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Abstract: The efficiency of food irradiation depends on the accuracy of the irradiation dose range
that is sufficient for inhibiting microbiological growth without causing an irreversible change to the
physical and chemical properties of foods. This study suggests that the concentration of hemoglobin
derivatives can be used as a criterion for establishing the limit for chilled beef irradiation at which
irradiation-induced oxidation becomes irreversible. The express spectrophotometry method for
estimating the hemoglobin derivative concentration shows a nonlinear increase in methemoglobin
concentration from 15% to 50% in beef irradiated by accelerated electrons with the doses ranging
from 250 Gy to 10,000 Gy. The monitoring of the hemoglobin derivative concentration for three days
after irradiation shows nonmonotonous dependencies of methemoglobin concentration in beef in
the storage time since the oxidation of hemoglobin occur as a result of irradiation and biochemical
processes in beef during storage. The proposed method based on the quantitative analysis of the
hemoglobin derivative concentration can be used to estimate the oxidation level for irradiation of
foods containing red blood cells. The study proposes a model that describes the change in hemoglobin
derivative concentration in beef after irradiation considering that oxidation of hemoglobin can be
triggered by the direct ionization caused by accelerated electrons, biochemical processes as a result of
bacterial activity, and reactive oxygen species appearing during irradiation and storage. This research
throws light on the mechanisms behind food irradiation during storage that should be taken into
account for selecting the optimal parameters of irradiation.

Keywords: beef; electron beam processing; spectrophotometry; methemoglobin; mathematical
modeling; computer simulation

1. Introduction

At present, large food market players in East and South Asia, South America, and
Russia give preference to food irradiation treatment in order to increase the shelf life of
products and ensure their microbiological safety, which is especially relevant because of the
disruption and complication of the logistic chains in post-COVID times [1]. According to ISO
14470:2011 [2], gamma radiation emitted by isotopes 60Co and 137Cs, electron beams with the
energy up to 10 MeV, and bremsstrahlung radiation with the energy up to 5 MeV are used
in the food industry, since these values allow the achievement of the desired result without
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causing induced activity in irradiated objects. Considering that electron beams have proved
to be more efficient than gamma radiation generated by radioisotopes, irradiation facilities
are frequently equipped with electron accelerators, as they can ensure a higher treatment
rate and a diverse penetration depth by varying the energy of electrons [3]. Various beam
penetration depths enabled by electron accelerators allow the solving of a wide range of tasks,
from an increase in the plant growth rate with doses of 5–20 Gy [4] to sterilization of food
with a dose up to 10 kGy [5], which is the maximum permissible dose for food irradiation
pursuant to international standards [6]. Despite the fact that the International Organization
for Standardization specifies the maximum doses applicable to different categories of food,
each type of food should be irradiated within a specific dose range to ensure microbiological
safety without detriment to the properties of the final product.

Being highly susceptible to bacterial contamination, meat requires a special approach for
selecting the effective irradiation dose range, since undesired changes that may occur in meat
upon irradiation depend on a great number of variables because of the presence of different
fats, proteins, and carbohydrates in its composition. Moreover, it has been proved that the
effect of irradiation depends on the type of meat, pH of tissues, storage temperature, oxygen
concentration, type of package, antioxidants present in meat, and other factors [7].

To delineate the scope of physical and chemical changes in irradiated meat, the re-
searchers differentiate between mechanisms behind the change in color, taste, and odor. The
discoloration of irradiated meat is known to occur because of the oxidation of pigments
and oxy-derivatives of myoglobin [8]. Beef is most susceptible to irradiation-induced color
changes compared with other types of meat [9] because of a high myoglobin content, which
is extremely sensitive to different chemical changes in the tissues and to the absorption of
energy [7,10]. The taste of meat is determined by the composition of water-soluble com-
pounds, which are more abundant in beef than in pork or poultry meat [11]. The intensity of
odors emitted by volatile organic compounds, appearing after irradiation, depends on the
presence of fat and proteins in meat, as well as on the irradiation dose. Volatile compounds are
formed in meat because of protein and lipid oxidation, and their concentration is determined
by two competing processes—the decomposition of compounds because of irradiation and
accumulation of compounds as a result of the decomposition of other low-molecular-weight
compounds and biomacromolecules [12].

Oxidation, microbial growth, and enzymatic autolysis [13] are accountable for the physi-
cal and chemical changes occurring during storage, which inevitably alter the structure and
organoleptic properties of meat, making it unsuitable for consumption. The formation of
reactive oxygen species that attack fatty acids, along with the autoxidation of lipids, are a cause
of meat deterioration and the appearance of volatile organic compounds that are responsible
for the foul smell associated with meat spoilage [14]. Ferrous ions contained in myoglobin and
hemoglobin contribute to the formation of lipid-free radicals that trigger a chain reaction in
lipid oxidation [13]. It has been found [15] that mesophilic and psychrotrophic bacteria strains
cause various volatile organic compounds to appear because of a big variety of mechanisms,
such as the proteolytic activity of strains, lypolysis [16], chemical esterification of alcohols
and carboxylic acids contained in meat [17], hydrolysis of triglycerides, phospholipids, and
amino acid degradation [18], among other processes. While the formation of volatile com-
pounds in meat immediately after slaughtering that has a bacterial content up to 102 CFU/g is
negligibly low, with the passage of time the sigmoidal growth of bacteria populations [19,20]
increases the total concentration of volatile compounds [21,22] as a result of intensive chemical
changes in meat during storage. The enzymes can combine with organic compounds and
trigger chemical reactions, causing the formation of volatile compounds and the breakdown of
biomacromolecules [23]. Therefore, it can be concluded that the complexity of meat treatment
and storage calls for a search for the generic biochemical markers indicating changes in meat,
which would be applicable to a wide range of categories.

It is known that hemoglobin derivatives in red blood cells are sensitive to physical
and chemical factors, such as irradiation and the presence of toxins in blood [24], oxygen
content [25], and other factors both in vivo and in vitro [26].
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In this work, we use express spectrophotometry analysis to study hemoglobin derivatives
in beef samples during three days of storage after exposure to accelerated electrons with
different doses. Considering that oxidation in irradiated meat during storage manifests in
an increase in methemoglobin concentration, the methemoglobin rate can serve as a marker
of the biophysical and biochemical processes occurring in beef during storage. In view of
the need to find the effective irradiation dose range for such a complex product as beef, we
propose a kinetic model that describes the change in concentrations of hemoglobin derivatives
in irradiated organic objects containing red blood cells, bearing in mind that hemoglobin
oxidation is triggered not only directly by accelerated electrons during irradiation, but also by
biochemical processes as a result of microbial growth and reactive oxygen species appearing
during irradiation and storage. The study explores the mechanisms behind food irradiation,
since it is important to find a balance between reducing the bacterial content to extend the
shelf life of meat and meat oxidation so as to not destroy proteins, muscle fibers, and lipids,
which are responsible for maintaining the marketable qualities of food including color, odor,
and taste.

