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Introduction 

Tissue allograft is an indispensable material in 
reconstructive surgery which can be used to repair 
damaged parts of the body. Serious concerns related 
to the use of collagen-based allografts are the danger 
of transmitting various infections, which is why 
effective sterilization is an important factor in the 
clinical use of transplants. Gamma radiation is a 
recommended method for sterilization of biological 
tissues, ensuring microbiological safety [1–4] and 
the elimination of fungi, viruses, bacteria and spores. 
However, skin allografts when irradiated with a ster-
ilization dose change the structure and biomechani-
cal properties. The main component of skin allograft 
is cell-free collagen with porous architecture and 
favourable morphology [5, 6], but it is susceptible 
to radiation and oxidative degradation [7, 8]. 

Collagen is a structural, naturally occurring 
protein consisting of a triple helix. Each chain 
has a well-defi ned amino acid repeating sequence 
(G-X-Y)n, where G is glycine and X or Y is proline (P) 
or hydroxyproline (HyP). The abundance of these 
three amino acids in mammal skin is 329, 126 and 
95 per 1000 residues, respectively [9]. 

The impact of ionizing radiation on collagen is 
still not fully understood. Chipara et al. and Bowes 
et al. reported that irradiation reduces molecular 
weight of protein due to backbone cleavage [10, 11]. 
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The process might be initiated by electron capture 
followed by dissociation of the N–C bond [12]. 
On the other hand, another report suggests that the 
dominant collagen degradation proceeds via strand 
fi ssion at the C(O)–CH2 bond [13]. The modifi -
cation of the chemical structure of peptides can 
also start from photochemically induced hydrogen 
transfer between hydrogen-bonded adjacent groups 
[14]. Nomura determined that solid state collagen 
contained in 1 g of protein 0–0.07 g of structural 
water, 0.07–0.25 g of bound water, 0.25–0.45 g of 
temporary bound water and free water [15]. High 
doses cause breaking of hydrogen bond network and 
changes in structural water, disrupting the molecular 
structure of collagen. In addition, decomposition 
along with increase in dose is accompanied by the 
formation of free amino acids [16]. During irradia-
tion, collagen cross linking was also reported [17]. 
The effect depended on the irradiation conditions 
and the physical state of biological material. 

Electron paramagnetic resonance (EPR) spectra 
of irradiated collagen are frequently unspecifi c, and 
their interpretation is still under discussion. To get 
closer to the full analysis of the radical processes in 
collagen, some amino acids that play an important 
role in maintaining their conformation were tested. 
Previous EPR studies revealed complex spectra at-
tributed to several amino acid radicals. However, the 
well-known unusually stable alanine signal turned 
out to be a superposition of three components [18]. 
In addition, the analysis of EPR spectra of radicals in 
single crystals, which seems to be easier to interpret, 
brings many unresolved problems. They result from 
the coexistence of protonated/deprotonated forms 
of amino acids, the presence of many conformers 
of one molecule, signifi cant discrepancies between 
calculated and experimental coupling constants, the 
presence of exchangeable and non-exchangeable 
protons, hydrogen-bonding networks, etc. For these 
reasons, quantum mechanical calculations per-
formed by Ban et al. [19] often did not correspond 
to the electron nuclear double resonance (ENDOR) 
results that provided valuable information, especially 
when using isotope effect (hydrogen/deuterium). 

At the INCT, we conducted EPR studies of calf 
skin collagen and amino acids being important 
residues of the protein, namely glycine, L-proline 
and 4-hydroxy-L-proline. The main purpose of the 
research was to identify collagen radicals based on 
EPR results. Biomolecules irradiated at ambient 
or liquid nitrogen temperature were studied in an 
air atmosphere. Irreversible changes initiated by 
gamma radiation in collagen were monitored by 
EPR spectroscopy in the range from 100 K to ambi-
ent temperature, whereas the amino acid spectra 
were observed during the long-term storage. The 
research focused on attempts to interpret complex 
EPR signals based on ENDOR results available in 
the literature, despite the fact that the information 
was in some cases incomplete due to broadening of 
some ENDOR lines and the lack of data on the inter-
action between nitrogen atoms and radical centres. 
The EPR spectra of amino acids and collagen were 
confronted to confi rm/exclude some absorptions in 

the collagen signal and to facilitate, if possible, its 
interpretation. 

