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Abstract: Background: lonizing radiation, including gamma
and neutron radiation, can adversely affect bone structure,
mineralization, and tissue integrity. While individual effects of
gamma or neutron exposure have been studied, comparative
analyses of their isolated and combined impacts on bone’s
structural and biophysical properties remain limited. Objective:
This study aimed to evaluate the effects of gamma radiation (16
uSv/h), neutron radiation (3 uSv/h), and combined exposure on
bone mineral content, collagen synthesis, cytokine levels,
biomechanical properties, and histopathological changes in rats.
Materials and Methods: Eighty male albino rats were divided into
four groups: control (no radiation), gamma-exposed,
neutron-exposed, and combined gamma-neutron exposure. Bone
calcium was  measured  using  atomic  absorption
spectrophotometry, and collagen content was quantified via
hydroxyproline-based colourimetric assays. Serum interleukin-1f
(IL-1p) and tumour necrosis factor-alpha (TNF-a) levels were
determined using ELISA. Biomechanical properties of tibia
bones, including tensile strength, stiffness, and energy absorption,
were assessed through stress-strain analysis and cyclic loading.
Skin and mammary tissues were examined histologically using
hematoxylin and eosin staining. Results: Radiation exposure
reduced calcium and collagen content, with the most pronounced
effects observed in neutron and combined radiation groups.
TNF-a levels were significantly elevated in irradiated rats, while
IL-18 showed a non-significant upward trend, indicating an
inflammatory response. Biomechanical analysis revealed reduced
bone strength and increased energy dissipation, suggesting
microstructural damage. Histological examination confirmed
inflammation, necrosis, and impaired regenerative capacity,
particularly in the combined radiation group. Conclusion:
Gamma and neutron radiation, both individually and in
combination, hurt bone mineralisation, collagen synthesis,
inflammatory cytokine balance, and biomechanical integrity.
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These findings underscore the susceptibility of skeletal tissue to
ionizing radiation and highlight the importance of protective
strategies in clinical, occupational, and spaceflight environments.
Future research should explore interventions targeting oxidative
stress and inflammation to mitigate radiation-induced
musculoskeletal damage.
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Abbreviations:

AAS: Atomic Absorption Spectrophotometry;
ELISA: Enzyme-Linked Immunosorbent Assay;
H&E: Hematoxylin & Eosin;

IL-1B: Interleukin-1 Beta;

TNF-a: Tumor Necrosis Factor-Alpha

I. INTRODUCTION

Evaluation of the Effects of Gamma Rays and Neutrons

on Bone Structural and Biophysical Properties Gamma
radiation causes cellular damage primarily through the
generation of high-energy electrons, with their kinetic energy
determined by the incident photon energy within biological
tissues. These electrons originate from three primary
interactions: the photoelectric effect, Compton scattering,
and pair creation. The specific interaction depends on the
gamma photon energy [1]. Neutrons, initially characterized
by high velocities, predominantly undergo scattering and
capture interactions as they decelerate within tissues. Fast
neutrons lose energy via scattering with light atoms such as
hydrogen, carbon, nitrogen, and oxygen. As their energy
decreases toward thermal levels, they become more likely to
be captured by nuclei within the tissue [2]. When a neutron
encounters tissue-equivalent material, it may either pass
through unaffected or interact through elastic or inelastic
scattering and absorption (capture). The elastic cross-section
for primary tissue nuclei decreases with increasing neutron
energy, influencing the probability of interactions [3]. During
a head-on collision with a hydrogen nucleus, the neutron
transfers its entire kinetic energy. In contrast, collisions with
heavier nuclei transfer only a fraction, producing secondary
ionising particles that deposit energy via excitation and
ionisation processes. The mean free path of high-energy
neutrons within tissue depends on the collision frequency and
spatial distribution of nuclei [4].

The mechanical integrity of bone, its strength and stiffness,
remains of significant interest
due to its role as both a
structural and biological
material. Recent studies
suggest that collagen's role

Published By:
Lattice Science Publication (LSP)
© Copyright: All rights reserved

www.ijamst.latticescipub.com


https://doi.org/10.54105/ijamst.F3051.05061025
http://www.ijamst.latticescipub.com/
mailto:mohamedsamieh.ams@o6u.edu.eg
https://orcid.org/0000-0002-9596-3816
https://orcid.org/0000-0002-9596-3816
http://orcid.org/0009-0003-2661-2881
mailto:bakar_tarek_76@hotmail.com
http://orcid.org/0000-0001-5833-6744
https://www.openaccess.nl/en/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://crossmark.crossref.org/dialog/?doi=10.54105/ijamst.F3051.05061025&domain=www.ijamst.latticescipub.com

Evaluate the Effects of Gamma Radiation (16 Sv/h), Neutron Radiation (3 Sv/h), and a Mixed Radiation Field on the
Structural and Biophysical Properties of Bones

in determining overall bone strength and stiffness may be
limited, although it significantly influences the energy
threshold required for matrix breakdown [5]. The modulus of
toughness, a key fracture mechanics property, quantifies the
energy absorption capacity before failure and is calculated as
the area under the stress-strain curve. It can also be described
as the stress intensity factor required to initiate crack
propagation [6].

