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Preface

Foods with certain health-beneficial effects are still attracting widespread consumer interest.

Their action is primarily connected with the content of bioactive compounds, which are, besides

vitamins and minerals, mainly secondary plant metabolites (flavonoids, carotenoids, phenolic acids,

and many more) that are applied to traditional foods or recipes as extracts, or sometimes as pure

compounds. However, primary plant metabolites, and sometimes those originating from animal

sources (e.g., selected peptides, indispensable amino acids, and fatty acids), as well as compounds

from other raw materials such as single cells (e.g., yeasts, bacteria, and algae), can be considered

functional ingredients. Biologically active compounds demonstrate various positive physiological

functions. The most prominent mechanism discussed is the ability of biological compounds to act as

antioxidants and thus, diminish the risk of various diseases, including cancer. Although this topic has

been discussed, not without controversy, for quite a while, there is not still a satisfying conclusion,

and novel aspects are emerging in research, making this still an interesting research approach. Other

functions described are the stimulation of defense mechanisms, in order to e.g., prevent widespread

damage or enhance cell repair. One of the limitations in the application of functional ingredients

is their stability, which is closely connected to the way the (functional) food or its ingredients are

processed along the whole value-added chain.

This compilation of scientific publications aims to bring together the latest knowledge, novel

ideas, considerations, and overviews on bioactive compounds that are related to identification of

the validity of functional foods. In particular, this compilation contains three review articles and

eleven original research contributions, which provide a broad coverage of the progress concerning

functional biologically active food and food ingredients. The review chapters present the trends and

technological advancements in the possible food applications of spirulina and their health benefits, in

discussed phytochemical properties, in extraction optimization, and in the pharmacological benefits

of naringin, a quite prominent citrus flavonoid, in addition to characterizing the potential role of

bioactive compounds from different vegetable sprouts in the formulation of functional foods. The

presented results of recent research aim to investigate the influence of age-related digestive conditions

on plant phenolic stability, antioxidant activity, and the bioaccessibility of minerals (Ca, Fe, and Mg)

in two types of unfermented, fermented, and fermented dried quinoa and lentils. Another study

deals with the content of bioactive compounds and technological properties of matcha green tea

and its application in the design of functional beverages. Another study analyses the effects of

reducing the amount of sodium-(III) nitrite added to canned meat by enriching it with freeze-dried

blackcurrant leaf extract. Further research studies include the investigation of the effect of pulsed

electric field pretreatment and air temperature on the course of hot air drying and selected chemical

properties of the apple tissue of ‘Gloster’ apples, the evaluation of the influence of four selected

postharvest coffee fruit treatments on the antioxidant and psycho-active properties of Arabica coffee,

the discussion of the anti-cancer potential of willow herb extract enhanced canned pork product, the

determination of relationships between structural derivatives of malvidin and their anti-cholinergic

and anti-inflammatory activity, and many more topics, all highlighting the diversity of this quite

complex research field, which still bears so many novel aspects to be discovered.

We highly appreciate the great effort of all authors to prepare their excellent contributions to this

compilation.

Michał Halagarda and Sascha Rohn

Editors
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Abstract: Spirulina is a kind of blue-green algae (BGA) that is multicellular, filamentous, and
prokaryotic. It is also known as a cyanobacterium. It is classified within the phylum known as
blue-green algae. Despite the fact that it includes a high concentration of nutrients, such as proteins,
vitamins, minerals, and fatty acids—in particular, the necessary omega-3 fatty acids and omega-6
fatty acids—the percentage of total fat and cholesterol that can be found in these algae is substantially
lower when compared to other food sources. This is the case even if the percentage of total fat
that can be found in these algae is also significantly lower. In addition to this, spirulina has a high
concentration of bioactive compounds, such as phenols, phycocyanin pigment, and polysaccharides,
which all take part in a number of biological activities, such as antioxidant and anti-inflammatory
activity. As a result of this, spirulina has found its way into the formulation of a great number of
medicinal foods, functional foods, and nutritional supplements. Therefore, this article makes an
effort to shed light on spirulina, its nutritional value as a result of its chemical composition, and its
applications to some food product formulations, such as dairy products, snacks, cookies, and pasta,
that are necessary at an industrial level in the food industry all over the world. In addition, this
article supports the idea of incorporating it into the food sector, both from a nutritional and health
perspective, as it offers numerous advantages.

Keywords: spirulina algae; chemical composition; health and nutritional value; functional foods;
food formulation; biological activity

1. Introduction

Spirulina algae, also known as Arthrospira platensis, are members of the class of
cyanobacteria (also named blue-green algae) that are classified under the phylum of multi-
cellular organisms. These filaments are unbranched and spiral in shape. Algae are a diverse
group of aquatic organisms that have the ability to conduct photosynthesis. In subtropical
and tropical climates, such as Hawaii, Mexico, Asia, and Central Africa, they flourish natu-
rally in water tanks that contain high levels of salt and alkaline. GRAS stands for “generally
regarded as safe,” which is the designation that the Food and Drug Administration (FDA)
has bestowed upon it. Research on humans in clinical trials, as well as studies on animals
carried out in the most recent decade, provide credence to this assertion. A. platensis, A.
maxima, and A. fusiformis are three of the species of spirulina that have been put to use in
food, and have been the subject of a significant amount of research [1–4].

Molecules 2022, 27, 5584. https://doi.org/10.3390/molecules27175584 https://www.mdpi.com/journal/molecules
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Spirulina algae have high nutritional value. As a result of their high protein content
(60–70% on a dry weight basis), vitamins, minerals, essential fatty acids, and other nutrients,
the FDA has designated them as the ideal food for mankind and a “super food,” containing
high concentrations of beta(β)-carotene, vitamin B12, iron, trace elements, and the extremely
rare essential gamma(γ)-linolenic acid. The Food and Agriculture Organization (FAO) of
the United Nations have referred to spirulina as a “highly digestible protein product,” and
the US space agency has utilized it as a dietary supplement for astronauts. Because of
this, spirulina deserves the title of “the food of the future” more than any other food on
Earth [1,2].

It has been demonstrated that spirulina is both biologically and economically sig-
nificant due to the numerous applications that have been developed for it in the food,
pharmaceutical, biofuel, cosmetics, and agricultural industries. These algae are readily
accessible for purchase and have a significant geographic distribution. This is because the
manufacturers want to obtain the biomass of spirulina in order to make use of its important
biologically active compounds, such as phycocyanins, phenols, polysaccharides, polyunsat-
urated fatty acids (PUFAs), carotenoids, vitamins, and sterols. This is why there is such a
high demand for spirulina. The majority of these compounds play an important therapeutic
role in the treatment of cardiovascular diseases (CVDs), high cholesterol, high blood sugar,
obesity, high blood pressure, tumors, and inflammatory diseases. In addition to bolstering
the immune system, the presence of these compounds is associated with a reduced risk
of developing neurodegenerative conditions, such as Parkinson’s disease, Alzheimer’s
disease, and multiple sclerosis, in particular. Spirulina is regarded as a natural medicine
and is utilized in the manufacturing of functional foods and nutritional supplements all
over the world due to the qualities that have been described [5,6].