2. Results
2.1. Research Stages

Beef tenderloin samples were irradiated with 250 Gy, 500 Gy, 1000 Gy, 5000 Gy, and
10,000 Gy using a 1 MeV electron beam accelerator UELR-1-25-T-001. An hour after the
exposure, 10 out of 40 beef pieces irradiated with different doses, as well as 2 out of 8
nonirradiated beef pieces, were placed in a buffer solution for measuring the absorption
spectra of the hemoglobin derivatives in the beef suspensions. The remaining 30 irradiated
samples and 6 nonirradiated samples were subjected to spectrophotometry analysis within
the next 3 days after exposure. The three stages of the experiment are shown in Figure 1;
details are provided in Materials and Methods.
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Figure 1. Stages of experimental research: (a) preparation of beef samples; (b) beef irradiation with
accelerated electrons; (c) spectrophotometry for hemoglobin derivative analysis.
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2.2. Nonuniformity of Depth–Dose Distribution across Beef Samples

To assess the dose absorbed by the samples Dexp, as well as the dose uniformity, the
pieces of beef were represented by 20 mm × 20 mm × 6 mm water parallelepipeds in a
computer simulation based on the Geant4 toolkit, which factored in the UELR-1-25-T-001
energy spectrum (Figure 2a) and the irradiation method used for treating beef samples
(Figure 1b). The simulation details are outlined in Materials and Methods.
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Figure 2. Simulated depth–dose distribution created by 1 MeV electron beam: (a) electron beam
spectrum; (b) depth distribution of the dose absorbed by water parallelepiped layers; (c) 3D color
map of relative absorbed dose distribution in the water parallelepiped.

Figure 2b shows the depth distribution of the dose normalized to the maximum dose in
the water parallelepiped, which simulates the beef sample during bilateral irradiation. The
irradiation uniformity coefficient (K) for the water parallelepiped is calculated according to
the formula:

K =
Dmin

Dmax
, (1)

where Dmin and Dmax are the minimum and maximum values, respectively, of the absorbed
dose in the water parallelepiped. The calculation shows that the dose uniformity in the beef
sample is not more than K = 57 ± 1%. The 3D color map representing the relative absorbed
dose distribution throughout the water parallelepiped in Figure 2c is provided to illustrate
the dose distribution in the irradiated object. As can be seen, during bilateral irradiation,
the maximum dose of 100% is absorbed by the layers at the depth between 1 mm and
2 mm from the surface of the parallelepiped. The relatively low dose uniformity caused by
electron beams should be taken into account in the search for optimal food parameters [27].

2.3. Concentrations of Hemoglobin Derivatives in Beef Samples after Exposure to Accelerated Electrons

One hour after irradiation, spectrophotometry analysis was performed on two non-
irradiated samples and on ten beef samples irradiated with different doses to determine
the absorption spectra of hemoglobin derivatives in beef suspensions. The concentrations
of hemoglobin derivatives in the remaining samples, stored in the fridge at 4 ◦C, were
measured every day during three days after irradiation (Figure 1c).

2.3.1. Theoretical Absorption Optical Spectra and Estimation of Hemoglobin Derivative
Concentrations in Beef Suspensions

The concentration of hemoglobin derivatives is calculated considering the absorp-
tion spectra of beef suspensions made from nonirradiated beef samples and the samples
irradiated with 250 Gy, 500 Gy, 1000 Gy, 5000 Gy, and 10,000 Gy. Figure 3a shows the depen-
dencies of the optical density A of beef suspensions, measured one hour after irradiation, on
wavelength λ. With an increase in the irradiation dose, the amplitude of the methemoglobin
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(metHb) at wavelength λ = 628–632 nm slightly increases up to 0.15 rel. un., while the
suspension obtained from nonirradiated samples does not show such an increase in optical
density at wavelength λ = 628–632 nm. When methemoglobin occurs in beef samples, the
whole absorption spectrum of the beef solution changes within 500–700 nm in the irradiated
samples. When methemoglobin peaks at 628–632 nm, the amplitudes of oxyhemoglobin
peaks of 540 nm and 580 nm decrease with an increase in the irradiation dose.
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Figure 3. Absorption spectra of beef suspensions A(λ): (a) A(λ) measured one hour after irradiation;
(b) A(λ) obtained from supernatant of beef samples irradiated with 250 Gy measured every day
within 3 days after irradiation; (c) fitting function Al(λl)theory calculated based on the experimentally
measured A(λ): blue dots are experimentally measured A(λ); pink dots are theoretically calculated,
Al(λl)theory. The values indicated on each graph are relative concentrations of hemoglobin derivatives
calculated using the nonlinear curve fitting method described in Materials and Methods.

This phenomenon could occur because of the oxidation of oxyhemoglobin (HbO2) to
metHb in beef samples after irradiation with accelerated electrons. Figure 3b shows the
absorption spectra of beef suspensions made from the beef samples irradiated with 250 Gy
measured every day during three days after irradiation. It can be seen that, as time passes,
the amplitude of metHb slightly increases under the influence of various processes that
occur in beef during storage.

Figure 3c compares the concentrations of hemoglobin derivatives oxyhemoglobin
(HbO2), methemoglobin (metHb), and deoxyhemoglobin (Hb) measured one hour after
irradiation. It can be seen that the metHb concentration in beef suspensions increases
when the irradiation dose applied to the beef samples ranges from 250 Gy to 10,000 Gy.
The small values of the approximation errors prove the validity of the method used to
determine the concentration of the hemoglobin derivatives. To quantify the concentrations
of all hemoglobin derivatives, instead of analyzing specific wavelengths, we use the molar
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absorption spectra of metHb, HbO2, and Hb at all wavelengths in the entire range of 500 to
700 nm with a step of 1 nm, since this approach ensures the higher accuracy of estimating
hemoglobin derivative concentration.

2.3.2. Dependencies of the Hemoglobin Derivative Concentration in Beef on the Irradiation
Dose and Storage Time

Since oxidation processes caused by ionization radiation, bacterial activity, oxygen,
and reactive oxygen species (ROS) occurring as a result of ionizing radiation affect the
organoleptic properties and chemical composition of irradiated beef, it is important to
monitor the concentration of methemoglobin CmetHb during storage. Figure 4a shows the
dependency of CmetHb in beef suspensions on the dose, which is measured one hour after
irradiation. It can be seen that CmetHb in irradiated beef increases exponentially with the
increase in the irradiation dose from 250 Gy to 5000 Gy, and after the methemoglobin level
reaches 50% at the dose of 5000 Gy, it does not show any further increase in methemoglobin
level with an increase in the dose of up to 10,000 Gy.
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CmetHb on the irradiation dose (D); (b) dependency of CmetHb in beef samples on storage time tstorage.

Figure 4b shows the dependencies of CmetHb in beef suspensions on the storage
time tstorage. It is evident from the graph that CmetHb in nonirradiated samples, used as
controls, steadily increases from 0% to 35% during 3 days of observation, and CmetHb in the
suspension obtained from beef samples irradiated with 250 Gy shows a similar dependency
from day 1 and day 2 of storage, when it reaches the peak of 34% to drop to 20% on day 3.
While CmetHb in the suspensions obtained from beef samples irradiated with 1000 Gy,
5000 Gy, and 10,000 Gy does not change significantly during 3 days of storage, CmetHb
in the suspension obtained from beef samples irradiated with 500 Gy drops on day 1 to
slightly peak on day 2.