Materials and methods 

Amino acids, i.e. glycine, L-proline, 4-hydroxy-L-
-proline, and collagen extracted from calf skin and 
freeze-dried were purchased from Sigma Co. and 
used as received. 

Microcrystalline powders of amino acids placed 
in vials were irradiated in a gamma cell (Gamma 
Chamber 5000, BRIT, Mumbai, India) with a dose 
of 10 kGy at a dose rate of 4.3 kGy/hour. To deter-
mine the exact dose absorbed, alanine dosimeter was 
used according to ISO/ASTM 51607:2013(E). The 
quartz tubes were fi lled with irradiated amino acids 
and closed. EPR measurements were performed im-
mediately after exposure to gamma radiation and 
during the long-term storage in the dark at ambient 
temperature. 

Collagen was irradiated at 77 K in closed EPR 
tubes. Three types of samples were tested: dry col-
lagen (containing only structural water) in air, dry 
collagen in a vacuum and wet collagen saturated 
with water for 3 days in an atmosphere of 100% 
relative humidity. 

The studies were performed using the X-band 
EMXplus Bruker EPR spectrometer. The apparatus 
was equipped with a cryostat (temperature control 
system EMX 41YT) and a high-sensitivity reso-
nant cavity. G-factor was controlled using DPPH 
(1,1-diphenyl-2-picryl-hydrazyl) standard. The fol-
lowing parameters were used in EPR measurements: 
modulation amplitude 0.1 mT, sweep width 20.0 mT, 
resolution 2000 points and various microwave pow-
ers. The number of scans ranged from 1 to 8 depend-
ing on the intensity of the signal. Collagen spectra 
in the range of 100–370 K were registered using 
a controlled temperature annealing procedure. After 
heating, the samples were kept at the selected tem-
perature for 5 min to achieve a thermal equilibrium. 

The experimental spectra were analysed using 
the WINEPR Bruker software, while simulations were 
carried out applying the SimFonia Bruker software. 

Results and discussion 

Glycine (G) 

Glycine irradiated at ambient temperature showed 
an intensive 1:2:1 triplet of isotropic hyperfi ne split-
ting (hfs) of 2.08 mT originated from interaction of 
two equivalent protons and g = 2.0030 (Fig. 1a). 
The spectrum was attributed to radical GII formed 
after deamination resulting from one electron re-
duction (Scheme 1). Changes in EPR signals were 
monitored for 17 months. After 1 month, the triplet 
decayed and a new, much more complex pattern 
appeared. Based on the differences in the peak-to-
-peak intensity of the centreline, it was determined 
that the contribution of triplet in the fi rst spectrum 
was 83% (Fig. 1a, insert). Other radicals were stable 
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between the 1st and 17th month as indicated by 
the unchanged shape and amplitude of the signals. 
Due to confi rmed stability of the signal, glycine was 
considered in the past as a potential EPR dosimeter 
of gamma radiation [20]. 

Despite many years of research, this well-resolved 
experimental spectrum has not been completely 
deconvoluted yet [21–24]. The main reason for 
diffi culties in the interpretation of the results is the 
contribution of several components with different 

shapes but similar stability. Therefore, the ex-
perimental spectra were confronted with simulated 
signals based on the ENDOR data published by 
Sanderud and Sagstuen [21]. The EPR spectrum of 
a single crystal of glycine presented in their work is 
analogous to that shown in this paper. ENDOR stud-
ies carried out at ambient temperature revealed fi ve 
radicals I–V as shown in Scheme 1. Each of the radi-
cal centres interacting with protons was character-
ized by a hyperfi ne coupling tensor. The infl uence of 
nitrogen atom was not evaluated experimentally, but 
for analysed radicals the coupling was negligible or 
small. Considering the isotropic hfs values reported 
in Ref. [21], the spectra of individual radicals were 
simulated and compared with the experimental EPR 
signal (Fig. 1b). The relevant parameters collected 
are summarized in Table 1. 