Spirulina algae can be produced in the form of powder, liquid, oil, tablets, or capsules,
and are used in many food industries, including the manufacture of sweets, snacks, and
pastries. This helps the market meet the demand for variety while also providing highly
nutritious food that can aid in the feeding of children and the fight against malnutrition [7].
In addition to the introduction of spirulina in the production of functional beverages,
such as fruit juices, which have gained a great deal of relevance in terms of health, it is
also employed in the production of dairy products, pasta, oil derivatives, and nutritional
supplements [8–10]. In addition to being used as a coloring agent in the food industry,
spirulina has a wide range of uses in the areas of human nutrition, animal feed, and fish
feed [11–13].

The production of spirulina algae, which are a rich source of protein, has increased in
recent years. This coincides with an increase in the demand for protein, which has led to
the development of the industry. Because of this, food companies have begun marketing
proteins derived from a range of sources, including those derived from animals, plants,
single-celled organisms, and spirulina. Pasta, sushi, and jerky are just a few examples
of the new food products that have been produced for consumers that are based on
spirulina [14,15].

In spite of the facts on the nutritional, environmental, and social significance of
spirulina that have been acquired from a broad spectrum of the published literature, it is
still possible to draw the conclusion that the production of spirulina is restricted to a select
number of natural places. As a result, a group of researchers and scientists from throughout
the world are campaigning for extensive spirulina production everywhere in the world.

The objective of this review paper is to shed light on emerging tendencies and techno-
logical developments in a variety of facets of spirulina. This includes providing a concise
introduction to spirulina as important algae for human food and health, as well as spir-
ulina’s various nutritional and biochemical components. In addition, this article offers an
insightful discussion on the use of spirulina in the food industry for the purpose of the
formulation of a variety of food products. The biological and therapeutic significance of
spirulina has also received a lot of attention. This includes its importance in weight control,
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intestinal flora, and immunological activities, as well as its application for the treatment of
various diseases such as diabetes, cancer, cardiovascular, and so on.

2. A Brief Overview on Spirulina as Important Algae for Human Food and Health

The term “algae” refers to a wide collection of organisms that produce their own food
via the process of photosynthesis and may be found in a variety of habitats, including
marine and freshwater environments [3]. They are found in almost every part of the world
and may be divided into two categories. Microalgae are the most basic and fundamental
members of the plant kingdom. The bulk of their cells are rather thin, measuring between 3
and 20 μm, and some species form simple colonies. Macroalgae are typically multicellular,
expand at a quick rate, and can reach widths of up to 20 m. When compared to the
growth rates of terrestrial plants, the rates of growth of macroalgae are significantly higher.
Production of macroalgae in maritime habitats, also known as seaweed, does not need
the usage of arable land or fertilizer and can take place without either of those factors
being present. Seaweeds have the capacity to generate more biomass per hectare than
vascular plants do, develop at a far faster rate, and make use of the light energy and
carbon dioxide that is taken in from the environment. In the field of applied botany, the
tiny algae known as cyanobacteria were once known as cyanophyceae. Cyanobacteria are
some of the earth’s oldest primitives. They are one of the prokaryotes that have certain
properties in common with plants, such as the capacity to carry out photosynthesis, and
their cytoskeleton is similar (phototrophic nutrition). The cellular forms of cyanobacteria
have undergone several transformations during the course of their evolution, ranging from
unicellular to multicellular structures. They can be found in ecosystems containing fresh
water, marine life, and terrestrial life, as well as certain severe or harsh habitats, such as hot
springs, dry soils, some saline environments, and glaciers [3,16–18].

Arthrospira platensis is the species of spirulina that is multicellular, filamentous, het-
erogeneous, non-branching, and does not fix nitrogen. It is also capable of photosynthesis
and the production of chemical compounds that are necessary for existence. It is grown
in liquid farms that are located within open ponds, and flourishes naturally in brackish
waters, salt lakes, and warm conditions that are rich in bicarbonate and carbonate [19–23].
In Iraq, many species of spirulina, such as A. jenner, were discovered, identified as novel
algae, and listed in the inventory of Iraq’s algal flora [24,25].

Before 1962, spirulina was considered to be a type of algae. However, in that year, it
was reclassified as a member of the prokaryotic kingdom, and the name “cyanobacteria”
was suggested for it [18,26]. Different-sized filaments or spiral trichomes can be produced
by organisms belonging to the genus Arthrospira. Spirulina may fold and bend to varying
degrees, taking on shapes that range from a tightly coiled form to a shape that is straight
and unwound. Solitary in nature, filaments reproduce by a process known as binary fission.
The lengths of the filaments typically range from 2 to 12 μm but can go as high as 16 μm at
times [27,28]. The diameter of the thread ranges anywhere from 3 to 12 μm, and the cells
that make up the filament contain gas vacuoles that aid in floating [19,29,30].

3. Nutritional and Biochemical Components of Spirulina

Food is the primary means through which the body receives the myriad of vital nutri-
ents that are required for development, the performance of essential biological activities,
and the preservation of overall health. On the one hand, considering that our bodies are
unable to produce some nutrients, it is necessary to receive them through this diet. On the
other hand, several diseases have been related to an imbalance in the human diet, which
can be caused by the presence of certain unsuitable nutritional components or the body’s
incapacity to absorb them [31]. The overall composition of spirulina changes depending
on the source of the algae used to cultivate it, the environmental conditions of the man-
ufacturing facility, and the season of the year. Proteins make up between 55% and 70%
of the body of spirulina, while carbohydrates make up between 15% and 25%, fats make
up between 6% and 8%, minerals make up between 7 and 13%, moisture (dried algae)

3
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makes up between 3% and 7%, and dietary fibers make up between 8% and 10% [32].
Figure 1 presents a description of the components that make up spirulina. The proportion
of PUFAs is between 1.5% and 2% of the total fat content, and it is rich in linolenic acid,
which accounts for 36% of the total PUFAs, as well as vitamins (B1, B2, B3, B6, B9, B12,
C, D, and E) and minerals (K, Ca, Cr, Cu, Fe, Mg, Mn, P, Se, Na, and Zn), as well as the
pigments (chlorophyll A, xanthophylls, β-carotene, echinenone, myxoxanthophyll, zeax-
anthin, canthaxanthin, diatoxanthin, 3-hydroxychininone, β-cryptoxanthin oscillaxanthin,
phycobiliproteins, C-phycocyanin, allophycocyanin) and enzymes (such as lipase) [33]. The
components of spirulina’s chemical makeup are summarized in Table 1.

