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Abstract:

There are two main types of radiation: ionizing and non-ionizing. Radiations are widely distributed in the earth’s crust with small
amounts found in water, soil, and rocks. Humans can also produce them through military, scientific, and industrial activities.
Ionizing and nonionizing radiations have a wide application in the food industry and medicine. y-rays, X-rays, and electron
beams are the main sources of radiation used in the food industry for food processing. This review discusses advantages and
disadvantages of ionizing radiation on microorganisms and its potential applications in the food industry.

Studies have revealed that ionizing radiation is used in the food industry to inactivate microorganisms in food products
to improve hygiene, safety, and extend shelf life. Microorganisms such as bacteria and fungi are susceptible to high doses of
irradiation. However, some bacterial and fungal species have developed an exceptional ability to withstand the deleterious effect
of radiation. These organisms have developed effective mechanisms to repair DNA damage resulting from radiation exposure.
Currently, radiation has become a promising technology for the food industry, since fruits, tubers, and bulbs can be irradiated to
delay ripening or prevent sprouting to extend their shelf life.
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INTRODUCTION

Ionizing radiation is a form of electromagnetic wa-

raction with DNA, which can damage the sugar
backbone and base pairs [3]. Radiation can induce

ves or particles which possess a significant amount of
energy capable of ionizing an atom or a molecule. Too
much exposure to ionizing radiation is harmful to living
organisms. Some microorganisms have developed the
capacity to survive in radioactive environments [1].
Living organisms are constantly faced with the chal-
lenge of surviving under extreme environmental con-
ditions. Diverse groups of microorganisms such as
bacteria, archaea, and eukaryotes can survive in
harsh environments such as intense ultraviolet (UV)
radiation, extreme temperatures, and desiccation. These
conditions provide a lot of selection pressure for extre-
mophiles [2].

Ionizing particles such as neutrons or a-particles
can disrupt the DNA structure through a direct inte-

genomic instability in living organisms by introdu-
cing either DNA single-strand breaks or double-strand
breaks. When unrepaired, these errors may lead to
cell death [4—6]. Reactive oxygen species produced by
ionizing radiation in microorganisms can damage cel-
lular macromolecules such as nucleic acids, proteins,
lipids, and carbohydrates [7]. Post-translational addition
of carbonyl groups to amino acid side chains increases
after exposure to ionizing radiation. This results in
a loss of protein function due to changes in protein
folding [8, 9]. In other to overcome the deleterious
effect of ionizing radiation, living organisms activate
enzymatic and non-enzymatic antioxidant defense
systems, DNA repair mechanisms, induction of protein
folding, and degradation processes [10].
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Irradiation food processing is a non-thermal method
of administering specific doses of radiation to destroy
microorganisms in food, thus enhancing its hygiene
and safety and prolonging its shelf life [11]. The use
of irradiation in food processing is highly recognized
and well regulated. It can be applied to foods ranging
from dried products like seasonings and spices to
moisture-containing food such as meat. The presence
of pathogens in fresh foods can cause foodborne il-
Inesses. Irradiation technologies can decontaminate
vegetables and fresh fruits without subjecting them
to heat treatments [11]. Thermal methods such as ste-
rilization and pasteurization have been effectively
used to reduce fungi and mycotoxins in food products.
However, processing at high temperatures can have
a detrimental effect on the nutritional and sensory
properties of food products. Therefore, we need to ex-
plore other technologies such as radiation [12]. In this
review, we aimed to explore the effects of radiation
on microorganisms and its applications in the food
industry.

