains only C@~. The changes can thus be ex- @IS0 no real conclusions can be made in view of the large
plained assuming the formation of GO, nextto CQ~, by ~ dispersity in types of experiments and reporgeealues, as
the irradiation and its fast decay accelerated by the thermalSketched hereafter. Collagen appears to be rather radiosensi-
treatment. It is remarkable that by this procedure (irradia- tve, butthe organic signals exhibit fadifg$,34] Irradiation

tion, immediately followed by heating), the aforementioned ©Of collagen normally produces a single broad slightly asym-
metric line with ag-value close to 2.00435]. An organic

2.0060
2.0047

)
o
<
o

230°C o2
210°C 300°C
175°C 250°C
unheated

200°C

simulated W”W 150°C
-%MA\/\\/_\/M 100°C
T T T T T T
337 338 339 340 341 342 v unheated

Magnetic field (mT)

il

1205 1210 1215 1220
Fig. 6. RT X-band spectra of bone powder immediately after irradiation Magnetic field (mT)
(X-ray dose 1.5kGy) as a function of annealing temperature (15 min).
P=0.32mW, MA=0.1mT. The spectrum of the unheated sample is sim- Fig. 7. RT Q-band spectra of irradiated bone powd&€6-dose 1.4 kGy,
ulated with one C@~ and two CQ3" radicals (EPR parameters given in 1 month after irradiation) after 30 min annealings at different temperatures.
Table 2. P=1mwW, MA=0.2mT.
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References

for CO>~ or CO;~ precursors in the bulk of the apatite crys- Isot. 52 (2000) 1031-1038.
tallites. As already stated above, the latter are eithes @0 [ '\é'éé:;:’kg‘;zi aAt- ‘Kﬁvfsseré’;‘-(ggggzr;‘?wé’ég lvanov, B. Gallez, R.
R_C,OOH groups located in the mtercrystalhte phase. For- [4] M. Zdravkova, N. Crokart, F. Trompier, N. Beghein, B. Gallez, R.
mation mechanisms can pg: Debuyst, Phys. Med. Biol. 49 (2004) 2891-2898.
_ + . . [5] F.C.M. Driessens, R.M.H. Verbeeck, Biominerals, CRC Press Inc.,

X,y — € + h™(electron—hole pair formation) Boca Raton, 1990.

[6] A. Brik, E. Haskell, V. Brik, O. Scherbina, O. Atamanenko, Appl.
CO,+e — COy~ Radiat. Isot. 52 (2000) 1077-1083.

[7] A.B. Brik, L.G. Rosenfeld, E.H. Haskell, G.H. Kenner, V.B. Brik,
Miner. J. (Ukraine) 22 (2000) 57-67.
R—COOH+ X,y,UV — R—CO;” +H™T [8] A. Kinoshita, C.S.G. Calcina, E.T. Sakamoto-Hojo, M.L. Camparato,
C. Picon, O. Baffa, Health Phys. 84 (2003) 477-482.
The next important radicals encountered in this study are [9] K. Ostrowski, A. Dziedzic-Goclawska, W. Stachowicz, J. Michalik,
CO3% radicals, quite likely located in the bulk, e.g. on a Ann. NY Acad. Sci. 238 (11) (1974) 186-201.

; ; ; T, [11] D.A. Schauer, M.F. Desrosiers, P. Kuppusamy, J.L. Zweier, Appl.
ions which trap electrons generated by the irradiation: Radiat, Isot, 47 (1996) 13451350,

0032— +e - 0%3— [12] P. Cevc, M. Schara, C. Ravnik, Radiat. Res. 51 (1972) 581-589.
[13] G. Bacquet, V. Quang-Truong, M. Vignoles, J.C. Trombe, G. Bonel,
As for enamel, the origin of the native signal remains quite ob- __ Calcif. Tissue Int. 33 (1981) 105-109.

scure but probably organic. Finally the detection of isotropic, :\S/Iz.lcfgggfroy, H.J. Tochon-Danguy, Int. J. Radiat. Biol. 48 (1985)

tumbling CGQ™ radicals §=2.0007) points to the presence [15] F.. callens, RM.H. Verbeeck, PF.A. Matthys, L.C. Martens, E.R.

of occluded water in the bone structure. Boesman, Calcif. Tissue Int. 41 (1987) 124-129.

[16] F. Callens, P. Moens, R. Verbeeck, Calcif. Tissue Int. 56 (1995)
543-548.

