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Editor’s column

The wine industry is considered one of the oldest in
Russian food science. It includes viticulture and winema-
king, which shape budget revenues and socio-economic
development of entire regions.

Russian viticulture dates back to Peter the Great. In
the XIX century, Prince Golitsyn and Count Vorontsov
turned the Crimea and the Krasnodar Region into the
biggest wine-producers in Russia. They also provided
the emerging Russian viticulture with its earliest scien-
tific foundation. In Soviet times, the science of viticul-
ture and winemaking kept developing and became one
of the most advanced branches of agricultural science.
Vineyards grew larger, new cultivars were introduced,
and grapes became resistant to the harsh Russian cli-
mate. The anti-alcohol campaign of 1985-1987 hit the
Russian wine industry hard, as did the roaring 1990s.
Vineyards shrank, and some wine production techno-
logies were lost. The industry still suffers from the after-
shock of those events.

In 2019, the government adopted Federal Law
No. 468-FZ On viticulture and winemaking in the Rus-
sian Federation, which established Russia’s status as a
wine-producing country. The new law boosted the de-
velopment of the wine industry, based on a scientific
approach to viticultural lands, their expansion, and novel
production technologies. The law also protects Russian
wine producers, especially those who grow their own
grapes. The newly-adopted concept of Russian wine
assigned it the status of an agricultural product. Thanks
to the measures taken at the state level, the demand
for Russian grapes has increased, and investors have
acquired distribution guarantees.

Today, Russian viticulture is experiencing a renais-
sance. The wine-making regions expand their vineyards
and increase their planting density. They renovate vine-
yards that are older than 10—15 years, as well as launch
new wineries and tourism clusters. New wine-making
areas are emerging in the Astrakhan Region, the Saratov
Region, and in the Far East. These days, the total area
of vineyards in Russia is 100,000 hectares, which is
number 18 in the world. By 2030, it will have increased
by 35%. Commercial grape production is concentrated
in the south of Russia, i.e., in the regions of Krasnodar,
Stavropol, the Crimea, Chechnya, Dagestan, Ingushetia,
Kabardino-Balkaria, North Ossetia, Astrakhan, Volgo-
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grad, Saratov, and Rostov. However, almost three quar-
ters of all Russian vineyards are located in the Republic
of Crimea and the Krasnodar Region. They grow interna-
tional, Caucasian, autochthonous, and Soviet cultivars.

The Russian wine market is also developing at a pace
to be envied. The production is expanding as it tries to
keep up with the growing demand. The quality of domes-
tic ripe wine meets world standards. According to fore-
casts, Russia’s share in the global wine production will
continue to grow and will have exceeded 3% by 2030.
Today, 55% of Russian wine market is domestic wine.
Domestic wine producers enjoy state support that help
them create a competitive environment and stimulate
public demand for Russian wines.

In Russia, wine tourism is a promising area of do-
mestic tourism. In 2023, the government adopted a bill
on advertising wine in grape-growing areas to support
wine tourism and popularize the industry.

The state also supports scientific and technical de-
velopment of the industry, e.g., various programs for
technological renewal of viticulture and winemaking.
Only advanced R&D can make the domestic wine in-
dustry efficient and successful.

Professor Anatoly M. Avidzba, Doctor of Agricultu-
ral Sciences and Member of the Russian Academy of
Sciences, is a world-level specialist in viticulture and
agricultural economics.

Professor Avidzba develops new methods aimed at
improving viticultural technologies and wine production,
as well as accelerating the selection process of new grape
varieties. Professor Avidzba has invented new approaches
to high-quality winemaking microzoning. He also stu-
dies polyphenols in various grape cultivars and wines.
Functional grape product fortified with polyphenols can
be part of dietary nutrition and medical treatment.

Professor Avidzba’s contribution to the domestic viti-
culture and winemaking can hardly be overestimated.
His scientific and practical achievements have been
awarded at various levels. Professor Avidzba’s articles,
books, and patents have gained global recognition.

On February 10, we are happy to congratulate
Anatoly Avidzba on his birthday. We wish Professor,
his loved ones, colleagues, and students good health
and optimism, inspiration for new ideas and scientific
achievements, happiness and tranquility!

Copyright © 2024, Prosekov. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
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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.

Keywords: lonizing radiation, activation, inactivation, food products, application, shelf life, microorganisms
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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].

Copyright © 2023, Danyo et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
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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/Gap2 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-



Danyo E.K. et al. Foods and Raw Materials. 2024;12(1):1-12

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 ecither 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°,
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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 et 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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Abstract:

Chitosan reacts with amino acids and hydrolyzed whey proteins to produce biologically active complexes that can be used in
functional foods. The research objective was to obtain chitosan biocomposites with peptides and amino acids with improved
antioxidant and sensory properties.

The research featured biocomposites of chitosan and succinylated chitosan with whey peptides and amino acids. The methods
of pH metry and spectrophotometry were employed to study the interaction parameters between polysaccharides and peptides,
while colorimetry and spectrophotometry served to describe the amino acids content. The antiradical effect was determined by
the method of fluorescence recovery. Pure compounds and their complexes underwent a sensory evaluation for bitterness.
Chitosan and succinylated chitosan formed complexes with whey peptides and such proteinogenic amino acids as arginine,
valine, leucine, methionine, and tryptophan. The equimolar binding of tryptophan, leucine, and valine occurred in an aqueous
chitosan solution (in terms of glucosamine). Methionine appeared to be the least effective in chitosan interaction, while arginine
failed to complex both with chitosan and succinylated chitosan. Chitosan and succinylated chitosan biocomposites with peptides
and leucine, methionine, and valine proved to be less bitter that the original substances. The samples with arginine maintained
the same sensory properties. Chitosan complexes with tryptophan and peptides increased their antioxidant activity by 1.7 and
2.0 times, respectively, while their succinylated chitosan complexes demonstrated a 1.5-fold increase.

Chitosan and succinylated chitosan biocomplexes with tryptophan and whey protein peptides had excellent antioxidant and
sensory properties. However, chitosan proved more effective than succinylated chitosan, probably, because it was richer in
protonated amino groups, which interacted with negatively charged amino acids groups.

Keywords: Chitosan, succinylated chitosan, whey peptides, proteinogenic amino acids, chitosan biocomposites
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INTRODUCTION peptides [3]. Milk proteins lose their allergenicity be-
cause the antigenic determinants split in the structure of
allergen proteins [4].

Hydrolyzed cow’s milk proteins are short chain pep-
tides and amino acids. Histidine, proline, phenylala-
matic hydrolysis as part the commercial hypoallerge-  nine, tyrosine, and tryptophan give them a characte-
nic foods [1, 2]. Proteolysis forms bioactive functional ristic bitter taste, which limits the use of hypoallergenic

Milk proteins are a source of biologically active
peptides that appear as a result of enzymic processes in
the gastrointestinal tract. Milk proteins undergo enzy-
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hydrolysates in the food industry [5]. Hydrophobic
chromatography improves the bitter taste of hydroly-
sates; other options include specific sorbents, isoelec-
tric focus, and limited proteolysis [6]. Instrumental
hydrolysate processing increases production costs and
changes the amino acid composition because it
removes essential amino acids. Moreover, instrumental
processing requires specific enzymes and complex
detoxication. Flavoring additives are an alternative
solution that can camouflage the bitterness [7]. Still,
food science is looking for new ways to reduce the
bitterness of protein hydrolysates and amino acid mixes.

Cyclic oligosaccharides, or cyclodextrins, have a
cone-like spatial structure with a hydrophobic inner
cavity. As a result, they can form inclusion comple-
xes with guest molecules, which are also called clath-
rates [8]. If bitter peptides and amino acids are encapsu-
lated in cyclodextrins, their taste improves because the
cone shields them from taste receptors [9, 10]. In ad-
dition, the method improves the biologically active
potential of the encapsulated compounds [11, 12].

Aminopolysaccharide chitosan also can improve the
sensory properties of bitter amino acids and peptides.
Chitosan is a low-toxic substance, popular in the food
industry as a filler, thickener, and stabilizer [13]. Food
scientists obtain composites with more advantageous
properties by complexing natural biopolymers and
bioactive substances with chitosan and its derivatives.

Chitosan, a potential complexing agent, is able to
interact with organic compounds due to its hydrophobic
effect, as well as due to ionic and hydrogen bonds [14].
Although chitosan has good biocompatibility and ad-
sorption, its solubility is rather limited [15]. As a
result, chitosan is unpopular in the food industry
and pharmacy. At pH < 6.5, its free amino groups are
protonated, thus rendering it polycationic properties [16].
Soluble chitosan can be obtained by depolymerization
and chemical modification [17]. For instance, Lee et al.
introduced anionic succinate groups to produce suc-
cinylated chitosan [18]. This chitosan derivative was
soluble at pH > 7.0 and < 4.5.

Molecular modeling demonstrated that the comp-
lexation occurs as a result of the electrostatic interaction
between the amino acid carboxyl group and the chitosan
amino group [19]. Chitosan and its derivatives interact
with amino acids in three different ways [20—28]:

1. Chitosan produces a gel-like base. This hydrogel
acts as films or spheres and immobilizes amino acids
inside the base or adsorbs it on its surface. As part of
the film, amino acids can also be chemically crosslinked
with chitosan molecules [20-23];

2. Molecules of chitosan and amino acid are che-
mically crosslinked. The resulting biocomposites serve
as transport for various molecules [24-26]; and

3. Chitosan and amino acids interact in a solution as
compounds bind with NH_-groups of chitosan. Different
chitosan modifications interact with target molecules,
which are normally used in gene therapy, packaging,
drug delivery, wastewater treatment, etc. [27, 28].

This research focused on the third type of interaction
because of its technical simplicity and low cost. The
main goal was to use the biocomposites of chitosan and
amino acids as a food component. According to the
hypothesis, these high-molecular-weight biocomposi-
tes interact with bitter-taste receptors to improve the
sensory properties of whey protein hydrolysates. The
biocomposite releases its peptides and amino acids in
the gastrointestinal tract because of weak electrostatic
forces.

Biocomposites of chitosan and its derivatives with
peptides and amino acids are promising functional in-
gredients. Chitosan complexing affects the antioxidant
and sensory properties of amino acids and peptides.

The research objective was to obtain biocomposites
of chitosan with peptides and amino acids with high
antioxidant activity and improved sensory properties.

STUDY OBJECTS AND METHODS

The study involved chitosan with a molecular weight
of 100 kDa and a degree of deacetylation of 90%.
The succinylated chitosan had a molecular weight
of 200 kDa and a degree of substitution of 75.1%
(Bioprogress, Russia). The peptide mix had a molecu-
lar weight of < 10 kDa. It was part of the Pepti-
gen [F 3080 WPH whey protein hydrolysate with protein
mass fraction 80% (Arla Foods Ingredients Group,
Denmark). The experiment also featured such amino
acids as L-arginine, L-valine, L-leucine, L-methionine,
and L-tryptophan (Sigma, USA).

Complexing chitosan with whey protein hydro-
lysate. We prepared 0.1% aqueous solutions of chito-
san and succinylated chitosan and 15% aqueous solu-
tion of hydrolysate, which was a mix of whey protein
peptides. After that, we added 250 puL of the 15% hyd-
rolysate solution to 50 mL of 0.1% chitosan solution
and stirred. The solution was tested for active acidity
and optical density at a wavelength of 640 nm. Then,
the 0.1% chitosan solution was titrated with the 15%
hydrolysate solution in the protein concentration ran-
ge of 0.08—1.34%. The optical density and active acidity
of the samples were evaluated after each hydrolysate
cycle. The experiment with the succinylated chitosan
followed the same procedure. The active acidity was
determined using a HANNA HI 83141 pH-meter (Hanna
Instruments, Germany). The optical density was moni-
tored using a Metertech UV/VIS SP 8001 device (Meter-
tech, Taiwan).

Obtaining chitosan biocomposites with amino
acids. Variant 1 included 0.1% aqueous solutions of
chitosan/succinylated chitosan with 0.5% aqueous
solutions of arginine, valine, leucine, methionine, and
tryptophan. The chitosan solution (0.1%, 20 mL) was
titrated with a 0.5% amino acid solution. The amino
acids were added by 80 pL until their concentration in
the mix reached 0.002—0.05%. After each titration stage,
we monitored the optical density and active acidity. The
solution of succinylated chitosan (0.1%) was titrated
under similar conditions.
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Variant 2 involved aqueous solutions of 0.5% chi-
tosan/succinylated chitosan and 0.5% proteinogenic
amino acid, namely arginine, valine, leucine, or met-
hionine. The tryptophan experiment included aqueous
solutions of 0.1% chitosan/succinylated chitosan and
0.05% the amino acid. The resulting solutions were stir-
red at 25°C for 1 h. After that, we tested the samples for
optical density and active acidity.

The chitosan and succinylated chitosan complexes
with tryptophan were subjected to dialysis using
a tubular cellulose membrane with a 14-kDa shut-
off (Sigma, USA). The removal of unbound trypto-
phan took 4 h. After that, we measured amino acids in
the dialysate and the optical density at a wavelength of
280 nm by using spectrophotometry. We also designed
a calibration dependency curve for the optical density
and tryptophan (0.0001-0.0016%). The curve made it
possible to calculate the amount of tryptophan in the
initial biocomposite solutions and dialysate samples.

The colorimetry test involved the Folin-Chocalteu
reagent (Sigma, USA). We measured the optical
density of the tryptophan complexes with chitosan/
succinylated chitosan (variant 2) and the tryptophan cali-
bration samples at a wavelength of 620 nm. We introdu-
ced 1000 pL of 0.5 M sodium hydroxide solution into
200 pL of the test sample, stirred, and added 240 pL of
the Folin Ciocalteu reagent. The resulting mix was
kept in a dark place for 20 min. Subsequently, the dyed
samples were tested for optical density. The effect of
the tryptophan content (0.0001-0.010%) on the optical
density of the calibration samples was expressed as a
dependency curve, which made it possible to calculate
the amino acid concentration in the biocomposite
solutions and the corresponding dialysates.

We introduced 500 pL of the test complexes (variant 2)
into test tubes with centrifuge filters with a cut-off
at 10 kDa (Merck Millipore, USA) to determine the
concentration of free and bound arginine, valine, leu-
cine, or methionine. The filtrates were obtained by
centrifugation at 14 000 rpm for 15 min. We used the
Kjeldahl method (State Standard 23327-98) to determine
the total amount of nitrogen in the filtrate samples.

The statistical processing involved the arithmetic
mean value + confidence interval (n = 3, a = 0.05).

Determining the bitterness of pure compounds
and chitosan complexes. The sensory evaluation fol-
lowed a 10-point scale of bitterness: 0 — no bitterness de-
tected; 1-2 — very weak; 3—4 — weak; 5—6 — mild; 7-8 —
strong; 9—10 — very strong.

The severity of bitterness was determined using
standard solutions of chitosan, amino acids, and
peptides (Table 1). The mean value of bitterness was
calculated after three repetitions.

Evaluating the antioxidant activity of chitosan
biocomposites with tryptophan and hydrolysate. We
used the Oxygen Radical Absorbance Capacity Assay
(ORAC) to determine the antioxidant activity [29]
following the procedure developed by Tarun et al., who
measured the antioxidant activity based on the results
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of their interaction with hydroxyl radicals [30]. The
radicals were generated using the Fenton system.

We determined the fluorescence fluorescein recovery
(A, %) as the ratio of the signal intensity of the sample
and the control fluorescein (100%). As a result, we
obtained dependency curves for fluorescein fluorescence
(A, %) and the solids. The curve made it possible to
define the concentration of the sample necessary for a
50% suppression of fluorescein fluorescence (IC,)). The
experiments were conducted in triplicates to obtain the
arithmetic mean + confidence interval. We used the
confidence interval method to calculate the significance
of the differences between the samples.

RESULTS AND DISCUSSION

Interaction of chitosan and succinylated chitosan
with whey protein hydrolysate. Chitosan and its suc-
cinylated derivative interacted with an extensive enzy-
matic hydrolysate of whey, which gave the resulting
mix a bitter taste. The specific sensory properties of
the hydrolysate resulted from the intensive breakdown
of whey proteins, which released the bitter peptide and
amino acid fraction.

Table 1 shows the bitterness of amino acids depen-
ding on their concentration in aqueous solutions.

We added a 0.1% solution of chitosan with whey pro-
tein hydrolysate in the concentration range of 0.08—
1.34%, which increased the active acidity of the medium
by 1.9 pH units (Fig. 1a).

Table 1 Bitterness of standard amino acids, hydrolysate,
and chitosan

Solution Bitterness, Sensory
points properties
1% arginine 9 Very strong
0.5% arginine 7 Strong
1% valine 6 Mild
0.5% valine 5 Mild
1% leucine 10 Very strong
0.5% leucine 8 Strong
1% methionine 9 Very strong
0.5% methionine 8 Strong
1% tryptophan 7 Strong
0.5% tryptophan 6 Mild
0.05% tryptophan 2 Very weak
0.01% tryptophan 2 Very weak
5% hydrolysate 8 Strong
1.3% hydrolysate 6 Mild
0.25% hydrolysate 0 Tasteless
1% chitosan 4 Weak*
0.5% chitosan 3 Weak*
0.1% chitosan 2 Very weak*
1% succinylated chitosan 4 Weak*
0.5% succinylated chitosan 2 Very weak*
0.1% succinylated chitosan 0 Tasteless

* — The sample possessed a specific astringent taste of chitosan
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Figure 1 Effect of whey protein hydrolysate on optical density and active acidity of 0.1% solutions of chitosan (a) and succinylated
chitosan (b)
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by 1.1 relative units while the content of the hydroly- 0.1% succinylated chitosan | O

sate changed from 1.0 to 1.3%. These consequences ) .
. . 0.1% chitosan 2

occurred because macromolecules of chitosan with

those of peptides formed aggregates, which had a neut- 1.3% whey protein hydrolysate 6

ral total charge. The spectrophotometry test registe-

red an equivalence point at a peptide concentration
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Figure 1b summarizes the binding of succinylated Bitterness Intensity, points

chitosan and whey protein hydrolysate. When we

adfied 0~08_1~.34% hydrolysate to th? 0.1% succinylated Figure 2 Bitterness of standard pure whey protein hydrolysate,

chitosan solution, the pH of the medium dropped by 0.75 chitosan, succinylated chitosan, and their biocomposites

units but the optical density of the system remained the

same. According to the pH analysis, 0.25% hydrolysate

5.0% whey protein hydrolysate | 8

resulted in an equivalent binding of succinylated concentration of the ingredients. The bitterness of hyd-
chitosan to the peptide fraction. rolysates in biocomposites dropped by 1-2 points,
Therefore, when the succinylated chitosan and whey compared with its pure form.
protein hydrolysate had a lower pH, protons entered the Complexing chitosan and succinylated chitosan
medium. No changes occurred in the optical properties with amino acids. This stage involved the physicoche-
of the succinylated chitosan solution and the peptide mical parameters of prototypes obtained by mixing
fraction. Apparently, the same surface charges prevented 0.1% solutions of chitosan/succinylated chitosan with
a large-scale aggregation of macromolecular composites 0.002—0.05% arginine/valine/leucine/methionine/trypto-
of succinylated chitosan with peptides. phan. The experiment revealed no significant changes in
In general, 1.0 g of chitosan interacted with 13.0 g of the optical density and active acidity of the solutions.
hydrolysate, while 1.0 g of succinylated chitosan bound Other studies reported that amino acids could bind
with 2.5 g of hydrolysate. Good ability of chitosan to with polycationic chitosan as a result of electrostatic
bind peptides results from its polycationic properties. In interaction [19, 31]. Unlike such macromolecular struc-
succinylated chitosan, anionic succinate groups replace tures as proteins and peptide fractions, amino acids
75.1% of amino groups, which decreases the number of ~ with their low molecular weight neither formed
potential interaction sites. coagulating complexes with chitosan/succinylated chi-
The next stage featured the sensory properties of tosan solutions nor affected the pH of the medium.
protein hydrolysate, chitosan, its derivative, and their To determine the optimal conditions for the inte-
complexes (Fig. 2). We founded that it was hydrolysate raction of tryptophan with chitosan and succinylated
that was responsible for the bitter taste. Chitosan and chitosan, we obtained solutions of 0.05% amino acids
succinylated chitosan demonstrated a low bitterness and and 0.1% polysaccharide. The molar ratio of NH,-groups
a specific astringency. The bitterness depended on the and tryptophan was 2:1 based on the content of amino
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Table 2 Bound vs. free tryptophan in biocomposites with chitosan/succinylated chitosan

Parameter

Tryptophan concentration, %
Spectrophotometry, 280 nm

Colorimetry, 620 nm

Initial tryptophan content in biocomposites * 0.050 0.050
Tryptophan content in chitosan biocomposite (0.1% chitosan — 0.05% 0.0371 +0.0034 0.0400 + 0.0037
tryptophan)

Free tryptophan in the mix with chitosan (dialysis results) 0.0040 + 0.0001 0.0030 + 0.0003
Bound tryptophan in the mix with chitosan (dialysis results)** 0.0460 + 0.0001 0.0471 + 0.0004
Tryptophan content in succinylated chitosan biocomposite 0.0441 + 0.0054 0.0452 + 0.0036
(0.1% succinylated chitosan — 0.05% tryptophan)

Free tryptophan in the mix with succinylated chitosan (dialysis results) 0.0222 + 0.0004 0.0272 +0.0030
Bound tryptophan in the mix with succinylated chitosan (dialysis results)** 0.0278 + 0.0004 0.0228 + 0.0026

* — The amount of tryptophan introduced was as described in the process of obtaining its biocomposites with chitosan/succinylated chitosan

** — The estimated content of tryptophan was determined by subtracting the amount of unbound amino acid from the initial amount of tryptophan

introduced into the mix according to the method described

groups in the composition of glucosamine (chitosan
monomer). When we used succinylated chitosan, the
molar ratio of tryptophan:glucosamine equaled 1:0.25,
and that of tryptophan:succinylglucosamine was 1:1.3.

We subjected the experimental samples of chitosan/
succinylated chitosan with tryptophan to dialysis to
separate the unbound amino acid. Spectrophotometry
and colorimetry made it possible to determine the
proportion of tryptophan in the biocomposites. We
determined the proportion of bound and free tryptophan
in the complexes based on the amount of initial and
dialyzed tryptophan.

The content of unbound amino acid in the solution
did not change after dialysis. To determine the propor-
tion of tryptophan in the complex, we subtracted the
amount of dialyzed amino acid from its initial content
(0.05%) (Table 2).

Both spectrophotometric and colorimetric methods
yielded similar results. The mixes of chitosan/succi-
nylated chitosan with amino acids had a low signal
level in the ultraviolet and visible spectra, compared to
the control 0.05% tryptophan solution. The resulting
effect depended on the binding of the amino acid to the
complexing agent and the change in the access to the
amino acid radical.

Spectrophotometry and colorimetry also showed
that the 0.1% chitosan solution bound 0.046 and 0.047%
tryptophan, respectively, which means that 94% of
the introduced amino acid entered the complex. The
0.1% succinylated chitosan solution bound 0.0278 and
0.0228% amino acid, respectively, which indicated
a complex formation of 56% tryptophan. Thus, tryp-
tophan bound with chitosan 1.7 times as effectively as
with succinylated chitosan.

When the molar ratio of tryptophan:glucosamine
was 1:0.25, a complete complexation of the amino acid
occurred at 0.05% tryptophan and 0.2% succinylated
chitosan. The optimal mass ratio of tryptophan:suc-
cinylated chitosan was 1:4 (Table 2).

As for the mix of amino acids and chitosan, the
initial molar ratio of tryptophan:glucosamine was 1:2.
When the solution contained 0.1% chitosan and 0.05%
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tryptophan (mass ratio of 2:1), almost all the amino acid
entered the complex, probably, as a result of the twofold
excess of protonated amino groups. We expected an
equimolar binding at a mass ratio of 1:1. The formation
of biocomposites of chitosan/succinylated chitosan with
tryptophan was confirmed by spectrophotometry and
colorimetry.

The optimal mass ratio of tryptophan and chitosan/
succinylated chitosan was 1:1 and 1:4, respectively. The
binding of succinylated chitosan with tryptophan was
quite weak because succinylation blocked amino groups.
According to Deka & Bhattacharyya, it is the NH,-
groups of the polysaccharide that have the most vigorous
interaction with amino acids [19].

The experimental biocomposites of chitosan/suc-
cinylated chitosan with arginine/valine/leucine/methio-
nine were filtered with a 10-kDa cut-off. The concent-
ration of total nitrogen in the initial biocomposites and
the proportion of amino acids in the biocomposites
and filtrates were determined by calculation. Tables 3
and 4 illustrate the experimental data on the content of
chitosan-bound amino acids.

Based on the preparation procedure and calculations,
the biocomposites with arginine, valine, leucine, or
methionine included 0.5% chitosan or succinylated chi-
tosan, i.e., 5107 mol/L of chitosan and 2.5x10- mol/L
of succinylated derivative (0.0272 and 0.0032 mol/L
of glucosamine monomer relative to chitosan and suc-
cinylated chitosan). Valine and leucine demonstrated the
most effective interaction with chitosan, as evidenced by
the equimolar saturation of glucosamine residues (NH,-
groups) with amino acids (Tables 3 and 4). In case of
tryptophan, almost all the introduced amino acid bound
with chitosan (Tables 2—4). The complexing properties
of succinylated chitosan with amino acids decreased as
follows: methionine — tryptophan — leucine — valine.

The amount of the amino acids in the complexes with
succinylated chitosan was low because succinylation
blocked amino groups (75.1%). Arginine did not bind to
polysaccharides (Tables 3 and 4).

In general, the properties of amino acid radicals
are responsible for polysaccharide complexing. Thus,
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Table 3 Amino acids in chitosan complexes: sensory evaluation

Composition Amino acid Amino acid bound with 1.0 g Bitterness of free
(0.0001 mol) of chitosan amino acid as part
% mol/L g mol of complex, points
0.5% chitosan + 0.5% arginine n.d. n.d. - - Strong (7)/strong (7)
0.5% chitosan + 0.5% valine 0.3276 +0.0034 0.0280 + 0.0004 0.655+0.009  0.0559 + 0.0008 Mild (5)/weak (4)
0.5% chitosan + 0.5% leucine 0.3846 +0.0033  0.0293 = 0.0004 0.769 +0.009  0.0586 + 0.0008 Strong (8)/mild (5)
0.5% chitosan + 0.5% methionine  0.2437 +0.0125 0.0163 £0.0011 0.487+0.030  0.0327 £ 0.0022 Strong (8)/mild (5)
0.1% chitosan + 0.05% tryptophan 0.0460 = 0.0001  0.0023 £ 0.0001 0.460 +0.010  0.0225 £ 0.0005 Mild (6)/mild (5)*

* — bitterness of biocomposie 0.5% chitosan + 0.5% tryptophan

n.d. — not detected

Table 4 Amino acids in succinylated chitosan complexes: sensory evaluation

Composition Amino acid Amino acid bound with 1.0 g Bitterness of free
(0.0001 mol) of chitosan amino acid as part
% mol/L g mol of complex, points
0.5% chitosan + 0.5% arginine n.d. n.d. - - Strong (7)/strong (7)
0.5% chitosan + 0.5% valine 0.0192 £0.0034 0.0016 +0.0003 0.039 £ 0.007 0.0066 = 0.0012 Mild (5)/weak (3)
0.5% chitosan + 0.5% leucine 0.0512 +£0.0033 0.0039 +0.0003 0.102+0.008  0.0156 +0.0013 Strong (8)/weak (4)
0.5% chitosan + 0.5% methionine  0.2687 +=0.0125 0.0180+0.0011 0.538 £ 0.030  0.0721 = 0.0044 Strong (8)/mild (6)
0.1% chitosan + 0.05% tryptophan 0.0278 +0.0004 0.0014 + 0.0001 0.278 +0.004  0.0272 +0.0004 Mild (6)/weak (3)*

* — bitterness for biocomposie 0.5% succinylated chitosan + 0.5% tryptophan

n.d. — not detected

polycationic chitosan binds with protonated amino
groups if amino acids are in their anionic form (valine,
leucine, methionine, and tryptophan). Arginine, on the
contrary, remains in its protonated state in the solution,
which prevents it from interacting with chitosan and its
derivatives.

The sensory assessment of chitosan with trypto-
phan for bitterness was based on standard tryptophan
samples (Table 1). A 0.5% chitosan solution is usually
slightly bitter and astringent, which is also typical of
succinylated chitosan (Table 1). Chitosan and succinyla-
ted chitosan improve the sensory properties of trypto-
phan: its bitterness decreases by 1-3 points compared
to the pure amino acid sample (Tables 3 and 4). Bit-
terness was entirely absent when the concentration of
polysaccharides and tryptophan was as low as 0.01—
0.10%.

The bitterness of complexes of chitosan/succinylated
chitosan with valine, leucine, and methionine lost
2—4 points, compared with the pure amino acid samp-
les (Tables 3 and 4). Arginine biocomposites demonst-
rated no significant change in the level of bitterness.
The resulting sensory profiles corresponded with the
efficiency of complexation for valine, leucine, methio-
nine, and tryptophan and the inability of arginine to
bind with chitosan/succinylated chitosan.

Effect of complexation with chitosan and suc-
cinylated chitosan on the antioxidant properties
of hydrolysate and tryptophan. This research also
featured the antioxidant properties of tryptophan and
whey protein hydrolysate in their complexes with
chitosan and succinylated chitosan. We studied the an-
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tioxidant potential of tryptophan, hydrolysate, chitosan,
succinylated chitosan, and their biocomposites by
restoring the fluorescein fluorescence at different anti-
oxidant concentrations (0.0005-0.5 mg dry solids/mL).
All the compounds were able to restore the fluorescein
fluorescence (81-97%). The capacity to inhibit 50%
hydroxyl radicals (IC,)) served as the main indicator of
antioxidant activity.

The antioxidant effect of peptides is known to depend
on the reducing effect of amino acid radicals, mainly
methionine, cysteine, tyrosine, and tryptophan [32-34].
Natural polysaccharides, including chitin and chitosan,
are potential antioxidants [35, 36]. The antioxidant
activity index (IC,)) took into account the concentration
of dry solids and the content of tryptophan (or protein)
in the complexes (Table 5).

The restored fluorophore fluorescence reached 95
and 90% when chitosan and succinylated chitosan were
introduced into the experimental system, respectively.
Thus, the antioxidant activity index IC,, for chitosan
reached 0.0352 mg of dry solids/mL and 0.0892 mg
of dry solids/mL for succinylated chitosan. The chi-
tosan samples had a better antioxidant profile pro-
bably because their amino groups were blocked by
succinylation.

The peptide fraction had a relatively high antioxidant
effect: its IC,) was as high as 0.0260 mg dry solids/mL
and 0.0208 mg protein/mL.

Tryptophan had a much higher antioxidant effect
than peptides: it increased by 2.2 and 1.8 times, res-
pectively, in terms of nitrogen and solids.
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Table 5 Antioxidant properties of tryptophan, whey protein hydrolysate, chitosan, succinylated chitosan, and biocomposites

Sample IC,,, mg dry solids/mL IC,, mg hydrolysate (or tryptophan)/mL
Peptide fraction (whey protein hydrolysate) 0.0260 + 0.0001 0.0208 + 0.0001

Tryptophan 0.0119 £0.0001 0.0117 £ 0.0001

Chitosan 0.0352 +0.0003 0

Succinylated chitosan 0.0892 £+ 0.0003 0

0.1% chitosan + 1.3% whey protein hydrolysate 0.0140 + 0.0001 0.0104 + 0.0001

0.1% succinylated chitosan + 0.25% whey protein hydrolysate  0.0244 + 0.0010 0.0139 + 0.0006

0.5% chitosan + 0.5% tryptophan 0.0139 £ 0.0001 0.0068 +0.0001

0.5% succinylated chitosan + 0.5% tryptophan 0.0157 +0.0001 0.0077 +0.0001

The antioxidant effect of the peptide fraction
increased by 2.0 and 1.5 times as a result of interaction
with chitosan and succinylated chitosan, respectively.
The antioxidant activity of tryptophan increased by
1.7 times after binding with chitosan and by 1.5 times
after binding with succinylated chitosan. The chitosan
biocomposites of hydrolysate and tryptophan demon-
strated a better antioxidant effect. The interaction of
peptides and amino acids with succinylated chitosan
proved less efficient. Probably, peptides and tryptophan
had a better solubility during their biocomposing
with chitosan and its derivative, which explains the
antioxidant effect.

CONCLUSION

These experiments featured biocomposites of chi-
tosan and succinylated chitosan with whey protein
hydrolysate. The spectrophotometry and pH-metric
analysis revealed that 1.0 g of chitosan interacted with
13.0 g of hydrolysate and 2.5 g of succinylated chitosan.
The complexation of chitosan with whey peptides pro-
ved effective. The complexes had better sensory profiles
than the original substances. Their bitterness score lost
1-2 points relative to the pure hydrolysate samples.

We also described the complexes of chitosan and
succinylated chitosan with such amino acids as
arginine, valine, leucine, methionine, and tryptophan.
Valine, leucine, and tryptophan interacted with glu-
cosamine residues in chitosan in an equimolar ra-
tio. Succinylated chitosan had a low complexing po-
tential because it contained few free amino groups,
which were affected by succinic acid residues introdu-
ced into the structure. Arginine demonstrated no
complexing with the polysaccharides. Valine, leucine,
methionine, and tryptophan were anionic, which
allowed them to bind with polycationic chitosan,
whereas arginine was cationic. The sensory evaluation

revealed that the complexes of chitosan/succinylated
chitosan with valine, leucine, methionine, and tryp-
phan had a lower bitterness (minus 1-4 points). The bio-
complexes of chitosan/succinylated chitosan with ar-
ginine demonstrated no changes in bitterness.

Tryptophan and peptides of whey proteins de-
monstrated a good antioxidant potential. The antioxidant
activity index IC,  was 0.0117 mg tryptophan/mL for the
amino acid and 0.0208 mg protein/mL for peptides. The
experiments confirmed the antioxidant effect of chitosan
(0.0352 mg chitosan/mL) and succinylated chitosan
(0.0892 mg chitosan/mL). The antioxidant effect of
tryptophan and peptides increased by 1.7 and 2.0 times,
respectively, in the chitosan biocomposites and by
1.5 times in the succinylated chitosan biocomposites.
Peptides and tryptophan were more effective in their
binding with chitosan because they interacted with the
amino groups of the polysaccharide, which improved
their antioxidant properties.

The biocomposites of chitosan with whey peptides
and amino acids had a high antioxidant activity and an
improved sensory profile. As a result, they can be used
in hypoallergenic functional foods.
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Abstract:

Recently, there has been an increasing trend in the food and pharmaceutical industries towards using nanotechnological
approaches to drug delivery and active packaging (edible coatings and films). In the food sector, nanoemulsions are the most
promising technology for delivering active components and improving the barrier, mechanical, and biological properties of
packaging to ensure the safety and quality of food products, as well as extend their shelf life.

For this review, we used several databases (Google Scholar, Science Direct, PubMed, Web of Science, Scopus, Research
Gate, etc.) to collect information about nanoemulsions and their role in edible packaging.

We searched for articles published between 2015 and 2022 and described different scientific approaches to developing active
packaging systems based on nanoemulsions, as well as their high-energy and low-energy synthesis methods. We also reviewed
the uses of different types of essential oil-based nanoemulsions in the packaging of food products to prolong their shelf life
and ensure safety. Non-migratory active packaging and active-release packaging systems were also discussed, as well as their
advantages and disadvantages.

Keywords: Nanoemulsions, active packaging, essential oils, synthesis methods, shelf life, edible films
Please cite this article in press as: Prasad J, Dixit A, Sharma SP, Mwakosya AW, Petkoska AT, Upadhyay A, et al.

Nanoemulsion-based active packaging for food products. Foods and Raw Materials. 2024;12(1):22-36. https://doi.org/
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INTRODUCTION

In recent years, there has been an increased interest

filtration techniques for water treatment and nanosensors
for the detection of food contaminants and food sa-
fety [12, 13].

The use of nanotechnology in food applications has
received significant interest, and nanoemulsions are one
of the most promising techniques for encapsulating and

in nanotechnological approaches and their applications
in different areas, such as pharmaceuticals, medicine,
cosmetics, rheology, polymer synthesis, drug delivery,

and food industry. This interest is down to unique phy-
sical, chemical, and biological properties of nano-sized
particles (with at least one dimension of 1-100 nm) and
a large surface-to-volume ratio [1-11]. In the food sec-
tor, nanotechnology applications are divided into three
key categories: 1) nano-structured foods, which contain
nano-encapsulated or tailored nano-sized food additives
or components; 2) smart food packaging, which uses
nano-composite materials; and 3) materials and devices
based on nanotechnologies, such as those used in nano-

transporting functional components [8, 12, 14]. More
particularly, nanoemulsions have diverse uses in the
food and pharmaceutical industries in delivering active
ingredients such as drugs, micronutrients, bioactive com-
pounds, anti-microbial agents, antioxidants, preserva-
tives, coloring and flavoring compounds, etc. [6, 15-17].
According to the Compound Annual Growth Rate’s
report (2022), the nanotechnology market is predicted
to grow to USD 33.63 billion from 2021 to 2030, with
applications in electronics, energy, chemicals, healthy
food, and other sectors around the world [18]. In addi-

Copyright © 2023, Prasad et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
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tion, the food industry demands novel technologies
to improve shelf life of food and quality to gain higher
consumer acceptability. Ameta et al. reported that the
application of nanotechnology would mark a significant
transformation in the food sectors, including production,
processing, packaging, transportation, and consump-
tion [19]. For example, according to previous studies,
more than 40 000 scientists and 400 industries are using
nanotechnology for developing food packaging [20, 21].

In the food sector, nanoemulsions have a variety of
applications. In particular, they can mask unpleasant
tastes or smells of bioactive compounds and protect
bioactive compounds from evaporation, undesirable che-
mical interactions with other ingredients, or migration
in food products. Nanoemulsions are also used to con-
trol drug delivery, extend the stability of bioactive
compounds during processing and storage, and enhance
the bioavailability of specific food components [22-26].
Most bioactive compounds, such as specific vitamins,
antioxidants, and antimicrobial agents, are susceptible
to chemical degradation, e.g., through oxidative reac-
tions during food processing. Others are volatile and sen-
sitive to food processing conditions, while certain
bioactive compounds have low bioavailability. Due
to their poor water solubility and high degradabi-
lity under external conditions (pH, temperature, or light),
these sensitive compounds are difficult to incorporate
into food matrices. Therefore, nanoemulsions are used
to effectively encapsulate, protect, and release bioac-
tive compounds [27]. In addition, they lower concentra-
tions of each ingredient added to the food systems,
thus reducing changes in the food matrix’s sensory
qualities [22, 28].

Several types of nanomaterials and nano-scaled
components are used to develop food packaging and
improve the shelf life of fruits, vegetables, and other
food products. They enhance the product’s sensory
characteristics and retard microbial growth and oxi-
dation at all stages of production, from processing to
packaging, transportation, storage, safety, and quality
control [25, 29].

Numerous nanostructured materials, including
nanoparticles, nanocomposites, and nanoemulsions, are
used in food packaging to extend shelf life [8]. These
materials deliver antioxidant, anti-browning, and anti-
microbial agents into food packaging systems to protect
food products [30-33]. For example, Suvorov et al.
described packaging materials coated in a nanofilm
with bactericidal and fungicidal characteristics based on
silver nanoparticles [34].

In this study, we aimed to collect information about
the roles of nanoemulsions in food packaging for food
preservation and shelf life extension. We reviewed their
properties, types, synthesis methods (high energy, low
energy, thermal, isothermal), and their advantages in
food packaging. We also described the process of nano-
emulsion preparation and different types of nanoemul-
sion-based food packaging, such as non-migratory ac-
tive packaging and active release packaging.

23

STUDY OBJECTS AND METHODS

For this review, we used reputable search engines
such as Google Scholar, Science Direct, PubMed, Web
of Science, Scopus, and Research Gate. The search was
performed using keywords ‘“nanoemulsion”, “active
packaging”, “shelf life”, “essential oil”, “nanomaterials”,
“synthesis”, “food packaging”, and others. The time
frame was 1997 to 2023, with a focus on recent
literature (2015-2022). Types of publications included
review articles, research papers, book chapters, and
official reports collected from reputed journals, books,
conference proceedings, and official websites.

RESULTS AND DISCUSSION

Nanoemulsions. Nanoemulsions are nano-sized
emulsions synthesized to enhance the delivery of active
ingredients to food, also known as ultrafine emul-
sions, submicron emulsions, and mini-emulsions [35].
These are colloidal dispersions made up of oils, surfac-
tants, and aqueous phases. They are isotropic, thermo-
dynamically stable systems in which an emulsifying
agent, such as a surfactant or a co-surfactant, combines
two incompatible liquids into a single phase. Compared
to thermodynamically stable microemulsions, nanoemul-
sions are unaffected by changes in pH or other physical
or chemical factors [25, 36]. Nanoemulsions are more
stable to droplet aggregation and gravitational separa-
tion than conventional emulsions, which can increase
the shelf life of foods and beverages and mask the
unpleasant smell of the ingredients [37]. Nanoemulsions
typically have droplet sizes between 20 and 600 nm,
and their transparency is due to their small size. In ge-
neral, the size and shape of the particles dispersed
in the continuous phase is the key difference between
emulsions and nanoemulsions [25, 38—40]. As a result,
nanoemulsions enhance drug delivery, improve the solu-
bilization of poorly soluble drugs, and boost the thera-
peutic moiety’s bioavailability. In order to synthesize a
microemulsion, a variety of non-ionic surfactants and
fatty acids are frequently utilized, and they have been
approved as GRAS (generally recognized as safe) [41].

Nanoemulsions are classified into three categories,
namely: 1) water-in-oil (W/O), where water is disper-
sed in the continuous oil phase; 2) oil-in-water (O/W),
where oil is dispersed in the continuous aqueous phase;
and 3) bi-continuous, where micro domains of water and
oil are inter-dispersed within the system [42]. Based on
the amount of energy required, there are high-energy
and low-energy emulsification methods to obtain na-
noemulsions. Ultrasonication and high-pressure ho-
mogenization utilizing either microfluidizers or high-
pressure homogenizers are examples of high-energy
emulsification techniques. Low-energy emulsification
techniques include the phase inversion temperature
method, the solvent displacement method, and the
phase inversion composition method [43—45]. These
techniques have gained more interest since they are
delicate and non-destructive, and they do not affect
encapsulated molecules.
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Figure 1 graphically summarizes the process of nano-
emulsion synthesis. In the food sector, nanoemulsions
are used to deliver nutraceuticals, antimicrobials, drugs,
proteins, vitamins, as well as coloring and flavoring ing-
redients into food products. In addition, nanoemulsion
formulations of active components are used for deve-
loping biodegradable coatings and packaging films to
improve the quality, functional properties, nutritional
value, and shelf life of foods [17, 36, 46]. Biodegradable
edible films are being developed as an alternative to
traditional packaging [47]. They can decompose into
substances that are neutral to the environment under the
right conditions [48]. Biodegradable packaging materials
seem promising due to their safety and capacity to
increase the product’s shelf life [49].

Properties and advantages of nanoemulsions. Food-
grade nanoemulsions can be used in the food packaging
systems to improve their morphological, structural, and
biological properties by encapsulating active agents,
i.e., essential oils, plant extracts, phenolic compo-
unds, antimicrobials, antioxidants, anti-browning agents,
preservatives, flavors, coloring agents, nutraceuticals,
etc. [27, 50, 51]. Furthermore, nanoemulsions incorpo-
rated into packaging may retard microbial growth,
reduce color browning, and minimize lipid peroxi-
dation, respiration rate, and water loss. This results in
prolonged shelf life of food products such as fruits
and vegetables [39, 52-54]. Active agents contained in
nanoemulsions are incorporated in films and coatings
for food packaging applications. These films and coa-
tings comprised of biopolymer matrixes constitute the
continuous phase because they are responsible for the

Oil Phase

Emulsifier

‘Water Phase

Edible film

Nanoemulsion

monodispersity and stability of nanoemulsion droplets.
The droplet coalescence is inversely proportional to
the viscosity of the continuous phase, as the former
decreases when the latter increases [22]. In comparison
to other materials, biopolymer materials offer a more
beneficial feature as a thermal packaging medium [55].
For example, nanoemulsions containing thyme, Ie-
mongrass, and sage essential oils were incorporated in a
film comprised of sodium alginate [56]. A nanoemulsion
containing antimicrobial self-microemulsifying thyme
essential oil was used to develop a biopolymer film
based on calcium alginate [57]. A chitosan-based film
developed by incorporating a nanoemulsion with
thyme oil was used as a food packaging material. This
film improved packaging properties, retarded the
growth of food-borne pathogens, and increased the
shelf life of food [58]. Cinnamon and clove essential
oils were used to increase the antioxidant and
antifungal activities, as well as oxidative stability of
nanocapsules containing Citrus reticulate essential
oil [59]. An active nanocomposite packaging film was
developed by nano-encapsulating the Cinnamodend-
ron dinisii Schwanke essential oil, utilizing zein
as a wall material and a chitosan matrix [60]. A
gelatin-chitosanbased film was developed by incorpora-
ting nanoemulsions loaded with active agents: 1) canola
oil; 2) a-tocopherol/cinnamaldehyde; 3) a-tocopherol/
garlic oil; or 4) a-tocopherol/cinnamaldehyde and garlic
oil [61].

Synthesis of nanoemulsions. Since nanoemulsions
are thermodynamically unstable systems, energy is
required to develop them. Depending on the amount of
energy required, nanoemulsions can be developed by

Application on food
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Figure 1 Preparation of nanoemulsions for food packaging applications
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high-energy or low-energy emulsification methods, as
well as by some of the current techniques such as the
bubble-bursting method [43, 62—64]. High-energy emul-
sification methods include ultrasonication and high-
pressure homogenization, while low-energy emulsificat-
ion methods include phase inversion temperature, sol-
vent displacement, and phase inversion composition [35,
44, 65-60].

High-energy emulsification methods. High mecha-
nical energy is used to generate strong disruptive forces
that split up large droplets into nano-sized droplets and
create nanoemulsions with high kinetic energy. High-

energy methods rely on mechanical equipment to pro-
duce disruptive forces that generate high energies
resulting in small oil droplets. They include high-
shear stirring, ultrasonic emulsification, high-pressure
homogenization, and, in particular, microfluidics and
membrane emulsification [66—68]. The interior phase
droplet size frequently exceeds the nanometer range
when nanoemulsions are made using these methods.
This is because dispersion requires a lot of energy,
and there is an insufficient surfactant to completely
adsorb all the droplets created during dispersion on the
interface. Coalescence, which increases the average

Table 1 Applications and functions of nanoemulsion-based packaging

Essential oil
(EO)

Type of
packaging
(carrier)

Composition

Emulsifier Method of film

Key findings Application References

formation

Film Chitosan/Gelatin Tween 80

polymer matrix

Cinnamon
and rutin

Excellent
antimicrobial and
antioxidant activity
and improved
thermal and UV-
blocking properties

Solution casting
method

Active food [99]
packaging

Coating  Oregano EO Tween 80
and Resveratrol

EO

Pectin Biopolymer

Homogenization Prolonged shelf- Pork loin
life and retarded
physiochemical

changes. Improved
preservative

function and

stability of coating

[100]

Film Tween
80 and

Lecithin

Thymus
Daenensis EO

Hydroxypropylmethyl
cellulose

Enhanced -
antimicrobial
activity

Sonication [101]

Coating ~ Cardamom Carboxymethyl Tween 80

cellulose

Enhanced
antibacterial

and antibiofilm
activity against
Escherichia coli
and Listeria
monocytogens.
Increased the
quality and shelf-
life

Ultrasonication Tomato [102]

Film Thyme oil Calcium alginate Tween 80

and propylene glycol

Ground
beef

Excellent
antimicrobial
activity. Increased
water-vapor
permeability,
opacity, and
thickness

Sonication [57]

Film Tea-Tree oil +
TiO,

nanoparticles

Sodium alginate -

- Enhanced the

Banana [84]
retention property.
Improved the
barrier and

UV blocking
properties of the
film. Improved
the quality

and reduced
Anthracnose in
stored banana
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Continuation of Table 1

Essential oil
(EO)

Type of
packaging
(carrier)

Composition

Emulsifier Method of film

Key findings Application References

formation

Coating  Ginger EO Sodium casinate Tween 80

Ultrasonication

Chicken
breast

Increased the shelf-
life of chicken
breast. Strong anti-
microbial activity

(86]

Film Ginger EO +
Montmorillonite

(MMT)

Tween
20, Span
80 and
Canola
oil

Gelatin

Microfluidization

Improved
antioxidant
activity. Improved
mechanical
properties.

[103]

Film Banana starch Tween 80

and glycerol

Curcumin

Emulsion phase
inversion

Reduced the
film’s water vapor
permeability aqueous
and increased food
elongation at break stimulates

Aqueous
and non-

[104]

Film Copaiba oil Pectin Tween 80

Ultrasonication

Reduced tensile
strength, increased
elongation at break
and anti-microbial
activity against
Staphylococcus
aureus and E. coli

[96]

Cumin EO +
Sunflower oil
nanoemulsion

Packaging
(O, ab-
sorber)

Oxygen absorber

Homogenization

Delayed the Lamb loin
growth of

Mesophilic and

Psychrotrophic

bacteria and

enhanced shelf-life.

[90]

droplet size, takes place in this case [35]. Particle
size, stability, rheology, and color of the emulsion can
be controlled more precisely using these methods with
a variety of formulation components. High-energy
nanoemulsion formulation techniques for food ingre-
dients have the benefit of lowering the risk of spoilage
and inactivation of food components without affec-
ting food safety, nutritional value, or sensory attribu-
tes [67]. High-energy methods can be used to create na-
noemulsions from any type of oil. However, they are
most commonly used for oils with a high molecular
weight and high viscosity. This allows for easier sur-
factant selection and generally requires a smaller amount
of the surfactant. However, these methods seem to be
inconvenient for drug delivery systems due to heat-
sensitive ingredients [69].

High-speed stirring. High-speed stirring was found
to be a very efficient technique for producing nano-
emulsions. The method is rapid, economical, and sui-
table for mass production. Scholz & Keck created
nanoemulsions with droplet sizes of 135 nm and narrow
size distributions using this method [70]. The emulsions
were physically stable for at least three months. This
method produces an emulsion with slightly larger drop-
let sizes than high-pressure homogenization. Macro-
emulsions are usually created by high-speed stirring
with rotor-stator homogenizers. According to earlier
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research, rotor-stator systems might create emulsions
with mean droplet sizes in the lower micrometer
range [71, 72].

Ultrasonication. Nanoemulsions preparation by ultra-
sonic emulsification is a useful technique for small test
samples since it reduces the mean droplet diameter size.
Ultrasonication converts electrical waves into pressure
waves with a reduced droplet size and increased sonica-
tion time, power, and emulsifier concentration [69].
Since this method produces more heat, it is inappro-
priate for heat-sensitive food components. The primary
method of treatment with ultrasound is cavitation, and
in liquid foods ultrasonic waves speed up chemical
reactions, diffusion, and dissolving processes. Free ions
produced by ultrasonic cavitation cause the ultrasonic
acceleration of chemical reactions [73]. This method
produces high droplet distributions with a particle size
range of 150-700 nm, depending on the pre-emulsion
preparation method [74]. Two mechanisms are thought
to be involved in ultrasonic emulsification. First, when
an acoustic field is applied, interfacial waves are created,
and these waves eventually become unstable, causing
the oil phase to erupt into the aqueous medium as
droplets. Second, the use of low-frequency ultrasound
induces acoustic cavitation, leading to the production
and subsequent dissolution of micro bubbles caused
by changes in sound wave pressure. Extreme levels
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of intensely localized turbulence are produced by
each bubble collapse. The primary oil droplets of the
dispersed oil are effectively broken up into droplets of a
sub-micron size by turbulent micro-implosions [75, 76].

High-pressure homogenization. High-pressure homo-
genization is one of the high-energy mechanical pro-
cessing techniques for the formation of oil-in-water
nanoemulsions. It is especially well suited for the conti-
nuous synthesis of finely dispersed emulsions [77].
When compared to the nanoemulsions synthesized by
spontaneous emulsification, the nanoemulsions formed
by high-pressure homogenization demonstrated a redu-
ced droplet size and enhanced in vitro release [78, 79].
This method has the advantages of rapid emulsification,
a small particle size, homogeneous distribution, a stable
system, and a low surfactant amount [72].

Low-energy emulsification methods. Low-energy
emulsification methods use the intrinsic chemical energy
(or chemical potential of its constituents) of a system
for the synthesis of nanoemulsions. These methods use
slow stirring (1600 rpm), which leads to lower energy
consumption. Low-energy emulsification methods are
categorized into two types: isothermal and thermal.
For bioactive substances, which are thermally sensitive,
isothermal techniques are more appropriate [64, 69].
They include phase inversion temperature, solvent
displacement, phase inversion composition, spontane-
ous emulsification, micro-emulsion dilution, and more
recently developed techniques such as D-phase emul-
sification [43, 44, 69].

Isothermal methods. Low-energy isothermal pro-
cesses do not require temperature change or a speci-
fic homogenizer to develop small droplets. Isothermal
methods have numerous benefits. They are used to pre-
pare nanoemulsions over a wide temperature range,
without the need for temperature quenching after pre-
paration, which may result in significant energy savings.
Also, they allow for the encapsulation of heat-sensitive
compounds [80].

Spontaneous emulsification. Numerous physicoche-
mical processes can lead to this method: real sponta-
neous emulsification occurs when two immiscible li-
quids come into contact and emulsify on their own
without the use of heat or mechanical forces. When
surfactants are present or absent, solvents might be used
to speed up the process [80].

Emulsion phase inversion. In emulsion phase inver-
sion, an aqueous phase is added to a stirring organic
phase. Since this method also involves mixing water
with oil, it is sometimes referred to as “catastrophic
phase inversion”. The emulsion phase inversion method
is quite similar to the later steps of spontaneous emul-
sification, which include breaking down a microemul-
sion into tiny oil droplets. This process is also known as
“phase inversion composition” [80].

Thermal methods. Phase inversion. Phase inversion
makes use of the chemical energy liberated by phase
changes that occur during emulsification. Transitions
from structures with a surfactant film with an average
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zero curvature play a key role in the formation of
nanoemulsions, even though these phase transitions
frequently require the inversion of the surfactant film
curvature from positive to negative or vice versa. There
are two methods for inducing phase transitions: phase
inversion temperature and phase inversion composition.
The former induces phase transition by changes in tem-
perature, while the latter induces phase transition by
changes in composition [38].

Nanoemulsion-based food packaging materials.
The four primary functions of packaging are restraint,
convenience, communication, and protection. Among
all, protection is the key function since packaging pro-
tects food from compressive pressures, vibration, shock,
dust, microbial contamination, undesirable odors, ga-
ses, water vapor, and moisture [54]. The growth of food-
borne pathogens is among the most common causes of
a limited shelf life. Motivated by increased consumer
interest in longer shelf life and easy food handling,
researchers are developing improved food packaging
such as active or intelligent packaging. The term “active
packaging” refers to a system in which the packaging
has been modified to preserve, protect, or enhance
the food’s sensory attributes, safety, and quality [81, 82].
Active packaging has become a popular way to extend
the shelf life of food products, reduce product losses,
and guarantee customer safety.

Active packaging can be divided into two types:
non-migratory active packaging and active-release
packaging. Non-migratory packaging mainly refers
to scavengers or absorbers such as oxygen scavengers,
moisture scavengers, and ethylene absorbers. In cont-
rast, active-release packaging systems include carbon
dioxide emitters, antimicrobial packaging, and anti-
oxidant packaging. The use of nanoemulsions is a re-
cent technique for providing food packaging materials
with antimicrobial, antioxidant, anticancer, antiin-flam-
matory, and antiviral activities, as well as UV blocking,
water vapor, and oxygen barrier properties [83—87].

Nanoemulsions can be integrated or incorporated
into films and coatings in order to potentially be used
in food packaging. Nanoemulsions containing bioactive
compounds can be used to develop biodegradable films
and coatings to enhance the quality, functionality, shelf
life, and nutritional content. Biopolymer matrix-based
films and coatings comprise the continuous phase be-
cause they provide mono dispersity and stability to
nanoemulsions droplets [36].

Nanoemulsions in non-migratory active packaging.
Non-migratory active packaging refers primarily to
absorbers and scavengers that are meant to eliminate or
absorb undesirable gaseous elements from atmosphere
inside the food package without intentional migra-
tion. Also, they provide a regulated influx of desired
compounds into the packing environment, which
favorably affects the food product by extending its
shelf life. Active ingredients are incorporated into gas-
absorbent packaging materials that can react with or
absorb inside gases. Of all gas scavenging technologies,
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the oxygen-scavenging packaging system has been
the subject of most research and application [81]. This
system extends the shelf life of foods while preserving
their nutritional value and preventing discoloration,
rancidity, oxidative browning, microbiological spoilage,
and organoleptic deterioration, thus ensuring food
safety [88].

Curcumin nanoemulsions were developed by
high-pressure homogenization with varied surfactant
(Tween 20) concentrations, and they were subsequently
incorporated into the commercial milk system. Cur-
cumin nanoemulsions exhibited efficient oxygen
scavenging activity. Milk fortified with curcumin nano-
emulsions showed considerably less lipid oxidation in
comparison to unfortified milk, so these nanoemulsions
are suitable for the beverage industry [89].

Hasani-Javanmardi et al. developed an oxygen ab-
sorber packaging incorporated with a nanoemulsion
containing cumin and safflower essential oils and stu-
died its effect on the quality of lamb loins throughout
a 20-day chilled storage period [90]. The treatments
were performed in three stages: single, binary, and
ternary. They delayed the growth of mesophilic and
psychrotrophic bacteria, Enterobacteriaceae, and lactic
acid bacteria. Also, they retarded the physicochemical
and sensory changes, but increased the rate of
metmyoglobin production, total volatile nitrogen, lipid
and protein oxidation, as well as sensory and color
degradation. In another study, a food-grade vitamin
E acetate nanoemulsion was developed using edible
mustard oil and Tween 80. The nanoemulsion exhibited
high bioactivity, as well as antioxidant and antibacterial
effect, indicating that it may be used to extend the shelf
life of fruit juice. The presence of vitamin E acetate was
thought to account for antioxidant activity. As a result,
it could scavenge reactive oxygen species produced in
the body when lipids were oxidized, which could harm
cells [91].

Palladium nanoparticles were developed with multi-
layered poly (3-hydroxybutyrate) and polycaprolactone
polymers, very effective oxygen scavengers, by using
the electrospinning method. The resulting nanocompo-
sites offered high oxygen-scavenging activity [92]. Ethy-
lene scavengers are also needed in order to prolong
the shelf life of fruits and vegetables. Ethylene is a
well-known plant growth hormone that stimulates
fruit ripening but can also cause over-ripening and
even deterioration, giving fruits a restricted shelf life.
Therefore, to reduce fruit waste, an ethylene scavenger
can be created that is highly effective, safe, and
sustainable and does not alter the physicochemical or
physiological properties of the fruit.

Bio-based ethylene scavenger films were produced
using paper towel microfibers coated with Zein —
Artemisia sphaerocephala Krasch. Gum (ASKG) nano-
particles with core-shell structures were developed via
electrospraying, and bananas coated with these films
showed reduced browning, increased firmness, and
extended shelf life [93]. Novel nanocomposites based
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on polyolefin elastomer were developed, including
nano-silica and nano clay impregnated with KMnO,.
In comparison to neat polyolefin films, the resulting
nanocomposites showed improved mechanical charac-
teristics, a higher ethylene absorption, and a reduced
water vapor permeability. Furthermore, the enhanced
nanocomposite coatings could improve the shelf life
of bananas by up to 15 days under ambient conditi-
ons [94]. The application of nanoemulsion coatings
on apricot fruit had a significant impact on its quality
characteristics. The nanoemulsion suppressed ascorbic
acid and carotenoid contents, as well as decay rate,
weight loss, and antioxidant activity. Similarly, it helped
reduce the overall number of psychrophilic bacteria,
yeast, and mold [95].

Nanoemulsions in active-release packaging. Active-
release packaging systems release the required gases
into the package environment to preserve product qua-
lity and freshness and lengthen shelf life. They are
highly demanded to ensure food quality and safety.
Active ingredients, such as antioxidants and antimicrobi-
als, are incorporated into the packaging systems rather
than added to the food itself so that the migration of
these compounds can enrich the product.

There has been a great deal of interest in the systems’
antimicrobial and antioxidant activities, as well as
their water vapor and oxygen barrier properties. For
example, a neem oil nanoemulsion in a pectin matrix
exhibited enhanced mechanical attributes, diminished
stiffness and water vapor permeability, increased
extensibility, and showed excellent antifungal activity
against Aspergillus flavus and Penicillium citrinum [97].

A clove essential oil nanoemulsion was incorpora-
ted into a chitosan coating to preserve fresh Tremella

fuciformis. The coating exhibited high antibacterial

activity against Burkholderia gladioli and increased
the shelf-life of 7. fuciformis to 9 days [97]. A bilayer
film was developed based on a sodium alginate/tea tree
essential oil nanoemulsion and containing TiO, nano-
particles to improve the postharvest losses of banana
fruit and reduce the fungal disease (anthracnose).
The addition of a specific amount of TiO, to sodium
alginate significantly improved the film’s UV blocking,
water vapor, and oxygen barrier properties [84]. A
bionanocomposite was developed in which different
concentrations of a pracaxi oil nanoemulsion were in-
corporated into a xylitol pectin matrix. This bionano-
composite efficiently improved the shelf life and stability
of butter against the oxidation process [85]. Clove-
and cinnamon-based nanoemulsions were created via
ultrasonication with varying concentrations of soy
lecithin as a surfactant. The resulting nanoemulsions
exhibited antioxidant activity, and the coated muffins
maintained their texture and had lower weight loss,
density, and moisture content. Additionally, the
nanoemulsion-based coating helped extend the shelf life
of the ingredients by up to 6 days without any quality
loss, which made them more useful as functional
components [98]. In another study, films were developed



Prasad J. et al. Foods and Raw Materials. 2024,12(1):22-36

with gelatin-chitosan (4:1) that included nanoemulsions
loaded with various active substances, such as canola
oil, tocopherol/cinnamaldehyde, tocopherol/garlic oil,
tocopherol/cinnamaldehyde, and garlic oil. The nano-
emulsions were synthesized in a microfluidizer using
the casting method with biopolymers and glycerol as
a plasticizer. The films loaded with nanoencapsulated
active compounds showed strong antioxidant activity
and were particularly effective against Pseudomonas
aeruginosa. These active films could be used as packa-
ging materials to extend the shelf life of foods [61].

Advantages and disadvantages of nanoemulsions
in packaging. Researchers in the fields of food scien-
ce, food technology, and food microbiology are all
concerned about food safety due to the amount of food
that is wasted after its shelf life has expired [105]. Food
scientists have been fascinated by the development
of more efficient nanotechnology-based methods in
food packaging, along with significant progress in
biotechnology in a broad range of industries, including
cosmetic, agricultural, and pharmaceutical fields [54].
Many approaches can improve food packaging systems
and reduce waste. For example, the use of essential
oils can remove the limitations of conventional food
packaging while lowering environmental risks [106,
107]. With the substantial growth of nanotechnology,
there is an increasing interest in the use of nano-
emulsion-based packaging systems for the real-time
monitoring of food products [108]. They provide
opportunities to streamline targeted compound dist-
ribution to large surface areas to improve stability,
biodegradability, anti-oxidation, and antimicrobial qua-
lities. There is a variety of methods for producing
nanoemulsions.

In recent years, nanoemulsions have helped in food
preservation, as well as in the development of stable,
conventional food packaging systems. In addition,
some edible coatings based on nanoemulsions con-
taining essential oils have been created for food
preservation. For example, a coating for strawberries
was incorporated with a nanoemulsion based on pul-
lulan and cinnamon essential. This coating retarded
senescence and inhibited the decay of strawberry fruits
during storage more efficiently than the control and pure
pullulan coatings [105]. Strawberry cartilage and grey
mold rot were controlled using a nanoemulsion made of
cinnamon essential oil, which had antifungal properties.
This nanoemulsion can replace chemical fungicides to
minimize strawberry fruit post-harvest lesions [109].

Edible coatings provide food products with a glossy
finished surface but one of their major advantages is
that they are environmentally safe and, therefore, can
replace plastic packaging to reduce waste and protect
the environment. Natural coatings provide similar
protection against oxygen, light, bacteria, and moisture
as modified-environment packaging does by extending
the shelf life of food products [110]. Recently developed
active edible coatings are used to encapsulate active
compounds in the form of nanoemulsions that play an
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important role in increasing the functionality of edible
packaging [111]. Nanoemulsions mixed with ground
meat or fish products help uniformly distribute bioactive
compounds throughout the product, while dipping or
coating with nanoemulsions helps in preventing spoi-
lage [105, 112].

Nanoemulsions that contain active components,
such as antimicrobial agents and antioxidants, are
incorporated into packaging films and coatings. The
major application of these packaging systems is to
protect the food against microbes, oxidation, de-
naturation, and changes in pH. However, they can
also help control the release of active ingredients
into the food. Active agents are incorporated into the
packaging systems instead of being added directly
to food. However, when added in a non-encapsulated
form, these bioactive substances have an adverse effect
on the optical and transparency properties of the films.
Several disadvantages can also be seen throughout
the film’s development such as weak miscibility, phase
separation, and the chemical or thermal degradation of
bioactive compounds [113]. Moreover, the synthesis of
nanoemulsions requires high-tech, expensive equipment,
which may raise the total cost of the packaging system.
High concentrations of emulsifiers used to develop
nanoemulsions can prove to be highly toxic, inflicting
serious harm to the human body, if consumed, and to
the environment, if discarded.

Unless the most stable emulsifying conditions are
used to develop nanoemulsions, instability in the form of
flocculation or coalescence often occurs during storage.
Nanoemulsions that are stored for a long time may
become unstable, and their stability may also be affected
by changes in pH and temperature [114]. Some processes
reduce the interfacial area that occurs in them over time.
The following processes lead to emulsion breakdown:
1) flocculation, which is the sticking together of dis-
persed phase droplets; 2) coalescence, which is the
fusion of droplets; 3) sedimentation (creaming), which is
the directed motion of particles (downward or upward);
and 4) Ostwald ripening, also known as isothermal
distillation, which is the transfer of material from
smaller to larger droplets due to the difference in drop
curvature radii [115, 116].

CONCLUSION

Nanoemulsions as a nanotechnological approach are
gaining more attention due to their applications in the
pharmaceutical, cosmetic, and food sectors to improve
the stability of carrier agents. Their application in packa-
ging systems is promising in terms of improving the
packaging’s physical, mechanical, barrier, and other
functional properties, as well as extending the shelf
life of fruits, vegetables, and other food categories.
Furthermore, high-energy emulsification methods for
preparing nanoemulsions, such as high-pressure homo-
genizers, ultrasonication, and others, are preferred to
low-energy emulsification methods. The high-pressure
homogenizer method has the best potential for impro-
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ving the stability of nanoemulsions by reducing the
particle size. In addition, different types of essential
oils used as active components in nanoemulsion-based
coatings and films improve their antimicrobial and an-
tioxidant properties. They also help reduce post-harvest
losses of fruits and vegetables by retarding their water
and gas transpiration throughout the storage period.
However, further research is needed to investigate the
effects that essential oils may have on the stability of
nanoemulsions and the retention of their volatile com-
pounds on the surface of fruits and vegetables.
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Abstract:

The industrial water contamination with synthetic dyes is currently a cause for concern. This paper introduces composite
hydrogels as alternative scavengers of soluble dyes.

This research used kinetic models and adsorption isotherms to test composite exopolysaccharide hydrogels extracted from
Nostoc commune V., pectin, and starch for their ability to remove methylene blue from water.

The exopolysaccharides demonstrated a rather low extraction yield and a crystallinity percentage of 38.21%. However, the
crystallinity increased in the composite hydrogels (48.95%) with heterogeneous surface. The pseudo-second-order kinetic model
served to explain the adsorption mechanism at pH 8 and pH 11, while the Elovich model explained the adsorption mechanism at
pH 5. When in acid fluid, the hydrogels had a heterogeneous surface, whereas alkaline fluid resulted in a homogeneous surface.
The Temkin adsorption model showed a good fit in the treatments.

At a basic pH value, composite exopolysaccharide-based hydrogels showed good results as scavengers of low-concentration
methylene blue.

Keywords: Hydrogel, removal, methylene blue, adsorption, exopolysaccharide, Nostoc commune V.
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INTRODUCTION

The term microalgae refers to both eukaryotic
(microalgae) and prokaryotic (cyanobacteria) microga-
nisms that perform oxygenic photosynthesis. These or-
ganisms live in aquatic and terrestrial habitats. They
produce various compounds, e.g., polyunsaturated fatty
acids, pigments, proteins, some enzymes, and exopo-
lysaccharides. These compounds can be applied in va-
rious biotechnology sectors, i.e., food, energy, health,
and biomaterials [1, 2].

Cyanobacterial exopolysaccharides possess unique
biochemical properties due to their high molecular
weight, anionic properties, and acidic profile [3]. Exopo-
lysaccharides extracted from Nostok commune V. can
be applied in biomedicine and food industry to produce

hydrogels and films. However, the chemical structure
of these exopolysaccharides is not yet known [3, 4].