The total width of the simulated GI spectrum 
resulting from non-equivalent interactions of one  
proton and three exchangeable hydrogen atoms of 
amino group (proven by isotope effect H/D [21]) is 
comparable with the experimental EPR signal. The 
position of some EPR lines is also similar. The slight 
splittings (0.1 mT) of the external peaks might 
result from the interaction of unpaired spin and 
nitrogen atom which were undetected by ENDOR 
measurements. 

The triplet of GII radical signifi cantly decreased 
within a month. Spectra recorded later also revealed 
contribution of the signal. Stability of some GII 
molecules, which are sometimes called residual radi-
cals, may result from their localization in defect-free 
crystals that maintain radical structure, preventing 
their further transformation. 

GIII and GIV were suggested to be conforma-
tional isomers formed by oxidation [21, 24]. Their 
hfs constants are similar despite the different spatial 
structures. The intermediates are GI analogues 
formed by the proton transfer between amino and 
carboxyl groups. The presence of both paramagnetic 
species is likely, because the lines of the simulated 
signal are refl ected in the experimental spectrum. 
The GV spectrum in the form of a doublet seems to 
be absent, because the analogous pattern was not 
found in the registered EPR signal. It was suggested 
that the intermediate was formed by the dimeriza-
tion of deaminated products [21]. Considering the 
limited mobility of amino acid molecules in the 
microcrystalline powder, this process is unlikely, 
especially for small and medium doses. 

In conclusion, the presence of GI–IV radicals in 
irradiated glycine was indirectly confi rmed by com-
parison of the experimental EPR and ENDOR re-
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Scheme 1. Glycine and its radicals.
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Fig. 1. (a) EPR spectra of glycine irradiated at ambient 
temperature (microwave power 0.6 mW). Insert: Decrease 
in the amplitude of central line. (b) Comparison of gly-
cine spectrum with spectra simulated based on ENDOR 
data [21]. 

Table 1. Hfs constants of glycine radicals expressed in mT. 
If necessary, MHz was converted to mT 

G radicals 
(see Scheme 1) H1 H2 H3 H4 H5

GIa 2.28 1.74 2.24 2.95
GII 2.08 2.08
GIII & GIVa 0.55 0.60 0.87
GVa 1.71
a – Ref. [21]. 
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sults. Interestingly, the stability of radicals, with the 
exception of GII, was similar, because no signifi cant 
changes in the proportion between particular line 
groups were observed. An analogous phenomenon 
was confi rmed for alanine radicals participating in 
the dosimetric EPR signal. 

Hydroxyproline (HyP) 

Hydroxyproline plays an important role in maintain-
ing the triple helix in the collagen structure, making 
it more thermally stable [22]. The EPR spectrum of 
HyP irradiated at ambient temperature is rich and 

consists of 12 lines, separated by about 0.71 mT 
(Fig. 2a). This radical is probably a product of decar-
boxylation (HyPI) in which unpaired spin interacts 
with fi ve protons: two of them in the amino group 
are exchangeable and three are non-exchangeable. 
The signal can be simulated using the data presented 
in Table 2 [23]. Ban et al. predicted that radical 
cation HyPI formed as a result of decarboxylation 
might take the form of four conformers [19]. 

Theoretical studies based on density functional 
theory predicted a number of radicals derived from 
hydroxyproline [19]. With the exception of the radi-
cal anion, which was not analysed here due to high 
instability [14], other intermediates are depicted in 
Scheme 2. 

With time, the signal changed signifi cantly in-
creasing the spectral range from 7.7 mT to about 
13.0 mT. The emerging absorption demonstrated 
many lines that were diffi cult to group into indi-
vidual patterns. Hydroxyproline after dehydrogena-
tion at C2 might form a HyPII radical showing hfs 
constants for one  and two  protons. Theoretical 
studies suggested even eight conformers for HyPII 
in a form of non-zwitterions arising from various 
orientations of carboxylic and hydroxyl groups [19]. 
In ENDOR studies, Nelson [25] did not observe 
smaller hfs attributed to H1 proton. The correspond-
ing spectrum simulated from these data seems to be 
present in a complex pattern detected upon long-
-term storage (Fig. 2b). 