After 3 days of storage, the concentration of oxyhemoglobin CHbO2 in the suspensions
obtained from control samples decreases from 100% to 65%, while CHbO2 in the suspensions
obtained from beef samples irradiated with a maximum dose of 10,000 Gy decreases from
50% to 45%, which shows that HbO2 is present in all the samples during 3 days of storage.
The concentration of Hb fluctuates slightly, without a significant change in its value, which
never exceeds 10%.

2.3.3. Effective Dose Range for Beef Irradiation

For each food category, there is an effective dose range that reduces bacterial content
without causing irreversible physical and chemical changes in the product. There are
physical and biological factors that determine the effectiveness of food irradiation. The
main physical factor is the irradiation dose uniformity in the irradiated product, since
the higher the dose uniformity, the more uniform suppression of microorganisms can be
achieved over the volume of the product. Due to the physical nature of electron beam dose
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distribution, it is impossible to achieve 100% dose uniformity throughout the irradiated
product, so there is an established dose range for each category of product, which should
be complied with during irradiation.

In the absence of express methods to track chemical changes occurring in animal
products after irradiation, we came up with a spectrophotometry method that allows us to
estimate the oxidation level in biological objects containing red blood cells by measuring
the absorption spectra of hemoglobin derivatives. The proposed method involves the
estimation of the oxidation level by determining the methemoglobin concentration in
the solutions made from the irradiated beef samples. Using the absorption spectra of
beef solutions containing red blood cells, the methemoglobin concentrations in meat were
obtained using the specific molar absorption coefficient spectra of hemoglobin derivatives
and the nonlinear curve fitting of the spectra. There is a direct relationship between
methemoglobin concentration and the oxidation level in beef containing red blood cells,
since the color of beef changes from bright red to dark brown after exposure to accelerated
electrons because of the oxidation of oxyhemoglobin to methemoglobin as a result of both
direct ionization and radicals.

This method proves that the concentration of methemoglobin in beef samples increases
from 15% to 50% one hour after irradiation, with the dose ranging from 250 Gy to 10,000 Gy.
However, the observation of irradiated samples conducted during the three days after
irradiation reveals that the dependency of c in the irradiated beef samples on the dose is
nonmonotonous. At the same time, the rate of metHb in the nonirradiated beef samples
steadily increases from 0% to 35% during storage.

Three days after irradiation, the CmetHb in the beef samples irradiated with relatively
low doses, 250 Gy, 500 Gy, and 1000 Gy, is smaller compared with that in the nonirradiated
samples, while CmetHb in the samples irradiated with 5000 Gy and 10,000 Gy is greater when
compared with that in nonirradiated samples. The fact that the dose-effect dependency has
an inflection point at approximately 1000 Gy is critical because irradiation with doses of
up to 1000 Gy significantly reduces bacterial content [28] without causing an irreversible
transformation of hemoglobin derivatives. Therefore, it can be assumed that beef irradiation
with doses ranging from 250 Gy to 1000 Gy is effective for extending the shelf life of beef
since, on the one hand, this dose range inhibits bacterial activity, and, on the other hand, it
impedes meat oxidation during the three days after exposure.

In view of our findings, the optimal irradiation parameters for food preservation
are selected to ensure that bacteria are suppressed without causing irreversible oxidation
of hemoglobin in irradiated beef. Experimental results obtained in the study revealed
nonlinear effects of hemoglobin oxidation in irradiated beef over time, which should be
taken into account when selecting the irradiation method and effective dose range. It was
observed that irradiation with doses up to 1000 Gy does not inactivate all bacteria in the
beef samples, which leads to microbial growth in the product; however, this growth is lower
than in nonirradiated beef samples, while there is no irreversible oxidation of hemoglobin in
the product after exposure to accelerated electrons. Above 1000 Gy, irradiation sufficiently
reduces the bacterial content, but the irradiation causes severe oxidation of hemoglobin,
which leads to irreversible color change in meat. These results can be taken into account
when choosing the optimal dose range of beef irradiation. During the treatment with
accelerated electrons, there is irradiation nonuniformity in irradiated beef samples, which
should also be taken into account when selecting the optimal irradiation method.

3. Discussion
3.1. Reasons for Methemoglobin Concentration Change in Beef Samples during Storage after
Electron Beam Irradiation

The mechanisms of the transformation of oxyhemoglobin into methemoglobin in beef
samples are determined by the irradiation dose absorbed by the beef pieces and the biochemi-
cal changes occurring during storage. This chapter will discuss the reasons for the change in
metHb concentration in nonirradiated and irradiated beef samples during storage.
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3.1.1. Direct Ionization of Fe2+ Caused by Accelerated Electrons

The first reason for the increase in metHb concentration in the beef samples is the direct
action of accelerated electrons on Fe2+ ions. The experimental data in Figure 4a prove that
irradiation increases CmetHb in beef samples one hour after exposure. This observation is
consistent with the results of experiments [29–32] to determine the influence of irradiation
on red blood cells (RBCs), which prove that direct ionization triggers the transformation of
HbO2 to metHb in RBCs.

3.1.2. Bacterial Activity

The second reason for the formation of metHb in the beef samples is the biochemical
and biophysical processes caused by bacterial activity. As shown in papers [33,34], the
concentrations of microorganisms in meat and poultry, as well as the bacterial content in
nutrient solutions [35], increase sigmoidally as the storage time passes; moreover, the rate
of bacterial growth depends on a number of factors, such as the initial bacterial content,
number and types of bacteria populations, storage temperature, and nutrients [36]. In
addition, the sigmoidal character of the dependency of bacterial content on the storage
time can also be observed after irradiation, and the rate of bacterial growth decreases with
an increase in the dose applied [33]. Paper [37], studying the effect of gamma irradiation
emitted by 60Co on the hemoglobin content and oxygen consumption of freshwater fish,
illustrates that by-products caused by bacterial oxidation of ammonia, such as nitrites and
nitrates, trigger the oxidation of HbO2 to metHb during storage. Review [13], discussing
the causes of the discoloration of meat during storage, points out that bacteria oxidize myo-
globin protein, whose amino acid composition is similar to that of hemoglobin. Paper [38]
discusses the formation of methemoglobin in vivo as a result of hydrogen peroxide, H2O2,
formed by bacteria. Proteolytic enzymes produced by anaerobic pathogenic bacteria Pre-
votella intermedia and the antibiotic pyocyanin produced by bacteria Pseudomonas aeruginosa
also cause the formation of methemoglobin in the human body. In summary, it is clear that
bacterial activity causes methemoglobin to form both in vivo and in vitro.

Based on the sigmoidal growth of bacteria and our experimental results shown in
Figure 4b, it can be suggested that the dependency of CmetHb in the nonirradiated samples
on the storage time has a sigmoidal character during the observation period of 3 days.