Radiation sources. Electromagnetic radiation is
energy that travels at a constant speed through a sinu-
soidal path in different magnetic and electric fields.
Its electromagnetic spectrum has different energies
stretching from long-wavelength radio waves to short-
wavelength y-rays. In between these two limits, there
are other forms of radiation such as microwave, infrared,
visible light, ultraviolet, and X-ray [13]. There are two
kinds of radiation, namely ionizing and non-ionizing.
Non-ionizing radiation is a type of energy which can
be generated by an instrument or machine in the form
of electromagnetic waves with a specific wavelength [11].
Ionizing radiation, on the other hand, is a type of energy
with a very short wavelength but high intensity capab-
le of removing electrons from atoms. Its forms include
X-rays, electron beams, and y-rays [11, 13].

Radiations can emerge from both natural and ar-
tificial sources. Those from natural sources are due
to the presence of several radiating elements found
in the earth’s crust, while those from artificial sources
emerge from human scientific, military, and industrial
activities [14]. The earliest radionuclides comprise ura-
nium 238, thorium 232, potassium 40, radium 226, etc.
They are mostly found in soils, rocks, and in many
building materials. A good amount of environmental
contamination with radioactive substances owes its
source to nuclear power plant accidents, nuclear waste
disposal, nuclear power testing, and mismanagement of
radioactive materials [15].

Food processing can only use y-radiation, X-rays, and
accelerated electrons since other particles can induce
radioactivity. Electron beam radiation is produced by an
electron gun from which high-energy electron beams
are emitted. A low penetration capacity (limited to ap-
proximately 2.5 cm) is a major drawback of applying
electron beams to food. Therefore, this type of radiation
cannot be used for a wide variety of foods. X-rays are
high-energy photons that are also generated from

machine sources [16]. y-radiations have a higher pho-
ton energy with a shorter wavelength. They are pri-
marily produced from the decay of Cobalt-60 (°“°Co)
or Cesium 137 (*’Cs). Co is obtained from loading
small pellets of cobalt into sealed stainless steel or
zirconium alloy tubes. “Co radionuclide is produced
by the irradiation of ¥Co in a nuclear reactor by fast
neutrons [17].

The effect of radiation on bacteria. Radiation,
such as UV, causes indirect damage to proteins, lipids,
and DNA, resulting in the formation of reactive oxy-
gen species in bacteria. Radiation damages the bac-
terial DNA by stimulating single-strand breaks and
causing pyrimidine dimers to form. Bacteria have
many repair mechanisms in response to the damage
caused by radiation. Some of them are post-replication
recombination, nucleotide excision, and error-prone
repairs [18, 19].

Bacteria belonging to the Deinococcaceae family
are able to survive the deleterious effect of ionizing
radiation. Among these radiation-resistant organisms is
Deinococcus radiodurans [2, 20]. After exposing D. ra-
diodurans to approximately 7 kGy of ionizing radiation,
its genome was broken into fragments, but it did not
have any effect on its survival [20].

There are no studies to justify a higher content of
proteins involved in the double-strand breaks repair
(such as RecA and PolA) in D. radiodurans than in
other bacteria species such as Escherichia coli [21, 22].
Research shows that the ability of D. radiodurans to
withstand radiation and desiccation is inherent in its
Mn-dependent mechanisms which protect proteins from
oxidative modifications that introduce carbonyl groups.
The effect of y-radiation on bacteria leads to a rise in
protein carbonylation, which inhibits the catalytic acti-
vity of proteins and promotes cell death [10]. D. radio-
durans bacteria possess about 300 times more Mn (II)
ions than ionizing-radiation-sensitive bacteria such as
Thermus thermophiles and E. coli. Due to high levels
of intracellular Mn (II) ions, which protect proteins,
D. radiodurans can resist the deleterious effect of
10 kGy ionizing radiation [23].

At the molecular and biological level, radiation
targets the bacterial DNA, proteins, and cell membranes.
The degree of damage depends on the genetic com-
position of bacteria. Each bacteria strain has several
parameters which affect the yield of lesions per unit
dose of radiation and the ability to cause cell death.
Differences in sensitivity to radiation in different types
of bacteria depend on the effectiveness of their cellular
DNA repair mechanisms [24].