Hydrogels consist of three-dimensional networks of
intertwined polymer chains that are able to absorb and
retain water molecules and solutes, including such ionic
dyes as methylene blue [5].

Methylene blue is a cationic thiazine dye used in
textile industries. However, it affects human health by
causing asthma, cancer, and mutations [6]. Moreover, it
affects the growth of aquatic organisms and generates
mutagenic effects in fish [7, §].

Industrial development facilitates economic pros-
perity but causes water pollution [9, 10]. This type of
pollution occurs because various industries that
deal with textile, dyes, and pharmaceuticals discharge

Copyright © 2023, Herrera ef al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.

37


https://orcid.org/0000-0003-0595-8747
https://orcid.org/0000-0001-9499-3792
https://orcid.org/0000-0001-9358-7688
https://orcid.org/0000-0002-6614-3632
https://orcid.org/0000-0002-9143-4060
https://ror.org/015wdp703
https://ror.org/006v63s16
mailto:nherrera@unfv.edu.pe
https://ror.org/015wdp703
https://doi.org/10.21603/2308-4057-2024-1-587
http://crossmark.crossref.org/dialog/?doi=10.21603/2308-4057-2024-1-587&domain=pdf

Herrera N.G. et al. Foods and Raw Materials. 2024;12(1):37-46

effluents that usually contain dyes and/or heavy me-
tals [11]. For example, more than 700 000 tons of dyes
are produced annually, of which approximately 1-2%
are drained during production and around 10-15% are
eliminated as effluents during application [12].

The list of modern wastewater treatment methods
includes chemical precipitation, filtration, reverse osmo-
sis, and photo-degradation [13—16]. However, not only
are all these methods expensive and complex, but they
also generate secondary products [17].

As a result, scientists are on the look for new ab-
sorbents, such as hydrogels, that could remove conta-
minants, e.g., dyes, from wastewater [18, 19].

This research extracted exopolysaccharides from the
N. commune to prepare a new composite hydrogel that
would remove soluble methylene blue.

STUDY OBJECTS AND METHODS

Materials. Pectin, starch, and calcium chloride di-
hydrate were purchased from Sigma-Aldrich. Petroleum
ether, chloroform, propanol, ethanol, and methylene blue
were obtained from Merck. The exopolysaccharides we-
re extracted from cyanobacteria Nostoc commune V.
collected in Conococha Lake, Province of Bolognesi,
Ancash-Peru. These cyanobacteria were dried, crushed,
and stored in an amber jar at room temperature.

Extracting the exopolysaccharide. We defatted 2 g
of dry powder by maceration with 100 mL of petroleum
ether, followed by filtering and oven-drying. This pro-
cess was repeated with chloroform and then with etha-
nol. The extraction of the exopolysaccharide followed
the procedure described by Rodriguez et al. [20]. The
extractant was precipitated with propanol for subsequ-
ent drying, grinding, and storage in an amber bottle.
The exopolysaccharide yield (¥, %) was calculated as
follows:

Y = ﬁ><100

2

)

where W, is the weight of exopolysaccharide, g; and W,
is the weight of N. commune dried powder, g.

Preparation of hydrogels. We diluted 0.05 g of exo-
polysaccharide in distilled water to mix it with a
pectin-starch solution in a ratio of 2:0.5, according to
the methodology described by Dafe et al. [21]. After
that, we poured the resulting mix drop by drop into a
0.2 M solution of CaCl,2H,O under constant stirring at
room temperature. The hydrogels were filtered and wa-
shed with distilled water. Before each application, the
hydrogels were dried at 30°C for 36 h until a constant
weight was obtained.

Characterization. The FTIR-ATR spectra (600 to
4000 cm™') were obtained using a Nicolet iS10 Thermo
Scientific spectrophotometer. The thermogravimetric
curves were gathered in an STA 6000 PerkinElmer de-
vice using 5.0 + 0.1 mg of the sample in an N, atmo-
sphere. The flow rate was 20 mL/min, and the tempe-
rature was between 20 and 600°C with a heating rate
of 10°C/min. The XRD diffractograms were obtained
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using a D2 Phaser (Briiker) equipment in a range of
10° to 60°. The crystallinity (%) index was determined
using the ratio between the crystalline area and the total
area (Eq. (2)). The specific surface area was determined
using a Gemini VII 2390t micrometer with the nitrogen
adsorption and desorption technique. The SEM images
were obtained with an FEI Inspect S50 microscope. The
samples were gold-plated in an 11430E-AX (SPI Sup-
plies) high vacuum metallizer:

Crystalline area

Crystallinity = x100 2)

Total area

Removing methylene blue. We added 0.1 g of hydro-
gel to 50 mL of methylene blue solution. For isother-
mal studies, the methylene blue concentration was 1.0—
1.5%10°° mol/L at 25°C. The experiment involved five-
time intervals (15, 30, 60, 90, and 120 min) and three
pH levels (5, 8, and 11). The pH values were adjusted
with NaOH (0.1 mol/L) and HCI (0.1 mol/L). The ab-
sorbance values (4 = 668 nm) were obtained using a
Thermo Scientific/Spectronic GENESY'S 20 Visible spec-
trophotometer by quantifying the adsorption capacity
(9,, mg/g) and removal percentage (%):

V x (Co - Ce)
= 7 3
q. W 3
Removal = G-C x100 @)

0

where C and C, are the initial and V" equilibrium con-
centrations of methylene blue, mg/L, respectively; W is
the volume of the solution, L; W is the mass of the hyd-
rogel, g.

Isotherm and Kinetic models. The adsorption iso-
therm illustrates the mobility or retention of a substance
using a solid phase at a constant pH and temperature.
The Langmuir isotherm (Eq. (5)) is an empirical model
that describes the adsorption process on a homogene-
ous surface, forming a single layer without lateral in-
teraction between the absorbed molecules. On the cont-
rary, the Freundlich isotherm (Eq. (6)) assumes that the
adsorption is carried out on a heterogeneous surface
via a multilayer process, while the Temkin isotherm
(Eq. (7)) considers the interaction between the adsorbent
and the adsorbate:

C 1 c

fm 4 e ©)
qe KL quwc qmax
Ing,=Inb+ llnCe 6)
n
RT RT
=—ImC +—Ink 7
qe b e b m ( )

T

where C, is the adsorbate equilibrium concentration,
mg/L; g, is the adsorbed amount at equilibrium, mg/g;
q,.,.1s the maximal amount of adsorbed surfactant, mg/g;
K, is the Langmuir constant, L/mg; b is the adsorption
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capacity, L/mg; 1/n is the adsorption intensity or sur-
face heterogeneity; R is the universal gas constant,
J/mol/K; T is the temperature, K; b, is the Temkin
constant related to sorption heat, J/mol; k_ is the Temkin
isotherm constant, L/g.

Finally, the separation factor or equilibrium para-
meter (Eq. (8)), denoted as R, checks if the adsorption
is favorable (R, < 1) or unfavorable (R, > 1):

Rl
1+K, xC,

The pseudo-first-order (Eq. (9)) and pseudo-second-
order (Eq. (10)) kinetic models differentiated the kinetic
equations according to the adsorption capacity affected
by the initial concentration of the dye. The Elovich
model (Eq. (11)) assumes that the adsorbent surfaces
are heterogeneous, and adsorption is performed in a
multilayer process:

®

ln{l—i}: —k xt ©)
q.
1 1

- —=k,xt (10)
9.~ 4 4.

q, :(%)xln(%}+(%)xmt (11)

where g, is the amount of the adsorbate at equilibrium,
mg/g; g, is the maximal uptake of adsorbate, mg/g; £,
is the pseudo-first-order rate constant; , is the pseudo-
second-order rate constant; ¢ is the contact time with
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adsorbent, min; a is initial sorption rate, mg/g/min; £ is
the extent of surface coverage and activation energy for
chemisorption, g/mg [22, 23].

RESULTS AND DISCUSSION

Exopolysaccharide profile. The exopolysaccharide
obtained from the Nostoc commune V. had a brown-
amber color (Fig. la); the extraction yield was 25% dw.
However, Wang et al. managed to obtain a much greater
yield of 96.7% [24].

X-ray analysis. The X-ray diffractogram (Fig. 1b)
showed a broad peak at 20° and a bun-shaped curve,
which suggested the non-crystallinity of the exopoly-
saccharides extracted from cyanobacteria [20]. This re-
sult was found consistent because the exopolysaccharide
had crystallinity of 38.21% (Fig. 2b).

Thermogravimetry of exopolysaccharides. Figure 1c
presents the TG thermogravimetric curve of the exopo-
lysaccharide with mass losses assigned to the following
thermal events: dehydration, depolymerization, degra-
dation, and carbonization [20]. Table 1 shows the percen-
tage of mass loss in each thermal event, with their
respective temperature intervals.

FTIR of exopolysaccharides. Figure 1d illustrates
the FTIR spectrum of the exopolysaccharide sample.
The spectrum showed signals at 3325 cm™ (hydroxyl
groups), 2923 cm™' (C-H vibrational stretch), 1586 cm™!
(asymmetric stretching of —COQ"), 1416 cm™ (symmet-
ric stretching of —COO"), 1019 cm™' (C-O-C vibrational
stretch in cyclic glucose units), 889 cm™ (f-glycosidic
bond), and 795 cm™' (glucopyranose units) [3, 25].
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Figure 1 Extracted sample (a); XRD diffractogram (b); TG curve (c); and FTIR spectrum (d) of exopolysaccharide from Nostoc

commune
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Table 1 Mass loss values: thermogravimetric analysis
of exopolysaccharide obtained from Nostoc commune

Weight, mg Thermal event AT, °C Mass loss, %

4.965 Dehydration 20.0-186.0 14.1
Depolymerization 186.0-413.0 49.9
Degradation 413.0-558.0 28.8
Carbonization 558.0-600.0 2.8

Table 2 Mass loss values: thermogravimetric analysis
of exopolysaccharide-based composite hydrogels

Weight, mg Thermal event AT, °C Mass loss, %

5.297 Dehydration 30.0-150.0 1.5
Degradation 150.0-440.5 88.9
Carbonization 440.5-600.0 3.3

Exopolysaccharide-based composite hydrogel pro-
file. Exopolysaccharide-based composite hydrogels had
crystallinity of 48.95% (Fig. 2a). The XRD diffracto-
gram (Fig. 2b) showed peaks close to 15 and 22°, which
corresponded to the gelatinized starch chains [26]. On
the other hand, a peak around 34° corresponded to
the crystalline structure of pectin [27]. However, the
broad peak at 20°, which corresponded to the exopo-
lysaccharides, disappeared, probably because the exopo-
lysaccharide structure was destroyed.

Figure 2c presents the TG thermogravimetric curve
of compound hydrogels with mass losses assigned to the
stages of dehydration, degradation, and carbonization.
According to Dash et al., the second stage consists of

100 -
90
80
70
60
50
40 -
30

Weight, %

0 100 200 300 400
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two continuous processes that follow pectin (200—
280°C) and starch (290—425°C) degradation [28]. Table 2
shows the percentage of mass loss in each thermal event
with their respective temperature intervals.

The FTIR spectrum of the hydrogels (Fig. 2d) shows
additional signals to the spectrum of the exopolysac-
charide (Fig. 1d). These signals corresponded to the
C=0 carbonyl group (1632 cm™) for pectin, while the
peaks at 1429 and 1098 cm™' could be attributed to
C-0-0 stretching and C-O-H bending modes in starch,
respectively, and the signal at 719 cm! could be corre-
lated with vibrations belonging of the polysaccharide
ring [29-31].

The specific surface area of the composite hydro-
gel, as obtained from the BET isotherm model, was
0.5616 m*/g. Figure 3 shows the N, adsorption-desorp-
tion process of the hydrogel before methylene blue sca-
venging. This process was a type VI isotherm, which is
typical of solids with a uniform non-porous surface and
represents a multilayer adsorption [31].

After the removal process, the composite hydro-
gels turned blue (Fig. 4a). Figure 4b shows a decrease
in the band at 1632 ¢cm™'. However, the increase in pH
to basic levels intensified the bands: at pH 11, the remo-
val process probably occurred by electrostatic attrac-
tion [32, 33].

The SEM images of the hydrogels revealed the su-
perficial changes in these materials during the me-
thylene blue scavenging at different pH values. At pH 5
(Fig. 5b), the surface of the hydrogel became smoother
and more homogeneous, compared to the hydrogel
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Figure 2 Samples (a); XRD diffractogram (b); TG curve (c); and FTIR spectrum (d) of exopolysaccharide-based composite

hydrogel
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Figure 5 SEM images of hydrogels before (a) and after
methylene blue removal at pH 5 (b), pH 8 (c), and pH 11 (d)
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Figure 6 Methylene blue removal percentages at different pH
and time values
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Figure 4 Samples (a) and FTIR spectrum (b) of
exopolysaccharide-based composite hydrogel after methylene
blue removal

before scavenging (Fig. S5a). At pH 8 (Fig. 5¢), the hydro-
gel improved its surface homogeneity but changed shape.
The same pattern occurred at pH 11 (Fig. 5d).

Methylene blue percentage removal. Figure 6 shows
an increase in methylene blue scavenging at a basic
pH value (pH 11) for 120 min. The increase could be
explained by the more negative charge on the adsorbent
surface, which generated a greater electrostatic attrac-
tion with the positively charged adsorbate [34]. Table 3
summarizes the methylene blue removal percentages at
different pH levels and processing times.

Kinetic adsorption models. The pseudo-first-order,
pseudo-second-order, and Elovich kinetic models were
used to verify the experimental data (Fig. 7). Table 4
shows the values of the constants for the different kinetic
models.

The pseudo-second-order model showed a higher R?
value in the scavenging processes at pH 8 and pH 11. On
the other hand, the Elovich model demonstrated a hig-
her value at pH 5. Apparently, the mechanism of me-
thylene blue sorption at pH 8 and pH 11 was caused by
chemisorption. At pH 5, the surface of the hydrogel was
heterogeneous, which was in line with Fig. 5b [35].

Adsorption isotherm models. We employed the
Langmuir, Freundlich, and Temkin isotherms to verify
the experimental data (Fig. 8). Table 5 shows the values
that correspond to the adsorption isotherm models.

Negative R, values were obtained from methylene
blue removal at different pH values. At the three
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Table 3 Methylene blue percentage removal and adsorption capacity

Time, min  pH  Initial methylene blue concentration, mg/L Adsorption capacity, mg/g Methylene blue removal, %

15 5 1.045x10-6 4.669x1077 8.00
8 1.014x10°¢ 4.070x107 16.57
11 1.019x10° 3.623x107 25.66
30 5 1.151x10°¢ 4.817x107 13.44
8 1.117x10° 4.520%x107 17.59
11 1.146x10° 4.067x1077 29.02
60 5 1.275x10°¢ 5.054x107 16.50
1.209%10°6 4.698x107 20.34
11 1.226x10¢ 4.231x107 32.11
90 5 1.394x10°¢ 5.587x107 19.83
1.286x10°6 5.131x107 21.48
11 1.358x10°¢ 4.936x107 32.38
120 5 1.459%10°6 6.054x107 22.28
8 1.429x107¢ 5.917x107 22.28
11 1.469x10¢ 5.503x107 33.18
-1450 1 - pH'S ~1480 | -+ pH 8 —1515 1 . pH 11
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Figure 7 Linear plots for methylene blue adsorption: pseudo-first-order model (a); pseudo-second-order model (b); and Elovich
kinetic model (c)

pH levels, the methylene blue removal did not fit the the adsorption process in all the treatments were en-
Langmuir isotherm [36, 37]. However, the adsorption dothermic [39]. The results indicated a good fit (R?)
intensity (1/n) in all the treatments was below one, with the Temkin model; therefore, this model explained
which suggested that the active centers had less and the adsorption process between the adsorbate and the
less free enthalpy [38]. The b, values were negative, so adsorbent.
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Table 4 Parameter values of methylene blue removal: kinetic studies

pH value Kinetic model R? K, K, a, mg/g/min p, g/mg
pHS Pseudo-first-order 0.9331 —1.633x10° / / /
Pseudo-second-order 0.9257 / 3.120x10° / /
Elovich 0.9857 / / 2.180%107 1.059x10°®
pH 8 Pseudo-first-order 0.9324 -8.017x10°¢ / / /
Pseudo-second-order 0.9942 / 1.516x10° / /
Elovich 0.9708 / / 5.715%107 3.147x1077
pH 11 Pseudo-first-order 0.7549 —1.317x10° / / /
Pseudo-second-order 0.9980 / 1.724x10° / /
Elovich 0.9464 / / 4.824%107 1.911x10°¢
x10° x10° %1077
17.50] - 9.90] = 6901,
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Figure 8 Linear plots for methylene blue adsorption: Langmuir model (a); Freundlich model (b); and Temkin model (c)

Table 5 Parameter values of methylene blue removal: adsorption studies

Type of isotherm Parameters Methylene blue removal
pHS pH 8 pH 11
Langmuir K, L/mg —-9.89x10° —-1.273x10° —-1.753x10°
q,..mgg 1.30x10°* 2.234x10°® 4.898x10°®
R -2.65 -1.86 -0.99
R 0.8495 0.9912 0.9893
Freundlich K, mg/g 2.09x10% 8.30x10* 3.51x10%
1/n —6.02 —4.18 —2.41
R’ 0.9587 0.9978 0.9973
Temkin K ,Lig 7.08x10° 8.07x10° 8.15x10°
b, J/mol —5.901x107 —4.871x107 —4.04x107
R 0.9991 0.9999 0.9997
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CONCLUSION

Exopolysaccharides from Nostoc commune V. yiel-
ded composite hydrogels that could act as methyle-
ne blue scavengers. These materials had a non-porous
and heterogeneous surface, which underwent chan-
ges at basic pH values during the removal process.
The methylene blue adsorption mechanism depen-
ded on chemisorption and endothermic processes.
The maximal removal was 33.18%, which proved
that these composite hydrogels were not efficient as
methylene blue scavengers. The result open pros-

pects for further research of exopolysaccharides
with other adsorption materials.
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Abstract:

The increasing production volumes of soy foods require new express methods for testing soybeans during processing and pre-
sowing. This study assessed the efficiency of spectral pre-sowing assessment methods using Vilana soybeans.

The research featured soybeans of the Vilana cultivar. The control sample consisted of untreated whole soybeans while the
test samples included soybeans pretreated with various modifiers. The methods involved spectrofluorimetry and IR-Fourier
spectrometry.

A wide emission band at 400—550 nm corresponded to the fluorescence of the soybean testa. The band at 560—610 nm indicated
the presence of such modifiers as Imidor insecticide and Deposit fungicide. The luminescence spectrum of the untreated soybean
testa was maximal at 441 nm. The luminescence spectrum of the treated soybean samples was maximal at 446.5 and 585 nm
when the excitation wavelength was 362 nm. The fluorescence was studied both spectrally and kinetically to establish the
maximal luminescence time and the typical vibration frequencies.

The spectral studies of Vilana soybeans before and after treatment revealed which modifiers were adsorbed on the palisade
epidermis and defined the type of interaction between the modifier and the soybean. The spectrofluorimetry and IR spectroscopy
proved able to provide a reliable qualitative and quantitative analysis of Vilana soybean surface.

Keywords: Soybeans, Vilana variety, fluorescence, spectroscopy, kinetics, adsorption, chromophore groups, phytochromes,
cryptochromes, photoreceptors
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INTRODUCTION

Soy is a unique agricultural crop because its beans

(http://www.fao.org/3/bs958e/bs958e.pdf). This document
provides quality indicators for national soybean produc-

are extremely rich in native proteins and saturated fats.
In fact, soybeans are superior to cereals, oilseeds, and
legumes in terms of protein content and essential amino
acids [1-4]. The food industry highly appreciates their
plasticity, high enzymatic activity, therapeutic effect,
and prophylactic properties.

According to the Oil World, 2021/22 saw an increase
in the global soybean production. The Food and
Agriculture Organization of the United Nations even
developed the Soybean Information and Research Act

tion. It also introduces a research program that aims at
increasing production volumes, expanding domestic and
foreign soybean markets, and popularizing soy products
in the human diet.

New high-tech soybean production processes require
new research methods. Pre-sowing treatment needs
special control since it affects the yield. Other important
methods include risk assessment and pre-calculation
of maximal amounts of pesticide residue in soybean
products [5].

Copyright © 2023, Bugaets et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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Seeds maintain the viability of the embryo and
preserve nutrients. However, the embryo protection
is not the only function of the seed coat: it also affects
seed germination. In soybeans, the testa and hilum
are covered with two layers of palisade epidermis and
wax. Agricultural soybean varieties have a thick pa-
lisade layer. Apparently, the chemical composition,
location, and size of palisade cells delay swelling. The
soybean testa contains 6.0% of protein, 2.7% fat, 34.3%
fiber, 32.3% nitrogen-free extractives, and 10.6% ash.
Soybeans include 13.0-21.7% of oils and 36.0—45.0%
of protein. The activity of their trypsin inhibitors is
22.4 mg/g while the moisture content is 6.9—-8.0% [6].

Soybean testa consists of metamorphosed integu-
ments which form a narrow canal called micropyle.
The part of the ovule opposite the micropyle is called
the chalase. The chalazal part is responsible for tissue
cells, or hypostasis, and their membranes are highly
reflective. Flavones and flavonols absorb light in a shor-
ter wavelength spectrum (280-320 nm) than anthocya-
nins. As a result, flavones and flavonols protect plant
tissues, especially epidermis, from ultraviolet radiation.
Phytochromes, cryptochromes, and phototropins are
the most important photoreceptors of all the photo-
morphogenesis pigments because they absorb red and
blue light. Cryptochromes and phototropins are blue
light receptors. Cryptochromes consist of apoprotein
and two chromophores, namely, pterin and flavin.
Apoprotein has a high degree of homology with pho-
tolyase enzymes involved in the light-dependent DNA
repair. The absorption spectrum of cryptochromes is
ultraviolet (320390 nm) and blue (390-500 nm), par-
tially including green. The absorption region depends
on the pterin chromophore functional group [7, 8].

Optical methods provide the most effective ways to
control seeds and predict the optimal harvest time [9—11].
Luminescence and IR spectroscopy are environmentally
friendly, non-destructive, remote, and fast. They are
known for their high-precision and a wide variety of
sampling options.

Photoluminescent devices that provide express diag-
nostics of ripeness, humidity, and germination are ac-
curate and employ photodiodes or LEDs, depending on
the test objective [12, 13]. Zelentsov et al. developed
calibration models for MATRIX IR analyzers to monitor
protein, oil, moisture, and trypsin inhibitor activity in
laboratory soybeans [6]. The models gave satisfactory
results and saved valuable selection material. To expand
the spectrofluorimetric and IR-Fourier spectroscopic
methods of seed control, scientists need new calibration
models for different soybean varieties, as well as tailored
equipment.

Agriculturists determine the pre-sowing seed quality
and plan their chemical treatment by comparing the
spectral profile of the seed testa of untreated and treated
soybeans.

The research objective was to use spectral analysis,
i.e.,, luminescence and IR spectroscopy, to assess the
quality of Vilana soybean pre-sowing treatment.
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The research involved the following tasks:
— determining the quality of pre-sowing treatment of
Vilana soybeans with various modifiers;
—identifying the functional groups of modifiers on the
palisade epidermis;
— studying the spectral profiles of untreated and expe-
rimental soybeans; and
—developing recommendations for spectral calibration
models to assess soybean quality indicators and increase
the yield.

STUDY OBJECTS AND METHODS

The soybeans of the Vilana cultivar were provided
by the soybean department of the V.S. Pustovoit All-Rus-
sian Research Institute of Oilseeds (Krasnodar, Russia).
This mid-season variety is highly productive and stress-
resistant; it contains 40.8% of protein. Its yield is 2.5—
3.0 tons/ha, which can reach 4.9-5.7 tons/ha if the moi-
sture level is optimal. The plant has some gray floccose,
the corolla of the flower is purple, and the bean folds
are brown. The testa is yellow and dull, with no pig-
mentation. The hilum is medium, oval-elongated, and
light brown [11].

For protection purposes, soybeans are treated with
various chemical compounds before planting [14, 15].
We treated the Vilana soybeans with a mix of chemical
and biological substances. It included insecticide Imidor,
fungicide Deposit, fertilizer Rhizoform, and sticking
agent Static. The procedure followed the one described
in [16, 17]. Imidor is imidacloprid [4,5-dihydro-N-nitro-
1-[(6-chloro-3-pyridyl)-methyl]-imidazolidin-2-ylene-
amine] with neonicotinoid as the chemical active sub-
stance [18]. Deposit is a microemulsion that consists of
40 g/dm? of fludioxonil [4-(2,2-difluoro-1,3-benzodioxol-
4-yl)-pyrrole-3-carboxylic acid], 40 g/dm? of [(+)-1-(f-al-
lyloxy-2,4-dichlorophenylethyl)imidazole], and 30 g/dm?
of metalaxyl [methyl N-(methoxyacetyl)-N-(2,6-xylyl)-
DL-alaninate]. Rhizoform is a liquid inoculant of Bra-
dyrhizobium japonicum (2-3x10° CFU/cm?). Rhizoform
(https://betaren.ru/catalog/spetsialnye-udobreniya/mikro-
biologicheskie-preparaty/rizoform-soya) always goes with
Static, a stabilizer and sticking agent, which ensures
the safety of viable bacteria on the surface of beans
for up to 21 days. Static is a preservative that contains
0.5% of carbohydrates, 0.1% salts, and 100 cm?® water at
pH 6.5-7.4.

To identify the spectral changes, we studied the
luminescence parameters of the soybean testa in the
untreated (control) samples and the experimental
samples treated with separate modifiers and their mi-
xes. Spectrofluorimetry involved the PanoramaPro soft-
ware at 380—690 nm and copied the method descri-
bed by Belyakov in [19], which was developed for a
Fluorat-02-panorama spectrofluorimeter (Lumex-Mar-
keting, Russia).

We interpreted the spectral bands of separate
chemicals and their mixes to identify the vibration
bands of each group on the surface of the biological
object treated with a chemical mix. To reveal the
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vibration bands of water, protein, starch, and fat, we
studied the spectra of ground soybeans and the surface
of untreated soybeans. Grinding and the IR spectrosco-
py were in line with State Standard R 53600-2009. The
spectral studies followed the recommendations deve-
loped by the Agilent Food Testing & Agriculture Lin-
kedIn in the spectral range between 350 and 7000 cm™
using an Agilent Cary 630 FTIR spectrometer (Agilent
Technologies, USA) [10].

RESULTS AND DISCUSSION

Spectrofluorimetry of soybeans. To register lumi-
nescence, we studied the spectral characteristics of
luminescence excitation for a wide spectral range
(Table 1, Figs. 1 and 2). Table 1 describes the excitation
spectrum.

When the excitation length A, was 362 nm, the
luminescence spectra of the untreated (control) soybean

Table 1 Luminescence excitation spectra

Excitation Excitation Excitation Registration
spectrum, wave intensity wavelength wavelength,
nm Ie(i)max, RU ie e M e N
240-430 2.54 362 445
2.94 375
2.93 380
308430 1.18 362 585
1.19 365
0.95 380
28
5 2.4 1
2.0
5 |
Z 1.6
g o4
E 1.2 ]
0.8 1
0.4 1

testa demonstrated a typical wide luminescence band at
400-550 nm, which corresponded to the fluorescence of
the soybean testa.

Table 2 shows the spectrum of the untreated soy-
beans.

In addition to the main maximum of the lumines-
cence band at 4, 441 nm and intensity [(4) 2.97 RU,
the research revealed a minor shoulder at ~ 510 nm
(Fig. 3).

The luminescence spectra of the whole soybean testa
treated with a mix of modifiers (Fig. 4) also showed a
typical wide luminescence band at 400—550 nm, which
corresponded to the fluorescence of the soybean testa
with a maximum lﬂ 1 446.5 nm and intensity If(/l)] o
2.48 RU. A second luminescence band of lower inten-
sity appeared at 557-610 nm with a maximum at 4 72 max
585 nm and If(}u)2 o 119 RU, which matched the fluo-
rescence of one adsorbed modifier.

The treated (experimental) seeds showed the fol-
lowing spectral changes: a 5-nm Stokes shift, a 5-nm
bathochromic shift of the main peak, and a lower inten-
sity of the main fluorescence peak. In addition, the
shoulder at the main maximum disappeared at 510 nm,
and a luminescence band of lower intensity appeared in
the long-wavelength part of the spectrum (Table 3).

To reveal the luminescence of the modifiers, we
treated the soybeans with each component of the mix
separately, in line with the procedure described in [17]
(Tables 4 and 5).

240 260 280 300

320

340 360 380 400 420

Wavelength, nm

Figure 1 Excitation spectra at a registration wavelength of 445 nm

1.2 |
1.1 7
1.0 1
0.9 1

Intensity, RU

0.8 7
0.7 4
0.6 |

300 320 340

360

380 400 420

Wavelength, nm

Figure 2 Excitation spectra at a registration wavelength of 585 nm
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Table 2 Control Vilana soybean spectra

Excitation wavelength 4, ,nm Stokes shift AA, nm Luminescence Luminescence Luminescence
wavelength 1 e I intensity [ f(ﬂh)max, RU spectrum, nm
362 79 441 2.97 400-550
2.8
244
oDﬁ 2.0 7
2 161
= ]
§ 1.2 1
= 08 -
0.4
040 T T T T T T T T T T T T
400 425 450 475 500 525 550 575 600 625 650 675
Wavelength, nm
Figure 3 Luminescence spectra of untreated (control) whole soybean testa
2.4
2.0 1
E i
= 1.6 ]
Z 12
8 !
S 0.8
0.4
0.0 : ‘ . ; | |
400 450 500 550 600 650
Wavelength, nm
Figure 4 Luminescence spectra of soybean testa treated with various modifiers
Table 3 Experimental Vilana soybean spectra
Excitation Stokes shift Luminescence Luminescence ~ Luminescence Luminescence Luminescence
wavelength /. nm A/, nm wavelength 1 £ mpe I intensity wavelength intensity spectrum
L(A),,0 RU VA (Do RU 2 ,nm 2, nm
362 84 446.5 2.48 585 1.19 390-550 560-615

Figures 5-8 show the luminescence spectra of
the treated soybean samples.

The luminescence spectrum of the soybeans treated
with Imidor showed two bands of different intensity
(Fig. 5).

The first main band at 390-530 nm had a maxi-
mum at 1 11 max 445 M, which corresponded to the lumi-
nescence of the testa. Relative to the mix-treated sample,
the intensity of the main band decreased by 0.512 RU,
the hypsochromic shift was 1.5 nm, and the Stokes shift
reduced by 4 nm (Table 4).

The second band at 560—620 nm had a maximum at
A 12 max D8O N, which corresponded to the Imidor lumi-
nescence. The maximum value of the second spectral
band of the soybeans treated with a mix of modifiers

coincided with that of the sample treated with Imidor.
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The luminescence spectrum of the sample treated
with Deposit showed a band of low intensity at 520—
640 nm with a maximum of if 298 nm, which
corresponded to the luminescence of Deposit (Fig. 6).

The Deposit treatment suppressed the luminescence
of the testa at 390—550 nm. This result depended on the
preparative form of the soybeans, which were ground to
particles of 0.1-5 pm, and the composition of Deposit
(https://betaren.ru/upload/medialibrary/d83/Depozit_-
ME_compressed.pdf). Deposit has a complex structure,
and the substituent groups of the benzene ring bend the
plane of the molecules, thus reducing their luminescent
ability.

The absence of testa luminescence means that this
microemulsion indeed protected the soybeans from
ultraviolet radiation.
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The luminescence spectrum of soybeans treated with
Rhizoform had a band at 400—-550 nm with a maximum
at 449 nm, which corresponded to the luminescence
of Rhizoform (Fig. 7). Relative to the mix-treated samp-
le, the changes were as follows. The intensity of the
main band reduced by 0.61 RU; the bathochromic peak
shift was /lf wax 2-5 nm; and the Stokes shift A4 did not
change.

1.6 4

0.8 1

Intensity, RU

0.4 1

0.0

The spectrum of soybeans treated with Static had a
band at 392-560 nm with a maximum at if e 347 nm,
which corresponded to the luminescence of the sticking
agent. Relative to the mix-treated sample, the intensity
of the main band increased by 1.05 RU; the bathochro-
mic shift of the maximum increased by 0.5 nm; and
the long-wavelength shoulder of the main band became
more obvious.

400 450

500

550 600 650

Wavelength, nm

Figure 5 Luminescence spectra of soybeans treated with Imidor

Table 4 Luminescence spectra of soybean testa treated with Imidor

Excitation

Stokes shift Luminescence Luminescence Luminescence Luminescence Luminescence
wavelength /. nm A4, nm wavelength intensity wavelength intensity spectrum
j'f max’ nm If(i)max’ RU lf max’ nm If(/‘L)max’ RU j’n? nm )'/29 nm
365 80 445 1.968 585 1.129 390-530 560-620
0.10
- 0.08 -
o~
B 0.06
8 0.04
E |
0.02 {
SsESEsananEyE L
0.00 ‘ \ T ; ‘ i ‘ ]
400 425 450 475 500 550 600 625 650 625 650 675

Wavelength, nm

Figure 6 Luminescence spectra of soybeans treated with Deposit
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Figure 7 Luminescence spectra of soybeans treated with Rhizoform
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Figure 8 Luminescence spectra of soybeans treated with Static

Table 5 Luminescence spectrum of soybeans testa treated with Deposit, Rhizoform, and Static

Modifier Excitation Stokes shift AL, nm  Luminescence Luminescence Luminescence

wavelength 4 . nm wavelength 4 f e I intensity [ f()v)max, RU spectrum, nm
Deposit 365 233 598 0.09 560-680
Rhizoform 365 84++ 449 1.87 397-540
Static 365 82 447 3.53 392-560
Table 6 Luminescence kinetics of soybean testa
Soybean samples Luminescence Luminescence Luminescence A1, RU Luminescence A , L RU

time 7, us intensity I ; ) time 7, ps ' time 7, s
t,RU

Untreated (control)  2.05 1.11 1.2 0.408 17.05 0.0095
2,375 nm
Areg 445 nm
Mix-treated 1.95 0.369 1.3 0.698 17.25 0.0091
2,375nm
/lmg 445 nm
Mix-treated 1.95 1.228 1.29 0.45 11.05 0.0086
4,365 nm
e 285 M

Luminescence at 392-560 nm depended on Rhizo-
form and Static, while luminescence at 560—690 nm
depended on Deposit and Imidor (Table 5). The lumines-
cence spectrum of the treated soybeans coincided with
the spectrum of Rhizoform and Static (Figs. 7 and 8).

The luminescence of Imidor at 560—620 nm over-
lapped the low-intensity luminescence of Deposit at
570—640 nm (Figs. 5 and 6). The pyridine ring of the
neonicotinoids in Imidor used the methylene bridge to
bind to the terminal electron-donating group of imine
or ethene during the treatment.

The soybeans treated with a mix of modifiers had
the second band at 560—615 nm that matched the lumi-
nescence of Imidor.

The untreated sample peaked at 4, 441 nm and
If(/l) v 2297 RU, A2 79 nm. The treated samples had
two peaks: /Ifl vy 446,50 nm at If(/l)1 ax 248 RU, A7 84
nm, and 4, 585 nm at I(4), 119 RU. Since cryp-
tochromes had ultraviolet absorption spectrum (320-
390 nm), the chromophore molecules at their basis were
the luminescence centers of the soybean testa [12, 13].
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Figure 9 illustrates the luminescence kinetics in
the PanoramaPro software. The luminescence decay
kinetics was analyzed at /365 and 375 nm and /lregistmﬁon
at 445 and 585 nm. The discreteness of the kinetic
change was 0.05 ps; the measure gate was 0.10 ps; the
gate delay was 0.05-30 ps; and the gate delay step was
0.10 ps (Table 6).

The luminescence decay parameters were expressed
as the dependence of the luminescence intensity on time:

I(t)= ¢ 1)
where A was the constant that depends on the nature of
the substance; 7 was the luminescence time, ps.

Therefore, luminescence time ¢, could be calculated
as follows:

t,=(InAd-Inl(z,)+1)7 ©)
where (z) was the maximal luminescence intensity
at ¢, %.
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Figure 9 Luminescence kinetics of untreated soybeans
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Figure 10 Imidor IR spectra

Table 7 Imidor IR spectroscopy

Wavenumber v ,cm!

Incident wavelength 4, um Transmittance, %

Vibration mode of the functional group

3309.45 3.02 53 Vo

2980.02 3.35 1 Ve

2101.01 4.76 5 Overtone and component bands
(2240-1960) (4.46-5.10)

1637.16 6.11 15 S0

1561.70 6.40 12 VS ion

1435.60 6.97 10 V.. in benzene ring
1389.64 7.20 4 V.. in benzene ring
1296.94 7.72 5 Vo

1234.36 8.12 6 Vo

1139.30 8.78 3 6., (monosubstituted)
1101.75 9.08 4 6., (1,3-substituted)
1046.66 9.56 5 Ve

991.27 10.09 2 Y¥ . (positionl,2,4)

v*and v* are symmetric and asymmetric stretching vibrations
6 is the planar bending band

y¥ stands for bending wagging vibrations

In treated soybeans, the luminescence intensity If(/l)
t, reached its maximum by 0.1 ps sooner than in the
untreated sample. Their luminescence time was longer
by 0.09—0.1 ps. The shortest time of almost complete
luminescence was 4 365 nm, and /Ireg 585 nm. The
kinetic analysis proved that this luminescence could be
classified as fluorescence.

53

IR spectroscopic analysis. We performed a separate
IR spectroscopic analysis for each modifier, i.e., Imidor
(Fig. 10), Deposit (Fig. 11), and Static (Fig. 12). Each of
these substances, except for Rhizoform, is a complex
aromatic compound. Fig. 13 illustrates the IR spectrum
of Rhizoform. The grouping followed the typical
vibration frequencies (Tables 7-9).
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Figure 11 Deposit IR spectra

Table 8 Deposit IR spectroscopy

Wavenumber v , cm™!

Incident wavelength 4, um Transmittance, %

Vibration mode of the functional group

3350.13 2.98 32 Vou
2925.54 342 11 Veu
2118.92 4.72 4 Overtone and component bands
2000.39 5.01
(2200-1940) (4.54-5.15)
1630.24 6.13 21 SLom
1456.85 6.86 5 V... benzene ring
1405.52 7.11 2.5 V... benzene ring
1347.96 7.40 2 V.. benzene ring
1247.65 8.02 6.5 Vo
1135.02 8.81 1.5 6., (monosubstituted)
1082.63 9.24 8 6., (positionl, 2, 3)
1043.25 9.58 14 Vieoe
990.60 10.10 3 v" .y (orientationl, 2, 4)
920.28 10.86 Y. (orientationl, 2, 4)
vtand v* are symmetric and asymmetric stretching vibrations
6 is the planar bending band
y" stands for bending wagging vibrations
100 |
X
s 50 | 2349274 \ ‘
g 0 j 1638.285 .
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Figure 12 Static IR spectra

The spectra of Imidor (3309.45 cm™), Deposit
(3350.13 cm™), and Static (3255.87 cm™) demonstrated
an intense wide band of stretching vibrations of
the hydroxyl group involved in the intermolecular
hydrogen bond.
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The spectra showed bands of stretching vibrations
of C-H methyl groups: low-intensity at 2980.02 cm™'
for Imidor; average intensity at 2925.54 cm™! for
Deposit, and average intensity at 2931.25 cm™' for
Static [5].
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Table 9 Static IR spectroscopy

Wavenumberv ,cm’! Incident wavelength A, pm

Transmittance, %

Vibration mode of the functional group

3255.87 3.07 39 Vou
2931.25 341 4.5 Veu
2118.60 4.72 6 Overtone bands
(2200-1960) (4.54-5.10)
1638.28 6.01 18 Som
1419.65 7.05 4 vC-C benzene ring
1362.94 7.34 5 vC-C benzene ring
1262.97 7.91 2.5 VEoc
1138.81 8.78 1.5 6., (monosubstituted)
1105.68 9.05 5 6., (positionl, 3)
1018.68 9.82 32 Vieoc
990.39 10.10 39 Y., (orientationl, 2, 4)
923.93 10.82 12 Y¥u (1, 2, 4 orientation)
830.30 12.05 1 6y
v* and v* are symmetric and asymmetric stretching vibrations
6 is the planar bending band
v stands for bending wagging vibrations
100 |
S 90
g 80
g !
£
g 60 ‘ 1636.277
=50
40 ‘ 3306.240 ‘
3800 3400 3000 2600 2200 1800 1400 1000

Wavenumber, cm™

Figure 13 Rhizoform IR spectra

The stretching vibrations of the C-C bonds in the ben-
zene ring resulted in two bands of average intensity at
1435.6 and 1389.64 cm™ for Imidor, 1456.85, 1405.52, and
1347.96 cm™ for Deposit, and 1419.65 and 1362.94 cm™!
for Static [20].

The Imidor IR spectrum revealed stretching vibra-
tions of the nitro group. As a result of the coupling, the
v of |, bands shifted to the low-frequency region. The
V¥, 0, band at 1561.7 cm™ was more intense than the v* .,
band at 1296.94 cm™ [21].

The location and intensity of the stretching vib-
rations of the C-O bond depend on the structural
features of the molecule, mainly on the double bond
and aromatic nucleus. The analyzed samples revealed
two v, . bands The Imidor IR spectrum had v°_, . at
1046.66 cm™ and v at 1234.36 cm™'. The Deposit

C-0-C
IR spectrum had v*_ .at 1043.25 cm™ and v*_ . at
1247.65 cm™'. The Static IR spectrum showed v°. , .at

1018.68 cm™! and v*¢ at 1262.97 cm™.

C-0-C

The weak overtone bands at 2240-1940 cm™ helped
locate the substituents of the benzene ring. The bands
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in this region had different contours depending on the
nature of the substituent [7].

The IR spectra of the samples had plane bending
vibrations of C-H at 1135-1082 ¢cm™'. In the Imidor spect-
rum, 6., at 1101.75 cm™' matched positions 1, 3 of the
substituents while 6., at 1139.3 cm™ matched the
monosubstitution. The out-of-plane molecular vibrations,
e.g., the wagging vibrations of atoms in a molecule, had
a low-intensity y_,, band at 991.27 cm™" and correspon-
ded to positions 1, 2, 4 of the substituents. In the De-
posit spectrum, 6., at 1082.63 cm™' described posi-
tions 1, 2, 3 of the substituents while 6., at 1135.02 cm™!
matched the monosubstitution. The bending wagging
vibrations of atoms in a molecule appeared as bands
at v 920.28 and 990.60 cm™, which was typical of
orientations 1, 2, 4 of the substituents. The hypso-
chromic shift of the band y__ at 920 cm™ indicated
the conjugation of the benzene ring substituent. In the
Static spectrum, the absorption frequency 6., at
1105.68 cm™ also corresponded to the meta position
of the substituents while 6 at 1138.81 cm™' matched

C-H
the monosubstitution. The y., bands at 990.39 and
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923.93 cm! indicated positions 1, 2, 4 of the substituents.
The spectrum contained a low-intensity bending band of
C-Cl at 830.3 cm™.

In the IR spectra, the overtone bands at 2240—
1960 cm' signified the main vibrations, namely v°
o.c and plane 6., with positions 1, 2, 3 and 1, 3 of
substituents [22].

The Rhizoform IR spectrum showed v, —at
3306.24 cm™!, bending vibrations of water molecules
6,0 at 2080 cm™', and bending vibrations of the HOH
stretch angle at 1636.28 cm™' (Fig. 13).

The spectra of Imidor, Deposit, and Static also de-
monstrated bending vibrations of the HOH stretch angle
at 1637.16, 1630.24, and 1638.28 cm™', respectively. They

allegedly indicated that the constancy of bending vibra-
tions was caused by the intermolecular interaction: the
bond angle of the water molecule changed as a result
of the molecular interaction with each other, as well as
with cations and anions [21].

To interpret the spectra of the biological sample
treated with chemicals, we performed IR spectroscopy
of the ground and whole samples (Fig. 13 and Table 10).
The vibration frequencies indicated moisture, protein,
fat, ash, carbohydrates, and hardness [23, 24].

The IR spectrum of ground soybeans (Fig. 14) had
stretching vibrations of OH groups at 3277.25 cm!
and bending vibrations of the HOH stretch angle at
1635.41 cm™.

105
§ 85 ‘ 2322.977
g 75 2854.520 \
§ 65 VI
1396.971
E 55 2923.820 1744.078 ¥ b ot & |
1277255 3011118 (1517 1542274 ‘
45 ’ 1236.299 /1044.542
3800 3400 3000 2600 2200 1800 1400 1000

Wavenumber, cm™

Figure 14 IR spectra of ground soybeans

Table 10 IR spectra of ground soybeans

Wavenumberv ,cm™!

Incident wavelength 4, um  Transmittance, %

Vibration mode of the functional group

3277.25 3.05 18 Vou
(3650-3000)
2854.52 3.50 4 Starch vibration in the C-H range
2923.82 3.41 18
(2800-3000)
2080 4.80 4 Main band overtone C-O
(2080-1920)
1635.41 6.11 15 Sy
1744.24 5.73 12 Vibration of amide I protein
1542.27 6.485 11 Vibration of amide II protein
1236.29 8.09 4 Stretching of C-C and C-O and bending
1044.54 9.57 18 of C-O-H and C-O-C
1) — A n

S V I\

g 94 7 - 1236723

§ 90 2846.162 | A\ [ 1386777

g 86 3050.291 hs1.830 wspass /1.

g 3314.583 3262911 2917.841 1630.238 ]5]2.432\‘

= 82 1637250 926370 a

‘ 796.369
78 £-1007.414
3800 3400 3000 2600 2200 1800 1400 1000 600

Wavenumber, cm™

Figure 15 IR spectra of untreated whole soybeans
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Figure 16 IR spectra of treated whole soybeans

Table 11 IR spectra of untreated (control) and treated (experimental) soybeans

Wavenumber,v ,cm'

Incident wavelength A, um Transmittance, %

Vibration mode of the functional group

Treated Untreated Treated Untreated  Treated Untreated
3281.36 3262.91 3.04 3.06 4.0 1.2 Stretching vibrations of OH groups
(3640-3000 range) (range 3680-3100)
2917.75 3050.29 3.428 3.27 33 1.3 Starch vibrations (C-H), v, ,
(3000-2800) 2917.84 3.42
(3400-2800)
2080 2080 4.80 4.80 4.50 2.0 Main band overtone (1003—1009 cm™)
(2280-1880) (2250-1880)
1638.83 1637.25 6.10 6.10 1.8 4 Bending vibrations of HOH stretch
angle
1560.93 6.40 6.5 Stretching vibrations of the nitro group
1526.37 6.55 4.0 Vibration of amide II protein
1512.43 6.61
1434.55 6.97 4.5 Stretching vibrations of C-C bond of
1389.19 7.19 0.4 benzene nucleus
1360.56 6.02
1296.80 7.71 1.0 Stretching vibrations of nitro group
1236.07 8.09 4.5 Vibrations of C-O-C bond
1005.30 1007.41 9.95 9.93 17.5 12.0 Vibrations of C-O-C bond
843.05 11.86 Vibrations of the carbon-halogen bond

The vibration frequencies typical of amides I and II
appeared at 1542.27 and 1744.24 c¢cm™. The data diffe-
red from those reported by Migues et al.: our experi-
ment revealed a bathochromic shift of 40 cm™ and a
hypsochromic shift of 8 cm™, respectively [7].

Vibrations typical of fats based on the C-H bond we-
re observed at 1600—1750 and 1550—1570 cm™'. The ma-
xima of typical starch bands (2854.52 and 2923.82 cm')
were observed at 2800-3000 cm™ in the C-H vibration
region (Table 10). The strong absorption at 1200—
900 cm™! depended on the C-C and C-O stretching and
the C-O-H and C-O-C bending [10].

The IR spectra of whole untreated (Fig. 15) and trea-
ted soybeans (Fig. 16) demonstrated stretching bands
of OH groups at 326291 and 3281.36 cm™ and ben-
ding bands of the HOH stretch angle at 1637.25 and
1638.83 cm™ [7, 10].

Typical protein vibrations were registered at 1600—
1700 and 1550-1570 cm™ based on the associated ami-
des I and II, respectively. Typical fat vibrations appea-
red in the same ranges, but they were based on the
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C-H bond. Starch vibrations were observed at 2800—
3000 cm™ of the C-H stretch range at 2917.84 and
291775 cm™!. The overtones had bands at 2080 cm™.

The vibrations typical of testa protein were observed
in the spectrum of untreated soybeans at 1526.37 cm™'.
An intense band appeared at 1007.41 and 1005.30 ¢cm™
in the range of C-O-C vibrations at 1120-840 cm™
(Table 11).

The bands at 1550—-1200 cm™ were strong and typi-
cal. This range made it possible to identify Imidor,
Deposit, and Static on the hard soybean testa. The
width and shape of the bands and the magnitude of the
absorption band that occurred during the aggregate
changes of the adsorbents revealed the magnitude and
nature of intermolecular compounds and the treatment
quality [21].

We registered five overlapping band maxima when
comparing the spectra of the treated soybeans with the
Imidor spectra. The bands at 1560.93 and 1561.7 cm™, as
well as those at 1296.80 and 1296.94 cm™!, corresponded
to the stretching vibrations of the Imidor nitro group.
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The bands at 1434.55 and 1435.6 cm™', as well as those at
1389.19 and 1389.64 cm™!, matched the stretching vib-
rations of the C-C bond of the Imidor aromatic system.
The typical C-O-C vibrations were visible at 1236.07
and 1234.36 cm™'. The fact that the maxima of the ab-
sorption bands overlapped means that the interaction
between Imidor and soybeans was, in fact, physical
adsorption.

The spectra of the treated soybeans and the spectra of
Static overlapped at 1360.56 and 1362.94 cm™', as well as
in the range of 830-890 cm™'. The comparison with the
Deposit spectra revealed no overlaps, which indicated
chemisorption on the soybean testa surface.

We tested the method of IR spectroscopy on comp-
lex organic adsorbed modifiers and detected certain
structural elements with varying indicator values. The
analysis revealed the presence of an aromatic system,
the nature of functional groups, and the position of
substituents.

CONCLUSION

The research featured the spectral-luminescent pro-
file of untreated (control) and treated (experimental)
soybeans and their infrared spectra. Both spectral pro-
files changed after the samples were treated with various
modifiers. The comparative analysis of the infrared
spectra gave the following results:

—the luminescence spectrum of the untreated Vilana
soybean testa was 400-550 nm, with a maximum of
A £ max 441 nm and the Stokes shift of 79 nm;

—the luminescence spectrum of the treated soybeans
had two bands: at 390-550 nm with a maximum of
iﬂ v 346.5 nm and at 560-615 nm with /Ifz iy I85 nm;
the Stokes shift was 84 nm;

—the first band of the treated soybeans overlapped with
the Rhizoform and Static spectra. The hypsochromic
shift of the first band maximum was 4, . The dif-
ference with the maxima of Rhizoform and Static was
2.5 and 0.5 nm, respectively;

—in the treated soybean sample, the second band at 560—
615 nm with a maximum A, 585 nm and intensity
1f(), ... 1129 RU overlapped with the luminescence of
Imidor;

— the luminescence of the treated and untreated soybean
testa samples, as well as that of the modifiers, belonged
to fluorescence;

—the modifiers on the surface of the treated soybeans
could be identified at 1550-1200 cm™. We found five
band maxima that overlapped with the Imidor spectra,
two overlaps with the Static spectra, and no overlaps
with the Deposit spectra;

—we detected the types of interaction between soy-
beans and modifiers. In case of Imidor, it was physical
adsorption, while in case of Deposit, it was chemisorp-
tion.

Luminescence and IR spectroscopy provided a pre-
liminary quality assessment of soybeans without ger-
mination. The spectral profile was able to define the
heterogeneity of the crop seeds and helped select the
best planting material.

The fluorescence level characterized the penetration
of modifiers into plant tissues. This analysis made it pos-
sible to observe the pre-sowing treatment quality chan-
ges that may occur as a result of environmental changes,
thus helping select the optimal processing conditions
and the best modifier or their mix.

The methods of luminescence and IR spectroscopy
were found prospective for new methods of qualitative
and quantitative analysis of soybean surface before and
after treatment.
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Abstract:

Nanotechnology is important in food packaging because it increases shelf life, enhances food safety, and improves sensory
characteristics and nutrient availability. We aimed to review scientific publications on the synthesis of nanoparticles, as well as
their properties and applications in the food industry.

Research and review articles published from 2020 to 2022 were obtained from the database using the keywords “nanoparticles”,
“film”, and “food”. They were on the synthesis of metal and metal oxide nanoparticles and their uses in food films and coatings.
We reviewed methods for synthesizing inorganic nanoparticles from metals and their compounds (silver, zinc, iron, etc.), as well
as described their antimicrobial action against foodborne pathogens. By incorporating nanoparticles into films, we can create
new materials with strong antimicrobial properties in vitro. Nanoparticles can be used to develop both polymer and biopolymer
films, as well as their mixtures. Composite coatings can work synergistically with metal nanoparticles to create multifunctional
food packaging systems that can act as compatibilizers. Particular attention was paid to metal nanoparticles in food coatings. We
found that nanoparticles reduce the rate of microbial spoilage and inhibit lipid oxidation, thereby increasing the shelf life of raw
materials and ready-to-eat foods. The safety of using nanoparticles in food coatings is an important concern. Therefore, we also
considered the migration of nanoparticles from the coating into the food product.

Incorporating nanoparticles into polymer and biopolymer films can create new materials with antimicrobial properties against
foodborne pathogens. Such composite films can effectively extend the shelf life of food products. However, the undesirable
migration of metal ions into the food product may limit the use of such films.

Keywords: Nanoparticles, antibacterial effect, film, coating, packaging, food products
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INTRODUCTION

The exploitation of oil resources and the production
of various oil-based plastics are taking a heavy toll on
the environment. Therefore, biopolymers are increa-
singly being used an alternative material due to their
biodegradability, safety, biocompatibility, and renewa-
bility [1]. Polysaccharides, proteins, and lipids are the
main components of such composites.

drug delivery) and for catalytic water purification and
environmental sensors [4—6]. Nanoparticles of inorganic
metals (silver, gold, zinc oxide, titanium oxide, etc.) can
act as antimicrobial agents in packaging films [7-9].
Nanoparticles of various metals, including titanium,
copper, magnesium, and especially silver and gold, are
known to have antimicrobial, antiviral, and antifungal
properties [10, 11]. These nanoparticles are being acti-
vely studied as disinfectants, ingredients in the food

Films based on biodegradable materials are often
supplemented with bioactive substances, such as plant
extracts or particles of inorganic metals, to meet the
changing needs of modern consumers [2, 3].

Biosynthesized metal-based nanomaterials are used
both for medical purposes (e.g., antimicrobial coatings,

industry, and as additives in clothing and medical
devices [12].

He et al. described the antibacterial activity of gold
nanoparticles against Escherichia coli [13]. In particular,
they disrupt the membrane potential by inhibiting
adenosine triphosphatase (ATPase) activity and decrease

Copyright © 2023, Eremeeva This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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cellular ATP levels. Another effect of gold nanoparticles
is the inhibited binding of transfer RNA to the ribosome
subunit.

Current studies of plant tissues and extracts as
reducing agents are of great interest in the field of bio-
synthesized antibacterial nanoparticles. Biosynthesized
nanoparticles may need to be purified from pathogenic or
poisonous compounds, especially when used in vivo [14].
However, toxicity problems can be eliminated by using
only well-studied and qualitative plant extracts for bio-
synthesis [15]. For example, green tea extract from ca-
mellia leaves is a widely used reducing agent for na-
noparticle biosynthesis. Vaseeharan et al. used green tea
extract to obtain silver nanoparticles in the study of anti-
bacterial activity against Vibrio harveyi [16].

Several studies have described the antifungal activity
of biosynthesized nanoparticles against Aspergillus ni-
ger. Gajbhiye et al. reported the antifungal properties of
biosynthesized nanomaterials against Phoma glomerata,
Phoma herbarum, Fusarium semitectum, Trichoderma sp.,
and Candida albicans in combination with fluconazole,
a triazole antifungal drug [17].

Biosynthesized nanomaterials have been applied in
almost all the areas where traditional nanomaterials
have been in use. One of the challenges, however, has
been in separating biogenic nanoparticles from biolo-
gical material, since contamination with biological cells
can cause allergens and pathogens to be unintentionally
introduced into the product.

There is a growing interest in the production of
packaging materials with nanocomponents used as an-
timicrobial agents, including biocoatings for food pro-
ducts [18-20].

The recent growth of publications on the synthesis
of nanomaterials indicates much broader possibilities
of their application to be discovered. Meanwhile, re-
searchers are fine-tuning the synthesis methods used
to create new biosynthetic forms of nanomaterials. Our
interest was in metal nanoparticles with antibacterial
action and their application in films and coatings,
including those used for food products. We aimed to
review the existing literature on the synthesis of na-
noparticles, as well as their properties and applications
in the food industry.

STUDY OBJECTS AND METHODS

We reviewed the latest Russian and foreign publica-
tions on the synthesis of metal nanoparticles and their
compounds, as well as on their uses in films and coatings
for food products. The data were correlated and classified.

A film was defined as a thin material based on synthe-
tic and/or natural raw materials in various proportions
that can be used as a packaging or a separating layer.

A coating was defined as a thin material applied di-
rectly to a food product.

A packaging material was defined as a material
intended for the manufacture of packaging, containers,
or auxiliary means of packaging.
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Publications (articles and reviews) were searched in
the Scopus-indexed journals (as of April 2022) using
the keywords “nanoparticles”, “film”, and “food”. The
search period was limited to 2020—2022. These search
criteria ensured that the publications were from credible
academic sources.

RESULTS AND DISCUSSION

Synthesis of nanoparticles. Nanotechnologies are
important in food packaging since they increase shelf
life and improve the food’s quality, safety, sensory
characteristics, and nutrient availability. In the food
industry, nanoparticles are used as part of active or
smart packaging in the form of nanotubes, nanoemul-
sions, nanocomposites, nanocapsules, nanofibers, etc.,
which can be of both organic and inorganic origin [21].
This review covers inorganic particles obtained from
transition metals (silver, iron) and metal oxides (zinc
oxide, titanium dioxide). Such nanoparticles are the most
promising due to their antibacterial properties and a
high surface to volume ratio [22].

Nanoparticles can be synthesized in two ways:
“bottom-up” and “top-down”. Methods for their synthe-
sis can be divided into physical, chemical, and biological
(Fig. 1).

In the bottom-up method, atoms, molecules, or small
particles join together to form a nanostructured building
block of nanoparticles. Its examples include physical
and chemical vapor deposition, liquid state synthesis,
chemical reduction, gas phase, and solvothermal me-
thods [23]. In contrast, the top-down method involves
reducing the size of the bulk material through various
physical and chemical treatments. Some of the physical
methods include lithography, laser ablation, sputtering,
electrochemical pulse etching, and vapor deposition [24].

Zinc oxide nanoparticles obtained chemically were
proposed as a superhydrophobic coating [25]. Such coa-
tings can be used in the medical and food industries due
to their high antimicrobial and hydrophobic properties,
which help minimize surface contamination.

Biocompatible hybrid Ag-TiO, nanorods were obtai-
ned by successive synthesis of TiO, nanoparticles
from titanium (I'V) butoxide on a Teflon tube at 180°C
for 18 h [26]. Next, they were mixed with a solution of
silver nitrate at 120°C in nitrogen atmosphere and the
resulting nanoparticles were stabilized in cyclohexane.
Due to their ultra-small size and hybrid nature, the nano-
composites efficiently accumulated in breast cancer cells
and generated large amounts of reactive oxygen species
to ablate tumor cells. In addition, Ag-TiO, nanorods sho-
wed significant antibacterial activity against Escheri-
chia coli and Staphylococcus aureus compared to
TiO, nanoparticles, which was due to the synergistic
properties of Ag and TiO, nanoparticles.

Biological (“green”) methods for synthesizing me-
tal nanoparticles use plant material, bacteria, fungi,
algae, and even viruses [27]. These economical methods
produce environmentally friendly nanoparticles from
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Figure 1 Methods for nanoparticles synthesis

biocompatible materials, since biological molecules are
used as stabilizers and protective agents.

Biosynthetic ZnO nanoparticles obtained from Asper-
gillus fumiga leaf extract showed high antimicrobial
activity against E. coli (Gram-negative bacteria) and
S. aureus (Gram-positive bacteria), as well as strong anti-
fungal activity [28]. A. fumiga leaf extract became more
active in the presence of ZnO nanoparticles. Thus, the
resulting nanoparticles can act as effective antimic-
robial and antioxidant agents for commercial use in
biomedicine and can be used as a substrate in drug
therapy.

The biosynthesis of silver nanoparticles using an
extract of Ganoderma lucidum can produce crys-
tals with an average size of 11.38 + 5.51 nm [29]. In
biological tests, colloidal nanoparticles demonstrated
antimicrobial activity against S. aureus, E. coli, Pseu-
domonas aeruginosa, Salmonella enterica, and Candida
albicans with IC values of 17.97, 17.06, 1.32, 54.69,
and 27.78 pg/cm?, respectively. The antioxidant capa-
city of silver nanoparticles was evaluated using 2,2-
diphenyl-1-picrylhydrazyl (DPPH) free radical reagent
(IC,, = 447.120 £ 0.084 pg/cm’). In addition, colloidal
silver nanoparticles had better antitumor activity against
human epidermal carcinoma cells with IC, values
of 190.06 + 3.62 pg/cm?, compared to a pure extract of
G. lucidum.

Antibacterial action of metal nanoparticles. Nano-
particles are increasingly being used in the treatment
of infectious diseases. In addition, they are used in the
production of films and packaging that exhibit anti-
bacterial activity against foodborne pathogens, thereby
extending the product’s shelf life.

Structurally, nanoparticles are three-dimensional par-
ticles ranging from 1 to 100 nm [30]. Their physicoche-
mical properties, which underlie their antimicrobial
activity, include size, charge, surface morphology, cry-
stal structure, and zeta potential [31]. The small size is
the main advantage of nanoparticles that ensures high
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antimicrobial activity against intracellular bacteria since
nanoparticles can easily penetrate through bacterial
cell walls [32]. When nanoparticles electrostatically
bind to bacterial cell walls, they damage the membrane,
which ultimately leads to changes in its potential and
depolarization [33]. As a result, bacterial cells lose their
integrity and experience respiratory failure. Moreover,
this causes imbalance within the bacteria, interrupts
energy transduction, and ultimately leads to cell lysis.

The key processes that underlie the antimicrobial
action of nanoparticles include the destruction of cell
walls and membranes, which leads to oxidative stress,
impaired energy transduction, enzyme inhibition,
photocatalysis, and interference in DNA and RNA [34]
(Fig. 2).

Destruction of cell walls and membranes. Cell
walls and membranes are the first line of defense for
bacteria. Both act as important protective barriers,
helping bacteria maintain their shape and protecting
them from the external environment [35]. Nanoparticles
start their antimicrobial action by causing damage to
cell walls and membranes, which leads to cell lysis. The
pathway of nanoparticle adsorption is determined by
the components of the bacterial cell membrane [36]. Na-
noparticles have a stronger antimicrobial effect against
Gram-positive bacteria than against Gram-negative
ones. The cell wall of Gram-negative bacteria consists
of lipoproteins, lipopolysaccharides, and phospholipids
which allow only macromolecules to penetrate it, for-
ming a barrier between the cell membrane and its
environment. Conversely, the cell wall of Gram-positive
bacteria contains a thick layer of peptidoglycan and
teichoic acid with numerous pores that allow foreign
molecules to easily penetrate the membrane. This leads
to membrane disruption, loss of cytoplasmic consti-
tuents, and, ultimately, to apoptosis.

The degree of destruction of cell walls and memb-
ranes depends on the size and charge of nanoparticles.
In particular, smaller-sized Ag nanoparticles showed
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lower values of minimum inhibitory and minimum
bactericidal concentrations, exhibiting great antimic-
robial activity [37].

Disruption of the mitochondrial electron trans-
port chain. Another antimicrobial mechanism of nano-
particles is that they disrupt the mitochondrial elect-
ron transport chain. Flores-Lopez et al. reported that
the strong binding of Ag and Ag+ nanoparticles to
thiol groups in cysteine residues impaired mitochondrial
membrane proteins, membrane permeability, and mito-
chondrial functions [38]. Nanoparticles can accumulate
in mitochondria, causing the mitochondrial membrane
to depolarize and blocking the mitochondrial electron
transport chain. This is due to the activation of an
enzyme associated with nicotinamide adenine dinuc-
leotide phosphate [39]. Blocking the mitochondrial elect-
ron transport chain further increases cellular levels of
reactive oxygen species through electron transport.

Overproduction of reactive oxygen species.
Mitochondria play a major role in the regulation of
intracellular levels of reactive oxygen species. Therefore,
the disruption of the mitochondrial electron transport
chain leads to their excessive production [40]. The
control over reactive oxygen species production regu-
lates certain processes such as the initiation of defense
against pathogens, programmed cell lysis, and energy
generation through mitochondria.

Inhibition of proteins and enzymes. As a result of
interacting with nanoparticles, vital proteins lose their
important functions and enzymes become inhibited. In
particular, nanoparticles cause structural changes in the
proteins adsorbed on them. For example, new secondary
bonds are formed and the initial bonds are destroyed
during protein adsorption on Au nanoparticles, and
such changes are irreversible [41]. Structural changes
in proteins, which are caused by interactions between
proteins and peptides binding to nanoparticles, can lead
to chemical denaturation and the formation of fibrils
due to thermodynamic instability. This subsequently
leads to the loss of protein functions. The possibility of
interaction between nanoparticles and proteins is quite
high, since proteins make up to 35% of biological fluids
by volume.
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Oxidative damage to DNA and RNA. DNA is the
fundamental molecule of a living organism. DNA strand
breakage is a standard biomarker of DNA damage, na-
tural or caused by other factors [42]. It is believed that
nanoparticles can induce DNA damage by inhibiting
DNA replication. Nanoparticles can change the ability
of cells to repair induced DNA damage due to the
overproduction of reactive oxygen species [43]. DNA
is particularly susceptible to oxidative damage since
the production of HOe from Fenton reactions can
attack nucleic bases or sugar phosphate and lead to
the fragmentation of saccharides and strand breakage.
Nanoparticles can also initiate a double-strand break
by modulating replication forks, which further leads to
apoptosis.

Properties of nanoparticle-based films. By using
nanoparticles in the production of films, scientists can
create new materials with strong antimicrobial pro-
perties in vitro. Nanoparticles of metals, oxides, or their
combinations have been used to develop polymer and
biopolymer films, as well as their mixtures. There is a
trend towards using nanomaterials based on particles of
silver or zinc. The effects of metal nanoparticles on the
physicochemical and antibacterial properties of films are
described below.

Silver. Polyethylene nanocomposite films contai-
ning synthesized silver and titanium dioxide nanopar-
ticles showed antibacterial efficacy against E. coli and
S. aureus 1in the cultural research method [44].
Polyethylene films obtained by extrusion and contai-
ning Ag/TiO,/montmorillonite clay had bactericidal
properties and therefore potential applications in me-
dicine and food packaging to prevent bacterial con-
tamination. In addition, irradiation of the composites
obtained by reducing ions to nanosilver on the surface of
TiO,/montmorillonite clay caused complete death to the
pathogens tested. Those composites which had a smaller
size due to the irradiation of surface films showed a
more stable bactericidal activity.

The scientists developed a two-layer food packaging
film with unique properties. Particularly, the film pre-
vented bacterial growth, inhibited oxidative processes,
increased the safety of food products, blocked UV pe-
netration, and was oil-resistant and transparent. It had



Eremeeva N.B. Foods and Raw Materials. 2024;12(1):60-79

an Ag-organometallic basis with p-coumaric acid, chito-
san nanoparticles, and a mixture of polyvinyl alcohol
and starch. As described in [45], a two-layer film is
composed of separate previously obtained components
to be subsequently used as a packaging material.

An environmentally friendly method was applied for
the biosynthesis of hybrid Ag/AgCl nanoparticles using
Levan from Bacillus mojavensis. Such nanoparticles
can be used as highly efficient antimicrobial agents
against a wide range of foodborne bacteria [46]. The
morphological and physicochemical characteristics of
Levan Ag/AgCl nanoparticles were studied by trans-
mission electron microscopy, X-ray diffraction, UV vi-
sual spectroscopy, dynamic light scattering, and ther-
mogravimetric analysis. Levan-Ag/AgCl was analyzed
for antibacterial activity against foodborne pathoge-
nic bacteria (E. coli, Klebsiella pneumoniae, S. enterica,
P. aeruginosa, S. aureus, Micrococcus luteus, Listeria
monocytogenes, Enterococcus faecalis, Bacillus subtilis,
and Bacillus thuringiensis) by diffusion on agar. The stu-
dy demonstrated high antimicrobial activity of Levan-
Ag/AgCl nanoparticles as a potent inhibitor against all
the tested strains, with higher efficacy against Gram-
negative than against Gram-positive bacteria. Due to the-
se properties, Levan-Ag/AgCl nanoparticles can be used
as a component in packaging films to increase the shelf
life of beef. Their antimicrobial activity may be due to
a slow release of silver ions and their interaction with
negatively charged biomolecules. These biomolecules
damage the cell wall, cause structural changes in the
protein and its biofunction, and ultimately lead to cell
death.