3.1.3. Reactive Oxygen Species

The third reason for the increase in metHb concentration in the beef samples is the
autoxidation caused by oxygen coming into contact with beef during storage. Considering
that at least 3% of the hemoglobin molecules undergo autoxidation every 24 h because
of oxidants present in blood [39], the amount of metHb, which is formed in the beef
samples in the presence of oxygen during storage, depends on a variety of factors, such as
oxygen concentration and storage temperature. When meat is stored at the temperature
of 2–5 ◦C, molecular oxygen, acting as an oxidant, forms ROS, such as H2O2, HO•

2, O2
•–,

and HO•. According to the Fenton reaction, Fe2+ converts into Fe3+ in the presence of
hydrogen peroxide, H2O2, which leads to an increase in methemoglobin concentration. In
this reaction, the H2O2 molecules are converted into HO• free radicals that can initiate the
lipid peroxidation forming organic radicals that also can oxidize hemoglobin [40,41].

ROS caused by the indirect action of accelerated electrons, which appear as a result
of radiolysis, form metHb in organic objects, and the higher the dose, the greater the
metHb concentration that can be observed. Moreover, a high concentration of water in
food prompts the formation of a greater amount of ROS, which causes a variety of chemical
changes in organic objects [42]. This fact should be taken into account for selecting the
irradiation doses applicable to the products with high water content.

3.1.4. Autoreduction of Methemoglobin to Oxyhemoglobin

The reason for the decrease in metHb concentration in the beef samples during storage
is that it can be caused by the autoreduction of metHb to HbO2, which occurs because
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of different antioxidant processes. Figure 4b proves that metHb concentration in the beef
samples irradiated with doses of 250 Gy and 500 Gy decreases one day after irradiation,
which provides the evidence that autoreduction occurs in beef samples during storage.

Recent studies suggest that metHb can transform into HbO2 in vivo because of the
action of antioxidants [43], such as glutathione molecules, vitamins C and E, and the enzyme
methemoglobin reductase [39,41,44]. Adding perfluorocarbon compounds, antioxidants
such as cytoflavin, to the blood in vitro reduces metHb concentration, which otherwise
increases over time [39,41]. Therefore, both in vivo and in vitro metHb can transform into
HbO2 as a result of autoreduction, which should be taken into account in the treatment of
products that contain RBCs.

Summarizing all the processes occurring in the beef samples after irradiation, it can be
concluded that the metHb level is determined by oxidative processes because of the direct
action of accelerated electrons, bacterial activity, and autoxidation of hemoglobin caused
by ROS, as well as by the autoreduction of metHb during storage. The methemoglobin
level indicates, on the one hand, how many bacteria are inactivated by the irradiation, and
on the other hand, it shows the degree of meat oxidation caused by the radiation. The
dependency of the methemoglobin concentration on time shows whether bacterial processes
are developing actively during storage. If the level of methemoglobin increases with the
storage time, it means that we have not reached the lower limit of the optimal dose range
for beef irradiation. The dependency of methemoglobin concentration on the irradiation
dose shows how much the meat has been oxidized by irradiation. If the hemoglobin
oxidation is irreversible and no autoreduction of methemoglobin to oxyhemoglobin is
observed, it means that we have exceeded the upper limit of the dose range. Therefore, the
methemoglobin rate in beef during storage serves as an indicator of whether the irradiation
dose range has been met.

3.2. Kinetics of Methemoglobin Concentration in Beef Samples after Irradiation

To increase the effectiveness of beef irradiation, it is important to determine the dose
range that would reduce the bacterial content in meat to extend its shelf life without altering
the organoleptic properties and appearance of the product. Setting the criteria for choosing
upper and lower limits of the irradiation dose range becomes easier based on a model that
describes the microbiological and chemical parameters of meat after exposure to accelerated
electrons. The model represented in Figure 5 assumes that hemoglobin molecules in the
beef samples irradiated with electrons are dynamic statistical ensembles impacting each
other throughout the entire period of storage.

Figure 5a represents the following ensembles:

• Ensemble N1 is metHb molecules that appear because of the transformation of ions
Fe2+ into Fe3+ as a result of the direct action of accelerated electrons during irradiation;

• Ensemble N2 is metHb molecules that are formed as a result of bacterial activity during
the entire period of storage;

• Ensemble N3 is metHb molecules that are formed because of the autoxidation of HbO2
in the presence of ROS present both in nonirradiated and irradiated samples;

• Ensemble N4 is a pool of HbO2 molecules that can transform into metHb molecules
because of oxidation and back into HbO2 molecules because of autoreduction during
the observation time.

The main assumptions of the model in Figure 5a are:

• Each ensemble occurs because of specific factors, such as exposure to the direct action
of accelerated electrons, bacterial activity, and autoxidation.

• At the beginning of the observation, t = 0 hemoglobin molecules N in the beef samples
are represented only as HbO2 molecules, i.e., N(t = 0) = N4(t = 0) = 100%. As further
dynamic transformation of hemoglobin derivatives occurs, the sum of all molecules in
four ensembles is always equal to 100%.

• The model assumes that mutual transformations of HbO2 into metHb and back occur
during the observation time, and the process of HbO2 transition into deoxyhemoglobin
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Hb and back is not taken into account. Hb concentration is assumed to be 0% during
the whole observation time.

Since hemoglobin molecules are equally distributed in the whole volume of each beef
sample, and the concentration of hemoglobin is proportional to the number of hemoglobin
molecules, all dependences describing the kinetics of ensembles are valid for the concentra-
tions of hemoglobin derivatives.
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Figure 5. The processes occurring in beef samples during storage after irradiation: (a) transformations
of metHb and HbO2; (b) the dependency of CmetHb on the dose because of the direct ionization of
Fe2+ caused by accelerated electrons; (c) the dependency of CmetHb on the storage time because of
bacterial activity; (d) the dependency of CmetHb on the storage because of autoxidation caused by
ROS; (e) the dependency of CmetHb on the dose because of direct ionization of Fe2+ with concurrently
occurring autoreduction of metHb to HbO2; (f) the dependency of CmetHb on the storage time because
of bacterial activity with concurrently occurring autoreduction of metHb to HbO2; (g) the dependency
of CmetHb on the storage because of autoxidation with concurrently occurring autoreduction of metHb
to HbO2.

3.2.1. The Kinetics of Ensemble N1

The ensemble N1 is determined by the direct action of accelerated electrons, so it is
determined by the physical properties of irradiation, such as the effective cross-section
σ of the interaction of electrons with an Fe2+ ion, which corresponds to the size of the
Fe2+ ion of approximately 10−16 cm2 and the electron flux density ϕN calculated by the
following formula:

ϕN =
∆Ne

∆S∆t
, (2)

where ∆Ne is the number of electrons intersecting the surface area ∆S perpendicular to
the initial direction of the electrons in the beam during the irradiation time ∆t. According
to beef irradiation data obtained during the experiment and calculations discussed in
Materials and Methods, the average electron flux density is equal to 3 × 1010 cm−2 s−1.