Table 1. The value of proximate composition of spirulina from different reported research.

Proximate Composition (%)
Food Energy References

Moisture Fat/Lipid Protein Ash Fiber Carbohydrate

4–5 4–7 65–72 6–12% 3–7 15–25 2.90 cal/g [34]

3–7 6–8 55–70 7–13 8–10 15–25 – [32]

5.37 7.19 61.57 7.10 7.93 16.21 – [35]

5.45–9.92 6.61–6.84 52.85–65.00 9.55–9.93 9.79–11.37 15.29–13.62 329.89–379.58 [36]

5.27 1.27 71.90 3.50 9.70 13.63 353.55 [37]

4.74 6.93 62.84 7.47 8.12 – – [38]

– 7.16 52.95 – – 13.20 – [39]

1 6 63 8 – 22 – [40]

– 4 65 3 3 19 –

[41]
4–6 5–7 55–70 3–6 5–7 – –

6 6 61 9 – 14 –

9 7 60 11 – – –

– Not reported.

 
Figure 1. (A) Nutritional composition and (B) biochemical components of spirulina [36].

3.1. Carbohydrates

According to the findings of various studies, the proportion of carbohydrates present
in spirulina spp. is around 13.6% [42,43]. On the other hand, a number of additional
studies came to the conclusion that the total carbohydrate content of spirulina ranged from
15% to 25% dry weight [32,33,42,44–46]. There is no cellulose present in spirulina algae’s
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carbohydrates; instead, they are made up of a variety of sugars, such as glucose, mannose,
galactose, and xylose, in addition to glycogen. As a result, the carbohydrates included in
spirulina are simple to digest, as well as nutrient-dense, and may be consumed by elderly
individuals and those who have intestinal malabsorption. In addition to that, it has a
polysaccharide with high molecular weight known as immolina. Rhamnose is the primary
component in it, accounting for around 52.3% of the total sugars generated by spirulina.
In another variety, rhamnose accounts for roughly 49.7% of the total sugars produced.
Spirulina has a biomass of 1.22 g/L, its polysaccharide content is 2.590% of its biomass, and
the total sugars that it contains are 17.275% of its polysaccharides [6,43,47–49]. Polymers,
such as glucosamine (1.9%), rhamnosamine (9.7%), and glycogen (0.5%), as well as small
amounts of glucose, fructose, sucrose, glycerine, mannitol, and sorbitol, are the primary
components of virtually all absorbable carbohydrates. Spirulina has sugars in its cell wall
that are analogous to the sugars found in the cell walls of Gram-negative bacteria. These
are composed of glucosamine, muramic acid, and glucosamine that have bound to peptides.
Due to the fact that these cell walls are relatively thin, digestive enzymes are able to access
the contents of the cell with relative ease [42]. Of the various culture media that are utilized
during the production of spirulina, each has an impact on the total amount of carbohydrates
that are produced. According to the findings of Madkour et al. [39], the percentage of
carbohydrate content in spirulina algae grown in low-cost culture media varied depending
on the type of nitrogen source present in the culture medium. To accomplish this, all of
the nutrients found in the standard medium are swapped out for more affordable and
readily available commercial chemicals and fertilizers in the region. The percentage of
carbohydrates present in the medium with the standard nitrogen source was 13.20%, but
this percentage increased to 16.01% when the nitrogen source was replaced with a medium
containing urea. In the ammonium nitrate (NH4NO3) medium, the concentration of
carbohydrates rose to 24.50% on a dry weight basis; however, other researchers discovered
that the amount of carbohydrates varied depending on the region of production and the
kind of product being made [32].

3.2. Lipids/Fats and Fatty Acids

According to the findings of several researchers, the lipid content of S. platensis ranges
from 5% to 10% of the dry weight. Other research that used more effective extraction
techniques found that the percentage was greater than 11%. In most cases, it will contain
fats that are necessary for human survival, and free fatty acids will make up between
70% and 80% of the total fat. These total lipids may be divided into a saponified fraction
that makes up 83% of the total and an unsaponifiable fraction that makes up 17%, with
the unsaponifiable fraction mostly consisting of paraffin, pigments, terpene alcohols, and
sterols. Omega-6 fatty acids make up the majority of the total fat, and there is just a trace
quantity of cholesterol (less than 0.1 mg/100 g dry mass) present [33,42]. Adults need 1–2%
of their total energy intake to come from essential fatty acids, whereas children need 3% of
their total energy intake [50].

The location of the closest polyunsaturated point in the MTG is used to describe the
optimal omega-6 to omega-3 ratio that some nutritionists advocate, which falls between
4 and 5 [31,51]. It was discovered that the total fatty acid concentration of A. platensis is
81.2 mg/g on a dry weight basis, which demonstrates that spirulina is an excellent source
of fatty acids [52]. However, Sharoba [38] discovered that the proportion of total saturated
fatty acids was 44.21 mg/100 g, but the proportion of total essential unsaturated fatty acids
was 55.79 mg/100 g. When looking at the nutritional value of spirulina, researchers found
that it has a significant amount of palmitic acid (16:0), which makes up more than 60%
of the lipids in S. maxima and 25% in S. platensis, respectively. While the proportion of
saturated palmitic acid in the total fatty acids was 25.8%, the percentage of γ-linolenic acid
in the total fatty acids was 40.1%. Spirulina is an excellent dietary supplement for essential
fatty acid deficits as a result [42].
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Spirulina was discovered to have a significant quantity of PUFAs, with levels ranging
from 1.5% to 2.0% fat. This has piqued the curiosity of many researchers, who have
been doing studies on PUFAs to determine how much of this nutrient is contained in
spirulina [23]. According to the findings of another study, PUFAs made about 30% of
the total fats [6], while other researchers reported that the proportion of these fatty acids
ranged between 19.4% and 21.9% of the total fatty acids [53]. Its primary fatty acid, 15,12.9-
octadecatrienoic acid, accounted for 10.1% of its total fatty acid content, whereas the
omega-3 content accounted for less than 1% of its total fatty acid content. Additionally, it
had some omega-6 type fatty acids. In addition to this, a significant amount of saturated
hexadecanoic acid was discovered (37.6%). The concentration of monounsaturated fatty
acids (MUFAs) was low, with the octadec-9-enoic acid (18:1) omega-9 type falling below
2.0%. The quantity of γ-linolenic acid, which came in at 16 mg, had the greatest content,
followed by palmitic acid, which had the highest percentage (23%), while myristic acid had
the lowest percentage (0.2%) [52].

