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This paper presents a comprehensive analysis of the effects of radiation and combined exposure on the structure and properties of bone tis-
sue, with a particular emphasis on changes in the collagen matrix. This study aims to optimize a combined sterilization technology for biological
implants and bone tissue, ensuring effective inactivation of pathogenic microflora while maintaining the structural integrity and biomechanical
properties of the material. Particular attention is paid to the effect of ionizing radiation on the intermolecular interactions of collagen, its spatial
organization, and degradation processes. A mathematical model has been developed describing changes in interfibrillar distances in collagen,
enabling a quantitative relationship between the radiation dose and the level of protein matrix degradation. This work has practical implications for
improving sterilization methods for biomaterials intended for transplantology and reconstructive surgery. The studies were conducted using Fou-
rier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), atomic force microscopy (AFM), and micromechanical analysis
methods. For sterilization, an ozone-oxygen mixture obtained using a medical ozonizer with an adjustable concentration of active oxygen species
was used. Radiation irradiation was carried out on a UELR-1-25-T-001 continuous-flow linear electron accelerator (Institute of Nuclear Physics,
Lomonosov Moscow State University). It was found that combined sterilization allows reducing the radiation dose to 12 kGy, while maintaining the
structural integrity of collagen and the mechanical properties of bone material. A model of collagen degradation under the influence of radiation is
proposed, linking the dose load with a change in intermolecular distances; a quantitative correlation between the parameters Ar (according to the
model) and structural changes in collagen was established; The possibility of reducing the radiation dose while maintaining the sterilizing effect
through ozone pretreatment has been experimentally demonstrated. The proposed combined sterilization technology provides a pronounced
synergistic effect, enabling a high level of sterility while preserving the biophysical properties of bone implants. This approach significantly re-
duces the radiation dose and thermal impact compared to traditional radiation sterilization methods, ensuring safer use for biomedical purposes.
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Introduction. Modern trends in recon-
structive surgery and tissue engineering
place increased demands on the quality
and biocompatibility of bone implants.
One of the key conditions for their safe
use is effective sterilization with minimal
changes in the material structure. Radi-
ation sterilization has proven itself as a
highly effective method, ensuring reliable
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inactivation of pathogenic microorgan-
isms without the use of toxic reagents.
However, excessive radiation doses
(more than 20-25 kGy) lead to the degra-
dation of the organic bone matrix, particu-
larly collagen, which significantly reduces
the mechanical strength and biological
activity of the material [2, 3, 7, 9].
Collagen is the main structural protein
of connective tissue, providing strength,
elasticity, and biocompatibility to bone [4,
11]. Its molecular organization is sensi-
tive to physicochemical influences, es-
pecially ionizing radiation. Damage to
the collagen matrix manifests itself as
cleavage of peptide bonds, destabiliza-
tion of the secondary structure, and an
increase in intermolecular distances be-
tween fibrils, which leads to disruption
of the bone tissue architecture. Under-
standing the mechanisms of radiation-in-
duced collagen degradation is key to
the development of gentle sterilization
regimens. One promising area for op-
timizing radiation sterilization is the use
of combined technologies that include
preliminary exposure to ozone [8]. Ozone
has pronounced bactericidal properties
and promotes partial destruction of the
cell membranes of microorganisms, in-

creasing the effectiveness of subsequent
radiation exposure. This approach allows
for a reduction in the required radiation
dose, thereby limiting radiation-induced
damage to structural proteins. It has pre-
viously been shown that radiation causes
dose-dependent changes in the spectra
of collagen amide groups (Amide I, 1I, 11I)
in the 1670-1500 cm( 1" range, indicating
disruption of the spatial organization of
the protein matrix [8]. However, the quan-
titative patterns of changes in intermo-
lecular distances and collagen fibril mor-
phology parameters under the influence
of radiation have been insufficiently stud-
ied. To address this issue, a mathemat-
ical model was developed in this study
that relates the radiation dose to changes
in the distances between dipoles in the
collagen structure. Ozone treatment prior
to radiation exposure not only enhances
the sterilization effect but also stabilizes
the structure of the protein matrix. This is
due to an increase in oxygen content in
bone tissue, which enhances the "oxygen
effect" and reduces the radiation dose re-
quired to inactivate pathogens [8].