The size of metal and oxide nanoparticles signifi-
cantly affects the transmission of light through a film [47].
A number of studies have shown that metal nanopar-
ticles increase the hydrophobicity of film materials. For
examples, silver nanoparticles caused a 77% increase in
the hydrophobicity of a film based on polyvinyl alcohol
and guar gum, compared to the control group.

A biocomposite consisting of sodium alginate, oxi-
dized nanocellulose, and silver nanoparticles was intro-
duced into a paper matrix for food packaging. It inhi-
bited the growth of Gram-positive (S. aureus, B. subtilis)
and Gram-negative (E. coli, Pseudomonas aeuroginosa)
bacteria [48].

A sandwich-like chitosan nanocomposite film was
produced from corn stalk as a green reducing agent,
silver nanoparticles, and graphene oxide nanopartic-
les used for stabilization and controlled release of nano-
silver in the inner layer and chitosan in the outer
one [49]. The results showed that the sandwich-like film
released silver nanoparticles during 14 days, with a total
amount of only 1.9%. The nanocomposite film had a
high antibacterial activity against E. coli and S. aureus
and did not exhibit toxicity to cells.

Silver nanoparticles synthesized using Saraca asoca
leaf extract were used to produce nanocomposite films
based on rice starch [50]. They had a spherical shape
with a diameter of 27 to 45 nm. Silver nanoparticles imp-

roved the tensile at break of rice starch films and redu-
ced their elongation at break. In addition, the films sho-
wed lower water solubility, water-holding capacity, and
vapor permeability. Silver nanoparticles in the form of
colloids or discrete films exhibited high antibacterial
activity against common foodborne pathogens (E. coli,
S. aureus and B. subtilis).

Silver nanoparticles can be synthesized in situ in a
pectin matrix using y-irradiation at 2.5 and 5 kGy. They
provide nanocomposite films with antibacterial activity
against E. coli and Salmonella typhimurium, as shown
by the total colony count [51].

Dash et al. studied the physicochemical, mechanical,
barrier, and thermal properties of flax protein-alginate
films produced with various concentrations of silver
nanoparticles [52]. The study showed that all the films
with silver nanoparticles had a strong antibacterial effect,
compared to the control film. According to the inhi-
bition zones, the antibacterial activity against Gram-
negative bacteria (E. coli) was higher than that against
Gram-positive bacteria (S. aureus).

The amount of active ions released also affects the
film’s antimicrobial properties. In a study by Wang et al.,
silver nanoparticles in polymer films based on chito-
san or polyvinyl alcohol (PVA) affected the growth
of Pseudomonas fluorescens differently [53]. The study
was carried out both on agar and on a model food
hydrogel. In particular, the film based on PVA exhibited
a stronger antimicrobial effect than the one based on
chitosan. This correlated with a larger amount of silver
ions released from the PVA film into hydrogel. The
study showed that the strength of interaction between
silver nanoparticles and the film polymer is a key fac-
tor that determines the release of antimicrobials and,
therefore, the antimicrobial activity of the packaging
film.

Sallak ef al. created a film from corn starch contai-
ning Satureja khuzestanica essential oil and Ag-TiO,
nanocomposites (sized 30-60 nm) and assessed its
antimicrobial, morphological, physical, and mechanical
characteristics [54]. The film showed a reduction in
S. aureus and E. coli of 3—4 and 6—7 log (CFU/mL), res-
pectively, compared to the control.

Silver nanoparticles based on Ricinus communis leaf
extract exhibited high antioxidant activity by absor-
bing DPPH (2,2-diphenyl-1-picrylhydrazyl) radicals [55].
They also showed antibacterial activity against Gram-
positive (S. aureus) and Gram-negative (E. coli, P. aeru-
ginosa) bacteria, as determined by agar plate diffusion.

Zinc. A nanocomposite based on a copolymer of lac-
tic and glycolic acids and nanozinc oxide promoted the
formation of long-lived reactive protein species [56].
It also caused 8-oxoguanine, a key biomarker of oxida-
tive stress, to appear in DNA. The nanocomposite exhibi-
ted significant bacteriostatic properties, which depended
on the concentration of nanoparticles. Its surface was
non-toxic to eukaryotic cells and did not prevent their
adhesion, growth, or division. Due to its low cytotoxi-
city and bacteriostatic properties, this nanocomposite
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can be used as a coating material in the food industry,
an additive for textiles, and in biomedicine.

A nanocomposite film consisting of polylactic acid
(PLA), zinc oxide (ZnO) nanoparticles, and graphene
oxide (GO) is a biodegradable polymer that can be
used as food packaging [57]. ZnO and GO increased
the strength of the resulting packaging material and
gave it antibacterial properties against E. coli and
B. subtilis cells, as determined by counting viable colo-
nies. The PLA/ZnO/GO composite was synthesized by
a successive mixing of graphene oxide and zinc oxide
nanoparticles in acetone under ultrasound at 40°C and
a subsequent addition of a PLA solution with vigorous
stirring for 3 h. The resulting composite was dried at
room temperature on an acrylic plate.

A functional film based on carrageenan/agar was
obtained by combining tea tree oil emulsion and zinc
sulfide nanoparticles, which were uniformly dispersed
in a binary polymer matrix [58]. Zinc sulfide nano-
particles improved the film’s mechanical strength, while
the tea tree oil emulsion slightly reduced it. However,
due to their combined use, the film retained its me-
chanical strength and became slightly more flexible.
These components slightly increased the vapor barrier,
water resistance, and thermal stability of the film. In ad-
dition, the composite membrane showed pronounced
antioxidant and antibacterial activity.

Tymczewska et al. described a “green” method
for obtaining active films based on gelatin/polyvinyl
alcohol, black cumin cake extract, and zinc oxide
nanoparticles [59]. The nanoparticles were preliminarily
synthesized from zinc nitrate hexahydrate and an
aqueous extract of black cumin cake in an alkaline
medium at 60°C. The film had strong antibacterial pro-
perties against Gram-positive bacteria (M. luteus, L. mo-
nocytogenes, and S. aureus). Black cumin cake extract
and zinc oxide nanoparticles also increased the films’
antioxidant activity, as determined by the DPPH and
ABTS methods (2,2-azino-di-[3-ethylbenzthiazoline sul-
fonate). In addition, these components affected the phy-
sicochemical characteristics of the films. In particular,
they reduced their tensile at break and vapor permea-
bility and increased their opacity and elongation at
break. These nanocomposite materials can be recom-
mended to reduce microbial spoilage and inhibit oxi-
dative rancidity of packaged foods.

Zinc oxide nanoparticles are also used in nanofibrous
membranes for wound dressings [60]. Titanium oxide
nanoparticles in silk fibers and collagen, which are syn-
thetic membranes for skin tissue regeneration, exhibit
antibacterial activity against S. aureus and E. coli [61].

In another study, a functional biodegradable food
packaging film was produced from soy protein iso-
late, a natural antimicrobial agent (mangosteen peel
extract, 10 wt.%), and functional modifiers (zinc oxide
nanoparticles) at various concentrations by solution cas-
ting [62]. The triple combined composite films exhibited
significantly improved mechanical properties, water
vapor permeability, water solubility, UV barrier, antioxi-
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dant properties, and thermal stability. Due to the antibac-
terial properties of the plant extract and ZnO nanopar-
ticles, the composite films showed excellent antibacterial
action against E. coli and S. aureus.

Zinc nanoparticles were used to prepare a functional
composite film based on pectin/agar [63]. Their integ-
ration significantly improved the film’s physical proper-
ties, such as mechanical and UV protective properties,
without affecting its transparency too much. In addi-
tion, zinc nanoparticles had no effect on the film’s
hydrophobicity, vapor barrier, and thermal properties.
Finally, the composite film showed strong antibacterial
activity against pathogenic foodborne bacteria E. coli
and L. monocytogenes.

Lee et al. analyzed the antibacterial activity of com-
posite films based on chicken skin gelatin/tapioca starch
and zinc oxide nanoparticles (0—5%) obtained by cas-
ting [64]. They found that the inhibition zones for both
Gram-positive S. aureus (16-20 mm) and Gram-negative
E. coli (15-20 mm) were greater in the film with 5% zinc
oxide. Overall, the films based on chicken skin gelatin
and tapioca starch with 3% zinc oxide nanoparticles
were found to be optimally formulated and have good
physical, mechanical, and antibacterial properties.

Well-dispersed zinc oxide (ZnO) nanoparticles were
placed in situ on a non-toxic natural palygorskite (PAL)
nanorod to form an antibacterial composite PAL@ZnO
nanorod. This nanorod was embedded in a chitosan/
gelatin-based film to obtain composite films with mar-
kedly improved mechanical properties and antibacte-
rial activity against S. aureus and E. coli bacteria (inhibi-
tion zones of 21.82 = 0.95 and 16.36 + 1.64 mm, respecti-
vely) [65]. In addition, PAL@ZnO nanorods significantly
improved the film’s water and heat resistance.

In another study, bionanocomposite films based on
bovine gelatin supplemented with chitosan and zinc
oxide nanoparticles showed better thermal stability and
tensile at break, as well as lower elongation at break and
solubility [66]. In addition, gelatin-based biocomposite
films exhibited antibacterial properties against S. aureus
and E. coli.

The physicochemical properties of nanomaterials
depend on their size and shape, the key factors for bio-
medical applications. Hasanzadeh et al. used the hydro-
thermal method to obtain ZnO nanostructures of vari-
ous shapes, including nanospheres, nanoplates, and
nanopyramids [67]. They studied the antibacterial
activity (colony count) of nanostructures against E. coli
and found that ZnO nanopyramids obtained at 70°C
had a stronger inhibitory effect than nanospheres and
nanoplates.

Iron. Appuet al biosynthesized chitosan-coated
Fe, O, nanocomposites by mixing solutions of iron
chloride and broccoli extract while heating to be sub-
sequently leached [68]. Next, the resulting Fe,O,
nanoparticles were mixed with a solution of chitosan in
acetic acid at 60°C. The nanocomposite material was
analyzed by Fourier-transform infrared spectroscopy,
X-ray photoelectron spectroscopy, electron microscopy,
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an X-ray diffractometer, and a vibrating sample
magnetometer. In addition, the nanoparticles exhibited
significant antibacterial efficacy against foodborne bac-
terial pathogens, such as S. aureus and E. coli, with
inhibition zones of 11.5 and 13.5 mm, respectively.

Yaseen et al. compared the antibacterial, antioxidant,
and larvicidal activity of Alstonia scholaris and Po-
lyalthia longifolia extracts and that of FeMgO,
nanoparticles based on them [69]. The study objects
were active against Gram-positive (B. subtilis, S. aureus)
and Gram-negative (P. aeruginosa, S. typhimurium, and
E. coli) bacteria in the following order: A. scholaris-
based Fe,MgO, > P. longifolia-based Fe,MgO, > 4. scho-
laris extract > P. longifolia extract. A similar corre-
lation was observed for larvicidal activity against Aedes
albopictus larvae. In particular, Fe, MgO, nanoparticles
exhibited excellent larvicidal activity with an LD, of
5-10 pg/cm?, a much lower dose than for the plant ext-
racts. The antioxidant potential of Fe MgO, nanopar-
ticles was determined by DPPH and phosphomo-
lybdenum assays. It showed that Fe,MgO, nanoparticles
performed better than pure plant extract (controls).

Nickel. Ramji and Vishnuvarthanan created nano-
composite films based on polylactic acid with silica and
nickel oxide nanoparticles in various concentrations
(0.25, 0.5, 0.75, and 1 wt.%) and studied the nanoparticles’
effect on the film’s extensibility, barrier, surface color,
opacity, and antibacterial properties [70]. The authors
found that the films had good antibacterial activity
against Gram-positive (L. monocytogenes) and Gram-
negative (Sal/monella) bacteria.

In another study, active nanocomposite films were
obtained by incorporating nickel oxide nanoparticles
(3, 6, and 9 wt.%) into chitosan-based films [71]. They
were synthesized by burning the solution, and the films
were obtained by casting in solvents. Fourier-transform
infrared spectroscopy and X-ray diffraction analysis
confirmed the formation of new interactions and an
increase in crystallinity. In addition, the nanocomposite
films showed good antibacterial activity against Gram-
positive (S. aureus) and Gram-negative (S. typhimurium)
bacteria.

Titanium. According to antibacterial tests, none of
the bacterial species was sensitive to TiO, nanoparticles
at any concentration under dark conditions, indicating
that their antibacterial effects were due to photocatalytic
reactions. Without light excitation, TiO, nanoparticles
were not toxic to bacteria, as shown by CFU values.
The nanoparticles only absorbed on the bacterial cell
wall. To ensure the adsorption—desorption equilibrium
of TiO, nanoparticles doped with phosphorus and
fluorine (PF-TiO,), they were thoroughly mixed with
bacterial suspensions under dark conditions and
incubated for 15 min [72]. Light can induce charge
separation in nanoparticles, and redox reactions can
subsequently occur on their surface. The photocatalytic
reactions confirmed the presence of hydroxyl (OH¢) and
superoxide (O,) radicals, as well as singlet oxygen.
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Ezati et al. synthesized nanoparticles of titanium dio-
xide (TiO,) and Cu-active-TiO, (Cu-TiO,) by the sol-
gel method, using carboxymethylcellulose (CMC) as
a nanofiller to obtain functional packaging films [73].
The nanoparticles increased the films’ mechanical and
thermal stability, as well as their vapor barrier proper-
ties. Unlike the CMC/TiO, film, the CMC/Cu-TiO,
film exhibited significant antibacterial activity against
foodborne pathogenic bacteria (L. monocytogenes and
E. coli) under visible light. The CMC/Cu-TiO, film
also significantly delayed the browning of bananas
when stored at 25°C for 14 days under visible light. The
researchers assumed that the nanoparticles exhibited
photocatalytic activity in visible light. Therefore, they
can be used in functional packaging films to extend
the shelf life of fruits after harvest, as well as in active
packaging.

Films with antibacterial properties are mainly ob-
tained from solutions and suspensions of film compo-
nents that are molded by casting and dried under vari-
ous conditions. Table 1 presents various films with metal
and metal oxide nanoparticles used as antibacterial
agents.

Nanoparticles incorporated in food coatings. The
food industry involves a range of processes, including
the preparation of raw materials, production, packa-
ging, storage, etc. Packaging ensures food quality and
safety, affecting the product’s shelf life and marketing.
Traditionally, packaging performs the following func-
tions: storage; transportation; protection from physical
damage, as well as chemical or biological deterioration;
and branding [84-86].

Growing consumer concern and interest in health,
nutritional value, food safety, and environmental issues
has driven the development of biodegradable packa-
ging. Since synthetic packaging materials are not bio-
degradable, they contribute to environmental pollu-
tion, climate change, and the depletion of natural re-
sources. Despite excellent properties, high mechanical
strength, low production cost, and process optimization,
these non-renewable materials have a significant envi-
ronmental impact in terms of greenhouse gas emissions,
as well as land and water footprints [87]. Therefore,
alternative ways of obtaining biopolymers are gaining
more attention, since they address environmental issues,
including the end-of-life treatment of plastic film waste.

Biodegradable films are commonly made from rene-
wable sources mainly composed of proteins, carbohyd-
rates, and lipids. Biopolymers have been extensively
studied due to their abundance, good film-forming
ability, transparency, and excellent barrier properties
against O,, CO,, and lipids [88].

Currently, biopolymer food packaging is produced
from a variety of materials, including natural agents,
plant extracts, and nanomaterials. Such technologies
can work synergistically along with nanotechnologies,
creating multifunctional food packaging systems of high
quality that can act as compatibilizers [89].
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Table 1 Synthesis and antibacterial properties of films with metal and metal oxide nanoparticles

Composition Synthesis Bacteria strains Method Antimicrobial activity of films  References
CMC-PVA/ 1. Zn(CH,COO0), 2H,0 + NaOH Escherichia Agar disc  Synergistic effect of [74]
ZnO solution, 3 h 60°C, sediment coli and diffusion  antimicrobial activity against
separation by centrifugation, drying  Staphylococcus E. coli and S. aureus in
at 600°C aureus inhibition zones of 2.15 + 0.42
2. Casting a mixture of CMC, PVA, and 3.25 £ 0.47 mm,
and ZnO respectively
Chitosan/ 1. 1:0.25 dispersion of powders E. coli and Agar disc  ZnO NPs increased the [75]
ZnO/bamboo in 1% acetic acid at 25°C, addition S. aureus diffusion  antimicrobial activity of
leaves of glycerin the chitosan film due to the
2. Incorporating bamboo leaf interaction between Zn*" ions
antioxidants, film casting and intracellular contents.
Bamboo leaf antioxidants also
increase antimicrobial properties
through a synergistic effect
PLA/ 1. Dispersion of acelated cellulose E. coli and Shaking of The antibacterial activity of [76]
Acelized nanocrystals in chloroform under S. aureus the flask  triple composite films increased
cellulose ultrasound, addition of ZnO NPs with higher contents of ZnO
nanocrystals/ under ultrasound. NPs. The growth inhibition
ZnO 2. Incorporating PMC rate of 99.9% for both bacteria
3. Solution casting. Drying at room in the film with 5% ZnO
temperature nanoparticles demonstrated a
great antibacterial effect.
The antibacterial activity against
E. coli was higher than against
S. aureus. This was because
the peptidoglycan layer of the
cell wall was thicker in the
Gram-positive S. aureus than
in the Gram-negative E. coli,
protecting it from destruction
Gelatin/ 1. ZnO + water (25 + 1°C, 400 rpm,  E. coli and Agar disc  The control film had no [77]
tragacanth/ 1 h), ultra sound (30°C, 40 kHz, S. aureus diffusion  antimicrobial activity against
ZnO 30 min) either Gram-negative (E. coli)
2. Adding gelatin (40°C, 600 rpm, or Gram-positive (S. aureus)
30 min) bacteria. All the nanocomposites
3. Mixing with a tragacanth solution showed antimicrobial activity
at 700 rpm and then 1000 rpm. dependent on the ZnO content
Adding a glycerin solution against both bacteria. The small
4. Casting onto a 15 cm polyethylene size of ZnO NPs caused higher
plate. Drying (25°C, 48 h) interactions with bacterial cells
Gelatin/CuS 1. A suspension of CuS in water E. coli and Counting  The nanocomposite film with [78]
stirred under ultra sound Listeria viable CuS nanoparticles integrated

2. Adding a solution of glycerin and
gelatin at 80°C
3. Casting on Teflon-coated glass.

Drying

monocytogenes colonies

into gelatin sharply reduced the
viability of E. coli cells, but
had no significant effect on the
growth of L. monocytogenes.
The antimicrobial effect of
CusS varied depending on

its concentration. The low
concentration (0.5 wt.%) of
CusS was insufficient to inhibit
microbial growth. However, its
high concentration

(2.0 wt.%) caused sufficiently
strong antibacterial activity to
completely inhibit the growth
of E. coli after 9 h of exposure.
The gelatin/CuS-based film
showed stronger antibacterial
activity against Gram-negative
than Gram-positive bacteria
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Continuation of Table 1

Composition Synthesis Bacteria Method  Antimicrobial activity of films References
strains
CMC/glycerin/ 1. Mixing components E. coli Counting The films with ZnO NPs exhibited [79]
Dioscorea in various concentrations and S. aureus viable significant antibacterial activity against
opposite extract/  at 50°C, centrifugation colonies  both target bacteria and S. aureus,
ZnO NPs at 5000 rpm which was stronger against E. coli.
2. Casting and drying Inhibition rates of about 95% were
at 50°C for 36 h achieved at each concentration for both
Gram-positive and Gram-negative
bacteria. Higher concentrations of
the D. opposita extract reduced the
antibacterial affect against E. coli at
various concentrations of film-forming
solutions
ZnO/corn starch/ 1. Successive mixing of E. coli Agar disc  Longer times of delayed release of the  [80]
chitosan/glycerin  a chitosan solution (in a and S. aureus diffusion composite films decreased the diameters
solution of malic acid), corn of inhibition zones. Compared to the
starch, glycerol, and ZnO control, the composite films with ZnO
NPs, followed by degassing NPs showed positive antibacterial
by ultrasonication activity against both S. aureus and E.
2. Solution casting coli. The inhibition zones against
S. aureus had diameters of 29.36 + 2.40,
24.90 + 0.40, and 22.00 + 0.34 mm,
respectively, after 0, 7, and
14 days of prolonged release. They
were larger than the inhibition zones of
the composite films without ZnO
PVA/orange peel 1. Successive incorporation of E. coli, Agar disc The clear inhibition zones formed by [81]
powder/Ag NPs  PVA, orange peel powder and Pseudomonas diffusion the composite films were larger than
AgNO,; into distilled water aeruginosa, those formed by pure PVA or a mixture
and constant stirring until Streptococcus of PVA and orange peel powder. The
complete dissolution oralis, and hybrid biocomposite film with 5 mM
2. Solution casting S. aureus silver NPs formed the clearest zones
against both Gram-negative and Gram-
positive bacteria
Gelatin/cellulose 1. Successive incorporation  E. coli, Agar disc  All the films containing NPs had an [82]
nanofibers/ZnO  of gelatin powder, a L. mono- diffusion antibacterial effect against the studied
and/or Se NPs —  suspension of cellulose cytogenes, strains. The largest inhibition zone was
nanoparticles, nanofiber, glycerin, and a S. aureus, and formed for L. monocytogenes, while the
PVA — polyvinyl  solution of ZnO and Se, or Pseudomonas smallest zone was observed for
alcohol, US — their mixture, into distilled Sfluorescens P, fluorescens
ultrasound, PLA — water with constant stirring
polylactic acid 2. Solution casting
Gelatin/p-glucan/ 1. Successive incorporation P. aeruginosa, Agar disc The incorporation of ZnO NPs into [83]
7Zn0O of gelatin powder, glycerin,  Sal/monella diffusion the films ensured inhibitory activity
and a ZnO NP solution into typhimurium, against all the studied bacteria. Higher
distilled water with constant ~ S. aureus, concentrations of ZnO NPs significantly
stirring. Adding a f-glucan and E. coli enhanced the antibacterial activity of

solution.
2. Solution casting. Drying
at 40°C for 24 h

the films. The combination of ZnO NPs
with f-glucan in a gelatin-based film
significantly reduced the antibacterial
activity against all the bacteria.
However, increased concentrations

of f-glucan did not cause a significant
difference in the antibacterial activity
of films with ZnO NPs. The highest
inhibitory activity was shown against
S. aureus, indicating that it was higher
against Gram-positive than against
Gram-negative bacteria

NPs — nanoparticles, PVA — polyvinyl alcohol, US — ultrasound, PLA — polylactic acid

68



Eremeeva N.B. Foods and Raw Materials. 2024;12(1):60-79

External factors

Physical factors,
microbiological
contamination,

consumer’s care

9

T ..., Packaging .-~

v

k Food product ‘_/

Processes during storage

Exposure to
microorganisms, oxidative
processes,

product respiration,
absorption/evaporation

of moisture

s

Free space above the product

Oxygen, carbon dioxide, ammonia, water
and steam, metabolic products
of microorganisms, volatile compounds

Figure 3 Changes in the product-packaging system over time

In recent years, bioactive films and smart tech-
nologies have been in wide use for packaging in the food
sector [90, 91]. Plastic films have served as a barrier to
protect food from heat, moisture, micro-organisms, dust,
and dirt. Recent advances, such as smart packaging,
active packaging, and intellectual packaging, have pro-
vided barrier films with extra functions [92-96]. These
packaging systems are an effective way to extend the
shelf life of foods produced through simplified processes
or with a minimal use of preservatives [97, 98]. Yet,
there cannot be a single package to suit all food products,
since they vary greatly in chemical and microbiologi-
cal components. In addition, food products are complex
systems that change over time. Therefore, it is extremely
important to develop optimal packaging for different
types of products that meets their specific requirements.
Figure 3 shows changes in the product-packaging system
over time.

Cheese. Cheeses are mainly produced from pasteu-
rized milk and usually have a low risk of microbiolo-
gical contamination. However, foodborne pathogens can
appear in cheese due to its improper handling during
processing or due to re-opening of the packaging during
storage [99]. Soft cheeses are an excellent environment
for pathogenic microflora due to their high water activity,
high protein content, and a moderate amount of fat [100].

Han et al. described the preparation of a nanosilver/
graphene/PLA coating and its use as a package for curd
cheese [101]. Three days of storage showed no difference
in sensory parameters, regardless of the type of packa-
ging. The cheese packaged in a nanosilver/graphene/
PLA coating had minimal changes in appearance and
color. It was uniform, slightly matte, white, and slightly
pungent. The scientists also evaluated a possibility of re-
using the active packaging.
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The soft cheese samples were packaged in alginate
composite coatings (ZnO nanoparticles and lemongrass
essential oil) and stored at 4 £ 1°C and 75% relative
humidity for 14 days [102]. The control sample packaged
in a pure alginate coating became quite hard and trans-
lucent with visible signs of spoilage, while the test samp-
les were whiter and softer, and retained the original
creamy texture. The weight loss of the cheeses increased
linearly with storage time due to the continuous move-
ment of water vapor from the cheese into the environ-
ment. The pH values were monitored daily and found
to be in the range of 4.45-4.57, indicating little change.
However, the pH of the control sample dropped to 4.33,
probably due to increased fermentation stimulated by
microorganisms.

In another study, a coating with TiO, nanoparticles
or a combination of TiO, and Ag in the PLA matrix
increased the shelf life of chilled Yunnan curd from 5-
7 days to 25 days at 5 + 1°C [103]. Yet, no changes were
observed in pH, as well as physicochemical and sensory
indicators. The incorporation of nanoparticles effective-
ly inhibited the growth of microorganisms, including
yeasts and molds. The authors also tested the migration
of nanoparticles from the composite coating in line with
the standards of the European Food Safety Authority.
Although the levels of metal ion migration reached
20.04 + 1.38 ng/kg at the end of the shelf life, those va-
lues were below the acceptable migration limit of
104 ng/kg for food contact materials.

Meat and poultry. Meat and poultry, as well as their
products, are very sensitive to storage conditions. When
refrigerated, they have a shelf life of only a few days
due to microbial growth and lipid oxidation [104]. Large
amounts of moisture and nutrients make them perishab-
le products. Bacterial growth causes unpleasant smell
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and taste, as well as mucus. Moreover, lipid oxidation
changes the sensory characteristics of meat and poultry,
which also limits their shelf life [105].

A simple method was proposed to obtain translucent
antimicrobial nanocomposite films using regenerated
cellulose and zinc oxide nanoparticles. The resulting
nanocomposite coatings were transparent enough for
food packaging, including meat products. They showed
good mechanical strength, UV barrier properties, water
vapor permeability, and antimicrobial activity against
six pathogenic foodborne bacteria [106]. According to
the tests, adding 3 wt.% zinc oxide nanoparticles effec-
tively inhibited the growth of pathogenic Gram-positive
(Bacillus cereus, S. aureus, and L. monocytogenes) and
Gram-negative (E. coli, S. typhimurium, and Vibrio para-
haemolyticus) bacteria. The UV transmission and oxy-
gen permeability of the coatings reduced by 32 and 37%,
respectively.

Despite high antibacterial activity, silver nanopar-
ticles pose potential danger to human health. Therefore,
they need to be incorporated into safer compounds.
Zhao et al. used iturin A to synthesize silver nanopar-
ticles to obtain a composite that can prevent chicken
from bacterial contamination [107]. The composite ma-
terial showed a broader antimicrobial spectrum, a lo-
wer concentration of silver, and higher antibacterial
and antifungal activity, compared to the control. When
applied to paper packaging for chicken, the iturin-Ag
nanoparticle complex showed no silver residue, which
demonstrated its high potential for food preservation.

Minced meat was placed in composite coatings (gela-
tin, chickpea protein, copper sulfide nanoparticles, and
microencapsulated Nigella sativa essential oil) and
stored for 14 days at 4°C [108]. The microbiological tests
(L. monocytogenes, S. aureus, Enterobacteriaceae, and
Pseudomonas spp.) showed that the simultaneous use of
microencapsulated essential oil and CuS nanoparticles
had a positive synergistic effect in increasing the shelf
life of minced meat, compared to other samples.

Alginate-based nanocomposite coatings containing
TiO, nanoparticles and caraway essential oil showed a
high potential for extending the shelf life of beef [109].
The researchers studied their effect on chemical proces-
ses (changes in pH, total volatile basic nitrogen, pero-
xide value, and thiobarbituric acid-reactive substances)
and microbial spoilage (changes in viable enterobacte-
ria, lactic acid bacteria, L. monocytogenes, and Pseudo-
monas spp.) during 24 days of storage (4°C). The active
coatings significantly reduced lipid oxidation, microbial
growth, and total volatile basic nitrogen. They also
improved the beef’s sensory properties, retained its color
for longer, and increased its shelf life from 4 to 16 days.

Hybrid chitosan-ZnO nanoparticles in combination
with clove essential oil were found to have a good po-
tential in active packaging materials [110]. The scanning
electron microscope images showed a uniform distri-
bution of the components with their minimal aggrega-
tion in the nanocomposite coatings. These components
improved the film’s tensile at break (~ 39.82%), film
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hydrophobicity (~ 35.36%), ability to block ultraviolet
light, water vapor barrier (~ 84.64%), and oxygen barrier
(~ 57.66%), compared to the control film. In addition,
they increased antioxidant activity and antibacterial ac-
tivity against P. aeruginosa, S. aureus, and E. coli. The
nanocomposite coatings extended the shelf life of
chicken meat up to 5 days when stored at 8 = 2°C. The
researchers also determined the total migration limit
in distilled water, 3% acetic acid, and 50% ethanol. Ac-
cording to the results, the coatings had a total migration
rate below the allowable limit of 1000 pg/dL for mo-
del systems. The overall migration limit increased in
the following order depending on the solvent: distilled
water < 50% ethanol < 3% acetic acid.

Fish and seafood. Like meat and its products, fish
and seafood have a short shelf life that is limited to a
greater extent by microbiological spoilage.

Paidari and Ahari studied the effect of nanosilver and
nanoclay incorporated into packaging materials on the
growth of pathogens (V. parahaemolyticus, S. aureus,
and E. coli) in shrimp stored for 6 days at 4°C [111]. They
found that nanopackaging reduced the number of colo-
nies by more than one logarithmic cycle, which is a
significant reduction (p < 0.05). A synergistic effect was
also observed for packaging with both nanosilver and
nanoclay particles. Plasma-mass spectroscopy showed
no migration of coating components (Ag, Al, and Si) in
the shrimp samples on day 6 of the experiments.

Incorporating anthocyanins into packaging materials
helps control the process of food spoilage. For example,
pH-sensitive and antibacterial coatings based on chi-
tosan/polyvinyl alcohol/ZnO nanoparticles and contai-
ning extracts of purple potato or rosella helped monitor
the degree of freshness in shrimp by changing the color
from purple to light green [112]. The coatings absorbed
total volatile nitrogen released from the spoiled shrimp,
which caused hydroxide ions to form and induce dis-
coloration of the anthocyanins in the coating matrix.
Therefore, such coatings have promising potential as
active and intelligent packaging materials for food.

Efatian et al. studied a possibility of using a compo-
site coating for packaging Nile tilapia fish stored at 4
and —20°C for 5 and 10 days [113]. The coating consisted
of low-density polyethylene, silver nanoparticles, or a
mixture of silver, copper, and titanium oxide nanopar-
ticles. Antibacterial tests showed that the PNP/Ag + Cu/
TiO, nanocomposite coating exhibited strong antibac-
terial activity against £. coli and L. monocytogenes. The
researchers also evaluated the chemical characteristics
(pH, protein and fat concentrations, free fatty acid pro-
file) of the coated fish samples, as well as the migration
of nanoparticles. According to the results, the samples
packaged in Ag + Cu coatings had the least changes
in pH and a free fatty acid profile, compared to fresh
samples (p < 0.05). The migration of Ag and Cu nanopar-
ticles from the coating into the tilapia samples was neg-
ligible, with Ag and Cu releases of < 2.0 and < 10 ng/kg,
respectively.



Eremeeva N.B. Foods and Raw Materials. 2024;12(1):60-79

Fresh fruits. Fresh fruits contain minerals, vitamins,
phenolic compounds, and other nutrients. However, if
not properly preserved, they quickly deteriorate and ha-
ve a shelf life of only 5-7 days after harvest [114]. Cur-
rently, various types of processing (drying, jamming, etc.)
are used to maintain post-harvest quality, but such pro-
cessing leads to a loss of nutrients. However, coatings
incorporated with nanoparticles can improve the pre-
servation of these perishable products and extend their
shelf life.

Strawberry fruits were packaged in multifunctional
thin films (polylactic acid, antibacterial agents, and
silver nanoparticles obtained from mango peel extract)
and stored for 7 days at room temperature [115]. The
films showed strong antimicrobial properties against
E. coli and S. aureus. As we know, consumers are con-
cerned about the migration of nanomaterials from food
containers into food products posing potential risk to
health. In this study, however, the total amount of silver
migration was within the standard range throughout
the storage period. The membrane also exhibited lower
cytotoxicity, and the cells exposed to the composite film
had an 80% survival.

The blotting paper layer of the packaging material
incorporated with a mixture of plant extracts and silver
nanoparticles as an antibacterial, anti-mold, anti-yeast,
and anti-viral functional additive increased the shelf life
of perishable products [116]. The coated paper showed
good antibacterial activity against E. coli and Motlagh
S. aureus. Freshly harvested tomatoes and coriander lea-
ves packaged in the coated paper retained their quality
characteristics for 15 and 30 days. However, when stored
in plastic bags or outdoors, they showed partial spoilage
and wilting.

Silver nanoparticles were obtained from an acidic
polysaccharide isolated from the fruits of Rosa rox-
burghii [117]. This polysaccharide promoted the reduc-
tion of AgNO, into composites of Ag nanoparticles
by a one-stage, environmentally friendly process. The
resulting composites exhibited excellent antimicrobial
activity against S. aureus and E. coli. The coating ba-
sed on silver nanoparticles with chitosan showed a
preservative effect on cherry tomatoes.

Paper packaging incorporated with silver nanopar-
ticles bound with iturin A was used to prevent bacterial
spoilage of chicken and protect oranges from fungal
contamination [107].

Ready-to-eat products. Ready-to-eat foods, inclu-
ding ready-made salads, are the most vulnerable to mic-
robiological spoilage. Their shelf life under standard
conditions of 4 + 2°C is no more than 24 h.

Motlagh et al. studied the effect of polyethylene pac-
kages containing silver nanoparticles in various con-
centrations (0.02 and 0.04%) on the shelf life, appea-
rance, as well as microbiological and sensory properties
of Olivier salad on days 2, 12, and 22 of storage [118].
According to the tests, the total count of microorganisms
and molds increased with longer storage time and dec-
reased with higher concentrations of nanoparticles.
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In addition, E. coli decreased over time in all three
packages, while the concentration of nanoparticles had
no effect on the coliforms. Sensory characteristics were
better in the samples stored in the packages with silver
nanoparticles. The most optimal shelf life was 14 days in
a package with 404.93 ppm of silver nanoparticles. The
migration of silver ions from the package into the salad
was measured by atomic absorption and was found to be
within acceptable limits.

Table 2 summarizes the key characteristics of coa-
tings based on nanoparticles that have not been covered
above.

Although increasing the shelf life of food products,
metals and their oxides can affect human health due to
toxic effects [128, 129]. Therefore, their migration into
products is undesirable and must be carefully controlled.
As noted above, most studies have been devoted to
antibacterial nanoparticles of silver and zinc in films
and coatings. Therefore, the migration of coating com-
ponents into food systems has also been described using
these nanoparticles.

After ingestion, food products can release nanopar-
ticles into the gastrointestinal environment [130]. Accor-
ding to in vitro studies, silver nanoparticles can disrupt
the function of intestinal apical epithelial cells [131].
Moreover, they can induce inflammatory changes and
oxidative stress in intestinal cells [132].

Other studies determined the toxicity of nanopar-
ticles of metals and their oxides depending on the dose
of exposure. They found that low concentrations of na-
noparticles had no detrimental effect in vitro or in vivo.
Particularly, the values of the starting point of transc-
riptomics for silver nanoparticles were significantly
lower than the concentrations associated with changes
in the calcium channel, oxidative stress, and membrane
potential [128]. According to [133], ZnO nanoparticles
are able to pass through the intestinal barrier and move
from the intestinal lumen to hemolymph. However, no
general toxicity was observed, and no oxidative stress
was found in hemolymph cells (hemocytes).

Thus, there is still a lack of studies on the effect of
films with nanoparticles of metals and their compounds
on ready-to-eat products, so this area is worth pursuing
in further research. The existing data are contradictory
and therefore they cannot clearly indicate whether films
and coatings with metal nanoparticles are safe or not,
including those that are in contact with food.

CONCLUSION

Nanotechnology is a rapidly developing field of sci-
ence. Researchers have been searching for ways to
create nanoparticles with specified parameters using
environmentally friendly methods, including biosynthe-
sis based on plant extracts, plant parts, bacteria, and
viruses. Such nanoparticles are widely used in films for
various purposes. Nanoparticles of metals and metal
oxides can act as antibacterial agents that are active even
at low concentrations.
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Table 2 Antibacterial effect of metal and compound nanoparticles incorporated into coatings for some food products

Nanoparticles  Coating components Pathogens Method Product References
ZnO Acetylated cassava Staphylococcus aureus, Escherichia Counting viable cell Meat [119]
starch, polybutylene coli, Enterobacteriaceae, Pseudomonas colonies
alipat-coterephthalate,  spp.
glycerin
Ag/AgCl-levan Polyvinyl acetate E. coli, Klebsiella pneumoniae, Agar disc diffusion  Minced [46]
Salmonella enterica, Pseudomonas meat
aeruginosa, S. aureus, Micrococcus
luteus, Listeria monocytogenes, and
Enterococcus faecalis
Si0,-ZnO y-carrageenan/cassava  E. coli and S. aureus Agar disc diffusion  Minced [120]
starch chicken
Ag Agar, glycerin L. monocytogenes and E. coli Counting viable cell Beefloin  [121]
colonies
ZrO, Apple peel pectin, E. coli and S. aureus Agar disc diffusion  Quail meat [122]
potato starch, glycerin,
Zataria multiflora
microencapsulated
essential oil
TiO, Gelatin, x-carrageenan, E. coli and S. aureus Agar disc diffusion  Trout [123]
saffron or barberry
extract
Fe,TiO, Sodium alginate, Bacillus subtilis, E. coli, Bacillus Agar disc diffusion ~ Strawberry [124]
calcium chloride, cytotoxicus, S. enteritidis
glycerin
Ag Soy protein isolate, S. aureus, E. coli, P. aeruginosa, Agar disc diffusion  Bread [125]
chitin, glycerin Bacillus
ZnO Sodium alginate, aloe  S. aureus, E. coli, Syncephalastrum Agar disc diffusion  Tomatoes  [126]
vera gel, glycerin racemosum
ZnO Soy protein isolate, red  Total microbial count Agar disc diffusion  Pork [127]

grape

Nanoparticles have unique properties associated with
their small size. They can attach and electrostatically
bind to bacterial cell walls, causing membrane damage
and, eventually, cell lysis. This explains their superior
antimicrobial activity.

We studied the potential of incorporating nano-
particles into polymer and biopolymer films to obtain
new materials with strong antimicrobial properties
in vitro. We saw a trend towards a widespread use of
silver or zinc nanoparticles, compared to other types of
metal nanoparticles. The films under study exhibited
antibacterial properties against major food pathogens,
such as Escherichia coli, Staphylococcus aureus, Lis-
teria monocytogenes, Pseudomonas aeruginosa, Strep-
tococcus oralis, Salmonella typhimurium, etc. Many of
them also showed improved physicochemical proper-
ties, such as water vapor permeability, water solubility,
UV barrier, antioxidant properties, and others.

Bioactive coatings with nanoparticles of metals or
their compounds are increasingly being studied as
potential packaging for food raw materials and ready-
to-eat products. Such composite films can extend the
product’s shelf life by reducing the rate of microbial
spoilage and lipid oxidation. In addition, they have no,
or only a slight, effect on the sensory characteristics of
food products.

However, the migration of metal ions into a food
product is highly undesirable, which may prevent com-
posite films with metal nanoparticles from wide use.
Further research into the migration of nanoparticles
from the film into the food matrix might show if such
films can be safely used for products with different
chemical compositions.
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Abstract:

Comparative studies that feature the physiology of wild and domestic animals replenish the fundamental knowledge in the field
of biology and adaptive potential, thus increasing the efficiency of domestication. Semi-free conditions and artificial environment
create prerequisites for epidemics and stress. However, early detection can prevent critical situations. This research provides new
data on moose biology and physiology by establishing age and sex hematological parameters.

The study featured moose blood samples (n = 55) obtained in the Kirov Region in the northeast of European Russia. Hemato-
logical tests relied on a veterinary version of a MicroCC-20 Plus automatic analyzer (High Technology).

This research was the first of its kind to introduce a comparative hematological analysis of local European moose according to
age and sex. Adults and calves demonstrated significant differences (p < 0.05) in red blood cells, hemoglobin, hematocrit, mean
corpuscular volume, mean concentration hemoglobin, mean corpuscular hemoglobin concentration, platelet distribution width,
red blood cell distribution width, platelet crit, platelets, leukocytes, and eosinophils. Females and males also had significant
differences (p < 0.05) in red blood cells, hemoglobin, mean corpuscular volume, red blood cell distribution width, platelet
distribution width, platelets, and eosinophil content. The single- and multivariate analysis made it possible to establish the effect
of physiological factors on the blood parameters in moose.

The hematological values were in line with the most indicators reported in other publications on wild artiodactyls. The existing
differences in blood parameters depended on the species, habitat, food supply, age, and sex.

Keywords: Alces alces, moose females, moose males, adult animals, calves, hematology, erythrocytes, leukocytes, platelets
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INTRODUCTION
The European moose (Alces alces, Linnaeus, 1758)

Moose possess numerous valuable qualities, inclu-
ding rapid growth and maturation. Under normal condi-

is one of the largest representatives of the taiga fauna.
The species has a significant ecological variability and
acclimatizes quite easily to new habitats. The moose
is a traditional game species in many countries [1-3].
Nowadays, moose are bred in semi-free conditions
and artificial habitats. Their complete commercial deve-
lopment is possible only on farms. Moose are a source of
meat and milk, which has a chemical composition of a
high-quality food product. Moose skin can be processed
into top-grade suede. In addition, moose can be used for
transport purposes.

tions, the fecundity approximates 1.5 calves per mature
female. This indicator depends on the habitat, climate,
and individual characteristics. Both females and males
become breedable at 18 months [4].

An important advantage is that moose experience
no forage competition from farm animals. In their year-
round free-ranging, they rely on trees and shrubs of
a certain composition and age. Moose diet varies from
habitat to habitat and from season to season [4].

The bottle-neck of moose breeding is the veterinary
and sanitary measures against non-communicable and

Copyright © 2023, Perevozchikova et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
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80


http://jfrm.ru/en
https://doi.org/10.21603/2308-4057-2023-1-547
https://elibrary.ru/RGPVXQ
https://orcid.org/0000-0003-3638-3712
https://orcid.org/0000-0003-1633-1341
https://orcid.org/0000-0002-9461-5131
mailto:mperevozchikova@mail.ru
https://ror.org/05qrfxd25
https://doi.org/10.21603/2308-4057-2024-1-592
https://doi.org/10.21603/2308-4057-2024-1-592
http://crossmark.crossref.org/dialog/?doi=10.21603/2308-4057-2024-1-592&domain=pdf

Perevozchikova M.A. et al. Foods and Raw Materials. 2024;12(1):80-90

contagious diseases. Thus, moose farming requires not
only hunting and biotechnical procedures, but also a
number of veterinary measures.

Peripheral blood is highly sensitive to environmental
conditions. As a result, it can be used to assess the
health, adaptive capabilities, and stability of moose orga-
nism. Hematology currently occupies a leading place
in veterinary science as it links physiology with clinical
evidence. By establishing the effect of age, sex, and sea-
son on blood parameters, veterinarians can detect the
slightest changes in animal physiology [5]. In addition,
hematological studies are important because blood
performs numerous and complex functions. Diagnostic
hematology relies on the morphology, quantity, and ratio
of blood cells. These studies include the diagnostics
of hematopoietic and other organs and tissues because
their malfunction affects blood morphology and bioche-
mistry [5]. Hematology allows veterinarians to detect
deviations from the norm. These methods can also be
used to assess the state of wild animal populations [6].

Therefore, hematological methods are important
tools in studying the health of individual animals and
whole populations. They provide such valuable input
data as challenging breeding conditions, semi-free or
artificial habitat, acclimatization, population decline,
epizootics, etc.

The first moose blood studies belonged to Ponder,
who reported them as mammals with the largest red
blood cells. Knorre & Knorre studied the concentration
of red blood cells and hemoglobin in moose blood at
the Pechoro-Ilychsky Reserve in the Komi Republic,
Russia [7, 8]. Indeed, all publications report the large
size of moose red blood cells, as well as their low
concentration, which indicates a relatively low oxygen
transportation [9].

Very few modern studies in moose hematology
are now available. As a rule, they rely on insufficient
sampling, provide no sex or age differences, or involve
only animals kept in captivity [6, 10—11]. However un-
representative, these studies are of considerable scien-
tific value.

The purpose of this research was to obtain new data
in the field of biology and physiology of moose and to
establish hematological parameters for various age and
SeX groups.

STUDY OBJECTS AND METHODS

Moose blood samples (n = 55) were collected from
13 young females, 11 adult females, 10 young males,
and 21 adult males.

The animals were caught in 2011-2020 during hun-
ting seasons between October and December. All the
animals were clinically healthy and demonstrated no
signs of disease at the time of sampling.

The body weight varied as follows: 127.0-185.0 kg in
young females, 363.0-432.0 kg in adult females, 178.0—
201.5 in young males, and 280.0—420.5 in adult males.

The sampling covered the experimental game farm
at the Professor Zhitkov Russian Research Institute of

Game Management and Fur Farming. It is located in
the southern taiga of the north-east of European Russia,
namely, in Slobodsky, Zuevsky, and Belokholunsky dist-
ricts of the Kirov Region with the geographical center
in the village of Rogovoe (58°33°04”N, 50°43°42”E). The
total area of the experimental farm is 66 250 ha. The
climate is continental, with moderately cold winters and
warm summers. All the animals were wild and roamed
freely within the farm, feeding on local vegetation.

Blood samples were obtained by cutting the jugular
vein (Venae jugularis L. immediately after shooting:
4 cm® of blood was collected into UNIVAC vacuum tu-
bes with dipotassium ethylenediaminetetraacetic acid
(K2EDTA) anticoagulant. The tubes were kept refrige-
rated until sent to the laboratory.

The hematological studies took place on days 1-3
using a veterinary modification of a MicroCC-20 Plus
automatic analyzer (High Technology, USA). The leu-
kocyte formula was calculated by the microscopy of
blood smears stained with dye-fixative eosin methylene
blue according to May-Grunwald and azure-eosin dye
according to Romanovsky (MiniMed-M-G, Russia).

Each blood sample was studied for red blood cells,
hemoglobin, hematocrit, mean corpuscular volume,
mean concentration hemoglobin, mean corpuscular
hemoglobin concentration, red blood cell distribution
width, platelet distribution width, platelet crit, platelet
count, white blood cells, and eosinophils.

The statistical analysis involved MS Excel (Office
2019), Statgraphics (19-X64) software, and standard
methods [12]. The mean (M), standard deviation (SD),
median (Me), and the 25" and 75" percentiles served to
describe the samples. The Mann-Whitney U test and the
Kruskal-Wallis H test were applied to compare the groups.
Single- and multivariate analysis of variance made it
possible to assess the effect of age, sex, and body weight
on the hematological parameters. The effect was conside-
red significant at p < 0.05.

RESULTS AND DISCUSSION

Blood analysis assesses the state of health or the
course of a pathological process in the animal body.
In the recent past, veterinary practice did not rely
on hematology because blood testing methods were
underdeveloped, the equipment was lacking, and no data
on blood composition in wild species were available.
Moreover, veterinary science possessed very poor
evidence about the relationship between the qualitative
composition of blood and the course of pathological
processes. Blood testing opened up good prospects for
understanding various pathologies and their control.
Blood changes can facilitate diagnosis and prognosis.

Thus, the baseline values for various hemogram
parameters can indicate the state of specimen and
populations of game animals that are exposed to the
environment conditions, pathogenic microorganisms,
parasites, toxins, etc.

The research delivered reliable data on red blood
cells, while blood cells, and platelets of wild moose
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Table 1 Red blood cell parameters for free-ranging moose given for calves and adult animals (n = 55)

Parameters, Calves<1y.o0., @  Adults, ¢ Calves<ly.o0.,d  Adults,

min — max

M=SD

Me

25-75%

Red blood cells, x10'%/ L 3.60-5.98 4.36-7.24 4.54-5.90 4.77-9.10
4.72 +£0.66 5.88 +£0.94 5.29+0.42 6.95+1.11
4.724-8 5.8748 5.3548 7.3548
4.30-5.18 5.12-6.52 5.00-5.58 6.20-7.71

Hemoglobin, g/L 93-140 105-173 100-139 121-199
117.07 £ 14.13 143.54 £ 21.34 121.50 £ 11.91 158.04 + 23.47
11548 1434 12248 1594
109-124 127.0-166.0 114-129 144-173

Hematocrit, % 23.7-34.4 31.8-58.7 30.5-42.3 33.1-60.4
28.84 +3.03 45.56 £ 8.82 35.52+£3.18 4598 £7.73
29.44 4414 36.254 47.6%
27.2-30.7 38-52.1 33.5-36.4 41.2-51

Mean corpuscular volume, fl 57.2-65.3 60.1-79.0 58.9-79.8 63.4-86.0
61.33+2.26 68.79 + 5.64 70.24 +7.10 72.12+6.15
61.648 68.54 70.958 71.8
60.1-62.7 62.6-72.8 64.1-75.6 67.9-75.1

Mean concentration hemoglobin, pg 19.3-24.5 22.2-25.3 19.5-26.1 21.9-26.0
21.80 +1.60 24.05 +0.83 22.85+2.25 2390+ 1.18
21.64 244 22.45 239
21.1-22.5 23.6-24.8 21.9-25.1 23.1-24.7

Mean corpuscular hemoglobin 324-373 339-386 247-374 337-400

concentration, g/L 346.69 +13.73 361.00+13.73 329.70 + 44.58 365.28 +17.47
3464 3624 341.54 3634
343-351 350-371 327-361 352-379

Red blood cell distribution width (standard 13-15.3 13.8-16.8 13.8-18.1 14.5-18.3

deviation), % 14.37+0.70 15.10+£0.87 1590 +£1.32 16.36 £0.98
14448 15248 15.98 16.48
13.9-14.8 14.3-15.7 15.0-16.4 15.7-17.0

A — differences between calves and adult animals are significant (p < 0.05); ® — differences between females and males are significant (p < 0.05)

depending on sex and age. Table 1 structures the red
blood cell count for adult wild moose and calves (n = 55).

Table 2 features platelet parameters in adult wild
moose and calves (n = 55).

Table 3 describes while blood cells and leukocytic
formula for adult wild moose and calves.

Our single- and multivariate analysis revealed the
effect of age, sex, and weight on blood parameters.
Sex and age proved to have a significant effect on red
blood cells (p=0.00, p=0, respectively), mean cor-
puscular volume (p=0.00, p=0.00), red blood cell
distribution width (p =0.00, p=0.03), platelet dist-
ribution width (p =0.00, p=0.00), and ecosinophils
(p=0.00, p=0). Age had a significant effect on hemo-
globin (p =0.00), hematocrits (p =0.00), mean con-
centration hemoglobin (p =0.00), mean corpuscu-
lar hemoglobin concentration (p =0.00), platelets
(p =0.00), white blood cells (p =0.00), and monocytes
(p =0.02).

The moose of different sex and age differed signi-
ficantly in body weight, which affected the following
hematological parameters: red blood cells (p =0.00),
hemoglobin (p =0.00), hematocrits (p =0.00), mean
corpuscular volume (p = 0.00), mean concentration he-
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moglobin (p = 0.00), red blood cell distribution width
(p=0.00), platelet distribution width (p =0.00), pla-
telets (p =0.00), white blood cells (p=0.00), and
eosinophils (p = 0.00).

Respiratory phylo- and ontogenesis of blood in
vertebrates has one common trend: erythrocytes lose
their nucleus, lifespan increases, and size and shape
change [13]. In precocial species, blood becomes denu-
clearized as early as in embryogenesis. Non-nucleated
erythrocytes break down glucose to lactic acid, and this
metabolic process is responsible for the gas transport
function in mammals [14].

The respiratory function of blood also depends on
the development of the skeleton and the musculoskele-
tal system [15]. In newborn mammals, the entire red
bone marrow is engaged in hematopoiesis. In mature
animals, a certain part of red bone marrow is replaced
by yellow adipose marrow [16]. In newborn reindeer,
the weight of the bone marrow is 13% body weight and
58.3% skeleton weight; 60% of bone marrow is in the
peripheral skeleton [14].

Between birth and puberty, blood volume, red
blood cells, and hemoglobin increase together with live
weight gain. In wild animals, the mean blood volume



Perevozchikova M.A. et al. Foods and Raw Materials. 2024;12(1):80-90

Table 2 Platelet parameters for free-ranging moose given for calves and adult animals (n = 55)

Parameters, Calves<1y.o., Q Adults, @ Calves<1y.0., & Adults, &

min — max

M=+ SD

Me

25-75%

Mean platelet volume, fl 7-9.5 7.4-10.5 5.6-9.8 6.6-10.8
8.43+0.71 9.03 +£0.95 8.18 +£1.43 8.48 +£1.07
8.5 9 8.35 8.5
8.0-8.9 8.3-9.6 7.1-9.5 7.8-9.1

Platelet distribution width, % 9.5-13.8 11.1-18.3 10.1-18.8 12.0-21.9
11.66 £1.15 15.22+2.23 14.72 £2.97 16.57+2.82
1248 15.54 1498 16.3
10.8-12.2 13.2-16.9 12.1-17.5 14.3-18.8

Platelet crit, % 0.127-0.178 0.047-0.183 0.110-0.206 0.074-0.247
0.15+0.01 0.11 £0.04 0.14+0.03 0.14+0.05
0.1494 0.1214 0.152 0.14
0.145-0.163 0.085-0.161 0.112-0.175 0.095-0.197

Platelets, 10°/L 144-241 134-296 135-254 137-372
194.76 £ 27.01 211.36 £49.89 172.50 £ 36.27 234.85+61.70
2008 214 172.548 2364
182-212 185-252 142-188 213-264

A — differences between calves and adult animals are significant (p < 0.05); B — differences between females and males are significant (p < 0.05)

Table 3 White blood cell and leukocytic formulas for free-ranging moose given for calves and adult animals, % (n = 55)

Parameters, Calves<1y.o., Q Adults, 9 Calves<1y.o0.,d Adults, &
min — max
M=+ SD
Me
25-75 %
White blood cells, x10°/ L 1.9-3.6 2.0-5.1 1.84.2 2.1-5.3
2.73+£0.44 3.28+0.79 3.00+£0.77 3.77+0.98
2.64 324 34 3.6%
2.5-3.0 2.8-3.7 24-3.8 3.1-44
Leukocytic formulas, %
Rod-shaped neutrophils 04 04 0-5 1-4
2.076 +1.320 1.36 = 1.50 2.00 +1.88 2.38+1.02
2 1 1.5 2
1-3 0-3 04 2-3
Segmental neutrophils 2444 4-49 1445 1847
30.69 + 6.25 26.27 +16.79 28.60+9.77 32.52+10.26
27 27 27.5 28
27-31 7-40 20-37 24-42
Monocytes 0-2 0-3 0-3 0-2
1.23+0.72 0.81 £1.07 1.30+1.15 0.57+0.67
1 0 1 0
1-2 0-2 0-2 0-1
Lymphocytes 53-70 45-87 50-76 43-69
61.92+6.42 65.27+15.98 62.30 +8.26 59.28 £9.07
65 68 59.5 63
55-68 46-80 58-69 49-67
Eosinophils 0-7 2-9 0-6 5-10
2.69+1.93 6.27+£2.14 4.20+2.04 7.80 £ 1.50
2 A 7 A 45 A.B 8 A.B
1-4 5-8 3-6 7-9

A — differences between calves and adult animals are significant (p < 0.05); B — differences between females and males are significant (p < 0.05)

per unit of body weight hardly changes during postnatal
ontogenesis. In domestic ungulates, body weight in on-
togenesis increases faster than the mean blood volume

and hemoglobin.

A large volume of circulating blood and its high
hemoglobin content allow wild ungulates to endure
the intense muscle load and the high energy ex-

change associated with physical activity [14]. Korzhuev
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formulated this phenomenon as a greater “provision”
of wild animals with blood [15].

The blood of wild ungulates undergoes significant
changes in the first six months of life because calves
need to prepare for winter [16]. Like other wild ungu-
lates, moose grow very fast after birth: in fact, their
body weight increases by > 10 times over the summer [9].
Newborn calves have a significant blood content, which
may reach 10.6—16.2% body weight [9]. During the first
post-natal week, the concentration of red blood cells
and hemoglobin decreases because the plasma volume
increases in a matter of days, while the count of red
blood cells remains the same or decreases slightly. The
blood becomes less saturated with cells, while its total
volume goes up [9]. Moose calves are reported to eat
clay and drink rusty marsh water to consume ferrous
iron. This need to replenish the iron supply during
intensive hematopoiesis is an important ecological
feature [9]. Newborn moose, like reindeer, demonstrated
a high blood percentage but no anemia [9, 17].

After this temporary inhibition, the hematopoietic
activity increases by the time calves are 30 days old.
The count of red blood cells increases by an average
of 48.9%, and erythrocytes and hemoglobin soon re-
gain their initial count. Since the weight of moose
calves rapidly increases during this period, the mean
volume of blood and hemoglobin drops by 15 and 25%,
respectively [9]. The rapid growth was reported by
Knorre & Knorre and Petrov [8, 18]. In addition, the
fast growth rate increases together with the activity of
hematopoietic organs: one-year-old calves and adult
moose have the same blood-to-body weight ratio.

In wild moose, blood volume keeps pace with body
weight much better than in domestic animals. Accor-
ding to Petrov, it takes the same time for calf’s ske-
leton to increase by 10 times as it takes its heart to
grow by 30 times [19]. A larger heart means a larger
blood volume. Thus, adult moose have much larger
mean blood content than cows, sheep, and horses: it is
9-12% in moose and only 6—9% in farm animals [20].
In this respect, the moose is similar to the reindeer and
the argali. However, these wild ungulates have much
higher hemoglobin (1 g per 1 kg body weight). Moose
make poor long-distance runners, and their low hemo-
globin can be explained by their lower mobility.

To sum it up, all processes inside animal organisms
affect the morphological, biochemical, and immunolo-
gical parameters of blood. External factors also have a
significant effect. However, the changes that take place
in blood composition as a result of external and internal
factors cannot be assessed without a reliable reference
range. Still, this range should be considered as a rough
guide, not an iconic reference because free-ranging wild
animals seldom make a large sample.

Veterinary laboratories of the early XXI century
saw a rapid automatization. Unlike traditional methods,
automatic hematology analyzers are highly accurate
and efficient. They illustrate cell distribution as histo-
grams and require very little biological material. Mo-
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dern analyzers cover 20 parameters, some of which can-
not be established by microscopy, e.g., red blood cell
distribution width, platelet distribution width, mean cor-
puscular hemoglobin concentration, mean platelet vo-
lume, etc. These parameters have significant clinical and
diagnostic value [21]. In addition, automatic hematology
analyzers are more objective compared to the manual
method. Thus, automated blood testing offers new diag-
nostic possibilities for wildlife studies.

Erythrocyte indicators. Red blood cells are one of
the most important erythrocyte indicators. Automated
blood tests provide coefficient of variation for this
parameter below 1% [21]. Polycythemia, or erythrocy-
tosis, is a high red blood cell count caused by various
processes. The list of physiological causes usually in-
cludes prolonged physical stress and high altitudes
while pathological causes involve chronic lung diseases,
kidney diseases associated with erythropoietin, chronic
heart failure, tumors, etc. Relative polycythemia deve-
lops if the volume of circulating plasma increases, e.g.,
as a result of long diarrhea and vomiting. It can also be
caused by redistribution and deposition of blood or its
superfluous release from the blood pool, as well as by
acute hypoxia and stress, accompanied by an increase in
blood norepinephrine, adrenaline, and glucocorticoids.

Erythropenia is a low red blood count caused by
various anemias, kidney diseases associated with low
erythropoietin, infectious and autoimmune diseases,
hyper- and hypofunction of the thyroid gland, hemoglo-
binuria, hemoglobinopathies, radiation sickness, etc.

Hematocrit represents the volume percentage of
red blood cells. Hematocrit levels that are too high can
indicate symptomatic erythrocytosis or erythremia, trau-
ma, shock, or dehydration caused by severe diarrhea,
vomiting, or burn disease. Low hematocrit levels indi-
cate severe blood loss, various anemias, or an increase
in circulating blood volume.

Hemoglobin reflects the concentration of hemoglobin
in the blood. Automatic hematological analyzers provide
the variation coefficient below 2% [21]. Hemoglobin le-
vels that are too high may reflect physiological changes
and diseases associated with high red blood cell count.
Low hemoglobin is typical of anemia and may be cau-
sed by blood loss, impaired hematopoiesis, or hemolysis.
Though anemia can be an independent disease, it is
usually a symptom of another chronic disease.

Mean cell volume, or mean corpuscular volume, is
calculated by dividing the total red blood cells by their
number. In an automated blood test, it indicates the vo-
lume of the entire cell population. The mean cell vo-
lume can have a normal value even in case of a prono-
unced macro- and microcytosis. Then, the real sizes
of erythrocytes can be determined by analyzing his-
tograms of cell distribution in the population. Micro-
cytic, normocytic, and macrocytic anemias depend on
the mean cell volume [21].

Mean concentration of hemoglobin, or mean cell
hemoglobin, in an erythrocyte is calculated by dividing
the hemoglobin concentration by the number of red
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blood cells per unit volume. The clinical significance
of this parameter is similar to the blood color index.
Anemias are divided into normochromic, hypochromic,
and hyperchromic ones, depending on mean cell he-
moglobin.

Mean cell hemoglobin concentration, or mean
corpuscular hemoglobin concentration, reflects the
degree of saturation of erythrocytes with hemoglobin.
It is the ratio of hemoglobin values to hematocrit, mul-
tiplied by 100. The mean corpuscular hemoglobin con-
centration is a concentration index that does not depend
on the cell volume, which makes it a sensitive indicator
of a hemoglobin formation problem.

An increase in the mean corpuscular hemoglobin
concentration may be associated with a microsphero-
cytic hemolytic anemia unless it is a technical error.
Low mean corpuscular hemoglobin concentrations ac-
company impaired hemoglobin synthesis in cases such
as hemoglobinopathies and iron deficiency anemia.

Red blood cell distribution width is an indicator of
erythrocyte volume heterogeneity and anisocytosis. It de-
termines the degree of anisocytosis, i.c., fluctuations in
the size of red blood cells [21].

In laboratory practice, the abovementioned red blo-
od cell parameter usually serves to diagnose anemia of
various etiologies. However, red blood cell distribution
width appeared to be a reliable laboratory indicator that
can be used to diagnose diseases that are not associated
with anemia. Thus, automatic hematological analyzers
provide erythrocyte indices and histograms that can
serve as a useful diagnostic tool for a wide range of
pathologies.

The hematological parameters obtained in this
research somewhat differed from the results reported by
foreign and domestic scientists, but the trend between
adult animals and calves was similar in most indicators.

We established significant differences (p < 0.05) for
all red blood cell parameters between calves and mature
animals. Females and males in both age groups also
demonstrated significant differences.

The Pechoro-Ilychsky Reserve (Komi Republic) con-
ducted a comprehensive study of hematological para-
meters in moose. According to Kochanov, moose hardly
differed in red blood cells: calves — 5.52x10° per 1 mm?,
one-year-olds — 5.63x10° per 1 mm?’, adult females —
5.41x10° per 1 mm?® [22]. The hemoglobin percentage
slightly increased with age and reached 8.99, 9.25, and
9.7 g%, respectively. Knorre & Knorre reported data
similar to our findings on red blood cells in one-year-
olds and adult moose [8]. Adult moose had a gradual
decrease in hemoglobin, which dropped from 11.5 to
8.16 g%, unlike three-month-old calves. Irzhak reported
bigger numbers for one-month-olds in spring: their
red blood cell count was by 2 million/mm?® higher
than in adults (6.2 and 4.2 million, respectively), and
the hemoglobin was by 0.7 g% higher (8 and 7.3 g%,
respectively) [23].

Norwegian moose had higher indicators than those
obtained in this research. Calves had by 25% more
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red blood cells and by 20.47% more hemoglobin while
adult moose had hemoglobin by 6.22% more than in our
work [6]. Adult female American moose (Alces ame-
ricanus shirasi, Nelson 1914) in northwestern Wyoming,
USA, exceeded our results in the red blood cell count
by 26.72% and hemoglobin by 13.96% [10]. Adult fe-
male California wapiti (Cervus elaphus nannodes,
Merriam 1905) that live in California, USA, had mo-
re hemoglobin by 17.35% and more hematocrit by
13.7% [24]. The difference could probably be explai-
ned by their habitat. Most of the territory of Norway
is more than 490 m above sea level; the highest point
of Wyoming is 4207 m while the state of California is
4421 m above sea level. In the Kirov Region, the dif-
ference in absolute heights ranges from 56 to 337 m. In
all the abovementioned studies, the mean corpuscu-
lar volume, mean concentration hemoglobin, and mean
corpuscular hemoglobin concentration were almost iden-
tical with our results.

The black-and-white cattle (Bos taurus, Linnaeus,
1758) from Tajikistan mountains also showed a higher
red blood cell count in adult males: it was by 7.55%
higher than our data for the moose from the Kirov
Region [25]. Yaks (Bos mutus, Przewalski, 1883)
also had a higher total red blood cell count [25]. For
young yak females and males, the figures were higher
by 28.6 and 18.2%, respectively, while the hemoglobin
count was higher by 16.67% for young females and by
7.58% for young males. The hypsometric levels of Taji-
kistan mountains range from 300 to 7495 m above seca
level.

The West Caucasian tur (Capra caucasica severtzovi,
Menzbier 1887) from the Karachay-Cherkessia had the
total red blood cell count 50% as high as that of the
moose from the Kirov Region [26]. Their mean corpu-
scular hemoglobin concentration also was by 13.5% hig-
her. The pastures of the Karachay-Cherkessia Republic
are 1650 m above sea level.

Domesticated Nenets reindeer (Rangifer tarandus,
Linnaeus 1758) in the Yamalo-Nenets Autonomous Re-
gion had the total red blood cell count in the peripheral
blood by 18.2% higher than in this research [27]. The
Transuralian area is 200-500 m above sea level.

Adult free-range wild reindeer in southwestern
Norway showed higher red blood cell counts by 38.23%
and hemoglobin by 12.72% [28]. However, they had lo-
wer figures for the mean erythrocyte volume, mean
concentration hemoglobin, and red blood cell distribu-
tion width by 37.28, 32.09, and 8.875, respectively. The
hematocrit and mean corpuscular hemoglobin concent-
ration coincided with our results.

The moose from the Pechoro-Ilychsky Reserve of
the Komi Republic had very similar blood parameters
to those reported in this study [11]. The Reserve is 150—
175 m above sea level.

Animals use different anatomical, physiological and
biochemical means to adapt to different heights, i.c.,
to the amount of oxygen available [29]. High altitudes
trigger certain transformations in the oxygen transport
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system. The partial pressure of oxygen is not enough
to saturate the blood, so the total oxygen-transportation
capacity increases. The low capacity of hemoglobin to
carry oxygen requires more circulating respiratory
pigment. The regulatory effect of 2,3-diphosphoglyce-
rate increases to facilitate the release of oxygen by he-
moglobin in the tissues. Behavioral and physiological
adaptations include low muscle activity and low oxygen
demand, as well as increased heart rate and breathing,
which increases the amount of oxygen delivered to
tissues. However, adaptive shifts that occur at the
molecular level eliminate this phenomenon. First, a
greater red blood cell count increases the oxygen-car-
rying capacity. Second, hemoglobin gives more oxygen
to tissues, because the concentration of 2,3-DPG in
erythrocytes increases [29].

Climate is as important as altitude. The review above
included animals that inhabited different climatic zones,
from the Mediterranean, California, and subtropical
Tajikistan to the Yamalo-Nenets area in the Far North
with its sharply continental climate.

Most animals are excellent survivors under harsh
winter conditions. The reindeer would simply not be
able to live in a warm habitat because it lacks sweat
glands. However, these animals maintain a high level
of hemoglobin during the winter period: it reaches
1.5 per 100 kg of live weight, which is 0.6-1.2 kg in
other animals, and its blood volume reaches 11% live
weight [30, 31].

Moose demonstrate significant age-related differen-
ces in blood counts. Some studies [11, 32] report physio-
logical anemia as normal for young animals that are
low in red blood cells, hemoglobin, hematocrit, and
leukocytes. Males have a higher red blood cell count
than females because red blood cells increase testo-
sterone under the action of erythropoietin. As a result,
male moose increase their blood volume before the rut
season, which presupposes fights and wounds. By the
beginning of the rut season, they develop mature ant-
lers [33, 34]. The percentage of red blood cell weight and
hemoglobin increases. Fluctuations in hematocrit can
also be caused by different water intake, intestinal di-
sorders, etc. [34].