Figure 1 illustrates a load-deformation curve used to
determine mechanical properties such as strength, stiffness,
and energy absorption. The slope of the linear (elastic) region
indicates stiffness, while the area under the curve up to failure
reflects the work or energy capacity of the bone [7]. These
properties are classified as extrinsic, influenced by tissue
characteristics, bone size, and shape. Normalising these
parameters to the cross-sectional area or moment of inertia
yields stress-strain curves, which reveal the intrinsic material
properties. The ultimate stress indicates the material's
inherent strength, while the elastic modulus (slope of the
stress-strain curve) reflects stiffness. The area under the
stress-strain curve corresponds to the toughness modulus,
which measures the energy required to cause failure,
independent of bone size or shape [8].
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[Fig.1: Illustrates a Load-Deformation Curve that
Enables the Measurement of Strength, Stiffness, and
Work (Energy) until Failure]

A. The Aim of The Work

This study aims to evaluate the effects of gamma radiation
(16 Sv/h) and neutron radiation (3 Sv/h), both individually
and combined, on the structural and biophysical properties of
bones.  Additionally, the research will analyze
histopathological changes in the skin across all experimental
groups. The study will also measure biochemical markers,
including calcium ion levels, collagen content, and cytokines
(specifically IL-1 and TNF-a), to elucidate the biological
impact of radiation exposure.

II. MATERIALS AND METHODS

A. Animal Cohorts

The present study utilized 80 male albino rats, each
weighing between 100 and 120 grams, obtained from the
National Research Centre, Dokki, Giza, Egypt. The animals
were housed at the Animal Facility of the Zoology
Department, Faculty of Science, Cairo University, under
controlled environmental conditions (22-25°C) with a
12-hour light/dark cycle. They had unrestricted access to
water and a standard pelleted diet. The experimental
procedures adhered to the guidelines set forth by the
International Commission on Radiological Protection (ICRP,
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2024), ensuring radiation doses within acceptable safety
limits. The experimental design is summarized in Table 1.

Table I: Presents the Details of the Experimental Design

Groups N::;Egl;)f Radiation Exposure
A 20 No radiation.
B 20 Gamma radiation (16uSv/h).
C 20 Neutrons (3uSv/h).
D 20 Mixed (Gamma radiation (16uSv/h) &
Neutrons (3uSv/h).

B. Gamma Radiation (16 pSv/h)

Gamma radiation was generated by Americium-241
(Am-241), with an average dose rate of approximately 16
puSv/h. Animals were housed within Perspex cages measuring
100x50%60 cm?, positioned 0.25 meters from the source. The
cages were placed in front of the gamma source to ensure
uniform exposure.

C. Neutron Radiation (3 pSv/h)

Neutron exposure was achieved using a neutron source,
with an average dose rate of 3 pSv/h. Similar to gamma
exposure, animals were confined within Perspex cages of
identical dimensions and positioned 0.25 meters from the
neutron source, ensuring consistent exposure conditions.

D. Combined Gamma and Neutron Radiation Exposure

Animals in this group were subjected to simultaneous
gamma (16 puSv/h) and neutron (3 puSv/h) radiation within the
same enclosure, maintaining equal distance from both
sources for a defined exposure period.

E. Bone Calcium Concentration Measurement

Calcium levels in bone tissue were determined by first
preparing bone ash after specimen extraction. Each specimen
was weighed and dissolved in 10% nitric acid for 24 hours.
Calcium content was quantified using atomic absorption
spectrophotometry (AAS) [9]. The formation of a violet
complex with o-cresolophthalein in an alkaline medium
allowed spectrophotometric measurement at 560 nm, with
calcium concentrations directly proportional to absorbance.

