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The effect of ionizing radiation on dielectric 
properties of bovine achilles tendon collagen 
in the temperature range of thermal 
denaturation 

F. J A R O S Z Y K ,  E. M A R Z E C *  
Department of Biophysics, Academy of Medicine, Fredry 10, 61-701 Poznan, Poland 

The effect of y-irradiation, with doses from 1 02-2 • 1 03 kGy, on the dielectric properties of 
solid-state collagen was studied. The temperature dependence of the constants e' and e" revealed 
a decrease in the denaturation temperature with increasing dose of irradiation. Dielectric 
dispersion observed in the frequency range 10 Hz to 10 kHz was suggested to be due to 
MaxwelI-Wagner-Sillars polarization. In addition, an increase in the irradiation dose resulted in 
increasing activation energy of bovine achilles tendon collagen. 

1. In t roduc t ion  
In order to recognize the mechanism of radiation- 
induced changes in collagen fibres of tendons and 
skin, many physico-chemical measurements have been 
made [1-9]. For example, reports on the investigation 
of solubility [1, 3], shrinkage temperature [4-7], 
tensile strength [3, 6] and aminoacid analysis of col- 
lagen [1, 5, 9] may be found in the literature. The 
results of these studie s prove that y-irradiation initi- 
ates two important Processes: main-chain degradation 
and cross-linking. These processes depend first of all 
on the irradiation dose and water content in the col- 
lagen. The conditions of irradiation have only a slight 
effect on the physical and chemical properties of col- 
lagen. Degradation of collagen structure manifests 
itself, among others, by a decrease in the temperature 
of shrinkage and a reduction in the tensile strength. 
The increase in these parameters, together with a re- 
duction in collagen solubility observed as a result of 
irradiation, indicate the formation of additional 
cross-linking bonds. Both processes are accompanied 
by a reduction in the total number of aminoacids in 
collagen. The studies reported so far were performed 
in the temperature range up to 373 K. No data on 
physical properties of y-irradiated collagen at higher 
temperatures are available. 

The aim of the present work was to study the 
complex permittivity components e' and e" of 7-irra- 
diated collagen over a wide temperature range. Dielec- 
tric methods were chosen because they have not as yet 
been applied extensively to study the thermal 
denaturation of 7-irradiated bovine achilles tendon 
collagen. 

2. M a t e r i a l s  and  m e t h o d s  
Prior to irradiation, bovine achilles tendon (BAT) 
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collagen samples were prepared as reported elsewhere 
[10] and then placed for 2 wk at 298 K in an desic- 
cator containing appropriate saturated salt solution. 
After this time the samples contained 0.05 g H20/g 
dry collagen. The water content of the samples was 
determined from the loss of weight after drying to 
constant weight over P205 at 368 K for 12 h. Irradia- 
tion was performed at room temperature from 6~ 
source. The mean quantum energy of the y-rays used 
was 1.25 MeV. Doses of y-irradiation varied from 
102 2 x 103 kGy. The BAT samples to be studied were 
covered with silver paste electrodes. The samples were 
cylindrical in shape, 1 cm diameter and 4 x 10 -z cm 
high. Prior to measurement, the samples were again 
placed in a desiccator containing the saturated salt 
solution to gain the same water content as at the 
moment of irradiation. In the present work, the 
measurements of dielectric properties of collagen in 
the solid state were made over a frequency range of 
electric field from 10 Hz to 10 kHz and at temper- 
atures from 298-503K with a heating rate of 
1 K min-1. The experiments were performed under 
normal pressure (in air). The measuring apparatus was 
designed on the basis of the bridge solution applied in 
earlier papers of Jaroszyk and Marzec [11]. 