According to Matos et al. [53], the amount of fatty acids in spirulina algae might
vary depending on a variety of parameters, including the growing circumstances and
development stage at the time of harvest. The total fatty acid content was estimated to be
4.25 mg/100 g, and it was discovered to include sapienic acid at a level of 2.25 mg/100 g,
linoleic acid at a level of 16.7%, and γ-linolenic acid at a level of 14% [51]. According
to the findings of Alyasiri et al. [54], one gram of spirulina has a high concentration of
linolenic acid of the omega-6 type; specifically, the concentration was 29.1 mg/g, which
corresponds to a rate of 2.91%. Additionally, it has PUFAs, which are saturated with
18 carbon atoms and include omega-6. When it comes to the most significant biologically
active compounds found in spirulina, phytol had the highest percentage (100%), followed
by monolinoleoylglyceroltrimethylsilylether-1b (71.31%), steroid and cholestan-3-ol (2-
methylene-3β, 5α) (54.62%), and 9, 12, 15-octadecatrienoic acid, 2, 3-dihydroxypropyl
ester (28.21%), hexadecanoic acid methyl ester (23.23%), and methenamine (23.21%) [55].
According to Legezynska et al. (2014), spirulina algae are one of the primary sources of
omega-3 fatty acids that fish feed on. Examples of these fatty acids are docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA). As a result, a higher percentage of these
essential fatty acids might be found in fish oils [56]. Linoleic acid, which belongs to the
omega-6 group, and alpha (α)-linolenic acid, which belongs to the omega-3 group, is
found in the fats of marine algae, suspended algae, and fish oils, respectively. EPA, DHA,
α-linolenic acid, and docosapentaenoic acid are the four essential fatty acids (omega-3) that
are considered to be of the utmost importance [57]. According to the research conducted by
Liestianty et al. [52], the fatty acids contained in spirulina include myristic, heptadecanoic,
stearic, oleic, palmitoleic, omega-3, omega-6, linoleic acid, and palmitic acid. Omega-6
kinds, the most significant of which are palmitoleic, oleic, linoleic, and γ-linolenic, and
omega-3 types, including α-linoleic acid, are among the most essential types that may be
found [38]. Linolenic acid, stearidonic acid, EPA, DHA, and arachidonic acid are found
in high concentrations in it [23]. The omega-6 family, which includes γ-linolenic acid and
arachidonic acid, and the omega-3 family, which includes EPA and DHA, are the most
essential long-chain PUFAs that algae can produce [6]. Utilizing gas chromatography–mass
spectrometry (GC-MS) and high-performance liquid chromatography (HPLC), Al-Dhabi
and Valan Arasu [51] were able to identify PUFAs in 37 different commercialized spirulina
species. Myristic acid, stearic acid, and eicosadienoic acid were identified as the three
saturated fatty acids that were present in the spirulina samples. It was found that ten of
the unsaturated fatty acids in the spirulina samples were substantially different from one
another.

The accumulation of toxic compounds in fish, as well as the odor, strange taste, and
oxidative instability of the oils extracted from fish, has a negative impact on the total
dependence on the synthesis of long-chain PUFAs (especially omega-3 type) from fish oil.
This has a negative impact on the total dependence on the synthesis of long-chain PUFAs
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from fish oil. As a result, the focus shifted toward the possibility of employing spirulina
algae in a commercial environment as a different source to produce these fatty acids [56].

Spirulina algae are a potential source of polyunsaturated fatty acids (PUFAs). Essential
fatty acids, such as omega-3 and omega-6, are unable to be produced by humans and, as
a result, must be received through the consumption of food. They play a significant role
in preserving health and warding off disease. Even though the human gut microbiota is
capable of synthesizing long-chain fatty acids, such as linoleic and α-linolenic acids, the
synthesis of these acids is controlled by various variables, which makes the consumption
of these fatty acids vital for the maintenance of good health [6]. Because it is not commonly
found in foods that people eat on a regular basis, despite it having a high nutritional value,
the presence of -linolenic acid is interesting. This acid is typically generated in humans
from γ-linolenic acid (18:2 omega-6), which comes from vegetable sources [42].

Spirulina is the only food source that contains large amounts of essential fatty acids,
especially γ-linolenic acid, which is an omega-6 type that helps regulate all hormones
and has anti-inflammatory properties. Comparatively, breast milk is the only food source
that contains large amounts of essential fatty acids [19,39,54]. The other supply comes
from the oil that is derived from borage, black currant, and evening primrose seeds. In
comparison, an evening primrose oil intake of 500 mg has just 45 mg of γ-linolenic acid,
whereas 10 g of spirulina has 135 mg of γ-linolenic acid. Comparatively, evening primrose
oil only contains 9% linoleic acid, whereas the lipids of spirulina contain around 20–25% of
γ-linolenic acid [58].

3.3. Protein

The structure and function of the body, as well as the organization of tissues and
organs, are all significantly impacted by the presence of protein. If all of the essential amino
acids (EAAs) are present in the food that is ingested, the body will be able to generate the
protein that it requires. A protein is considered to be of excellent quality if it includes all of
the essential amino acids (EAAs) in the amounts required by the body while retaining its
bioavailability. The fundamental components of life are referred to as proteins and amino
acids. When comparing various sources of protein, the following criteria should be taken
into account: the quantity of protein, the quality of the amino acids, the amount of protein
that can be consumed, the ease with which the protein can be digested, and the amount of
fat, calories, and cholesterol that the protein contains [57].

Spirulina has a protein level that is quite high, reaching from 60% to 70% of its dry
weight (compared to 22% in beef). This type of algae contains an extraordinarily high
amount of protein for a plant source; in fact, it contains twice as much protein as the
finest source of protein found in vegetables. This amount is significantly higher than the
percentages found in animal meat and fish (15–25%), soybeans (35%), powdered milk (35%),
peanuts (25%), eggs (12%), cereals (8–14%), and whole milk (3%). Table 2 compares the
amount of protein found in various dietary sources to that which may be found in spirulina
algae. The amount of protein that these algae contain fluctuates by between 10% and 15%
depending on the time of harvest, with the most protein being present in the algae during
the early morning [42,57].

Spirulina is a great food source of proteins because it has a high percentage of essential
amino acids (EAAs), which account for around 38.81–47.00% of the total weight of proteins.
The quantity, proportion, and quality of the amino acid contents of a protein are used to
evaluate the protein’s overall quality [2,42]. Leucine, valine, and isoleucine are the three
amino acids in spirulina that have the greatest concentrations, and complete spirulina
proteins include all of the EAAs. Spirulina is superior to all plant proteins, including
legume proteins, despite having lower concentrations of the amino acids methionine,
cysteine, and lysine than the conventional dietary proteins that come from meat, eggs, or
milk [33,45].
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Table 2. A comparison of the relative protein content of spirulina algae with other food and food
products based on the literature.