The effect of radiation on yeast. Yeasts are euka-
ryotic microorganisms which belong to the fungi king-
dom. Saccharomyces cerevisiae is a type of yeast
mostly used in the food industry for baking and bre-
wing. Other species include Candida, Saccharomyces,
Debaryomyces, Hanseniaspora, Dekkera, Kluyveromy-
ces, Rhodotorula, Meyerozyma, Pichia, Zygosaccharo-
myces, and Torulaspora [25].
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Figure 1 Effects of non-ionizing and ionizing radiation on microorganisms. Adapted from Bisht et al. [11]

A study conducted by Takeshita et al. exposed yeast
cells to pulsed light and UV irradiation and showed dif-
ferences in the proteins eluted from the yeast cells [19].
The elution of proteins is a possible indication of cell da-
mage induced by irradiation. Pulse light irradiation is
known to cause structural changes in yeast cells, enlar-
ging vacuoles and distorting cell shape and cell mem-
brane, as observed under transmission electron micros-
copy. These structural changes suggest that irradiation
can cause damage to yeast cell membranes [19]. Ioni-
zing radiation causes cellular damage to DNA, such as
base damage, single-strand breaks, strand crosslinks,
and double-strand breaks [26].

Budding yeasts exhibit resistance to ionizing ra-
diation in the synthesis (S) and mitosis (M) phases

than nonbudding yeasts in the Gap 1 phase. Growing
yeast cells in the synthesis/Gap 2 exhibit greater
X-ray-induced instability than the stationary phase
Gap 1/Gap 0 (G,/G) yeast cells. It has been shown that
yeast cells in the Gap 1 (G,) phase are more sensitive
to mutations caused by radiation, less sensitive in the
early synthesis, and least sensitive in the late synthesis/
Gap 2 (S/G)) [27]. Yeast cells exhibit varied sensitivity
to radiation at different growth stages. They are more
resistant to radiation in the stationary phase (this re-
sistance is different from what is observed in the cell
cycle). However, cells are more sensitive to radiation in
the exponential growth phase when the majority of cells
are in the synthesis/Gap 2 phase. Studies have shown
that budding yeasts are more resistant to the killing ef-
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fect of radiation than nonbudding yeasts [28—30]. Also,
yeasts show much greater resistance to environmental
stressors than prokaryotes because of their ecological
versatility [31]. Yeast cell membrane and DNA are sus-
ceptible to radiation damage and inactivation. There is
a lack of information to support the effect of radiation
on yeasts. Therefore, more studies are needed to show
what damage is caused by their exposure to radiation.

The effect and response of fungi to radiation.
D. radiodurans bacterium is known to withstand higher
levels of ionizing radiation. However, studies have also
identified some fungal species with a greater potential to
withstand the effects of radiation compared to this bac-
terium. After the explosion at the Chernobyl nuclear
power plant in 1986, and several years down the line,
over 2000 fungal species were isolated in that area [31].
Some of the species were remarkably radioresistant,
including melanized fungal species (Cladosporium spp.),
Cryomyces antarcticus, Aureobasidium, and yeast [31].
Melanized fungi were predominant compared to the
other fungal species [32, 33].

A study by Dadachova et al. showed that melanized
fungal species, such as Cryptococcus neoformans and
Wangiella dermatitidis, experienced a higher cell growth
compared to their non-melanized counterparts [34]. The
authors found that ionizing radiation interfered with the
electron transfer properties in melanin by analyzing the
NADH-ferricyanide redox reaction. This suggests that
melanized fungi can use radiation (y-radiation) as an
energy source to convert electromagnetic energy into
chemical energy that the fungi can utilize [10]. Mela-
nin protects fungal cells from various environmental
stresses, including oxidative damage, heavy metals,
and UV irradiation [35]. It plays an important role in
radiation resistance by dispersing electrons and photons
and serving as a radioprotective barrier against radia-
tion and scavenging radiation-induced reactive oxygen
species [36].