Our sampling was performed by hunting. The chase-
related stress and hyperventilation can cause spleen
contraction and an increase in hematocrit by 10% or
more, as well as in red blood cells and hemoglobin [35].

Platelet indicators. Automated hematological blood
tests also provide valuable information on platelets, their
mean volume, distribution width, and crit.

Total platelet count, or platelets, is an important
indicator that can detect thrombocytosis, an increase in
platelets typical of chronic myeloproliferative diseases,
acute and chronic inflammatory processes, amyloidosis,
blood loss, malignant neoplasms, and hemolytic anemia.
Thrombocytopenia is a decrease in platelets caused by
their destruction and inhibited formation [5].

Mean platelet volume describes the size of platelets
based on their volumetric distribution. Mean platelet vo-

lume is inversely proportional to platelet count, which
maintains hemostasis and constant mass. Consequently,
the more numerous they are, the smaller they get. A pa-
thology might violate this proportion. Intensive throm-
bocytopoiesis, increased aging, and various activators
can change the proportions between the mean volume
and count.

Platelet crit represents the ratio of mean platelet vo-
lume and total blood volume. It depends on the number
of platelets and their size. In clinical practice, this indi-
cator assesses the risk of bleeding and thrombosis.
Platelet distribution width reflects the size heterogeneity
in terms of size, i.e., the anisocytosis degree. Platelet
aggregates, microerythrocytes, and platelet fragments
may increase this indicator. Myeloproliferative diseases
also affect platelet distribution width [21].

This research established significant (p < 0.05) age
differences in terms of mean platelet distribution width
and platelet crit between young and adult females.
Another correlation included platelet count in young
and adult males. We also revealed significant sex dif-
ferences in mean platelet distribution width between
young females and males, as well as in platelet count in
adults.

The moose from the Kirov Region differed in platelet
parameters from Norwegian moose in that adult Russian
moose had a larger platelet count by 27.28% [6]. The pla-
telets in young Norwegian moose exceeded our figures
by 19.31%. The same dynamics was typical of the mean
platelet volume: our data were higher by 22.34% in cal-
ves and 32.31% in adults. Norwegian adult female moose
also had fewer platelets by 26.75% [10].

Leukocyte indicators. Leukocyte count and compo-
sition are the most important leukocyte indicators. Leu-
kogramic changes often precede the clinical signs of cer-
tain diseases and indicate pathological processes. Leu-
kocytosis is an increase in the number of leukocytes.
It may be the result of leukemia, acute inflammatory
and infectious processes, myocardial infarction, malig-
nant tumors, burns, thrombosis of peripheral arteries ac-
companied by gangrene, uremia, significant blood loss,
toxic poisoning, and ionizing radiation. Leukopenia is
a decrease in the leukocyte count. It accompanies viral
diseases, aplastic anemia, agranulocytosis, some acute
leukemias, radiation sickness, systemic diseases, endo-
crine pathology, chronic gastritis, colitis, and cholecysti-
tis [5, 21]. All leukocytes perform the protective func-
tion, but each type does this in a special way.

We established significant (p < 0.05) age differences
in leukocytes and eosinophils in females and males, as
well as a certain gender-related difference in cosino-
phils.

We also studied the lymphocytic profile of moose
blood. In moose, lymphocytes are mostly medium in
size, with fewer small and large varieties. Some young
females had 90% of lymphocytes. Segmented neutro-
phils had polysegmented nuclei and poorly visible gra-
nularity. Kizhina et al. obtained similar data on lympho-
cytes and cell morphology for moose from Karelia [36].
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They reported that moose had a lymphocytic blood profile
with 85% lymphocytes, which averaged 54.50 + 17.03%.

We detected significant differences in the leuko-
formula content of eosinophils, which had a large num-
ber of small granules in their composition, between
young and adult females, as well as between young and
adult males. Adult moose had a much greater eosinophil
count than domestic or young animals. Apparently, these
cells were parasitic infection frontliners. Some moose
had as many as 23-27% of eosinophils, but we did not
exclude them from the statistics.

According to Kochanova, moose experience a rather
sharp increase in leukocytes when they approach their
first birthday, but this indicator stabilizes as they grow
older: it is 7460 per 1 mm?® in young animals, 10 600
per 1 mm?® in one-year-olds, and 10 840 in adult female
moose [22].

Knorre & Knorre detected a sharp decrease in leuko-
cytes in adult moose, which dropped from 8625 to 4000,
compared with three-month-old calves [8].

However, Rostal ef al. reported no differences in leu-
kocytes between adult and young moose below one year
old (3.2x10°/L) [6]. In their research, adult moose had
approximately the same ratio of lymphocytes and neu-
trophils: calves moved from a predominantly lympho-
cytic (51%) and lower neutrophilic (33%) leukocyte
profile to a more even distribution of 45% neutrophils
and 42% lymphocytes in adult moose. These age-related
changes in the ratio of neutrophils and lymphocytes
were recorded in other ruminant species and, probably,
reflected the maturation of the immune system [32,
37-38].

According to Shideler, Californian wapiti had 60%
(44-74%) of lymphocytes in adult females and 29% (5—
45%) in adult males [24].

Two-year-old black-and-white male yaks from Tajiki-
stan highlands had 7.32 + 0.49x10%/L of leukocytes [25].
Eight-month-old female yaks had 6.11 £+ 0.72x10°/L of
leukocytes, while for males it was 6.24 £+ 0.33x10%L.
Two-year-old female yaks had 6.84 + 0.44x10°/L while
for males it was 6.51 + 0.311x10%/L.

Bagirov et al. reported 13.3x10%/L leukocytes for the
West Caucasian tur and 12.4x10%L for domestic goats
of the Karachay breed [26]. Novak et al. reported 6.09 =
0.21x10%/L leukocytes for adult domesticated reindeer [27].
Domesticated reindeer that inhabited the Yakutian tai-
ga had 4.20 £ 0.95x10°/L leukocytes in winter and 45.2 +
1.8% lymphocytes [39].

The differences between the abovementioned data
and those obtained in this research probably depend
on the species, individual characteristics, and environ-
mental conditions. Protein digestion depends on the
proteolytic enzymes of neutrophils, while the lipolytic
enzymes of lymphocytes affect fat digestion. Myogenic
leukocytosis is more typical of animals that live in
the Caucasus or the highlands of Tajikistan because
intensive muscular activity requires redistribution of
blood cells caused by the changes in vasomotors and
metabolism.
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Reshetnikov linked the drop in lymphocytes in au-
tumn with the poor winter diet [40]. The sharp changes
under the weather conditions triggered a stress respon-
se to the challenges of winter foraging, which released
lymphocytes into the peripheral blood.

No information is currently available on the effect
of different methods of moose blood sampling on the he-
matological parameters. However, a series of studies
of white-tailed deer (Odocoileus virginianus, Zimmer-
mann 1780) showed that if blood was sampled imme-
diately after immobilization, the hemogram variati-
ons did not depend on the trapping method [41-44].
Therefore, we made no difference for blood sampling
methods.

Our baseline hematology data for this moose popu-
lation had some limitations that should be considered
in comparative studies. They included the differences
in hematological analyzers, laboratory diagnostics, and
animal habitats [45]. In addition, a delay of > 72 h bet-
ween the blood sampling and laboratory analysis could
affect the blood composition [46]. Probably, this time
gap caused the decrease in platelets, leukocytes, lym-
phocytes, monocytes, and basophils, as well as the asso-
ciated increase in hematocrit. Thus, our results should
be interpreted with these factors in mind.

The moose blood profile had seasonal differences.
Thus, the red blood cell parameters were higher in au-
tumn than in spring because animals prepare for winter
forage [34].

Thus, the hematological values we obtained in this
study follow the patterns reported by other studies of
wild artiodactyls. The differences depended on the spe-
cies, sex, age, climat, environment, and food supply.

CONCLUSION

1. The research revealed the hematological parame-
ters for the European moose (4lces alces, Linnaeus 1758)
of different sex and age from the Kirov Region, Russia.
Adults and calves demonstrated significant differences
(p<0.05) in red blood cells, hemoglobin, hematocrit,
mean corpuscular volume, mean concentration hemo-
globin, mean corpuscular hemoglobin concentration,
platelet distribution width, red blood cell distribution
width, platelet crit, platelets, leukocytes, and eosiphils.
Females and males had significant differences (p < 0.05)
in red blood cells, hemoglobin, mean corpuscular vo-
lume, platelet distribution width, red blood cell distri-
bution width, platelets, and eosinophils.

2. The single- and multivariate analysis established
the effect of such physiological factors as age, sex, and
weight on blood parameters. Sex and age had a signifi-
cant effect on red blood cells, mean corpuscular volume,
platelet distribution width, red blood cell distribution
width, and eosinophils. Age had a significant effect on
hemoglobin, hematocrit, mean concentration hemoglo-
bin, mean corpuscular hemoglobin concentration, pla-
telets, leukocytes, and monocytes. Weight affected ery-
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throcytes, hemoglobin, hematocrit, mean corpuscular
volume, mean concentration hemoglobin, platelet dist-
ribution width, red blood cell distribution width, plate-
lets, leukocytes, and eosinophils.

3. By comparing the physiology of wild and domes-
tic animals, scientists replenished the fundamental and
practical knowledge in the field of biology and the adap-
tive potential of species, thus increasing the efficiency
of their domestication. Animals kept in semi-free con-
ditions and artificial habitats may fall victim to epide-
mics and stress. As a result, any disease must be detec-
ted at the earliest stage possible. Modern automated
devices make it possible to monitor the physiological
state of animals and register the very first signs of
various health issues.
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Abstract:

One of the problems in sea farming is infections that cause mass mortality of crustaceans. To fight infections and improve
sanitary conditions, farmers are actively using probiotic preparations. We aimed to study the effect of a new probiotic based
on Bacillus toyonensis B-13249 and Bacillus pumilus B-13250 strains on the incubation of Artemia franciscana cysts. Another
purpose was to test a possibility of using a convolutional neural network for fast automatic counting of cysts, nauplii, and
embryos.

A pilot batch of the probiotic was prepared at the Prombiotech Engineering Center, Altai State University, from two strains of
spore bacteria from the Center’s collection: B. toyonensis B-13249 and B. pumilus B-13250.

The recommended amount of the probiotic was experimentally determined as 0.1 per 2 g of cysts. This concentration increased
the number of hatched cysts by 1.4 and 10% in the batches from Lake Bolshoye Yarovoye (Z229.04) and from Lake Kuchuk (C9).
It also increased the biomass yield to 7.40 + 0.69 and 6.80 + 0.43 g in these two batches, respectively, compared to the control
samples where the yields were 5.30 + 0.60 and 4.60 + 0.50 g, respectively. The robot counter reduced the sample processing time
15 times and saved the data for further use.

The probiotic based on B. foyonensis B-13249 and B. pumilus B-13250 had a positive effect on the hatching rate and biomass yield
of A. franciscana. The new method for rapid counting of Artemia, which was based on the convolutional neural network and
developed as an application of the Artemeter-1 robot, reduced the processing time and lowered labor costs.

Keywords: Bacillus pumilus, Bacillus toyonensis, Artemia franciscana, aquaculture, probiotics, convolutional neural network,
bacteria counting

Please cite this article in press as: Evdokimov ['Yu, Malkova AV, Irkitova AN, Shirmanov MV, Dementev DV. Effect of a new
probiotic on Artemia cysts determined by a convolutional neural network. Foods and Raw Materials. 2024;12(1):91-100. https://
doi.org/10.21603/2308-4057-2024-1-590

INTRODUCTION Grouper, bream, and other popular species show excel-

Aquaculture, one of the most promising branches of
agriculture, is becoming an important source of nut-
rition for many people. Aquatic animals are widely bred
and grown in coastal countries, such as India, Thailand,
Mexico, and others [1-3]. Shrimp production exceeds
millions of tons per year but fish farming is still the most
common kind of aquaculture [4, 5].

Aquatic animals are grown in artificial ecosystems
which have their peculiarities. For example, the larvae
of many commercially cultivated species of marine fish,
mollusks, and shrimps need live food at the early stages
of their development (from a few days to 3—5 weeks).

lent growth when feeding on live plankton as a starter
feed. Yet, this is only critical to shrimps, since there
are no alternative artificial feeds. Shrimps actively feed
(and, therefore, grow) on independently-moving aquatic
organisms, ignoring motionless or free-floating food par-
ticles. This is true not only of predatory species, such as
the tiger shrimp (Penaeus monodon Fabricius, 1798), but
also of popular omnivorous species, such as the white-
legged shrimp (Penaeus vannamei Boone, 1931) or the
Rosenberg shrimp (Macrobrachium rosenbergii De Man,
1879) [6].

Copyright © 2023, Evdokimov et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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Considering the nutrition needs of the crustaceans,
manufacturers began to use planktonic halophilic crus-
taceans of the genus Arfemia as an optimal starter feed.
These planktonic crustaceans are native to the saline
lakes of Western Siberia (Russia and Kazakhstan), Chi-
na, Tibet, and Iran. They can also be found in the
Mediterranean region, New Zealand, Canada, and the
USA [7, 8]. Brine shrimps are convenient to use since
they can propagate under adverse conditions with cysts
covered with a thick chitin membrane. Simple technical
manipulations can preserve their cysts for a long time
(up to 14 years) to be stored or transported. Biochemical
processes can be easily activated in the cysts (salt water,
light, aeration, etc.) to obtain, within 24 h, microscopic
(0.4—0.45 mm) nauplii, an ideal food for the cultivated
shrimp larvae.

Niu et al. explored alternatives to using brine shrimp
as a starter feed for the Litopenaeus vannamei shrimp
most commonly farmed in China and in the West [9].
During cultivation, its larvae get infected with diseases,
including those carried by live organisms they feed
on (rotifers and brine shrimp). In other words, these
live organisms are a source of both food and disease
(parasites) in the aquaculture. Therefore, the lack of
efficient commercial methods is still the main obstacle to
a sustainable, healthy farming of this species of shrimp.
To overcome it, the scientists created an alternative
fortified artificial food without live organisms. They
found that the shrimp had a survival rate of 81-87%
under constant cholesterol level monitoring. According
to Malkova et al., a probiotic preparation for Artemia
crustaceans could facilitate the commercial production
of the shrimp [10]. As a result, they could still be used as
a live starter feed.

Large-scaled sea farming (invertebrates and fish)
is accompanied by various infections that may cause
mass mortality. Among the most common pathogenic
microorganisms in the aquatic environment are those
of the genera Vibrio, Salmonella, Escherichia, and
others [11]. Antibiotics have been used for many years to
prevent large losses, which has made a lot of microflora
resistant to them [12]. Thus, we need to seek safer ways
to fight microbes so that bacterial resistance to antibio-
tics does not lead to an ecological catastrophe [13—15].

The above-mentioned problems in aquaculture can be
overcome with modern probiotic preparations [16—18].
Ahmadifard et al. fortified brine shrimp with a pro-
biotic based on Bacillus subtilis. They found that it had
a positive effect on the growth, reproduction, and mic-
roflora of ornamental fish Poecilia latipinna, as well as
its resistance to Aderomonas hydrophila. At the same ti-
me, there were no significant differences in the ontogeny
of the fortified and non-fortified Artemia groups [19].

A research team from Korea found that strains B. sub-
tilis KA1 and B. subtilis KA3 improved food absorption
by the shrimp Palaemon paucidens and contributed to
their survival from a white spot syndrome virus [20].
A group of Chinese scientists proved that the probiotic
bacteria [21]. Bacillus coagulans ATCC 7050 improved

92

the growth, intestinal morphology, immune response,
and resistance to Vibrio parahaemolyticus in the shrimp
L. vannamei. Fernandes et al. found that the bacteria
B. subtilis, Bacillus amyloliquefaciens, Bacillus liche-
niformis, and Pseudomonas sp. were safe as biological
inoculants. In addition, they increased enzymatic ac-
tivity in the intestines of L. vannamei shrimp, contri-
buting to higher weight gain [23]. According to Thai
researchers, the Bacillus aryabhattai TBRC8450 was not
only antagonistically active against Vibrio harveyi and
V. parahaemolyticus, but also improved antioxidant acti-
vity in animal plasma [4].

Wang et al. from Taiwan experimentally confirmed
that a multicomponent probiotic based on Lactobacillus
pentosus BD6, Lactobacillus fermentum LW2, B. subti-
lis E20, and Saccharomyces cerevisiae P13 improved
shrimp health and performance more effectively than
monocomponent preparations with the same strains [23].
A team of Spanish scientists fortified Artemia meta-
nauplii with a Lactobacillus rhamnosus-based probiotic
and found its positive effect against potentially patho-
genic microorganisms of the Vibrionaceae family [11].

A group of Indian scientists fortified brine shrimp, to
be fed as live food to freshwater shrimp M. rosenbergii,
with a probiotic supplement based on Lactobacillus spo-
rogenes at different concentrations. The experiments
showed that the fortification resulted in M. rosenbergii’s
better survival, rapid growth, and higher contents of
protein, amino acids, carbohydrates, and lipids. The
L. sporogenes concentration of 6x10® CFU/g was found
to be optimal for feed fortification [24].

In a similar study by scientists from India, brine
shrimp nauplii fortified with a probiotic based on Sac-
charomyces boulardii showed an improved resistance
to Vibrio bacteria they had been artificially infected
with [25].

Another group of Indian scientists fortified Artemia
parthenogenetica nauplii with L. rhamnosus and B. coa-
gulans [26]. They studied the probiotic supplement’s
load on the intestines of brine shrimp nauplii and
its retention time in their intestines. According to the
results, the nauplii fortified with L. rhamnosus and
B. coagulans had a full intestine after 39 and 39.5 min,
respectively. The load on the intestines and the retention
time varied in the experimental groups.

As can be seen in the above studies, probiotic pre-
parations are mainly made from well-studied micro-
organisms of the Lactobacillus and Bacillus genera.
For the sustainable development of aquaculture, howe-
ver, we need to expand the pool of probiotic microorga-
nisms and make more preparations based on microbial
consortia, rather than monocultures.

Until now, brine shrimp farmers have done the coun-
ting visually, using a binocular and/or a microscope, as
well as with the naked eye. Time-consuming and tiring,
these methods do not always produce accurate results.
Moreover, additional devices have to be used to save the
data.
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To reduce statistical errors, experiments need to be
conducted in at least eight repetitions. In order to shor-
ten the counting time, improve accuracy, and save data,
we used a brine shrimp counter robot, for the first time
in Russia, based on a convolutional neural network that
used the YOLO (You Only Look Once) algorithm [27].

The main difference between the YOLO algorithm
and other neural network algorithms lies in its instan-
taneous detection of objects in real time. In the YOLO al-
gorithm, a full-size image completely passes through
the convolutional neural network only once, while other
algorithms involve many repetitions.

When we started our study, YOLOv4 (2020) was
one of the most productive neural networks for object
detection. We tested several neural networks from the
MS COCO (2017) set of 127 287 images and found
YOLOV4 to be the most efficient. Its algorithm works
twice as fast as EfficientDet, one of the most accurate
models. Compared to the earlier version (YOLOV3), the
Average Precision metric and performance (FPS) of
YOLOvV4 have been improved by 10 and 12%, respec-
tively [28]. Therefore, YOLOvV4 was used as a platform
for creating an Artemeter-1 robot for counting orga-
nisms.

We aimed to study the effectiveness of a new pro-
biotic preparation based on a consortium of rhizosphere
strains Bacillus toyonensis B-13249 and Bacillus pu-
milus B-13250 for the incubation of Artemia franciscana
cysts. We also explored a possibility of using a counter
robot based on a convolutional neural network for fast
automatic counting of cysts, nauplii, and embryos after
decapsulation.

STUDY OBJECTS AND METHODS

Microorganisms in probiotics. A probiotic was ba-
sed on two strains of spore bacteria from the collection
of the Prombiotech Engineering Center. Both strains
are patented and deposited in the Russian National
Collection of Industrial Microorganisms. They were
isolated in 2017 (Novye Zori village, Altai Krai, Russia).
The Bacillus toyonensis B-13249 strain was isolated
from the rhizosphere of the genus Helianthus, while the
Bacillus pumilus B-13250 strain was isolated from the
rhizosphere of the Cichorium genus.

These strains form oval spores located terminally or
subterminally and withstand heating at 80°C for 30 min.
The morphology of their colonies is shown in Fig. 1.

Culture media for probiotic production. A pilot
batch of probiotics was prepared using the following
culture media:

1. Solid L(Luria)-medium for counting bacteria;

2. Liquid L-medium for cultivating the inoculum in
flasks;

3. Endo medium for checking the samples for coliform
bacteria;

4. A protective (cryoprotective) medium for protecting
cells and spores during the freezing period; and

5. A fermentation (molasses-corn) medium used as the
main nutrient medium in the fermentation apparatus.
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Figure 1 Colony morphology of the strains on L-medium
(10%): a — Bacillus toyonensis B-13249; b — Bacillus pumilus
B-13250

Figure 2 Incubation cones with Artemia cysts

A pilot batch of probiotics. A pilot batch of pro-
biotics to be tested on Artemia crustaceans was pro-
duced at the Prombiotech Engineering Center (Barnaul,
Russia), using the technology developed by this insti-
tution earlier [29].

The inoculum (seed) was cultivated in shake flasks
in an Innova 44 shaker-incubator (New Brunswick). The
cultivation methods were scaled on the laboratory batch
fermentation units with a capacity of 15 and 250 L. Af-
ter 24 h of cultivation, the accumulated biomass was
concentrated in a GTGQ-1251 tubular centrifuge at
15 600 rpm. Then, the bacterial concentrate was mecha-
nically removed from the centrifuge rotor, mixed with
a cryoprotective medium (1:1), frozen, and subsequent-
ly freeze-dried in an SP Scientific 25L Genesis SQ
Super ES-55 semi-industrial freeze-dryer. The resulting
concentrate was mixed with a filler (maltodextrin) un-
til the final titer of the probiotic preparation (at least
1x10'° CFU/g) [29].

Incubation and analysis of Artemia cysts. We used
cysts of the branchial crustacean Artemia franciscana
from two different lakes: batch Z29.04 from Lake Bol-
shoye Yarovoye and batch C9 from Lake Kuchuk. The
cysts were incubated in cones (Fig. 2) for 48 h with con-
stant air bubbling under standard conditions: incubation
solution — 1 L, salinity — 30%, temperature — 25-30°C,
pH — 8.0-8.5, redox potential — 148-220 mV, illumina-
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tion — 15002000 lux, cysts — 2.0 g, and activator —
0.2 cm’ of 3% H,O, solution.

We produced one control and three test samples
for each batch of cysts in 24 repetitions. At the start of
nauplii incubation, probiotics were introduced directly
into the cones at the following amounts: 0 (control) and
0.05, 0.1, and 0.2 g. After 48 h of incubation, we counted
the number of crustaceans or nauplii (), unhatched
cysts (C), and half-hatched embryos or umbrellas (U)
in each cone. According to the standard method, the
crustaceans were counted in two stages [30].

At the first stage, a few drops (about 0.1 cm?) of con-
centrated Lugol’s solution was added to a liquid sample
from the incubator (0.05-0.1 cm?) in order to immobilize
the crustaceans and make formed elements more con-
trasting in color. Some 20-30 min later, nauplii (N)
and embryos (U) were counted, then proceeding to the
second stage of cyst count.

At the second stage, a sodium hypochlorite (NaOCI)
solution was added to the stained samples to dissolve
empty shells from hatched cysts, leaving only the in-
terior of unhatched cysts (C). The amount of hypoch-
lorite (and the exposure time) depended on the number
of cysts in the sample, averaging 0.2-0.3 cm® of 8%
sodium hypochlorite for each sample.

As a result, we obtained the counts of nauplii (N),
embryos (E), and cysts (C) in 0.05-0.1 cm?® of incubation
suspension. Analyzing the data, we calculated the rela-
tive quality indicators of cysts (HR and HR").

The hatching rate (HR) is of great importance when
using brine shrimp in farming. This indicator shows the
percentage of nauplii hatched from the total number of
cysts incubated. Thus, the higher the hatching rate, the
greater the amount of live feed in the water. There are
two HRs for each sample: HR™ indicates the percentage
of fully-hatched nauplii (N) and HR' shows the per-
centage of fully-hatched (V) and half-hatched (U) nau-
plii. The HRs were calculated using the following
formulas:

—_ N 100 )
EIN+ZC+XU
* ZMXIOO )
IN+XC+2U
HR:HR JZrHR 3)

where HR™ is the hatching rate without embryos, %; HR*
is the hatching rate with embryos, %; HR is the average
between HR™ and ; TN is the sum of nauplii; ZC is the
sum of cysts; XU is the sum of embryos (umbrellas),
half-hatched nauplii.

To determine the biomass yield, we turned off aera-
tion at the end of incubation, while leaving the lighting
on. After 10 min, the biomass (live nauplii) was sepa-
rated from waste (shells and unhatched cysts on the
bottom and walls of the cone) by sedimentation and
simultaneous concentration of mobile nauplii in the
illuminated middle part of the cone. Then, the liquid
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with nauplii was drained through a cone-shaped sieve
(100 um pores) with a 4—6 mm silicone tube from the
middle part of the cone, leaving the waste on its walls
and bottom. The sieved biomass was washed in fresh
water and squeezed out at least five times. Then, it was
left to drain excess moisture for 2 min and weighed on a
laboratory balance with an accuracy of 0.01 g.

Biomass yield. Biomass yield is an indicator of in-
cubation effectiveness that shows the amount of Artemia
biomass incubated. This indicator is used in farming
because of its simplicity: dry cysts are weighed at the
beginning of incubation and compared with the weight
of nauplii at the end of incubation. Although its accuracy
is much lower than that of the classical method, we
used it to double-check the results, trying to minimize
possible errors [30]. The main problem in measuring
biomass is that water runs down differently from the
samples. Before weighing, the samples are kept in a
sieve (100—150 pm) for some time to minimize the effect
of water mass on the Artemia biomass.

In our study, we used the same kind of 50 cm? gas
net, which was twisted 720 degrees twice (to squeeze
out most of the water), and then left for 5 min to drain
excess residual liquid. Only after this double manipu-
lation (the same for all samples), the resulting Artemia
biomass was weighed on a laboratory balance. Then, we
calculated the biomass coefficient corresponding to a
multi-fold difference between the final wet weight and
the weight of dry cysts introduced at the beginning of
incubation.

Neural network operation. Nowadays, many far-
mers of Artemia crustaceans do the counting by using
binoculars, microscopes, or magnifiers. To save data,
they have to use additional devices, such as cameras or
smartphones, and manually enter the data into logbooks
or spreadsheets. All these manipulations take a lot of
time and effort.

The Artemeter-1 robot counter based on a convo-
lutional neural network that uses the YOLO algorithm
is designed to significantly reduce the counting time,
as well as improve the quality and accuracy of measure-
ments. It ensures a one-time graphic fixation of Artemia
and storage of all data, as well as saves researchers ha-
ving to use other instruments. Therefore, we employed
this robot counter in our study and we know of no other
studies in Russia that have used it before.

The neural network was trained using a dataset of
1200 manually labeled microphotographs of Artemia
samples (Fig. 3). Each sample amounted to 0.1 cm? of in-
cubator water with a random number of unhatched cysts,
embryos, and hatched nauplii.

All the objects that were to be counted by the neural
network were marked on each sample. The total number
of labeled images (dataset) was divided into two unequal
parts: 1) a training sample (about 800 images) that the
network learns from, and 2) a test sample (400 images)
that the network uses to check itself [31]. Figure 4 shows
some examples of the images in the corresponding
resolution.
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Figure 3 The sample under the binocular (9%): C — cysts; U —
embryos; N — nauplii

e

Nauplii (V) Umbrellas (U) Cysts (C)

Figure 4 Objects for detection in the sample

Figure 5 Artemeter-1 robot for Artemia counting

The images were enlarged in size. The number of
pixels per unit area was sufficient for the neural network
to operate, since the real size of the objects in the
detector’s visibility was commensurate with that of the
samples used to train it.

The neural network was trained in the GoogleColab
cloud service connected to Nvidia K80s, T4s, P4s, and
P100s GPUs. As a result, so-called “neural network
weights” were obtained, i.e. parameter settings that the
neural network used for most accurate detection of
objects in the image. Further, the weights were downloa-
ded from the cloud service to be used offline.

The mechanical part of the Artemeter-1 robot for
nauplii counting was also designed and manufactured in
Russia (Fig. 5).

The network detects three types of objects
(nauplii, cysts, and umbrellas), whose ratio indicates
the quality of the product. It also marks these objects
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Figure 6 Process chart for probiotic production

Stage 6. Mixing the concentrate with the cryoprotective
medium

v

Stage 7. Lyophilization

v

Stage 8. Standardization and packaging

)
)
)

in the original JPEG file and saves the data in both
EXCEL tables and processed images. The robot is
designed for both producers and large consumers of
Artemia cysts [27].

Statistical processing. One-way analysis of va-
riance (Student’s t-test, Statistica 13, MS Excel 2016)
was used to determine significant variations between
Artemia groups counted by different methods. The data
were presented as means (AV) with standard deviation
(SD). All the data showed significance at p < 0.05. The
coefficient of variation (CV) was also determined for the
hatching rate (HR).

RESULTS AND DISCUSSION

Probiotic production. We developed a technology
for producing a new probiotic for aquaculture (Fig. 6).
Each stage of the process produced an intermediate
result, namely:
Stage 1. Starting mother culture for further scaling in
stepwise increasing inoculation containers.
Stage 2. Primary inoculum for sowing a small (1 L)
fermentation apparatus, which was about 10% of the loa-
ded medium (inoculation apparatus — 15 L, estimated
nutrient medium — 10 L).
Stage 3. Inoculum for deep cultivation in commercial
media on a semi-industrial bioreactor, with a volume
of about 5% of the main fermenter (bioreactor — 250 L,
estimated fermentation medium — about 120 L).
Stage 4. Each strain fermented in 120 L of nutrient
medium separately, under the same cultivation condi-
tions.
Stage 5. About 3 kg of concentrated biomass from two
fermentations (one per each strain) with a residual moi-
sture of 15-20% after flow centrifugation.
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Table 1 Incubation of Artemia cysts, batch Z29.04 (Lake Bolshoye Yarovoye), 48 h

Samples (probiotic weight, g) Hatching rate (AV = SD, %)

Coefficient of variation, % (as to HR) Biomass yield

Control (0) 95.19 £2.98 3.1 2.65
Test (0.05) 94.61 + 4.89 52 3.40
Test (0.10) 96.53 £2.91 3.0 3.70
Test (0.20) 93.01 +5.09 55 3.55

HR — hatching rate, AV — average value, SD — standard deviation. Mean differences between the control and each of the test cones are significant

atp <0.05

Table 2 Incubation of Artemia cysts, batch C9 (Lake Kuchuk), 48 h

Samples (probiotic weight, g) Hatching rate (AV = SD, %)

Coefficient of variation, % (as to HR) Biomass yield

Control (0) 79.23 £9.37 11.8 2.30
Test (0.05) 79.85+12.74 16.0 3.20
Test (0.10) 88.76 + 5.66 6.4 3.40
Test (0.20) 83.69 +£8.23 9.8 2.55

HR — hatching rate, AV — average value, SD — standard deviation. Mean differences between the control and each of the test cones are significant

atp <0.05.

Stage 6. The concentrated biomass mixed with 3 L of
cryoprotective medium (1:1), poured into trays, and
frozen.

Stage 7. The freeze-dried concentrate of bacteria with
a total weight of about 2.5 kg and at least 1x10" CFU/g
for each strain, additionally ground in a blixer to homo-
geneous powder.

Stage 8. The concentrate standardized to a titer of 1x10"
CFUlg, packaged in plastic bags, sealed, and placed in
three-layer kraft bags, which were sewn up to prevent
the probiotic from getting wet.

As a result, we obtained a pilot batch of the probiotic
with a titer of at least 1x10'° CFU/g to be used in full-
scale tests.

The probiotic’s effect on the incubation of Artemia
franciscana cysts. Shrimp need live feed in the early
stages of development. Therefore, shrimp prelarvae are
fed on live, freshly hatched Artemia nauplii. However,
the incubation solution for A. franciscana is a favorable
environment for any microorganisms, including patho-
genic microflora, which affects the quality of shrimp.
The number of pathogenic microorganisms in Artemia
increases exponentially while the nauplii are hatching
and becoming enriched with nutrients. For this reason,
producers add probiotic and prebiotic preparations to
reduce the development of pathogens in shrimp prelar-
vae [32].

Artemia nauplii begin to hatch from cysts in large
numbers after 20 h of incubation and start feeding
actively 68 h after birth. Thus, during 48 h of incuba-
tion, Artemia cysts not only inseminate the surface of
nauplii, but also populate their gastrointestinal tract
with probiotic bacilli. Our study showed a positive
effect of the probiotic we had developed on both batches
of Artemia cysts, which manifested in increased bio-
mass yield compared to the control. In addition, the
consortium of Bacillus toyonensis B-13249 and Bacil-
lus pumilus B-13250 appeared to favorably change
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the habitat conditions for Artemia, stimulating the ha-
tching process. This could also be associated with the
antagonistic properties of these bacilli against pathogens.
The test results for cyst batches Z29.04 and batch C9 are
shown in Tables 1 and 2, respectively. For both batches,
the highest biomass yield was provided by 0.1 g of the
probiotic per 2 g of dry cysts.

The probiotic added to batch Z29.04 increased the
hatching rate by 1.4%, compared to the control (Table 1).
The coefficient of variation from 3 to 5% indicated a
slight spread of values and the validity of the results.

The probiotic added to batch C9 increased the ha-
tching rate by about 10%, compared to the control
(Table 2). The coefficient of variation for this batch
was significantly higher (6.4—11.8%) than the one for
batch Z29.04, but it was within an allowable range and
therefore indicative of reliable results. The smallest va-
riation was noted in the test group with 0.1 g of the pro-
biotic.

The biomass yield shows the mass of 4. francisca-
na incubated. Figure 7 presents the correlation bet-
ween the amount of the probiotic and the biomass yield
from two independent batches taken from two different
lakes.

As can be seen in Fig. 7, the maximum biomass yield
was obtained with a probiotic weight of 0.1/2 g of cysts
in both experimental batches, which corresponded to the
data in Tables 1 and 2.

A. franciscana cysts from batches C9 and Z29.04
had different hatching rates and biomass yield in the
control cones. However, these indicators decreased in
both batches with the addition of 0.2 g of the probiotic,
compared to the best result in the cone with 0.1 g of the
probiotic. The effect of the probiotic was more pronoun-
ced in batch C9 with the initially low hatching rate and
biomass yield. Test batch 229.04 (Lake Bolshoye Yaro-
voye) showed a significantly higher hatching rate, which
was normal for this batch and was not associated with
the probiotic. Batch C9 (Lake Kuchuk) had minimum
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e 8.0 74+0.7 Table 3 Classical (mechanical) vs. automatic counting
a 75 - 71+0.3 of Artemia nauplii
2 7
H 7.0 1
> 6.5 | Sample Total number Total number Total number
< 53406 (probiotic of nauplii of cysts of embryos
S weight, g)
> 33 Classical (mechanical) counting (45 sec/sample)
g 29 O Lake Bolshoye Y:
g 45 € 46405 51406 ake Bolshoye Yarovoye
A 40 o . . . Control (0) 833 34 41
Control (0) Test (0.05) Test (0.10) Test (0.20) Test (0.05) 757 44 28
Vari Probiotic weias Test (0.10) 782 16 26
ariants of Probiotic weight, g Test (0.20) 739 0 21
== ake Big Yarovoye Lake Kuchuk Lake Kuchuk
Control (0) 394 96 20
Test (0.05) 390 95 15
Figure 7 Correlation between the probiotic concentration and Test (0.10) 488 56 16
the biomass yield Test (0.20) 469 86 26
Automatic counting (3 sec/sample)

) ) o Lake Bolshoye Yarovoye
differences in the indicators when we added 0.1 g of the Control (0) 348 26 38
probiotic. This might indirectly indicate the stabilizing Test (0.05) 758 33 28
effect of the probiotic on hatching. The differences in Test (0.10) 782 16 26
the hatching rates between the two batches of Artemia Test (0.20) 739 42 41
cysts were due to the fact that they were obtained from Lake Kuchuk
different salt lakes, i.e., different ecosystems where they Control (0) 394 96 20
evolved. Test (0.05) 390 95 15

The biomass yield indicates the number of times that Test (0.10) 488 56 16
the mass of Artemia increased after incubation. Tables 1 Test (0.20) 469 86 26

and 2 present the correlation between the amount of the
probiotic and the biomass yield in the studied batches.

Thus, the new probiotic preparation based on B. toyo-
nensis B-13249 and B. pumilus B-13250 had a positive
effect on the hatching rate and biomass yield of 4. fran-
ciscana. According to our results, the optimal concent-
ration of the probiotic was 0.1 per 2 g of cysts. This con-
centration increased the hatching rates by 1.4 and 10%
in batches 7Z29.04 and C9, respectively. The biomass
yields in the control cones were 5.30 + 0.60 and 4.60 +
0.50 g in batches Z29.04 and C9, respectively. The ad-
dition of 0.1 g of the probiotic increased the biomass
yield to 7.40 + 0.69 and 6.80 + 0.43 g, respectively.

Counting reliability. To ensure the reliability of auto-
matic counting results, we used the classical (mechanical)
method for the entire batch of 192 images (Table 3).

We found no significant differences between the auto-
matic and mechanical methods of counting. However,
the automatic counting proved to be faster and more ac-
curate. Slight differences were observed in the control
and the sample with 0.05 g of the probiotic in the batch
from Lake Bolshoye Yarovoye. In cone 1 (control), the
mechanical and automatic methods revealed 833 and
848 nauplii, 34 and 26 cysts, and 41 and 38 embryos,
respectively. The sample with the lowest concentration
of the probiotic (0.05 g), also showed slightly different
counts. These differences could be explained by a large
number of objects to be observed in each sample, as well
as the impossibility of marking the observed objects
during mechanical counting. The different counts of mor-
phologically different objects (nauplii, cysts, and emb-
ryos) could also be explained by higher accuracy of the
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robot counter, which compared the objects under obser-
vation with those it was trained on. The robot can instant-
ly count all the objects and mark them on each samp-
le, and if it fails to identify the objects correctly, it
can be retrained. However, the differences between
the counts were too insignificant to affect the final re-
sults. Both methods showed similar counts in the other
samples. The entire set of images was saved for further
research.

Figure 8 shows an example of saved images from
the test set. The robot can determine and count both in-
dividual morphological forms (for more specific identi-
fication) and their different types (nauplii, cysts, and
embryos).

The advantages of the Artemia robot counter based
on the convolutional neural network outweigh its li-
mitations. These advantages include a simultaneous use
of multiple devices, a reduced data processing time, a
possibility of saving data for later use, and less operator
presence.

The absence of significant differences between the
mechanical and automatic counting methods confirms
high accuracy of the robot counter. Its large-scale use
will optimize the counting of Artemia nauplii, cysts, and
embryos in further research.

Thus, our study was the first in Russia that suc-
cessfully tested the new robotic system for counting
nauplii based on machine learning. It significantly re-
duced the processing time (15 times per 1 sample) and
labor costs, as well as saved the data for further use.
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of Artemia franciscana. In particular, it increased the
hatching rate in batches Z29.04 and C9 by 1.4 and 10%,
respectively. While the biomass yields in the control
cones were 5.30 + 0.60 and 4.60 = 0.50 g for batches
729.04 and C9, respectively, the probiotic increased this
indicator to 7.40 + 0.69 and 6.80 + 0.43 g, respectively.

As a result of our tests, we recommend 0.1 g of the
probiotic per 2 g of cysts.

Just as important was the development and testing
of the Artemeter-1 robot based on the convolutional
neural network for rapid and accurate counting of
Artemia during decapsulation. Our study was the first
in Russia that utilized this new robotic system based
on machine learning. It reduced the sample processing
time 15 times, lowered labor costs, and saved the data
in electronic form for further use.

Our results may be useful to farmers working in
aquaculture, as well as researchers interested in this
field.
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Abstract:

Biodegradable polymers, specifically polylactide, are an important part of food packaging and medical devices. Microbiological
synthesis uses cheap renewable raw materials and industrial waste to produce a high yield of lactic acid, the monomer of
polylactide. This method needs new effective lactic acid producing strains, e.g., thermophilic bacteria.

The research involved thermophilic bacterial strains isolated from soil and compost samples. Their ability to produce organic
acids and extracellular enzymes was tested using the method of high-performance liquid chromatography (HPLC) and
microbiological tests respectively. The real-time polymerase chain reaction method (PCR) detected L-lactate dehydrogenase
structural genes of L-lactate dehydrogenase of Bacillaceae. Strain T7.1 was fermented using glucose and yeast extract as carbon
and nitrogen sources, respectively. The optical purity of lactic acid was evaluated using quantitative gas chromatography on a
chiral column to separate lactate isomers. The molecular genetic analysis of the 16S rRNA gene sequence was applied to identify
strain T7.1.

The chromatographic analysis proved that 10 out of 13 isolated thermophilic strains were effective lactic acid producers. They
demonstrated proteolytic, amylolytic, or cellulase activities. During the fermentation, strain T7.1 produced 81 g/L of lactic
acid with a peak productivity at 1.58 g/(L-h). The optical purity of the product exceeded 99.9% L-lactate. The genetic analysis
identified strain T7.1 as Weizmannia coagulans (Bacillus coagulans).

The research revealed a promising thermophilic producer of optically pure L-lactic acid. Further research is needed to optimize
the cultivation conditions, design an effective and cheap nutrient medium, and develop engineering and technological solutions to
increase the yield.
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INTRODUCTION

Lactic acid is widely used in food production, phar-
macy, and cosmetics. The global production of lactic
acid amounted to 1.39 million tons in 2021 and will
have reached 2.65 million tons by 2029 [1]. The demand

ses, yoghurts, fermented dairy products, bakery, con-
fectionery, etc. [3]. In addition, environmentally-aware
consumers, manufacturers, and scientists encourage
the development of sustainable products and proces-
ses. This trend affects packaging methods, since envi-
ronmental pollution by synthetic polymers is approa-

for local acid keeps increasing, following the increase
in production of foods, beverages, and biodegradable
polymers [2]. Lactic acid serves as a preservative and
acidity regulator in pickled and fermented foods, chee-

ching a critical level [4, 5].

Lactic acid is a precursor for the synthesis of green
solvents, lactide and polylactide. It should be noted that
lactic acid can at least partially solve the tremendous

Copyright © 2023, Romanova et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
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problem of plastic pollution because it is a source of
polylactide, which is a biodegradable polymer of high
transparency and excellent mechanical strength. Polylac-
tide has good barrier properties to food smell, as well as
chemical resistance to fats and oils [6, 7]. It is a prospec-
tive material for biodegradable films and plasticware [2].

Lactic acid has two stercoisomers. As a result, it can
produce poly-L-lactide, poly-D-lactide, and poly-L,D-
lactides with different isomer content. The mechanical
properties of particular polymer depend on the ratio of
L- and D-isomers. For instance, polylactide with 90%
of poly-L-lactide has a semi-crystalline structure, while
polylactide with a higher content of D-lactate is an
amorphous material with poor mechanical properties [8].

Chemical and microbiological syntheses are two
commercial methods of lactic acid production. However,
chemical synthesis forms racemic L,D-lactic acid, which
makes it difficult to produce polylactide with required
properties. Biotechnological synthesis yields optically
pure isomers of lactic acid from cheap and renewab-
le raw materials, e.g., industrial waste [9]. A proper pret-
reatment, such as grinding, chemical or enzymatic
hydrolysis, etc., can increase the yield. For example,
Alexandri ef al. used a hydrolysate of bread production
waste as a substrate to obtain optically pure L-lactic
acid and cultivate Bacillus coagulans [10]. They also
substituted yeast extract with a more accessible alfal-
fa juice. The productivity for batch cultivation was
2.59 g/(L'h) with the final lactic acid titer of 62.2 g/L.
The combination of these two substrates (50:50) in
a continuous process with cell recycling raised the
efficiency up to 11.28 g/(L-h).

Some lignocellulosic substrates are fit for simul-
taneous saccharification and fermentation. The pretre-
atment occurs, wholly or partly, in a fermenter, whe-
re the lactic acid producer is cultivated. Hu et al. used
the method of simultaneous saccharification and fer-
mentation, as well as corn straw as substrate, to culti-
vate Lactobacillus pentosus FL0421 (37°C, pH 6.0) [11].
They also added cellulases and yeast extract to the
medium with the pretreated substrate. The final lactic
acid titer and the product efficiency were 92.30 g/L and
1.92 g/(L-h), respectively.

The yield and optical purity of microbiologically-
synthesized lactic acid depends on gene expression,
enzymatic activity, stereospecificity of lactate dehyd-
rogenases (LDH), lactate racemases, and some enzymes
of amino acid metabolism. For instance, enzymes
L-LDH and D-LDH catalyze the conversion of pyruvic
acid to L-lactic acid and D-lactic acid, respectively.
They can be present, together or separately, in different
types of microorganisms [12].

Lactate racemases provide the mutual conversion
of lactate isomers. They can be found in some lactic
acid bacteria, but not necessarily in Bacillaceae, which
also can produce lactic acid [13]. Bacillaceae strains
are known as effective producers of optically pure
lactic acid. Unlike the more popular Lactobacillaceae,
Bacillaceae are thermotolerant and/or thermophilic.
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Thermophilic lactic acid producers have some advan-
tages over mesophilic microorganisms. They demonst-
rate accelerated metabolism and increase the solubility
of substrates in the fermentation medium during ther-
mal processing, thus boosting the yield. In addition,
they reduce the risk of contamination during fermen-
tation [14]. Thermophilic microorganisms have the same
optimal growth temperatures as commercial enzyme
preparations, which increases the efficiency of sacchari-
fication of complex raw materials in a bioreactor [15].
Thermotolerant Bacillaceae, e.g., B. coagulans (Weizman-
nia coagulans), are prospective lactic acid producers as
they have a low need for growth factors and can utilize
a wide range of substrates [16]. Some Bacillaceae are
resistant to inhibitory substances contained in some hyd-
rolysates, e.g., to furfural and its derivatives [17]. In ad-
dition, Bacillaceae have their own hydrolytic enzymes,
i.e., proteases, amylases, and cellulases. As a result, sac-
charification requires less enzymes during simultaneous
saccharification and fermentation [9].

Fed-batch culture, as well as semi-continuous and
continuous fermentation, can increase the lactate yield
during biosynthesis. Continuous cultivation methods, in-
cluding those based on a membrane bioreactor, facilitate
substrate conversion in the fermentation medium into
the target product and reduce inhibitory effects [18].
The efficiency of bioreactors depends on how well they
are able to maintain the culture in a certain physio-
logical state at a given medium supply rate [19]. Long-
term cultivation during continuous fermentation re-
quires process stability, a low contamination risk, and a
highly-active and stable producer. As a result, the food
science keeps looking for new lactic acid producers
with high optical purity and their assessment methods.
The research objective was to isolate and identify ther-
mophilic bacterial strains capable of homofermentative
conversion of carbohydrates into lactic acid, as well as
to evaluate the optical purity of the product.

STUDY OBJECTS AND METHODS

Microorganisms and culture conditions. The re-
search featured strains of thermophilic bacteria isolated
from various samples of natural origin on nutrient
media with different glucose and lactate amounts as a
carbon source and elective element. To obtain enrich-
ment cultures, we added 1 g of the sample to nutrient
media and cultivated at 50°C for 24 h. After that, we see-
ded the cultures into a liquid medium and its tenfold
dilutions on agar nutrient medium. The medium compo-
sition, g/L, was as follows: glucose — 20, tryptone — 20,
yeast extract — 5, K HPO,3H,0 — 2, MgSO,7H,0 -
0.2, MnSO,5H,0 — 0.05, and CaCO, — 10. For further
research, we selected those colonies that demonstrated
zones of calcium carbonate dissolution caused by orga-
nic acids. The profiling of low molecular weight me-
tabolites was carried out using a similar but tryptone-
free liquid medium after 24 h of cultivation in test tubes
under anaerobic or microaerophilic conditions. The
nature of colony growth on agar media revealed its
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ability to synthesize extracellular proteases, amylases,
and cellulases. The medium contained skimmed milk
powder, starch, and carboxymethyl cellulose, respec-
tively [20].

To produce lactic acid, the strains were cultivated
in a five-liter Minifors fermenter (INFORS, Switzer-
land). The inoculum was grown at 50°C under mic-
roaerophilic conditions on a nutrient medium for 24 h.
The medium included, g/L: glucose — 20, yeast ext-
ract — 5, K. HPO,3H,0 — 2, MgSO,-7H,0 — 0.2, and
MnSO,-5H,0 — 0.05. All the fermentation medium
components were sterilized separately to avoid the for-
mation of inhibiting compounds. The operating volume
of the medium in the fermenter was 3 L, and the con-
centrations of the components, g/L, were as follows:
glucose — 100, yeast extract — 5, K,HPO,:3H,0 - 2,
MgSO,7H,0 — 0.2, and MnSO,5H,0 — 0.05. The
inoculum was added as 10% of the medium volume. The
fermentation occurred under anaerobic conditions while
the medium was stirred at 250 rpm. During cultivation,
temperature and pH were recorded and controlled using
the Iris V5 software. The fermentation medium was
automatically titrated to neutralize lactic acid with 25%
ammonia solution until pH reached 7.0. The bacterial
biomass was measured by the optical density of tenfold
dilutions at A = 590 nm.

Determining the content of organic acids and
glucose. To analyze the metabolites in the culture broth
of thermophilic strains and glucose consumption, we
used the method of high-performance liquid chromato-
graphy (HPLC). The procedure involved an Agilent 1220
Infinity chromatograph (Agilent, USA) with an Agilent
Hi-Plex H column (250%4.6 mm). The concentration was
determined by the refractometric signal after standard
calibration. As pretreatment, the culture broth was cent-
rifuged at 12 000 rpm for 15 min and filtered through
0.45-um cellulose acetate membranes (MF-Millipore,
USA). The analysis was performed at 50°C and a mobile
phase flow rate (0.002 M H,SO,) of 0.3 mL/min.

Evaluating the optical purity of lactate. To deter-
mine the individual optical isomers of lactic acid in the
fermentation products, the culture broth was purified
from biomass by ultrafiltration on an AR-100 hollow
fiber device with a cut-off limit of 100 kDa. Nonutilized
components of the nutrient medium and interfering me-
tabolic products were adsorbed: the cell-free broth
was filtered through a layer of activated carbon. After
that, the lactate was converted into salt, and from salt
into acid. This process involved ion-exchange H-form
resin Amberlyst 70. The entire lactic acid was conver-
ted into the trimethylsilyl derivative using N,O-Bis(tri-
methylsilyl)trifluoroacetamide (BSTFA) as a silylating
agent. We took 0.03 g of the sample, thoroughly mixed
it with 1 mL of ethyl acetate, and added extra BSTFA.
The mix was incubated at 60°C for 30 min. We used
the same conditions to convert all forms of lactic acid
to derivatives of ditrimethylsilyl ethers (diTMS esters)
suitable for gas chromatography.
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The optical isomers of the obtained lactic acid de-
rivatives were determined by quantitative gas chro-
matography using a column for the separation of chiral
isomers Cyclosil-B, 30 mx0.25 mmx0.25 pm (Agilent,
USA). The procedure also involved a Kristall 5000.1 gas
chromatograph (Khromatek, Russia) with a flame-ioniza-
tion detector and Khromatek Analyst 2.6 software. Nitro-
gen served as the mobile phase at a pressure of 75 kPa.
The initial temperature of the column (35°C) was main-
tained for 20 min, then the temperature was raised to
100°C at a rate of 1°C/min and then to 250°C at a rate of
10°C/min. The optical purity (OP) of L-lactic acid was
calculated as follows:

SL
SL+SD

x100

where SL is the peak area of the diTMS-ester of L-lactic
acid; and SD is the peak area of the diTMS-ester of
D-lactic acid.

Screening L-LDH genes. The structural genes of
L-lactate dehydrogenase were detected using the real-
time polymerase chain reaction method (PCR). De-
generate primers for genetic screening were selec-
ted based on the sequences typical of Bacillaceae, in
particular Bacillus coagulans and Bacillus subtilis:
5’-CGGSCTGCCGAAAGAAC-3’ (forward primer) and
5-GCCGTGYTCGCCGATAAT-3’ (reverse primer). The
genomic DNA isolation involved a 24-h culture and a
genomic DNA isolation kit (Dia-M, Russia). The PCR
analysis was performed in a CFX96 Touch Deep Well
Real-Time PCR Detection System (Bio-Rad Labora-
tories, USA).

The reaction mix had a volume of 25 pL and inclu-
ded 5 pL of 5x qPCRmix-HS SYBR reagent (Evrogen,
Russia). In total the reaction mix contained 7ag DNA
Polymerase, dNTPs, buffer, MgCl, and SYBR Green I,
1 uL of each primer with final concentration of 200 nM,
1 uL of the culture lysate, and bidistilled water.

The PCR had the following temperature conditions:
preliminary denaturation at 95°C for 3 min followed by
35 cycles of denaturation at 95°C for 15 s, annealing at
55°C for 15 s, and elongation at 72°C for within 25 s.

The PCR data analysis involved melting curves
constructed when the samples were heated at 65-95°C at
0.5°C intervals.

Strain identification. The bacteria were identified
by their morphological and biochemical features, as
well as by molecular genetic analyses of the 16S rRNA
gene nucleotide sequence. The genomic DNA isolation
involved a 24-h culture and a kit for isolating genomic
DNA from bacterial cells.

The classical PCR was performed in a CFX96 Touch
Deep Well Real-Time PCR Detection System with a Hot
Start Taq-DNA polymerase PCR kit (Dia-M, Russia).
The universal primers 8F (5-AGAGTTTGATCCTGGCT-
CAG-3’) and 1492R (5-TACGGYTACCTTGTTACGACT-
T-3’) were used at a final concentration of 240 nM to
amplify the 16S rRNA gene region.
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The process proceeded under the following con-
ditions: pre-denaturation at 95°C for 5 min followed by
35 cycles of denaturation at 95°C for 30 s, annealing at
54°C for 30 s, elongation at 72°C for 90 s, and the final
elongation at 72°C for 10 min.

The sequencing of the obtained PCR fragments of
the 16S rRNA genes followed the Sanger method with
preliminary purification (Evrogen, Russia). The sequen-
cing involved the same universal primers as those used
for amplification. The amplicons were sequenced in for-
ward and reverse directions. The resulting nucleotide
sequences were compared to the 16S rRNA gene sequen-
ces from the NCBI GenBank database using the BLAST
search tool. The phylogenetic analysis relied on the
neighbor-joining method in the MEGA software [19].

RESULTS AND DISCUSSION

Isolating the thermophilic strains and their me-
tabolite profiling. We isolated and profiled 13 ther-
mophilic bacterial strains using the enrichment culture
method. The samples were obtained from soils of
Moscow urban forests, summer gardens, and natural
ecosystems of the Moscow Region. Seven strains deve-

loped calcium carbonate dissolution zones on agar me-
dia with glucose as a carbon source, which proved that
they released organic acids. The isolated acid-forming
strains were characterized by rod-shaped morphology.
They were classified as aerotolerant anaerobes and facul-
tative anaerobes. The chromatography of the thermophi-
lic culture broth grown under microaerophilic conditions
showed that the bacteria released lactic, acetic, and pro-
pionic acids (Table 1).

Figure 1 shows a typical chromatogram of T6.1 cul-
ture broth grown on a glucose medium under microaero-
philic conditions. The bacteria proved able to perform
homofermentative lactic acid fermentation.

Strains T1.1, T5.1, T6.1, and T7.1 converted glucose
into lactic acid in large quantities with minimal by-
product organic acids. The lactic acid yield and fer-
tation selectivity depended both on the strain and
culture conditions.

Further research involved detection of extracellular
enzymatic activities on agar media with respective sub-
strates. Table 2 introduces the screening results for extra-
cellular hydrolases in cultures.

Table 1 Glucose consumption and formation of organic acids by thermophilic bacterial strains

Strain ~ Dissolution of calcium carbonate ~ Glucose consumption, g/l Lactic acid, g/ Acetic acid, g/ Propionic acid, g/L
TI.1 + 2.34 2.24 n.d. n.d.
T1.2 + 1.05 2.13 n.d. 0.54
T1.3 + 4.40 2.36 n.d. 0.79
T2.1 + 2.62 2.17 n.d. 0.57
T2.2 n.d. 0.80 0.06 0.39 n.d.
T3.1 n.d. 6.00 2.18 n.d. 1.53
T3.2 n.d. 3.00 2.07 n.d. 0.61
T3.3 n.d. 3.01 1.85 n.d. 0.58
T4.1 n.d. 2.15 0.09 0.29 0.65
T4.2 n.d. 2.30 0.08 0.41 n.d.
T5.1 + 1.74 2.58 n.d. 0.37
T6.1 + 2.79 2.60 n.d. 0.37
T7.1 + 242 2.66 n.d. n.d.
n.d. — not detected
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Figure 1 Thermophilic acid-forming strain T6.1 culture broth: chromatogram
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Table 2.Extracellular hydrolases of thermophilic strains:
enzymatic activity

Strain Proteolytic Amylase Cellulase
activity activity activity

T1.1 — + -

T1.2 - - +

T1.3 — + -

T2.1 — — —

T2.2 +++ +++ +++

T3.1 + ++ ++

T3.2 + ++ ++

T3.3 + ++ ++

T4.1 ++ ++ ++

T4.2 ++ +++ +++

T5.1 — - -

T6.1 - + -

T7.1 — + -

+++ — prominent enzymatic activity under the test conditions; ++ —
positive enzymatic activity under the test conditions; + — enzymatic
activity confirmed by the tests; and — — no enzymatic activity detected
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Figure 3 Colony growth on the medium with calcium
carbonate (a) and cell morphology of strain T 7.1, 1000x (b)

The experiments demonstrated that six out of thir-
teen strains possessed proteolytic activity, ten strains
showed amylase activity, and seven strains had cellulase
activity. These results could be used to develop a new
nutrient medium for synthesis of lactic acid, e.g., for acid-
forming strains T3.1. T6.1, and T7.1. Starch-containing
vegetable raw materials could serve as a potential source
of carbon.

Genetic screening for LDH genes. Promising lactic
acid producers T6.1 and T7.1 underwent genetic scree-
ning. According to their morphological and physio-
logical characteristics, they were previously assigned
to Bacillaceae. The PCR analysis detected the bacil-
lary L-Idh gene in both strains. It is responsible for
the synthesis of L-lactate (Fig. 2a). The melting curves
showed that the fragments were homogeneous and
contained no PCR by-products (Fig. 2b).

Thermophilic strains T6.1 and T7.1 were close to
some representatives of the Bacillus genus and were
found potentially capable of synthesizing the L-enantio-
mer of lactic acid. Genome of some Bacillus represen-
tatives, e.g., in particular Bacillus coagulans, contains
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Figure 2 Amplification curves of L-Idh gene fragments
of thermophilic strains T6.1 and T7.1 (a) and melting curves
of PCR products (b)

both structural genes. However, L-lactate-producing
B. coagulans have a much more expressed L-/dh than
D-Idh [20].

Profiling the promising thermophilic acid-forming
strains. Strain T7.1 was as a spore-forming facultative
anaerobe, resistant to slightly acidic pH. On agar, it
developed white colonies with a diameter of 2—4 mm
with a smooth surface. Strain T7.1 hydrolyzed starch but
not casein. On the medium with calcium carbonate, it
formed clean zones, which indicated the release of acids
(Fig. 3a). The cell morphology was rod-shaped and
typical for Bacillaceae (Fig. 3b).

For strain T7.1 identification, the 16S rRNA gene
was amplified with standard bacterial primers, purified,
and sequenced by the Sanger method.

The bioinformatic analysis of the nucleotide sequen-
ce included sequence alignment of reference bacterial
16S rRNA and a phylogenetic analysis.

The phylogenetic analysis relied on the 16S rRNA
sequences deposited in the GenBank NCBI. The strains
were selected with > 92% similarity of the gene.

Strain T7.1 shared 99.86% with Weizmannia coagulans
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Figure 4 Phylogenetic tree constructed by the neighbor-joining method: nucleotide sequences of 16S rRNA for thermophilic strain

T7.1 and reference Bacillaceae

NBRC 12583, which was the maximal similarity achie-
ved for this gene (Fig. 4).

Thus, strain T7.1 was identified as W. coagulans. The
result correlated with the morphological, physiological,
and biochemical characteristics of the test culture.

Simple batch cultivation of strain T7.1 on the me-
dium with high initial glucose content. Strain T7.1
was chosen for further studies of lactic acid synthesis by
thermophilic bacteria. It underwent batch fermentation
for 70 h. Figure 5 illustrates the main results of the fer-
mentation: culture growth, consumption, and lactic acid
synthesis.

Thermophilic strain T7.1 utilized 86 out of 95 g/L
glucose to form 81 g/L of lactic acid with a peak pro-
ductivity at 1.58 g/(L-h). The substrate conversion excee-
ded 90% while the yield of lactate was 94%. The chro-
matography showed no by-product organic acids at the
end of cultivation (Fig. 6).

The fermentation data indicated that the sugars in
the medium were metabolized by homofermentative lac-
tic acid fermentation. Both in lactic acid and glucose
conversion, the maximal productivity was observed at
a residual glucose concentration of =~ 50 g/L and lactate
accumulation < 45 g/L in the medium. The process oc-
curred when the culture entered the stationary phase.
The subsequent productivity decreased because the
final product inhibited it. Further research is required
to explain the effect of the medium composition and
cultivation physicochemical parameters on the lactic
acid synthesis.

Fed-batch cultivation and continuous fermentation,
e.g., membrane bioreactors, could remove the inhibitory
effect of metabolites and maintain cells in the required
physiological state [23]. This engineering and techno-
logical approach is known to boost the efficiency of me-
sophilic cultures in lactic acid production. Logically, iso-
lated thermophilic cultures should also demonstrate high
process performance, especially because strain T7.1 pro-
duced exclusively lactic acid under the conditions of
batch fermentation. In addition, T7.1 was thermophilic
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Figure 5 Growth curve, glucose consumption, and lactic acid
synthesis by thermophilic strain T7.1 during cultivation in the
Minifors bioreactor

and had much lower requirements for the growth factor
content in the medium, compared to Lactobacilli.

Lactic acid optical purity analysis. Lactic acid
intended for the food industry or polylactide synthe-
sis requires excellent optical purity. As a result, the next
step was to determine the content of L- and D-isomers
formed during fermentation.

We used the method of gas chromatography of vo-
latile acid derivatives using an optically active column
to identify and analyze the optical isomers of lactic acid
in the fermentation products. We tested the method on
standard samples of L-lactic acid and a racemic mix
of D,L-lactic acid obtained by mesolactide hydrolysis.
Table 3 and Fig. 7 illustrate the separation of optical iso-
mers of lactic acid. The chromatogram shows separate
yields of D-lactic acid (peak 1 at 57.393 min) and L-
lactic acid (peak 2 at 57.640 min).

Table 4 and Fig. 8§ represent the chromatographic da-
ta for the sample of the culture broth obtained during
the fermentation of the thermophilic strain T7.1. The
D-lactate peak was hardly visible.
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Figure 6 T 7.1 culture broth after 70 h of cultivation, diluted by 12.05 times: chromatogram

Table 3 Chromatographic separation of mesolactide hydrolysis
products

Area
33.771
45.264

Time, min
57.393
57.640

Component
D-lactic acid_diTMS
L-lactic acid_diTMS

Area, %
42.729
57.271

57.393 D-LA diTMS
57.640 L-LA diTMS

mv

55 65

min

Figure 7 Separation of D- and L-isomers of lactic acid:
chromatogram

The optical purity of lactate produced by strain T7.1
during fermentation at a high content of glucose in
the medium correlated with other studies of B. coagu-
lans. For example, Zhou et al. fermented B. coagulans
WCP10-4 with glucose (source of carbon) and yeast
extract (source of nitrogen) [24]. The optical purity of
the obtained lactic acid was 99.8%, and the total con-
centration of by-product organic acids was below 1 g/L.
Other publications [25,26] explained the high optical
purity of the obtained L-lactate by the absence of the
lactate racemase gene in B. coagulans and related spe-
cies. Further research on the development of a new
technology for high optical purity lactic acid production
will test various carbon sources, including plant hyd-
rolysates, and analyze their effect on the optical purity.

CONCLUSION
The research resulted in a highly effective ther-
mophilic acid-forming strain. Strain T7.1, which pos-
sesses the bacillary L-lactate dehydrogenase gene, pro-
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Table 4 Optical purity of L-lactate produced by
strain T7.1

Time, min Component Area Area, %
57.340 L-lactic acid_diTMS 0.039 0.028
57.659 D-lactic acid_diTMS 139.586  99.972
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Figure 8 Separation of lactate isomers synthesized by
thermophilic strain T7.1: chromatogram

ved able to ferment homofermentative lactic acid. The
molecular genetic analysis identified this strain as
Weizmannia coagulans (Bacillus coagulans). The pro-
cess of batch fermentation provided L-lactate of high
optical purity (= 99.9%) with a yield of 94% glucose.
Therefore, strain T7.1 is a promising thermophilic pro-
ducer of lactic acid. It could be part of a highly efficient
process for obtaining optically pure L-lactic acid in a
membrane bioreactor. Lactic acid is intended for the
food and chemical industries, namely for polylactide
synthesis, biodegradable materials and green packaging
prodicing, etc.
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Abstract:

Finger millet (Eleusine coracana L.), ragi or mandua, is one of essential minor millets extensively grown in the Indian and
African subcontinents. It is a staple food in India, particularly for people belonging to low-socioeconomic groups. Finger millet
is highly valued for its content of macro- and micronutrients. It is rich in carbohydrates, protein, and fat. Its micronutrients
include calcium (0.38%), dietary fiber (18%), and phenolic compounds (0.3-3%), such as catechin, epicatechin, as well as ferulic,
salicylic, protocatechuic, cinnamic, and hydroxybenzoic acids, etc. Finger millet is also recognized as a source of vital amino
acids, including isoleucine, leucine, methionine, and phenylalanine, which are otherwise deficient in starchy meals. In addition,
finger millet is well appreciated for its pharmacological properties such as anti-diabetic, anti-tumorigenic, anti-atherosclerogenic,
antioxidant, and antimicrobial effects. To improve its nutritional and sensory properties, this grain can be processed by
various traditional and advanced methods (soaking, malting, cooking, fermentation, popping, and radiation). These processing
techniques equally assist in the reduction of anti-nutritional factors (tannins, phytic acid, oxalic acid, protein inhibitors, glucans)
and their inhibitory effects. In this review, we highlighted the nutritional composition, health attributes, and uses of finger millet
for the development of functional food products.

Researchers and producers can further explore the opportunities and scope for utilizing finger millet and develop more products
in the same line to solve the current issues of food and nutrition security.

Keywords: Finger millet, cultivation, nutritional composition, health benefits, processing, fortification
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INTRODUCTION

Millet is a minor cereal belonging to the Poaceae
grass family that is well known in India as ragi or
mandua [1]. Cultivated in arid and sub-arid regions,
it is considered a poor people’s food [2, 3]. Since time
immemorial, millets have been a well-known food for
humans but in recent years they have been replaced by
wheat and rice [4]. Globally, annual millet production
amounts to 30.73 million tons, including 11.42 million
tones (37% of the global yield) in India alone. India
and Africa are the leading producers of finger millet,

followed by Uganda, Nepal, and China [4]. India is one
of the largest cultivators of millets, especially finger
millet (Eleusine coracana L.), which accounts for about
85% of all minor millets [5]. Karnataka is the leading
state that cultivates 58% of total finger millet production
in India [6].

Finger millet is well recognized for its high nutritio-
nal profile, including protein (6—13%), calcium (0.34%),
dietary fiber (18%), phenolic compounds (0.3-3%), and
minerals (2.5-3.5%). In addition, it is a good source of
a vitamin B complex (thiamine and riboflavin), as well

Copyright © 2023, Gaikwad et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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as essential amino acids (methionine, isoleucine, leuci-
ne, phenylalanine, etc.) [1, 7-10]. Finger millet contains
30 times as much calcium as rice, namely 344 mg/100 g,
which plays a positive role in bone development and
maintenance, as well as in the functioning of nerves
and muscles [4, 11, 12]. According to studies, finger mi-
llet possesses various medicinal and nutritional pro-
ties. It is well known for its biological properties (anti-
tumorigenic, anti-atherosclerogenic, anti-diabetic, anti-
oxidant, and antimicrobial) mainly due to polyphenols
and dietary fiber [13, 14]. Also, finger millet prevents
oxidation of low-density lipoproteins, hypertension, hy-
percholesterolemia, and diabetes mellitus, as well as
improves gastrointestinal tract functioning and vascular
fragility [8, 15]. Being an aboriginal crop, minor millet
is utilized in formulations of geriatric and weaning
foods, as well as health foods both in natural and malted
forms [16]. Malted finger millet flour can be used to
prepare bread, papad, chips, chapatti, bakery products,
porridge, chakli, idli, biscuits, cookies, and beer, as
well as gruel for new-born babies [17, 18]. Our review
highlights various aspects of finger millet, including its
nutritional composition, various effects of processing, as
well as its utilization for the development of functional
products.

STUDY OBJECTS AND METHODS

For this review, we searched for publications in
Google Scholar, ResearchGate, ScienceDirect, and Pub-
Med. Synonyms and alternative words were identified
and used to obtain current literature in English. Our
major search terms and key words were “millets”,
“millet phytochemicals”, “major bioactive compounds
in finger millets”, “health benefits of millets bioactive
compounds”, “finger millet processing”, and “finger
millet products”. Most of the research articles mentioned
in the manuscript are recent and published between
2012-2019.