This study presents a comprehensive
study of bone tissue collagen structures
after various types of sterilization—se-
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lective (ozone and radiation) and com-
bined. The primary objective is to as-
sess the degree of radiation-induced
collagen degradation and determine the
optimal parameters for combined steril-
ization that ensure the preservation of
bone tissue morphology and mechani-
cal properties.

Materials and Methods. To study
the structural changes in collagen in
bone tissue exposed to ionizing radiation
and ozone treatment, a combination of
modern instrumental and computational
methods was used. This allowed for a
comprehensive characterization of the
morphological, chemical, and mechan-
ical changes in bone samples at the
micro- and nanoscale levels. Compact
fragments of bovine bone tissue (2 x 2
x 3 mm) were used as model samples.
They were pre-cleaned, defatted, and
dried at a temperature not exceeding 40
°C to preserve the collagen structure.
Bone was considered as a two-phase
system: a mineral component (calcium
hydroxyapatite Caio(PO.)s(OH).) and an
organic matrix, represented mainly by
type | collagen, responsible for elasticity
and plasticity. All samples were stored in
sealed bags at room temperature until
analysis. IR spectra were recorded on
a Varian 7000 FTIR spectrometer in the
4000—400 cm" range with a resolution of
2 cm™. FTIR provided quantitative data
on the state of the organic and mineral
phases of bone tissue. The spectra were
analyzed using the main characteristic
absorption bands. For quantitative anal-
ysis, deconvolution of the amide bands
(I and 1) was used, which allowed us to
assess the degree of collagen fiber deg-
radation and changes in their cross-links
under radiation exposure. The morpholo-
gy and nanostructure of the collagen fibril
surface were studied using atomic force
microscopy on a Solver NEXT system
(NT-MDT, Russia). Three-dimensional
images of 5x5 ym and 10x10 ym areas
were recorded with a vertical resolution
of up to 1 nm. Using specialized software
(Nova and Image Analysis 3.4), the fol-
lowing were calculated: average fibril
thickness (do), interfibrillar distance (r),
orientation parameter (6), root-mean-
square roughness (Ra), and structural or-
dering coefficient (S). Particular attention
was paid to the change in r, the average
interfibril distance, reflecting the degree
of radiation-induced destruction of the
collagen network. Surface morphologi-
cal analysis and elemental composition
were performed on a JEOL JSM-7800F
microscope (Japan) equipped with an
energy-dispersive analysis system. SEM
made it possible to evaluate: surface to-

pography (cracks, defects, porosity), el-
ement distribution (C, O, Ca, etc.), etc.
Microhardness was determined by the
Vickers method using a DM8 device (It-
aly). For each sample, measurements
were performed, followed by statistical
averaging, and the results were com-
pared between groups (control, ozone,
radiation, and ozone + radiation). To
quantitatively describe radiation-induced
changes in collagen structure, a physical
and mathematical model was developed
based on the dipole representation of the
collagen molecule. The model relates
the absorbed radiation dose (D) to the
change in intermolecular distance (Ar)
between the dipole centers:
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where: “abs is the absorbed energy, m
is the mass of the sample, A is the dipole
interaction constant, p is the dipole mo-
ment of the collagen molecule, k is the
Boltzmann constant, T is the temperature
(K). From this follows the relationship:

where: i and r. are the distances be-
tween the dipoles before and after irra-
diation; N is the number of collagen mol-
ecules; c is a parameter that takes into
account the radiation quality factor and
the dipole constant.

The difference Ar = r. — i character-
izes the degree of radiation-induced
collagen destruction. The calculated Ar
values were compared with experimental
data, which allowed for quantitative con-
firmation of the correlation between the
radiation dose and changes in collagen
structure. Microbiological tests were con-
ducted to confirm the sterilizing effect of
the combined technology. The highest ef-
ficiency in inactivating fungal and bacte-
rial spores was observed with combined
treatment with ozone and radiation at a
dose of 12-15 kGy. Experimental data
were processed using OriginPro 2023,
Statistica 13.3, and Matlab. Student's
t-test was used to compare results at a
significance level of p < 0.05.