Transcriptome analysis was conducted by Jung et al.
to explain the mechanism of radiation resistance in
C. neoformans [37]. They found a significant varia-
tion in the C. neoformans genes. Out of 6962 identi-
fied genes, 37% showed different expression patterns
after y-radiation exposure. The genes involved in post-
translational modification, DNA replication and repair,
as well as protein turnover and chaperone function,
were extremely upregulated during the early recovery
time. However, the genes that participated in transla-
tion, transport, and amino acid metabolism were
downregulated in the late recovery time. The transcrip-
tome analysis of C. neoformans was similar to that of
radiation-sensitive fungi such as Schizosaccharomyces
pombe and S. cerevisiae [38, 39].

Fungi have developed several effective mechanisms
to withstand the deleterious effect of radiation compared
to other organisms. The genes involved in DNA damage
repair and oxidative stress responses are upregula-
ted during radiation exposure. Fungi produce protective
molecules such as melanin, carotenoids, trehalose

1,3-glucan, and others. These molecules contribute to the
fungi’s exceptional ability to protect themselves against
radiation and other harmful environmental stresses,
such as dryness and salinity [31]. There is limited
information in literature on the effects of radiation on
fungi. Therefore, more research is needed to elucidate
what kind of mechanisms are employed by fungi to
overcome the deleterious effects of ionizing radiation.

Mechanisms of microbial inactivation. Ionizing
and non-ionizing radiations have different effects on
microorganisms because of the different energies they
possess. lonizing radiation produces free radicals in
microorganisms and causes damage to genetic mate-
rials and other cellular components, contributing to cell
death. However, microbial inactivation or destruction
by non-ionizing radiation is facilitated by the thermal
decomposition of proteins, lipids, and DNA, leading
to cell rupture or disintegration. Spores produced by
bacteria and fungi are resistant to irradiation because
they contain a small amount of DNA and are very stable.
Microorganisms respond differently to radiation due to
differences in their physical and chemical structures and
in their spore-producing capacity [13].

Ionizing radiation can destroy microbes and my-
cotoxins employing two major mechanisms, namely the
direct interaction with the organism and the indirect
action by water radiolysis. The direct interaction of
radiation causes damage to genetic materials. In fungi,
for instance, this can lead to the death of living cells,
preventing the formation and release of mycotoxins.
In the indirect method, radiation reacts with water
molecules (radiolysis) to produce positively-charged
water radicals (H,0") and negative free solvated elec-
trons (e"). These interactions result in the formation of
several reactive species such as H*, OH", H,0", H,0,,
and OH-. Subsequently, these free radicals attack cyto-
plasmic components and destroy organic molecules.
The hydroxyl free radical removes hydrogen atoms
from the bases within the DNA strands, causing death
to organisms which cannot recover from this DNA
damage [13]. Many studies have identified damage
of deoxyribonucleic or ribonucleic acids coupled
with the disintegration of cytoplasmic membranes
as major mechanisms for microbial inactivation by
ionizing radiation. The induction of single-strand
breaks is not very destructive, but double- or multiple-
strand breaks can render the microbe inactive [40].
Figure 2 shows how radiation can damage the DNA in
microorganisms.

Justification of ionizing radiation in food pro-
cessing. Food irradiation is a non-thermal method
of exposing food to specific doses of non-ionizing or
ionizing radiations to destroy microorganisms (bacteria,
fungi, viruses, etc.) in food or agricultural products to
improve their hygiene and safety, as well as prolong
their shelf life [42, 43]. The use of radiation technology
in food processing has proven to be effective and it is
widely used for various kinds of foodstuffs from dried
to moisturized food products [44]. The rise in different
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kinds of food-borne diseases caused by consuming
fresh foods contaminated with pathogens has made food
irradiation an alternative approach to decontaminating
fresh vegetables and fruits without heat treatments using
sterilization or pasteurization [45].

