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Abstract—Experimental studies on the radiation treatment of food products by various types of ionizing radi-
ation are conducted at Moscow State University’s Faculty of Physics. The effect different doses of X-ray radi-
ation have on the biochemical characteristics of potatoes is considered as an alternative to gamma radiation
and accelerated electrons. The effect different doses of accelerated electrons have on the microbiological
parameters of refrigerated fish products is also considered. Results are presented from studies on the radiation
sterilization of bioimplants in combination with chemical action. The proposed technique of combined ster-
ilization based on the effect of an ozone–oxygen mixture and a beam of accelerated electrons allows the radi-
ation dose of bioimplants to be reduced.
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INTRODUCTION
Radiation technologies are currently used to solve

many scientific and production problems in such areas
as health care, the preservation and quality of different
agricultural products, the modification of construc-
tion and finishing materials, f law detection, and con-
trol of luggage and cargo in container transport. The
problems of extending storage life for agricultural
products and the sterilization of bioimplants are prior-
ity areas in joint studies performed over the past few
years by Moscow State University’s Faculty of Physics
and scientists and technicians from the Research and
Training Center of Biomedical Technologies at the
Russian National Research Institute of Medicinal and
Aromatic Plants (VILAR). The innovative physico-
chemical approaches now under development are
proving to be economical and safe for humans, and
effective and easy to adapt to practical applications.

AREAS OF APPLICATION
Radiation Treatment of Food Products

One area of research is the development of modern
radiation technologies and improving their efficiency
in preserving fresh agricultural produce, meat and
meat products, and fish products. Studies are now
under way on the effect gamma radiation has on dif-
ferent indicators of fresh agricultural produce. Much
attention is being given to studying the structural,
chemical, and morphological properties of vegetables
after irradiation, especially potatoes [1–5]. We know

that the nutritional value of potatoes and their organ-
oleptic properties do not change under the effects of
gamma radiation in doses of 50 to 150 Gy. These doses
can greatly prolong the storage life of potatoes [1–6].
It is important to consider the grade, storage tempera-
ture, and processing time during the radiation treat-
ment of vegetable crops [6]. Much more rarely, elec-
tron beams in this range of doses are used as an alter-
native way of halting the germination of potatoes
[7‒9].

Intensive research is currently being done on the
possible use of ionizing radiation to extend the shelf
life of fish and meat products. It is known that the
shelf life of refrigerated fish ranges from 7 to 9 days,
depending on its grade and the conditions of storage.
It has been shown that gamma radiation in doses of
1 to 5 kGy extends this time from 12 to 20 days,
depending on the conditions of storage [10–17]. The
growth of the quantity of pathogenic bacteria and
microorganisms is thus slowed at doses as high as
3 kGy. In addition, the size of these populations falls
as the dose of radiation is increased, and the storage
period is extended to 12–14 days [10, 12, 13]. The
development of pathogens is completely blocked at a
dose of 5 kGy, and the shelf life is extended to 18–
20 days [12, 15]. The use of gamma radiation to
extend the storage period of meat and poultry is also
being investigated. It is shown that the storage time
can be as long as 16 days with irradiation of refriger-
ated meat products in the range of doses of 10 kGy
and higher [18].
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Fig. 1. Dependence of the concentration of protein in
potatoes on the dose of radiation.
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Fig. 2. Dependence of the concentrationsof sugars and
glucose in potatoes on the dose of radiation.
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The chemical and organoleptic properties of fish
and meat products after treatment with gamma radia-
tion are being studied along with their microbiological
characteristics. It is known that gamma radiation in
doses of up to 3 kGy does not affect the taste or exter-
nal characteristics of fish products [12, 13, 16, 17]. An
increase in the peroxide oxidation of lipids and pro-
teins is observed at doses of gamma radiation of 5 kGy
and higher. This alters the relevant organoleptic prop-
erties [12, 15]. As with fish products, there is an
increase in the peroxidation of lipids and proteins
upon the irradiation of beef, pork, and poultry. The
taste, color, and smell of products are also changed
[18–20].

It is of interest to study the effect X-ray radiation
has on the biochemical parameters of fresh agricul-
tural products (potatoes) as an alternative to gamma
radiation and accelerated electrons, and to study the
effect accelerated electrons have on the microbiologi-
cal parameters of fish products (refrigerated trout).