It is assumed that the number of Fe2+ ions NFe2+ , which decrease as the exposure time
passes under the direct action of accelerated electrons, is directly proportional to the flux
density ϕN, the interaction cross section σ, and the number of Fe2+ ions present in the beef
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samples at a given time. The reduction of NFe2+ caused by the direct action of electrons
during the exposure time texp can be expressed as:

dNFe2+

dtexp
= −ϕNσNFe2+ , (3)

Since the sum of the HbO2 and metHb molecules remains constant over the observa-
tion time, and metHb molecules are absent in the beef samples at the start of irradiation, as
shown in Formula (3), an increase in the number of metHb molecules in the beef samples
during the irradiation can be expressed as:

N1
(
texp

)
= NFe2+ − NFe2+e−ϕN σtexp = NFe2+

(
1 − e−ϕN σtexp

)
, (4)

Considering that the dose absorbed by the beef samples is proportional to the irradia-
tion time and the dose rate P, which is equal to 5.0 ± 0.6 Gy/s, the dependency of metHb
molecules that are contained in ensemble N1 on the irradiation dose is described by:

N1(D) = NFe3+
(
texp

)
= NFe2+

(
1 − e−ϕN σPD

)
= NFe2+

(
1 − e−αD

)
, (5)

where α is a proportionality factor equal to 10−3 Gy−1.
Figure 5b shows the experimental dependency of CmetHb in the beef samples on the

irradiation dose and the approximation function calculated using Formula (5), which is
expressed as:

N1(D) = 50%
(

1 − e−0.0014D
)

, (6)

where NFe2+ is equal to 50 ± 1%, and α is equal to 0.0014 ± 0.0001 Gy−1. As can be seen,
Formula (6) adequately describes the experimental data, since the standard approximation
error is only marginal.

Figure 5b implies that only half of the NFe2+ ions in the beef samples irradiated with
1 MeV electrons in the dose of 10,000 Gy interacted with the electrons, which can be proved
by the following factors determining how accelerated electrons interact with the molecules
and atoms of biological objects:

• Nonuniform depth distribution of electron energy losses
(

dE
dx

)
in the beef sample;

• A decline in the electron beam fluence as electrons penetrate deeper layers of the beef
samples;

• Nonuniform depth–dose distribution in the beef samples;
• Discrete character of the interaction of electrons with the matter.

Figure 6a shows the dependency of electron energy losses
(

dE
dx

)
in the water on the

kinetic energy of electrons estimated using the Geant4 tool kit. It suggests that the electron
energy decreases as a result of electron energy losses, which causes the electron beam
energy spectrum to disperse. As the electron beam passes through the water, electrons lose
more energy, and the highest energy loss of 50 MeV/cm occurs at the maximum penetration
depth of 5.5 mm (Figure 6b). Figure 6d suggests that an increase in electron penetration
depth of up to 6 mm causes a 100-fold decrease in the electron beam fluence F. With all the
factors put together, the depth distribution of the absorbed dose has a local maximum at a
depth of 1.5 mm when the 6 mm water layer is irradiated with the 1 MeV electron beam
(Figure 2b), which justifies the need for bilateral irradiation of the 6 mm thick beef pieces.



Molecules 2023, 28, 5773 12 of 20

Molecules 2023, 28, x FOR PEER REVIEW 13 of 21 
 

 

 

 
 

(a) (b) 

 

 

 

(c) (d) 

Figure 6. (a) Simulated dependency of electron energy losses (
𝑑𝐸

𝑑𝑥
) (MeV/cm) in the water on the 

kinetic energy of electrons E (MeV); (b) simulated depth distribution of 1 MeV electron energy losses 

(
𝑑𝐸

𝑑𝑥
) (MeV/cm) in the water; (c) simulated depth distribution of electron beam fluence F (сm–2) in 

the water; (d) random scattering and absorption of electrons in the beef samples. 

Apart from the physics of the direct interaction of electrons with matter, the spatial 

distribution of hemoglobin molecules in the beef samples has an impact on the concentra-

tion of metHb molecules (Figure 6c). According to calculations, the concentration of 𝑁Fe2+ 

ions in the 4 g beef samples is approximately 61016 сm–3; thus, NFe2+ ≈ 1010 are evenly dis-

tributed in a 1 сm2 surface layer of the beef sample. Figure 6 d suggests that, while in the 

surface layer of the 6 mm thick beef sample, one electron interacts with one iron ion, and 

at a depth of 4 mm, there are 100 iron ions per one electron. This nonuniformity of inter-

actions is the reason why not all HbO2 molecules transform into metHb in the beef sam-

ples irradiated with 10,000 Gy—which is the highest dose applicable to food irradiation. 

Since the metHb level in the beef samples after irradiation can serve as an indicator of 

irradiation nonuniformity and the discrete nature of the interaction between electrons and 

biological objects, not all bacteria will be inhibited even if the highest dose of 10,000 Gy is 

used for the irradiation of biological items. 

The distinct dose-response relationship between CmetHb and the irradiation dose al-

lows us to determine the dose absorbed by biological objects after exposure to ionizing 

radiation. Thus, this result could be used as a basis for the development of biodosimetry 

in food irradiation. 

3.2.2. The Kinetics of Ensemble N2 

Since ensemble N2 is determined purely by bacterial activity in the beef samples (Fig-

ure 5b), metHb molecules in ensemble N2 are proportional to the number of bacteria x at 

Figure 6. (a) Simulated dependency of electron energy losses
(

dE
dx

)
(MeV/cm) in the water on the

kinetic energy of electrons E (MeV); (b) simulated depth distribution of 1 MeV electron energy losses(
dE
dx

)
(MeV/cm) in the water; (c) simulated depth distribution of electron beam fluence F (cm−2) in

the water; (d) random scattering and absorption of electrons in the beef samples.

Apart from the physics of the direct interaction of electrons with matter, the spatial
distribution of hemoglobin molecules in the beef samples has an impact on the concentra-
tion of metHb molecules (Figure 6c). According to calculations, the concentration of NFe2+

ions in the 4 g beef samples is approximately 6·1016 cm−3; thus, NFe
2+ ≈ 1010 are evenly

distributed in a 1 cm2 surface layer of the beef sample. Figure 6d suggests that, while in
the surface layer of the 6 mm thick beef sample, one electron interacts with one iron ion,
and at a depth of 4 mm, there are 100 iron ions per one electron. This nonuniformity of
interactions is the reason why not all HbO2 molecules transform into metHb in the beef
samples irradiated with 10,000 Gy—which is the highest dose applicable to food irradiation.
Since the metHb level in the beef samples after irradiation can serve as an indicator of
irradiation nonuniformity and the discrete nature of the interaction between electrons and
biological objects, not all bacteria will be inhibited even if the highest dose of 10,000 Gy is
used for the irradiation of biological items.

The distinct dose-response relationship between CmetHb and the irradiation dose
allows us to determine the dose absorbed by biological objects after exposure to ionizing
radiation. Thus, this result could be used as a basis for the development of biodosimetry in
food irradiation.