Mycotoxin contamination of food products is raising
several global concerns because it affects human health,
causes economic loss to farmers, and leads to food
wastage [46, 47]. Mycotoxins are produced in food con-
taminated with fungi. This can result in mycotoxin
poisoning and various health consequences, such as
gynecomastia, esophageal cancer, human nephropathies,
hepatocellular carcinoma, liver cancers, hepatitis B, re-
duced levels of immunoglobulins, as well as increased
morbidity and mortality [48—50].

Thermal food preservation methods used to elimi-
nate enzymes, mycotoxins, and pathogenic microor-
ganisms consume a lot of energy, thereby increasing the
cost of preservation. Thermal treatment methods also
cause loss of certain nutrients (vitamins, proteins, etc.)
and sensory properties, affecting the overall quality
of the food product [51-53]. To overcome this negative
impact, the food industry is exploring alternative pro-
cessing techniques, such as cold plasma, high pressure
processing, and irradiation technologies [11].

Using electromagnetic radiation as an energy source
is a better option to ensure microbial safety, improve
sensory properties, and retain nutrients [54]. It does
not leave residues and toxins in the product. Nor does it
affect the odor, pH, flavor, or taste [55]. Parasites, such
as Toxoplasma gondii, Cysticercus spp., Taenia solium,
Trichinella spiralis, parasitic protozoa, and helminths
in meat and fish, can be inactivated through 0.3 to
1 kGy irradiation to guarantee the product’s safety for
consumers [56].

Applications of ionizing radiation in the food
industry. Food irradiation is a method used in food
processing and preservation. This involves administe-
ring certain amounts of ionizing radiation to food in
a radiation-protected chamber [57]. Radiation can be
applied to food products to either pasteurize or sterilize
them to reduce or eliminate pathogens and other mic-
roorganisms, except certain viruses, based on the radia-
tion dose [16]. Microorganisms, such as E. coli, Campy-
lobacter, Salmonella, and others, can be removed from
food by irradiation to improve the product’s shelf-life
and guarantee safety. Sterile foods are very important
for consumers, especially patients with a compromised
or suppressed immune system who need to consume
bacteria-free foods [16]. Practical doses of radiation
given to food are classified into three main categories, as
shown in Fig. 3 [56].

The focus of using this technology in the food in-
dustry is to maintain stability in stored products, elimi-
nate insects or parasites, inhibit the activity of enzymes,

Indirect effect
|
™
H H
H,0,, H,, H;0%, OH-, H,0°,
HO*, H*, e,

Direct effect

).

Figure 2 Effects of radiation on the genetic material (DNA)

in microorganisms. Radiation can directly damage the DNA
of microorganisms to kill/render them inactive or cause water
molecules to undergo radiolysis to produce free radicals.
These free radicals then attack the DNA and other organic
molecules in the microbe causing them to die if they cannot
recover from the radiation-induced damage. Adapted from [41]

and reduce food-borne contaminants such as bacteria,
viruses, fungi, and mycotoxins [13]. The allowable dose
of radiation delivered to food should not exceed 10 kGy,
since this dose does not compromise the product’s
safety or affect its structure and functional proper-
ties [40]. Some applications of radiation technology
in the food industry:

— irradiation of spices and condiments;

— control of sprouting in tubers and bulbs;

— insect disinfection in cereals;

— fruits and vegetables;

— fish and meat products; and

— application of irradiation in dairy products.

Irradiation of spices and condiments. Spices and
condiments are naturally contaminated with nume-
rous microorganisms or due to poor harvest and sto-
rage conditions [58]. Spices can be contaminated with
pathogenic microorganisms such as Clostridium perfrin-
gens, Bacillus cereus, Salmonella, E. coli, and toxige-
nic molds. Several studies have confirmed that up to
10 kGy of irradiation can reduce the microbial load
without any adverse chemical or organoleptic changes
in spices [56, 59].