3. Results 
Figs 1 and 2 show the temperature dependences of 
dielectric constant, ~', and dielectric loss factor, e", 
obtained for 7-irradiated and non-irradiated (0 kGy) 
collagen at an electric field frequency of 103 Hz. As 
can be seen, the values of e, and ~" components in- 
crease significantly for temperatures above 373 K for 
all irradiation doses applied. In this range, the temper- 
ature dependences of ~' obtained for collagen irra- 
diated with the doses 0, 102 and 3 x i0 z kGy reveal 
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Figure 1 Temperature dependence of the dielectric constant, s', for 
collagen irradiated with (D) 0 kGy, ( + ) 102 kGy, (~)  3 x 102 kGy, 
(,) 5 x 102 kGy, (O) 2x  10 a kGy: (a) in over wide temperature 
range; (b) in the region of the denaturation temperature. 

maxima ~,,x and minima ~'i. which shift towards 
lower temperatures with increasing doses of irradia- 

tion. For the irradiation doses of 5x 102 and 
2 x 103 kGy, the local maxima and minima in e' disap- 
pear. The temperature dependence of ~" increases with 
increasing irradiation dose. 

The frequency dependence of the dielectric constant 
~' and loss factor ~" are shown in Figs 3 and 4, 
respectively, for collagen irradiated with 3 x 102 kGy. 
The curves presented in the figures were taken for 
a few temperatures in the range 298-503 K. Numerical 
values of ~' and g" decrease with increasing 
frequency at each temperature studied, From the 
obtained dispersion curves (Fig. 3) the activation en- 
ergy, AH, of irradiated collagen could be determined 
using the method of time-temperature superposition 
[-10, 12]. The frequency dependences of ~' for different 
temperatures were shifted by loga along log f t o  give 
a continuous master curve of ~' at 316 and 480K, 
assuming a to be a shift factor. Fig. 5 shows the de- 
pendence of loga = F(T-t) for collagen irradiated 
with a dose of 3 x 102 kGy obtained according to the 
above procedure, as well as curves for other doses 
determined in a similar manner. From the slopes of 
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Figure 2 Temperature dependence of the dielectric loss factor, s", 
for collagen irradiated with ([]) 0kGy, ( + )  10ZkGy, (•) 
3 x 102 kGy, (*) 5 x 102 kGy, (�9 2 x 103 kGy. 
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Figure 3 (a, b) Frequency dependence of the dielectric constant, ~', 
for collagen irradiated with 3 x 10 z kGy, at various temperatures. 

these curves, the numerical values of the activation 
energy, AH, given in Table I, were found for different 
temperature ranges. Table I indicates significant 
changes of AH occur with irradiation dose in the 
temperature range 410-494 K. 

5354 



4 -  

3- 

% 2 

150 - 

382 K 

371 K 

361 K 
349K 

316K 
300 K 

i t 1 1 1 1 1 1 1 1 1  i E l  i i  i i  i l l ~ l l  , ~ 1 ~ 1 ~ 1 ~ 1 ~ 1 1 ~ 1 1  

0 1 2 3 4 

(a) Log f 

475K 

1 oo 

% 

50- 
460 K 

445 K ~ 
430 K 

o , , , 4 1 U , , ,  - - - -  , . . . .  ~' 

0 1 2 3 4 

(b) Log f 

Figure 4 (a, b) Frequency dependence of the dielectric loss factor, d, 
for collagen irradiated with 3 x 103 kGy, at various temperatures. 
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Figure 5 Dependence loga = F(T -1) for collagen irradiated with 
(C2) 0kGy, ( + )  102kGy, (~) 3xl02kGy, (*) 5xl02kGy, 
(�9 2 x 103 kGy, 

TABLE I Activation energy, AH, of collagen irradiated in the 
dose range 0-2 x 103 kGy 

Dose AH (Kcal mol- 1) 
(KGy) 