3.2.2. The Kinetics of Ensemble N2

Since ensemble N2 is determined purely by bacterial activity in the beef samples
(Figure 5b), metHb molecules in ensemble N2 are proportional to the number of bacteria x
at the time of observation. According to the Verhulst population growth model [45], the
kinetics of bacteria population x is expressed as:
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x(t) =
x0εeεt

δx0eεt − δx0 + ε
, (7)

where ε is the growth rate, which is the difference between the reproduction rate γ and death
rate σ of bacteria, δ is the competition rate, and x0 is the initial concentration of bacteria.

Suppose that the natural death rate of irradiated bacteria σ increases with a higher
irradiation dose, while the reproduction rate of γ and the bacteria growth rate ε = γ − σ
decreases when bacteria are exposed to accelerated electrons. In addition, the initial
concentration of bacteria x0(D) goes down with an increase in the irradiation dose because
of direct exposure to irradiation. Then the bacteria population after irradiation with dose D
can be expressed by the following formula:

xD(t) =
x0(D)ε(D)eε(D)t

δ(D)x0(D)eε(D)t − δ(D)x0(D) + ε(D)
, (8)

where ε(D), δ(D), and x0(D) are the radiation dose-dependent coefficients of the Ver-
hulst model.

Since bacteria produce metHb [46], it can be assumed that the number of metHb
molecules in ensemble N2 is proportional to the concentration of bacteria in the beef
samples, and it can be expressed as:

N2(t) = kx(t), (9)

where k is the proportionality coefficient.
The kinetics of ensemble N2 in the control nonirradiated samples can be described by

the formula:

N2control(t) =
kx0εeεt

δx0eεt − δx0 + ε
, (10)

Figure 6c shows the dependency of CmetHb in the nonirradiated beef samples on the
storage time, tstorage, calculated using Formula (10). Taking into account the correlation
between the number of metHb molecules and the bacteria population in the irradiated beef
samples (9), the dependency of CmetHb in the irradiated samples on the storage time tstorage
can be described by the formula:

N2D(t) =
kx0(D)ε(D)eε(D)t

δ(D)x0(D)eε(D)t − δ(D)x0(D) + ε(D)
, (11)

Figure 6c shows the dependencies of CmetHb in the beef samples irradiated with the
doses D1 and D2 calculated using Formula (11), which align with the experimental results
presented in [35] and attest to the relevance of the Verhulst model used to describe the
kinetics of bacteria populations in irradiated samples.

3.2.3. Kinetics of Ensemble N3

Ensemble N3 is determined by the action of ROS that occurs in the nonirradiated beef
samples during storage and in the irradiated beef samples because of an indirect action of
accelerated electrons in addition. The formation of metHb molecules in the beef samples
can occur because of the oxidation of Fe2+ ions by interaction with ROS.

The increase in the number of metHb molecules in ensemble N3 as time passes is
exponential [47] and can be expressed as:

dN3

dt
= gN3, (12)

where g is the metHb formation rate measured in units per day. Since the number of ROS
depends on the irradiation dose absorbed by the beef samples, so does the coefficient g.
Considering that, initially in the control nonirradiated samples, the number of metHb
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molecules is approximately N3(t = 0) = N30 = 0%, the initial number of metHb molecules
in irradiated beef samples N30, occurring as a result of the indirect impact of irradiation,
increases the higher the dose. So, the dependency of CmetHb in ensemble N3 on the storage
time can be described by the formula:

N3(t) = N30(D)eg(D)t, (13)

Figure 6d shows the dependency of N3 in the beef samples irradiated with doses of D1
and D2 on the storage time calculated using Formula (13), assuming that in nonirradiated
samples the HbO2 concentration increases 3% every 24 h in the presence of oxygen. It
is clear from Figure 6d that with a higher irradiation dose, the initial number of metHb
molecules N30 and metHb formation rate increase in the irradiated beef samples.

3.2.4. Autoreduction of Methemoglobin to Oxyhemoglobin

Since the current research has shown that one hour after exposure, CmetHb in the
beef samples irradiated with 250 Gy and 500 Gy is significantly higher than one day after
exposure, it can be assumed that this phenomenon is triggered by autoreduction of metHb
to HbO2.

Suppose b is the rate of the autoreduction of metHb to HbO2 in ensemble N4. It can be
assumed that the amount of reduced metHb is proportional to its concentration at a given
time. The reduction of metHb molecules in ensembles N1, N2, and N3 after irradiation over
time can be expressed as follows:

dN1

dt
= −bN1, (14)

dN2

dt
= −bN2, (15)

dN3

dt
= −bN3, (16)

where b is measured in units per day.
Taking into account Formulas (14)–(16), the change in the number of metHb molecules

in ensembles N1, N2, and N3 over time because of autoreduction (Nred
1,2,3) can be expressed

as follows:
Nred

1 (t) = N1(D)e−bt = NFe2+

(
1 − e−αD

)
e−bt, (17)

Nred
2 (t) =

kx0(D)ε(D)eε(D)t

δ(D)x0(D)eε(D)t − δ(D)x0(D) + ε(D)
e−bt, (18)

Nred
3 (t) = N30(D)eg(D)te−bt, (19)

Figure 5e–g show the dependencies of CmetHb in ensembles N1, N2, and N3 in the beef
samples irradiated with doses D1 and D2 on the storage time with and without autoreduction
of metHb to HbO2. The given dependencies are calculated using Formulas (17)–(19).

To describe the kinetics of the methemoglobin concentration in the irradiated beef
samples during storage, it is important to note that, on the one hand, there is an increase in
the concentration of methemoglobin as a result of the direct action of accelerated electrons,
bacterial activity, and oxidation because of ROS, and on the other hand, there is a decrease
in its concentration because of autoreduction. The prevailing processes in the beef samples
change over time to impact the methemoglobin concentration. While during irradiation,
hemoglobin oxidation, as a result of the direct ionization of Fe2+ to Fe3+ and the action
of ROS because of indirect action of accelerated electrons, plays the most important role,
on day one of storage, the autoreduction of methemoglobin is the most prominent phe-
nomenon occurring in the beef samples irradiated with relatively small doses. In contrast,
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the observation during day 2 and day 3 shows that bacterial activity, as well as ROS, which
is formed because of lipid peroxidation and protein oxidation, come into the picture to accel-
erate hemoglobin oxidation. Moreover, all these processes, occurring at the same time, act
upon each other during the entire period of storage. All these mechanisms are used as the
basis for the mathematical model that we apply to describe the change in methemoglobin
concentration in the irradiated and nonirradiated beef samples during storage.

In this model, hemoglobin derivatives are represented as independent ensembles
N1, N2, N3, and N4 occurring for the different specific reasons described above. The total
methemoglobin concentration in the beef samples is a superposition of all three ensembles,
Ntotal = N1 + N2 + N3, while ensemble N4 contributes to each N1, N2, and N3 ensemble,
making the amount of molecules in each of them grow. At the same time, the amount of
molecules in each of the ensembles, N1, N2, and N3, decreases, prompting the molecules to
transfer to ensemble N4 because of autoreduction.