The use of spices to season processed foods without
sterilization may increase food spoilage and even cause
food-borne diseases. In the past, fumigants (methyl
bromide and ethylene oxide) were used for insect, bac-
teria, and mold elimination because moist heat treat-
ment was not suitable for dried products. However,
these chemicals are highly toxic and raise safety and
environmental concerns. Spice irradiation has been ap-
proved by many countries in recent times and the food
industry is moving in this direction. Doses of 5-10 kGy
are enough to ecliminate mold spores, bacteria, and
insects without any effects on the sensory or chemical
properties of spices [60].
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Practical Radiation Dose

Low Dose
(< 1kGy)

Medium Dose
(1-10 kGy)

High Dose
(> 10 kGy)

Figure 3 Radiation doses applied in the food industry for food processing

Control of sprouting in tubers and bulbs. Sprou-
ting affects the shelf life of potatoes, garlic, onions,
ginger shallots, and yam. These agricultural products
have to be stored for several months to ensure adequate
supplies to consumers, but due to sprouting, large los-
ses are observed after harvesting [56]. Irradiation has
proven to be effective for shelf-life extension [45, 61].
Low radiation doses of 0.02-0.2 and 0.25-1.0 kGy
are used to prevent the sprouting of bulbs and tubers,
respectively [56].

Sprouting and rotting of tubers and bulbs occur when
they are stored under low temperatures (4—20°C) and
high humidity (> 85%) [62]. Sprouting of tuber crops can
be reduced by applying lower radiation doses (0.15 kGy)
during the dormancy period. Although the dose needed
for sprout prevention does not affect the physicochemical
properties of the produce, in certain cases brownish
discoloration can occur in the inner buds [17]. In a study
by Tripathi et al., several onion varieties (red dark,
light red, yellow, and white) irradiated with 60 Gy of
y-radiation were stored for 6 months without sprouting,
whereas 34.3% of the unirradiated onions developed
sprouts [63].

Insect disinfection in cereals. Radiation is used for
destroying insects in cereals, flours, and products made
from them, since insects may damage some of these
products. Insects can also serve as vectors for delive-
ring pathogenic bacteria and parasites into food [58].
Radiation in the range of 100-1000 Gy is effective for
inactivating insects in cereals [56, 64, 65]. Molds can
be eliminated from cereals and grains by low dose irra-
diation. Doses > 1 kGy affect the quality of cereal grains
and decrease flour viscosity. Also, they destroy starch
and gluten, thus reducing the firmness, stickiness, and
bulkiness of the dough [66].

Fruits and vegetables. Irradiation technology gi-
ves consumers access to the original taste, nutrients,
appearance, and texture of fresh fruits and vegetables
for extended periods of time. Radiation doses < 1 kGy
are recommended for insect disinfection of fruits
and vegetables, as well as to delay their ripening and
senescence and inhibit sprouting [17]. The radiation
doses needed to extend shelf life and enhance the qua-
lity of fruits and vegetables depend on their maturity,
cultivar, and pre- and post-harvest handling [67]. Lower
doses (0.2—0.4 kGy) can increase the shelf life of fruits,

while higher doses can lead to fruit decay [68]. The
maximum irradiation dose for fresh fruit and vege-
table disinfection and preservation must be < 1 kGy to
receive approval from the United States Food and Drug
Administration (FDA). Within the selected irradiation
range, the sensitivity of the crop should be determined
to enhance its quality without causing changes to its
chemical and sensory properties [69].

The optimum dose for extending the shelf life of
banana and plantain is within 150-300 Gy. At 500 Gy of
irradiation, banana and plantain can develop a brown
skin or gray scald due to increased polyphenol oxidase
activity in the peels. Tissue damage can also be obser-
ved. Matured banana at harvest can tolerate quarantine
radiation compared with less matured banana which
develops peel injury after irradiation at 800 Gy [69].
Irradiation of fully matured green mangoes at 250—
750 Gy can delay ripening. Tommy Atkins mangoes can
be stored for 21 days at 12°C when exposed to radiation
at < 1000 Gy, while higher doses of > 1500 Gy can result
in fruit softening, peel scald, and flesh pitting [70—72].