After abstraction of hydrogen atom from C3 
carbon atom (HyPIII), the corresponding four 

Scheme 2. Hydroxyproline and its radicals.
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Fig. 2. (a) EPR spectra of HyP irradiated at ambient 
temperature and stored for 12 months (microwave power 
0.6 mW). Insert: Decay of radicals during storage. (b) Com-
parison of hydroxyproline spectrum with spectra simulated 
based on ENDOR data (a – Ref. [25], b – Ref. [26]). 

Table 2. Hfs constants of hydroxyproline radicals expressed in mT. If necessary, MHz was converted to mT 

HyP radicals H1 H2 H3 H4 H5 H6 H7 H8 N

HyPIa 1.60 3.10 1.40 0.70 0.70 0.35
HyPIIb 1.93 3.48
HyPIIIb 3.20 3.05 2.22 3.61
HyPIVc 2.01 4.38 0.76
a – Ref. [23], b – Ref. [25], c – Ref. [26]. 
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conformers were predicted by the density functional 
theory [19]. A simulated spectrum constructed 
using ENDOR data [25] demonstrated that four  
proton couplings give a set of lines present in the 
EPR spectrum (Fig. 2b). 

Radical HyPIV is a product of N–C bond scis-
sion which is considered as a process analogous 
to deamination. The simulation based on ENDOR 
parameters [26] is refl ected in the experimental 
EPR spectrum. For this radical, there is no interac-
tion of unpaired spin with nitrogen atom due to 
the opening of the pyrrolidine chain. Therefore, the 
use of ENDOR data to construct the EPR spectrum 
appears to be more reliable than for the previously 
discussed radicals. 

Quantum mechanical calculations as well as 
ENDOR results did not completely account for ex-
perimental HyP signals [25, 26]. For example, in both 
cases, a distinctive triplet of hfs about 4.4 mT was 
not discussed. This can be caused by the interaction 
of radiation-induced radical centres with different 
confi gurations and intermolecular hydrogen-bonding 
systems. Therefore, accurate deconvolution of the 
HyP spectrum requires analysis of the impact of 
crystalline environment. 

Proline (P) 

Proline is known as an amino acid useful in adaptive 
reactions to various types of harsh environmental 
conditions, e.g. oxidative stress [27]. The triplet 
arising after irradiation, for which the ratio of line 
intensity is 1:2:1 and hfs is 2.06 mT, was assigned 
to the radical centre interacting with two  protons 
of the methylene group (Fig. 3). The most prob-
able intermediate PI shown in Scheme 3 was also 
proposed elsewhere [24]. The product is probably 
formed as a result of the conversion of radical anion 
of the parent molecule. The paramagnetic successor 
of PI radical has not been found yet; however, the 
most probable candidate is a product of decarboxyl-
ation since dissociation enthalpy of C–COOH bond 
for PI radical is relatively low (75 kcal/mol) [28]. 

In addition to the dominant triplet, there are low-
-intensity outer lines separated by 10.3 mT. However, 
the central part of this spectrum is not resolved suf-
fi ciently to be interpreted. 

Collagen 

Collagen spectra recorded at cryogenic temperatures 
consisted of at least two components – a nonspe-

cifi c broad singlet and a signal whose outer lines 
are visible on both sides of the central absorption 
(Fig. 4a). During thermal annealing, the wide singlet 
decreased, revealing other peaks. At low microwave 
power, a partly resolved quintet (Q) was found show-

Scheme 3. Proline radical.
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Fig. 4. (a) EPR spectra of dry collagen irradiated at 77 K in 
an air atmosphere and annealed to indicated temperatures 
(microwave power 1 mW). (b) Decay of all radicals in ir-
radiated collagens (dry, wet and in vacuum atmosphere) 
determined by double integration of experimental spectra.
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ing hfs of about 2.02 mT. This broad spectrum was 
assigned to the relatively stable radical, as the wings 
could be observed even at 340 K. The presence of 
such a signal was also confi rmed by Chipara et al. 
[10] and was attributed to radical at the end of the 
chain CH2–CH2