[17] J. Sadlo, F. Callens, J. Michalik, W. Stachowicz, P. Matthys, E.
Boesman, Calcif. Tissue Int. 63 (1998) 409-415.

[18] J. Sadlo, P. Matthys, G. Vanhaelewyn, F. Callens, J. Michalik, W.

The present EPR study has shown that the radicals formed  Stachowicz, J. Chem. Soc., Faraday Trans. 94 (1998) 3275-3278.
in irradiated bone are to a large extent the same as in toothl19] G.C.A.M. Vanhaelewyn, J. Sadlo, P.F.A.E. Matthys, F.J. Callens,
enamel. Again there may be “chaotic” and “fixed” €0rad- Radiat. Res. 158 (2002) 615-625.

. . . [20] G. Vanhaelewyn, E. Goovaerts, F. Callens, Radiat. Effects Defects
icals but it cannot be excluded from our experiments that all Solids 157 (2002) 11271131,

CO;™ radicals are “chaotic”. The CO radicals decay after  21] T. Murata, A. Kai, T. Miki, Appl. Radiat. Isot. 44 (1993) 305-309.

heating around 300C. The preheating and the elimination of [22] L.M. Oliveira, A.M. Rossi, R.T. Lopes, Appl. Radiat. Isot. 52 (2000)

a major part of the C@ radicals also favors the detection of 1093-1097.

two types of CQS— radicals. Bone and tooth enamel seem to [23] L.G. GiIinsI_(aya, Yu.N. Zanin, J. Struct. Chem: 39 (1998) 671-686.
. . . . [24] AM. Rossi, G. Poupeau, Nucl. Tracks Radiat. Meas. 17 (1990)

differ with respect to a third type of G, which was only 537545

found in enamel. Probably related to the more important or- 25] A B. Brik, E.H. Haskell, O.I. Scherbina, V.B. Brik, O.N. Atama-

ganic phase in bone, another major difference between bone  nenko, Miner. Zhurn. 20 (1998) 26-36.

and tooth enamel seems to be situated in the nop-Cidd [26] H. Panepucci, H.A. Farach, Med. Phys. 4 (1977) 46-48.

non-COﬁ‘ signals. Like for tooth enamel, the elucidation [27] M. Raspanti, S. Guizzardi, V. Depasquale, D. Martini, A. Ruggeri,

of the nature of the so-called native signals remains a real Biomaterials 15 (6) (1994) 433-437.
g [28] L. Bachmann, A.B. dos Santos, O. Baffa, D.M. Zezell, Spectrosc.

challenge. Lett. 36 (2003) 487-499.

4. Conclusions



3138 M. Zdravkova et al. / Spectrochimica Acta Part A 61 (2005) 3131-3138

[29] A. Roufosse, L.J. Richelle, O.R. Gilliam, Arch. Oral Biol. 21 (1976) [34] A. Wieser, E. Haskell, G. Kenner, F. Bruenger, Appl. Radiat. Isot.

227-232. 45 (1994) 525-526.
[30] K.D. Sales, A.D. Oduwole, G.V. Robins, S. Olsen, Nucl. Tracks 10 [35] O.G. Duliu, M. Epuras, V. Trandafir, Appl. Radiat. Isot. 54 (2001)
(1985) 845-851. 887-891.
[31] F. Callens, G. Vanhaelewyn, P. Matthys, E. Boesman, Appl. Magn. [36] D.A. Caddie, H.J. Hall, D.S. Hunter, P.J. Pomery, in: M. lkeya, T.
Reson. 14 (1998) 235-254. Miki (Eds.), ESR Dating and Dosimetry, IONICS, Tokyo, 1985, pp.
[32] F.J. Callens, R.M.H. Verbeeck, D.E. Naessens, P.F.A. Matthys, E.R. 353-361.
Boesman, Calcif. Tissue Int. 48 (4) (1991) 249-259. [37] S. Onori, M. Pantaloni, S. Baccaro, P.G. Fuochi, Appl. Radiat. Isot.
[33] A.D. Oduwole, K.D. Sales, Nucl. Tracks Radiat. Meas. 18 (1991) 47 (1996) 1637-1640.

213-221.



	Multi-frequency electron paramagnetic resonance study of irradiated human finger phalanxes
	Introduction
	Experimental
	Materials
	Irradiation
	EPR spectra

	Results and discussion
	Powder spectra
	Blocks of bone
	Heating before irradiation
	Heating after irradiation


	Conclusions
	Acknowledgments
	References