Food and Food Products RPC a (%) References

Spirulina

55.70 [59]

55–70 [23]

30–55
[60]

Beef 20.71

Chicken
21.96 [61]

22.25% [62]

Fish

Carp 16.70

[63]
Cod 17.40

Herring 18.10

Salmon 18.40

Whole egg 12.60 [64]

Sausage 14.43 [65]

Milk

Buffalo 4.17

[66]

Camel 3.38

Cow 3.56

Goat 3.44

Sheep 4.35

Whey Protein

Buffalo 0.72

Camel 0.58

Cow 0.53

Goat 0.54

Sheep 0.74

Whey Proteins 54.8 3.0–74.8 4.1% [67]

Whey Protein Concentrate Powder 33.30 [68]

White Cheese 16.20 [69]

Organic hard cheese 21.53–25.70 [70]

Soy bean
38.30–40.30 [71]

35.35–39.80 [72]

Common Oat 11.61 [73]

Oat grains 9.70 [74]

Black Bean (Organically produced) 25.20 [75]

Maize 12.65–12.45 [76]

Rice 7.76–8.31 [77]

Wheat 11.88 [78]
a Relative Protein Content.

Undernutrition is a problem that affects public health, particularly in developing
nations. This has led to a trend toward the utilization of spirulina algae, which has
been utilized as a functional food for decades. Developing countries are more at risk of
undernutrition. According to Salmeán et al. [79], spirulina has adequate sensory properties
and has not shown any sign of toxicity, which means that it is safe for human ingestion [79].
Because it has such a high proportion of macro- and micronutrients, this algae was initially
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utilized in the health food and nutritional supplement sector as a protein supplement. In
many countries outside Europe and North America, it is often referred to as supplementary
food [23,48,80,81]. According to the findings of El-Chaghaby et al. [82], the protein content
of spirulina platensis was 53.30% (dry weight), which was much higher than that of
Chlorella vulgaris (20.67%) and Scenedesmus obliquus (31.07%).

Batista et al. [83] were able to boost the protein availability in the biscuit samples
by adding A. platensis as a high protein food source. On a dry weight basis, A. platensis
is composed of 68.9% protein; therefore, this allowed them to achieve their goal. The
greatest levels of IVPD (in vitro digestibility protein) were reported in samples that included
6% algae. These samples contained 14.3% protein and had IVPD values of 83%. The
quantity of protein that could be digested in the treated samples was 11.9 g/100 g of
biscuits. This proportion is much greater than the one found in the control sample, which
had a protein content of 9.8% and a digestible protein content of 7.3 g/100 g of biscuits.
Protein insufficiency is a prevalent condition that affects more than 300 million individuals
throughout the world [79]. Protein deficiency may be treated, but it requires a dependency
on the ingestion of protein from various sources.

The plant proteins known as phycobiliprotein, which are C-phycocyanin and allophy-
cocyanin in a ratio of around 10:1, are responsible for the majority of spirulina’s beneficial
effects on human health [32,45]. C-phycocyanin is one of the primary proteins that may be
discovered in moss, and it accounts for around 20% of the total dry weight of all protein
fractions. This particular pigment is a molecule that is similar to biliverdin in that it contains
phycocyanobilin [3,30,43,79,84].

Proteins included in spirulina are not difficult to digest, even for elderly individuals
who have difficulties absorbing complex proteins via their intestines and who adhere to
certain diets. This is because the cell walls of algae are composed of mucopolysaccharides,
which are simple sugars that are easy to digest and absorb. Cellulose, on the other hand,
is indigestible for humans. Additionally, it has a high digestibility of its proteins, ranging
from 85% to 95%, and the process of acquiring proteins through proteolytic enzymes
is straightforward in comparison to the process of obtaining enzymes from vegetables.
Patients suffering from malnutrition, such as kwashiorkor, in which there is a reduction in
the capacity of the gut to absorb nutrients, would be good candidates for this treatment.
It was discovered that this algae is more beneficial in children who are suffering from
malnutrition than milk powders, which contain lactic acid that is difficult to digest and
absorb. This alga was shown to be more effective than milk powders [3,43,57,85].

3.4. Amino Acids

Proteins are composed of amino acids, which are the core structural units of proteins
and also the fundamental components of numerous coenzymes, hormones, and nucleic
acids. Foods that include all of the EAAs are essential for overcoming a wide variety of
dietary and health issues, since these EAAs play a variety of structural and functional
roles in the body. It is essential to have access to a sufficient amount of protein in one’s
diet in order to preserve the structure and function of one’s cells, as well as one’s health
and capacity [10]. There is a correlation between the presence of EAAs and the quality of
proteins. Animal proteins are the only source of complete proteins and are an abundant
source of EAAs, which the human body is unable to produce on its own for biological
reasons. Plant proteins are considered to be incomplete proteins because they are missing
one or more of the EAAs. These essential amino acids include histidine, isoleucine, lysine,
methionine, phenylalanine, threonine, and valine [12].

Proteins derived from spirulina have a comprehensive profile thanks to the presence
of EAAs and non-EAAs in enough quantities in each molecule. It has EAAs, which account
for 47% of the algae’s total protein weight, so it is really good. These include leucine,
tryptophan, methionine, phenylalanine, lysine, thionine, and valine; the corresponding
levels of these amino acids were 55, 10, 14, 28, 30, 33, 36, and 45 mg/g. In terms of the
non-EAAs, they contribute to the synthesis of the proteins that are required by the cells
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of the body alongside the EAAs, which is how they play a vital part in the body. Any
non-EAAs that are present in excess can be turned into glucose, which serves as a source of
energy for the body. In general, it was discovered that the non-EAAs contained in spirulina
include cysteine, histidine, proline, tyrosine, glycine, serine, arginine, alanine, aspartic, and
glutamate acid at levels of 7, 10, 27, 30, 32, 33, 44, 47, 60, and 92 mg/g, respectively. These
amino acids were detected in spirulina [42,52].

Spirulina contains the amino acids methionine, lysine, threonine, tryptophan, isoleucine,
leucine, phenylalanine, valine, alanine, arginine, cysteine, glutamine, glycine, histidine, pro-
line, serine, and threonine [46]. According to research conducted by Siva et al. [18], the high-
est levels of the EAAs leucine and valine were found in spirulina at 5400 and 4000 mg/100 g,
respectively. On the other hand, the highest levels of glutamic acid and aspartic acid, which
are not EAAs, were found at 9100 and 6100 mg/100 g, respectively. Salmeán et al. [79]
reported that EAAs were found in the highest amounts of leucine (5380 mg/100 g), valine
(3940 mg/100 g) and isoleucine (3500 mg/100 g), while the non-EAAs were reported as
glutamic acid, aspartic acid, and alanine with values of 9130 mg/100 g, 5990 mg/100 g,
and 4590 mg/100 g, respectively.