Figure 7 shows the experimental dependencies of CmetHb in the nonirradiated samples
and the samples irradiated with 250 Gy and 500 Gy on the storage time, tstorage. The graph also
shows the approximation of experimental data calculated using Formulas (17)–(19), assuming
that the total concentration of methemoglobin Ntotal in the beef samples is determined by all
four ensembles swapping molecules during the entire period of storage.

Molecules 2023, 28, x FOR PEER REVIEW 16 of 21 
 

 

during day 2 and day 3 shows that bacterial activity, as well as ROS, which is formed be-

cause of lipid peroxidation and protein oxidation, come into the picture to accelerate hemo-

globin oxidation. Moreover, all these processes, occurring at the same time, act upon each 

other during the entire period of storage. All these mechanisms are used as the basis for the 

mathematical model that we apply to describe the change in methemoglobin concentration 

in the irradiated and nonirradiated beef samples during storage. 

In this model, hemoglobin derivatives are represented as independent ensembles N1, 

N2, N3, and N4 occurring for the different specific reasons described above. The total me-

themoglobin concentration in the beef samples is a superposition of all three ensembles, 

Ntotal = N1 + N2 + N3, while ensemble N4 contributes to each N1, N2, and N3 ensemble, making 

the amount of molecules in each of them grow. At the same time, the amount of molecules 

in each of the ensembles, N1, N2, and N3, decreases, prompting the molecules to transfer 

to ensemble N4 because of autoreduction. 

Figure 7 shows the experimental dependencies of CmetHb in the nonirradiated samples 

and the samples irradiated with 250 Gy and 500 Gy on the storage time, tstorage. The graph 

also shows the approximation of experimental data calculated using Formulas (17)–(19), 

assuming that the total concentration of methemoglobin Ntotal in the beef samples is deter-

mined by all four ensembles swapping molecules during the entire period of storage. 

 

Figure 7. Experimental dependencies of CmetHb in the nonirradiated samples and the samples irradi-

ated with 250 Gy and 500 Gy on the storage time tstorage and the approximation of experimental de-

pendencies: nonirradiated samples: x0 = 1%, 휀 − 𝑏 = 3.02 un. per day,  = 0.08 un. per day, N30 = 1%, 

𝑔 = 0.03 un. per day, R2 = 0.98; 250 Gy: N1 = 15%, x0 = 1%,  = 2.9 un. per day,  = 0.13 un. per day, b = 

16 Gy–1, N30 = 3.6%; 𝑔 = 0.03 un. per day, R2 = 0.96; 500 Gy: N1 = 34%, x0 = 1%,  = 2.8 un. per day,  = 

0.2 un. per day, b = 16 Gy–1, N30 = 11.7%, 𝑔 = 0.03 un. per day. R2 = 0.97. 

The high values of correlation coefficients R = 0.96–0.98 attest to the adequacy of the 

model, which describes the change of methemoglobin concentration in the beef samples 

during storage after exposure to accelerated electrons. The proposed model describing the 

experimental results confirms that the dependencies of methemoglobin concentrations on 

the storage time and on the irradiation dose are essentially nonlinear, which corresponds 

to the experimental data obtained in the study. 

4. Materials and Methods 

4.1. Object of Study 

Chilled tenderloin beef samples weighing (3.5 ± 0.5) g stored at 4 °C for one day after 

slaughter were used in the study to measure the hemoglobin concentration in irradiated 

and nonirradiated beef. For the purpose of the study, the beef tenderloin was cut into 48 

equally sized parallelepipeds measuring 20 mm × 20 mm × 6 mm, which were placed in a 

 35 mm Petri dish for irradiation (Figure 1). 
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dependencies: nonirradiated samples: x0 = 1%, ε− b = 3.02 un. per day, δ = 0.08 un. per day, N30 = 1%,
g = 0.03 un. per day, R2 = 0.98; 250 Gy: N1 = 15%, x0 = 1%, ε = 2.9 un. per day, δ = 0.13 un. per
day, b = 16 Gy−1, N30 = 3.6%; g = 0.03 un. per day, R2 = 0.96; 500 Gy: N1 = 34%, x0 = 1%, ε = 2.8 un.
per day, δ = 0.2 un. per day, b = 16 Gy−1, N30 = 11.7%, g = 0.03 un. per day. R2 = 0.97.

The high values of correlation coefficients R = 0.96–0.98 attest to the adequacy of the
model, which describes the change of methemoglobin concentration in the beef samples
during storage after exposure to accelerated electrons. The proposed model describing the
experimental results confirms that the dependencies of methemoglobin concentrations on
the storage time and on the irradiation dose are essentially nonlinear, which corresponds to
the experimental data obtained in the study.

4. Materials and Methods
4.1. Object of Study

Chilled tenderloin beef samples weighing (3.5 ± 0.5) g stored at 4 ◦C for one day after
slaughter were used in the study to measure the hemoglobin concentration in irradiated
and nonirradiated beef. For the purpose of the study, the beef tenderloin was cut into
48 equally sized parallelepipeds measuring 20 mm × 20 mm × 6 mm, which were placed
in a ∅ 35 mm Petri dish for irradiation (Figure 1).
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4.2. Electron Beam Irradiation

The beef samples were irradiated using a 1 MeV continuous electron accelerator UELR-
1-25-T-001 (Skobeltsyn Scientific Research Institute of Nuclear Physics in cooperation with
LLC NPP Torii, Moscow, Russia) with an average beam power of 25 kW.

Dishes with eight beef pieces in them were placed on a 35 cm × 5.2 cm duralumin
plate located 12 cm from the beam output. Since the penetration depth of 1 MeV electrons
in water does not exceed 5 mm, the samples were irradiated from two opposite sides to
achieve uniform irradiation. A total of 10 irradiation sessions were performed for 5 doses
at the rate of 2 irradiation sessions per dose (Figure 1).

During irradiation, charge Qexp, absorbed by the part of the duralumin plate not
occupied by the samples, was recorded to determine the dose absorbed by the samples
using ADC (OOO Oven, Moscow, Russia), and the margin of error in determining the
charge was no more than 2%.

Table 1 presents the data on the average exposure time texp measured for each irradia-
tion session and the average charge Qexp absorbed by the duralumin plate.

Table 1. Irradiation parameters for the electron processing of beef samples.

Irradiation Session Dexp (Gy) texp (s) Qexp (nC) D (Gy)

1, 2 248 ± 6 55 ± 1 16,310 ± 285 250
3, 4 502 ± 10 100 ± 1 32,700 ± 423 500
5, 6 1018 ± 20 186 ± 1 65,058 ± 1112 1000
7, 8 5023 ± 50 988 ± 1 325,165 ± 5870 5000

9, 10 10,037 ± 90 1864 ± 1 650,108 ± 8860 10,000

The ambient temperature during irradiation was 20 ◦C, and the control samples were
stored in the same temperature conditions as the samples exposed to electrons.