Nevskii-grade potato tubers weighing 100–120 g,
grown at Russia’s Lohr Research Institute of Potato
Farming, were selected as objects for studying changes
in biochemical parameters of fresh agricultural pro-
duce. The potato tubers were irradiated with X-rays
from a PUR 5/50 power supply unit and a BSV-23
X-ray tube with a molybdenum anode. The tube’s cur-
rent was 20 mA in all our experiments. The voltage was
50 kV, and the tube’s working capacity was 1 kW. The
potatoes were irradiated on both sides for 15, 30, 45,
60, and 90 min to ensure uniformity of the radiation’s
effect. Modeling was done with the GEANT4 pro-
gram code to estimate the absorbed dose, allowing for
the technical characteristics of the employed tube.
Calculations showed the exposure times that were
used corresponded to doses of 9, 18, 27, 36, and 54 Gy.
BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES
The experiments were performed at a temperature of
18°C, and the relative humidity was 40–50%.

The protein concentration in potatoes was deter-
mined according to Lowry, and the concentrations of
reducing sugars and glucose were determined by colo-
rimetric means three days after irradiation. The data
was then compared to the corresponding benchmarks.
The extract that was centrifuged and used as a working
solution was isolated from each potato tuber to mea-
sure the above characteristics.

The dependence of protein concentration C in a
potato on radiation dose D after treatment with X-rays
is shown in Fig. 1. For comparison, the protein con-
centration in the control (non-irradiated) samples
with the corresponding error of measurement is shown
by a solid line. We can see that X-rays in the 9 to 54 Gy
range of doses produced no appreciable change in the
amount of protein in the potato tubers.

Concentration dependences C of reducing sugars
and glucose in potatoes on radiation dose D are shown
in Fig. 2. The dose of 0 Gy corresponds to the param-
eters of the control samples. We can see that the
amount of reducing sugars did not change and was vir-
tually equal to the control value (5 ± 0.8) g L−1 at doses
as high as 10 Gy. The concentration of sugars grew at
doses of 20 Gy and higher; its maximum value was
(8.5 ± 0.9) g L−1. The glucose concentration remained
virtually unchnaged in the 9 to 54 Gy range of doses.

Refrigerated trout was chosen as our object for
studying the effect accelerated electrons have on the
microbiological parameters of fish products. Chunks
of refrigerated trout 0.7 cm thick were irradiated with
a beam of accelerated electrons obtained from the
UELP-1-25-T-001 continuous electron beam acceler-
ator with an energy of 1 MeV and a mean beam power
: PHYSICS  Vol. 82  No. 6  2018
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Fig. 3. Dependences of the QMAFAnM bacterial number
(lnN) in samples on the dose of radiation (lnD), measured
on the 3rd, 6th, and 9th day after irradiation.
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of 25 kW. Samples were irradiated at a temperature of
18°C, with five different doses from both sides to
ensure uniformity of treatment. The quantity of meso-
philic aerobic and facultative anaerobic microorgan-
isms (QMAFAnM) in the radiated and non-irradiated
samples was then measured in CFU/g on the 3rd, 6th,
and 9th days after irradiation. The storage temperature
during this period was 6°C.

Computer simulations using the GEANT4 code
were performed to estimate the absorbed dose in trout,
allowing for the technical characteristics of the
UELP-1-25-T-001 accelerator and the parameters of
irradiation. Calculations showed the trout was irradi-
ated with doses of 20 Gy, 200 Gy, 2 kGy, 6 kGy, and
20 kGy.

Figure 3 shows the dependences for the quantity of
mesophilic aerobic and facultative anaerobic microor-
ganisms (ln N) measured on the 3rd, 6th, and 9th days
after irradiation on the absorbed dose (ln D), calcu-
lated using the program code.

Our experiment showed that the quantity of micro-
organisms fell as the dose of radiation grew in the
range of 20 Gy to 20 kGy under the effect of an accel-
erated electron beam with an energy of 1 MeV. In addi-
tion, the longer the time after irradiation, the greater
the observed difference between the non-irradiated
and radiated samples.

Radiation Sterilization of Bioimplants

Radiation is used effectively to sterilize bioim-
plants, especially plastic bone material. This techno-
logical procedure is increasingly in demand due to the
steady rise in recent years in the need for the bone
materials used in reconstructive surgery [21, 22]. Ster-
ilization holds an important place in the technological
BULLETIN OF THE RUSSIAN ACADE
chain of manufacturing bone implants, since it does
not matter how perfect the transplant material is if its
introduction into the recipient organism is not com-
pletely safe [23, 24].