F. Bone Collagen Content

Bone collagen was quantified through a multi-step process.
Soft tissues were removed from bones, which were then
freeze-dried. The diaphyseal cortical bone segment (~15 mg)
underwent demineralization in 0.5 M EDTA at 4°Cover 14
days. After incubation in PBS with iodoacetamide and
EDTA, collagen was digested overnight at 37°C with 0.5
mg/mL chymotrypsin. Supernatants containing solubilised
collagen were separated by centrifugation, hydrolysed in 6 M
HCI at 110°C, dried, and reconstituted in borate buffer [10]
[L1]. Hydroxyproline content was measured
colourimetrically via Chloramine-T and DMBA reagents,
with collagen percentage calculated based on hydroxyproline
levels relative to initial tissue content [12].

G. Serum Cytokine Levels (IL-1 and TNF-a)

Serum levels of interleukin-1
beta (IL-1B) and tumour
necrosis factor-alpha
(TNF-a) were quantified
using enzyme-linked
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immunosorbent assay (ELISA) kits (BD550788, BD
Biosciences (2023), following the manufacturer's protocols.

H. Biomechanical Testing

Bone biomechanical properties were assessed using a
custom-designed apparatus that simulates physiological
loading conditions [13]. The system comprises an electronic
digital input coupled with a frictionless, spinning coaxial
capacitor wheel. Bone specimens were fixed between a load
pan and a stationary point via a low-expansion nylon cord.
The axial diameter of each specimen was measured at three
points with a Vernier calliper (accuracy +£0.01 mm), and the
average diameter was calculated [14]. The applied force was
determined by multiplying the mass of the weights by gravity
(9.80 m/s?). Axial stress was calculated as:
o=Force/Cross-sectional area (A=nr?) (Equation 1)

Longitudinal strain was derived from changes in length,
calculated via the frequency shift in the capacitor, using:

e=AL/Lo (Equation 2)

The stress-strain relationship was obtained by gradually
applying tensile forces until fracture, recording the
corresponding strain, and plotting the curves. Hysteresis
loops were generated during cyclic loading-unloading tests to
assess energy dissipation and micro damage accumulation
[15].

I. Resilience and Hysteresis Loop Analysis

Resilience, representing the energy absorbed during elastic
deformation, was calculated as the area under the stress-strain
curve up to the yield point [16] [17].

Resilience (U) = Jo de (Equation 3)

where o is the stress and ¢ is the strain. However, if you're
looking for a more specific equation, the area under the
stress-strain curve up to the yield point can be approximated
using the following equation:

Resilience (U) = (1/2) * oy * gy (Equation 4)
where oy is the yield stress and gy is the yield strain.
In linear elastic behavior, the modulus of resilience simplifies
to:
Ur=0.5cysey (Equation 5)
The yield strain gy can be approximated by:
gy=cyE (Equation 6)

where oy is the yield stress, gy is the yield strain, and E is
Young’s modulus [10]. Hysteresis loops were analyzed to
evaluate energy dissipation during cyclic loading, reflecting
internal damage and mechanical degradation [18] [19]. The
area within the loop indicates the energy lost during each
cycle. Hysteresis loops were analyzed to evaluate energy
dissipation during cyclic loading, reflecting internal damage
and mechanical degradation [19] [20]. The area within the
loop indicates the energy lost during each cycle.

J. Histopathological Examination

Post-mortem skin samples were excised, fixed in 10%
neutral-buffered formalin for 48 hours, embedded in paraffin,
sectioned at 5 pm, and stained with hematoxylin and eosin
(H&E). Microscopic analysis was performed to assess tissue
architecture and pathological alterations [21] [22].

K. Statistical Analysis

Data were analyzed using Microsoft Excel and SPSS
software. Results are expressed as mean + standard deviation
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(SD). Statistical significance was determined via Student's
t-test, with a threshold of P < 0.05 for significance, and
denoted as (P < 0.05), (P < 0.01), or (P < 0.001).

III. RESULTS

This study investigates the impact of gamma radiation (16
uSv/h), neutrons (3 uSv/h), and their combined exposure on
bone calcium and collagen content, serum cytokine levels
(IL-1B and TNF-a), biomechanical properties of bone, and
histopathological alterations in skin and mammary tissues.
The findings demonstrate radiation-induced changes with
varying degrees of significance, aligning with recent
literature (2020-2024).