RESULTS AND DISCUSSION

Cultivation of finger millet. In Nepal and India,
finger millet is grown on 274 350 hectares of land, yiel-
ding 305 588 million tons with an average productivity
of 1115 kg/ha, as a kharif and rain-fed crop on margi-
nal lands and in hilly regions. Finger millet is primarily
farmed in Africa, widely in Uganda, Kenya, and Tanza-
nia, as well as in Ethiopia, Eritrea, Mozambique, Rwan-
da, Malawi, Sudan, Namibia, Senegal, Niger, Nigeria,
Madagascar, Zambia, Zimbabwe (to a minimal degree),
and India [19]. India, as a leading producer, cultivates
1.98 million tons of finger millet on 1.19 million hectares
of land, with a productivity of 1661 kg/ha [20].

In Asia, the major cultivators are India, Nepal,
Malaysia, China, Japan, Iran, Afghanistan, and Sri
Lanka [21, 22]. In the eastern, central, and western parts
of India (Uttar Pradesh, Bihar, Tamil Nadu, Karnataka,
and Andhra Pradesh), this crop is cycled along with
maize in a mixed cropping system. In the mid and far
western regions, however, it is monocultured [23].
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Finger millet is highly tolerant to biotic and abio-
tic stimuli and is highly adaptable to the local climate.
It can adapt to harsh weather conditions, requiring
minimum inputs, and has higher nutritional charac-
teristics when grown in desert environments [24, 25].
Scientific emphasis has been placed on the crop’s ca-
pacity to grow in warm altitudes, on soils with minimal
moisture and low fertility [26]. Finger millet is a short
plant that needs a minimum day duration of around
12h and flourishes at higher elevations, where other
major grains fail to survive. It can grow between 500
and 2400 m above sea level. On average, it demands
500 mm of yearly rainfall, but it can also withstand
300—4000 mm of precipitation. The crop performs best
in the tropical regions of India and Africa, where the
average maximum temperature approaches 27°C and
the average minimum temperature does not drop be-
low 18°C. Dry weather encourages the harvest of healthy
grains at maturity, whereas rainy weather causes grain
blackening. Finger millet prefers climates where the
average temperature ranges from 11 to 28°C, although
it can also tolerate higher temperatures [20]. The crop
is grown from sea level to higher elevations in the
Himalayas, up to 2400 m above sea level [27].

Finger millet is a desirable crop in an intensive crop-
ping system since it requires less time to grow and can
be farmed in all seasons. The seeds have a long lifespan
(more than five years) and are resistant to storage
pests, which makes them an excellent reserve for food
security crisis periods [28]. Finger millet grows well
in a wide range of soils, including red lateritic soil,
mixed grey soil, and unaltered soils with coarse parent
materials. In the tropics, it is typically grown in reddish-
brown lateritic soils which require proper drainage [29].
However, the crop is more prevalent in sandy loam tex-
tured soils where it receives evenly distributed rainfall.

Finger millet is a drought-resistant and weather-
tolerable crop due to its efficient C4 photosynthetic pa-
thway [28, 30, 31]. It is cultivated in abundance in the
Koraput district of Odisha, accounting for 16% of the
total gross cropped area and 28% of the total area
under cereal crop cultivation. In Koraput, it thrives in
temperatures ranging from 14 to 40°C, with an annual
average rainfall of 1320—1520 mm. In this district, tribal
groups mostly farm local finger millet land races, such
as telugu mandia, dasara mandia, san mandia, and bada
mandia by adopting traditional agronomic ways. Finger
millet can also resist slight moisture stress, though
too much dampness or stagnant water would limit its
growth and yield potential. It also declines the growth
of weeds and resists numerous diseases [32]. In addition,
finger millet appears to be more capable of using rock
phosphate than other grains [33].

Nutritional composition of finger millet. Finger
millet is well known for its high contents of calcium,
dietary fiber, and phenolic compounds [8]. It is also a
good source of carbohydrates, proteins, vitamins, and
iron [34]. Chandra ef al. compared the nutritional com-
position of finger millet, wheat, maize, sorghum, and
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rice [1]. They found that finger millet was superior to the
other cereals with respect to dietary fiber, calcium, and
some micronutrients. The husk of finger millet is a rich
source of phenolic compounds, minerals, and dietary
fiber [35]. The nutritional profile of finger millet is
presented in Table 1.

Carbohydrates. The total carbohydrate content of
finger millet has been reported to be in the range of
72-79.5%, consisting of free sugars (1.04%), starch
(65.5%), and non-starchy polysaccharides or dictary fiber
(11.5%) [40]. The dietary fiber content is much higher
in finger millet (11.5%) than in brown rice, polished
rice, and all other millets, namely foxtail, little, kodo,
and barnyard millet. The carbohydrate content of finger
millet is comparable to that of wheat but lower than
that of polished rice. However, the starch content of
finger millet is lower in amylose (16%) than that of the
other millets. Also, finger millet starch has the highest
set back viscosity (560 BU) followed by cooling which
further favors retrogradation [3].

Protein. According to Ambre et al., the protein con-
tent of finger millet depends on its varieties and ranges

Table 1 Nutritional components of finger millet

Constituents Amount References
Moisture, g/100 g 7.15-13.1 [36]
Carbohydrate, g/100 g 72.6-83.3 [8,36]
Protein, g/100 g 6.0-8.2 [24,37]
Lipid, g/100 g 1.8-3.5 [36, 38]
Dietary fiber, g/100 g 15.0-22.0 [24, 36]
Minerals, mg/100 g:

Calcium 220-398 [7,24, 36, 39]
Phosphorous 130-250

Sodium 49

Potassium 430-490

Magnesium 78-201

Iron 3.30-14.89

Manganese 17.61-48.43

Zinc 2.3

Vitamins, mg/100 g:

Retinol 6.0 [3, 24, 36]
Thiamine 0.20-0.48

Riboflavin 0.12-0.19

Niacin 1.00-1.30

Ascorbic acid 1.0

Amino acids, g/100 g:

Isoleucine 4.4 [7,24, 36, 37]
Leucine 6.6-9.5

Methionine 2.5-3.1

Phenylalanine 4.1-5.2

Valine 4.9-6.6

Threonine 3442

Lysine 2.2

Tryptophan 1.1-1.5

Fatty acids, %:

Oleic acid 49 [14]
Linoleic acid 25

Palmitic acid 25
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from 5 to 12% [16]. Swami et al. had malted finger mil-
let for 8, 12, 16, 20, and 24 h and reported that longer
germination times led to higher protein contents (14—
17.5%) [41]. By induced hydrolytic activity, the germi-
nation of finger millet seeds increased the nutritional
value [42]. Finger millet is a rich source of amino acids,
including methionine (3.1 g), isoleucine (4.4 g), leucine
(9.5 g), and phenylalanine (5.2 g) [43]. Of all amino acids
present in finger millet, 44.7% are essential, such as
methionine and tryptophan. Their content is higher than
the required 33.9% of essential amino acids in the FAO’s
reference protein [16].

Finger millet is mainly valued for its content of
methionine, which is lacking in the diets of millions
of poor people who mainly depend on starchy staples
along with cassava, plantain, polished rice, or maize
meals [44]. Finger millet’s protein composition looks
comparatively well-balanced because it has more lysine,
threonine, and valine than other millet grains.

Minerals. Among all cereals and millets, finger
millet comprises the highest calcium and potassium
amounts of 344 and 408 mg, respectively [3]. Singh and
Raghuvanshi reported a huge variation in the mineral
content of finger millet, depending mainly on genetic
factors and environmental conditions [45]. Yet, the
importance of minerals in human nutrition cannot be
overestimated [11].

Lipids. Kumar et al. reported that the lipid content
in millets is comparable to that of wheat and rice
(2.0 and 2.7%, respectively) and ranges from 1.43 to
6.0 g/100 g [38]. Finger millet lipids carry 70-72% of
neutral lipids (primarily triglycerides and traces of
sterols), 10—12% of glycolipids, 5-6% of phospholipids,
46—62% of oleic acid, 8-27% of linoleic acid, 20-35%
of palmitic acid, and traces of linolenic acid. Finger
millet has the lowest lipid content among all varieties.
This could be one of the major factors contributing to its
long-life properties, compared to other varieties [3].

Vitamins. Micronutrients present in finger millet,
including vitamins, are required for the typical de-
velopment and self-maintenance of human body. Vita-
mins are divided into two major groups, fat-soluble and
water-soluble [13]. Most of the probiotic food consists
of fatty acids, vitamins, and other vital nutrients that en-
hance the body’s resistance against pathogenic microor-
ganisms [2]. Thapliyal and Singh stated that the fermen-
tation of finger millet enhances the concentration of
vitamins, including riboflavin (0.60 mg/100 g), panto-
thenic acid (1.6 mg/100 g), and niacin (4.2 mg/100 g) [8].

Anti-nutrients. Being a good source of vital nut-
rients, finger millet also comprises several antinut-
ritional factors that significantly affect its nutritional
value. They lead to poor digestion of proteins and a
low bioavailability of carbohydrates and minerals such
as calcium, iron and, copper. Major antinutritional
factors present in finger millet include tannins, poly-
phenols, flavonoids, HCN, phytates, oxalic acid, diges-
tive enzyme inhibitors (amylase inhibitor function,
trypsin inhibitory activity), and goitrogens [40, 46].
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Phytates and tannins are two major anti-nutrients
that reduce the bioavailability of vital nutrients,
which can be eliminated by employing food proces-
sing methods such as fermentation and germination.
Kumari et al. reported that non-processed brown finger
millet had a higher radical quenching activity than the
processed one and postulated that tannins and phytic
acid were responsible for the activity [12, 47]. The seed
coat of finger millet contains quite a few phytochemicals
which might also have health benefits [3]. The brown
variety of finger millet was found to exhibit the hig-
hest level of phenolic compounds, compared to other
varieties [3].

Health benefits of finger millet. Finger millet is
well known for its health-beneficial properties, such
as hypoglycemic effects, as well as antioxidant and
antimicrobial activities [48]. Kumari et al. reported
that the non-processed brown finger millet had a higher
radical quenching activity than the processed one due
to tannins and phytic acid [12, 47]. Apart from that,
finger millets exhibit several health-beneficial effects.
In particular, they lower glucose and cholesterol levels
and have neuro-protective, antioxidant, wound-healing,
and anti-cataractogenesis properties [35]. Tatala et al.
reported an improved status of hemoglobin in children
who were given finger millet-based food [49]. As it is a
gluten-free grain, it is highly beneficial for those who
are suffering from celiac disease [43]. Lee et al. found
that finger millet may prevent the risk of cardiovascular
diseases by reducing the plasma triglycerides levels in
hyperlipidemic rats [50].

Effects of processing on finger millet. Finger millet
is pulverized in order to prepare food products, such
as roti, kazhi, and kanji with health-promoting proper-

Table 2 Effects of processing on finger millet

ties [3]. Table 2 illustrates the effects of different pro-
cessing methods on the functional and nutritional qua-
lities of finger millet. Figure 1 represents various proces-
sing methods for developing functional products from
finger millets. A brief account of processing methods
and quality characteristics is given below.

Soaking. Soaking is a process where finger millet
grains are steeped in distilled water overnight at a room
temperature of about 30—60°C, followed by the discar-
ding of the water and cleaning of finger millet grains
thoroughly by using clean water to remove unwanted
particles. Afterwards, they are dried and then milled at
60°C for 90 min to reduce the moisture content [42, 59].
During the soaking, the water needs to be changed once
or twice in order to prevent the excessive growth of
microorganisms [51]. Rajasekhar et al. reported that af-
ter soaking, finger millet had an increase in true den-
sity, porosity, hardness and angle of repose, as well as
a decrease in longitudinal and lateral diameter, spheri-
city, surface area, 1000 kernel weight, bulk density, co-
lor (L*, a*, b*), and terminal velocity [60]. Ocheme and
Chinma observed a slight increase in protein, ash, dry
matter, water absorption capacity, hygroscopicity, and
swelling ability of millet flour resulting from soaking
and germination, as well as a decrease in fat, phytic acid,
gelation capacity, and viscosity [61].

Milling or grinding. Generally, finger millet is
pulverized to obtain flour for food products. Firstly, fin-
ger millet it cleaned to remove foreign particles, such
as stalks, stones, chaffs, etc. Then, it is passed through
abrasive or friction mills to remove the non-edible cel-
lulose tissue. Sometimes, decortication or pearling are
also used to dehusk the finger millet grain [14]. During
the milling process, grains undergo different operations

Processing Effects References

Soaking Enhances the bioavailability of minerals, improves digestibility, nutritional value [51,52]
and sensory attributes

Milling or grinding Influences the yield by separating out glumes (non-edible cellulosic tissue) [1]
Leads to the loss of fiber and phytochemicals when grain is milled to obtain flour [46]

Popping or puffing Improves the nutritional value by inactivating some of the anti-nutritional factors [13,51]
Enhances aroma (due to the Maillard reaction), color, taste, and appearance of processed
raw materials

Malting Improves digestibility, lowers down anti-nutrients, and enhances nutritional value [53]

Cooking Enhances soluble phenolic acids and inactivates heat-labile anti-nutritional factors [54, 55]
Makes food more palatable, safe, and suitable for consumption

Fermentation Reduces anti-nutritional factors, leads to biochemical changes, decreases pH, and increase [2, 51]
total sugar
Helps preserve food products

Drying Increases protein content, digestibility, bioavailable micronutrients, desired moisture [18]
content, and color retention

Roasting Increases the bio-availability of minerals like calcium and iron Increases the shelf life [8,9]
of food

Decortication/Dehulling  Reduces polyphenolic pigments and phytate content [17,56]
Decreases the total mineral content but increases the bio-accessibility of calcium, iron,
and zinc

Extrusion Modifies texture and other physical properties, gelatinization of starch [57]

and denaturation of protein, starch fragmentation
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Figure 1 Processing techniques for finger millet products [3, 14, 58]

such as cleaning, sorting, hulling, branning, and kil-
ning [62]. About 10% of water is added to help the re-
moval of fibrous husk. Generally, milling is used to
remove the fibrous bran or the seed coat of millet
grains. During this process, some phytochemicals like
tannins and phytates become lower, enhancing the
bioavailability of iron [45]. Finger millet is usually mil-
led by roller or hammer mills, while a centrifugal shel-
ler can also be used to dehull/decorticate small millets.
There is no uniformity in the size of particles when
milling in a hammer mill, so it is not suitable for the
preparation of stiff and thin porridge with rough texture.
However, it can be used to prepare baked or smooth-
textured foods [63].

Popping or puffing. Popping is a process where
starch is gelatinized and expanded. For this, finger mil-
let grains are kept at high temperature for a short time,
which results in vapor production and expansion of
endosperm [64]. This technique can also reduce anti-
nutritional factors in finger millet. In addition, it is
less expensive and easy to use [40]. Both popping
and puffing are the oldest traditional methods of coo-
king grains. The popping of finger millet grains inac-
tivates some antinutrients and enhances protein and
carbohydrate digestibility (Table 2). Popped millets also
have improved color, taste, appearance, and aroma. For
puffing, extra water is added during the conditioning
process to increase moisture up to the limit of 18-20%,
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which is then kept for 4—6 h under normal temperature.
After conditioning, the puffing process is carried out
by agitation on a hot sand layer at about 230-250°C
for a short time. A highly desired aroma develops in
the millet due to the sugar present in the aleurone layer
from the reaction with amino acids that causes the
Maillard reaction. Modern air puffing machines can be
the best solution for sand particles sticking to the pro-
duct [51].

There are various types of popping and puffing
methods, including sand and salt treatment, hot air
popping, gun puffing, popping in hot oil, conventional
method, and microwave heating [64]. A decrease in the
calcium content and an increase in the iron content
have been observed during the popping of finger
millet, whereas the amount of anti-nutritional factors,
such as trypsin inhibitor and oxalic acid, decreased
gradually. Thus, popping of finger millet results in lo-
wered anti-nutritional factors and increased nutritional
content [65].

Malting. Shahidi and Chandrasekara reported chan-
ges in the composition of free and bound polyphenol
contents in the malted finger millet [43]. Malting can
gradually help lower anti-nutritional factors, as well as
enhance the nutrient content [38, 53]. Sprouting of finger
millets at 30°C for 48 h improves protein digestibility
and reduces oxalate, phytic acid, and tannin contents
by 45, 46, and 29%, respectively. Germination is a tradi-
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tional process in which dehusked grains are steeped in
distilled water for 2-24 h and then incubated at 30°C for
48 h [59].

In a study by Hithamani and Srinivasan, finger millet
grains were soaked overnight in distilled water [66]. On
the following day, the grains were removed from wa-
ter and kept under normal temperature for 48 h, with wa-
ter sprayed over them perodically. The germination
process is stopped by drying the germinated grain in a
hot-air oven. The drying time and temperature play an
important role because they not only affect enzymatic
activity but also help in developing the color and flavor
of compounds [67]. Kumar et al. reported that malting
enhanced the bio accessibility of iron and manganese
in millet by 300 and 17%, respectively [38]. Malting in-
creases the nutrient content by inducing hydrolytic ac-
tivity. Banusha and Vasantharuba reported that malting
gradually increased the reducing sugar and free amino
acid contents [42].

Germination of finger millets, which has been used
for hundreds of years, helps soften the kernel structure
and enhance nutrient contents. It also increases the con-
tents of vitamins, minerals, essential amino acids, and
carbohydrates, thus enhancing the useful optical pro-
perties of the grains [68]. Malting of finger millet in-
creases the vitamin C content, phosphorus availability,
as well as synthesizes lysine and tryptophan [69].

Cooking. Cooking is a processing method which in-
volves boiling of finger millet grains in water until their
structure becomes soft. It is the most commonly used
traditional method of food processing which aids in re-
ducing anti-nutritional factors (e.g., tannin content by
30%) and also makes the food palatable [54]. Also,
cooking decreases the microbial load and thus enhances
the sensory properties of cooked grains [34]. Porridge
can be prepared by mixing boiled water with flour [18].
Cooking was found to increase the resistant starch con-
tent in finger millet, as compared to other processes [3].

Fermentation. As reported by Ilango and Antony,
the fermentation of finger millet led to the breakdown
of long-chain fatty acids and starch molecules [70].
The pH value dropped by 2.1 units and the contents of
lactic and acetic acids rapidly increased by 6.5 and 3.7%,
respectively. Also, the total fat content reduced by 42.9%,
which helped lower the phytic acid content by 72 and
54% in 96 and 72 h, respectively. Finger millet is a
rich source of calcium as it is, but its contents of iron,
manganese, and calcium can be further increased by fer-
mentation [71].

Fermentation is more effective than malting in re-
ducing phytic acid since it enhances the chemical and
physiological accessibility of micronutrients in the body
and reduces anti-nutritional factors such as phytates
and tannins. The nutritional value of millet grains be-
comes higher due to an increase in the bioavailability
of nutrients [71]. Fermentation is widely employed all
over the world, as it significantly increases the shelf life
of food products. Fermented products have more in-
tense sensory characteristics such as aroma, taste, and
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flavor [63]. It is the most effective and oldest method
to increase the shelf life of products, i.e., food preser-
vation [54].

Drying. In a study by Emmambux and Taylor, germi-
nated finger millet was dried at temperature ranging bet-
ween 40 and 70°C using a fluidized bed dryer [18]. This
process increased the protein content, digestibility, and
bioavailability of micronutrients. The flour made from
dried sprouted finger millet can be utilized to prepare
papad, noodles, bread, and several other Indian dishes,
such as idli, chakli, and porridge. A decrease in the
lightness of finger millet seeds was observed [15]. Finger
millet can be dried by bed dryers, drum dryers, and in
the sun. In sun drying, which is a traditional method,
grains are generally spread and kept under sunlight for
a specific period of time. After drying, the grains can be
stored in bags for 5-10 years. These grains are highly ef-
fective in preventing disease, but they are very small and
not easy to handle, which is a major obstacle [52, 72].

Roasting. Roasting of finger millet grains enhances
the contents of carbohydrates and ash, increases the
bio-availability of minerals (calcium and iron), and
reduces moisture, fat, protein, phenols, and antioxidant
activity [9]. Roopa and Premavalli reported an increase
in resistant starch, which reduced in all the other
processing methods [73]. Chandrasekara et al. revealed
a decrease in the free radical quenching activity during
the roasting process [74]. In another study, roasting
caused higher total phenolics, protein, and amylose
contents, as well as a lower moisture content [75].
The food products from roasted finger millet grains
contained the highest amount of resistant starch (3.1%),
compared to other products [3]. In India, sand roas-
ting is quite a popular method, which is mainly perfor-
med by street vendors to prepare various types of food
products [76].

Decortication or dehulling. Before consumption, fin-
ger millet grains undergo dehulling and debranning pro-
cesses which remove large portions of husk and bran [36].
Centrifugal shellers can be used to dehull or decorticate
small millets [63].

Extrusion. Extrusion involves the development of
a food material using high pressure and mechanical
shear [77]. A study by Kumar et al. reported a reduction
in phytates and tannins during the extrusion cooking
or HTST, as well as an increase in the bioavailability
of minerals [38]. Another study revealed that the ext-
ruded products had high cold paste viscosity, but their
cooked paste viscosity was significantly lower [78].
The extruded products exhibited a greater digestibility
of protein, but there was no difference in the in-vitro
carbohydrate digestibility [77].

Utilization of finger millet in functional products.
Finger millet can be used in a variety of ways and it can
be a great substitute for other starchy grains such as rice.
Nowadays, finger millet is being popularized in India for
its functional characteristics [79].

Bakery products. Cookies. Abioye et al. prepared
cookies using blends of wheat flour, germinated finger
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millet, and African yam bean [80]. The cookies were
rich in nutrients and functional characteristics of the
flour, but low in anti-nutritional factors. In another stu-
dy, multigrain cookies were formulated with finger
millet and sorghum in various proportions. The coo-
kies containing 60% of fructo-oligosaccharides, 20%
of finger millet, and 30% of sorghum showed good ac-
ceptability [81]. Sharma et al. evaluated the nutritio-
nal and sensory characteristics of finger millet-based
cookies [82]. The samples with 30 and 50% of finger
millet showed good acceptability and had a higher con-
tent of fiber and minerals, such as calcium, phospho-
rus, copper, and zinc. In another study, cookies were
prepared from malted finger millet and wheat flour
mixture (4:1) where jaggery melted in milk was intro-
duced [83]. The cookies were baked at 170°C for 15 min.

Muffins. Two samples of muffins were prepared from:
1) plain finger millet (60%) and wheat flour (40%) and
2) malted finger millet (20%) and wheat flour (80%).
The sensory acceptance of the former sample was 8.4
and the overall acceptability of the latter was 8.5. The
shelf life of the muffins was estimated as 3 days at am-
bient temperature and 6 days at refrigerated tempera-
ture. The sensory properties of finger millet degraded
during the storage period. Those muffins which were
stored in aluminum foil at refrigerated temperature
showed good quality, as compared to those stored in
polypropylene bags at ambient temperature [84]. Muff-
ins are very popular snacks mostly consumed by child-
ren. Finger millet flour can easily replace wheat flour,
without any loss in taste or other characteristics. Fur-
thermore, the addition of finger millet flour enhances
the nutritional content of muffins [84]. Thus, the utiliza-
tion of finger millets in bakery products is a healthy
choice [51].

Bread. Bread is a very good source of nutrients that
has a positive impact on human health. Its nutrient con-
tent can be enhanced by incorporating cereal grain
flour [85]. Millet has been called a “nutri-cereal” for
its nutrient content. Generally, wheat flour is used in
breadmaking but finger millet could substitute for wheat
flour because of its composition. Kaur et al. reported
that the bread prepared from a blend of finger millet and
wheat flour showed similar sensory scores [86]. Another
study evaluated the sensory and textural properties of
bread samples from composite flour [87]. Malted finger
millet and red kidney bean were used to substitute
20 and 100 g of wheat flour, respectively. The results
confirmed that the bread sample with malted finger
millet had a better sensory score and textural attributes
than the one with red kidney bean. However, the latter
showed a better mineral and nutrient content than the
former. Finger millet bread or hot porridge is commonly
eaten with banana juice or sugar in the eastern and
northern parts of Uganda [79].

Cake. In the bakery industry, cake is one of the
most popular products among consumers. Malted finger
millet and wheat flour were used in different ratios
to formulate a cake [69]. The samples fortified with
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malted ragi flour were richer in minerals (calcium, iron,
phosphorus) and crude fiber than the control sample.
The sensory score was found to be the same at a ratio
of 50:50. The cake with 70% of malted finger millet
showed the highest mineral and fiber content, but had
lower sensory characteristics due to the loss of spongi-
ness and increased intensity of brown color. In another
study, finger millet (nagli rava) was mixed together
with butter milk to prepare batter. Subsequently, jaggery
syrup, white butter, and baker’s yeast were added, while
the flavor was enhanced with cardamom. Fermentation
was achieved after 1 and the cake was baked at 180°C
for 20 min [83].

Biscuits. Biscuits were prepared from two com-
positions of finger millet and wheat flour, 60:40 and
70:30 w/w. The quality of dough and biscuits was
evaluated and their hardness was measured by the
textural profile analysis. According to the results, the
samples with the 60:40 ratio of finger millet and wheat
flour were harder than those with the 70:30 ratio,
because wheat flour makes the dough more adhesive.
Another study reported the advantages of the 60:40 ratio
of finger millet and wheat flour [88]. During milling,
malting, and decortication of finger millet grain, the outer
layer of a seed coat forms a by-product. Krishnan et al.
reported that the seed coat matter contained 9.5-12% of
protein, 2.6-3.7% of fat, 40-48% of dietary fiber, 3-5%
of polyphenols, and 700-860 mg/100 g of calcium [89].
Seed coat matter can be used in flour blends to prepare
biscuits. According to the sensory evaluation, 20% of
malted millet, hydrothermally processed millet, and 10%
of seed coat matter could be used in composite biscuit
flour.

Alcoholic beverages. Beer. Beer is known as doro,
hwahwa, mhamba, or utshwala in various regions of
Zimbabwe. Opaque beer is a popular alcoholic beve-
rage in the southern part of Africa [90]. Millet beer
ranges in alcohol content and taste between ethnic
groups. For traditional brewing processes, mostly Bul-
rush (Pennisetum typhoideum) and finger millet malts
are preferred [91]. Opaque beer is generally produced
from millet with a high level of tannins. Malted finger
millet and barley flour are blended together in various
proportions (100:0, 50:50, and 0:100) for beer brewing.
Gull et al. reported that the optimal conditions for beer
production were a 68:32 ratio of finger millet and barley,
a kilning temperature of 50°C, and a slurry ratio of
1:7 [14]. There are various cultivars of finger millet such
as brown, light brown, and white [12, 36, 63]. In South
Africa, mainly brown cultivar is used for brewing of
traditional opaque beer [52].

Extruded products. Noodles. Blends of finger millet
flour (30-50%) and refined wheat flour were used to
develop noodles for diabetic patients. The sensory
analysis showed that noodles prepared with 30% of
finger millet flour had better acceptance than the other
samples [92]. Two ratios of finger millet flour and rice
flour (50:50 and 100:0) were used to prepare noodles.
Water was added to increase moisture up to 35% and
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to cause pellets to form. Pellets were steamed to make
sheets and form noodles by extrusion. Afterwards, the
noodles were sterilized at 100°C and dried. The samples
with both ratios of finger millet and rice flours showed
good acceptance, but the sample with 100% of finger
millet flour had better acceptability in color than the one
with 50% of finger millet flour. Noodles can be packed
in PET/LDPE bags for more than 1.5 years without any
deterioration [93].

Fermented products. Dosa. Dosa is an Indian break-
fast food. Sinthiya prepared dosa from finger millet flour
and horse gram [94]. It was inexpensive and had a high
protein content. Fermentation was carried out for 24 h
in different proportions. The results showed a decrease
in pH by 2.4 in 16 h. Fermented dosa showed higher sen-
sory acceptance. Also, the study showed that dosa might
help in overcoming malnutrition. In another study, finger
millet, rice, and urad dal flours (2:2:1) were mixed with
jaggery syrup and dry yeast to make batter which was
fermented for 10 h with the adding of salt [83].

Koozh. Koozh is a popular fermented beverage. Ge-
nerally, it is produced in rural India by traditional
methods. Rich in nutrients, it also carries some health-
promoting properties. Koozh is considered a unique fer-
mented food because it undergoes fermentation twice,
before and after cooking. Also, it takes two days to pro-
cess [70]. Koozh is generally prepared from finger
millet and it is well known for its flavor and nutritious
value. In south India, it is consumed every day for break-
fast [95].

Weaning food. The sprouting of finger millet is
an important process in the preparation of infant food.
Hejazi and Orsat stated that sprouted finger millet
and amaranth grains enhanced the availability and di-
gestibility of protein, which is an essential nutrient for
infants’ growth [53]. Nowadays, micronutrient defi-
ciency is a global issue. Finger millet grain is popular
in eastern and northern Uganda as a highly nutritious
food. Finger millet bread or hot porridge is eaten with
banana juice or sugar [79]. Different processes during
the preparation of weaning food, such as roasting, help
enhance the bioavailability of iron [8, 45]. Finger millet
has special properties which make it an excellent source
of nutrients, compared to other grains. It is a rich food
due to its malting characteristics. Malted finger millet
has been traditionally used to develop infant food and
beverages either with milk or lukewarm water with the
addition of sugar [51, 69].

Chapatti (roti). Dough is prepared from finger mil-
let flour, water, a pinch of salt, and oil. To make
chapatti, the dough is kneaded into small balls, which
are flattened and then put over a hot pan. Shobana et al.
stated that the wheat chapatti had a better digestibility
index than the finger millet chapatti [3]. The latter had
a resistant starch content of about 4.5%. Sharma et al.
prepared chapatti from a blend of finger millet and
wheat flours (3:1) [82]. The blended flour showed higher
levels of phenols and higher antioxidant activity than
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wheat flour. The chapatti from blended flour had a high
level of starch which was slow in digestion.

Panghal et al. found that the chapatti prepared from
finger millet flour (40%) and wheat flour had poor dough
sheeting and handling properties [96]. Moreover, it was
low in the level of redness and phenolic content. A 7:3 ra-
tio of finger millet and wheat flours was considered
suitable for the preparation of chapatti, although the
color of chapatti was still slightly dark. Finger millet
flour incorporated into the dough improved the taste of
chapatti. In addition, it efficiently controls the level of
sugars in diabetic patients. Its fiber content can also help
solve the problem of constipation [16].

Papad. According to a report by Verma and Patel,
papad is prepared using 60% of finger millet flour in
Karnataka [51]. First, the flour is cooked in distilled
water until it gets gelatinized. Then, the dough is pre-
pared by adding water. It is rolled, flattened, cut into
shapes of a desirable size, and then dried until required
moisture. In India, papad is a very popular snack and it
is as thin as wafers. Generally, it has a round shape and
is consumed roasted. The moisture content of papad is
about 14—15%. Papad prepared from a blend of finger
millet and soy flours can be stored for up to two months.
In a study by Kazi and Auti, finger millet grains were
soaked for 16 h and germinated for 48 h. They were
then dried at room temperature to reduce moisture and
ground into fine powder. To enhance the flavor of papad,
malted flour and cumin seeds were added to boiling
water. The mixture was stirred until it became thicker in
consistency and sun-dried for 2 days [83].

Porridge. Porridge is a staple food mainly consumed
in southern India, especially in rural areas. Porridge is
prepared by mixing finger millet flour with water to
attain a dough-like consistency [47]. Porridge made
from different varieties of finger millets had a reduced
content of phenolic compounds (by 41%) and tannins
(by 35%), while its iron and zinc bio-accessibility was
6 and 13%, respectively [55]. Finger millets were roasted
at various temperatures and during different times to
prepare porridge. Ambre et al. reported that longer
time and higher temperature decreased viscosity by 50—
60% [16]. Mainly brown and white cultivars were used
to prepare porridge [36, 52].

Non-food uses. Finger millet is an unconventional
crop that can be used not only to formulate nutritious
foods but also as an excellent source of biomass for
bioethanol production. Finger millet seeds are mainly
utilized in the production of ethanol, while African
countries mostly use them for beer production [97].
Finger millet straw and agricultural waste can be con-
verted into bioethanol. The current problems of global
warming, turbulent oil prices, and environmental pol-
lution have prompted most of consumers around the
world to sharply increase their use of “green” fuels.
Bioethanol is commonly derived from the conversion
of carbon-based feeds. However, bioethanol from bio-
sources is the main alternative to fossil fuels for road
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transport vehicles [98]. Finger millet straw can be used
for feeding Mandya sheep or any other animals [99].

Future prospects for research. Our literature re-
view shows that finger millet is an excellent source of
nutrients and health-benefitting properties, which are
comparable to those of major cereals such as wheat, rice,
and maize. Its edible content and nutritional value can
be increased by various processing technologies such
as soaking, fermentation, germination, popping, and
puffing. The use of finger millet grain is lower in some
rural areas compared to urban areas. This is due to the
lack of innovative millet-processing technologies to
provide easy-to-handle, ready-to-cook, or ready-to-eat
products and meals on a commercial scale.

Finger millet is not only used as a coarse grain, but
it is also considered a nutrient grain, or a nutrient crop,
and a possible solution to food and nutrition security
globally. Its high nutritional value and tolerance towards
various biological and azotic stresses make it an excel-
lent crop for the currently growing population in the
conditions of climate change.

A super grain can be created in the future by ge-
netically combining various agriculturally important
traits of the finger millet genus. Advanced finger millet
varieties can be cultivated through different types of
breeding and genetic modification to enhance the crop’s
nutritional composition. The production of finger millet
can be improved with modern agricultural practices and
a timely management of the crop’s condition.

CONCLUSION

Finger millet is a promising raw material for obtai-
ning food products with a high nutritional value. In
addition to meeting the food requirements of the po-
pulation, it has a large number of nutritional (vitamins,
minerals, fatty acids, calcium, antioxidants) and medi-
cinal properties. Its nutritional and functional properties
were found to be superior to those of other cereal grains.
Processing and value-addition technologies have made
it possible to process and prepare functional products
for both rural and urban consumers. In rural areas, the
utilization of finger millet as a food product is still
limited, so it needs to be widely popularized. Specially
formulated region-specific and group-specific foods can
help promote millet consumption and thereby improve
the nutritional intake of consumers.
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Abstract:

Peptides of plant and animal origin have good anti-diabetic prospects. The research objective was to use bovine colostrum
peptides to reduce hyperglycemia in diabetic rats.

Bovine colostrum peptides were obtained by trypsin hydrolysis of colostrum proteins with preliminary extraction of triglyceri-
des. The study involved four groups of Wistar rats with seven animals per group. Group 1 served as control; group 2 received
300 mg/kg of trypsin hydrolysate of bovine colostrum as part of their daily diet for 30 days. Groups 3 and 4 had diabetes mellitus
caused by intraperitoneal injections of 110 mg/kg of nicotinamide and 65 mg/kg of streptozotocin. Group 4 also received 300 mg/kg
trypsin hydrolysate of bovine colostrum intragastrically five times a week for 30 days.

Three peptides were isolated from the trypsin hydrolysate of bovine colostrum and tested for the sequence of amino acids and
molecular weight. Their identification involved the Protein NCBI database, followed by 2D and 3D modeling, which revealed
their chemical profile, pharmacological properties, and antioxidant activity. The diabetic rats treated with colostrum peptides
had lower glucose, glycated hemoglobin, malondialdehyde, and catalase activity but a higher content of glutathione in the blood.
Their leukocytes and erythrocytes also demonstrated less deviation from the standard. The antioxidant effect of colostrum pro-
tein hydrolysate depended on a peptide with the amino acid sequence of SQKKKNCPNGTRIRVPGPGP and a mass of 8.4 kDa.
Colostrum peptides reduced hyperglycemia and oxidative stress in diabetic rats. The research revealed good prospects for
isolating individual colostrum peptides to be tested for antidiabetic properties.

Keywords: Peptides, bovine colostrum, diabetes mellitus, glucose, glycated hemoglobin, antioxidant activity
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INTRODUCTION

Diabetes mellitus, or type II diabetes, is the most
common type of diabetes [1-3]. It causes such chronic
complications as cardiovascular disease and neurolo-
gical disorders, which have become a real pandemic of
the XXI century. Medical science is constantly loo-
king for new methods to curb the pathogenic factors
that determine this socially significant disease and its
chronic complications.

The list of targeted antidiabetic compounds includes
dipeptidyl peptidase 4 (DPP4), intestinal maltase glu-
mylase, hepatic receptor homologue 1 (NR5A2), pancre-
atic alpha-amylase, peroxisome proliferator-activated
receptor alpha (PPARA), protein tyrosine phosphatase,
and retinol-binding protein-4 (RBP4) [4-6].

Protein hydrolysates of plant and animal origin con-
tain a number of biologically active regulatory peptides
with antidiabetic properties [7—13]. Antidiabetic peptides
inhibit DPP4 activity, which prolongs the insulin-secre-
ting action of incretins. Antioxidant peptides inactivate
reactive oxygen species, scavenge free radicals, chelate
prooxidant transition metals, and increase the activity
of intracellular antioxidant enzymes [10]. Angiotensin-
converting enzyme inhibitors have a hypotensive effect
and reduce the risk of atherosclerosis, which is one of
the main chronic complications of diabetes mellitus.
Peptides that inhibit DPP-IV and angiotensin-converting
enzyme have been found in protein hydrolysates
obtained from chlorella, spirulina, amaranth, tuna milk,
and lactic acid products [7-9, 12, 14, 15].

Copyright © 2023, Tikhonov et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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The peptide obtained from Chlorella pyrenoidosa
contained ten amino acids: Leu-Leu-Val-Val-Try-Pro-
Trp-Thr-GIn-Arg. It was reported to inhibit the activity
of pancreatic lipase and prevent the accumulation of
fatty acids and triglycerides in cells [16]. Peptide hyd-
rolysates synthesized from quinoa (Chenopodium qui-
noa L.) and chickpea (Cicer arietinum L.) proteins were
able to inhibit the activity of a-amylase and a-gluco-
sidase, thus reducing glucose uptake and hypergly-
cemia [17, 18].

Bovine colostrum is the first cow’s milk which
is obtained after calving. It is a promising source of
peptides. Colostrum contains more protein, peptides,
lipids, hormones, minerals, and vitamins than whole
milk 19, 20].

Colostrum contains antioxidants (vitamins C, A, E,
p-carotene, selenium), as well as vitamins B,, B,, PP,
B,, B,, B,,, D, orotic acid, and enzymes with peroxida-
se activity [21]. The protein component of colostrum
is represented mainly by such whey proteins as albu-
mins and globulins. Casein appears only on lactation
days 3—4, and its amount gradually increases but never
prevails.

The whey fraction of colostrum contains factors
that provide passive immunity: immunoglobulins, lac-
toferrin, interferon, lysozyme, and defensins are par-
tially synthesized by udder cells and partially formed by
milk lymphocytes. Numerous studies have confirmed
the antiviral, antifungal, and antibacterial properties of
colostrum [21].

Colostrum contains such growth factors and protein
hormones as epidermal growth factor (EGF), IGF-1,
IGF-2, TGFa, TGFp, fibroblast growth factor, gonadotro-
pin-releasing hormone, somatotropin, and growth hor-
mone releasing factor (GHRF) [21, 22]. Growth factors
promote regeneration, regulate blood glucose levels, and
stimulate lipolysis. Glucagon-like peptide 1 (GLP-1) re-
gulates glucose homeostasis by stimulating insulin sec-
retion. A long-term colostrum diet increased the level
of GLP-1 in the blood plasma of calves [23]. Colostrum
casein hydrolysate appears under the action of lactic
acid bacterial proteinases. Hydrolysis yields peptides
with hypotensive, antimicrobial, antifungal, and immu-
noprotective effects. Bovine colostrum whey hydrolysa-
tes were reported to contain angiotensin-converting en-
zyme inhibitors, as well as proteins with antioxidant, anti-
microbial, immunomodulatory, and opioid effects [24].

Agarkova et al. hydrolyzed casein by digestive enzy-
mes to obtain 23 peptides with DPP-IV inhibitory acti-
vity, which exhibited no side effects typical of DPP-IV
inhibitors [25]. A greater degree of hydrolysis reduces
the allergenic properties of proteins. Colostrum hydro-
lysate contains peptides with a lower molecular weight
compared to milk hydrolysate. Golovach et al. detected
antioxidant activity in colostrum peptides, which increa-
sed together with the degree of hydrolysis [26].

Colostrum is safe as it cannot be overdosed and has
demonstrated no side effects of clinical significance
so far. Colostrum and its protein hydrolysates have a
potential therapeutic and preventive use due to their an-

125

tibacterial and immunoregulatory peptides, as well as
growth factors. Colostrum-based functional products
may accompany synthetic drugs in the prevention and
treatment of diabetes mellitus. These encouraging re-
sults require further studies to confirm these effects, as
well as to define the optimal amount and treatment time.

The present research objective was to reveal the
possibility of reducing hyperglycemia in diabetic rats
under the action of bovine colostrum peptides.

STUDY OBJECTS AND METHODS

Colostrum peptides were obtained on the first day
after calving by enzymatic hydrolysis of colostrum with
trypsin. We removed the fat fraction by centrifugation
at 3900 rpm for 10 min in an SM-12-06 centrifuge
(TAGLER, Russia). After that, we introduced the en-
zyme trypsin (Samson-Med, Russia) at 0.15% colostrum
weight in a phosphate buffer solution at pH 7.4. The
solution consisted of disodium hydrogen phosphate
dodecahydrate (Rosspolymer, Russia). The hydrolysis
lasted 12 h at a temperature of 36°C until it was raised to
75°C to inactivate the enzyme.

The molecular weight distribution of the peptides
was carried out by mass spectrometry and identified
by MALDI-TOF and MS/MS mass spectrometry using
an Ultraflex MALDI time-of-flight mass spectrometer
(Bruker, Germany). The mass spectra analysis involved
the Mascot program, Peptide Fingerprint option (Matrix
Science, USA), and the Protein NCBI database.

The score was calculated by the following formula:

50000

Score =————
Mprat X Pumi

(1)
where M, is the molecular weight for each matched
protein; P is the product calculated from the Mowse
matrix of weights M for each match with the ex-
perimental data and peptide masses calculated based
on the Protein NCBI genomic database. The spatial
structure of the isolated peptides was modeled using
the Schrodinger Maestro molecular modeling program
(USA).

The antioxidant activity of the peptides was de-
termined by their ability to scavenge free radicals
DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS (2,2’-
azino-bis(3-ethylbenzothiazoline-6-sulfonate), as well
as by their reducing power when interacting with the
Fe(IlI)-2,4,6-tripyridyl-s-triazine complex by the ferric-
reducing antioxidant power method (FRAP). The expe-
riment followed the procedure described in [27] with
some modifications.

To determine the antioxidant activity by the DPPH
method, we mixed 20 uL of protein hydrolysate or stan-
dard solution with 300 pL of a fresh 0.1 mm solution of
2,2-diphenyl-1-picrylhydrazyl. The mix was incubated
in the dark at room temperature for 30 min. The optical
density decreased at 515 nm, compared to the control.

To determine antioxidant activity by the ABTS me-
thod, we used a ABTS radical solution. The ABTS
radical was generated by mixing aliquots of 7.0 mM
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ABTS solution and 2.45 mM potassium persulfate solu-
tion. The solution was kept in the dark at room tempera-
ture for 16 h. Then, we added 20 pL of the hydrolysate
or standard to 300 pL of the solution of the ABTS™ radi-
cal cation. The absorbance was measured at 734 nm after
the mix was incubated for 15 min at 37°C in the dark.

To determine the restoring power of the peptides, we
prepared a FRAP reagent by mixing 10 parts of 0.3 M
acetate buffer (pH 3.6), one part of a 10 mM solution of
2,4,6-tripyridyl-s-triazine in 40 mM HCI, and one part
aqueous 20 mM solution of iron chloride FeCl,x6H,0.
The reaction was initiated by mixing 300 pL of the
FRAP reagent and 20 pL of the test peptide sample
or standard solution. The reaction lasted 10 min at 37°C
in the dark. The increase in optical density occurred at
593 nm, compared to the control.

We used a trolox solution (6-hydroxy-2,5,7,8-tetrame-
thylchroman-2-carboxylic acid) of known concentration
as a standard solution in all the methods. The results
of the analyzes were expressed in mmol Trolox equi-
valents/l.

All the spectrophotometric measurements were per-
formed using a CLARIOstar microplate reader (BMG
Labtech, Germany).

The experiment involved twelve-week-old male
Wistar rats that weighed 345 + 11 g. The rats were pur-
chased from the Institute of Immunology and Physiology
of the Ural Branch of the Russian Academy of Sciences.
They lived five animals per cage under standard labo-
ratory conditions at 20 &+ 2°C and a 12-h light-dark cycle,
with free access to water and food. They were fed on
2020X Teklad rodent food without soy protein (Envigo,
Huntingdon, UK). All manipulations followed the EU
Council Directive 2010/63/EU and were approved by the
ethics committee of the Institute of Physics, Ural Branch
of the Russian Academy of Sciences.

The rats were divided into four groups with se-
ven animals in each. Group 1 included control animals.
Group 2 received 300 mg/kg of trypsin hydrolysate of
bovine colostrum every day for 30 days. Rats in groups
3 and 4 acquired diabetes mellitus. After 16 h of fasting,
they were administered 65 mg/kg of streptozotocin in cit-
rate buffer pH 4.5 intraperitonially, following a prelimi-
nary administration of an aqueous solution of 110 mg/kg
of nicotinamide [28]. Group 4 received 300 mg/kg of
trysin hydrolysate of bovine colostrum for 30 days. A
DEO006A 18Gx50 mm probe (Great Britain) was used for
intragastric administration of colostrum peptides. All
the animals were weighed every week.

All the animals were withdrawn from the experiment
by intramuscular administration of 40 mg/kg of sodium
pentobarbital. Blood samples for biochemical studies we-
re collected from the tail vein with anticoagulant hepa-
rin. The content of glycated hemoglobin (HbAlc) was
determined in whole blood by affinity gel chromato-
graphy using a GLYCOHEMOTEST kit (ELTA, Russian
Federation). Blood plasma was separated from the new
elements by centrifugation at 1000 g for 10 min. The con-
tent of glucose in blood plasma was determined by the
glucose oxidase method using a Glucose-Novo reagent

126

kit (Vector-Best, Russian Federation). The blood plasma
was tested for free radical oxidation products that react
with thiobarbituric acid, including malondialdehyde
malondialdehyde (MDA) [29]. The amount of reduced
glutathione (GSH) and other thiols in the blood plasma
was defined using Ellman’s reagent (5,5’-dithiobis(2-nit-
robenzoic) acid) [30].

Erythrocytes were mixed with distilled water in a
ratio of 1:18, cooled at 4°C for 1 h, and centrifuged again
at 1000 g for 10 min. After that, the hemoglobin content
was determined to recalculate the indicators of the
free radical oxidation — antioxidant protection system
(FRO-AOD) per gram of hemoglobin. The procedure in-
volved a Vital reagent kit (Vital Development Corpora-
tion, Russian Federation). In the erythrocyte hemolysa-
te, the catalase activity (Enzyme Commission number
EC 1.11.1.6) was determined by the decrease in the amo-
unt of hydrogen peroxide, which formed a dyed complex
with ammonium molybdate [31].

The optical density was measured with a Beckman
DU-800 spectrophotometer (USA).

The hematological parameters were obtained using
an automated hematological analyzer Celly 70 (Biocode
Hycel), designed to study experimental animal blood.

The statistical analysis relied on the OriginPro 9.0
software (OriginlabCorporation, USA). The data were
presented as mean + standard error. The statistical
significance of differences in the data obtained was as-
sessed using the nonparametric Mann-Whitney test (U).
The difference in the mean values within a group had a
5% significance level (p < 0.05).

RESULTS AND DISCUSSION

Table 1 describes three biologically active peptides
isolated from hydrolyzed bovine colostrum proteins.
Peptide 1 with a mass of 8.4 kDa contained 20 amino
acids and demonstrated a significant antioxidant activity
in comparison with other samples, as revealed by the
FRAP method.

The antioxidant activity against DPPH and ABTS
radicals demonstrated by peptide 1 indicated that the
mix of peptides and amino acids was able to suppress
DPPH and ABTS. Probably, the result was due to the
pairing of one unpaired electron present in these radi-
cals. We found ambiguous data regarding the FRAP-
measured relationship between the average molecular
weight of the peptide and its iron-reducing capacity.
Sonklin et al. found that peptides with a low molecular
weight (< 3 kDa) demonstrated a lower FRAP value
while peptides with a molecular weight of 3—5 and 5-10
kDa had a higher FRAP level [32]. However, Meza-
Espinoza et al. reported that soybean hydrolysate with
an average molecular weight of peptides < 1 kDa had a
greater FRAP-measured antioxidant activity than those
with higher molecular weight fractions [33]. Thus, both
our results and review proved that molecular weight may
not be the most important factor affecting the ability of
peptides to reduce ferric ions.

Scientific publications report peptides with hydro-
phobic amino acids to have a higher antioxidant activity:
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Table 1 Peptides isolated from trypsin hydrolysate of bovine colostrum

Peptide sample 1 2 3

Amino acid sequence SQKKKNC LARKT MHNNETN SASNTVN
PNGTRIRV SKIK HTVTPFK
PGPGP ISSHKHI RTRTKKN EGKAGTI

LSTALTR

Number of amino acids 20 9 49

Molecular weight, kDa 8.4 13.0 18.0

Score 90 76 89

Peptide identification POSSUM_01-POSSUM-C-

EMBRYO-2KB, Trichosurus

A similar peptide was not found ~ C0950255 protein, sus scrofa

because the level of coverage

Vulpecula with known peptides is low
Functions n.d, n.d, n.d,
Antioxidant activity DPPH  1.128 + 0.008 n.d, n.d,
FRAP antioxidant activity 1.183 £0.014 n.d, n.d,
ABTS antioxidant activity 1.079 + 0.009 n.d, n.d,

n.d. — no data

Ny fﬁ; Rt

Figure 1 Peptide 1: 2D structure

Figure 4 Peptide 2: 3D structure
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Figure 3 Peptide 2: 2D structure

*NH,

“NH,

alanine (Ala), lysine (Lys), proline (Pro), leucine (Leu),
histidine (His), tyrosine (Tyr), and methionine (Met) [33].
Methionine (Met), cysteine (Cys), tyrosine (Tyr), tryp-
tophan (Trp), histidine (His), and lysine (Lys) increased
the iron-reducing ability of peptides while the arom-
atic amino acids enhanced the antiradical activity of
peptides [34-36].

A comparative analysis of ABTS, DPPH, and FRAP
antioxidant tests revealed that the antioxidant activity
of peptides depended on the amino acid composition of
peptide sequences. The low molecular weight peptides
exhibited higher antioxidant activity against the DPPH
radical compared to those with a high molecular weight.
The samples with a lower average molecular weight
consisted of shorter and more active peptides that acted
as electron donors. They reacted with free radicals and
turned them into more stable substances, thus stopping
free radical chain oxidation reactions.

Figures 1-6 show simulated 2D and 3D structures
of the peptides.
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Figure 6 Peptide 3: 3D structure

The spatial models of peptides isolated from fer-
mented bovine colostrum hydrolysate established that
the amino acid sequences formed secondary structures.
These structures were mostly represented by an alpha
helix since they contained little aromatic amino acid
residues. This fact explained the lack of antiradical ac-
tivity in peptides 2 and 3. According to Wang et al., aro-
matic amino acids enhance the antioxidant activity of
peptides [36].

All the peptides in this study had the isoelectric
point in a highly-alkaline medium. Peptide 1 had the
isoelectric point at pH 11.62 while peptide 2 had it at
pH 11.79. The points depended not on the number of ami-
no acids but on the predominance of amine or carboxyl
groups in the peptide.

The peptide structure modeling revealed the range
of peptide hydrophilicity from +16.95 Kcal/mol in pep-
tide 2 to +48.34 Kcal/mol in peptide 3. Peptide 1 had a
hydrophilicity level of +25.51 Kcal/mol.

The 3D model showed that peptide 3 with its charge
of +6 had a higher chemical activity than the rest: pep-
tide 1 had a charge of +4, and peptide 2 had a charge
of +5.

The intragastric administration of colostrum pepti-
des caused no significant changes in body weight, glu-
cose, and glycated hemoglobin in healthy rats, compared
to the control (Table 2).
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Unlike the healthy and control rats, the experimental
diabetic rats demonstrated a lower body weight, higher
glucose levels, and more glycated hemoglobin by day 30
(Table 2). The administration of colostrum peptides to
diabetic rats did not prevent weight loss, but the hyper-
glycemia was less severe, unlike in group 3 (untreated
diabetic rats), which included untreated diabetic rats
(Table 2).

The administration of colostrum peptides to healthy
animals did not increase the amount of malondialde-
hyde in the blood plasma (Table 3). However, group 2,
which included healthy rats treated with colostrum pepti-
des, had a higher content of reduced glutathione and
catalase activity compared to the control. The intragast-
ric administration procedures definitely caused stress,
which inevitably disturbed homeostasis in the free ra-
dical oxidation-antioxidant protection system. The fact
that the malondialdehyde did not increase in group 2
indicated a slight increase in the free radical oxidation
and a compensation for this process.

Diabetic rats started accumulating malondialdehyde,
and the level of reduced glutathione dropped by 5.2 ti-
mes. They demonstrated a greater catalase activity than
the healthy rats (Table 3). Despite the catalase activation,
the diabetic rats lacked the non-enzymatic link of an-
tioxidant protection but accumulated secondary pro-
ducts of free radical oxidation, which indicated the
development of oxidative stress.

The diabetic rats treated with colostrum peptides
(Group 4) had a lower content of malondialdehyde and
catalase activity while their level of reduced glutathi-
one stabilized, compared to the untreated diabetic rats
(Table 3). While glutathione was the only indicator that
stabilized in Group 4, this change can still be assessed
as a decrease in the severity of oxidative stress under
the action of colostrum. Glutathione contains y-glutamic
acid, cysteine, and glycine. In the diabetic rats treated
with colostrum peptides, it could increase because its
synthesis increased under the action of colostrum pep-
tide amino acids.
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Table 2 Indicators of diabetes mellitus

Parameter
rats (Control)

Group 1 Healthy Group 2 Healthy rats
treated with colostrum

Group 3 Untreated Group 4 Diabetic

diabetic rats

rats treated with

peptides colostrum peptides
Body weight at the start of the experiment, g 332 + 19 332+£19 352+ 17 307 £ 26
Body weight at the end of the experiment, g 393 + 8 361+ 17 264 + 18%2 295 + 17*2
Glucose, mmol/L 6.0+£0.2 6.1+£0.3 18.6 £ 1.2%2 11.2 £1.9%23
HbAlc, % 47403 45+0.2 10.1 £0.3*2 7.4 +£0.5%23
* — the difference with the indicator in the control is significant at p <0.05

23 — the difference with groups 2 and 3 is significant at p < 0.05

Table 3 Indicators of oxidative stress

Parameter Group 1 Healthy rats Group 2 Healthy rats treated ~ Group 3 Untreated Group 4 Diabetic rats treated
(Control) with colostrum peptides diabetic rats with colostrum peptides

Malondialdehyde, umol/L  2.01 + 0.06 2.23+0.18 3.44 +0.22%2 2.89 +0.06*23

Glutathione, pmol/L 24.38 +2.88 41.84+£3.61* 4.67+0.71* 23.46 + 6.50%

Catalase, mmol/min-g Hb 57.86 +2.79 70.36 = 3.94* 99.19 + 1.68*2 74.60 + 3.77*3

* — the difference with the indicator in the control is significant at p < 0.05

2.3 — the difference with groups 2 and 3 is significant at p < 0.05

Table 4 Hematological indicators

Parameter Group 1 Healthy rats  Group 2 Healthy rats treated ~ Group 3 Untreated ~ Group 4 Diabetic rats
(Control) with colostrum peptides diabetic rats treated with colostrum
peptides
Leukocytes, thousand/puL 10.18+1.14 11.17+0.74 7.43 +0.85% 8.78 + 0.65*
Lymphocytes, thousand/pL ~ 7.63 = 0.91 8.21+0.73 4.53 +£0.54*2 5.77 £ 0.57?
Monocytes, thousand/pL 0.27 +0.03 0.33 £0.03 0.25+0.03 0.30 £ 0.03
Granulocytes, thousand/pL.  2.28 £ 0.25 2.63 £0.10 2.65+0.31 2.72 £0.23
Lymphocytes, % 745+14 726 £2.2 60.5 + 1.5% 65.4+£3.2%
Monocytes, % 2.8+0.1 32+0.2 3.9+0.2 3.5+0.2
Granulocytes, % 228+1.5 242+2.1 35.6 £ 1.4% 31.2+3.1
Erythrocytes, min/pL 8.50£0.12 8.72 +£0.09 10.00 = 0.20* 9.93+0.39
Hemoglobin, g/L 1643 +3.1 1664+ 1.4 192.7 £4.3* 190.2 £ 5.7*
Hematocrit, % 45.6+0.8 459+0.6 534+ 1.1% 52.7+ 1.5%
MCYV, fl 53.7+0.8 52.7+0.6 53.4+0.6 53.2+0.9
MCH, pg 19.3+£0.3 19.0+0.2 19.2+0.2 19.2+0.3
MCHC, g/L 3602+ 1.4 362.4+£2.2 360.7 £2.1 360.7+1.2
RDW, % 122+0.3 122+£0.2 12.1+£04 124+0.2
Platelets, thousand/mkl 1067 £ 129 1198 £ 91 1300 + 184 1282 + 129
MPV, fi 6.23 £0.11 6.39+£0.19 6.32+0.21 6.37+0.29
PDV, % 15.7+0.1 15.7+0.1 15.9+0.1 15.8+0.2
Pct, % 0.44 £0.14 0.66 £0.01 0.63 +£0.06 0.62 +0.03

* — the difference with the indicator in the control is significant at p < 0.

23 — the difference with groups 2 and 3 is significant at p < 0.05

The diabetic rats treated with colostrum hydrolysate
demonstrated a less severe oxidative stress because the
hydrolysate contained a peptide with antioxidant pro-
perties, namely peptide 1.

The hematological analysis revealed no abnormalities
in leukocyte, erythrocyte, or platelet parameters in heal-
thy rats treated with colostrum peptides (Table 4). The
untreated diabetic rats demonstrated a lower absolute
and relative number of leukocytes due to the fraction of
lymphocytes with a greater proportion of granulocytes.
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Leukopenia and lymphopenia in diabetic rats might have
been caused by the destructive processes in the organs
of the immune system [37]. The untreated diabetic rats
also had a greater number of erythrocytes, and the
hemoglobin content also increased by 1.2 times, affected
by a larger number of erythrocytes. Therefore, the he-
matocrit increased by 1.2 times relative to the healthy
rats. Other hematological parameters remained within
the norm (Table 4). The high content of erythrocytes and
hemoglobin in the diabetic rats may be a consequence
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of hypoxia caused by diabetes mellitus. In the diabetic
rats treated with colostrum peptides, the values of leuko-
cytes and erythrocytes approached those in the healthy
rats, but the relative number of granulocytes and the
number of erythrocytes were the only parameters that
stabilized (Table 4).

CONCLUSION

1. The intragastric administration of 300 mg/kg of
bovine colostrum peptides to the healthy rats caused
minor and compensated changes in the antioxidant
system but did not affect the level of glycemia and

3. The diabetic rats treated with 300 mg/kg of colos-
trum peptides had a lower hyperglycemia and oxidative
stress, as well as better hematological parameters.

4. The peptide with the amino acid sequence
SQKKKNCPNGTRIRVPGPGP and a mass of 8.4 kDa
added the antioxidant effect to colostrum hydrolysate.

Thus, the isolation of individual colostrum peptides
is relevant for studying their antidiabetic properties in
the future.
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Abstract:

The Vietnamese food industry produces a lot of coffee pulp, which is a valuable and abundant source of agricultural by-products.
It contains a lot of cellulose, which can be converted into bioethanol. However, coffee pulp needs an extensive pretreatment to
reduce the amount of lignin and hemicellulose while retaining the initial cellulose composition. This study compared several
pre-hydrolysis and pre-fermentation pretreatment methods which involved H,SO,, NaOH, microwaves, and white rot fungus
Phanerochaete chrysosporium.

The hemicellulose dropped by 43.8% after the acidic pretreatment, by 47.1% after the alkaline pretreatment, and by 12.8%
after the microbial pretreatment. The lignin contents dropped by 4.2, 76.6, and 50.2% after acidic, alkaline, and microbial pret-
reatment, respectively. The removal of hemicellulose and lignin in the coffee pulp was much more efficient when two or three of
the pretreatment methods were combined. The microwave-assisted acid and alkaline pretreatment was the most efficient method:
it removed 71.3% of hemicellulose and 79.2% of lignin. The combined method also had the highest amount of reducing sugars
and glucose in hydrolysate. Additionally, concentrations of such yeast inhibitors as 5-hydroxymethyl-2-furaldehyde (HMF) and
furfural were 2.11 and 3.37 g/L, respectively.

The acid pretreatment was effective only in removing hemicellulose while the alkaline pretreatment was effective in lignin
removal; the fungal pretreatment had low results for both hemicellulose and lignin removals. Therefore, the combined
pretreatment method was found optimal for coffee pulp.

Keywords: Coffee pulp, hydrolysis, lignin, hemicellulose, reducing sugars, acidic pretreatment, alkaline pretreatment

Please cite this article in press as: Phuong DV, Nguyen LT. Coffee pulp pretreatment methods: A comparative analysis of
hydrolysis efficiency. Foods and Raw Materials. 2024;12(1):133—141. https://doi.org/10.21603/2308-4057-2024-1-594

INTRODUCTION first by-product obtained from wet processing during

No ethanol can be obtained from lignocellulose bio-  coffee production. The global coffee production is res-
mass without some kind of pre-fermentation pretreat-  ponsible for around 22 million tons of fresh pulp per
ment which converts carbohydrate polymers in ligno-  year, 2.4 million tons of mucilage, and about 8.6 million
cellulose into simpler sugar. This conversion usually tons of parchment. The Vietnamese coffee industry
involves hydrolytic enzymes. Lignocellulose biomass dumps about 0.5 million tons of dried pulp into the

possesses heterogeneous and very complex properties,
e.g., cellulose crystallization, degree of coincidence,
humidity, surface area, bonding level of lignin and
hemicellulose, etc. As a result, this biomass requires spe-
cial processing to be able to regulate the hydrolytic
activity of the enzyme. The pretreatment also decreases
the amount of lignin and hemicellulose in the raw
material while retaining cellulose components and re-

environment [2]. A combined effort of technology, eco-
nomics, and environmentalism is needed to cope with
this waste issue. The main chemical components of
coffee pulp include cellulose (25.88%), hemicellulose
(3.6%), lignin (20.07%), protein (9.52%), total sugars
(9.18%), and ash (6.29%). Coffee pulp has a high nut-
ritional value, which makes it a valuable source of

ducing the crystallization of cellulose (Fig. 1). animal feed. However, coffee pulp also contains some
Coffee pulp is one of the most abundant sources of non-nutritional ingredients, such as tannins (8.69%) and
lignocellulose biomass in Vietnam. Coffee pulp is the  caffeine (0.78%), which are bad for food metabolism [3].

Copyright © 2023, Phuong et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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Figure 1 Material structure before and after pretreatment [1]
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Figure 2 Lignocellulose structure [1]

Several recent studies reported that coffee pulp has
a great potential for ethanol production [4—6]. Unfortu-
nately, it also contains a lot of hemicellulose and lignin,
which bind to cellulose (Fig. 2) to form a barrier that
protects cellulose molecules from the attack of chemi-
cals and enzymes. Therefore, ethanol production needs
new pretreatment methods to remove lignin while retai-
ning cellulose in the raw material prior to hydrolysis and
fermentation.

The list of pretreatment methods that remove lignin
and hemicellulose includes acid pretreatment, alkaline
pretreatment, steam explosion pretreatment, microwave
pretreatment, hydrothermal pretreatment, and microbial
pretreatment [7—12]. Chemical and thermal pretreatment
methods all share the same disadvantages, such as envi-
ronmental pollution, equipment corrosion, high cost, and
production of yeast inhibitors. Microbial pretreatment
method overcomes these disadvantages but has a long
processing time and low effectiveness of lignin and
hemicellulose removal.

Lignin is one of the main components that make up
plant and algal cells. It is the most abundant component
found in tree trunks, and it is often called “wood matter”.
In coffee pulp, lignin accounts for about 17.5-20.07%,
while lignin contents in straw, corn cores, sugarcane, and
grass are 4.65, 15, 20, and 12-18%, respectively [3, 13].
Coffee pulp has a higher lignin content than other sour-
ces of lignocellulose biomass, which is a major challen-
ge for its pretreatment processing before hydrolysis
and fermentation. Therefore, ethanol production needs
more in-depth surveys of pretreatment methods and
their combinations that would remove lignin and hemi-
cellulose components while retaining cellulose.

STUDY OBJECTS AND METHODS

Biomass samples. Fresh coffee berries were collec-
ted in Pong Drang commune, Krong Buk district, Dak
Lak province, Vietnam, in November and December.
They went through a rubbing machine to remove the
peel. After that, the pulp was left to dry at 60°C for 12 h
until the humidity was 5-8% prior to being ground in
a disc mill. The resulting powder was sifted through a
multi-layer sifting system with sieve diameters of 0.25,
0.5, 1, and 2 mm. The powder that did not sift through
the two-millimeter sieve grid underwent re-crushing.
The study involved only the powder that went through
the sieve grids of 1-2 mm (Fig. 3).

Chemicals, enzymes, and microorganism strains.
The research involved the following chemicals:

— DNS Reagents (Guangzhou, Guangdong, China);

— CTAB (sigma-Aldrich, Singapore);

— EDTA (Guangzhou, Guangdong, China);

— lignin (Sigma-Aldrich, USA);

— CMC (Sigma-Aldrich, USA);

— TBP (Sigma-Aldrich, USA);

— glucose (Sigma-Aldrich, USA);

— Viscozyme® Cassava C (Bagsvaerd, Denmark): >
450 EGU/g;

— glucosidase (Novozyme 188) (Novozyme, Denmark): >
750 CBU/g; and

— Phanerochaete chrysosporium (Southern Institute of
Biotechnology and Microbiological Application, STAMB,
Ho Chi Minh, Vietnam).

Acid, alkaline, and microwave pretreatment me-
thods. We put 50 g of dried coffee pulp into a one-liter
round bottom flask and added 500 mL of 2% H,SO, (w/w).

Figure 3 Fresh coffee pulp (a); dry coffee pulp (b); and grid coffee pulp (c)
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The raw material was pretreated in a sterilized steamer
at 140°C for 45 min and cooled to room temperature
before being filtered to collect the solid residue [14, 15].
The residue was washed several times with water until
neutral pH and dried at 60°C for 12 h. Then, we placed
dried material into a 500-mL round bottom flask and
added 2% (w/w) NaOH solution (2 g NaOH per 100 g of
raw material). The alkaline pretreatment lasted 20 min
at 120°C and was followed by the microwave pretreat-
ment at 300 W for 20 min [8, 10, 16, 17]. The pretreated
material was then filtered, washed in neutral pH water,
and dried. The control was only pretreated with hot
water under the same conditions. The effectiveness of
the pretreatment process was tested using surface SEM
scans for the remaining fiber content and the reducing
sugar in the pretreatment solution.

The concentrations of cellulose, hemicellulose, and
lignin remaining in the pretreated material were calcu-
lated according to the equation below [7]:

R, :ﬂxloo )
where R_is the percentage of cellulose (R.), hemicel-
lulose (R,), or lignin (R) remaining in the pretreated
pulp, %; A, is the amount of the constituent in the initial
dried coffee pulp, g; A, is the amount of the constituent
after pretreatement of the dried coffee pulp, g.

Fungi pretreatment method. White rot fungus
P. chrysosporium was cultured in a semi-solid medium,
which contained 2 g of rice bran, 8 g of coconut, 25 g of
fishmeal, 25 g of oil cake, and 0.15 g of sugar rust (Fig. 4).
The cultivation lasted 7 days. After that, the mass was
filtered and centrifuged at 5000 rpm to obtain the fungal
biomass. The pretreatment with P. chrysosporium took
place at 35°C with the biomass to raw material ratio
of 1.5%. A portion of the raw material was taken for cel-
lulose, hemicellulose, and lignin quantification after 10,
20, 30, 40, and 50 days.

Hydrolysis method. We put 15 g of the pretreated
raw material into a 250 mL Erlenmeyer flask and added
150 mL of citrate buffer (0.05 mol/L, pH 4.8), 25 FPU/g
of Viscozyme Cassava, and 34 CBU/g of Novozyme 188.
The hydrolysis occurred on a shaker at 150 rpm under
50°C and lasted 72 h. The hydrolysis mix was centri-
ged at 2500 rpm for 10 min to collect the superna-
futant for the reducing sugar and glucose analysis [3].
The processing involved the control sample, in which
raw material was omitted. The hydrolysis performance
(YEH, %) was calculated according to the following
formula [7]:

0.9

. G
YEH = ) 100 Q)

(G.-
CI’
where G, is the glucose concentration at the end of the
enzymatic hydrolysis, g glucose/L; G is the glucose con-
centration without enzyme treatment, g glucose/L; and
C is the cellulose concentration in the pretreated mate-

rial, g cellulose/L.
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Figure 4 Phanerochaete chrysosporium strains (a);
Phanerochaete chrysosporium on PGA (b)

Analytical methods. The reducing sugar content
was determined using the dinitrosalicylic acid (Miller/
DNS) method [19]. The glucose content was determined
by optical measurement at a wavelength of 540 nm using
an oxidase/peroxidase system [20]. The cellulose and he-
micellulose content was determined using the ADF and
NDF methods [21]. The lignin content was determined
according to U.S. TAPPI standards (TAPPI T. 222 OM-02
Acid-insoluble lignin in wood and pulp).