Fish and meat products. The use of radiation in
preserving fish can stabilize its market value and reduce
wastage to ensure effective distribution of sea foods to
the consumers [73]. Defrosted fish is contaminated with
a lot of microorganisms, some of which move from the
fish’s gastrointestinal tract into the muscle tissue causing
spoilage. The shelf life of fish is relatively short due to
the action of spoilage microorganisms and enzymes.
This contributes to fermentation and breakdown of
fish proteins into free amino acids, destroying the sen-
sory properties of the fish. Ionizing radiation is a
promising technology that can be employed to increase
the shelf life of defrosted fish by inactivating or killing
pathogens and spoilage microorganisms [74]. The treat-
ment of fish fillets with radiation (1-4 kGy) is more
effective than traditional preservation methods because
radiation destroys microorganisms without changing the
physicochemical properties of the fish [75]. However,
doses > 4.5 kGy can cause oxidative damage and dest-
roy vitamins, for example, thiamine (B)) [74]. Canned
fish can be treated with low doses of irradiation after
autoclaving to achieve good sterilization of the product.
Exposure of cured fish to bacteria, fungi, and insects
leads to its spoilage, so irradiation can be employed to
reduce or eliminate these organisms in the product [73].
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Meat is a perishable food product and the con-
sumption of contaminated meat or meat products causes
food-borne diseases. The most common pathogens that
cause food-related outbreaks are C. perfringens, Salmo-
nella, Shiga-toxigenic, Listeria monocytogenes, Clostri-
dium botulinum, E. coli, Staphylococcus aureus, and
B. cereus [76,77]. Ultraviolet radiation (non-ionizing
radiation) between 100—400 nm can be used to kill
pathogenic microorganisms. Irradiation of fresh meat
and meat products is considered a healthy and effective
way to extend shelf life. Irradiation doses of 50 kGy
or above can affect the meat color because of chemi-
cal changes caused to iron in myoglobin, while low
doses (1-10 kGy) produce fewer changes in color, odor,
and flavor [78]. Several studies confirmed the use of
radiation to process meat products like ham, bacon, sau-
sages, and beef burgers. Irradiation doses of 1-4 kGy
can inactivate 90% of spoilage microorganisms in these
products [79].

Dairy products. Milk and milk products form
an important component in the food chain. Liquid,
powdered, and concentrated milk is used in the
food industry as a raw material for making different
products. Consumers use milk for cooking and making
beverages. Milk is susceptible to microbial contami-
nation from cow’s udder, as well as at various stages of
production, processing, and distribution [80]. Pathogenic
microorganisms, such as L. monocytogenes, S. aureus,
and Salmonella species, can contaminate milk and
cause food-borne illnesses [81]. Heat pasteurization
and sterilization are effectively used to decrease the
microbial load. However, psychotropic bacterial species
can continue to grow in milk at low temperatures and
this is a major concern for the dairy industry [82].
Irradiation can be explored as an alternative technology
to reduce or destroy microorganisms in raw milk be-
fore using it for the preparation of dairy products. The
practical application of radiation to dairy products is
relatively low because most pathogens are effectively
eliminated by heat pasteurization. Also, some studies
report off-flavors in irradiated dairy products [80, 83].