Results and Discussion. Experi-
mental data confirm that exposure of
bone tissue to ionizing radiation causes
a series of interrelated changes in the
organic (collagen) and inorganic (miner-
al) phases. At doses up to 10-12 kGy,

relative structural stability is maintained;
however, above 15-20 kGy, signs of col-
lagen network degradation are observed,
accompanied by a decrease in the in-
tensity of amide bands in the IR spectra
and an increase in microporosity in AFM
and SEM images. Radiation initiates the
formation of reactive radicals, leading to
the cleavage of peptide bonds and the
destruction of the collagen triple helix.
This is manifested by changes in fiber
configuration, an increase in interfibrillar
distances, and a localized decrease in
surface microhardness. Ozone treatment
prior to irradiation plays a significant role,
reducing the number of radiation-active
centers and partially offsetting the ener-
getic effects of gamma quanta or electron
beams.

Infrared spectroscopy: changes
in collagen structure. Table 1 shows
the characteristic spectra of bone tissue
before and after irradiation with doses
of 12 and 20 kGy: 1) the amide | band
(1670-1650 cm™), corresponding to
stretching of the C=0 bond in the pep-
tide group, gradually decreases with in-
creasing dose, indicating the destruction
of the secondary structure (a-helix and
B-sheets); 2) the amide Il band (1550
cm™), reflecting combined C—N and N-H
vibrations, becomes less pronounced at
doses above 15 kGy, indicating partial
destruction of hydrogen bonds in the pro-
tein; 3) a decrease in the intensity of the
amide Il band (1240 cm™), associated
with collagen cross-links, is observed.
4) A relative increase in the intensity of
phosphate bands (560 and 604 cm™) is
observed in the mineral phase, which is
associated with a partial loss of the or-
ganic component and a relative increase
in the proportion of apatite. These results
confirm that the collagen component of
bone tissue is the most radiosensitive
component. A decrease in the intensity of
amide group bands at doses 220 kGy in-
dicates degradation of the protein matrix,
which correlates with a decrease in mi-
crohardness and a change in the surface
nanorelief.

Atomic force microscopy: colla-
gen nanomorphology. AFM studies re-
vealed dose-dependent changes in the
nanostructure of the collagen network.
Control samples exhibited clearly defined
fibril ordering with a characteristic trans-
verse striation pitch of ~67 nm, which
corresponds to the normal D-periodicity
of type | collagen. After irradiation with
a dose of 12 kGy, the structure retains
a regular pattern, with only minor height
fluctuations observed (Fig. 1a, Fig. 2a).
However, at 20-25 kGy (Fig. 1b, Fig.
2b), a loss of order, fibril rupture, and
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Table 1

Stripe (cm™) Structure

12 kGy

20 kGy

Interpretation

1673 (amide 1) C=0 (peptide)

Minor decrease (~5%)

Significant weakening (~20%)

Rupture of collagen helices

1550 (amide 1) C—-N, N-H

Minor fluctuations

Decrease in intensity

Hydrogen bond disruption

1240 (amide IIT) C-N + N-H

It is saved

A decrease of 15-18%

Loss of cross-links

1030 (PO+*) Mineral grid

Minor increase

Relative share growth

Relative exposure of apatite

Substitution carbonate

870 (COs>)

No changes

Minor decrease

Loss of part of the carbonate

group
aggregate formation are observed. The
measured nanostructure parameters are

presented in Table 2. An increase in in- Measured nanostructure parameters

terfibrillar distances (r) and a decrease

in or-der (S) are direct markers of radia- Parameter Control 12 kGy | 20kGy | 25kGy
tion-induced changes. These data are in —

good agreement with the predictions of Average fibril thickness d, , nm 95+8 974+10 | 112£12 | 130+ 14
the theoretical model, which describes Interfibrillar distance » , nm 41 +5 43+ 6 62+9 75+ 11
an increase in Ar with increasing dose | Ordering coefficient § 0.92 0.89 0.71 0.64
(Table 3). The results of mechanical

tests demonstrate that at doses 20 kGy, | Re (roughness), nm 18+3 19+£3 | 27+£4 | 3445
collagen destruction occurs, leading to

weakening of interfibrillar bonds and a a b

decrease in elasticity.