• showing interaction with two  
and two  protons. The signal was stronger in the 
sequence of spectra recorded for wet collagen and 
in an oxygen-free atmosphere (results not shown). 
The intermediate exhibiting a quintet could be 
formed by radiolysis of certain side groups of colla-
gen. At 280 K, the doublet (D), showing hfs around 
2.0 mT, related to glycine residue •CH, appeared 
as a secondary product. Since the intensity of the 
quintet remains unchanged up to 300 K, CH2–CH2

• 
could not be a precursor of •CH radical. Therefore, 
in addition to these two alkyl radicals, another active 
centre at the end of the chain appeared to be pres-
ent at low temperatures. Detailed analysis revealed 
that the second low- and high-fi eld lines of quintet 
decreased with gradual thermal annealing in the 
range of 100–280 K. These peaks probably originated 
not only from, discussed earlier, CH2–CH2

• radical 
but also from the triplet (T) whose middle line is 
covered by the central singlet. The spectrum (T) 
of irradiated collagen attributed to CH2

• showed 
hfs of about 1.98 mT and indicated the cleavage of 
the collagen strain at the glycine residue. The other 
product of homolytic scission is (O)C• radical that 
demonstrated a broad singlet. In fact, both radicals 
are able to abstract hydrogen atoms from the methy-
lene group, which leads to the formation of •CH 
showing the doublet. With increasing temperature, 
the total population of radicals decreased, which was 
determined by the double integration of experimen-
tal signals (Fig. 4b). Radicals in wet collagen decayed 
at lower temperatures compared with dry peptide. 
Anaerobic atmosphere (vacuum) additionally stabi-
lized macroradicals, because under these conditions 
a doublet confi rmed in the irradiated collagen was 
detected even after 5 months of storage in the dark. 
On the other hand, fully hydrated macromolecules 
create a three-dimensional hydrogen network ac-
tively participating in the transfer of protons, which 
facilitates the conversion/recombination of radicals. 

No radicals found in collagen were similar to 
those detected in amino acids. There are two main 
reasons for these discrepancies. Dominant zwit-
terion structure of amino acids and intermolecular 
hydrogen bonds associated with this system deter-
mine the ionic nature of primary processes, which 
is not the case with collagen. In addition, peptide 
bond of collagen can play an important role in radi-
cal processes participating in the transfer of charge 
or hydrogen. Therefore, di- or tripeptides are more 
suitable models for testing than amino acids. 

Conclusions 

Several radicals were identifi ed by EPR spectroscopy 
in glycine, L-proline and 4-hydroxy-L-proline irradi-
ated with gamma rays at ambient temperature. In 
microcrystalline amino acid powders, the radicals 

are stable, but the interpretation of their spectra 
has been under debate for a long time due to the 
presence of many conformers, protonated to varying 
degrees and showing complex signals. The analysis 
of EPR results was based on their comparison with 
previously published ENDOR data. 

Immobilization of atoms in nodes of crystalline 
lattices results in non-equivalence of interactions 
between unpaired spins and protons, while hfs 
constants characterized irradiated collagen do not 
reveal such discrepancies, because all  and  hy-
drogen atoms show similar averaged values. This 
effect indicates signifi cant local mobility even for 
dry macromolecules. The radicals found in collagen 
might initiate (i) damages in backbone substituents 
(CH2CH2

•), which affect the structure of the pep-
tide, (ii) strand breaks at glycine residues (CH2

•) 
and (iii) release of hydrogen atom from glycine 
(CH•). These phenomena have a detrimental ef-
fect on the collagen morphology, which should be 
taken into account before deciding on the methods 
of skin allograft sterilization. 

EPR spectra of amino acids and collagen do not 
match each other. C(O)–N units in collagen are 
different than in amino acids due to the formation 
of peptide groups that build the main chain elimi-
nating the carboxylic groups and changing primary 
amines to secondary ones (G) and secondary amines 
to tertiary (P and HyP). Therefore, surrounding 
of the carbon atoms situated between the peptide 
groups has a specifi c character. If radical centre is 
located at 2, 3 or 4 carbon atom of pyrrolidine ring, 
then analogous products would be present in both 
collagen and amino acids. However, the distinctive 
EPR spectra of HyP do not occur in collagen signals. 
It seems that more fl exible conformations of peptide 
prefer other localizations of radical centres, includ-
ing the main chain backbone. 
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