A. Bone Calcium and Collagen Content

The data show that calcium content decreased from 10.12 +
0.12 mg/dL in the control group (G A) to 6.98 £ 0.66 mg/dL
in the gamma radiation group (G B), 4.55 £ 0.65 mg/dL in the
neutron radiation group (G C), and 9.00 + 0.01 mg/dL in the
combined radiation group (G D). Although these differences
were not statistically significant (p > 0.05), the trend suggests
that radiation may have the potential to impair calcium
deposition in bone. Similar findings by Berk et al. (2024) [23]
indicate that radiation exposure can disrupt calcium
homeostasis, resulting in decreased mineralisation.
Regarding collagen levels, there was a reduction from 0.991
+0.03 mg/100 mg tissue in the control to 0.44 & 0.08 mg/100
mg tissue in the combined radiation group (G D). While not
statistically significant (p > 0.05), this decline points toward
radiation-induced impairment of collagen synthesis, aligning
with Sauer, K et al. [7]. Table 2 summarizes the mean + SEM
of calcium and collagen concentrations in tibia bones across
experimental groups.

Table II: Presents the Average Concentrations of
Calcium and Collagen in Bone for Each Group

Calcium Collagen
Groups Types of Radiation (mg/dl) in (mg/100mg
bone bone) %
A Control Group (No 10.12+0.12 0.991+0.03
radiation)
Gamma radiation "
B (16uSv/h) 6.98+0.66 0.981+0.02
C Neutrons (3uSv/h) 4.55+0.65 0.89+0.09"
Mixed (Gamma
D radiation (16uSv/h) & 9.0+0.01 0.44+0.08"
Neutrons (3pSv/h))

Note: Data are expressed as mean + SEM, with n=20 per
group.

Statistical analysis via ANOVA and Tukey’s post-hoc test
revealed no significant differences among groups (p > 0.05),
although reductions in calcium and collagen levels in
irradiated groups were observed, consistent with findings by
Sauer, K et al. [7]

B. Serum Cytokine Levels (IL-1p and TNF-a)

TNF-a levels increased significantly from 28.11 + 0.02
pg/mL in the control group to 86.98 + 1.02 pg/mL in G B,
66.89 + 3.09 pg/mL in G C, and 69.44 + 1.08 pg/mL in G D.
The elevation was statistically

significant (p < 0.05),
indicating that radiation
induces a strong

inflammatory response.
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This aligns with Di Maggio FM et al. [24] who reported
increased TNF-o levels following radiation exposure,
contributing to tissue inflammation and damage. Similarly,
IL-1B levels rose from 31.44 + 0.12 pg/mL in controls to a
maximum of 66.98 £ 0.66 pg/mL in G B, though some
increases were not statistically significant, still suggesting an
inflammatory trend. Table 3 presents the mean + SEM serum
levels of IL-1p and TNF-o.

Table III: Serum Cytokine Levels (pg/mL)

Groups | Types of Radiation IL-1p level TNF-a level
P P (ngml) (Pg/ml) exposure [29] [30]. )

A Control Group (No 31.44+40.12 28.11+0.02 ‘ -
radiation)

B Gamma radiation 66.98+0.66 86.981+1.02*
(16uSv/h)

C Neutrons (3uSv/h) 44.5540.65 66.89+3.09"

D Mixed (Gamma 48.0+0.01 69.44+1.08*
radiation (16uSv/h) & : il
Neutrons (3uSv/h)) G(B) G(O)

mammary tissues post-radiation. These findings demonstrate
significant tissue damage, supporting previous reports 729
that radiation causes structural disruption and impairs tissue
regeneration. Histopathological examination at 400X
magnification revealed standard tissue architecture in the
control group (G A). Radiation-exposed groups (G B, C,
D): Presence of granulation tissue, inflammatory infiltration,
and necrosis, with severity increasing in irradiated tissues
(Figure 2). These observations are consistent with recent
literature emphasizing tissue damage following radiation

*Note: p < 0.05 compared to control; * statistically
significant increase.

Results indicated significant elevations in TNF-a and a
trend toward increased IL-1P following radiation exposure,
aligning with recent studies [24] [25].

C. Mechanical Properties of Bone

The ultimate load capacity decreased from 1.70 + 0.092
N-m in the control group to 1.03 £0.08 N'-m in G B and 1.04
+ 0.07 N'm in G C, indicating a reduction in bone strength.
Although the differences did not reach statistical significance
(p > 0.05), the trend suggests radiation weakens bone's
biomechanical integrity, consistent with Emerzian, S. R., et
al. ® The energy absorption capacity (area under the
load-displacement curve) increased from 0.12 £ 0.01 J in
controls to 1.55 £ 0.07 J in irradiated groups, possibly
reflecting microstructural damage and increased brittleness.
Table 4 summarizes biomechanical parameters obtained
from load-unload cyclic tests.