Isoleucine, leucine, lysine, valine, arginine, alanine, aspartic acid, glutamic acid, and
glycine were the amino acids that were discovered in dry spirulina algae; their quantities
were 3.209, 4.947, 3.025, 3.512, 4.147, 4.515, 5.793, 8.386, 3.099 g/100 g, respectively [43].
According to the research conducted by [86], proteolytic enzymes were utilized in order
to extract the amino acids from dry extracts of spirulina algae. It was discovered that
the extracts were abundant in free amino acids as well as short peptides. Furthermore,
it was discovered that the Alcalase enzyme extract contained the highest percentage of
amino acids, which was 45% (weight-to-weight) dry extract, whereas the extract without
enzymatic aid produced only 34%. This value was in line with the range of amino acid
content in spirulina, which was between 50% and 65% (weight-to-weight). The quantity of
amino acids that could be extracted from spirulina using the Alcalase enzyme approach
was 1426 μmol/g, while the amount that could be extracted using the traditional method
was only 573 μmol/g [86].

Because of the high nutritional value of EAAs, their application in the production of
nutritional supplements has become more widespread in recent years. EAAs make up
around 35% of the total amino acids found in spirulina [6]. Due to the fact that spirulina
and its extracts include a diverse assortment of EAAs and non-EAAs, they can serve
as a source of nutrients and nutritional supplements. It was discovered that glutamic
acid and aspartic acid are the most prevalent non-EAAs found in dry algae, whereas
isoleucine and phenylalanine are the most common EAAs. Glutamic acid was shown to
be the most abundant of the three. The level of the amino acid arginine was found to be
greater in the bulk of spirulina, with 8.153 μmol/100 mg, compared to the extract, which
had 7.89 μmol/100 mg of dry weight. It was discovered that the biological value of the
proteins in spirulina is very high, complete, and contains all of the EAAs, despite having a
low percentage of methionine and cysteine when compared to the standard proteins egg
albumin and milk casein. This was discovered when comparing the proteins of spirulina
to those of egg albumin and milk casein. However, according to Salmeán et al. [79], the
proteins found in spirulina are of better quality than the proteins found in any other
vegetable protein source, including legumes and soybeans.

Fortifying foods with spirulina, which leads to an increase in the amount of amino
acids in treated foods, has been shown to be beneficial by a significant number of re-
searchers who have published their findings. This has a beneficial impact on increasing
the nutritional content of foods that have been fortified. Spirulina in its dry form is an
excellent source of amino acids, particularly the amino acids alanine, arginine, aspartic acid,
glutamic acid, leucine, and valine, which are the most plentiful. The addition of spirulina
to biscuits at several levels (0%, 5%, 10%, and 15%) was the subject of an experiment, and
the results showed that the amount of amino acids present in the finished product grew
as the percentage of addition increased [34]. Aljobair et al. [10] found that the addition
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of spirulina to two different types of date juice boosted the amount of essential amino
acids (EAAs). The total amount of EAAs found in spirulina algae, as well as in two other
types of date juice that were supplemented with spirulina at a concentration of 10%, were,
respectively, 38.46%, 48.69%, and 46.02%. In addition, spirulina has a high proportion of
total non-EAAs; specifically, 61.54%, which is followed by date juice fortified with 10%
spirulina, which has 53.98% and 51.32% respectively. In comparison to the proteins found
in dates, spirulina algae proteins are of a far higher quality, which contributes to the juice’s
high concentration of amino acids.

3.5. Vitamins

Vitamins are necessary micronutrients, but since humans are unable to produce them
in adequate quantities, they need to be received from the food that they eat. Their absence
is linked to a wide variety of ailments, and foods derived from algae are particularly rich
in vitamins [3,81]. Of these algae, spirulina is employed in the development of functional
foods. As an alternative source of vitamin production, it generates a significant quantity
of spirulina at an affordable price [86]. It was demonstrated that spirulina contains a high
concentration of vitamins, and the addition of these algae to food products, such as drinks
and juices, can boost the vitamin content of the product while also improving its nutritional
and health benefits [10]. These algae contain all vitamins, including vitamin A (β-carotene),
vitamin D, vitamin E, vitamin K, vitamin C, and vitamin B complexes, such as thiamine
(vitamin B1), riboflavin (vitamin B2), niacin (vitamin B3), pantothenic acid (vitamin B5),
pyridoxine (vitamin B6), folic acid (vitamin B9), and cobalamin (vitamin B12) [6,10,32,85,86].
Edelmann et al. [87] investigated the amount of various vitamins that are present in dry
spirulina algae. These vitamins include riboflavin (vitamin B2), cobalamin (vitamin B12),
and folic acid (vitamin B9), and their respective amounts were 36.3, 2.4–0.6, and 3.5 μg/g,
while the amount of niacin (vitamin B3) was 0.16 mg/g. The researchers came to the
conclusion that the dry spirulina had a low quantity of folic acid and that the majority of
vitamin B12 was inactive. Therefore, they suggested that spirulina powder in the amount
of 4–5 g per day is what one ought to consume on a daily basis in order to fulfill one’s
needs for folic acid and vitamin B12 [87]. According to Choopani et al. [31], dried spirulina
includes a wide variety of vitamins, the levels of which range from 100–200, 1.5–4.0, 0.5–0.7,
and 5.0–20 mg/100 g, respectively, for vitamins A, B1, B6, and E, respectively.