Comparison of experimental data
and the model. The results of atom-
ic force microscopy and spectroscopy
were compared with model calculations
of changes in intermolecular distances
(Ar) with increasing dose (Table 3). The
theoretically calculated increase in Ar
correlates with the increase in interfibril
distances observed experimentally (cor-
relation coefficient R? = 0.94). This high
convergence indicates that the model
correctly describes the physical mech-

Fig. 1. Example of AFM images of collagen fibril structures after radiation exposure:
b) 20 kGy

a) 12 kGy,

Fig. 2. Example of obtained images of the surface relief of samples (AFM) after exposure to radiation with a dose of: a) 12 kGy, b) 20 kGy
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Table 3

Dependence of the change in intermolecular distance Ar on the values
of the absorbed dose

Dose (kGy) Ar (model), nm Ar (AFM), nm Deviation, %
5 4.6 50+1.2 8.6
10 9.9 103+£1.5 4.0
12 12.3 128+ 1.6 39
20 23.3 24.1+£2.2 34
25 31.2 30.8+2.9 1.3

anism: radiation leads to an increase in
the distances between collagen dipoles
and a weakening of intermolecular inter-
actions, resulting in a loss of order and a
decrease in strength.

Experimental data and mathematical
modeling mutually confirm that increas-
ing the radiation dose leads to destruc-
tion of the protein matrix, manifested by
an increase in intermolecular distances,
cleavage of peptide bonds, and a change
in the topology of the fibrillar structure.
These effects are evident at doses of 15—
20 kGy and become pronounced above
25 kGy, accompanied by a decrease in
microhardness and a disruption of the
elastic properties of the bone surface.
IR spectroscopy revealed a decrease in
the intensity of amide bands I-Ill, while
AFM and SEM confirmed morphological
changes such as fragmentation, thick-
ening, and fibril aggregation. The devel-
oped model of collagen intermolecular
interactions under radiation exposure
agrees well with experimental data: an in-
crease in the absorbed dose leads to an
increase in the distance between dipoles
(Ar), which can be considered a quanti-
tative criterion for the degree of protein
matrix degradation. The identified syner-
gistic effect of ozone pretreatment is of
particular significance. Ozone reduces
the concentration of microbial cells and
their radioresistance. This allows subse-
quent radiation exposure to be reduced
to doses of 11-12 kGy, which ensures
sample sterility without noticeable chang-
es in the morphological and mechanical
properties of the bone. This makes the
combined technology a promising alter-
native to standard methods of bone im-

plant sterilization, which use doses of 25
kGy or higher.

Conclusion. The obtained results
open up the possibility of creating gentle
technologies for radiation sterilization of
bone and collagen-containing biomateri-
als, applicable not only in clinical practice
(manufacture of bone implants), but also
in paleontological research, where pres-
ervation of the structure of ancient bone
remains is required without their thermal
or chemical destruction [1, 5, 6]. The
developed technology can be applied:
in the production of bone implants and
grafts in tissue banks; in sterilization of
paleontological samples requiring pres-
ervation of micro- and nanostructure; in
research laboratories to optimize the ra-
diation-chemical stability of protein mate-
rials; for the development of new biocom-
patible composites based on collagen,
etc. In addition, the mathematical model
proposed in the work can be used to pre-
dict the degree of structural changes with
various types of ionizing radiation (gam-
ma, electron beam, X-ray). Prospects for
further research: expansion of the range
of dose loads, taking into account the re-
laxation time of collagen structures after
irradiation; Using three-dimensional data
correlation to construct spatial models of
collagen network damage; and assessing
the biocompatibility and osteoinductive
properties of samples in cellular tests.
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