The filter paper (FPU, U/mL) assay tested the sac-
charifying of cellulase: it was based on the hydrolysis
of filter paper by cellulase solution [22]. The amount
of glucose produced was determined using the dinit-
rosalicylic acid method [19].

0.37
enzyme concentration to release 2 mg glucose

FPU =

©)

The carboxymethyl cellulase (CMC, U/mL) assay
for endo-f-1,4 glucanase measured the carboxymethyl
cellulase hydrolysis by cellulase solution [22]. The amo-
unt of glucose produced was determined using the
dinitrosalicylic acid method [19].

0.185
enzyme concentration to release 0.5 mg glucose

CMCase = @)

The cellobiase assay (CBU, U/mL) involved cello-
biose hydrolysis by cellulase solution [22]. The amount
of glucose produced was determined using the dinitr-
osalicylic acid method [19].

0.0926

®)
enzyme concentration to release 1 mg glucose

CBU =

Statistical analysis. The experiments were random-
ly arranged and performed in triplicates with one or
two variables. We employed the ANOVA software to
conclude the discrepancy between the average of the
tests. The Statgraphics Centurion 15.2 software was
used to process the obtained statistics. The average
and standard deviation was calculated using the Excel
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software. The results of the previous experiment were
selected as fixed parameters for the experiments to
follow.

RESULTS AND DISCUSSION

Formation of reducing sugar in pretreatment
solution. Pretreatment methods increase the area of
biomass surface, improve the porosity of raw mate-
rials, reduce cellulose crystallization, and remove hemi-
cellulose and lignin. Both hemicellulose and lignin are
important factors in the formation of lignocellulose
biomass, and they bond with cellulose. A single pret-
reatment method is only good for a certain aspect but
provides no resolution of the aforementioned require-
ments.

Therefore, a combination of many pretreatment me-
thods can perform several tasks at once: save cellulose,
reduce its crystallization, increase the surface area of
contact with hydrolyzed enzymes, remove more lignin,
and recover more hemicellulose.

The combination of acid and alkaline pretreatments
in different orders yielded unexpected results. Most
samples pretreated with alkaline, acid, or fungus resul-
ted in a much larger content of reducing sugar in the
pretreatment solution compared to the water-pretreated
control samples. In particular, the acid pretreatment
produced a higher amount of reducing sugar when
pretreated with alkaline (Fig. 5).

Previous studies of lignocellulose biomass pretreat-
ment showed that the lignocellulose biomass pretreated
with Phanerochaete chrysosporium gave a low removal
efficiency of 20-40%. Meanwhile, acid or alkaline pret-
reatment proved to be more efficient because the proces-
sing time was shorter. However, the processing tempe-
rature was much higher, which required complex and
expensive equipment. Moreover, the acid or alkaline
pretreatment methods resulted in a greater cellulose loss
than the microbial pretreatment and could produce some
yeast inhibitors. Therefore, an optimal pretreatment me-
thod or their combination depend on the nature of the

raw material and the objective, and a proper combina-
tion of different pretreatment methods can provide a
greater efficiency compared to a single method.

Changes in cellulose, hemicellulose, and lignin
content. The reducing sugar content in the pretreatment
fluid is not the only factor to be considered when com-
paring different pretreatment methods. A more comp-
rehensive comparison involves the changes in fiber com-
position, especially the decline of lignin and hemicel-
Iulose. Other important factors include the formation of
yeast inhibitors and the content of reducing sugars that
appear during hydrolysis.

Figure 6 shows that the coffee pulp pretreated with
H,S0, 2% (w/w) demonstrated a decrease in hemicel-
lulose content, which dropped from 3.67 to 2.06% (equi-
valent to 43.8% reduction of hemicellulose). It also trig-
gered a minor change in lignin content: only 4.18% was
decomposed. The coffee pulp pretreated with 2% H SO,
(w/w) was further pretreated with 2% NaOH (w/w).
And as a result, the hemicellulose content went on dec-
reasing and dropped to 1.15%, which was equivalent to a
68.6% reduction after two pretreatment steps. The lignin
content saw a dramatic decrease with 77.5% of lignin
being decomposed, which was equivalent to a 78.5%
reduction after two pretreatment steps.

Control

Acid

Alkali

Alkali-acid

Acid-alkali
Acid-alkali-microwave

White rot fungus

Pretreatment methods

0 2 4 6 8 10
Reducing sugar, g/L

Figure 5 Effect of different pretreatment methods on the
reducing sugar content in the pretreatment solution
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In reverse order, the hemicellulose content from cof-
fee pulp pretreated with 2% NaOH decreased from 3.67
to 1.94%, which was equivalent to a 47.1% reduction,
and the lignin decomposed by 76.6%. The coffee pulp
was further pretreated with H,SO,, which resulted in a
54.7% reduction of hemicellulose and a 77.3% reduction
of lignin after two pretreatment steps (Fig. 6).

Thus, different orders of chemical use yielded dif-
ferent results in coffee pulp pretreatment. Figures 5 and 6
show that the use of acid and alkaline order in pretreat-
ment was more effective than the opposite order. The
reducing sugar content in the pretreatment liquid and
the reduction degree of the hemicellulose content in
acid-alkaline pretreatment were both higher than those
in the alkaline-acid pretreatment. Probably, the hemicel-
lulose hydrolysis under the action of diluted acid was
the same as cellulose hydrolysis. Hemicellulose was ini-
tially hydrolyzed into long oligomers, short oligomers,
or monomers, depending on the temperature, acid con-
centration, and hydrolysis time [7].

In our experiment, hemicellulose was hydrolyzed
mostly into oligomers under the action of diluted al-
kaline, and the number of monomers was very small.
Therefore, the reducing sugar content and the reducti-
on level of hemicellulose content in the acid-alkaline
pretreatment was higher than those in the alkaline-acid
pretreatment.

The pretreatment of lignocellulose biomass with di-
luted alkaline increased the contact surface area and
reduced both coincidence and crystallization by se-
parating the bonds between lignin and cellulose or bet-
ween hemicellulose and cellulose or by disrupting the
structure of lignin (Fig. 7c).

Figure 7 also illustrates the difference between the
raw sample and the processed sample. The raw sample
had a hard structure which was very compact and non-
porous. The sample processed by diluted alkaline sho-

wed increased porosity and a larger surface area, which
was due to the removal of lignin and hemicellulose.

Furfural and 5-hydroxymethyl-2-furaldehyde (HMF)
formation in hydrolysis solution. The pretreatment with
diluted acid or diluted alkaline at high temperatures
(> 140°C) resulted in a partial hydrolyzation of cellu-
lose and a complete hydrolyzation of hemicellulose in-
to single sugars, e.g., glucose, xylose, arabinose, manno-
se, galactose, as well as acetic acid. It could also cause
a partial breakdown of lignin into phenol derivati-
ves, i.e., para-hydroxyphenyl, guaiacyl, and syrignyl. In
addition to that, this pretreatment method formed 5-hyd-
roxymethyl-2-furaldehyde (HMF) and 2-furaldehyde (fur-
fural). Organic acids, such as acetic acid or trifluloro-
racetic acid (TFA), appeared as a result of the decom-
position of pentose and hexose [7].

Of all these intermediate products, furfural and
HMF are toxic to ethanol fermentation yeast. Therefore,
they had to be removed or minimized. These toxic sub-
stances often develop immediately after the pretreat-
ment process and partially dissolve in the pretreatment
solution while the rest remains in the raw material re-
sidue. Therefore, they need to be removed immediately
after the pretreatment or eliminated in the hydrolysis
solution prior to fermentation. Removing them imme-
diately after the pretreatment could be difficult because
they are almost evenly distributed and penetrate deep
inside the raw material, which means a complex ex-
traction. Removing them during hydrolysis seems more
effective because hydrolysis is a process of extracting
and diffusing toxic substances from the raw material.
Therefore, removing furfural and HMF in the hydrolysis
solution is more cost-effective than in the raw material.

Furfural appeared as a result of decomposing pen-
tose sugar, which was mainly xylose. HMF resulted from
the breakdown of hexose, mainly glucose and fructose.
Figure 8 illustrates the furfural and HMF content in the

Figure 7 Scanning electron microphotographs of coffee pulp: (a) no pretreatment raw materials; (b) pretreatment with H,SO, 2%;
(c) pretreatment with NaOH 2%; (d) pretreatment with white rot fungus; and (e) pretreatment of acid-alkaline-microwave

combination
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hydrolyzed solution. The pretreatment with 2% H,SO,
at 140°C for 45 min provided the highest content of fur-
fural (3.61 g/L) because diluted acid had a hydrolysis ef-
fect on hemicellulose to form xylose, which continued
to decompose into furfural under high temperature.
Meanwhile, two samples pretreated by acid-alkaline and
acid alkaline-microwave pretreatment methods had a
slightly lower furfural content because both treatments
involved a neutral soaking process. As a result, water
washed away and damaged a lot of furfural. The pret-
reatment with 2% NaOH at 120°C for 20 min also pro-
duced the highest HMF content of 2.43 g/L because alka-
line had a partial hydrolysis effect on cellulose to form
glucose, which was then broken down into HMF at high
temperature.

The furfural and HMF contents in hydrolysis so-
lution correlated with the cellulose and hemicellulose
contents, which degraded after the pretreatment. The
microbial pretreatment samples showed no signs of
furfural or HMF in the hydrolysis solution because
the temperature was as low as 35°C, and no acid or
alkaline was involved. As the hydrolysis process by
cellulase also presupposed low temperatures, no furfural
or HMF were detected. The control sample was only
pretreated in hot water at 140°C without acid, alkaline,
or microwaves. In this case, only a small amount of he-
micellulose and cellulose were hydrolyzed and decom-
posed into furfural and HMF (Fig. 8).

In most pretreatment methods, when the furfural and
HMF content exceed 1 g/L, they have a strong inhibitory
effect on microbial cell growth, especially yeast [23].
To limit their formation, pretreatment usually involves
low temperatures, which affects the pretreatment effi-
ciency. Therefore, if the pretreatment process is ther-
mal, furfural and HMF should be removed from the
hydrolysis solution prior to fermentation.

Formation of reducing sugars and glucose in
hydrolysis solution. A comprehensive effectiveness test
of coffee pulp pretreatment cannot be reduced to the
targeted lignin or hemicellulose removal and the per-
centage of cellulose retained. It should involve such
factors as the reduction of crystallized cellulose, the
structural hollowing, the surface contact area, etc. These
factors improve the hydrolysis process and control the
formation of some yeast inhibitors. All of the aforemen-
tioned considerations are to be verified through the ma-
terial hydrolysis process after the pretreatment process
is carried out.

Therefore, we compared the effectiveness of the pret-
reatment processes using the content of glucose and
reducing sugars released under the action of commer-
cial cellulase enzymes, represented here by Viscozyme
Cassava C and Novozyme 188 (Novo, Denmark). The
hydrolysis process occurred under the following con-
ditions. The hydrolyzed temperature was 50°C at pH 4.8.
The shaking mode was 150 rpm, and the hydrolyzation
time was 72 h. The concentration of Viscozyme Cassava
was 25 FPU/g cellulose and that of Novozyme 188 was
34 CBU/g S-glucosidase, based on dry shell weight [24].
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Acid-alkali 3.06

Alkali-acid

3.61
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Figure 8 Effect of various pretreatment methods on
5-hydroxymethyl-2-furaldehyde (HMF) and 2-furaldehyde
(furfural) in hydrolyzed solution
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Figure 9 Effect of different pretreatment methods on the
formation of glucose and reducing sugars after hydrolysis

The hydrolyzed liquid was centrifuged at 2500 rpm for
10 min. Figure 9 shows the results of the analysis of
glucose and sugar content.

The purpose of the pretreatment process was to
increase the sensitivity of cellulose to the hydrolyzed
enzyme system. Therefore, the glucose and reducing su-
gar were the two components that characterized the
action of the cellulase system on the cellulose compo-
nent found in the coffee pulp after hydrolysis. According
to Fig. 9, all the experimental samples demonstrated a
better hydrolysis performance than the control sample,
which involved water pretreatment under the same
conditions. The glucose and reducing sugar reached
the highest contents when the combined pretreatment
followed the order of acid — alkaline — microwave.
The glucose content was 31.39 g/L, and the reducing
sugar content was 43.26 g/L.

The microbial pretreatment demonstrated the lowest
results when the glucose content dropped to 5.42 g/L,
and the reducing sugar content was as low as 13.19 g/L.
P. chrysosporium secreted some extracellular enzymes,
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mainly active lignin hydrolysis, into the environment
during the pretreatment process with only 50.2% of lig-
nin being hydrolyzed. This rate was much lower than
in the case of the acid-alkaline-microwave combination
when up to 79.2% lignin was removed. P. chrysosporium
also failed to break down hemicellulose, but was able
to alter the content and the crystal structure of cellulo-
se molecules (Fig. 7d). Therefore, the material structure
was less porous, and the contact surface area and the
sensitivity to hydrolysis enzymes were low. This led to a
less efficient hydrolysis performance in comparison with
the acid-alkaline-microwave pretreatment.

In addition, the hydrolysis performance of the en-
zyme was lower in the case of acid-alkaline pretreat-
ment. The acid pretreatment resulted in 9.26 g/L of glu-
cose and 19.58 g/L of reducing sugar. The alkaline pret-
reatment helped release much higher amounts of sugar
than the acid pretreatment: the glucose content was
24.36 g/L, and the reducing sugar content was 37.33 g/L.
The amount of reducing sugar in the alkaline pret-
reatment solution was lower than that in the acid pret-
reatment solution (Fig. 5). As the diluted acid pretreat-
ment was the most efficient hemicellulose hydrolysis
mode, the highest amount of reducing sugar appeared
in the pretreatment solution. NaOH cut off the endo-
molecular ester bonds between hemicellulose and other
molecules, including lignin. As a result, the material
became porous, thus increasing the contact surface area
and the amorphous region of cellulose [25].

Although the microwave pretreatment did not really
degrade lignin and hemicellulose (Fig. 6), it somewhat
changed the surface structure of material (Fig. 7e). Mic-
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rowaves trigger two types of bipolar interactions and
ion interactions which cause rotation/collision between
the bipolar molecules and the ions present in the
material. As a result, they generate heat and disrupt the
supermolecule structure of lignocellulose biomass, both
inside and outside [17, 26]. The results were truly surpri-
sing when the combination of acid-alkaline-microwave
pretreatment methods followed by the hydrolysis yiel-
ded the glucose content of 31.39 g/L. The yield exceeded
the result of the acid treatment by 64.9% and was by
22.8% higher than in the alkaline-pretreated samples.
The reducing sugar content was 43.26 g/L, which was
by 42.6% higher than after the acidic pretreatment and
by 17.3% higher than after the alkaline pretreatment
(Fig. 9).

Thus, the combined acid-alkaline-microwave pret-
reatment gave the best results based on the fiber com-
position, the content of reducing sugar, and the change
in the surface structure. This method reduced hemi-
cellulose by 71.4 to 1.05% (g/100 g db) and lignin by 79.2
to 4.17% (g/100 g db). The remaining material consis-
ted of 77.49% cellulose (calculated according to the ori-
ginal cellulose content), ash, and some other substan-
ces (Fig. 10). After this pretreatment, the coffee pulp
looked like yellow-brown soft foam and had good water
permeability (< 85%) (Fig. 11).

CONCLUSION

This study led to four important conclusions:

1. The combined acid-alkaline-microwave pretreat-
ment method possessed the best lignin and hemicel-
lulose removal efficiency.
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2. The acid pretreatment method had the lowest loss
of cellulose.

3. The combined acid-alkaline-microwave pretreat-
ment had the highest concentrations of reducing sugars
and glucose.

4. The pretreatment with white rot fungus Phanero-
chaete chrysosporium was safe, inexpensive, and green,
although the hydrolysis efficiency was not as high as
after other pretreatment methods. In addition, it produ-
ced no yeast inhibitory substances during ethanol fer-
mentation.
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Abstract:

In this study, we aimed to investigate the impact of three different post-packaging pasteurization temperatures (55, 65, and 75°C)
on the physicochemical (pH, drip loss, texture profile, and color), microbial (lactic acid bacteria, mesophilic and psychrotrophic
bacteria, as well as mold and yeast), and sensory (odor, taste, texture, color, slime, exudates, swelling, and overall acceptability)
characteristics of vacuum-packed beef ham during 30 days of storage at two different temperatures (5 and 12°C).

Lactic acid bacteria and total mesophilic and psychrotrophic counts were reduced to zero by post-packaging pasteurization at 65
and 75°C. Higher post-packaging pasteurization temperatures resulted in a significant increase in drip loss in the treated samples
at 65 and 75°C, as well as a small rise in pH in all the samples. Furthermore, higher post-packaging pasteurization temperatures
decreased lightness, yellowness, and h® values while increasing redness and AE. During post-packaging pasteurization, Chroma
remained constant. The textural profile analysis revealed that post-packaging pasteurization and storage had a significant impact
on the texture of beef ham. The sensory analysis showed no changes after post-packaging pasteurization in the samples, and the
sensory parameters remained stable during their storage at 65 and 75°C.

Finally, our investigation showed that 65°C is an optimal post-packaging pasteurization temperature for increasing the shelf-life
of beef ham under refrigeration.

Keywords: Ready-to-eat foods, meat products, thermal pasteurization, post-packaging pasteurization, shelf-life, lactic acid
bacteria

Please cite this article in press as: Azizpour N, Razavi SH, Azizpour M, Khazaei Poul E. The effect of post-packaging
pasteurization on physicochemical and microbial properties of beef ham. Foods and Raw Materials. 2024;12(1):142—155. https://
doi.org/10.21603/2308-4057-2024-1-596

INTRODUCTION

Ready-to-eat products are really popular in modern

Symptoms of lactic acid bacteria spoilage include
in-package souring, swelling, slime, milky exudates,

lifestyles because they are easy to prepare. Meat pro-
ducts like ham are preferred among ready-to-eat foods
due to their excellent nutritional, protein, vitamin, and
mineral contents. Processed meats are highly perishable
and have a short shelf-life despite the preservation tech-
nologies employed in these products. Because of their
low salt content of 2%, pH of 6, and water activity of
0.9, as well as high protein, water, and nutrient con-
tents, these products are highly susceptible to contami-
nation by spoilage microorganisms, particularly lactic
acid bacteria species [1-3]. This can happen during
manipulation processes before the final packaging,
such as slicing [4].

off-flavors, off-odors, and discoloration [3]. The food
industry is constantly concerned about lactic acid bac-
teria spoilage because it causes economic problems for
producers who have to recall their products and may
also harm their reputation [2]. On the one hand, meat
companies attempt to create a high-quality product with
financial advantages. On the other hand, people are
becoming more conscious of the hazards of artificial
additives used in ready-to-eat products [5]. Therefore,
post-package pasteurization may be used to improve
microbial safety and extend the shelf-life of vacuum-
packed meat products. This method is easier to use and
it is less expensive than other techniques used by meat

Copyright © 2023, Azizpour et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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companies. Post-package pasteurization is a thermal pro-
cess known as a low-temperature decontamination me-
thod that can increase the shelf-life of ready-to-cat meat
products [4, 6, 7].

Most previous studies used post-package pasteuri-
zation to control Listeria monocytogenes, Escherichia
coli, Salmonella spp., and coliforms on a variety of pro-
ducts [6, 8—11]. To the best of our knowledge, there is
a lack of research on the impact of different tempera-
tures of post-package pasteurization on controlling spoi-
lage bacteria, primarily lactic acid bacteria, in beef
ham. Moreover, there are few studies on the quality
changes during the post-package pasteurization pro-
cess, primarily sensory attributes, which is limited to
Vahabi Anaraki et al., who applied post-package pas-
teurization to turkey breast at 80°C for 5.5 min [4]. The
heating process can cause changes in the quality of
meat, such as denaturation, fiber shrinkage, and collagen
solubilization [12]. Therefore, choosing an appropriate
heating temperature is a critical step in producing a
high-quality product.

According to previous studies [8, 13-16], the tem-
peratures selected for post-package pasteurization
ranged between 50 and 95°C. Since higher thermal treat-
ments cause more quality changes, we attempted to
find an optimum temperature in lower thermal ranges
that could efficiently eliminate bacteria while still
ensuring product quality. For this, we examined the
effect of post-package pasteurization at different tem-
peratures on the microbial, physical, chemical, and
sensory quality of fully cooked, vacuum-packed 90%
beef ham. In addition, we evaluated post-package pas-
teurization’s effect on the shelf-life of beef ham during
30 days of storage at temperatures of 5 and 12°C, which
are the average house and market temperatures.

STUDY OBJECTS AND METHODS

In this study, we evaluated the impact of post-
package pasteurization on the microbial activity (lactic
acid bacteria, aerobic mesophilic and psychrotrophic
bacteria, mold, and yeast) and on the physicochemical
changes (pH, drip loss, color coordinates, texture profile)
and sensory analysis in vacuum-packed 90% beef ham
at three post-package pasteurization temperatures (55,
65, and 75°C) and during 30 days of storage at two sto-
rage temperatures (5 and 12°C).

Cooked ham model. Sliced cooked hams were
prepared using traditional techniques in an industrial
meat factory in Amol, Iran (Kalleh Company). Accor-
ding to the manufacturer’s instructions, the hams were
produced from boneless beef cuts (90%), salt (1.5%),
sodium polyphosphate (0.3%), ascorbic acid (0.05%),
sodium nitrite (0.01%), seasonings (1.14%), water (2%),
and wheat starch (5%). After mixing the ingredients,
the mixture was tumbled (2—4°C) and packed into an
artificial casing and cooked until the core temperature
reached 72°C, which was measured by inserting a
thermometer (Model Testo 103, Germany) into the cen-
ter of a sample pack. After cooking, the product was

immediately cooled in a refrigerator (4°C) for about
2 h until the core temperature reached 5°C. The hams
were then sliced (~ 0.2x11x14 cm) by using a slicing ma-
chine and vacuum-packed in polyethylene-polyamide-
polyethylene (100 p diameter) bags weighing around
300 g (~ 300 g sliced ham per package).

Heat treatment. The vacuum-packed hams were
divided into four groups: control (non-pasteurized samp-
les) and experimental pasteurized samples that were
transported to saturated steam chambers at three dif-
ferent temperatures of 60, 70, and 80°C until the core
temperature reached 55, 65, and 75°C, respectively. The
temperature was measured by inserting a thermometer
(Model Testo 103, Germany) into the center of a sample
pack. Each treatment group required 60 min to reach
the core temperature. The packs were then cooled in
a refrigerator (4°C) for about 2 h until the core tempe-
rature reached 5°C. Following that, both pasteurized
and non-pasteurized samples were transferred to the
laboratory and refrigerated for 30 days at two tem-
peratures of 5 and 12°C. For each category (pasteurized
and non-pasteurized) of treatments, 30 out of a total of
120 packed hams were used. All analyses were car-
ried out at least three times on days 0, 15, and 30 at
temperatures of 5 and 12°C.

pH measurement. The pH of the product was
calculated according to the procedure described by
Khorsandi [17]. After mixing 10 g of a chopped sample
with 90 mL of distilled water of room temperature, we
measured pH with a digital pH meter (Model C860, Con-
sort, Belgium). On each measurement day, the pH meter
was calibrated at room temperature using buffers with
pH of 4.01 and 6.97. All pH measurements were repli-
cated three times.

Drip loss measurement. Drip loss was recorded on
each slice of the sample immediately after packaging
or processing at both storage temperatures by removing
the cover of the hams, drying the exudates with a paper
towel, and reweighing the hams with the wrapping. The
drip loss was calculated as follows [18]:

M=, 100 )
W,

1

Drip loss =

where W, is the meat weight at packaging, g; W, is the
meat weight at sampling day, g.

The measurements were replicated at least three
times.

Microbiological analysis. All microbiological analy-
ses were performed according to Menéndez et al. [19].
Before each microbial analysis, sample packages were
sterilized with 70% ethanol and opened aseptically using
a sterile scalpel. Ham samples (25 g) were transferred
aseptically to 0.1% sterile peptone water (225 mL) and
homogenized in a stomacher (Lab Blender, Seward,
London, UK) for 2 min. Further decimal dilutions
were made using the same diluent, and they were then
examined for aerobic mesophilic and psychrotrophic
microorganisms, lactic acid bacteria, molds, and yeasts
under the following conditions: lactic acid bacteria on
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Man Rogosa Sharpe agar at 30°C for 3 days; mesophilic
and psychrotrophic bacteria on plate count agar at 30°C
for 48 h and 10°C for 7 days, respectively; yeasts and
molds on Rose Bengal with chloramphenicol agar at
25°C for 5 days. The tests were run in duplicate on agar
plates using three samples for each treatment, and the
results were represented as logarithms of the number of
colony-forming units (log CFU/g).

Color analysis. The color coordinates (CIELAB)
were calculated using a Minolta CR-400 colorimeter
(Minolta Camera Co., Osaka, Japan; an aperture of 8 mm),
illuminant D65, and a 2° observation angle, as described
in [20]. L* denotes lightness and ranges from black (0) to
white (100); a* denotes redness and ranges from (+) red
to (—) green; and b* denotes yellowness and ranges from
(+) yellow to (-) blue. A standard Minolta reflector plate
was used to calibrate the colorimeter before each color
measurement. Total color difference (AFE), saturation
index or Chroma (C*), and hue angle (h°), which
indicate the divergence from the color space’s true red
axis, were determined as follows [21]:

AE = (L= L) +(a*—a,)} +(b*~b)*  (2)
C*=\J(a** +b*) 3)
h° = tan™' (b*/ a*) @)

Where L*, a*, and b* are the measured values of treated
and control hams on different days, and L, a, and
b, are the standard color parameters. In L* a* and
b* color spaces, AE is the difference between two co-
lors [22]. The Chroma or saturation scale runs from 0 for
fully unsaturated (neutral gray, black, or white) to 100
for extremely high Chroma or “color purity”. The hue
angle (h°) of the saturated color in the color space ranges
from 0° (red), 90° (yellow), 180° (green), 270° (blue),
and 360° (red) [21].

Texture profile analysis. The textural properties
of hams were evaluated using a texture analyzer
(M350-10CT, Testometric, UK) controlled by the
comprehensive WinTest Analysis software. Samples
were fixed on the central part of the texture profile
analysis plate at room temperature and compressed
twice to 50% of their original height through a 2-bite
mechanism with a P/4 cylindrical probe (4.0 mm in
diameter), a load cell of 50 kg, and a crosshead speed
of 60 mm/min. The rest time between the two com-
pressions was 10 s. The following parameters were de-
termined: hardness, springiness, adhesiveness, cohesi-
veness, gumminess, and chewiness. The measurements
were repeated at least three times at different points for
each sample.

Sensory analysis. The sensory analysis was perfor-
med as described in [23], with eight trained panelists.
The following sensory attributes were evaluated: odor,
taste, texture, slime formation, pack swelling, color,
exudates, and overall acceptability. The panelists rated
the sensory attributes on a five-point hedonic scale:
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1 for “extremely bad”, 2 for “bad”, 3 for “moderate”,
4 for “good”, and 5 for “extremely good”. The evalua-
tions of every characteristic were repeated three times.
The sensory evaluations were performed on days 0, 15,
and 30 at both storage temperatures (5 and 12°C).

Statistical analysis. To evaluate the differences
(p <0.05), all the data were analyzed using one-way
ANOVA. Duncan’s multiple range tests (p < 0.05) were
performed to evaluate whether there were changes in the
means of the treatments. The SPSS software was used
for the analysis (SPSS 23.0 for Windows, SPSS Inc.,
Chicago, IL, USA).

RESULTS AND DISCUSSION

Microbiological analysis. Figure 1 depicts total aero-
bic mesophilic counts, total psychrotrophic counts,
and lactic acid bacteria counts after post-package pas-
teurization and under different storage conditions. As
can be seen in Fig. la, post-package pasteurization
considerably reduced the lactic acid bacteria counts of
the treated samples. No colony of lactic acid bacteria
was counted during 30 days of storage in the samp-
les pasteurized at 65 (P65) and 75°C (P75). The initial
count of lactic acid bacteria was 3.5 logl0 CFU/g in the
control samples. Compared to the control group, this
amount significantly reduced to 2.25logl0 CFU/g in
the P55 samples (p < 0.05) (Fig. 1a). These results of lac-
tic acid bacteria are similar to those reported by [3]
and [24], who obtained a one-log reduction in the value
of Lactobacillus sakei, Lactobacillus plantarum, Leu-
conostoc mesentroiedes, and Leuconostoc curvatus in
vacuum-packed sausages in less than 60 s at 55 and 57°C.

We found that on the first day of storage, the value
of logl0 CFU/g of mesophilic bacteria in non-pasteuri-
zed samples was 3.3 logl0 CFU/g. Compared to the non-
pasteurized group, this amount significantly reduced
(p <0.05) to 2.04 logl0 CFU/g in the P55 ham and rea-
ched zero in the P65 and P75 samples (Fig. 1b). Simi-
larly, Pingen et al. observed 1.75 logl0 CFU/g reductions
in total aerobic mesophilic counts at 53°C in pork loins,
and Jeong et al. observed a 3.67 logl0 CFU/g reduc-
tion in total aerobic mesophilic counts after 45 min of
post-package pasteurization treatment at 61°C in pork
ham [9, 25].

In our study, the initial count of psychrotrophic bac-
teria in the control group was 3.4 logl0 CFU/g on the
first day of storage. Compared to the control group, post-
package pasteurization significantly reduced total psy-
chrotrophic counts to 1.6 logl0 CFU/g in the P55 ham
and zero in the P65 and P75 samples (p < 0.05) (Fig. lc).
Our total psychrotrophic counts results were consistent
with those of [10], who reported a 4 logl0 CFU/g reduc-
tion in psychrotrophic counts in lamb loins after the
post-package pasteurization process at 60°C for 6 h.

There were no mold or yeast counts after post-
package pasteurization or during 30 days of storage at
5 or 12°C in either the non-pasteurized or pasteurized
samples. The number of bacteria in our study increased
significantly during storage in both control and the P55
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Figure 1 Microbiological analysis of control and post-package pasteurization-treated hams during 30 days of storage at 5 and
12°C: lactic acid bacteria count (a); total aerobic Mesophilic Counts (b); and total aerobic Psychrotrophic counts (c)

samples (p <0.05). The control samples had a signi-
ficantly higher lactic acid bacteria count during 30 days
of storage at 5°C, but at 12°C, this amount increased to
8.6 logl0 CFU/g at the end of storage for both the control
and the P55 ham (p < 0.05) (Fig. 1a).

At both storage temperatures (5 and 12°C), the
amount of increase in total aerobic mesophilic counts
and total psychrotrophic counts was constantly higher
in the control group than in the P55 ham (Fig. 1b and c¢).
Post-package pasteurization at 65 and 75°C effectively
eliminated the number of lactic acid bacteria, total aero-
bic mesophilic counts, and total psychrotrophic counts by
3.5, 3.3, and 3.4 logl0 CFU/g, respectively, whereas post-
package pasteurization at 55°C significantly eliminated
these bacteria by 1.25, 1.26, and 1.8 logl0 CFU/g, respec-
tively. Furthermore, post-package pasteurization inhibi-
ted the growth of these microorganisms in both the
P65 and P75 samples during cold storage (5 and 12°C),
further increasing the product’s safety.

pH values. Table 1 shows variations in pH values of
the treatments as a result of post-package pasteurization
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and cold storage. As can be seen, the pH of pasteurized
hams increased with a higher post-package pasteu-
rization temperature, but this trend was not statistically
significant (p > 0.05). This could be related to a decrease
in muscle acidic groups and the formation of free
hydrogen sulfide as thermal temperatures rise [26]. This
finding was consistent with the findings of [27] and [28],
who discovered a slight increase in the pH of chicken
and pork samples after heat treatment.

In our study, during storage at 5°C only the pH in
the control samples dec-reased significantly (p < 0.05),
and at 12°C, this trend was only seen in the control
and P55 samples (Table 1). When the lactic acid bac-
teria counts reached 7logl0 CFU/g, the pH dropped
faster. Similarly, when the lactic acid bacteria po-
pulation reached 7logl0 CFU/g, Khadijeh et al. and
Khorsandi et al. discovered a significant decrease in
pH [3, 17]. According to our findings, there were no
significant (p > 0.05) changes in the pH of the P65 and
P75 samples during storage. While the pH drop has been
related to lactic acid bacteria growth, these findings may
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Azizpour N. et al. Foods and Raw Materials. 2024;12(1):142—155

Attribute Days Control P55 P65 P75
Storage temperature 5°C
pH 0 6.32 +£0.034 6.35+0.024¢ 6.37 £0.054 6.40 £ 0.054¢
15 6.30 £ 0.054 6.34+0.014 6.39 + 0.024 6.37 £ 0.044
30 5.36 +£0.044° 6.34 +£0.028 6.37 £0.038 6.36 +0.038
Drip loss, % 0 2.60 + 0.46* 3.10 +£0.25% 4.35+0.325 5.66 £ 0.53¢
15 2.73 +£0.294¢ 3.34+£0.37M 4.24 +(.548 5.88 £0.85%
30 3.65 +0.494 3.47 £ 0.57A® 4.60 + 0.695 5.82 +0.84¢
Storage temperature 12°C
pH 0 6.32 £ (.03 6.35+0.024 6.37 £0.054 6.40 £ 0.054¢
15 5.09 + 0.03% 5.10 + 0.024° 6.34 +0.028 6.34 +£0.028
30 4.92 £ 0.05% 4.93 +£0.014° 6.33 + 0.05% 6.36 + 0.038
Drip loss, % 0 2.60 + 0.46" 3.10 +£ 0.25% 4.35+0.328 5.66 +0.53<
15 3.53+£0.14% 3.64 +£0.124® 4.60 £ 0.148% 5.77£0.16%
30 5.65+0.294¢ 4.18 +£0.155 4.68 +£0.165% 5.79 £ 0.09¢

P55, P65 and P75 are the samples pasteurized at 55, 65, and 75°C

Averages with different capital (A—C) letters in the same row indicate statistically significant difference (p < 0.05) between treatments at the same
storage time. Averages with different small (a—c) letters in the same column indicate statistically significant difference (p < 0.05) within treatments

during different storage times

be due to a lack of lactic acid bacteria growth in these
treatments [4]. On day 30, the pH of the P55 ham was
significantly lower at 12°C than that at 5°C. Our findings
demonstrated that post-package pasteurization at 65
and 75°C could inhibit lactic acid bacteria growth while
maintaining the pH of the samples unchanged.

Drip loss analysis. Table 1 shows changes in drip
loss in the samples caused by post-package pasteu-
rization and during cold storage. Higher temperatures
of post-package pasteurization increased the drip
loss rate of the P65 and P75 samples, which was also
significant between the experimental groups (p < 0.05).
This increase in drip loss could be due to thermal
treatment, which causes myofibrillar protein structures
in muscle to become more rigid in the longitudinal
axis due to protein denaturation. As a result, more
muscle sarcoplasmic fluid is released due to this proce-
dure [23]. Our findings agree with those of [8] in pork
loin. Drip loss increased considerably in the control
and P55 treatments during cold storage at both storage
temperatures (p <0.05) (Table 1). Because the water-
holding capacity of muscle proteins is highly pH-depen-
dent, this can be explained by a decrease in pH in
these samples around the isoelectric point of proteins
(particularly myosin with PI = 5.4) [4, 29].

Wang et al. and Ozaki et al. reported a rising trend
in drip loss in their samples during storage, which is
consistent with our findings [30, 31]. According to our
data, post-package pasteurization significantly increa-
sed drip loss in the P65 and P75 samples, which is a
downside to selecting high temperatures. This parameter
rose during cold storage in both the control and the P55
ham sample, which was connected to lactic acid bacteria
growth and a pH drop.

Color analysis. The L* and b* values. Table 2 shows
changes in the color coordinates (CIELAB) (L* a%,
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and b*) of all the samples. The L* and b* values of the
pasteurized samples followed the same trend, decrea-
sing considerably as the temperature increased up
to 65°C and then leveling out at 75°C (p <0.05). One
possible explanation for the L* value’s decrease is
higher drip loss in these samples, which causes moisture
loss and may result in a decrease in lightness [32].
Reduced b* values may be attributed to metmyoglobin
denaturation, which finally results in brown meat co-
loring because of ferrihemochrome production [33].
Several investigations have shown comparable findings
for the L* value and b* value during post-package
pasteurization [9, 16, 34]. In our study, only in the cont-
rol samples (at both storage temperatures) and P55
samples (only at 12°C) did the L* value decrease signi-
ficantly during cold storage (p <0.05) (Table 2). This
phenomenon could be explained by a loss of the water-
holding capacity in the meat emulsion or a decrease in
the pH of the samples [35, 36].

The b* value, on the other hand, increased signi-
ficantly during cold storage in all the samples (p < 0.05)
(Table 2). The increasing b* values observed in the
control and P55 samples can be explained by pigment
and lipid oxidation as a result of pH reduction [18, 37].
However, in the P65 and P75 samples, this increase
could be attributed to lipid oxidation caused by relea-
sed non-heme iron groups as thermal temperatures
rise [38]. The b* values during the storage period in
our study agreed with those obtained in [37] and [18].
Post-package pasteurization significantly increased the
L* and b* values of the pasteurized samples, as well
as induced darkness and blueness, according to our
findings.

The a* value. Unlike the L* and b* values, the a* va-
lues of the pasteurized samples increased significantly
as the post-package pasteurization temperature rose
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Table 2 Effect of post-package pasteurization on color coordinates (L*, a*, and b*), total color difference (AE), Chroma (C¥),
and hue angle (h°) of 90% beef ham within 30 days of storage at 5 and 12°C. Values are expressed as mean + SD

Color attribute Days Control P55 P65 P75
Storage temperature 5°C
L* 0 29.98 £ (.224¢ 29.53 £ (.28 28.34 +0.23% 28.30 +£0.22¢
15 29.97 +0.294 29.52 +0.258 28.32+0.31% 28.28 +£0.20%
30 29.61 £ (0.244° 29.51 £0.21% 28.30 +0.22¢ 28.25+0.28%
a* 0 15.56 +0.234¢ 15.92 £ 0.26% 16.54 £ 0.22% 16.52 £0.31
15 15.41 +£0.25% 15.74 +0.298 16.35 £ 0.20¢® 16.27 + 0.29¢®
30 15.01 £0.234% 15.44 +0.228° 16.23 +0.27¢ 16.19 +£0.23
b* 0 19.44 + (.23 18.98 +0.258 18.31+0.21¢ 18.20 +£0.29%
15 19.62 £ 0.284® 19.15 +0.208» 18.46 £ 0.21¢® 18.45 + 0.22¢®
30 19.81 £ 0.234% 19.34 £ (0.245% 18.69 + 0.36" 18.70 £ 0.27%
AE 0 042 0.76 + 0.26" 2.224+0.22¢ 2.30+0.18P
15 0.64 +0.15%° 0.73 £0.27" 2.22+0.17% 223 +£0.14%
30 0.76 + 0.134¢ 0.66 + 0.128%° 2.11 £ 0.08® 2.11 +0.26%
C* 0 24.90 £ 0.23 24.77 £0.25 24.67 +0.31 24.58 £0.30
15 24.95+0.27 24.79 +0.25 24.66 + 0.35 24.59 £ 0.34
30 24.85+0.33 24.75+0.33 24.75 +0.35 24.73 £0.25
h® 0 51.32+0.174 50.01 £ 0.048¢ 4791 +0.16% 4777 +0.11<
15 51.85 +0.204° 50.58 + 0.05% 48.47 £ 0.06° 48.59 £ 0.10°
30 52.85+0.15%¢ 51.40 +0.13B¢ 49.03 +0.08% 49.11 £ 0.07¢
Storage temperature 12°C
L* 0 29.98 £ 0.224 29.53 +£0.288 28.34 +0.23% 28.30 +0.22%
15 29.50 +£0.214° 29.19 +0.208° 28.26 +0.45% 28.23 +£0.28%
30 29.42 +£(.234° 29.12 +£0.38% 28.24 +0.25% 2821 £0.19%
a* 0 15.56 +£0.24" 15.92 +0.265 16.54 +0.20% 16.52 +0.31
15 14.93 & (0.244b 15.07 £0.214¢ 16.20 = 0.425° 16.16 +0.205°
30 14.73 +£0.284¢ 14.81 £ 0.25% 16.15+0.21% 16.10 +0.22%°
b* 0 19.44 £ (.23 18.98 +0.258 18.31 +0.21¢ 18.20 +0.29%
15 19.91 £ 0.284% 19.35 + 0.33Bbc 18.71 + 0.24¢ 18.72 + (.39
30 20.02 £ 0.35%¢ 19.55 +£0.358¢ 18.75 + 0.22¢% 18.77 £0.21¢
AE 0 042 0.76 + 0.26" 2.224+0.22¢ 2.30+0.18P
15 0.94 +0.18%4 0.65 + 0.228° 2.14+0.36° 2.13 +£0.15¢
30 1.16 £ 0.104¢ 0.56 + 0.185¢ 2.24 +0.22¢ 2.21 £0.20
C* 0 24.90 £ 0.33 24.77 +0.35 24.67 +0.31 24.58 £0.27
15 24.88 £0.36 24.53 +0.27 24.75+0.33 24.73 £ 0.40
30 24.85+0.32 24.53 £0.30 24.75+0.31 24.73 £0.31
h° 0 51.32+£0.174 50.01 £ 0.048 4791 +0.16% 4777 +0.11¢
15 53.13 +0.054¢ 52.10 +0.07% 49.11 £ 0.04% 49.20 +0.10%
30 53.64 + 0.044¢ 52.85+0.128¢ 49.26 +0.16 49.38 +£0.13%

P55, P65 and P75 are the samples pasteurized at 55, 65, and 75°C

Averages with different capital (A—C) letters in the same row indicate statistically significant difference (p < 0.05) between treatments at the same
storage time. Averages with different small (a—c) letters in the same column indicate statistically significant difference (p < 0.05) within treatments

at different storage times

up to 65°C before leveling off at 75°C (p <0.05). The
cured red color formation in meats (Fe?-nitrosylhe-
mochrom pigment) as a result of the thermal process is
related to the increasing redness during post-package
pasteurization [25]. Our findings were  consistent
with those in [11] for fillet fish heated from 50 to 70°C.
Conversely, during both storage temperatures, a sig-
nificant reduction (p < 0.05) was observed for a* values
in all the samples (Table 2), which could be attri-
buted to the nitrosylmyoglobin pigment oxidation
and metmyoglobin formation [39, 40]. Furthermore,
nonenzymatic browning as a result of oxidative reac-
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tions upon heating can be responsible for a* value chan-
ges in the P65 and P75 samples, which is consistent with
previous studies in sausage and pork ham [35, 41, 42].

Higher post-package pasteurization temperatures
(primarily up to 65°C) were found to induce the cure
meat color in beef ham, which is a desirable quality
for consumer preference. This indicates that 65°C is
a suitable temperature for post-package pasteuri-
zation.

Total color difference (AE), Chroma (C*), and hue
angle (h°). As can be seen in Table 2, post-package
pasteurization significantly increased (p <0.05) the
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total color differences of the pasteurized samples,
ranging from 0.76 to 2.3, when compared to the non-
pasteurized (control) samples. According to Fernandez-
Lopez et al., the actual visual difference of the product
occurs when the total color difference of samples
is greater than 3 [22]. Increasing the post-package
pasteurization temperatures reduced the h° value of
all the pasteurized samples from 50.01 to 47.77
(p <0.05) (Table 2). There were no significant dif-
ferences in Chroma between the pasteurized treat-
ments during post-package pasteurization (p > 0.05)
(Table 2). This might be due to insufficient thermal
temperatures, which could not affect the Chroma
value.

The total color differences of the non-pasteurized
samples increased significantly at both cold storage
temperatures, whereas this parameter decreased sig-
nificantly in all the pasteurized samples (except P65
at 12°C) (p<0.05) (Table 2). However, according to
Fernandez-Lopez et al., this reduction was not detec-
table by the untrained eye [22].

The hue angle results for all the pasteurized and
non-pasteurized samples showed a significant increase
(p <0.05) at the two cold storage temperatures (Table 2),
with values ranging from 47.77 to 53.64, indicating an
increase in yellowness during storage. However, we
observed no change in the Chroma values in any of
the treatments during storage at both temperatures
(p>0.05) (Table 2).

According to the hue angle data, higher thermal
temperatures caused more redness in the samples.
Furthermore, it can be assumed that temperatures
in our study were not high enough to have a signi-
ficant impact on the Chroma or AE that could be
detected.

Textural profile analysis. Hardness, gumminess,
and chewiness. Table 3 shows the effects of various hea-
ting and storage temperatures on the texture parameters
of beef ham. Post-package pasteurization had a signi-
ficant effect on the hardness, gumminess, and chewiness
of the samples. Compared to the control groups, there
was a significant decrease in hardness, gumminess,
and chewiness in the pasteurized samples up to 65°C,
followed by a significant increase in these parameters
at 75°C (p <0.05). Bertola et al. discovered the lowest
hardness values at 60 and 64°C and relatively higher
hardness values between 81 and 90°C [13]. In addition,
Tornberg reported an increase in meat toughness during
heating between 65 and 80°C caused by connective
tissue shrinkage. The increase in meat tenderness during
heating up to 65°C is caused by sarcoplasmic protein
aggregation, gelation of fibers and fiber bundles, and
decreased fracture stress [43].

Furthermore, this author connected a reduction in
shear force to a weakening of collagenous connective
tissue, and Shen ef al. suggested that changes in the
myofibrillar protein structure during heating are ano-
ther factor that leads to meat hardness at temperatures
above 70°C [11, 43].
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The decrease in gumminess during post-package
pasteurization is also caused by the heat denaturation
of myosin, whereas the increase in gumminess can
be related to the unfolding of actin and sarcoplasmic
proteins [44]. Rabeler and Feyissa and Rigdon et al.
observed a similar trend for gumminess when heating
between 50 and 95°C [16, 45].

The decreased chewiness during post-package
pasteurization could be attributed to the loss of the
myosin structure, whereas the increased chewiness
can be related to gel formation due to the denaturation
of connective tissue and collagen that begins at tem-
peratures above 70°C [14, 46, 47]. Roldan et al. found
a similar trend for chewiness during post-package
pasteurization in lamb loins [10].

Furthermore, these texture parameters declined du-
ring the two cold storage periods in all the samples.
In general, the degradation of proteins and lipids by
microorganisms or enzymatic activity, as well as the loo-
sening of myofibrils, the degeneration of connective tis-
sue, and the reduction of actin-myosin junctions, are
associated with decreased hardness and increased soft-
ness of meat during storage [36, 48, 49]. In our study,
this decreased trend was coincidental with the increase
in the number of lactic acid bacteria, total aerobic
mesophilic counts, and total psychrotrophic counts in
the control and P55 samples (Fig. la, b, and c). Thus, dec-
reased gumminess during storage could be due to ionic
reaction loss [42]. Additionally, decreased gumminess
and chewiness in the control and P55 samples might
be due to the degradation of meat protein due to pH
reduction, while decreased gumminess and chewiness
in both P65 and P75 samples could be due to proteolysis
caused by chemical and enzymatic activity and lipid
oxidation during the thermal treatment [11, 50, 51].

Our results for hardness, gumminess, and chewiness
during storage were consistent with those of [28, 36],
[42, 48], and [28, 48], respectively. We found that the
firmness of the treated samples decreased as a result of
post-package pasteurization up to 65°C. However, the
P65 samples had the highest firmness at the end of day
30 of refrigerated storage at both 5 and 12°C. According
to these findings, 65°C could be considered the optimum
post-package pasteurization temperature for maintaining
the firmness quality of beef ham during cold storage.

Adhesiveness and cohesiveness. As shown in Table 3,
none of the post-package pasteurization temperatures
affected the adhesiveness and cohesiveness of the pas-
teurized samples, with the exception of the P55 ham
sample, which had the lowest value when compared
to the other treatments (p <0.05). These results were
consistent with those of D’sa ef al. for adhesiveness and
Rabeler and Feyissa for cohesiveness [15, 16].

The adhesiveness and cohesiveness of all the
samples remained unchanged during cold storage
(p>0.05). Thus, meat products such as ham cannot
have high adhesiveness because they must have a firm
texture and not stick when touched [52]. Rahman et al.
relates ionic interaction loss to the cohesiveness of the
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Table 3 Effect of post-package pasteurization on texture profile analysis of beef ham within 30 days of storage at 5 and 12°C.

Values are expressed as mean = SD

Days Attribute Control P55 P65 P75
Storage temperature 5°C

0 Hardness, N 0. 976 + 0.060* 0.947 +0.1804 0.85 + 0.028 1.19 £ 0.03¢
Cohesiveness 0.243 £0.010 0.24 +0.01 0.23 +0.01 0.25+0.01
Springiness, mm 1.000 + 0* 0.98 +0.0248 0.93 +0.03" 1.000 + 0
Gumminess, N 0.23 +£0.02% 0.227 £ 0.0404B¢ 0.198 + 0.0108 0.301 £0.010%
Chewiness, N/mm 0.235 + 0.040" 0.223 +£0.040" 0.184 +£0.010% 0.301 £0.010%
Adhesiveness, Kgf's ~ 0.12 +0.024¢ 0.110 £ 0.016* 0.10+0.01* 0.020 +0.001®

15 Hardness, N 0.71 £ 0.10% 0.837 +0.030% 0.763 + 0.0504B 0.80 £ 0.044B°
Cohesiveness 0.236 + 0.050 0.23+0.01 0.23+£0.01 0.247+0.010
Springiness, mm 0.977 £ 0.030 1.000 £ 0 0.997 + 0.010® 0.947 £ 0.080
Gumminess, N 0.167 £ 0.0204* 0.192 +0.010% 0.176 + 0.010% 0.198 £ 0.010*°
Chewiness, N/mm 0.163 + 0.0204° 0.192 +0.020" 0.176 £ 0.010%® 0.187 £ 0.020*°
Adhesiveness, Kgf's  0.07 £0.01® 0.06 +0.01 0.060 + 0.002 0.033 £ 0.002

30 Hardness, N 0.477 +0.020%° 0.477 £ 0.020"¢ 0.61 +0.048 0.56 + 0.044B¢
Cohesiveness 0.23 £0.01 0.21+£0.02 0.23+£0.01 0.23 £0.02
Springiness, mm 0.993 £0.010 0.987£0.010 0.998 + 0% 0.98 £ 0.03
Gumminess, N 0.109 + 0.0104B¢ 0.101 £0.010%° 0.14 £ 0.01%° 0.129 £ 0.010"8¢
Chewiness, N/mm 0.109 + 0.010"B¢ 0.10 + 0.024° 0.14 £ 0.02% 0.124 + 0.020"8¢
Adhesiveness, Kgf's  0.050 + 0.003 0.060 + 0.008 0.05+0.01 0.020 +0.001

Storage temperature 12°C

0 Hardness, N 0. 976 + 0.060 0.947 + 0.180% 0.85 + 0.028 1.19 +0.03<
Cohesiveness 0.243 £0.010 0.24 +0.01 0.23 +0.01 0.25+0.01
Springiness, mm 1.000£0 0.98 £ 0.02 0.93 +0.03 1.000 £ 0
Gumminess, N 0.23 +£0.024 0.227 £ 0.0404B¢ 0.198 +0.0108 0.301 £0.010%
Chewiness, N/mm 0.235 + 0.0404¢ 0.223 +0.040" 0.184 +0.010% 0.301 £0.010¢
Adhesiveness, Kgf's  0.12 +0.024¢ 0.110 £ 0.016* 0.10+0.01* 0.020 +0.001®

15 Hardness, N 0.463 +0.010%° 0.477 £0.010%¢ 0.66 + 0.048° 0.59 + 0.048¢
Cohesiveness 0.22+£0.01 0.210 £ 0.005 0.22+£0.01 0.23+0.02
Springiness, mm 1.000+0 0.99 +0.01 1.03 £0.10° 0.963 +£0.010
Gumminess, N 0.101 £ 0.010% 0.100 + 0.0024° 0.148 £ 0.010%® 0.136 £ 0.01048¢
Chewiness, N/mm 0.101 £ 0.010%¢ 0.100 + 0.0024° 0.15+0.018® 0.13 +0.024B¢
Adhesiveness, Kgf's  0.040 + 0.005° 0.050 £ 0.004 0.070 + 0.001 0.040 £ 0.001

30 Hardness, N 0.463 +0.010"° 0.467 + 0.010% 0.61 + 0.048° 0.55 +0.044B¢
Cohesiveness 0.21+0.01 0.200 + 0.002 0.225+0.010 0.229 +£0.020
Springiness, mm 1.000£0 1.000 £ 0 0.987 +£0.010%® 0.993 £0.010
Gumminess, N 0.097 + 0.0024B¢ 0.090 + 0.0034° 0.134+0.010% 0.136 £ 0.010"8¢
Chewiness, N/mm 0.097 + 0.0024B¢ 0.093 £ 0.010%° 0.132 £ 0.020% 0.125 £ 0.020"8¢
Adhesiveness, Kgf's  0.060 + 0.001® 0.040 + 0.002 0.070 + 0.001 0.040 + 0.002

P55, P65 and P75 are the samples pasteurized at 55, 65, and 75°C

Averages with different capital (A—C) letters in the same row indicate statistically significant difference (p < 0.05) between treatments at the same
storage time. Averages with different small (a—c) letters in the same column indicate statistically significant difference (p < 0.05) within treatments

during different storage times

samples during storage [49]. Similar findings have been
observed for adhesiveness in fish and sausage and for
cohesiveness during cold storage in sausage [48, 52, 53].
It has been reported that adhesiveness and cohe-
siveness can play an important role in product slicing
and that increasing adhesiveness and cohesiveness
results in increased product stickiness, which is an
undesirable attribute for consumer preference [54]. In
our study, post-package pasteurization had no effect on
the product’s adhesiveness or cohesiveness, and these
parameters remained unchanged during cold storage.
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Springiness. Post-package pasteurization had no ef-
fect on the springiness of the samples (p > 0.05) (Table 3).
However, when compared to the control and P55
samples, the P65 samples had the lowest springiness
(p <0.05), which can be attributed to collagen and sar-
coplasmic transitions that occurred between 65 and
67°C [43]. A similar result was observed for springi-
ness during the heating of chicken breast meat at
50-90°C [16]. Similarly, another study discovered that
the springiness of the samples treated at 65°C was lower
than that of the samples treated at 72°C [27].
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The springiness of the samples did not change sig-
nificantly at any of the storage temperatures (p > 0.05).
Since an increase in springiness has been linked to
a decrease in pH, while a decrease in springiness has
been linked to an increase in drip loss, our results
for springiness during storage may be related to the
interaction of these factors [48, 55]. Feng et al. found
no significant changes in the springiness of sausa-
ges after 58 days of refrigerated storage [48]. Our fin-
dings revealed that post-package pasteurization had
no effect on the springiness of the samples. Additio-
nally, this parameter remained constant across all sto-
rage temperatures (5 and 12°C), suggesting that post-
package pasteurization can preserve the texture quality
of beef ham.

Sensory analysis. Taste, odor, and texture. Figure 2
depicts the sensory analysis of the samples after post-
package pasteurization and during cold storage. Post-
package pasteurization had no effect on the taste, odor,
or texture of the samples, according to the panelists
(p>0.05) (Figs. 2a—c), which was consistent with pre-
vious post-package pasteurization studies [27, 56]
on sausage and pork. The sensory scores of taste and
odor in the control and the P55 samples decreased
significantly (p <0.05) during cold storage at both
5 and 12°C, reaching 1 at the end of storage (Figs. 2a
and b). The decreased taste and odor scores during
storage could be attributed to an increase in micro-
bial growth, free fatty acid formation, and oxidative
rancidity [52]. Odors and off-tastes become noticeable
when bacterial counts, particularly lactic acid bacte-
ria, reach 7 logs, according to our findings and other
studies [17, 52].

The sensory scores of texture decreased significantly
at both storage temperatures in the control, P55, and P75
samples, according to the panelists (p < 0.05). However,
these scores did not fall below 3 (Fig. 2c). Lower texture
scores in the control and P55 samples can be related to
a drop in pH, which changes muscle protein interaction
and, as a result, changes textural structures [57]. The
decrease in product firmness during storage has been
attributed to enzymatic and microbiological activity [49].
It could also be due to the residual proteolysis activity
of the protease after thermal heating during cold storage
in the P75 hams [51]. Our findings were compatible with
those reported by Feki et al. for sausage and Sani et al.
for lamb meat [52, 58]. Our study revealed that post-
package pasteurization had no effect on the taste, odor,
or texture of the product. These findings also demon-
strated that taste and odor in the P65 and P75 samples,
as well as texture in P65, could be preserved during both
cold storage periods.

Slime formation, color, and swelling. As depicted in
Figs. 2d—f, post-package pasteurization had no noticeab-
le impact on slime formation, color, or swelling in the
samples (p > 0.05). These results were consistent with
those of Vahabi Anaraki ef al. [4].

Slime formation, color, and swelling scores in the
control samples, as well as swelling scores in the P55
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samples, decreased significantly (p <0.05) at both sto-
rage temperatures, and those scores fell below 3. Slime
formation and pack swelling during storage are lin-
ked to the growth of lactic acid bacteria, primarily
Leuconostoc mesenteroides [59]. The decreased color
score during storage can be related to pigment and lipid
oxidation, which causes non-enzymatic browning of
lipids and amino acids [52]. The results of color analysis
in our study agree with those of Feki ef al. and Sani ef al.
in beef sausage and lamb meat, respectively [52, 58].
Our study showed no statistically significant differences
in these sensory qualities in the pasteurized samples.
Furthermore, only the non-pasteurized samples had
lower scores for slime formation and color after 30 days
of cold storage (5 and 12°C), and pack swelling scores
only decreased in the control and P55 samples.

Exudates. As displayed in Fig. 2g, the exudate sco-
res for the pasteurized samples showed a pattern of
decreasing acceptability as the post-package pasteuriza-
tion temperatures rose. Heat treatment-induced protein
denaturation is related to an increase in exudates [60].

The exudates scores decreased significantly during
cold storage in the control and P55 ham samples
(p <0.05). Although the decrease in P55 was lower
than in the control group and remained above 3, while
the scores in the control group reached 4 at 5°C and fell
below 2 at 12°C, this decline could be attributed to a
decrease in pH, which caused protein denaturation and
aggregation disarray, resulting in moisture loss [50].
Our results for exudates agree with those reported by
Vahabi Anaraki ef al. in turkey breast [4]. According to
our results, post-package pasteurization had a negative
effect on the exudates score of the pasteurized samples.
After 30 days of cold storage at both 5 and 12°C, the
score for this parameter did not decrease in either the
P65 or P75 samples, reflecting the absence of microbial
growth in these samples.

Overall acceptability. As illustrated in Fig. 2h, the
overall acceptability of the P55, P65, and P75 ham samp-
les remained from “moderate” to “very good” and never
fell below 3. In the control samples, however, the scores
dropped significantly to “bad” and “very bad”, and on
the 30th day of cold storage, the overall acceptability
fell below 3 at 5°C and below 2 at 12°C (p < 0.05). The
higher sensory quality of the P65 and P75 samples was
due to the lack of spoilage microorganisms in these
samples, and the higher overall acceptability scores
for the P55 ham, compared to the control samples,
might be due to the inhibitory effect of post-package
pasteurization on microbial growth in these samples.
According to our findings, we can conclude that post-
package pasteurization can maintain the sensory
characteristics of beef ham in pasteurized samples
stored at 5 and 12°C.

CONCLUSION

Our study revealed that post-package pasteuriza-
tion could significantly reduce number of lactic acid
bacteria, total aerobic mesophilic counts, and total
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psychrotrophic counts. Furthermore, we found that post-
package pasteurization significantly increased drip loss
and exudates in the treated samples. Fortunately, post-
package pasteurization had no negative effect on the tex-
ture, color analysis, or sensory properties of beef ham,
such as taste, odor, slime, swelling, color, texture, or ove-
rall acceptability. Also, it could significantly maintain
these qualities in the P65 and P75 samples until the end
of day 30 during cold storage at both 5 and 12°C. Accor-
ding to our findings, 65°C was the optimum tempera-
ture for post-package pasteurization application in 90%
beef ham.

Our study indicated that post-package pasteurization
can be easily applied on an industrial scale, and the only
downside to it is increased drip loss during the heating
of the product. This issue could be resolved by using a

different starch or phosphate in the formulation of this
product to increase the water-holding capacity during
post-package pasteurization.
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Abstract:

The research featured two species of buckwheat: Fagopyrum esculentum Moench. and Fagopyrum tataricum (L.) Gaertn.

The authors used 10, 20, or 30% of buckwheat flour to substitute soft wheat flour in order to obtain biscuits with improved
sensory and nutritional properties.

The biscuits were tested for chemical composition, rheology, color, baking quality, sensory properties, and texture. The sample
made of soft wheat flour and F. fataricum contained less protein and fat than the sample with F. esculentum. The samples with
F. tataricum demonstrated greater amounts of fiber and ash while the samples made of soft wheat flour were rich in
carbohydrates. The additional increment enhanced the arrival time, dough development time, dough stability, the mixing
tolerance index, and weakening. Compared to the control, the samples with F. esculentum demonstrated lower peak, trough,
breakdown, final, and setback viscosities. F. tataricum, on the contrary, increased the viscosity readings. The biscuits fortified
with F. esculentum and F. tataricum contained more protein, fat, ash, and crude fiber the control. The control biscuits also
exceeded the total carbohydrates. The experimental biscuits with F. esculentum and F. tataricum were darker in color than the
control: the lightness (L*) and redness values (b*) decreased as the proportion of F. esculentum/F. tataricum rose. However,
the experimental biscuits had a higher level of yellowness (¢*). As the replacement levels rose, F. esculentum and F. tataricum
reduced biscuit weight and volume.

According to the research results, 30% F. esculentum and 20% F. tataricum proved able to yield nutritious biscuits with
outstanding physical properties. Greater proportions of F. esculentum/F. tataricum resulted in poor sensory ratings for color,
taste, flavour, texture, appearance, and overall acceptability.

Keywords: Fagopyrum tataricum, Fagopyrum esculentum, semolina, biscuit, chemical composition, color, baking quality,
sensory evaluation, texture

Please cite this article in press as: Hussein AMS, Abd El-Aal HA, Morsy NM, Hassona MM. Chemical, rheological, and
sensory properties of wheat biscuits fortified with local buckwheat. Foods and Raw Materials. 2024;12(1):156—167. https://doi.
org/10.21603/2308-4057-2024-1-597

INTRODUCTION formulation includes such essential primary ingredients
Cereals products constitute an essential part of as flour, fats, water, and sugar. Fats provide plasticity
and incorporate air during dough formation. They enab-
le the dough to withstand the baking temperatures
without losing shape [5].

Buckwheat is a so-called pseudocereal that derives
from the genus of Fagopyrum. The common buckwheat
(Fagopyrum esculentum Moench.) is the most prevalent
are affordable, nutritious, shelf-stable, and diverse in buckwheat species [6]. Buckwheat is highly adaptable
shape and taste. Bakery products are often fortified with and thrives in various conditions [7]. It contains such
various nutritional ingredients [2—4]. A basic biscuit flavonoids as quercetin, vitexin, orientin, isovitexin, and

human diet. They are responsible for carbohydrates,
proteins, fats, dietary fiber, B-group vitamins, and mine-
rals. Whole grains are an essential ingredient in many
processed foods [1]. In Egypt, biscuits are a popular
bakery item consumed by nearly all social groups. They
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isoorientin. The flavonoid content depends on nume-
rous factors, e.g., testa, seed size and shape, flower color,
seeding time, soil placement, environment, climate,
growth phases, region, etc. [8]. Buckwheat seeds are
also abundant in dietary fibre, which has a beneficial
physiological effect on the gastrointestinal system and
facilitates the metabolism of other nutrients [9]. In
addition, buckwheat seeds are gluten-free and suitable
for people with celiac disease [10]. Buckwheat flour
is a highly nutritional component often used in pasta,
noodles, pancakes, bread, biscuits, etc. [11]. The rese-
arch objective was to develop a new biscuit formulation
from different combinations of the common buckwheat
(F. esculentum) and the green, or Tatar, buckwheat (Fa-
gopyrum tataricum (L.) Gaertn.), as well as to determine
the effect of processing procedures on the chemistry,
rheology, color, backing quality, sensory properties, and
texture of the finished product.

STUDY OBJECTS AND METHODS

This research involved Fagopyrum esculentum
Moench. (California) and Fagopyrum tataricum (L.)
Gaertn. (Hong Kong) seeds. The samples possessed
a state-certified identification label that provided the
scientific, local, and English names of the species, as
well as some data on germination and purity ratios. The
seeds were sowed, planted, and harvested in the city
of Belbies (Sharkia governorate, Egypt; coordinates:
30.4196° N, 31.5619° E) and the city of Sadat (Monofiya,
Egypt; coordinates: 30.3594° N, 30.5327° E) in 2018—
2019 and 2019-2020 to evaluate the growth and quality
of the buckwheat at various growing times. This
research involved only hand-picked grains. After initial
drying in the field for 3—4 days, they were put in a clean,
shaded place for further drying and kernel separation.
The soft wheat flour was supplied by South Cairo Mill
Company (Giza, Egypt) and accounted for 72% of the
total weight. Sugar, eggs, salt (sodium chloride), shor-
tening, baking powder, and vanilla were purchased at a
local market (Giza, Egypt).

The list of analytical reagent-grade chemicals and
solvents included trichloroacetic acid, thiobarbituric
acid, and DPPH (2,2-Diphenyl-1-picryl-hydrazyl). They
were obtained from EI-Gomhouria Co. for Trading
Drugs, Chemicals, and Medical Supplies (Cairo, Egypt).

Table 1 Biscuit formulation

Technological treatment. Preparing the flour mixes.
F. esculentum and F. tataricum grains were cleaned,
tempered (15% moisture), milled (Quadrumat Junior
flour mill), filtered through a 40-mesh screen, and
packaged in plastic bags. The blends of soft wheat flour
(72% extraction) with F. esculentum and F. tataricum
flour had the following ratios: 100:0, 90:10, 80:20, and
70:30 w/w.

Rheology of dough. The farinograph and rapid-visco-
analyzer tests followed the guidelines developed by the
American Association of Cereal Chemists to determine
the rheological qualities of the samples [12].

Preparing the biscuits. We mixed 200 g of soft wheat
flour with 10, 20 and 30% of F. esculentum or F. tatari-
cum. The biscuits were cooked according to the formu-
lation recommended by The Association of Official Ana-
lytical Chemists with some modifications (Table 1) [13].
The dry ingredients (flour, sugar, salt, and baking pow-
der) were thoroughly mixed in a bowl by hand for 3 min.
Then, egg was added and kneaded in. The dough was
rolled and sliced with a five-millimeter biscuit cutter.
The biscuits were baked on trays at 200°C for 25 min.
After that, they were cooled, packaged in plastic bags,
and stored at 28 + 2°C before the analytical and sensory
assessment.

Baking quality. The weight, volume, specific volume,
diameter, thickness, and spread ratio were measured in
triplicates.

Color attributes. The color of both mixes and bis-
cuits were measured using a Spectro-Colorimeter
(Tristimulus Color Machine) with a CIE lab color scale
(Hunter, Lab Scan XE, Reston VA.) calibrated using
a white Hunter Lab color standard tile (LXNO. 16379):
X =7726,Y = 8194, and Z = 88.14. The Hunter-Scot-
field’s equation was used to measure the color difference
(E) using Hunter a, b, and L scales:

AE= (Ad® + Ab* + ALH)1/2,
a=a-a,b=b-b,L=L-1L,

where 0 stood for the control color.

The hue angle and saturation index were calcula-
ted in line with the procedure described by Sapers &
Douglas [14].

Samples Control Fagopyrum esculentum Fagopyrum tataricum

10% 20% 30% 10% 20% 30%

Buckwheat biscuit formulation

Soft wheat flour 100 90 80 70 90 80 70
Buckwheat flour — 10 20 30 10 20 30
Salt 0.93 0.93 0.93 0.93 0.93 0.93 0.93
Sucrose 35 35 35 35 35 35 35
Shortening 28 28 28 28 28 28 28
Egg 30 30 30 30 30 30 30
Baking powder 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Vanilla 1 1 1 1 1 1 1
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Sensory evaluation. The sensory evaluation relied
on the method developed by Hussein ef al. [15]. Each
formulation was analyzed by twenty panelists. Each
panelist gave the product a score between 0 and 20
based on its color, smell, taste, texture, appearance, and
general acceptability.

Texture analysis. The biscuit samples underwent a tex-
ture analysis using a texturometer (Brookfield, CT3-
10 kg, USA) with a cylinder probe (TA. AACC36). The
hardness, stickiness, resilience, cohesion, springiness,
gumminess, and chewiness were measured using the
method of texture profile analysis, which was program-
med for two cycles of measurements to generate a two-
bit texture profile curve. The trigger load was 9.00 N g,
and the test speed was 2.5 mm/s.