According to the findings of a number of studies that referred to the analysis of
vitamins, dried spirulina contains 3.6 mcg/g of vitamin B12 and is an excellent source of
β-carotene with a content of 5.8 mg/g. β-carotene is absorbed by the body and transformed
into vitamin A. Consuming between 1 and 2 g of spirulina per day is adequate to fulfill
the body’s daily requirements for vitamin A, which are around 1 mg/day [52]. It is crucial
to remember that 100 g of spirulina includes 1100 IU of vitamin A, which is necessary
for maintaining healthy immunity, eyesight, and reproduction [86]. It was described
that dried spirulina is abundant in beta-carotene, which makes up nearly half of the
carotenoids, and 1 g of spirulina has 0.9 mg of all-trans β-carotene. It was also reported
that spirulina includes a significant amount of vitamins, including vitamin A (β-carotene)
at 211 mg/100 g, vitamin K at 1090 μg, and vitamin B12 at 162 μg [88]. According to
Seyidoglu et al. [43], dry spirulina is an excellent source of vitamins, such as vitamin E,
vitamin B1, vitamin B2, vitamin B3, vitamin B6, vitamin B12, vitamin K, folic acid, biotin,
and pantothenic acid. The amounts of these vitamins in dry spirulina were 5, 3.5, 4.0, 14.0,
0.8, 0.32, 2.2, 0.01, 0.005, 0.1 mg/100 g. According to Stanic-Vucinic et al. (2018), 3 g of
spirulina contains 11,250 IU, 75 μg, and 9 μg of vitamin A, vitamin K, and vitamin B12,
respectively. Spirulina is a good source of these vitamins. A sample of 10 g of spirulina
contains vitamin A (23000 IU), vitamin B1 (0.35 mg), carotene (14 mg), vitamin B2 (0.40 mg),
vitamin C (0.8 mg), vitamin B3 (1.4 mg), vitamin D (1200 IU), vitamin B6 (60 mg), vitamin
E (1.0 mg), folic acid (1.0 mg), vitamin K (200 mg), vitamin B12 (20.0 mg, biotin (0.5 mg),
pantothenic acid (10.0 mg), and inositol (6.4 mg) [32]. It was demonstrated by Falquet
and Hurni [42] that the β-carotene found in spirulina can be converted into vitamin A in
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mammals. The daily requirement for vitamin A in mammals is estimated to be less than
1 mg, and it only takes 1–2 g of spirulina to fulfill this requirement [79]. Spirulina in its
dry form also has vitamin E (190–50 mg/kg), which is enough to meet the recommended
daily allowance of 12 mg. Spirulina is enriched with vitamin B12, a nutrient that is hard
to come by in a vegetarian or vegan diet because it is only found in animal products.
It is essential for the production of red blood cells as well as DNA, and it is present in
quantities that are four times higher than those found in raw liver [6,86,89]. In addition
to that, it has the bioavailable form of vitamin B12 known as methylcobalamin, which is
found in it. Spirulina, which has 35–38 μg/100 g, is regarded as the food that contains
the highest concentration of this vitamin [33]. Because the daily needs of vitamins B1, B2,
B3, and B12 are met by consuming 20 g of spirulina, it is considered a complete source
of these vitamins [45]. Mogale [90] found that the vitamins found in spirulina algae play
an important role in the metabolism of cells. Additionally, he found that the vitamin A,
vitamin E, and vitamin C present in the aqueous extract of spirulina are nonenzymatic
antioxidants that protect membrane lipids from oxidative damage. They had a vitamin
A content of 18.1 mg/g, a vitamin E content of 3.91 mg/g, and a vitamin C content of
17.2 mg/g, whereas the recommended daily allowances for these vitamins are 0.9 mg/day,
90 mg/day, and 15 mg/day, respectively [54].

There are various environmental variables (cultivation conditions), harvesting meth-
ods, and cell drying methods that can have a significant impact on the vitamin content
of microalgae [6]. These factors can also substantially modify the vitamin content of
microalgae In addition to this, it was discovered that the process of extracting vitamin
B12 from spirulina algae has an impact on the total quantity of vitamin that is produced,
There were six different extraction procedures employed. The extraction using potassium
cyanide (KCN), which recovered 92–95% of the vitamin, was shown to be the most effective
approach [91]. Rats were given a B12-deficient diet for the duration of six weeks in a
comparative study that was carried out by Usharani et al. [23]. The rats were also given
spirulina as a source of vitamins to supplement their diet. Rats given a diet consisting
of spirulina had a significantly increased amount of cobalamin in their livers. El-Nakib
et al. [34] also found that an increase in the proportion of algae led to an increase in the
number of vitamins present in enriched biscuits (0%, 5%, 10%, and 15%). Dry spirulina has
significantly higher vitamin content than other food sources, such as liver, carrots, spinach,
and vegetables. Aljobair et al. [10] came to the conclusion that enriching date juice with
spirulina led to an increase in the quantity of vitamins already present in the juice as well
as a reduction in the deficiency of vitamins, such as vitamin B3, vitamin B5, vitamin B6,
vitamin B12, vitamin E, and vitamin K in the juice. This was one of the main findings of
the study.

3.6. Minerals

Spirulina is an excellent source of a wide variety of minerals, such as potassium (K),
calcium (Ca), chromium (Cr), copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn),
phosphorous (P), selenium (Se), sodium (Na), boron (B), molybdenum (Mo), and zinc.
Other nutritional components include boron (B), phosphorous (P), and selenium (Zn). It
also has a very high proportion of both macro- and micronutrients, in addition to other
nutritious components, and its products are utilized in agriculture, the food industry, the
pharmaceutical industry, the perfumery industry, and medical practice [23,33]. The quality
of the nutritional supplement offered by two different species of spirulina, A. platensis and
A. maxima, was analyzed, and the mineral components were identified for each of the four
concentrations [92]. Using microwave-induced plasma atomic emission spectroscopy, the
levels of 15 elements that were found in 11 different dietary supplement products were
investigated and studied. These elements included Al, Ba, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn,
Na, Ni, P, V, and Zn [92]. In all of the analyses conducted, the results showed that the levels
of the mineral elements in the spirulina samples fell below or were within the level of the
recommended daily intake (mg/daily) that was established by the Codex Alimentarius
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Commission (CODEX). This information was provided by the FDA. However, there was an
exception for the concentration of Cd, which was beyond allowed limits; this was explained
by the capacity of algae to bioaccumulate this element. The Cd concentration was above
permissible values.

The Fe content in spirulina is 10 times higher than that of other foods that are rich in
Fe. Spirulina is an iron-rich diet. Spirulina’s Fe content is absorbed by the body at a rate
that is approximately 60% higher than that of ferrous sulfate, which is often included in
Fe supplements. Due to the high percentage of Fe in spirulina and the relevance of Fe in
the treatment of Fe deficiency (anemia), many studies have been conducted on the topic.
Pregnant women and children are particularly at risk of Fe insufficiency. It was revealed
that it does not cause any toxicity in comparison to Fe supplements that are administered
in the form of ferrous sulfate, which is known to produce toxicity issues and frequently
leads to diarrhea. Additionally, cereals have a high concentration of phytic and oxalic
acids, both of which greatly inhibit the bioavailability and absorption of Fe (as happens in
spinach). For spirulina, the bioavailability of Fe was proven in both people and rats. Many
dietitians indicate that most food sources have relatively low ratios of K to Na; however,
spirulina has a high K content. Spirulina contains Ca, P, and Mg in proportions that are
comparable to those found in milk. Because of this, there is no danger of decalcification,
which can occur when the amount of P in a food source is increased [33,42]. According to
Salmeán et al. [79], the Fe content of spirulina algae is roughly 580–1800 mg/kg, which is a
reasonably significant amount when compared to cereals, which are a rich source of Fe and
contain 150–250 mg/kg [79].