4.3. Computer Simulation to Determine the Dose Absorbed by Beef Samples

The dose absorbed by the beef samples and dose uniformity were determined using a
Geant 4 tool kit (CERN, European Organization for Nuclear Research, Geneva, Switzerland).

During computer simulation, eight beef samples represented by 20 mm × 20 mm × 6 mm
water parallelepipeds were irradiated with 1010 electrons having the energy spectrum shown in
Figure 2a. Water was selected as a medium for the simulation since it is close in its properties to
the range of biological objects involved in the study. The source of electrons was represented
by a 100 mm × 100 mm square placed 12 cm from the duralumin plate on which the water
parallelepipeds were located. During simulation, water phantoms representing beef samples
were irradiated as described in Section 3.2 above.

The depth–dose distribution in the phantom was recorded using a 200 × 200 × 60
virtual grid dividing the phantom into 60 0.1 mm thick layers. To determine the dose
distribution, the sum of the energies absorbed in cell ∑Ei, the sum of the squares of the
energies absorbed during individual interactions ∑E2

i, and the number of interactions
that occurred in cell Ni, where i is the cell number, were recorded in each 1 mm × 1 mm
× 1 mm cell. The total charge absorbed by the phantom when it was irradiated with
1010 electrons was also registered. The average value of the absorbed dose Di (20) and its
standard deviation Si (21) in the i cell were calculated using the following formulas:

Di =

1
Ni

∑Ni
j=1 Eij

mi
, (20)

Si =

√√√√√
 1

Ni − 1
1

m2
i

Ni

∑
j=1

E2
ij −

(
1

Ni − 1
1

mi

Ni

∑
j=1

Eij

)2
, (21)
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where mi is the mass of the i cell. The total charge Qmod absorbed by the phantom when
irradiated with 1010 electrons was also estimated.

The dose absorbed by the phantom during simulation was calculated using the fol-
lowing formula:

Dmod =
∑N

i=1 Di

m
, (22)

where m is the mass of the phantom, and N is the total number of cells. The error in
determining the dose absorbed by the phantoms during the simulation did not exceed 2%.

To determine the dose absorbed by the beef samples Dexp during irradiation, the
charge absorbed by the samples Q was calculated, taking into account the charge absorbed
by the duralumin plate Qexp, using the following formula:

Q =
Ssample

Sdur − nSsample
·Qexp =

Ssample

Sdur − nSsample
·
I∆texp

e
, (23)

where Ssample = 9.6 cm2 is the area occupied by the beef samples placed in a ∅ 35 mm
Petri dish, which was placed on the duralumin plate, Sdur = 182 cm2 is the area of the
duralumin plate, n = 8 is the number of the beef samples on the plate during irradiation, I is
the average value of beam current, texp is the time of exposure, and e is the electron charge.
The doses absorbed by the samples that are proportional to the total electron charge Q can
be calculated using the following formula:

Dexp =
Dmod
Qmod

·Q, (24)

Time of exposure texp (s) during each irradiation session and charge Qexp (nC) absorbed
by duralumin plate, as well as doses Dexp (Gy) absorbed by the samples, are shown in
Table 1. Table 1 represents the doses Dexp (Gy) calculated using Formula (24) and the
rounded values of doses Dexp, which were used to construct experimental and analytical
dependencies.

4.4. Spectrophotometry of Hemoglobin Derivatives

To obtain the absorption spectrum of the hemoglobin derivatives, each beef sample
was placed in a 5 mL 0.01M phosphate buffer solution with a NaCl concentration of
0.137 mol/L. After 15 min, 1.5 mL of supernatant solution was poured into 2 mL Eppendorf
tubes and then centrifuged using a Universal 320 centrifuge (Andreas Hettich GmbH & Co.
KG, Tuttlingen, Germany) at 3500 rpm for 5 min. The experimental spectra of the solutions
Aexp(λ) were measured at wavelength ranging from 190 nm to 1100 nm in 2 nm increments
using a Unico 2800 spectrophotometer (United Products & Instruments, Dayton, NJ, USA).

4.5. Hemoglobin Derivative Concentration

Nonlinear curve fitting of the experimental spectra of solutions A(λl) using an Origin
Pro 2019 (OriginLab Corporation, Northampton, MA, USA) was performed to determine
the hemoglobin derivative concentration in the beef samples. The fitting function corre-
sponding to the hemoglobin absorption law was represented using the following formula:

Al(λl)theory = εHb,lCHbL + εHbO2,lCHbO2 L + εMetHb,lCMetHbL +
E
λ4 + K, (25)

where l is the number of wavelengths; εHb,l(λl), εHbO2,l(λl), and εMetHb,l(λl) are molar
absorption coefficients of deoxyhemoglobin, oxyhemoglobin, and methemoglobin, respec-
tively; CHb, CHbO2 , and CMetHb are the concentrations of deoxyhemoglobin, oxyhemoglobin,
and methemoglobin, respectively; L = 1 cm is the thickness of the solution layer; E and K
are scattering coefficients [25,40]. According to the current research literature, the molar
absorption coefficient of beef erythrocyte hemoglobin derivatives practically coincides with
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those of human hemoglobin [48]. The concentrations of deoxyhemoglobin, oxyhemoglobin,
and methemoglobin, as well as scattering coefficients E and K, were calculated using the
Levenberg–Marquardt algorithm. Next, the dependencies of the methemoglobin concentra-
tion CmetHb in the beef samples irradiated with different doses on the storage time, tstorage,
as well as the dependency of CmetHb on the dose absorbed by the beef samples, were plotted
to estimate the impact of accelerated electron irradiation on hemoglobin derivatives in beef.

5. Conclusions

This experimental study, which involves the development of an express spectropho-
tometry method estimating the oxidation level in biological objects containing red blood
cells, shows the nonlinear dependencies of methemoglobin concentration in beef irradi-
ated with accelerated electrons on both storage time and irradiation dose during the three
days after exposure. Interestingly, three days after irradiation, the concentration of methe-
moglobin in the beef irradiated with doses of up to 1000 Gy is lower compared with the
nonirradiated beef samples, while the doses exceeding 1000 Gy increase methemoglobin
concentration in the beef. It can be noted that the methemoglobin rate in beef after expo-
sure to accelerated electrons is a potential quantitative marker of the oxidation level for
foods containing red blood cells, as well as the bacterial content inhibited by irradiation.
These findings can be used to determine the optimal irradiation parameters specifically for
beef irradiation guidelines. The distinct dose-response dependency of the methemoglobin
rate in beef irradiated with doses ranging from 100 Gy to 5000 Gy can be used as a basis
for the development of an express biodosimetry method in food irradiation for products
containing red blood cells.

The proposed model describes the change in hemoglobin derivative concentration in
beef after electron beam irradiation taking into account three oxidation mechanisms—direct
ionization caused by accelerated electrons, biophysical and biochemical processes as a
result of bacterial activity, and oxidation because of reactive oxygen species. This model
can be the basis for theoretical and practical solutions in the field of food irradiation.

In addition, the methodology presented in this study will be useful for research into
the radiobiology and biophysics of radiation effects.
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