Historically, the technologies of such sterilization
developed from the traditional means of hyperthermia
(moist heat sterilization). However, such treatment is
not effective for biomaterials because there is denatur-
ation of protein upon prolonged high-temperature
exposure. At the same time, it should be noted that a
number of authors have proposed original means for
the thermal inactivation of viruses in bone implants
[25–27]. Chemical treatment of biomaterials (in a gas
medium or in special solutions [28, 29]) was long con-
sidered to be better. At the same time, some research-
ers have claimed [28] that treating bone samples with
different liquid reagents at ideal concentrations under
optimum regimes does not degrade the useful proper-
ties of implants, while other researchers directly note
the low effectiveness of chemical sterilization in the
fight against spores and viruses [30].

The use of a gas reagent (ethylene oxide) is accom-
panied by even more contradictory opinions of spe-
cialists, from unconditional support [29, 31, 32] to
categorical rejection because it does not meet safety
requirements [33] or ensure preservation of the ostein-
ductive properties of transplants [34, 35].

In recent years, radiation sterilization of bioim-
plants has been considered most effective. Two main

methods are used today: sterilization by 60Co gamma
radiation [36, 37] and by fast electron beams on accel-
erators with energies of 5–10 MeV [38]. The use of
ionizing radiation offers a number of advantages, due
to its high penetrating power and weak heating of
treated objects. In addition, it can be used to sterilize
objects placed in hermetically sealed packaging,
reducing the risk of secondary contamination.

Both means have been used on an industrial scale
for more than 50 years [39] and are in constant devel-
opment and competition. The focus in the late 1950s
was originally on developing ways of sterilizing medical
items using beams of fast electrons. Industrial gamma
technologies predominated in the next decade. Interest
in electron-beam devices has been revived in recent
years. In certain applications, electron-beam devices
offer some advantages over gamma-ray sterilization:

—There are no problems with the use, transporta-
tion, or storage of radioactive materials.

—Production process can be combined for contin-
uous processing.

—The much shorter time of irradiation ensures
higher productivity.

Both effects are in this case characterized by an
almost equivalent biological effect [40] that is deter-
mined by the amount of an absorbed dose. The same
parameter is crucial for the effectiveness of the steril-
ization process. A value of 25 kGy is usually taken as
MY OF SCIENCES: PHYSICS  Vol. 82  No. 6  2018
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the standard dose [41]. However, there is evidence that
radiation exposure with dose of up to 60 kGy is neces-
sary for the effective inactivation of HIV [42]. At the
same time, many researchers cite data that irradiation
with absorption doses of 15 kGy or higher lead to sub-
stantial changes in the mechanical characteristics of
bioimplants and their morphology [43, 44]. The
impact of high-energy radiation is also detrimental to
morphogenetic proteins, and eventually reduces the
osteinductive properties of implants severely. A work-
ing range of radiation sterilization from 15–25 to
25‒35 kGy has established as a compromise solution
in an number of countries [21, 41, 45], but the task of
reducing the dose remains on the agenda.

One way of solving this problem is to use combined
technologies based on the synergy of the two-step
combined sterilizing effect of different physicochemi-
cal factors [46–48]. Existing technological approaches
call for a sterilized sample to be exposed to chemical
action in the liquid or gaseous phase in the first stage,
and then to radiation in the second stage. The separate
impact of each factor is not enough for complete ster-
ilization of the object, but together they reinforce each
other. This not only ensures sterilization but also
allows us to reduce the dose of radiation considerably.
Our proposed technology for the combined steriliza-
tion of bone implants is based on the combined action
of a ozone–oxygen mixture and radiation treatment
using a beam of fast electrons. This technique has been
shown to achieve the required sterility of samples at
doses of 11–13 kGy. Such an absorbed dose allows less
expensive options (e.g., X-rays) to be used as sources
of ionizing radiation [49]. This technology is protected
by a patent of the Russian Federation [50].

CONCLUSIONS

Laboratory research and clinical experience show
that the development of innovative approaches to the
radiation treatment of biological objects, especially
products of the agroindustrial complex and bioim-
plants, is not only relevant but also leads to promising
new lines for the application and improvement of radi-
ation technologies.
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