Several studies have evaluated the suitability of
using irradiation to preserve dairy products such as
cheese and ice cream. They recommended packaging
the products before irradiation treatment in other
to kill post-processing microbial contaminants [80].
Prior to cheese production, milk is pasteurized to
reduce the microbial load, but this does not guaran-
tee absolute microbial safety because the chances of
post-pasteurization contamination are still high. There-
fore, there is a need for exploring other non-thermal
sterilization methods, such as irradiation technologies,
to inactivate microorganisms present in the final pro-
duct even after packaging [84]. Pseudomonas spp. and
Enterobacteriaceae are the main organisms responsible
for cheese spoilage [85]. A study by Lacivita ef al
showed that X-rays at 2 and 3 kGy inactivated these
species and extended the shelf life of Fiordilatte
cheese for more than 40 days, while the unirradiated

cheese remained unacceptable for about 10 days [83].
Food irradiation is safe and it has been approved in
many countries. It can be applied to cheese to extend
shelf life and maintain its nutritional and sensory
properties [84].

Advantages and disadvantages of food irradiation.
Advantages. Exposure of food to ionizing radiation aims
to reduce microbial load by destroying microorganisms
and inactivating enzymes present in food to prevent its
spoilage. Radiation also prevents gametes of parasitic
insects from reproducing, resulting in various food
preservation outcomes [86]. Perishable fruits (bananas,
pears, mangoes) can be irradiated to improve their shelf
life. As a result, they can be delivered to consumers
fresh and in a timely manner [87]. Pathogenic mic-
roorganisms, such as E. coli, Campylobacter, Listeria,
Salmonella, Shigella, and Staphylococcus, can be pre-
sent in many foods. These organisms are responsible
for different kinds of food-borne diseases. Irradiation
offers a positive way of eliminating these pathogenic
organisms, especially in foods where thermal inac-
tivation is inapplicable [87].

Disadvantages. Irradiation also affects the nutritio-
nal and sensory properties of foods, just like any other
food processing method. While low and medium doses
of irradiation do not affect the nutritional content,
doses > 10 kGy can degrade nutrients, as seen in ther-
mal food processing methods such as cooking and
pasteurization. Vitamins are the most affected com-
ponents during food irradiation treatment [13].
Ionizing radiation causes chemical changes in food
through radiolysis. Certain parameters, such as absor-
bed dose, presence or absence of oxygen, dose rate
and temperature, affect the chemical reactions or
transformations induced in food products. Ionizing
radiation at 10 kGy does not usually have any effect
on micronutrients (water and fat-soluble vitamins) or
macronutrients (carbohydrates, proteins, and lipids) in
food. However, at doses > 10 kGy, macromolecules, such
as carbohydrates, are decomposed and lipids become
rancid [88, 89].

Direct energy absorption by irradiated foods can
cause chemical changes through radiolysis effects.
Irradiation causes water molecules to lose an electron
giving rise to OH", which then reacts with other wa-
ter molecules to produce hydrogen peroxide (H,O,),
hydroxyl radicals (OHe), molecular hydrogen, and
oxygen. Since these molecules are free radicals, they
cause oxidation and reduction reactions in food pro-
ducts [90, 91]. The effect of radiation on proteins de-
pends on the protein structure, physical status, and
amino acid content. The changes which can be induced
in proteins include aggregation, dissociation, cross-
linking, and oxidation [92]. For instance, y-irradiation
of hazelnuts at 10 kGy caused denaturation and pro-
tein aggregation [93]. The use of high radiation doses
for processing muscle foods, such as meat and meat
products, leads to the formation of free radicals, as well
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as lipid and protein oxidation. This causes biochemical
and physicochemical changes that affect the sensory and
nutritional properties of the product [79].

CONCLUSION

Food spoilage and food-borne illnesses are caused
by microorganisms which contaminate food during
harvesting, manufacturing, and distribution. These
microorganisms also reduce the shelf life of many
processed and non-processed food products. The
adoption of irradiation technologies to inactivate food
spoilage microorganisms is gaining popularity among
many food industries across the world. Food irradia-
tion does not have much effect on the nutritional and
chemical compositions of food. Thus, it is considered
a good alternative to thermal processing methods. Ra-

diation can be used to extend the shelf life of different
kinds of foods, such as fruits, meat, fish, spices, tubers,
bulbs, and many others.
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