Table IV: Mechanical Properties of Tibia Bone (Mean + SEM)

5 5

. Tegs;iflzs)t{;/si)l 0 Axial Strain x10° g 'g -

% @ ; %
0o O = O o = oo ~
A I A Y-

1.70 2.89 0.12
A + 1.62 1.99 + 2.52 4.00 +
0.092 0.14 0.01
1.03 1.53 1.19
B + 0.99 1.11 + 1.21 2.48 +
0.08 0.088 0.02
0.77 0.88 1.22
C + 0.44 0.78 + 0.68 0.99 +
0.01 0.05 0.02
1.44 1.89 1.55
D + 1.44 1.77 + 1.77 43.07 +
0.05 0.06 0.07

ANOVA results indicated no statistically significant

differences (p > 0.05), but trends suggest decreased

mechanical strength in irradiated groups, in line with findings
by Rahman, N, et al. [26].
D. Histological Findings in Skin and Mammary Tissues

Histopathological examination revealed inflammation,
necrosis, and granulation tissue formation in the skin and
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[Fig.2: Displays the Histological Examination of Mammary
Tissues from Various Groups, Including the Control group
(G(A)), the Gamma Radiation Group (G(B)), the Neutrons
Group (G(C)), and the Mixed Group (G(D)) Consisting of both
Gamma Radiation and Neutrons. The Sections Were Stained
with Hematoxylin and Eosin (H and E) and Examined at a
Magnification of 400X]

IV. DISCUSSION

The present findings highlight the detrimental effects of
gamma radiation, neutrons, and their combined exposure on
bone integrity, systemic inflammatory  responses,
biomechanical properties, and tissue histopathology, aligning
with recent research (2020-2024). Although statistical
significance was not achieved, the observed decline in bone
calcium levels in irradiated groups (G B: 6.98 + 0.66 mg/dL;
G C: 4.55 £ 0.65 mg/dL) compared to controls (10.12 £0.12
mg/dL) suggests impaired mineralization, which is consistent
with findings by Donaubauer, A.J. et al. [31]. Radiation can
disrupt osteoblastic activity and calcium homeostasis,
leading to decreased mineral deposition and increased
fracture susceptibility [27] [31]. Similarly, collagen content
showed a downward trend, particularly in the mixed radiation
group (G D), which reflects potential impairment of collagen
synthesis essential for bone matrix integrity [26]. Recent
studies have emphasised that radiation-induced oxidative
stress hampers collagen production, thereby further
weakening the bone structure.

The significant elevation of TNF-a levels across irradiated
groups (G B: 86.98 + 1.02 pg/mL; G C: 66.89 + 3.09 pg/mL)
underscores a robust inflammatory response to radiation
exposure, corroborating reports by Patel et al. [28], who
demonstrate that radiation stimulates pro-inflammatory
cytokine release, promoting tissue inflammation and damage.
Although IL-1B increases did not reach statistical
significance, the elevated trend (up to 66.98 + 0.66 pg/mL in
G B) suggests activation of inflammatory pathways,
consistent with recent findings indicating cytokine-mediated
osteolysis and tissue
degeneration. [24] Despite the
lack of statistically
significant differences, the
reduction in ultimate load
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capacity (G B: 1.03 + 0.08 N-m) compared to controls (1.70 +
0.092 N'm) indicates compromised bone strength, aligning
with prior studies [7]. The increased energy absorption
capacity in irradiated groups may reflect microstructural
damage, microcracks, or increased brittleness resulting from
the disruption of radiation-induced collagen crosslinking and
mineral loss [32]. These biomechanical alterations highlight
the risk of fracture following radiation exposure, as supported
by recent biomechanical analyses [33].

Histological examination revealed characteristic features of
radiation-induced tissue damage, including inflammation,
necrosis, and granulation tissue formation, especially
prominent in the mixed radiation group (G D). These findings
are consistent with recent literature emphasizing radiation’s
capacity to induce vascular damage, cellular necrosis, and
impaired tissue regeneration. [34]. The observed structural
disruptions at 400x magnification confirm  the
histopathological impact of ionizing radiation on skin and
mammary tissues, posing significant implications for tissue
healing and regenerative capacity.

V. CONCLUSION

Overall, the data underscore the adverse effects of radiation
on bone mineralization, inflammatory cytokine elevation,
biomechanical integrity, and tissue architecture. These
findings align with recent advances showing that radiation
promotes oxidative stress, cytokine release, and tissue
remodeling disturbances [35]. Future research should focus
on protective agents targeting oxidative stress and
inflammation to mitigate these deleterious effects.
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