Analytical methods. Chemical composition. The
ash, crude fiber, fat, and protein levels were calculated
using the standards developed by The Association of
Official Analytical Chemists [13]. The carbohydrate con-
tent was determined as follows:

Carbohydrates = 100 — (% protein + % fat +
+ % ash + % crude fiber)

Statistical analysis. The obtained results were eva-
luated statistically using the analysis of variance repor-
ted by McClave & Benson [16].

RESULTS AND DISCUSSION

Chemical composition of raw materials. The soft
wheat flour, Fagopyrum tataricum (L.) Gaertn., and Fa-
gopyrum esculentum Moench. were analyzed for mois-

Table 2 Proximate chemical composition of raw materials, %

ture, ash, crude protein, lipid, crude fiber, and carbo-
hydrates. Table 2 displays the acquired values for the
chemical composition of soft wheat flour, F. tataricum,
and F. esculentum. The soft wheat flour had the most
effective moisture content (11.65%), followed by F. escu-
lentum (9.17%) and F. tataricum (8.78%). F. esculentum
had higher protein and fat concentrations (14.90 and
2.18%) than soft wheat flour (11.81 and 1.57%) and
F. tataricum (11.32 and 1.66%). F. tataricum contained
more fiber and ash than F. esculentum (12.51 and and
2.58%) and soft wheat flour (0.79 and 0.81%), respec-
tively (22.08 and 2.85%). Soft wheat flour had a more
significant proportion of total carbohydrates than F. fa-
taricum and F. esculentum. The results obtained were
consistent with those published elsewhere [17-21].
Rheological parameters. Farinograph parameters.
Table 3 and Fig. 1 illustrate the effects of 10, 20, and
30% F. esculentum/F. tataricum on the farinograph test
parameters. The findings demonstrated the effect of com-
bining F. esculentum/F. tataricum at 10, 20, and 30%
with soft wheat flour on such farinograph parameters
as water absorption, arrival time, dough development
time, dough stability, and dough deterioration. The wa-
ter absorption value of the soft wheat flour sample was
61.2%. Its combinations with different proportions of
F. esculentum/F. tataricum resulted both in a progres-
sive decline and an increase. In tandem with the extra
increase, the arrival time, dough development time,
dough stability, mixing tolerance index, and weakening
went down, compared to the control. The increased
dough development time and stability may have been

Samples Chemical composition
Moisture Ash Fiber Protein Lipids Total carbohydrates

Soft wheat flour 11.65+0.25 0.81+0.10 0.79 £ 0.09 11.32+0.11 1.66 +£0.14 85.37+0.31
Fagopyrum esculentum  9.17 £0.17 2.58 £0.07 12.51+0.32 1490+0.27 2.18+0.05 59.08 £ 0.56
Fagopyrum tataricum 8.78 +0.29 2.85+0.01 22.08+0.37 11.81+0.25 1.57+0.03 52.60 + 0.85
Table 3 Effect of Fagopyrum esculentum/Fagopyrum tataricum on farinograph parameters

Samples Water Arrival  Dough Dough Mixing Weakening,

absorption, % time, min development stability, min  tolerance Index, Brabender unit
time, min Brabender unit

Control (100% soft wheat flour) 61.2 1.5 1.5 3.5 60 90

10% Fagopyrum esculentum + 90% 60.8 1.0 1.5 6.0 40 80

soft wheat flour

20% Fagopyrum esculentum + 80% 60.6 1.5 2.5 6.5 50 90

soft wheat flour

30% Fagopyrum esculentum + 70% 60.4 2.0 5.0 8.5 70 70

soft wheat flour

10% Fagopyrum tataricum + 90% 61.0 1.0 1.5 3.0 60 100

soft wheat flour

20% Fagopyrum tataricum + 80% 61.2 1.5 3.0 5.5 80 110

soft wheat flour

30% Fagopyrum tataricum + 70% 61.8 2.0 3.5 5.0 100 120

soft wheat flour
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90% soft wheat flour

Control (100% soft wheat flour) N

10% Fagopyrum tataricum +
90% soft wheat flour

20% Fagopyrum tataricum +

'y

10% Fagopyrum esculentum + 20% Fagopyrum esculentum +  30% Fagopyrum esculentum +

80% soft wheat flour 70% soft wheat flour

f\{""\____

30% Fagopyrum tataricum +

80% soft wheat flour 70% soft wheat flour

Figure 1 Farinograph parameters of dough samples with 10, 20, and 30% Fagopyrum esculentum/Fagopyrum tataricum

Table 4 Effect of Fagopyrum esculentum/Fagopyrum tataricum on pasting properties

Samples Peak Trough  Break down Final Setback  Peak Pasting Peak
viscosity, viscosity, viscosity,  viscosity, viscosity, time, temperature, temperature,
cP cP cP cP cP min  °C °C

Control (100% soft wheat flour) 2508 1659.92  977.8 2573 —64.92 12.1 424 94.5

10% Fagopyrum esculentum + 90% 3008 1452.7 1555 2648 359.7 9.67 64.8 94.8

soft wheat flour

20% Fagopyrum esculentum + 80% 1869 1070.58 798 1863 5.58 9.4 66.1 94.6

soft wheat flour

30% Fagopyrum esculentum + 70% 2528 1521.52 1139 2595 66.52 9.23 635 94.6

soft wheat flour

10% Fagopyrum tataricum +90% 3671 1463.6 2208 2946 724.8 9.9 64.3 94.4

soft wheat flour

20% Fagopyrum tataricum + 80% 3445 1421.7 2023 2910 5352 9.9 64.3 94.6

soft wheat flour

30% Fagopyrum tataricum +70% 3022 1707.9 1613 2838 183.9 997 63.6 94.6

soft wheat flour

induced by a slower water hydration rate and gluten
formation due to the increased fiber content. The higher
mixing tolerance and extension value might have resul-
ted from the interactions between gluten and fiber [3].
As gluten diluted in the flour samples, it could not inte-
ract with starch, thus resulting in a greater mixing
tolerance index [22, 23].

Pasting profile. Table 4 and Fig. 2 demonstrate the
pasting properties of the flour mixes. The control sample
with soft wheat flour showed the following pasting
viscosities: peak viscosity — 2508 cP, trough viscosity —
1659.92 cP, breakdown viscosity — 977.8 cP, final vis-
cosity — 2573 cP, setback viscosity — 64.92 cP. The sam-
ple with F. esculentum reduced the peak, trough, break-
down, final, and setback viscosities of soft wheat flour
from 2508 to 1869 cP, 1659.92 to 1070.58 cP, 977.8 to
798 cP, and 2573 to 1863 cP, respectively. In contrast,
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the samples with F. tataricum enhanced all the viscosity
parameters: peak viscosity — 3022 cP, trough viscosity —
1707.9 cP, breakdown viscosity — 1613 cP, final vis-
cosity — 2838 cP, setback viscosity — 183.9 cP. The
thermal data for both F. esculentum and F. tataricum
samples were as follows: peak time — 9.23-9.97 min, pas-
ting temperature — 66.1-63.5°C, peak temperature —
94.6-94.8°C. According to Hallen ef al., the degradation
of the pasting profile might occur as a result of the
fact that less starch is available for gelatinization [24].
Symons & Brennan reported similar findings [25]. They
replaced wheat starch with 5% barley b-glucan fiber
fractions, and the peak viscosity went down because
less starch was available for gelatinization and less water
was available for the first swelling of the starch granule.
Adebowale et al. linked the pasting temperature with
the water-binding capacity [26]. In other studies [24, 27],
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Figure 2 Rapid viscoanalyzer parameters of dough samples with 10, 20, and 30% Fagopyrum esculentum/Fagopyrum tataricum

the pasting profile of flour samples also revealed that flour
blends had lower viscosities and pasting temperature.
Gluten-free flour proved able to alter the amylose/amylo-
pectin ratios of starches and the gluten content [28, 29].
Chemical composition of biscuit samples. This
research stage featured the effect of adding 10, 20, and
30% F. esculentum/F. tataricum to soft wheat flour. The
biscuits fortified with F. esculentum/F. tataricum contai-
ned more protein, fat, ash, and crude fiber than the
control sample fortified with soft wheat flour (Table 5).
The biscuits with 72% soft wheat flour had more car-
bohydrates than total carbohydrates. F. esculentum and
F. tataricum were rich in iron, copper, and magnesium,
which could be responsible for the increased ash con-
centration [30]. The rise in the moisture content may
be attributed to the higher protein content. Mustafa et al.
demonstrated that the moisture content of bread rose as
the protein level increased [31]. The fat content of the
biscuit samples with F. esculentum and F. tataricum was
higher than that of the biscuits with soft wheat flour
because buckwheat flour tends to retain oil during ba-
king [32-34]. Higher oil retention improves the texture
and flavor retention of biscuits. The protein content in
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the biscuits increased together with the concentration of
F. esculentum/F. tataricum, probably, because soft wheat
flour was low-protein.

Color parameters. Color is a crucial sensory ele-
ment that directly affects customer choice for any
product, especially bakery items. We analyzed the color
properties of the biscuits using a Hunter laboratory colo-
rimeter (Table 6). The Hunter L scale spanned from
0 black to 100 white, whereas Hunter b scale ranged
from negative blue to positive yellow. The biscuits with
F. esculentum/F. tataricum were darker than the control.
The lightness (L*) and redness (b*) values decreased
as the percentage of F. esculentum/F. tataricum increa-
sed. The yellowness (a*) increased together with the
share of F. esculentum/F. tataricum. Both F. esculentum
and F. tataricum flours were darker (lower L*) than soft
wheat flour. Naturally, the biscuits with F. esculentum/
F. tataricum were darker in color. These results concur-
red with other publications [35-37]. The Maillard brow-
ning and sugar caramelization during baking are
believed to cause brown pigments [38]. These browning
events depend on several variables, including water acti-
vity, pH, temperature, sugars, and the type and propor-
tion of amino compounds [39, 40]. Sugar caramelization
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Table S Chemical composition of biscuits with Fagopyrum esculentum/Fagopyrum tataricum, %wd

Samples Moisture Protein Oil Ash Fiber Carbohydrate
Control (100% soft wheat flour) 4.50°+0.08 10.65'+0.15 2837'+0.22 0.35°+0.01 0.72f+0.10  59.91*+0.65
10% Fagopyrum esculentum +90%  4.75¢+0.05  10.904+£0.17 28.509+£0.15 0.40¢+0.03  1.15°+0.09  59.05*+0.52
soft wheat flour

20% Fagopyrum esculentum +80%  5.00*£0.07 11.15°+0.10 28.65*+0.12 0.42«+£0.05 1.50¢+£0.07 58.28°+£0.48
soft wheat flour

30% Fagopyrum esculentum +70%  5.15®+0.10 11.35*+0.19 28.70°+0.17 0.45*+0.07 1.85°+£0.11 57.65¢£0.29
soft wheat flour

10% Fagopyrum tataricum + 90% 4.80¢4+0.12 10.80°+0.22 28.40°+0.14 0.42<+0.09 1.50¢+0.08 58.88°+0.42
soft wheat flour

20% Fagopyrum tataricum + 80% 5.05®+0.9 11.00°+0.13 28.50¢+0.10 0.48°+0.06 2.00°+0.15 58.027+0.35
soft wheat flour

30% Fagopyrum tataricum + 70% 5.25°+0.11 11.15°+£0.16 28.60°+0.19 0.55*°+0.04 2.45+0.19 57.25¢+£0.22
soft wheat flour

LSD at 0.05 0.235 0.033 0.021 0.035 0.136 0.0414
The results are presented as means for triplicate analyses + standard deviation (SD)
The data marked with superior letters are significantly different (p < 0.05)
Table 6 Color attributes of biscuits with Fagopyrum esculentum/Fagopyrum tataricum

Samples L* a* b* alb Saturation AE*

Control (100% soft wheat flour) 65.10°+ 045 6.80'£0.16 32.50°+£0.35 0.21¢+£0.01 33.20°+£0.22 73.08'+1.15
10% Fagopyrum esculentum +90%  60.80°+0.54 10.80¢+£0.19 27.71°£0.40 0.39°+0.30 29.74*+0.35 67.68°+1.22
soft wheat flour

20% Fagopyrum esculentum +80%  55.41°+0.49 12.50°+0.25 25.15+0.39 0.50°+0.01  28.09°£0.17 62.12¢+1.33
soft wheat flour

30% Fagopyrum esculentum +70%  49.68¢+0.64 13.26°+£0.13 22.56°+ 0.50 0.59°+£0.04 26.19%£0.19 56.15°+ 1.38
soft wheat flour

10% Fagopyrum tataricum + 90% 5820 +£0.75 10.10°+0.11 29.00*+0.29 0.35"+0.00 30.71°+0.27 65.80°+1.19
soft wheat flour

20% Fagopyrum tataricum + 80% 49.339+£0.62 11.00°+0.25 25.509+0.32 0.439+£0.02 27.77%+0.15 56.61°+1.29
soft wheat flour

30% Fagopyrum tataricum + 70% 38.40°+0.55 13.20°+0.16 21.19'+£0.25 0.62:+0.03 24.96°+0.26 4580+ 1.11
soft wheat flour

LSD at 0.05 0.128 0.105 0.346 0.0175 1.751 1.365

The results are presented as means for triplicate analyses + standard deviation (SD)

The data marked with superior letters are significantly different (p < 0.05)

and the Maillard processes also cause browning in
high-sugar biscuit formulations [41].

Baking quality. Table 7 describes the following ba-
king parameters of biscuits: weight (g), volume (cm?),
specific volume (v/w), diameter (cm), thickness (cm), and
spread ratio (%). The diameter of the F. esculentum/F. ta-
taricum biscuits decreased slightly with increasing the
substitution percentage compared to control biscuits.
The samples with 10% F. esculentum had the biggest
diameter (6.63 cm), while the samples with 20% F. es-
culentum had a small diameter (6.52 cm). However, the
height of F. esculentum/F. tataricum biscuits decreased
relative to the control sample, except for the sample
with 10% F. esculentum. The spread ratio normally cor-
responds to the diameter-to-height ratio, which serves as
a quality indicator. Therefore, premium biscuits should
have a high spread ratio [42]. F. esculentum/F. tataricum
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proved to enhance the spread ratio, although the sample
with 20% F. tataricum had the lowest spread ratio value
of 6.06 cm. The rise in spread ratio may be due to the
dilution of gluten caused by the increased proportion
of F. esculentum/F. tataricum in the formulation. The
samples with F. esculentum/F. tataricum had a greater
protein and dietary fiber content, which reduced the
spread ratio because these ingredients have a greater
water-binding capacity. As a result, they reduced the
amount of water available to dissolve sugars and preven-
ted the biscuits from spreading [43, 44]. As the gluten
protein diluted and the fiber and gluten interacted, the
extra fiber added to wheat flour together with F. escu-
lentum/F. tataricum had a decisive impact on the deve-
ment of gluten networks [43, 45]. F. esculentum/F. tata-
ricum decreased the weight and volume of biscuits as
the replacement levels rose. The formulation of biscuits
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Table 7 Baking quality of biscuits with Fagopyrum esculentum/Fagopyrum tataricum

Samples Weight, g Volume, cm®  Specific Diameters Height Spread ratio
volume, cm®/g
Control (100% soft wheat flour) 26.25'+1.02 36.75°+0.11 1.40°+0.03 6.60°+0.17 1.08+£0.01 6.15+0.16
10% Fagopyrum esculentum +90%  23.35°+0.68 38.05°+0.19 1.63*+0.06 6.63°+0.11 1.10°+£0.00  6.07*°+£0.11
soft wheat flour
20% Fagopyrum esculentum + 80%  21.55°+ 1.15 32.508+0.22 1.51*+£0.05 6.52°+£0.15  098+£0.01  6.69°+0.19
soft wheat flour
30% Fagopyrum esculentum +70%  21.75°+0.60 33.09°+0.17 1.52*£0.10 6.53*+£0.22  0.99°+£0.03  6.59°+0.15
soft wheat flour
10% Fagopyrum tataricum + 90% 18.30¢+£0.36  32.68'+0.10 1.79°+0.07 6.50°+0.13  0.99°+£0.05  6.60°+0.21
soft wheat flour
20% Fagopyrum tataricum + 80% 21.40°+0.48 36.28+0.25 1.70°+0.02 6.54°+0.19  1.08*+£0.07 6.06°+0.12
soft wheat flour
30% Fagopyrum tataricum + 70% 23.50°+0.52 35.28¢+£0.13 1.52:+0.04 6.56*+0.23  1.05+0.10 6.28*+0.17
soft wheat flour
LSD at 0.05 1.324 0.169 0.506 0.404 0.249 1.204
The results are presented as means for triplicate analyses + standard deviation (SD)
The data marked with superior letters are significantly different (p < 0.05)
Table 8 Sensory properties of biscuits with Fagopyrum esculentum/Fagopyrum tataricum: mean values
Samples Color Taste Odor Crispiness Appearance  Overall
(20) (20) (20) (20) (20) acceptability
(100)
Control (100% soft wheat flour) 1822 +0.32 19.04*+1.16 18.52°+0.36 17.44*+0.50 19.02°+£0.32 92.24*+3.15
10% Fagopyrum esculentum + 17.12¢ £0.44 18.64°+1.22 18.16°+0.52 18.02%+0.82 19.00°+0.28 90.94®+2.65
90% soft wheat flour
20% Fagopyrum esculentum +80%  17.22° +0.38 18.74°+£0.68 17.85°+0.69 18.34°+0.79 18.82°+0.86 91.00°+ 3.54
soft wheat flour
30% Fagopyrum esculentum +70%  15.86° £0.52 16.64°+£0.92 16.66°+0.56 18.20°+1.03 16.62°+0.64 83.98!+3.22
soft wheat flour
10% Fagopyrum tataricum + 90% 18.28* £0.61 18.50*+£0.86 18.22'+0.62 18.30°+0.85 16.56*+0.38 88.92°+2.70
soft wheat flour
20% Fagopyrum tataricum + 80% 17.76> £0.55 18.86*+0.90 18.30°+0.78 16.66°+0.52 16.96°+0.91 89.06>+ 3.05
soft wheat flour
30% Fagopyrum tataricum + 70% 17.34>*+0.45 18.62*+1.09 18.58'+0.84 18.52°+£0.92 16.42°+0.76 89.90>+ 3.08
soft wheat flour
LSD at 0.05 0.456 0.697 0.772 0.728 0.833 1.945

The results are presented as means for triplicate analyses + standard deviation (SD)

The data marked with superior letters are significantly different (p < 0.05)

often depends on the quality of the components emp-
loyed [46]. Thus, the specific volume has a significant
effect on the quality of the finished product.

Sensory properties. Sensory properties affect the
purchase decision. Sensory evaluation of biscuits usually
includes such parameters as color, taste, smell, crispi-
ness, and overall acceptability. Table 8 and Fig. 3 demon-
strate the sensory properties of the experimental biscuits.
The increasing level of F. esculentum/F. tataricum in
the biscuit formulation affected the color of all biscuit
samples compared to the control, but there was no signi-
ficant difference between the color of the biscuit control
sample and biscuit with 10% F. tataricum (Table 8). Also,
the increasing level of F. esculentum/F. tataricum did
not affected significantly on the taste and odor of the bis-
cuit compared to the control sample except 30% F. escu-
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lentum. As for crispiness, all tested samples had slight
differences. There was no significant difference in the ap-
pearance of 10 and 20% F. esculentum compared to the
control sample. Also, there was no significant differen-
ces between the 30% F. esculentum buiscit and all the
samples with F. tataricum, while all they significantly
decreased compared to the control sample. The same
trend between appearance and overall acceptability
was noticed. Also, these results were confirmed by the
results of the physical properties of biscuits.

Texture profile analysis. Table 9 and Fig. 4 illust-
rates the texture values for the biscuit samples. Hardness
is known to depend on the compressive strength of
biscuits. The instrumental hardness test revealed that
hardness increased together with the quantity of F. escu-
lentum/F. tataricum. The immediate increase in hardness
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Figure 3 Photos of biscuits with Fagopyrum esculentum/Fagopyrum tataricum

Table 9 Texture profile analysis of biscuits with Fagopyrum esculentum/Fagopyrum tataricum

Samples Hardness, N Adhesiveness, M-J Resilience Springiness, mm  Fracturability
Control (100% soft wheat flour) 12.26 4.00 0.04 1.51 8.98
10% Fagopyrum esculentum + 90% soft wheat 13.55 2.00 0.03 2.07 5.70
flour

20% Fagopyrum esculentum + 80% soft wheat 10.93 4.00 0.03 2.63 2.01
flour

30% Fagopyrum esculentum + 70% soft wheat 12.38 0 0.06 1.39 8.20
flour

10% Fagopyrum tataricum + 90% soft wheat ~ 16.83 7.00 0.02 4.24 2.29
flour

20% Fagopyrum tataricum + 80% soft wheat ~ 18.13 2.00 0.01 1.61 7.04
flour

30% Fagopyrum tataricum + 70% soft wheat ~ 17.49 0 0.04 0.47 1.04
flour

was from 12.26 N for the control biscuits to 17.49 N for breaking F. esculentum/F. tataricum enhanced the sprin-
the samples with 30% F. tataricum. The increase in giness of the experimental samples compared to control
hardness might have been caused by the increased die-  except 30% F. esculentum and 30% F. tataricum. The
tary fiber content with its high water-absorbing capa- sample with 10% F. tataricum had the highest sprin-
city. The initial region of negative force produced by giness (4.24%). These experimental results contradicted
the bite quantified the adhesion. In this study, adhesive-  those reported in [34, 47].

ness was the negative force area for the first bite. The All the experimental biscuit samples exhibited a
samples with 20% F. esculentum and 10% F. tataricum slight drop in resilience scores, depending on the F. escu-
demonstrated the maximal adhesiveness values of 4.0 lentum/F. tataricum concentrations. Resilience measures
and 7.0 g/cm, respectively. the speed and force with which a sample recovers from

Springiness reflects the strength of internal links deformation. In our study, the sample with 30% F. escu-
and the degree to which it may be deformed without lentum showed the maximal resilience value of 0.06.
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Figure 4 Texture profile of biscuits with Fagopyrum esculentum/Fagopyrum tataricum

CONCLUSION

Wheat flour biscuits fortified with buckwheat flour
had an improved nutritional value. According to the
obtained results, the overall acceptability of all the
experimental biscuits fell within a suitable range but the
biscuits with buckwheat flour up to 20% demonstrated
the highest quality. Higher concentrations of Fagopy-
rum esculentum Moench. or Fagopyrum tataricum (L.)
Gaertn. adversely affected the baking quality, color,
and texture of the experimental biscuits. However, the
samples with 10% F. esculentum or F. tataricum demon-
strated no significant changes in the sensory profile.
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Finally, we can recommend to use 10% buckwheat to
improve biscuit quality and alleviate shortages of raw
wheat materials.
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Abstract:

Traditional meat products are made with large amounts of saturated fat and binders such as starch, which increase calories
and move away from current consumer trends that seek low-fat products with natural ingredients. Shiitake mushroom has
beneficial health properties and it can be used as a fat substitute in processed meat products. We aimed to identify the effects of
incorporating shiitake powder into chorizo sausages as a fat substitute.

Shiitake powder was characterized and five formulations of chorizo sausage were developed: control and four experimental
samples with 30, 40, 50 and 100% fat substitution (the latter included 50% of shiitake powder and 50% of olive oil).

The experimental sausage showed a greater moisture, lower lipid content, and less cooking loss. The samples with shiitake
powder were darker and less red than the control. Texture parameters were not affected by substituting 40% of fat with shiitake
powder. The treatment with 40% fat substitution had a greater insoluble fiber content and a lower aerobic mesophile count
(CFU/g) than the control. No significant differences were found in the fatty acids profile. The samples with shiitake powder had a
moderate level of sensory acceptance which might be associated with the consumers’ lack of familiarity with shiitake.

Consumers may accept comminuted sausages in which a maximum of 40% of fat is substituted with shiitake powder. Such
products have an adequate nutritional composition, as well as acceptable physicochemical, technological, and microbiological
properties.

Keywords: Shiitake, fat substitute, comminuted sausages, processed meat, sensory acceptance
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INTRODUCTION

Consumption of processed meat products has been

better informed. Nevertheless, a gap still exists between
the theoretical knowledge of non-meat ingredients

questioned in recent years due to their potential contri-
bution to cardiovascular diseases and colon cancer,
as well as the impact of the meat industry on the
environment [1-3]. With respect to its health effects,
saturated fat is a component of meat that has generated
the greatest concern.

Consumers have increasingly expressed their pre-
ference for natural ingredients and beneficial health
effects [4, 5]. This has led the food industry to develop
new products and seek ingredients and technologies that
satisfy the demands of consumers who are increasingly

and the viability of their incorporation into processed
meat products due to synergetic or antagonistic effects
among ingredients during processing, as well as their
effects on texture or sensory parameters. Therefore, the-
re is a need to study such effects for each ingredient
in the product. With this aim, numerous studies have
focused on improving the composition of processed meat
products so that they contain the nutrients demanded by
consumers [6, 7].

Conventional processed meat products such as sau-
sage generally contain added animal fat, which not only

Copyright © 2023, Rincon Soledad ef al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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provides sausage with sensory appeal but also con-
tributes to its structure, juiciness, and the desired tex-
ture [8]. However, the resulting saturated fatty acids
have been associated with long-term negative health
effects [9]. Thus, there is a need to substitute animal
fat in processed meat products with ingredients
that simulate the desired functional and sensory
characteristics.

Edible mushrooms are a viable ingredient for re-
placing meat, fats, salt, nitrites, and phosphates conven-
tionally used in processed meat products. These mush-
rooms may have beneficial effects on consumers’ health
due to their bioactive compounds, medicinal effects,
and antimicrobial properties [10]. Specifically, shiitake
mushrooms (Lentinula edodes (Berk.) Pegler) have been
demonstrated to have anti-inflammatory, anti-tumor,
antiviral, antibacterial, anti-diabetic, and anti-parasite
properties, as well as to regulate blood pressure and
cholesterol levels [10]. Furthermore, shiitake has been
found to have a high content of bioactive compounds,
such as phenols, which may act as antioxidants [11].

Shiitake mushrooms have a high level of acceptance
when used as an antioxidant and salt substitute in
sausages, improving their useful life without dete-
riorating their color or texture [11]. Additionally, the
authors indicate that at levels of 0.8% shiitake reduced
lipid oxidation and bacterial growth, as well as impro-
ved the sensory quality of the product after one day of
refrigerated storage due to its flavor-enhancing com-
ponents. Meanwhile, shiitake extract added to hambur-
gers increased consumers’ acceptance of color, aroma,
texture, flavor, salinity, and general perception, although
it provoked changes in some physiochemical characte-
ristics such as pH, yield, and color [12].

Although the use of edible mushrooms in processed
meat products has been demonstrated to be successful,
fresh mushrooms deteriorate rapidly due to high res-
piration and metabolic rates [10, 13]. Moreover, they
have a high microbiological charge (principally due to
bacteria of the genera Pseudomonas and Enterobacter,
as well as molds and yeasts), which degrades mushroom
quality soon after harvest, making their use difficult and
costly [13, 14]. Therefore, it is important to seek ways
of incorporating dehydrated shiitake into processed
food products in order to take advantage of their
compositional and functional properties.

Given the lack of information on the use of de-
hydrated shiitake mushroom powder as a fat substitute
and the need to make traditional processed meat
products healthier, we aimed to determine the influence
of shiitake powder incorporated into chorizo sausage
as a fat substitute on the physiochemical, technological,
microbiological, and sensory -characteristics of the
product, as well as its composition.

STUDY OBJECTS AND METHODS

Shiitake mushrooms were supplied by a local sup-
plier in Funza Cundinamarca, Colombia, and dehyd-
rated in an oven at 40°C for 15 h. Then, the mushrooms

were ground into powder using a food processor, sifted
using a #20 sieve (Standard Sieve Series, USA), vacuum
packed, and stored at room temperature for two weeks.

Refrigerated pork fat and lean beef were purchased
from a local market in Bogota, Colombia. Other ingre-
dients and additives were obtained from local suppliers
specializing in inputs for processed meat products
(Tecnas S.A., Colombia). Laboratory chemical reagents
for proximate and other analyses were acquired from a
local chemical supplier (Elementos Quimicos LTDA).

Characterization of shiitake powder. Shiitake pow-
der was characterized using a proximate analysis ac-
cording to the methodology of the Association of
Official Agricultural Chemists [15]. Water retention ca-
pacity, oil retention capacity, swelling capacity, pH,
color, and solubility of the samples were determined
as proposed by Yaruro Caceres et al. [16]. For these
parameters, the shiitake powder samples were compared
with the samples of commercial oat bran used as a
healthy ingredient in processed foods.

Preparation of chorizo sausage. Three 8-kg batches
of sausage were prepared according to the following
procedure. Meat was defrosted and its excess fat was
removed. The resulting lean meat was cut and ground
using a mill with an 8-mm disk (orifice plate). Pork fat
was ground with a 6-mm disc. Liquid smoke was mixed
with water to be used in the sausage. Then, the meat was
mixed with salt (NaCl and nitral salt), powdered spices,
finely chopped onion greens and bell pepper, cold water
(1/3 of the total to be used), and artificial coloring with
a mixer for approximately 60 s. Following this, soy
protein, starch, and another 1/3 of the water were added.
Finally, fat or the fat substitute (shiitake powder) was
added according to the formula shown in Table 1. The
remaining water was added immediately and the
mixture was blended with an mixer for approximately
60 s. The temperature of the mixture was maintained
below 12°C (beginning with the partially unfrozen meat
at < 2°C and adding extra cold water). After that, the
mixture was stuffed in 28 mm diameter collagen casings,
tied, and scalded until obtaining a constant internal
temperature of 72°C. Finally, the sausages were cooled
by submerging them in cold water until they reached <
10°C.

Each batch (repetition) was divided into six parts:
500 g for the analysis of pH, texture profile, and color;
500 g for a proximate composition analysis, 500 g for a
microbiological analysis; 300 g for a diectary fiber ana-
lysis; 300 g for a fatty acids profile analysis, and the
remainder for a sensory analysis. Each part was placed
in a polyethylene bag, vacuum packed, and refrigerated
at 4.0 = 0.5°C for later analysis. Three independent repe-
titions of the chorizo sausages (control and treatments)
were performed during a three-week period, with one
week between the repetitions, and three samples were
taken for each treatment in each batch of the replicates.
The same package (lot) of ingredients was used for each
formulation and the mixing process was replicated as
described above.
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Table 1 Formulation for chorizo sausage containing shiitake
mushroom as a fat substitute

Ingredient Control Experimental samples with

shiitake powder

10%  40%  50%  100%%*
Lean beef 14 14 14 14 14
Lean pork 50 50 50 50 50
Fat 15 10.50 9 750 0
Olive oil 0 0 0 0 7.50
Shiitake powder 0 450 6 7.50  7.50
Soy protein 1.50 1.50 1.50 1.50  1.50
Tapioca 2.10 1 1 1 1
Water 8.15 950 950 9.50 9.50
Spices** 1.53 1.53 1.53 1.53  1.53
Salt 1 1 1 1 1
Nitrite salt curing  0.10 0.10 0.10 0.10 0.10
agent***
Liquid smoke 0.25 025 025 025 0.25
Coloring mix**** (.12 0.12 0.12 0.12 0.12
Onion greens and 6 6 6 6 6
bell pepper
Total 100 100 100 100 100

*50% olive oil and 50% shiitake powder
** Powdered garlic, onion, and pepper
**% 97% salt and 3% nitrites

**** Mix of red and orange coloring agents

Characterization of chorizo sausage. All the samp-
les were analyzed for their proximate composition,
pH, cooking loss, color, and texture in order to deter-
mine which treatment presented the most desirable
characteristics for the sausage. Following this, the
treatment selected and the control were analyzed for
total, soluble, and insoluble dietary fiber, as well as
for a fatty acids profile, microbiological and sensory
characteristics.

Proximate analysis. The samples’ proximate compo-
sition was analyzed using the AOAC methods for meat
products. Moisture was measured using the AOAC
method 950.45; lipids using the AOAC Soxhlet method
991.36 with petroleum ether; crude protein using the
AOAC method 990.03 with 6.25 as a conversion factor;
and ash using the AOAC method 920.153 [17-20].

Determination of pH. The samples’ pH was mea-
sured using a laboratory pH meter (Jenway 3520) as
proposed by Vasquez Mejia et al. [21]. The pH meter
was calibrated with buffer solutions with pH of 4.01,
7.00, and 9.21 (Mettlet Toledo In Lab). The equipment
automatically corrected to the value expected at the ac-
tual temperature. Approximately 5.0 £ 0.5 g of each
sample was weighed in a beaker and mixed with 20 mL
of water. For each experimental unit, three direct rea-
dings of pH of the homogenized solution were taken and
the results were averaged.

Cooking loss. The weight of each sample (3 sets
of 10 sausages) was recorded before cooking (scalding
in water until the interior of the product reached
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72°C). After cooking, the sausages were cooled to 10°C
and weighed again. Cooking loss, g/100 g was calcula-
ted using the following equation:

Cooking loss = (Initial sample weight —

_ cooked

————sample weight] x100
initial

(1

Color. Color was analyzed using a ColorQuest XE
colorimeter (Hunter Associates Laboratory Inc., Virgi-
nia, USA), carrying out an evaluation using the CIE-
Lab system (L *, a *, b *), with D65 illumination, aper-
ture size 9.5 mm, and a 10° angle of observation. Each
sausage was cut into 2 cm slices, and their color was
measured three times from each analytical point as
proposed by Vasquez Mejia et al. [21]. The lightness
value (L*, with a scale of 0—-100) ranged from black (0) to
white (100). The first chromaticity coordinate value (a*)
ranged from red (+50) to green (—50), and the second
(b*) from yellow (+50) to blue (-50).

Texture profile analysis. The texture profile of the
cooked samples was analyzed through compression
tests using a texture analyzer (TA.XT2; Texture, Tech-
nologies Corporation, Scarsdale, NY, USA) as described
by Vasquez Mejia et al. [21]. Texture was measured the
day after preparing the samples, which were unrefri-
gerated and set out to reach room temperature before
analysis. For each sample, several pieces from the core
were cut out (10 mm in length x 20 mm in diameter)
immediately before analysis. For each batch (replicate),
5 pieces were obtained. The pieces were compressed
twice until reaching 75% of their original height using
a cylindrical acrylic probe measuring 101.6 mm in
diameter X 10 mm in height. For this, the probe was set
at a test velocity of 1.5 mm/s and a velocity posterior
to the test of 1.5 mm/s. The parameters under evaluation
included hardness, adhesiveness, cohesiveness, springi-
ness, gumminess, and chewiness.

Analysis of dietary fiber content. Total dietary fiber
(including soluble and insoluble dietary fiber) was de-
termined using the AOAC gravimetric enzymatic me-
thod 991.43 [22].

Fatty acids profile. Lipids were previously extracted
using a 2:1 ratio of chloroform to methanol as a solvent
and tricosanoic acid as an internal standard. Fatty acid
methyl esters (FAME) were obtained according to
the methods of the American Oil Chemistry Society.
Saturated and unsaturated fat and trans-isomer content
were determined by gas chromatography using a chro-
matograph (model 7890A, Agilent Tech., Santa Clara,
CA, USA) equipped with a flame ionization detector and
a highly polarized column with a BPX 70 phase (length
60 m, thickness of the layer 0.20 um, internal diameter
0.25 mm) as proposed by Janiszewski et al. [23]. Indi-
vidual fatty acids were identified by comparing retention
times with those for the mixture of the methyl esters
of standard fatty acids (Supelco 37 Component FAME
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Mix and CISFAME Isomers, Sigma-Aldrich, Darmstadt,
Germany) and expressed as a relative proportion of all
fatty acids in the sample.

Microbiological analysis. The samples were ana-
lyzed according to the methods of the International
Commission on Microbiological Specifications for
Foods (ICMSF). Immediately after production, the cho-
rizo sausages were placed in polyethylene bags, vacuum
packed, and refrigerated. On the following day, they
were evaluated for aerobic mesophiles, total and fecal
coliforms, Staphylococcus coagulase, sulphite reducing
spores, Salmonella, Listeria monocitogenes, Escherichia
coli count, mold count, yeast count, and Bacillus cereus
count according to the 2008 Colombian Technical
Regulation (NTC according to its Spanish initials) 1325
for cooked meat products [24].

Sensory analysis. Sensory analysis was carried out
following the methodology of Moghtadaei et al. [25].
The samples were randomly selected two days after
production, prepared on grill at 110 = 3°C for 15 min,
randomly numbered with a three-digit code, and placed
at 50°C on a tray for the panelists to evaluate in ran-
dom order. A single sensory session was performed with
70 untrained volunteer panelists (staff and students
of the National University of Colombia, 42% women and
58% men, aged 18-52). The panelists analyzed the
samples rating their appearance, color, texture, and
flavor according to the 7-point hedonic scale, with
1 meaning “dislike very much” and 7 meaning “like very
much”. The survey also gathered information regarding
their age and frequency of consumption of meat
products. After rating the samples, the panelists were
asked, “Would you purchase the products consumed
in this sensory test?”. Between the samples, they were
asked to clean their palate with water and a cracker.

Statistical analysis. Three independent replicates
were made using the same ingredients on three diffe-
rent days (the mixing process for each formulation was
replicated). All statistical analyses were carried out
using the SAS Studio version software (Copyright SAS®
On Demand for Academics, 2022). A one-way ANOVA
was carried out to compare the samples containing shii-
take with the control samples. The Tukey test (p < 0.05)
was applied to compare significant differences.

RESULTS AND DISCUSSION

Characterization of shiitake powder. Table 2 pre-
sents the characterization of shiitake powder compared
with oat bran used to incorporate fiber and substitute
fats in processed meats.

As can be seen, shiitake mushrooms possessed hig-
her percentages of protein and ash and lower per-
centages of lipids than oat bran, indicating that its nutri-
tional quality was adequate to use in meat products.
Studies of shiitake mushrooms carried out by Bisen ef al.
obtained values of 22.8% for protein, 2.1% for lipids,
and 6% for ash [26].

The nutritional content of mushrooms, as well as
their bioactive compounds, may vary according to the
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strain, crop, stage of development, age, storage condi-
tions, and method of extraction [27]. Mushrooms are
rich in fiber, carbohydrates, and protein. In particular,
they are high in essential amino acids, phenolic com-
pounds (e.g. gallic acid, protocatechuic acid, catechin,
caffeic acid, ferulic acid, and myricetin), polyketides,
flavonoids, terpenos, steroids, beta carotene, vitamins
(including B, C, and D), and minerals (e.g. selenium,
zinc, iron, potassium) [27-29]. Fresh shiitakes have an
approximate moisture content of 86.3 + 2.0%, although
the level of moisture in dried shiitake varies according
to the drying method [30].

Significant differences were found in color between
the shiitake powder and oat bran samples, with the
former having lower values for L* (being darker) than
the latter. Shiitake powder showed greater values for a*
and b*. Generally, variations in color among fresh, dried,
and rehydrated mushrooms are caused by enzymatic
browning or Maillard reactions during their proces-
sing [31].

Technological and functional properties, such as wa-
ter retention capacity, oil retention capacity, solubility,
and swelling capacity, were significantly greater in shii-
take mushrooms than in oat bran. Therefore, shiitake
is expected to have a high level of performance as
a functional ingredient, resulting in greater yields of
processed meat products. According to Qiu ef al., water
retention capacity is an important factor in evaluating
rehydrated shiitake because it greatly affects sensory
properties and it is attributed to the mushroom’s pro-
teins [32]. Having analyzed the secondary structure of
the shiitake’s proteins, the authors found a relatively
high content of a-helix links (approximately 17.52%),
indicating a stable protein structure. They also found a
high endothermic peak, which is generally associated
with greater thermal stability. According to the authors,
despite the condition of the fibrous matter of the cellu-
lar wall (f-1-3-glucan and f-1-6-glucan) and the cel-
lular membrane, the fiber contributes little to changes

Table 2 Proximate composition and physicochemical
parameters of oat bran and shiitake powder

Parameters Oat bran Shiitake powder
Moisture, % 9.29+£0.07*  12.29 +0.60°
Ash, % 4.64+0.01* 11.56+0.11°
Lipids, % 419+0.14* 1.79+0.07°
Protein, % 17.66 £ 0.06* 25.93 +0.53"
L* 81.27+0.11* 75.66+0.41°
a* 2.90+0.04* 3.23+0.33°
b* 14.81+0.14* 16.48 +0.80°
pH 6.31+0.02* 5.90+0.07°
Water retention capacity, g/g 3.67 +0.41*  8.87+£0.35°
Oil retention capacity, g/lg ~ 2.79+0.04* 534+0.17°
Solubility, g/g 0.87+0.04* 4.08+0.12°
Swelling capacity, g/g 457+0.11*° 9.25+047°

Values are given as mean =+ standard error

Different letters in the same row indicate statistically significant
differences (p < 0.05)
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in water retention capacity due to the loss of inte-
grity upon drying and grinding. Nevertheless, the beta-
glucan content could positively affect the water reten-
tion capacity. It is possible that grinding the shiitake
to facilitate its use as a dietary ingredient favored the
functional characteristics presented in Table 2, since the
finer the powder, the greater its solubility and swelling
capacity [33].

Characterization of the chorizo sausage. Proxi-
mate analysis. Table 3 presents the proximate composi-
tion and physiochemical characteristics of the samples
analyzed. As can be seen, moisture and lipids signi-
ficantly differed (p < 0.05) among the treatments, with
moisture being greater in the experimental samples than
in the control. Moisture could be principally attributed
to the shiitake’s fiber and protein contents that help
retain water, as well as varying quantities of water in the
formulations, while the lower lipid content in the
samples might be down to fat substitution. Ash and pro-
tein contents did not show significant differences among
the experimental sausage and the control (p > 0.05),
indicating that despite a high content of shiitake powder
(30% or more), which is rich in protein, the proportions
employed did not modify these parameters in the final
product. Similar results were reported for moisture
content ranging from 66.8 to 70.64% in the sausage
samples with shiitake [34].

Determination of pH. The results shown in Table 3
indicate that the substitution of fat with shiitake powder
did not have any effect on the pH of the final product.
Similar results were found by Wang et al., who reported
no changes in the pH of sausages in which 25 or 50% of
lean meat was substituted with shiitake [34].

Cooking loss. As shown in Table 3, the chorizo sau-
sages with shiitake powder used to replace fat had
a lower cooking loss than the control (p < 0.05), appa-
rently due to shiitake’s high level of water retention.
Given that the capacity of the extenders of meat products
to improve water and fat retention determines their level
of shrinking upon cooking, it was expected that adding
shiitake powder would lead to less contraction in the
sausages’ diameter during cooking, as was reflected in
their yield [35].

Shiitake powder’s high water retention capacity
(Table 2) allows for greater yields, although a greater
quantity of water was used in the samples with shiitake.
This is important for the food industry in the search for
technological solutions to reduce loss in yield during
cooking, since water loss — aside from reducing yield —
provokes the accumulation of liquid in the package,
causing consequent changes in color and texture, which
affects consumer acceptance [36]. Using less fat, as well
as adding more water and less starch, as we proposed
(Table 1), would allow for healthier processed meat
products with fewer calories. Furthermore, additional
water compensates for the loss of juiciness in processed
meat products with reduced fat. As did the present
study, previous investigations using aloe vera as a meat
substitute in hamburgers and hydrated wheat bran as a
substitute for meat and fats in hamburgers found that
cooking loss was minimized upon increasing the use of
extenders [5, 37].

Color. The colors of the sausage samples with 30
and 40% fat substitution were statistically (p < 0.05)
less darker (L*), more yellow (b*), and less red (a*)
(Table 4). The values of L* did not show a direct rela-
tionship with the concentrations of shiitake powder
incorporated. Meanwhile, the values found for a* may
have been influenced by the type of coloring agent
used. Additionally, the red color (a*) resulting from the
myoglobin of the meat might have been affected by incor-
porating shiitake powder, which is dark in color. A study
by Martin et al. [38] reported the L* value of 48 and a*
values of 12 to 16 for traditional Spanish cured chorizo
sausages. Similar values were reported for a* (24 to 37)
in cured dried Spanish sausages in which carmine acid
(E-120) was used as a coloring [39].

These results indicate that the color of meat pro-
ducts depends on many factors, including the type of
meat used (beef, pork, chicken, rabbit, etc.), other ingre-
dients (wheat flour, smoke, natural and/or artificial colo-
rings, etc.), relative proportions of all ingredients, and
technological processes (mixing, scalding, curing/fer-
menting, high pressure, etc.), all of which vary consi-
derably from study to study. It is expected that non-
cured sausages made from ingredients such as those
used in our study, including soy protein and starch

Table 3 Proximate analysis and physicochemical characteristics of chorizo sausage with shiitake used as a fat substitute

Treatment Moisture, % Protein, % Lipids, %  Ash, % Total fiber, % Insoluble  Soluble pH Cooking
fiber, % fiber, % loss, %
Control 6436+0.90° 1554+042 13.86+0.50* 1.01+£0.04 3.40+0.14* 2.30+0.09* 1.10+0.05 6.23+0.06 5.24+0.33*
30% 68.67+0.29* 1556+027 9.73+0.29® 1.00+0.05 n.a n.a n.a 6.24+0.00 4.10+0.07°
40% 66.25+0.79** 15.60+£0.62 9.57+0.33> 1.01+0.08 5.68 £0.10° 382+0.07 1.86+0.18 6.14+0.06 4.24+0.15"
50% 64.65+0.59° 1548+042 7.23+0.23 1.01+£0.00 n.a n.a n.a 6.29+0.03 3.88+0.02°
100%* 66.32+0.24*° 1542+029 7.53+029 1.01+0.02 na n.a n.a 6.46+0.15 3.80+0.02°

n.a —not analyzed

Values are given as mean =+ standard error.

Different letters in the same column indicate significant differences (p < 0.05)

*50% olive oil and 50% shiitake powder
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(tapioca), will have a lighter color, principally due to the
use of flours, fat substitution, and artificial coloring.

Texture profile analysis. Adding shiitake powder
modified all the parameters of texture, except for adhe-
siveness (Table 4).

Hardness did not show a significant difference
(p>0.05) among the 30 and 40% samples and the
control. Similar results for hardness (150.27 + 19.75) we-
re reported in a sample with 75% substitution of pork
meat with shiitake mushroom [34]. Nevertheless, the
sausage with 50 and 100% fat substitution were signi-
ficantly less firm (p <0.05). In general, our results
indicated that substituting 50% of meat with shiitake
powder decreased hardness, elasticity, and cohesiveness,
making the samples less gummy and less chewable.
The results for the 40% sample were similar to those
for the control with respect to hardness, adhesiveness,
springiness, cohesiveness, and gumminess. This indica-
ted that substituting 40% of fat with shiitake powder
maintained most of thetextural characteristics.

In a previous study by Royse et al., shiitake mush-
rooms were incorporated into processed meat products
without affecting the texture [40]. The greater hardness
in the control, as well as in the 30 and 40% sausage
samples, may be attributed to the protein structure of
shiitake, the structure of meat, and shiitake’s fiber that
allowed for maintaining the structural network of the
product formed by protein and fiber.

The values for springiness and chewiness in our
study were lower than those recorded when using adzuki
beans to substitute 25% of fat in meatballs, namely 1.19—
1.53 and 92.49—145.64 mm, respectively [6].

Gelation of the miosin as a result of hydrophobic
interactions and the disulfide-sulfhydryl interactions
among proteins has been reported to provide meat
systems with greater springiness [41]. Thus, the dif-
ferences in springiness among the samples in our study
may be attributed to the effects of shiitake’s dietary
fiber. This fiber may interfere with the aggregation of
globular heads of miosin, which is the first step in the
gelation of proteins during cooking. Furthermore, given
that chewiness is a result of gumminess multiplied by
springiness, it is expected that a significant increase
in springiness caused by adding shiitake powder will
directly increase the sample’s chewiness.

Based on the proximate analysis, as well as the
measurements of pH, cooking loss, color, and texture,
we determined that the sample with 40% fat substitution
approached the most desirable outcome for these
parameters. Thus, we recommend a 40% substitution
of animal fat with shiitake powder and only this sample
and the control were used in the further analyses of the
final product.

Dietary fiber content. Table 2 shows the values for
total, soluble, and insoluble dictary fiber of the 40% fat
substitution sample and the control. As can be seen, the
treatment showed significantly higher values (p <0.05)
for insoluble fiber than the control.

Shiitake mushrooms contain dietary fiber which has
a high water-retention capacity in addition to increasing
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the quantity of insoluble fiber in the final product [42].
This is because fiber reinforces the tridimensional
structure of the emulsified protein network, resulting in
greater stability, as well as water and oil retention [43].

Fatty acids profile. Table 5 presents the fatty acids
profile of the chorizo sausage with 40% of fat substi-
tuted with shiitake powder as compared to the control.
No significant difference was found (p > 0.05) for the
values of fatty acids between the experimental and
control samples. Myristic (C:14), palmitate (C:16), and
stearic (C:18) fatty acids were found to make up a large
proportion of saturated fatty acids: 41.126% in the
control and 36.899% in the experimental sausage. This
is consistent with the results of Nieto and Lorenzo as
beef and pig fat have a high content of saturated fatty
acids [44].

Oleic acid (C18:1n9) was the most abundant mono-
unsaturated fatty acid, making up 39.86% of all mono-
unsaturated fatty acids in the control and 42.4% in the
40% fat substitution sample. With respect to the poly-
unsaturated fatty acids profile, linoleic acid (C18:2 n6)
was the most abundant in the control and in the 40% fat
substitution sample.

The fact that no significant differences were found
in unsaturated fatty acids between the samples under
study indicates that the quantity of shiitake powder was
not sufficient to increase the amount of unsaturated fatty
acids in the final product. Although shiitake contains
unsaturated fatty acids, its fat content is low (< 2%) [45].
Therefore, the level of these healthy compounds in the
final product can be improved by using higher quantities
of shiitake to substitute animal fat (higher than 40%)
and/or other sources of unsaturated fatty acids.

While its content of unsaturated fatty acids was not
significant, shiitake powder contributed to decreasing
caloric intake from animal fats in processed meat pro-
ducts. Additionally, shiitake mushrooms provide antioxi-
dant properties and extend the shelf life of the final
product [11].

Microbiological analysis. Table 6 shows the micro-
biological results of the control sausage as compared
to the 40% fat substitution sample. Significant differen-
ces (p<0.05) were found only in the aerobic meso-
phile count (CFU/g), with higher values in the control
samples, indicating that shiitake may have an antibacte-
rial effect against these microorganisms. According to
Pil-Nam et al., at levels of 0.8%, shiitake reduced bac-
terial growth as well as lipid oxidation [11].

The microbiological parameters indicated that the
levels of microorganisms in the control and in the
experimental sausage were within those established
by Colombia’s 2008 Regulation NTC 1325 for cooked
meat products [24]. Therefore, the samples were apt for
human consumption.

Sensory analysis. Table 7 demonstartes the sensory
attributes of the 40% fat substitution sample as com-
pared to the control. Significant differences were found
between the general average scores for various charac-
teristics, ranging from 5.4 to 6.3 on a 7-point hedonic
scale.
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Table 7 Sensory analysis of chorizo sausage with 40% of shiitake powder as a fat substitute

Sample General product Appearance Color Texture Flavor
Control 6.01 £0.16 6.050 + 0.075% 5.710 £ 1.169 6.140 + 1.029° 6.250 + 1.146°
Experimental 5.61 £0.20° 5.650 £ 0.243° 5.660 £ 1.122 5.600 + 1.332° 5.720 £ 1.452°

Values are given as mean =+ standard error

Different letters in the same column indicate significant differences (p < 0.05)

Incorporation of shiitake powder as a substitute for
40% of animal fat significantly modified all sensory
attributes compared to the control. The only exception
was color with values of 5.708 + 1.169 vs. 5.662 + 1.122
for the control and experimental samples, respectively,
corresponding to the rating “like moderately”. Although
the experimental chorizo sausages were darker and
less red — tending toward brown — in the instrumental
assessment (Table 4), this had no effect on the panelists’
ratings (Table 7).

On the 7-point hedonic scale, both the samples were
rated as “good” to “above average”, corresponding to
“like slightly” (point 5), “like moderately” (point 6), and
“like very much” (point 7). In all the cases, the consu-
mers rated the control (without fat substitution) higher.
Although the 40% fat substitution sample was less
accepted than the control, it was not totally rejected with
respect to any of the attributes.

In response to the question, “Would you purchase the
product?”, 90.77% of the panelists responded that they
would purchase the control product, while only 66.15%
stated that they would purchase the sausage with shii-
take. We recommend that future studies use a panel trai-
ned to be able to identify sensory aspects that should be
improved in the final product.

To a certain extent, these sensory ratings may be
attributed to the consumers’ lack of familiarity with
hybrid products (those containing meat and plants as
ingredients) and their lack of familiarity with the fla-
vor of shiitake, which has a high content of umami
compounds [46]. Although sensory modifications of a
conventional product would be better tolerated by those
consumers who are familiarized with its health benefits,
pleasant sensory characteristics of meat products — e.g.,
color, texture, and flavor — are essential to their accep-
tance [47]. In any case, developing foods that contribute
to adequate nutrition is still a relevant topic [48, 49].
Therefore, there is a need to further explore which
conventional ingredients may be substituted by functio-
nal ingredients and to what extent, without affecting the
sensory quality of processed meat products.

CONCLUSION

Our study showed that shiitake powder’s tech-
nological and functional properties were preferable
to those of oat bran, making it viable for incor-
poration into processed meat products. This functio-
nal ingredient provides the product with protein,
ash, and fiber, and is low in lipids. While shiitake
powder was found to be darker in color than oat bran,
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it did not affect the consumer acceptance of chorizo
sausages with this ingredient.

The chorizo sausages in which 40% of fat was
substituted with shiitake powder had greater contents of
moisture and insoluble fiber, a lower percentage of lipids,
less cooking loss, and lower mesophile counts than the
control. No differences were found with respect to the
protein value or fatty acids profile.

The sausages’ textural parameters were not affec-
ted by substituting 40% of fat with shiitake power.
Nevertheless, the samples with 50% fat substitution had
a significantly lower hardness than the control.

Finally, the fact that the control was more highly
accepted by the panelists than the samples with 40% fat
substitution was attributed to their lack of familiarity
with hybrid products containing plant ingredients.
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Abstract:

Animal food-borne microbes are pathogens that jeopardize food safety and cause illness in humans via natural infection
or contamination. Most of those microbes are bacteria that have considerable impacts on public health. Their survival and
pathogenicity are due to toxin production, biofilm development, spore formation, disinfection resistance, and other traits.
However, detailed information about them is scattered across scientific literature.

We aimed to compile information about major zoonotic bacteria linked with human food of livestock origin and describe
their typical features, transmission modes, detection, and preventative approaches. In particular, we addressed the following
pathogens that cause food-borne disease worldwide: Campylobacter, Salmonella, Listeria, Staphylococcus, Brucella, Clostridium,
Mycobacterium, Colibacilus, and some others.

Many of those bacteria have substantial reservoirs in food animals, and food products of animal origin are the primary vehicles
of their transmission. Human beings become affected by food-borne zoonotic bacteria if they consume raw animal products
or foods produced by using unstandardized slaughtering methods or unsanitary preparation and handling procedures. These
zoonotic bacteria and their toxins can be detected in food by culturing, serological, and molecular diagnostic methods. They
are effectively controlled and prevented by good hygiene, good management practices, cooking, and pasteurization protocols.
In addition, there is a need for a centralized surveillance and monitoring system, as well as higher awareness in society of the
occurrence, prevention, and control of bacterial pathogens related to food animals.
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INTRODUCTION

Human beings significantly benefit from livestock
products and services. Livestock occupies around 22—
26% of ice-free land of the globe, with feed production
covering one-third of farmland [1]. Livestock produc-
tion accounts for almost 40% of the global agricultural
GDP in Africa, as well as 33% of protein and 17% of
all calories consumed worldwide [2]. The production
also provides significant employment opportunities for
rural residents [3]. Furthermore, cattle are an important
source of food, nutrition, livelihood, and income in
underdeveloped countries [4]. It provides industrial raw
materials (milk, meat, hides, and skin), as well as high-
value protein, to Ethiopian consumers [5].

Foods of livestock origin play an important role in
human diet. Nutritionally, they are an important source
of protein, carbohydrates, vitamins, minerals, and other

nutrients of good quality. In addition, animal foods are
generally more distinctive in flavor or texture and are
often more palatable than foods of vegetable origin.
However, these livestock-originated foods can be con-
taminated at any point in the food supply chain: during
production, processing, distribution, preparation, and/or
final consumption [6]. This results in food-borne dise-
ase transmitted to humans through direct or indirect
contact with the animal source or related goods. The
consumption of infected raw livestock products, such as
milk, meat, and eggs, is a major way of transmission [7].
Food-borne diseases, especially those associated with
livestock products, are a global public health threat [§].
The occurrence of food-borne diseases in humans in-
creases as they consume more animal products [9]. The
increased consumption of animal products (meat, milk,
and eggs) is fueled by a rapid human population growth,

Copyright © 2023, Zenu et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
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urbanization, rising per capita income, globalization,
and changing consumer preferences. This leads to a
large-scale manufacturing and global transportation of
livestock products with exposure to contaminants and
food-borne disease transmission [10].

Microorganisms and their toxins, as well as natural
toxins, adulterants, and other probable contaminants
in animal products (meat, milk, egg, fish, etc.) pose a
substantial risk to people [10]. This risk is mostly due to
poor farming, slaughtering, processing, and cleaning
techniques used. Moreover, a lack of veterinary servi-
ces and insufficient food safety regulations are common
causes of food-borne diseases in developing countries,
including Ethiopia [11, 12].

Bacterial pathogens associated with foods origi-
nating from animals and resulting in food-borne disea-
ses in humans include Salmonella, Campylobacter,
Escherichia, Listeria, Staphylococcus, Brucella, Clostri-
dia, Mycobacteria, and others [13]. They are the main
source of food spoilage and food-borne infections [6].
Food-borne bacteria are a huge threat to public health,
and they can cause illness in humans when they con-
sume animal products contaminated with germs or their
toxins [12].

Studies conducted in many parts of the world have
demonstrated that certain bacterial infections related
to animal-derived foods pose a major threat to public
health [10]. The majority of their findings, however, are
scattered across different articles. Yet, scientific com-
munities and other stakeholders need structured infor-
mation on this subject.

Therefore, we aimed to:

—review major zoonotic bacterial pathogens associated
with foods of livestock origin;

—highlight typical features, detection methods, and
transmission modes of these pathogens, as well as
prevention and control measures to overcome their effect
on humans.

RESULTS AND DISCUSSION

Zoonotic bacteria of livestock-originated food. Bac-
terial pathogens are the most serious concern among
biological risks in terms of food safety for consumers,
and they are among the most common global public
health problems in recent times [14, 15]. Gram-negative
bacteria are responsible for about 69% of all cases of
bacterial food poisoning [16].

Even though a variety of pathogens have been iden-
tified as causing food-borne diseases, bacteria, such as
Staphylococcus, Salmonella, Campylobacter, Listeria,
Escherichia, Brucella, Clostridium, and Mycobacterium,
are the most common causes of food-borne disease in
humans due to the consumption of animal-originated
foods [6, 13].

Campylobacter. Characteristics. Campylobacter be-
longs to the Campylobacteria family which contains
the Arcobacter and Bacteroides genera. Gram-negative,
curved or spiral, and microaerophilic bacteria make up
the Campylobacter genus. This bacterium has 28 spe-
cies and 8 subspecies. Thermophilic Campylobacter spe-
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cies, particularly Campylobacter jejuni and Campylo-
bacter coli, are significant food-borne pathogens of
livestock products among these species. The most com-
monly reported Campylobacter species is C. jejuni, fol-
lowed by C. coli [12].

Some Campylobacter species are thermotolerant and
can survive at temperatures ranging from 37 to 42°C,
with 42°C and pH 6.5-7.5 being ideal for C. coli and
C. jejuni. They are ubiquitous in nature and have been
observed colonizing gastrointestinal tracts of wild and
domesticated birds and mammals, as well as all food
animals [11].

Source and mode of transmission. Campylobacter is
found in 100% of poultry (including chickens, turkeys,
and waterfowl), cattle, sheep, pigs, and other food ani-
mals, as well as wild animals and birds [15]. Human
exposure to this pathogen occurs mainly from the
consumption of contaminated meat (beef, pork, etc.),
unpasteurized milk, and milk products like cheese, as
well as from handling and preparation of contaminated
foods of livestock origin [11, 17, 18].

As we can see in Fig. 1, Campylobacter invades the
gastrointestinal tract of animals such as cattle and
poultry. Due to the spillage of Campylobacter-rich intes-
tinal material, the surface contamination of carcasses
is high at the slaughterhouse. Therefore, undercooked
meat from these animals poses a threat of pathogen
transmission to human after ingestion [19].

The consumption of unpasteurized milk is one of the
main routes of C. jejuni transmission to people in both
developed and developing countries [21]. The partial
failure of milk pasteurization in the United Kingdom
causes C. jejuni to spread from cattle to people [22].
Unpasteurized raw milk has been linked to 80% of
C. jejuni infection occurrences in California. Contact
with cow feces or polluted water, as well as direct con-
tamination due to bovine mastitis, are all potential
sources of milk contamination. Pigs are frequently in-
fected with C. jejuni and C. coli, which should not be
underestimated. According to a study conducted in the
United States, contaminated meat, pork, and game were
responsible for 5% of Campylobacteriosis outbreaks
between 1997 and 2008 [23].

Detection. Selective culture media, immunological
techniques, and molecular approaches have been used to
identify Campylobacter. Selective agars, such as Preston,
Charcoal-cefoperazone-deoxycholate, and Butzler agars,
have been developed and tested for their effectiveness
in isolating Campylobacter. Food samples can be cultu-
red directly onto a selective media. Following isolation,
Campylobacter bacteria identification is carried out
based on their morphological, biochemical, and growth
characteristics [22].

Biochemical assays, such as the enzyme-linked im-
munosorbent assay (ELISA), can be employed as an
alternative to growth on agar, as well as to biochemical
or phenotypic identification of Campylobacter. The
polymerase chain reaction (PCR) has recently gained
popularity for molecular detection and identification of
Campylobacter [24].
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Figure 1 Transmission pathways of Campylobacter [20]

Prevention and control. The majority of Campylo-
bacter illnesses comes from eating infected foods of
animal origin such as meat, milk, and eggs. Therefore,
Campylobacter infections could be prevented by avoi-
ding the consumption of unpasteurized milk or under-
cooked meat. To minimize bacterial populations in
animals, sanitation and hygiene in livestock barns are
essential [25]. Campylobacter is found in domestic and
wild animals, as well as in the environment. Controlling
Campylobacter infections in humans should start with
measures to minimize infection rates in animal reser-
voirs utilized for food production, and therefore the risk
of their presence in animal-sourced food. Farms should
use hygiene barriers to keep out wild animals, perform
regular check-ups of animals, and improve their hand-
washing facilities [26].

Campylobacter-positive animals are separated and
positive poultry flocks are slaughtered to minimize the
spread of contamination. Disinfection of feed and water
equipment, as well as proper treatment of their dung,
has also been suggested to minimize the incidence of
Campylobacter colonization in cattle [25].

The digestive tract of animals contains a large num-
ber of Campylobacter species, a possible pollutant of
slaughterhouses, environment, and food items. The risk
of infection during animal food processing can be
minimized by organic acid treatment, UV light, and che-
mical dip tanks for carcasses. Destroying pathogens or
limiting cross-contamination in the kitchen via washing,
freezing, or irradiating can help reduce the bacterial
transmission to human [27].

Hand washing and separation of ready-to-eat and raw
foods are recommended. Cutting boards and utensils
that have been used to handle raw meats should be rin-
sed in hot soapy water before being used to prepare other
raw foods. Anyone suffering from an acute diarrheal
sickness should avoid food preparation areas until their
condition improves. Raw meat, unpasteurized dairy pro-
ducts, and exposure to animals with diarrhea should also
be avoided. Before eating, everyone should wash their
hands, especially those who work with animals [27, 28].
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Non-typhoidal Salmonella. Salmonella infection in
humans results in one of two outcomes: self-limiting
gastroenteritis or invasive systemic typhoid fever which
is mostly caused by the infecting serovars. Salmonella
serovars are classified into typhoidal and non-typhoidal
Salmonella. Salmonella enteritidis and Salmonella typhi-
murium are the most frequent non-typhoidal serovars
that cause gastroenteritis. Salmonella typhi and Salmo-
nella paratyphi are typhoidal serovars that cause typ-
hoid fever. About 1020 million cases of typhoid occur
each year, resulting in 100 000-200 000 fatalities in
humans worldwide [29, 30].

S. enterica is extremely diverse, with over 2600 dis-
tinct serovars. This necessitates understanding the dif-
ferences between typhoidal and non-typhoidal Salmo-
nella as both are of the same species but cause different
disease manifestations. Compared to typhoidal strains
that are human host-specific, S. typhimurium and S. ente-
ritidis have broad host ranges. In terms of epidemiology,
non-typhoidal Salmonella affects people all over the
world, whereas typhoidal Salmonella is mostly found
in underdeveloped nations, such as Southeast Asia and
Africa. This could be due to a contaminated living envi-
ronment and low living standards [31].

Characteristic. Salmonella strains are Gram-negati-
ve, non-spore-forming, rod-shaped, and motile bacte-
ria that belong to the Enterobacteriaceae family [32].
Salmonella multiplies best at 35-37°C, pH 6.5-7.5, with
little or no oxygen [33]. These heat-sensitive bacteria
cannot withstand temperatures > 70°C but they can
survive in dried feces, dust, and other dry materials,
such as feed and some meals, for a long time [34]. The
most common serovars of Salmonella that infect live-
stock and human are shown in Table 1.

Source and mode of transmission. Intestinal tracts
of animals (agricultural animals, birds, and reptiles) and
people are the principal habitat of Salmonella species.
Human food-borne illnesses are caused by Salmonella
transmission from animal products [35]. Human salmo-
nellosis is usually caused by the ingestion of contami-
nated animal products such as meat, pork, and milk [33].
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Table 1 Major serovars of Salmonella infecting livestock and human [33]

Animal species Salmonella serovars

Cattle Salmonella dublin and Salmonella typhimurium

Sheep Salmonella typhimurium

Pig Salmonella choleraesuis, Salmonella typhimurium, and Salmonella typhisuis
Horse Salmonella typhimurium

Chicken Salmonella pullorum and Salmonella gallinarum

Human Salmonella enteritidis, Salmonella typhi, and Salmonella paratyphi

Infected animals used in food production or conta-
minated carcasses and edible organs are the most com-
mon causes of human illness [36]. During slaughtering
operations, intestinal content can cross-contaminate
carcasses with S. typhimurium DT104, a multidrug-resis-
tant definitive type that is primarily transmitted through
the consumption of infected beef. Meat usually con-
tains several of the serovars linked to human illnesses.
S. typhimurium, S. enteritidis, and Salmonella heidel-
berg were three of the most common serotypes detected
in meat over the last decade [11].

In milk, contamination can arise through a variety of
routes. During the febrile stage of the disease, animals
may excrete the organisms in milk. Contaminated fe-
ces from either a clinically diseased cow or a healthy
carrier may contaminate milk during the milking
process. Milk can also be contaminated by dairy wor-
kers who use unclean water from dirty equipment.
Salmonella-infected food handlers or sewage-polluted
water can contaminate food directly or indirectly. The
contaminated milk, in its turn, results in human illness
if consumed before proper pasteurization [37].

Since pork is the third most often contaminated meat
after fresh chicken and turkey, it is the leading cause of
human salmonellosis in the EU. Therefore, monitoring
and surveillance efforts have been undertaken across
the food chain to assess the danger posed by pork to
the general population and to avoid Salmonella-borne
outbreaks. Pigs can become infected with Salmonella
from a contaminated environment, feed, or direct con-
tact with diseased animals. At the slaughterhouse, car-
casses can be cross-contaminated with excrements of
infected or carrier animals causing a public health risk if
consumed raw [38].

Detection. Salmonella surveillance and monitoring
should be based on accurate and efficient detection
technologies to ensure food safety. New selective me-
dia, modified or adapted conventional processes, im-
munology-based assays, and nucleic acid-based tests
are among commercially available, quick methods for
Salmonella identification [39]. Selective enrichment me-
dia, such as Salmonella Shigella agar, Hekaton enteric
agar, or deoxycholate agar, as well as broth, are used to
culture and isolate bacteria. Food-borne infections are
identified with immunology-based approaches such as
ELISA, latex agglutination tests, and immunodiffusion
tests [40]. Salmonella pathogens are detected via PCR,
which is a molecular assay [399].
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Prevention and control. To control and prevent food
spoilage caused by Salmonella, biosecurity practices
must be used in addition to improved food processing
methods, as well as preparation and storage practices [15].
Salmonellosis can be reduced by using attenuated DNA
recombinant live Salmonella vaccines in combination
with a comprehensive control plan in animals and feeds.
Humans, especially vulnerable groups, should avoid
eating raw or uncooked meat, drinking raw milk or
unpasteurized dairy products, as well as cross-conta-
minating raw and ready-to-eat foods. After coming into
contact with animal feces, people should wash their
hands properly [35].