300-382 K 410-494 K 

0 3.6 22 
100 3.1 22 
300 3.6 25 
500 3.6 33 

2000 2.9 41 

4. Discussion 
The obtained temperature and frequency dependences 
of the components s' and d' reflect the structural 
changes which take place upon irradiation in a col- 
lagen-water system. The character of these changes 
can be interpreted on the basis of the mechanism of 
dielectric polarization of the Maxwell-Wagner- 
Sillars (MWS) type. The MWS polarization occurring 
in a heterogeneous medium, such as a collagen-water 
system, is caused by the localized hopping of charge 
carriers (free protons) between neighbouring sites 
[13-16]. In the studied system of non-irradiated col- 
lagen (0 kGy), sites are produced by structural water 
molecules forming strong hydrogen bongs with the 
main chain of the macromolecule [-17-19]. In the case 
of irradiated collagen, the number of such sites is 
increased by the products of water radiolysis. Such 
radicals as OH ~ H ~ and their molecular products H2, 
H20 and H 2 0  2 produce hydrogen bonds with newly 
formed carbonyl and amide groups. The latter are 
formed in the process of degradation which, for 
a polypeptide chain of collagen, can be written as [5] 

H20 
- - C H - - C O - - N H - - C H - - C O - -  

I f o2 
R~ R2 

--CH--CONH2 + O ~ C - - C O - -  (1) 
[ I 
R1 R2 

It follows from the temperature dependences of g 
and d' of collagen presented in Figs 1 and 2, that the 
influence of the sites on MWS polarization is revealed 
at certain temperatures depending on the irradiation 
dose. Small changes in ~' and ~" for each curve up to 
a temperature of about 373 K indicate that, in this 
temperature range, MWS polarization is a conse- 
quence of limited mobility of protons between the sites 
strongly bound to a macromolecule of collagen. Con- 
firmation of the nature of the changes in G' and a" is 
obtained from the low values of the activation energy 
in the temperature range 300-382 K (Table I). For 
temperatures above 373 K, when the thermal energy is 
still being supplied to the studied sample, hydrogen 
bonds within the collagen macromolecule are gradual- 
ly broken, causing a release of water molecules and the 
products of water radiolysis. As a consequence of the 
increased number of sites and proton mobility, the 
MWS polarization increases. Most probably the pro- 
cess of liberation of the structural water from collagen 
irradiated with 0 kGy is completed at about 480 K, at 
which g~ax is observed [10]. In the case of irradiated 
collagen, the release of structural water and products 
of its radiolysis, takes place at temperatures lower 
than 480 K, which is manifested as a shift of amax to- 
wards lower temperatures with increasing irradiation 
dose. The minimum value, am~,, observed at about 
490 K for a dose of 0 kGy and appropriately shifted 
towards lower temperatures for doses of up to 
3 x 102 kGy, indicates the completion of the diffusion 
of water molecules and products of its radiolysis, from 
the collagen-water system. Further increase in e.' and 
a", after they have reached g~i,, is a consequence of 
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polarization originating from polar groups of 
aminoacid residues located in the main and side 
chains of a melting (denatured) macromolecule. The 
decrease in the temperature of denaturation observed 
for irradiated collagen as a result of macromolecule 
degradation, confirms the results obtained for this 
protein by other physical methods [4-7]. The temper- 
ature dependence of g for doses 5 x 102 kGy and 
2 x 103 kGy, presented in Fig. 1, does not reveal max- 
imum or minimum values. Most probably, denatura- 
tion of the samples irradiated with these doses had 
already occurred at the moment of irradiation at an 
ambient temperature. Confirmation of this supposi- 
tion is the rapid increase in the values of g and e" 
above 373 K for the samples irradiated with 5 x 102 
and 2 • 103 kGy, when compared with the depend- 
ences obtained for the samples irradiated with lower 
doses, see Figs 1 and 2. Such characteristic changes in 
the permittivity components are due to MWS polar- 
ization whose sites are formed not only by structural 
water molecules and the products of its radiolysis, but 
also by elements of damaged first-order structure of 
the collagen macromolecule. As a result of the forma- 
tion of a greater number of sites for mobile protons, 
the activation energy increases for doses greater than 
3 x 10ZkGy in the temperature range 410-494K 
(Table I). 
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