Food processing and preparation should involve
cooking, reheating, pasteurization of milk, sufficient ref-
rigeration, and the removal of pets and other animals
from food-handling areas [14]. After handling uncooked
food, cutting boards, knives, and other tools should be
washed thoroughly. Uncooked meat should be stored
away from ready-to-eat cooked food. Additional secon-
dary contamination control techniques could include
cleaning and disinfection, personnel hygiene, and ade-
quate processing [35].

Listeria. Characteristics. Gram-positive, motile, facul-
tatively anaerobic, non-spore producing, and rod-sha-
ped bacteria make up the Listeria genus [41, 42]. Of
ten species in the genus, Listeria monocytogenes is the
only one that causes listeriosis in humans. The bacte-
rium can survive at cold temperatures, low pH, and high
salt concentrations [11]. In a study by Shamloo et al.,
L. monocytogenes survived a salt concentration of 21%
at 4°C and pH =4 for 19 days [43]. The bacterium is also
resistant to disinfectants and can adhere to a variety of
surfaces. L. monocytogenes can generate biofilm, which
can be a cause of contamination in the food processing
industry [44].

Source and mode of transmission. Raw foods origi-
nating from livestock are the most common sources of
Listeria species [45]. Foods containing L. monocytogenes
include ready-to-eat meat products, ground beef, fish
and fish products, milk, and pasteurized dairy products
such as soft cheese and ice cream [41, 46].

Farmers, butchers, poultry workers, and veterinary
surgeons have been reported to contract listeriosis from
animal sources as an occupational hazard [46]. At
risk for invasive listeriosis are immunocompromised
hosts, such as pregnant women, unborn or newly deli-
vered newborns, organ transplant recipients, cancer
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and acquired immune deficiency syndrome (AIDS)
patients, as well as the elderly [46].

In humans, the most prevalent route of infection is
through eating raw animal products such as meat, milk,
and pork [47]. The transmission of listeria to humans is
also facilitated by cross-contamination of ready-to-eat
foods with raw animal products. The highest incidence
of L. monocytogenes was found in cow meat (26%) fol-
lowed by goat meat (25%), and sheep meat (17.9%),
indicating that red meat is a vehicle for transmission of
L. monocytogenes to humans [45].

Due to low silage quality and insufficient hygiene,
the dairy farm is a favorable environment for the sur-
vival and spread of L. monocytogenes from cattle into
the food chain. L. monocytogenes survival in dairy pro-
ducts varies depending on the kind of product. For
example, due to reduced pH and moisture content,
pathogen development is nearly impossible in hard
cheese when compared to soft or semi-soft cheeses. The
first listeriosis outbreak in Europe was linked to fresh
cheese, and according to an EU baseline study, 0.47%
of retail cheese samples tested positive for L. mono-
cytogenes [48].

In pork, L. monocytogenes is usually discovered
in comminuted meats and is found less frequently in
freshly-slaughtered pig tissues than in minced pork.
Contamination can also arise through the use of tools,
hands, boots, gloves, and aprons by manufacturing
staff [49].

Detection. Among the procedures used to detect
L. monocytogenes is enrichment in selective media,
subsequent plating on agar plates, and other tests for
species identification. Frequently employed is the two-
stage enrichment approach with isolation on polymyxin
acriflavine lithium-chloride Ceftazidime aesculin man-
nitol (PALCAM) agar and Oxford agar [50]. Mole-
cular approaches are also increasingly being utilized
to identify L. monocytogenes from food since they are
accurate, sensitive, and specific [41].

Prevention and control. Listeriosis can be avoided
by thoroughly cleaning all food contact surfaces [51].
To prevent listeriosis and establish consistent manage-
ment strategies, food-safety control measures must
be correctly applied. The most acceptable operational
approaches are good hygiene, good manufacturing
practice, and sanitation. To limit the risk of infection,
vulnerable people (pregnant women, the elderly, and
those with compromised immune systems) should
avoid unpasteurized dairy products [52]. Food should
be protected against L. monocytogenes infection by
standardized regulatory rules and quality monitoring
of meat products. Preventing the spread of bacteria at
different stages of the food production chain is one of
the most significant techniques to safeguard food from
harmful microbes [41].

In the meat industry, non-food contact surfaces,
particularly floors and drains, can be a reservoir of
L. monocytogenes [49]. These areas must be cleaned
and sanitized with caution, as they may contaminate
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other areas of the food processing facility. Cooking is
a good way to protect meat from L. monocytogenes in-
fection. The ideal processing procedure would extend
the shelf life and safety of the meat product, without
compromising its organoleptic or nutritional value, be
simple and inexpensive to implement, and avoid causing
consumers health risk [51].

Listeria contamination can be greatly reduced in
many processed food products by using the Hazard
Analysis of Critical Control Points (HACCP) system.
To reduce listeriosis, different nations have adopted
standards/legislations for the pasteurization of ice cream
desserts [41].

Staphylococcus aureus. Characteristics. S. aureus
is the second most frequent food-borne pathogen in
the world after salmonellosis. It is a commensal mic-
roorganism that lives on the skin, nose, and mucous
membranes of healthy people and animals. However, it
is a well-known opportunistic food-borne pathogen
that can cause a variety of infectious illnesses of
varying severity in humans and animals. This micro-
organism can survive temperatures ranging from 7 to
48°C, with an optimum of 30 to 37°C, pH 4.2 to 9.3,
with an optimum of 7.0 to 7.5, and sodium chloride
concentrations up to 15% [53].

These features allow the bacterium to live in a wide
range of foods, particularly those that require processing
alteration, such as fermented products like cheese [54].
S. aureus is a desiccation-tolerant organism that may
survive in potentially dry and stressful conditions like
the human nose, as well as on the skin and inanimate
surfaces like clothing [55].

Source and mode of transmission. Healthy animals
carry germs in their nasal passages, throats, and skin,
but S. aureus is commonly seen in raw milk from
mastitic cows. It can be found in a wide range of hosts,
including humans and food-producing animals like pigs,
cows, goats, chickens, and ducks. Food contamination
with S. aureus can arise directly from infected food-
producing animals or as a result of inadequate hygiene
during the manufacturing process, as well as during
retail and storage [53].

S. aureus is spread by contaminated animal-source
foods [54]. Several food materials are regularly linked to
staphylococcal food poisoning, including milk and dairy
products, pork, beef, mutton, chicken, and eggs [53].
Raw meat provides a favorable medium for S. aureus
survival and dissemination in the population, especially
the drug-resistant S. aureus [56].

Methicillin-resistant S. aureus (MRSA) has been
discovered at significant levels on US and European
farms and in widely sold meats in various investigations,
raising concerns among meat workers and consumers.
Pig, poultry, and cattle are among those meat-producing
animals which are usually implicated with the pathogen.
According to a recent study conducted in the United
States, 45% of raw pork products and 63% of beef pro-
ducts tested positive for S. aureus. A high prevalence
of S. aureus was found on retail pork products in lowa,
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Minnesota, and New Jersey. These investigations pro-
vide clue on the role of commercially-distributed meat as
a possible vector for S. aureus transmission from farm
to the general population [57].

In dairy herds, S.aureus is a common cause of
bovine mastitis. The prevalence of Methicillin-suscep-
tible S. aureus (MSSA) and MRSA was reported to be
84 and 4%, respectively, in a study conducted in Min-
nesota to determine the herd prevalence of S. aureus
in bulk tank milk. Udders with clinical or subclinical
staphylococcal mastitis can contribute to S. aureus con-
tamination of milk by excreting the organisms directly
into the milk. In a 1999 S. aureus incident in Brazil,
for example, cattle mastitis was the primary source
of infection, affecting 328 people who consumed un-
pasteurized milk. Similarly, 293 S. aureus isolates were
found in 127 bulk tank milk samples from Swiss goats
and sheep. Those findings revealed that the consumption
of raw or improperly pasteurized milk poses a signifi-
cant risk to public health [58].

Detection. The ability to produce coagulase is usu-
ally the most extensively utilized and widely accepted
criterion for identifying pathogenic Staphylococci. Man-
nitol salt agar is a typical medium for the isolation of
pathogenic Staphylococci. The current standard appro-
ach for detecting coagulase-positive Staphylococci in
food is based on selective enrichment and subsequent
isolation of colonies with distinctive morphology,
followed by identification using microbiological and
biochemical confirmations [54]. Immunological and
molecular biology techniques are also useful tools for
investigating S. aureus contaminations. For the quick
detection and identification of MRSA strains, clinical
laboratories are increasingly using polymerase chain
reaction [53].

Prevention and control. Staphylococci are wide-
spread and difficult to eradicate from the environment.
To prevent staphylococcal infections and poisoning,
methods to stop various mechanisms of transmission
are required. Personal hygiene habits among healthcare
professionals and food handlers should be improved.
Equally effective are the decontamination of equipment,
surfaces, and clothing, a judicious use of antibiotics, as
well as proper cooking and storage of foods [54].

Staphylococcal infections can be prevented by avoi-
ding contamination and cross-contamination, as well
as maintaining critical points. Public education on
safe meat handling and other public health interven-
tions could be crucial in preventing the outbreak.
Microbiological standards created by the World Health
Organization and the US Food and Drug Administration,
such as the Hazard Analysis and Critical Control Points
(HACCP), Good Manufacturing Practices (GMPs), and
good hygiene measures, should be closely followed to
avoid S. aureus infection. Disinfectants should be used
to clean arecas where MRSA patients are cared for [57].

S. aureus can survive and produce toxins at tem-
peratures ranging from 6 to 46°C. As a result, the ideal
cooking and refrigeration temperatures are above 60°C

and below 5°C, respectively. Other preventive measures
include serving food quickly when kept at room tem-
perature, controlling raw food products, disinfecting
food processing and preparation equipment, wearing
gloves, masks, and hairnets while handling and
processing food, as well as frequent hand washing [59].

Escherichia. Characteristics. Escherichia is a Gram-
negative rod-shaped bacterium that belongs to the Enfe-
robacteriaceae family [60]. The majority of Escherichia
coli are found in the gastrointestinal tracts of animals
and humans, whereas some are harmful to humans [61].
E. coli is among the most common zoonotic species that
poses a public health risk [62]. Several life-threatening
food-borne epidemics have been linked to Shiga toxin-
producing E. coli [63].

E. coli O157:H7 is one of the most well-known se-
rotypes that can infect humans through the ingestion
of infected animal foods [60]. It is a well-known Shiga
toxin-producing bacterium that is a prominent food-
borne and zoonotic pathogen [64].

Source and mode of transmission. Many healthy
animals, including humans, have E. coli in their gut mic-
robiota. Some strains, however, can cause sickness.
Cattle, sheep, and goats are the main reservoirs of
E. coli O157:H7. In outbreaks, milk and dairy products,
as well as improperly cooked meat and other animal
food products, have been identified as key sources
of infection [65]. The consumption of contaminated
animal food and water, fecal contamination of food pro-
ducts, and direct contact with sick animals are the most
common routes of E.coli O157:H7 transmission to
humans [66].

The global prevalence of E. coli O157:H7 in beef
was found to range from 0.1 to 54.2% in ground beef,
0.1 to 4.4% in sausage, 1.1 to 36.0% in nonspecific retail
cuts, and 0.01 to 43.4% in whole carcasses, according to
a recent study. The first E. coli O157:H7 outbreak was
reported in 1982, and it was connected to ground beef,
which is still the most common source of food-borne
outbreaks today. In the United States, beef was the cause
of infection in 78 E. coli O157:H7-related outbreaks [67].

Raw milk is a potentially dangerous commodity
whose microbiological safety cannot be ensured without
pasteurization or a similar treatment. Cheeses prepared
from raw milk are extremely prone to bacterial infection.
If hygiene and process controls are weak, pathogens
may enter cheese during production. Pathogens, such as
E. coli O157:H7, can be found in raw milk, and mostly
they come from milk animals resulting in human
disease [68].

Detection. During outbreak investigations, sensitive
methods, surveillance, and quality control are recom-
mended to detect E. coli O157:H7 [66]. This serotype
has been detected in food, environmental, and clinical
samples using a variety of methods including culturing
in specific media, as well as serological and molecular
testing [69].

Biochemical assays and culture isolation of E. coli
O157:H7 remain the gold standard for identification [70].
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Sorbitol-MacConkey (SMAC) agar combined with cefi-
xime and potassium tellurite is one of the most sensi-
tive and discriminating mediums for separating E. coli
O157:H7 from other E. coli serotypes [69]. Colorless
colonies will appear if E. coli O157:H7 is present, but
pink colonies will appear if other Enferobacteriaceae
are present. Immunoassays and polymerase chain reac-
tion (PCR) technology have made it possible to iden-
tify E. coli in food and water more quickly. Other techni-
ques include enzyme-linked immunosorbent assays
(ELISAs) [71].

Prevention and control. E. coli-related food poiso-
ning can be avoided by using the same strategy as is
used against other bacteria. Implementing intervention
measures across the food continuum, from farm to table,
will be necessary for an effective control program to
significantly reduce E. coli O157:H7 infections. Consu-
mers can also help implement intervention measures in
the food handling and preparation process [72].

Pre-harvest E. coli O157:H7 control is a method that
promotes human health, food, and water safety. The
pathogen can also be reduced in animals by imple-
menting proper sanitation procedures throughout food
preparation, processing, and transportation management.
Preventive measures include food hygiene such as cor-
rect meat cooking or intake of pasteurized milk, as well
as personnel hygiene. With different degrees of success,
post-harvest intervention strategies are used, such as
skin and carcass cleaning and the application of anti-
microbials [70].

The HACCP approach is used to ensure food safety
in the processing industry. This method does not target
E. coli specifically, but it addresses biological, chemical,
and physical risks in general. Food handler training,
food premise inspections, and community-based educa-
tion programs were found to be effective in reducing
public exposure to food-borne pathogens in a systematic
review of retail and consumer food safety programs.
Intervention approaches in cattle, such as probiotics, vac-
cination, antimicrobials, and bacteriophages, provide
another option for increasing herd resistance to infection
and subsequent control of E. coli O157:H7. Vaccination
is a potential method of reducing FE.coli O157:H7
colonization [70].

Brucella. Characteristics. Brucellosis is one of the
important zoonotic diseases of livestock worldwide. The
most important Brucella of veterinary and zoonotic im-
portance that cause abortion and infertility in female
and male livestock are Brucella abortus, Brucella meli-
tensis, and Brucella suis [73]. The ability of the patho-
gen to survive and replicate within different host
cells explains its pathogenicity. Its persistence in
macrophages and other cell types leads to chronic
infections [74].

Source and mode of transmission. In animals, the
transmission of Brucella can occur either by direct
or indirect interaction with diseased cattle or their
discharges. The most common route is ingesting feed
and drinking water contaminated by the bacteria that
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are present in massive amounts in birth products and
uterine discharge. Moreover, cattle typically lick their
fetuses and newborn calves, which can result in bacterial
transmission to humans [75].

Humans typically acquire Brucella infection by in-
gesting raw infected meat, unpasteurized milk, or dairy
products. They can also get infected through abrasions
that come into contact with fluids or tissues of aborted
fetuses of diseased cattle, as well as other work-related
practices. Abattoir, farm, and laboratory workers, as
well as veterinarians, are known risk groups for Bru-
cella infection [76].

Detection. The test samples from which DNA can
be extracted most commonly for brucellosis diagnosis
include aborted fetuses and food products, such as milk
and other foods. The most reliable samples in animals
for Brucella isolation are spleen as well as lymph no-
des (iliac, mammary, and pre-femoral) during the post-
mortem inspection [77].

O’Grady et al. compared cultural and serological tech-
niques to isolate B. abortus from paired supra-mammary,
retropharyngeal, and internal iliac lymph nodes of sla-
ughtered animals [78]. Although the micro serum
agglutination test and the fluorescence polarization assay
were found to be comparatively more sensitive, bacterial
culture methods should always be employed for Brucella
confirmation [79].

Prevention and control. Brucellosis in animals may

be controlled by a strict enforcement of measures
including testing and slaughtering, vaccination, sani-
tation, and movement control. The knowledge of brucel-
losis and its presence in different livestock species is
essential for the effective implementation of control
measures in food safety. Quarantine and immunization
of animals with vaccines are also among important
measures of prevention and control [77].

The lack of awareness among farmers and the ab-
sence of an effective control strategy have made the
situation favorable for Brucella. Therefore, animal ow-
ners should be made aware of the health impact of
brucellosis and the importance of vaccinating their
livestock. Public health education should emphasize
food and occupational hygiene. Avoiding or discou-
raging the consumption of raw milk and dairy products,
as well as strict protection and safety measures among
health workers, will help prevent brucellosis in the
human population [80].

Clostridium botulinum. Characteristics. C. botuli-
num is a bacterium that produces a dangerous toxin
which is reported to be one of the most known lethal
substances [81]. C. botulinum can colonize the intestinal
tract of animals and produce botulism neurotoxin.
During unfavorable conditions, C. botulinum forms a
spore that survives standard cooking and food-pro-
cessing measures. However, the spore is sensitive to
an aerobic environment, acidic pH, and high salt solu-
tions [82]. Spore germination and toxin production
are achieved when foods are exposed to anaerobic
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conditions, pH > 4.6, low salt and sugar concentrations,
and temperatures from 4—12°C [83].

Source and mode of transmission. Botulism is
known to affect mammals, birds, and fish, although
some species seem to be more susceptible than others.
This disease is reported regularly in horses, domes-
ticated ruminants, poultry, wild birds, and aquatic
animals. Botulism is not transmitted between animals or
people by casual contact. However, it can be acquired by
ingesting preformed toxins. Humans contract the toxin
by ingesting contaminated livestock products [84].

C. botulinum strains are responsible for numerous
botulism outbreaks in humans. Uncooked or minimally
heated, chilled livestock products are often involved in
the transmission of botulism to humans. C. botulinum is
a safety risk in home-made or industrial foods that are
uncooked or processed with mild heat treatments, as
well as stored for long periods even at low temperatu-
res [85]. Meat can be contaminated with fecal C. botuli-
num spores during processing at the slaughter house.
Pork meat preparations carry an important risk of
botulism in several countries such as France and Poland.
In France, type B botulism caused by home-made pre-
parations of pork meat is the most prevalent food-borne
botulism [86].

Raw milk contamination by C. botulinum results es-
sentially from the cattle environment. Indeed, in farms
with a botulism outbreak, the diseased as well as non-
symptomatic animals excrete large numbers of C. botu-
linum spores in their feces that are subsequently spread
in their local environment, including soil and pasture.
Diseased cows are unlikely to excrete botulinum neu-
rotoxin in milk. The toxin is very rarely detected in the
serum of cattle with botulism. Thus, the passage of a
significant amount of botulinum neurotoxin into milk
is very low, with very few outbreaks of human botulism
via milk products reported. A report by Dabrowski and
Megdrala shows the presence of botulinum neurotoxin B
in the milk of a cow suffering from mastitis [87].

Detection. Food-borne botulism is initially suspec-
ted based on the clinical case of the patient. It can be
confirmed through a laboratory identification of bo-
tulinum neurotoxin and/or those clostridia that produce
the toxin in clinical specimens or in suspected food
sources consumed by the patient [87].

Several methods are used to detect the toxin. The
intra-peritoneal injection of the bacteria to mice remains
the most reliable, sensitive, and definitive of all the
methods. The presence of C. botulinum is detected by
injecting the food extract into mice, which are then
observed for characteristic symptoms of botulism and
ultimate death over a 48-h period. The mouse bioassay
is the only standard validated method for the detection
of botulinum toxin in foods [88].

Prevention and control. The toxins are typically sen-
sitive and their spores can be destroyed by heating
to 85°C for 5 min or by wet sterilization at 120°C for
5 min. Veterinarians who encounter or suspect botulism
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should follow their national and/or local guidelines
for disease reporting [89].

Feed for animals may be heat-processed and aci-
dified to reduce the risk of botulism. Carcasses should
not be allowed to contaminate feed for herbivores, and
silage should be monitored for proper acidification. Re-
using broiler litter on ruminant farms as feed or bedding
increases the risk of botulism. When broiler litter is
spread on fields, it should be plowed in immediately.
Ruminants with dietary deficiencies should be given
feed supplements to reduce the incidence of pica. Vac-
cines may be available for horses, cattle, sheep, goats,
mink, and/or birds in some countries [89].

In humans, the risk of botulism from foods can
also be reduced by acidification, moisture reduction,
and treatment with salt or other compounds known
to inhibit clostridial germination before consumption.
Humans should avoid foods from animals with botulism,
including meat and milk. Person-to-person transmission
of botulinum has never been described, but precautions
should be taken to avoid exposure to toxins in body
fluids and feces [57].

Clostridium perfringens. Characteristics. C. perfrin-
gens belongs to the Bacillicidal family and is an impor-
tant cause of food-borne disease. It produces protein
toxins and forms spores resistant to various environ-
mental stresses such as radiation, desiccation, and heat.
Vegetative cells grow at temperatures ranging from 6
to 50°C but prefer an optimum temperature between
43 and 47°C, a salt concentration less than 5-8% de-
pending on the strain, and a pH of 5.0-9.0, although
6.0-7.2 is preferred. C. perfringens is part of the normal
intestinal flora of animals and humans [90].

Source and mode of transmission. C. perfringens thri-
ves in high-protein foods of animal origin, such as
meat and meat products, meat dishes, and milk. These
protein-containing foods, when kept at improper storage
temperatures between 12 and 60°C, provide the greatest
risk of infection and disease from C. perfringens. This is
because its spores present after cooking can germinate
and potentially grow to high numbers. The risk zone is
between 43 and 47°C [91].

Foods can be contaminated during food production,
processing, preparation, transportation, and storage. The
initial contamination of foods implicated in C. perfrin-
gens outbreaks might have occurred in the environment,
since C. perfringens is ubiquitous in soil, in intestinal
tracts of animals, and in a variety of ingredients. Raw
meat and dairy products can become contaminated if
the animal is infected. If consumed raw or after insuf-
ficient cooking, these foods may result in bacterial
proliferation and toxin production [90].

Detection. Food samples are inoculated into Rapid
Perfringens Media (RPM) overnight, then sandwiched
into tryptose sulphite cycloserine (TSC) agar, and in-
cubated. Colonies suspected to be C. perfringens are
then sub-cultured into RPM and incubated again. Typi-
cal C. perfringens colonies from agar plates are selec-
ted and inoculated into a tube of freshly deaerated and
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cooled fluid thioglycollate broth. They are incubated
in a standard incubator at 35°C for 18-24 h. Then, the
cultures are examined by Gram stain and checked for
purity. C. perfringens is a short, thick, yellowish gray
Gram-positive bacillus. DNA is extracted and PCR can
also be performed to determine its genotype [92].

Prevention and control. Thermal treatment is one
of the most common ways of sterilizing products, as
excessive heat destroys the majority of bacterial cells. It
has been reported that C. perfringens spores are highly
heat-resistant, although the resistance patterns vary
considerably with the strain and growth conditions, such
as the medium and incubation temperature. However, a
significant inactivation of C. perfringens spores can be
achieved by exposing them to high temperatures for a
longer period of time. Additionally, cooked food must
be chilled rapidly to 41°F (5°C) or less, or kept at hot hol-
ding temperatures of 140°F (60°C) or higher to prevent
any activation and growth of C. perfringens spores [93].

Different types of chemical agents have been proven
to be effective in controlling C. perfringens such as
acetic acid, organic acids, nitrates, and phosphates.
In animals, vaccination can be used to control
C. perfringens B and C [94].

Mycobacterium bovis. Characteristics. The Myco-
bacterium genus includes non-spore forming, obligate
aerobic, facultative intracellular species. The bacteria’s
cell walls are rich in lipid, which greatly contributes to
their resistance to many disinfectants, common labo-
ratory stains, and antibiotics [95]. M. bovis is the main
etiological agent of bovine tuberculosis. While the
bacteria primarily affect the cattle and other domestic
and wild animals, they can also affect human beings [96].

Source and mode of transmission. M. bovis is one
of the bacteria recognized as a major public health
concern. M. bovis is the cause of zoonotic tuberculosis
in humans, which can be transmitted to people from
infected vertebrate animals. It is the most common
cause of tuberculosis in humans and cattle [97]. In-
halation and ingestion are two common modes of
transmission. Inhalation transmission is mainly by
droplet infection. Animals and humans can inhale dust
contaminated by sputum, feces, or urine of infected
animals. Thus, close housing and overcrowding, along
with improper management, increase the risk of the
disease in animals. Infected cattle are a possible
source of infection as they shed a significant amount of
M. bovis through droplets into the environmental. They
may act as a source of intra-herd transmission either
directly (animal-to-animal), particularly by aerosol, or
indirectly, via infective material (e.g., manure, urine,
bedding, contaminated feed, and water) [96].

M. bovis is transmitted from animal to human thro-
ugh ingestion of unpasteurized dairy products and
undercooked meat of infected cattle [96]. In an estimate,
about 10% of human tuberculosis cases are caused by
M. bovis, while the majority are caused by M. tuberculo-
sis. In the countries where milk is pasteurized and
effective bovine tuberculosis control is implemented,
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tuberculosis occurrence in humans due to M. bovis is
very rare. However, in the arecas where the disease in
bovine is poorly controlled, the disease reports are more
frequent [98].

Detection. Different tests can be undertaken to de-
tect M. bovis in food samples. The identification of
M. bovis in raw milk has been described in Tanzania.
Microbiological culture remains the gold standard test
for detecting Mycobacterium species in clinical samples
due to its sensitivity and specificity. When tuberculosis
lesions are found in a carcass during meat inspection at
routine slaughter, a sample of the affected tissue is also
sent for mycobacterial culture testing [99].

Enrichment selective media are required to isolate
Mycobacterium species, especially those containing egg,
which is commonly used in veterinary microbiology.
One of them is the Lowenstein-Jensen medium made
with egg and glycerol favors. After culture, other tests
are carried out, such as species identification, antimic-
robial susceptibility profile, genotyping, as well as moni-
toring the human patient’s response to treatment [100].

Prevention and control. Tuberculosis needs to be
prevented and controlled because it causes a loss of pro-
ductivity in infected animals and poses a risk of infec-
tion to humans. However, it is still a big problem
in most developing countries because of financial
constraints, scarcity of trained professionals, and lack
of political will. Moreover, national governments and
donor agencies seem to underestimate the importance of
zoonotic tuberculosis in both animal and public health
sectors. Therefore, control measures are not applied or
applied inadequately [101].

Cattle with tuberculosis must be slaughtered, rather
than treated. This is due to the fact that M. bovis is re-
sistant to pyrazinamide, which is widely used in the
treatment of infections caused by Mycobacterium tuber-
culosis in humans. Meat inspection systems should
be strengthened and designed to prevent the consump-
tion of contaminated products by people. All animals
entering the food chain should be subjected to ante-
mortem and post-mortem inspection. The tuberculin
test is valuable in the control of zoonotic tuberculosis
because early recognition of preclinical infection in the
animals intended for food production eliminates a future
source of infection for humans [102].

Standard public health measures used to manage
patients with contagious M. tuberculosis should be
applied to contagious patients with M. bovis to stop
person-to-person transmission. Hygienic measures
should be instituted to prevent the spread of infection.
Food containers should be cleaned and thoroughly
disinfected, while the consumption of unpasteurized
milk, as well as undercooked or raw meat, should be
avoided [96].

CONCLUSION

Food-borne zoonotic bacterial infections are the
primary causes of human illness worldwide, with a
high burden in developing countries. Campylobacter,
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Salmonella, Listeria, Staphylococcus, Escherichia, Bru-
cella, Clostridium, and Mycobacterium are the most im-
plicated bacterial pathogens to be found in animal pro-
ducts either from intrinsic infection or environmental
contamination with the pathogens or their toxins. Mo-
reover, these bacteria may also infiltrate into the food
chain at any stage and affect public health. More
importantly, due to the rise of multidrug-resistant
strains, most of the bacterial diseases cannot be cured
with previous conventional medicaments, exacerbating
the problem.

International scientists have regularly isolated
the bacteria from food of animal origin, particularly
meat, dairy products, and eggs. People may be more
susceptible to food-borne zoonotic bacterial infections
if they consume raw livestock products, meat supplied
from poorly standardized slaughter houses, or use un-
sanitary food preparation and handling procedures.
This calls for a vigorous implementation of effective
prevention and control strategies in all food supply

chains to ensure food safety. To this effect, the follo-
wing recommendations have been put forward:

— coordinated surveillance and monitoring systems for
food-borne zoonotic bacterial pathogens should be ap-
plied to alleviate their impact on public health;

— the epidemiological information system should be estab-
lished to cover potential risk factors and incidence of
human infections associated with food-borne zoonotic
bacterial pathogens; and

— awareness should be raised in the community have the
occurrence to prevent and control of food-borne zoo-
notic bacterial pathogens of livestock origin in humans.
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Abstract:

In addition to studying bioactive organic compounds in plants, it is increasingly important to determine the biological role of
elements in plants growing in environmentally unfavorable areas. One of such regions in Russia is Kuzbass with its intensively
developing chemical, metallurgical, and coal mining sectors. In this study, we assessed the plant materials of red clover
(Trifolium pratense L.), alsike clover (Trifolium hybridum L.), and white clover (Trifolium repens L.) collected from their natural
populations in Kuzbass.

The qualitative and quantitative composition of heavy metals in the clover samples was determined voltammetrically. The
contents of molybdenum and phosphorus were measured by the photocolorimetric method. Total nitrogen and protein were
determined by the Kjeldahl method. Nickel, cobalt, and chromium were quantified by spectrophotometry.

We analyzed the plant materials of the clover samples for heavy metals and found that the content of lead was the least in red
clover and the highest in alsike clover. Copper varied in a larger range and was minimal in red clover compared to that in alsike
and white clover. Zinc was found at higher concentrations of in white and red clover compared to that in alsike clover. The
levels of cadmium exceeded the maximum permissible concentrations in all the clover samples. We also revealed that the clover
samples contained different amounts of various amino acids, including arginine, valine, lysine, glycine, aspartic acid, and alanine.
The plant materials of the clover species growing in Kuzbass can be used to improve the fertility of soil and nitrogen regime.
However, the clover species should not be used in bulk feed for farm animals because of high concentrations of cadmium.

Keywords: Clover, Trifolium pratense L., Trifolium hybridum L., Trifolium repens L., soil, microelements, amino acids, heavy
metals, plants
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INTRODUCTION

Recently, researchers have taken increasing interest
in the biological role of metals. In particular, there
have been numerous studies of heavy metals, a group
of chemical elements with a relative atomic mass of
over 40. Standards have been established for the con-
tents of certain metals that are toxic and therefore
dangerous for living organisms. The human body con-
tains 81 natural metals out of 92, including 10 vital ele-
ments, namely Fe, I, Cu, Zn, Co, Cr, Mo, Ni, Se, and
Mn. Permissible concentrations of metals are benefi-

cial for plants, animals, and humans, while their increa-
sed concentrations have a negative impact. Numerous
studies have shown that metal effects vary depending
on their content in the environment and their requi-
rement for microorganisms, plants, animals, and hu-
mans. However, rapid industrialization and the resulting
global technogenic environmental pollution have led to
anomalies of elements (particularly, heavy metals) [1-3].

It is important to determine the contents of heavy
metals in environmental objects. Stripping voltammetry
is commonly used to measure zinc, cadmium, lead, and

Copyright © 2023, Belashova et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
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copper. In this study, we aimed to determine concent-
rations of heavy metals in the clover species growing in
various parts of Kuzbass (Russia).

The toxic effects of heavy metals depend on the le-
vel of soil pollution, as well as on the properties of a
specific metal [4, 5]. In nature, metal ions coexist and
form various combinations with each other. Therefore,
their toxic effects can both increase (synergistic effects)
and decrease (antagonistic effects) [6]. For example, a
mixture of zinc and copper is five times more toxic
(synergistic effect) than the sum of their toxicity values
obtained arithmetically [7]. A combination of zinc and
nickel has the same synergistic effect, while zinc and
cadmium produce an antagonistic effect, jointly causing
unidirectional harm.

Synergism and antagonism can also be observed in
multicomponent mixtures of metals. Therefore, the toxi-
cological effect of environmental pollution with heavy
metals depends on the mixture of metals, as well as
their concentrations and mutual impact on biota. On the
other hand, heavy metals and their compounds can have
harmful effects on living organisms. In particular, they
can accumulate in human tissues and cause a number
of diseases [8, 9]. Toxic metals are metals that bring
no benefit to biological processes (e.g. lead or copper).
However, some elements which usually have a toxic
effect on living organisms (e.g. zinc or cadmium) can
also have a beneficial effect.

Carbon, hydrogen, oxygen, and nitrogen are organo-
genic clements. Altogether, they make up 95% of dry
plant tissue, with 45, 42, 6.5, and 1.5% of carbon, oxy-
gen, hydrogen, and nitrogen, respectively. The remai-
ning 5% includes macroelements, such as phosphorus,
sulfur, potassium, calcium, magnesium, iron, aluminum,
silicon, sodium, and others. Metals with concentrations
of 0.001% or less are called microelements. They are es-
sential elements that perform important functions in
plant life. Their deficiency or excess in plants can cause
a number of diseases and even lead to death.

The makeup of elements in plant tissues and organs
depends on changes in environmental factors.

Phosphorus is found in the earth’s crust at a concent-
ration of 0.08%. It plays an important role in cell energy
and is involved in the phosphorylation of cellular pro-
teins using protein kinase enzymes [10]. This mechanism
controls many metabolic processes, since phosphate
redistributes electrical charges in a protein molecule,
changing its structural and functional properties.

Phosphorus deficiency in plants causes the leaves to
become small and narrow, as well as changes their color
to bluish-green. Moreover, it decreases the absorption
of molecular oxygen and changes the activity of respira-
tory enzymes. On the other hand, excessive phosphorus
stops plant growth, delays the ripening of the crop, and
inhibits the synthesis of proteins and free nucleotides.
Phosphorus interferes with the absorption and transport
of iron in plants.

Potassium, an important inorganic osmotic compo-
und, helps regulate water balance in plants. It also
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maintains the water status of plants by opening and
closing leaf stomata [11]. Potassium is involved in the
optimization and transport of photosynthesis, as well
as in the activation of photosynthetic enzymes, contri-
buting to the production and transport of carbohydra-
tes [12, 13]. In addition, potassium makes plants more
resistant to biotic stress (diseases associated with micro-
organisms) and abiotic stress (drought, low temperatures,
salinity). Thus, plants should be provided with a suf-
ficient amount of potassium, since it takes part in many
metabolic processes and regulates the growth of plants.

We found no published data on the accumulation of
microelements in red clover (7rifolium pratense L.),
alsike clover (Trifolium hybridum L.), and white clover
(Trifolium repens L.) depending on the precursor, stage
of growth and development, or environmental condi-
tions. Microelements are known to activate metabolic
processes. Yet, there is hardly any information on their
composition, unlike macroelements [14].

Molybdenum deficiency slows down the synthesis of
amides, amino acids, and proteins [15, 16]. Of all plants,
clover has the greatest need for molybdenum and often
suffers from molybdenum starvation in the fields [11, 17].
Nitrogenase is the key enzyme that catalyzes the fixation
of molecular nitrogen in nitrogen-fixing microorganisms
(aerobic and anaerobic bacteria, cyanobacteria) and root
nodules of legumes. This enzyme catalyzes three coup-
led reactions: recovery of substrates (N,, C,H,, etc),
ATP hydrolysis, and ATP-dependent hydrogen evolution.
Nitrogen is bound and recovered on the Mo-Fe protein.
Molybdenum protonation is an important step for nitro-
gen binding, which results in the release of molecular
hydrogen. In plants, molybdenum is found mainly in the
form of the MoO,* anion. This element has the ability to
change valency and participate in complex compounds.
Legumes contain large amounts of molybdenum and
are capable of N -fixation. Experimental studies have
shown that molybdenum fertilizers increase the nitrogen
content in the leaf part of N-deficient plants with nodule
bacteria on the roots. However, nitrates can suppress
nitrogenase activity in the plants of the Fabaceae family.
This may be due to the interception of electrons and
ATP molecules by nitrate reductase contained in nodule
bacteria. Enzymes compete for molybdenum in nitrogen-
fixer cells and nodule bacteria, especially in the budding
phase, when their synthesis is most active [18].

Iron is one of the main elements found in the Earth’s
crust. Its content in plants varies widely from 18 to
3580 mg/kg of dry weight. Iron is a universal cofactor
for the processes of growth and development, photo-
synthesis, hormone synthesis, and respiration [14]. Iron
deficiency causes leaves to turn yellow (chlorosis) and
rapidly drop.

In Kuzbass, plants of the Trifolium genus are the
most important perennial plants of the Fabaceae family
in forage production. These plants are widely distributed
in the region’s meadows and sparse forests [19]. Their
fodder value is determined by their high protein content.
In addition to being a low-cost source of plant protein,
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these plants can effectively increase soil fertility due to
nitrogen absorbed from the atmosphere with the help
of nitrogen-fixing bacteria in the nodules of the root
system. Clover, one of such plants, is therefore used as
a protein and vitamin additive in animal feed. For this,
it is harvested in the early phases of the growing season
and dried. According to literature, clover has a high
content of digestible protein, namely 160—-165 g per feed
unit. Therefore, about 2 kg of clover grass is equivalent
to 1 kg of oat grain. The chemical composition of plant
reserve nutrients depends not only on the species charac-
teristics, but also on the growth conditions [20, 21].
Proteins, fats, and carbohydrates, including cellulose,
water, and microelements, determine the nutritional va-
lue of feed raw material, while bioactive substances
provide it with additional properties [17, 22-26]. Note-
worthily, enzymes, vitamins, growth substances, alkalo-
ids, phenolic compounds, glycosides, tannins, and other
essential bioactive substances play an important role
in the processes of growth and development [27-30].
However, there are also toxic substances that can slow
down the growth and development of plants and cause
many pathological processes in them.

In recent years, Russian scientists have paid great
attention to plant raw materials with a high feed value.
We know that the plant’s biomass directly depends on
the content of total nitrogen in the plant [31, 32]. Total
nitrogen and protein play a major role in plant growth [33].
No other nutrient can affect food supplies as much as
nitrogen, which is why it is called a “growth element” [34,
35]. First of all, it is an essential component of nitrogen-
containing organic compounds and is actively involved
in the vital metabolic processes during the plant’s growth
and development. Nitrogen deficiency makes the plant
look sickly, changes the color of its leaves, slows down
its growth, weakens the intensity of flowering, shortens
the period of growth and development, and reduces
protein production in the plant. All this decreases the
yield and may even cause the plant to die [36].

Nitrogen exchange reactions are determined not
only by molybdenum and iron, but also by other metals,
including nickel, cobalt, and chromium. These metals
affect the ratio of nitrogen forms and the amino acid
composition in plant raw materials [9].

Cobalt is found in small quantities in all soils, with lar-
ger quantities found in sedimentary rocks. This element
accumulates in plants, ranging from 17 to 540 mg/kg ash.
Cobalt can be found in different forms, e.g., in ionic
form or as part of vitamin B,,. Its biological role is to ac-
tivate glycolytic enzymes (phosphoglucomutase and
agrinase), which are involved in the hydrolysis of argi-
nine. Both a deficiency and an excess of this metal can
have a negative effect on plant development. Cobalt
deficiency reduces the content of chlorophyll and
ascorbic acid, while its excess inhibits biosynthesis and
lowers the content of protein nitrogen in crops.

The lithosphere and soil are rich in nickel. This mic-
roelement promotes the production of vitamin P, in-
creases the activity of redox enzymes, and stabilizes
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the structure of ribosomes. Nickel deficiency decreases
photosynthetic activity in plants, while its excess can
cause necrosis and chlorosis of the green parts of plants.

Chromium is found in various minerals and accumu-
lates in the thin surface layer of soil. This metal is inac-
cessible to plants. Its content in dry plant mass does not
usually exceed 0.02-0.2 mg/kg. Chromium has a dual ef-
fect on plant growth and development. On the one hand,
this metal is part of many plant enzymes and there-
fore it affects the biosynthesis of flavonoids and promo-
tes the accumulation of polysaccharides, tannins, caro-
tenoids, cardiac glycosides, and vitamin K. On the
other hand, chromium has phytotoxic properties which
cause wilting of the aerial parts, damage the root system,
and may lead to chlorosis and browning of young
leaves. Chromium is also an antagonist of copper, man-
ganese, and boron.

Zinc accumulates in the surface layers of soil and
can also be found in some minerals. Its content in plants
is 1.2-73.0 mg/kg of dry weight. Like cobalt, zinc ensu-
res the functioning of some enzymes in the glucose
oxidation process. Also, zinc plays an important role in
the photosynthesis and promotes the production of tryp-
tophan. Its deficiency may disturb phosphorus metabo-
lism, retard the growth of internodes and leaves, as well
as cause chlorosis, the development of rosettes, and the
accumulation of reducing sugars.

Zinc is a unique metal due to its extensive biogenic
properties. It is contained in more than 200 enzymes
belonging to all six classes and therefore performs
a variety of physiological functions. It is found in all
20 nucleotidyl transferases, as well as in reverse trans-
criptases. The presence of zinc in these compounds
indicates a close relationship with the processes of tumor
formation. In addition, zinc stabilizes the structure of
DNA, RNA, and ribosomes, as well as plays an impor-
tant role in gene translation and expression.

Elevated concentrations of zinc have a toxic effect on
living organisms. Its excessive accumulation is closely
related to anthropogenic activities, which is why high
concentrations of zinc are found in industrial areas and
agricultural soils over-treated with zinc-containing fer-
tilizers. Many plant species can adapt to zinc excess in
soils, but very high levels of this metal can still have
a toxic effect. Chlorosis of young leaves is the most
common symptom of zinc damage. Moreover, excessive
levels of zinc decrease the rate of cell division in plant
tissues, as well as impair cell elongation and tissue dif-
ferentiation. Due to the antagonistic action of zinc to-
wards other metals, its excess in plants reduces the
absorption of copper and iron, causing symptoms of
their deficiency. Zinc is also an antagonist of cadmium,
selenium, and manganese.

Manganese is ubiquitous in rocks and soils. Its con-
tent in plants varies from 30 to 500 mg/kg of dry weight.
Manganese plays an important biological role in
plant growth and development. It is involved in the
release of oxygen and carbon dioxide reduced during
photosynthesis, regulates the sugar content in leaves,
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and participates in the processes of cell growth.
Manganese deficiency has a negative effect on the plant,
changing its morphology. In particular, it can cause spot
chlorosis in the leaves (yellow spots) and tissue nec-
rosis. High manganese contents cause a release of car-
bon dioxide from plants. Manganese does not interact
with calcium or magnesium, but actively interacts with
silicon. Manganese is high in plants that synthesize phe-
nolic compounds, tannins, flavonoids, cardiac glyco-
sides, ascorbic acid, carotenes, and vitamin K. Thus, the
amount of manganese in clover can be used to estimate
its yield and the content of bioactive substances in it.
Also, manganese has a beneficial effect on the develop-
ment and yield of clover seeds.

Copper is an immobile element found in the surface
layer of soils. It is part of some proteins and enzymes
that accelerate the oxidation of ascorbic acid and di-
phenols, as well as the hydroxylation of monophenols.
Copper also participates in nitrogen-containing meta-
bolism. Its deficiency contributes to stunted growth
and flowering, as well as causes chlorosis, loss of tur-
gor, and wilting of plants. Copper excess, on the other
hand, affects the metabolism of organic acids and
lengthens the period of plant growth and development.
The average copper content in plants is 0.6—10.3 mg/kg
of air-dry mass. Copper is actively involved in photo-
synthesis and respiration, as well as nitrogen recovery
and fixation in plants. It participates in biochemical
processes as part of some oxidase enzymes (e.g., cyto-
chrome oxidase, ceruloplasmin, superoxide dismutase,
urate oxidase) that carry out oxidation of substrates with
molecular oxygen.

Recently, copper deficiency in soils or its antago-
nistic interaction with cobalt have been the main causes
of concern. Some common signs of copper deficiency
in plants include slow formation of reproductive organs
and its subsequent cessation, the appearance of puny
grains and empty-grained ears, as well as poor adap-
tation to unfavorable environmental conditions [37].
Wheat, barley, oats, beets, alfalfa, onions, and sunflo-
wers are most sensitive to copper deficiency.

Although lead is found in almost all plants, scientists
still lack a full understanding of its role in metabolic
processes. According to literature, its low contents inhi-
bit metabolism, while high concentrations have a toxic
effect on plants by disrupting photosynthesis and slo-
wing down growth and water absorption by the root
system. External negative symptoms include the ap-
pearance of dark green leaves, as well as curled old
leaves and stunted foliage. Plants exhibit differing re-
sistance to excessive lead concentrations, with cereals
being less resistant and legumes being more resistant.
Lead has an antagonistic relationship with zinc and a
synergic relationship with calcium. The lead content in
plants reaches 0.1-10.0 mg/kg of dry weight.

Literature lacks reliable data on the value of cad-
mium for terrestrial plants. Its toxic effects include
slow growth and photosynthesis, inactivated enzymes,
disrupted water balance, inhibited reduction of NO,
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to NO, as well as chlorosis [38]. In plant metabolism,
cadmium is an antagonist of a number of nutrients
(Zn, Cu, Mn, Ni, Se, Ca, Mg, and P). Cadmium is easily
transported into plants from the soil and atmosphere. It
is the most phytotoxic heavy metal that accumulates in
plants (Cd > Cu > Zn > Pb).

Biotechnological methods are widely applied today
to determine the nutritional value of plant materials [39,
40]. In studies of plants for animal feeds, great attention
must be paid to the content of proteins, since they are
functional units of a living cell that are absorbed in the
form of amino acids after digestion (MR Ne 2.3.1.1915-
04). Further, these amino acids get involved in plastic
metabolism, ensuring the synthesis of their own proteins
and other organic compounds [41].

In connection with the above, we carried out a
comparative phytochemical study of red clover, alsike
clover, and white clover growing in natural populations
in Kuzbass. In particular, we performed qualitative and
quantitative determination of macro- and microelements,
heavy metals, free nitrogen, protein, and amino acids in
the experimental plant species.

STUDY OBJECTS AND METHODS

We studied above-ground parts of three types of
clover, red clover (Trifolium pratense L.), white clover
(Trifolium repens L.), and alsike clover (Trifolium hybri-
dum L.) (Fig. 1). The materials were collected in the na-
tural phytocenoses of Kuzbass (Russia) from the spring
of 2023 throughout the flowering period in the summer
of 2023. They were selected on the basis of physical
factors (adult healthy plants) and visual characteristics
(with no toxic effects of anthropogenic pathogens) by
using standard methods [42].

The chemical composition of the clover samples was
determined by different methods. Phosphorus was mea-
sured photocolorimetrically based on the color intensity
of phosphorus-molybdenum blue (from an ash solution).
Molybdenum was also determined photocolorimetrically
according to State Standard 18309-72. Copper, zinc, lead,
and cadmium were quantified by voltammetry according
to Methodological Guidelines 08-47/136 at the chemical
and analytical laboratory “GeoBioEcoLab” on a highly
sensitive TA-1 voltammetric analyzer that determines
nanogram quantities.

Figure 1 Clover species: (a) red clover (Trifolium pratense L.);
(b) white clover (Trifolium repens L.); and (c) alsike clover
(Trifolium hybridum L.)
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The elemental composition of nickel, cobalt, and
chromium was determined by spectrophotometry. This
method works by evaporating the substance under analy-
sis, photographing the emission spectrum of the elements
excited in the arc discharge zone, and measuring the
intensity of the spectral lines of the elements by visually
comparing them with those for the reference powders
and standard samples. The elements were determined by
using atlases of spectral lines and standard spectra.

Cadmium and lead are classified as highly hazardous
substances, while copper and zinc are moderately hazar-
dous. Therefore, highly sensitive and accurate methods
should be used to measure the contents of these ele-
ments. Among such methods is stripping voltammetry
that can determine trace amounts. Another advantage
of this method is that it can simultaneously determine
several components (up to four or five). In addition, a
modern polarograph can obtain a linear dependence of
the current on concentration in the range of 108-102M.

Stripping voltammetry is an electrochemical method
that includes the following stages:

1. Electrolytic accumulation of metal ions with a
deposit or a metal film forming on the solid electrode
coating of the amalgam or on the mercury film electrode.
For this, it is important to maintain the rate of the elect-
rode reaction by selecting a constant potential, as well
as to constantly stir the solution to ensure a constant
flow of the depolarizer from the solution to the electrode
surface;

2. A short period of rest of the solution with accumu-
lation potential. The flow moves to the electrode less
intensively, causing a rapid drop to the value of the sta-
tionary diffusion current; and

3. Electrochemical dissolution of the substance from
the electrode surface in the mode of linear potential
sweep and strict stabilization of the current flowing bet-
ween the indicator electrode and the auxiliary electrode.

The current of the dissolution of the concentrated
electroactive substance is recorded as a peak. The peak’s
potential characterizes the nature of the substance, its
area indicates the quantity of the substance on the elect-
rode, and its height relates to its concentration.

Stripping voltammetric methods can be anodic
(reductive) or cathodic (oxidative).

The height of the peak depends on:

a) the amount of substance deposited on the elect-
rode (which is a function of its concentration in the
solution, accumulation potential, solution compositi-
on, temperature, and electrochemical properties of the
system);

b) the conditions of the dissolution process (the area
of the active electrode surface, the rate of polarization,
and the rate of removal of products from the electrode
surface).

Other factors may also influence the peak’s height.
If the overall electrode process involves a chemical
reaction, the peak is determined by the catalytic ability
of this reaction, the nature of the reaction products, and
the solubility of the resulting compounds.
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Stripping voltammetry is a highly sensitive method
that can determine nanogram quantities. It is applied to
determine low concentrations up to 1072 M, since larger
amounts of the isolated sediment saturate the surface,
causing a deviation from the direct proportional depen-
dence of the current strength on the concentration. With
low concentrations, the error does not exceed 3%.

In stripping voltammetry, just as in polarography,
oxygen needs to be extracted from the solution under
analysis. This is because at normal temperature and pres-
sure, oxygen is relatively soluble in aqueous solutions
and can interfere with the measurement.

Dissolved oxygen is electrolytically reduced, which
increases the residual current whose value is poorly rep-
roduced. The presence of dissolved oxygen can lead to
other complications in electrochemical measurements.
Therefore, in most cases, it is removed by passing thro-
ugh any inert gas that does not require purification.
Other methods of oxygen removal (CO, in acidic solu-
tions, solid Na,S in alkaline solutions) have limited use.
An inert gas must be passed over the solution throu-
ghout the entire analysis. It is important that inert gases
should be free of oxygen. UV irradiation is also used
in modern methods to remove dissolved oxygen. Thus,
stripping voltammetry has high analytical potential and
is employed to determine organic and inorganic com-
pounds of various compositions.

In our experiment, Zn, Cd, Pb, and Cu were determi-
ned under optimal conditions in aqueous solutions
against 0.5 M formic acid under UV irradiation to eli-
minate the interference of dissolved oxygen. During the
analysis, interfering organic substances were destroyed
in the electrochemical cell. We selected and tested the
conditions for a joint determination of Zn, Cd, Pb, and
Cu on a mercury film electrode in a solution of 0.5 M
HCOOH with UV irradiation. The optimal conditions in-
cluded an accumulation potential of 1.4 V and an accu-
mulation time of 30 s for metal ion concentrations in the
solution of 0.001-0.05 mg/L. Ion concentrations were de-
termined by adding standard solutions. The air was aspi-
rated through an aerosol filter form perchlorovinyl fiber
at a rate of 20 L/min for 25 min.

Amino acids, flavonoids, polyphenols, glycosides,
and tannins were determined in the Laboratory for Bio-
testing of Natural Nutraceuticals at Kemerovo State Uni-
versity. The analysis was performed on a Prominence
Shimadzu LC-20 high-performance liquid chromatog-
raphy system with an SPD-M20A diode array detector
and an RF-20 A/20Axs fluorimetric detector.

Total nitrogen and protein were measured by the
Kjeldahl method according to General Monograph
1.2.3.0011.15. (OFC.1.5.3.0009.15).

Protein hydrolysates were analyzed by high-perfor-
mance ion exchange chromatography using a special
ninhydrin reagent for the demodulation of eluting amino
acids. The samples of plant materials were crushed,
weighed, and subjected to complete acid hydrolysis. The
resulting hydrolysates were then analyzed.
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Figure 2 Air-dried clover samples
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Figure 3 Chemical composition of a combined average clover
sample

To prepare the clover materials for the above ana-
lyses, they were placed in a thin layer on sheets of parch-
ment paper, covered from dust with another sheet of pa-
per, and left indoors at room temperature for 1-2 days to
become air-dry (Fig. 2). Then, the samples were crushed
into particles of under 1 ¢cm and distributed on paper in
the form of a square. The resulting square was then divi-
ded by horizontal and vertical lines into four equal parts,
from which samples were taken with a spatula for the
laboratory analyses. The weight of the samples depen-
ded on the number of analyses, ranging from 50 to 200 g.
The samples were then mixed into average samples and
placed into labelled glass jars with a ground stopper. In
this state, the samples can be stored for a long time, with
no change in moisture.

RESULTS AND DISCUSSION

The chemical compositions of the clover species
growing in their natural populations in Kuzbass were
analyzed for valuable feeding qualities.

As for macroelements, the contents of phosphorus
and potassium were almost identical between the clover
samples under study (Table 1 and Fig. 4).

As seen from Table 1, the ratios of phosphorus to po-
tassium did not differ significantly.

In particular, the phosphorus content was the highest
(6.99 mg/kg) in alsike clover (Trifolium hybridum L.)
and the lowest (6.48 mg/kg) in red clover (Trifolium pra-
se L.). Potassium was noticeably higher (38.4 mg/kg) in
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Table 1 The ratio of phosphorus to potassium in red, whire,
and alsike clover growing in Kuzbass

Sample Ratio of phosphorus
to potassium, mg/kg
Red clover 5.75
(Trifolium pratense L.)
White clover 5.80
(Trifolium repens L.)
Alsike clover 5.23
Trifolium hybridum L.)
45
40

35
30
25
20
15
10

Content, mg/kg

Alsike clover

White clover

Red clover

Figure 4 Contents of phosphorus and potassium in red, white,
and alsike clover

white clover (Trifolium repens L.) and lower (36.6 mg/kg)
in alike clover (7rifolium hybridum L.).

The ratio of molybdenum to iron in the clover samp-
les under study is presented in Table 2, while the con-
tents of these elements are shown in Fig. 5.

As can be seen, the content of molybdenum was the
highest in red clover (7. pratense L.), slightly lower in
white clover (7. repens L.), and the lowest in alike clover
(T hybridum L.). According to Fig. 5, iron had the hi-
ghest content (168.51 mg/kg) in white clover and the lo-
west (135.04 mg/kg) in alsike clover.

One of the advantages of clover over perennial gras-
ses is its higher yield due to nitrogen absorbed by symbi-
otic nodule bacteria from the atmospheric air. In addi-
tion, clover produces its own proteins due to biological
nitrogen fixation without any energy costs or expensive
nitrogen fertilizers. The ratio of total nitrogen to protein
in the experimental clover species ranged from 5.87 to
6.43% (Table 3).

However, we found no direct relationship between
the contents of total nitrogen and protein in the clover
samples (Fig. 6). For example, white clover (7. repens L.)
had the highest total nitrogen content of 3.802% and
a protein content of 22.73%, while red clover (7. pra-
tense L.) had a lower total nitrogen content of 3.715%
and a higher protein content of 23.88%. Alsike clover
(T hybridum L.) showed the lowest total nitrogen content
of 3.683% and the lowest protein content of 21.64%,
compared to the other species under study.
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Table 2 The ratio of molybdenum to iron in the clover
samples under study

Ratio of molybdenum
to iron, mg/kg

Sample

Red clover 648.85

(Trifolium pratense L.)

White clover 755.65

(Trifolium repens L.)

Alsike clover 894.30

(Trifolium hybridum L.)

168.51

180 -
160 -
140 1
120 1
100 A
80 1
60 A
40 1
20 A

0 T T 1
Red clover White clover  Alsike clover

158.32
135.04

Content, mg/kg

0.24 0.23 0.15

Emolybdenum ®iron

Figure 5 Contents of molybdenum and iron in red, white,
and alsike clover

Table 3 The ratio of total nitrogen to protein in red, white, and
alsike clover

Sample Ratio of total nitrogen
to protein, %
Red clover 6.43
(Trifolium pratense L.)
White clover 5.98
(Trifolium repens L.)
Alsike clover 5.87
(Trifolium hybridum L.)
25.00

20.00

15.00

10.00

Content, %

5.00

0.00

White clover Alsike clover

Red clover

H total nitrogen M protein

Figure 6 Contents of total nitrogen and protein
in the experimental clover species
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Noteworthily, the clover genus of the Fabaceae fa-
mily produces up to 80% of protein due to total nitrogen
absorbed from the air by nodule bacteria of the root
system. This is one of the main advantages of legumes
over cereals.

We compared the contents of nickel, cobalt, and chro-
mium as particularly toxic elements with the maximum
permissible concentrations established in Sanitary Re-
gulations 2.3.2.10733338-01 for black, green, and brick
teas (Figs. 7-9).
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Figure 7 Nickel, cobalt, and chromium contents in red clover
and their maximum permissible concentrations

7.00 1
6.00
5.00
4.00
3.00
2.00
1.00
0.00

6.00

Content, mg/kg dw

result

maximum permissible
concentration

mnickel mcobalt ©chromium

Figure 8 Nickel, cobalt, and chromium contents in white
clover and their maximum permissible concentrations
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Figure 9 Nickel, cobalt, and chromium contents in alsike
clover and their maximum permissible concentrations
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As can be seen in Fig. 7, the sample of red clover
contained nickel, cobalt, and chromium in permissible
concentrations [10, 24, 28].

According to Fig. 8, the sample of white clover con-
tained lower concentrations of these heavy metals than
red clover.

As shown in Fig. 9, alsike clover (7. hybridum L.) had
the lowest concentrations of nickel, cobalt, and chromi-
um, compared to the other samples.

To sum up, all the clover samples complied with Sani-
tary Regulations 2.3.2.10733338-01. In particular, red
clover (T pratense L.) contained the maximum values of
chromium, cobalt, and nickel; white clover (7. repens L.)
showed an average value for nickel, while alsike clover
(T hybridum L.) showed the minimum values for all

three metals. Cobalt had almost the same content in all
the species, whereas nickel values varied from 3.5 mg/kg
in red clover (T. pratense L.) to 3.1 mg/kg in alsike clo-
ver (T. hybridum L.). Thus, the plant materials of the clo-
ver species under study do not accumulate chromium,
cobalt, and nickel in elevated concentrations. There-
fore, these elements have no effect on the plants’ growth
energy, viability and stability, the synthesis of high-
molecular proteins, or the formation of vegetative mass.

The experimental values of heavy metals in the clo-
ver species under study are presented in the form of
voltammograms in Figs. 10—12.

The voltammograms (Figs. 10—12) indicate the pre-
sence of Zn, Cd, Pb, and Cu in almost all the samp-
les of the experimental clover species. The metrological
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Figure 10 The voltammogram for red clover
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Figure 11 The voltammogram for white clover
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Figure 12 The voltammogram for alsike clover
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characteristics for the determination of these heavy
metals are presented in Tables 4—6.

We analyzed the contents of Zn, Cd, Pb, and Cu as
particularly toxic elements against the maximum per-
missible concentrations established in Sanitary Regulati-
ons 2.3.2.10733338-01 for black, green, and brick teas [34].

According to Table 4, the contents of lead, copper,
and zinc in the red clover (7. pratense L.) sample were
within the permissible levels. However, the cadmium
value was over six times the maximum permissible
concentration.

As can be seen in Table 5, the sample of white clover
(T repens L.) contained lead, copper, and zinc in permis-
sible concentrations, while its content of cadmium was
over three times above the maximum level.

As shown in Table 6, the contents of lead, copper,
and zinc in the alsike clover (7. hybridum L.) sample
were within the permissible levels. However, its cad-
mium value was six times as high as the maximum
permissible concentration established in Sanitary Re-
gulations 2.3.2.10733338-01.

To sum up, the contents of lead, zinc and, copper in
all the experimental clover samples were within the pe-
rmissible concentrations by Sanitary Regulations 2.3.2.
10733338-01. Cadmium exceeded the standard values
in all the three clover species. Zinc was found in al-
most equal amounts in red clover (7. pratense L.) and
alsike clover (7. hybridum L.), with the maximum value
in white clover (7. repens L.). The lead content ranged
from 3.1x107"mg/L for white clover (T repens L.) to

5.6x10"mg/L for alsike clover (7. hybridum L.). Cop-
per varied from 3.2x10"mg/L for alsike clover (7. hybri-
dum L.) to 5.1x107mg/L for red clover (T. pratense L.).

Thus, the plant materials of the studied clover spe-
cies do not accumulate lead, copper, and zinc in elevated
concentrations. Therefore, these metals have no effect on
the plants’ growth, viability, and stability, as well as the
synthesis of high-molecular proteins or the formation of
vegetative mass. The elevated cadmium content leads to
a lower plant yield and a deteriorated quality of plant
products. The accumulation of heavy metals in plant ma-
terials has industrial causes. Today, the environment is
becoming more and more chemically “aggressive”. Cad-
mium enters the soil in a mobile form and therefore
rapidly migrates to plants, producing a negative effect on
the environment.

The nutritional value of proteins is determined by
the quality and quantity of individual amino acids
that proteins are made of. Literature lacks data on
the composition of amino acids in the clover species
growing in Kuzbass. Therefore, at the final stage of our
study, we determined the composition of amino acids
in the plant materials of the experimental clover spe-
cies (Fig. 13 and Table 7).

Red clover is one of the most common plants found
in the European part of the former USSR, as well as
throughout Western and Eastern Siberia, in a wide va-
riety of environmental conditions, except for marsh-
lands. This is a valuable forage plant with good feeding
qualities, which is especially important in places with

Table 4 Metrological characteristics of heavy metals in red clover and their maximum permissible concentrations

Element Concentration Standard deviation (S) AC,, Confidence interval Maximum permissible
(Cy) mg/L (n=C,, +AC,,), mg/L concentration, mg/kg

Ccd 6.4x107 3.1x107 3.8x107 6.4+3.8x107 1.0

Pb 4.3%x107 1.1x107 1.4x107 4.3 +1.4x107 10.0

Cu 5.1x10-7 2.9x1077 3.6x107 5.1 +3.6x107 33.0

7n 4.2x107 2.1x107 2.6x107 42 +2.6x107 23.0

Table 5 Metrological characteristics of heavy metals in white clover and their maximum permissible concentrations

Element Concentration Standard deviation (S) AC,, Confidence interval Maximum permissible
(C,,), mg/L (n=C,, £AC,), mg/L concentration, mg/kg

Cd 3.4x107 1.1x107 1.2x107 3.4+1.2x107 1.0

Pb 3.1x107 1.7x107 2.1x107 3.8+£2.1x107 10.0

Cu 4.8x107 1.9x107 2.3x107 4.8 +2.3x107 33.0

Zn 6.3x107 2.4x107 3.1x1077 6.3 £3.1x107 23.0

Table 6 Metrological characteristics of heavy metals in alsike clover and their maximum permissible concentrations

Element Concentration Standard deviation (S) AC,, Confidence interval Maximum permissible
(C,,), mg/L (n=C,, £AC,)), mg/L concentration, mg/kg

Cd 6.2x107 2.4x107 3.1x107 6.2+3.1x107 1.0

Pb 5.6x107 3.3x107 4.1x107 5.6 +4.1x107 10.0

Cu 3.2x107 2.9x107 3.6x107 5.1+3.6x107 33.0

Zn 4.1x107 1.6x107 2.02x107  3.2+2.2x107 23.0
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wet and slightly acidic soils capable of withstanding
short-term flooding. Therefore, our next stage was to
experimentally determine the content of amino acids in
red clover grass.

We found that the experimental samples of the clover
species had significant differences in the amino acid
composition. According to Table 7, the alsike clover sam-
ple had maximum concentrations of all amino acids
under study, with the exception of glutamic acid, which
was the highest in the white clover sample. Thus, the
clover species growing in Kuzbass can provide livestock

with natural feed of high quality due to a wide variety
of amino acids in the plants.

Chromatographic analysis was then performed to
determine the contents of bioactive substances in the
extract of red clover (Fig. 14 and Table 8).

Six substances were found in the red clover ex-
tracts, which were chromatographically classified as
flavonoids. The following isoflavonoids were identified
(in descending order): daidzein, biochanin A, querce-
tin, genistein, rutin, and apigenin. Their contents va-
ried from 0.4300 mg/g for apigenin to 6.3400 mg/g for

250 7
200
150

mAU

100 7
50 7

22
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—
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Figure 13 HPLC chromatogram for amino acids in red clover, where: peak 1 — Aspartic acid, peak 2 — Glutamic acid, peak 3 —
o-Pro, peak 4 — Serin, peak 5 — Glycine, peak 6 — Histidine, peak 7 — Arginine, peak 8 — Tryptophan, peak 9 — Thr, peaks 10, 11 —
Alanin, peaks 12,13 — Proline, peak 14 — Tyrosine, peak 15 — Methionine, peak 16 — Valin, peaks 17,18 — Cys, peak 19 — Isoleucine,
peak 20 — Leucine, peak 21 — Phenylalanine, and peak 22 — Lysine

Table 7 Contents of amino acids in clover samples

Amino acid, Clover species

mg/kg dw Red clover (Trifolium pratense L.)  White clover (Trifolium repens L.) Alsike clover (Trifolium hybridum L.)
Aspartic acid 29.7 35.1 38.6
Tryptophan 7.9 10.3 11.1
Serin 11.8 14.7 15.8
Proline 11.9 11.5 12.2
Glutamic acid 12.1 14.4 13.9
Alanin 12.2 12.7 13.4
Valin 12.5 14.2 14.7
Methionine 2.1 2.1 2.5
Isoleucine 11.2 12.6 12.9
Leucine 20.1 23.1 23.6
Tyrosine 5.2 6.1 7.5
Phenylalanine 12.7 15.3 15.5
Lysine 17.1 19.1 19.7
Histidine 7.4 7.8 8.9
Arginine 24.1 25.2 28.9
Glycine 47.1 51.8 57.7
Total 245.1 276.0 296.9

Table 8 Contents of bioactive substances in the extract of red clover (7rifolium pratense L.)

Peak No. Bioactive substance Retention time, min Content, mg/g

1 Quercetin 4.9800 2.8400 + 0.0048
2 Biochanin A 6.7300 3.1900 + 0.0053
3 Daidzein 10.0900 6.3400 + 0.0076
4 Genistein 15.0000 1.2800 + 0.0031
5 Apigenin 16.9200 0.4300 + 0.0012
6 Rutin 28.2900 0.6900 £ 0.0015
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Figure 14 Chromatogram of bioactive substances in the red clover (7rifolium pratense L.) extract, where: 1 — quercetin,
2 —biochanin A, 3 — daidzein, 4 — genistein, 5 — apigenin, 6 — luteolin, 7 — formononetin, 8 — naringin, 9 — rutin

daidzein. All of these flavonoids can be successfully
used as bioactive substances for therapeutic and pre-
ventative purposes.

CONCLUSION

We studied the plant materials of red clover (7rifo-
lium pratense L.), white clover (Trifolium repens L.),
and alsike clover (7rifolium hybridum L.) growing in
Kuzbass. Our experiments showed no significant dif-
ferences in their nitrogen content.

The contents of phosphorus and potassium did not
differ significantly among the clover species, ranging
from 6.48 to 6.99 mg/kg and from 36.6 to 38.4 mg/kg,
respectively. The content of cadmium significantly excee-
ded the maximum permissible concentrations in all the
samples, while the contents of zinc and copper were
experimentally determined to be minimal. The lead con-
centration was slightly higher than the standard values in
red clover (7. pratense L.) and white clover (7. repens L.),
reaching 10.7 and 11.0 mg/kg, respectively, however, a sig-
nificant excess of lead (17.5 mg/kg) was detected in
alsike clover (T. hybridum L.).

The protein content in the clover samples ranged
from 21.64 to 23.88%. Such minor differences are due to
a high content of total nitrogen synthesized by nodule
bacteria in the roots of leguminous plants, on the one
hand, and a high content of nitrogen accumulated during
the decomposition of root residues during the growing
season, on the other hand. All the clover samples had
significant amounts of essential amino acids, such as
tryptophan, lysine, leucine, isoleucine, methionine, phe-
nylalanine, and valine. This variety of amino acids, and

therefore complete protein, makes the clover a valuable
forage plant. The total amount of amino acids was
245.1 mg/kg in red clover (T pratense L.), 276.0 mg/kg
in white clover (7. repens L.), and as much as 296.9 mg/kg
in alsike clover (7. hybridum L.).

Thus, the plant materials of red, white, and alsike
clover growing in Kuzbass had significant amounts of
mineral substances (phosphorus, potassium, molybde-
num, and iron), total nitrogen, and protein with essential
amino acids. Their contents of particularly toxic ele-
ments such as nickel, lead, cobalt, chromium, copper,
and zinc did not exceed permissible concentrations.
From this we can conclude that these plants can be re-
liably used to improve the soil’s fertility and nitrogen
regime. However, the concentration of cadmium in the
clover samples was found to be over six times as high as
the maximum permissible concentration. This can be
explained by the presence of cadmium in fuel and ferti-
lizers, as well as its use in the processing of coal and
industrial waste in Kuzbass. Therefore, we would not
recommend using the plant materials of the clover spe-
cies to produce bulk feed for farm animals until the
industrial processes in the region become more environ-
mentally friendly and safe.
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