According to the findings of El-Nakib et al. [34], the incorporation of spirulina during
the production of biscuits led to an increase in the amount of minerals present, hence
improving the products’ overall nutritional value. This is because attending school has
been shown to improve the health of children who are undernourished. The same study
found that the Fe concentration of spirulina, which is 0.522 mg/g, is greater than the
Fe content of spinach, which is 0.109 mg/g, and the Fe content of soybeans, which is
0.115 mg/g. The amount of Ca, Mg, Fe, P, K, and Na that was present in dry spirulina
was 168, 2.55, 0.52, 9.18, 18.30, and 10.98 mg/g, respectively; meanwhile, the amount of
Mn, Zn, B, Cu, Mo and Se that was present in spirulina was 19, 2, 30, 3, 30, and 5 g/g,
respectively. According to Verdasco-Martín et al. [93], the percentage of minerals found in
spirulina is 15%, and the most important minerals are Fe, Ca, P, and K. These minerals are
significant and necessary for the construction of the body as well as the performance of its
numerous essential functions [94]. When researching the role of spirulina as a nutritional
supplement, Siva et al. [18] found that the algae contained minerals that were within the
recommended dietary allowance (RDA). These minerals included Ca (1300 mg), Fe (10 mg),
iodine (150 mcg), P (700 mg), Mg (420 mcg), Zn (11 mg), Se (0.055 mg), Cu (0.9 mg), Mn
(2.3 mg), B (1000–10,000 mcg), and germanium (1.5 mg). The majority were within the
range of 100 g of spirulina, although Cr (35 mcg) and Mo (45 mcg) were safe with 10 g/day
of spirulina consumption (DRIs, 2004). According to the findings of a number of studies,
the most important minerals found in spirulina are Fe, Ca, P, and K, with percentages of
0.058–0.18%, 0.13–1.4%, 0.67–0.9%, and 0.64–1.54% of the dry weight, respectively [45].

Spirulina contains all of the necessary minerals, including Ca, K, Mg, Na, P, Cu, Fe,
Mn, Zn, Cr, Se, B, and Mo, which may be obtained in the following proportions: 922.278,
2085.28, 1.1902, 1540.46, 2191.71, 1.2154, 273.197, 5.6608, 3.6229, 0.325, 0.394, 0.325, and
0.394 mL/g [39]. Spirulina is a nutritional supplement that is appropriate for vegetarians,
because it is able to absorb the mineral elements that are present in the culture medium
in high concentrations while it is growing. These elements include Fe, Ca, P, and K in the
following proportions: 0.58–1.8, 1.3–14, 6.7–9.0, and 6.4–15.4 g/kg, respectively [33]. It was
revealed that the quantity of minerals in dried spirulina algae is as follows: 700 mg/100 g
for 700 mg/100 g for Ca, 0.28 mg/100 g for Cr, 1.2 mg/100 g for Cu, 100 mg/100 g for
Fe, 400 mg/100 g for Mg, 5.0 mg/100 g for Mn, 800 mg/100 g for P, 1400 mg/100 g for K,
900 mg/100 g for Na, and 3 mg/100 g for Zn [43]. The mineral composition of spirulina

13



Molecules 2022, 27, 5584

is determined by the source of the algae used to make it as well as the conditions under
which it was grown [28,33]. The production of spirulina algae, which may absorb heavy
metals if they are present in the culture medium, has been shown to raise concerns about
the presence of heavy metals, which has been reported to be a reason to be concerned.
Therefore, it is utilized in the removal of heavy metals from contaminated water in the
cultivation of spirulina. According to EU Commission Regulation (EC) 1881/2006 for the
maximum levels of some pollutants in foodstuffs, the allowable amounts of lead (Pb),
Cd, and mercury (Hg) for food supplements made from algae are 3, 3, and 0.1 mg/kg,
respectively. This regulation establishes the maximum levels of certain pollutants that can
be present in foodstuffs.

3.7. Pigments

One of the greatest dietary sources rich in pigments are spirulina algae, particularly
C-phycocyanin, which has 14% of the element Fe in it. Additionally, it has the greatest
value of chlorophyll (1%) Chlorophyll A pigment is a type of phytonutrient that assists
the body in cleansing and detoxifying itself [43]. Spirulina included chlorophyll and
phycocyanin pigments, both of which are potent antioxidants; the percentages of these
pigments were 1.472% and 14.18%, respectively [2]. Researchers from all around the world
are interested in examining the efficacy of these pigments, as well as their uses, applications,
and quantitative effects. It was confirmed that the alcoholic extract of spirulina algae
contains many important pigments. These pigments include chlorophyll and β-carotene, as
well as the protein pigments phycocyanin, allophycocyanin, and phycoerythrin, with their
quantities being, respectively, 0.301 mg/g, 0.372 mg/g, and 0.247 mg/g. This is due to the
fact that the majority of the antioxidant activity comes from these pigments [95]. There are
three primary categories for the pigments found in phycobiliproteins. The primary pigment
is called C-phycocyanin, and it accounts for around 20% of the dry weight of the substance.
It is also sold in the commercial world as an antioxidant and an anti-inflammatory agent,
in addition to its usage as a natural colorant. Phycoerythrins are water-soluble protein
compounds that have many beneficial effects on one’s health [45,96–99]. Phycoerythrins
and allophycocyanins are typically present in lower amounts in a 1:10 ratio.

Spirulina contains a number of essential plant pigments, including total carotenoids
(400–650 mg/100 g), β-carotene (150–250 mg/100 g), xanthophylls (250–470 mg/100 g),
zeaxanthin (125–200 mg/100 g), chlorophyll (1300–1700 mg/100 g), and phycocyanin
(15,000–19,000 mg/100 g) [89,100]. It was also reported that the overall concentration of
carotenoids in dried spirulina was 6.928 mg/kg, with the total content of xanthophylls
accounting for 83.6% (5.787 mg/kg) of the total carotenoid content [43,101]. The levels
of phycocyanin, chlorophyll, and carotene found in spirulina were measured and found
to be 180, 11, and 6 mg/g of spirulina, respectively [52]. Phycocyanin is a member of an
important group of pigments that are found in spirulina algae. Patel et al. (2005) conducted
research on the quantitative assessment of the phycobiliprotein pigments C-phycocyanin,
allophycocyanin, and phycoerythrin in three distinct species of cyanobacteria. These
cyanobacteria species were spirulina spp. and Phormidium spp. and Lyngbya spp. The
amounts of phycocyanin pigment were 17.5%, 4.1%, and 3.9% weight to weight for the
three different algae, respectively. The amounts of allophycocyanin pigment were 3.8%, 1%,
and 0.8% weight to weight, while the quantity of phycoerythrin pigment was 1.2, 0.3, and
0.4% weight to weight. Usharani et al. [23] also reported that spirulina algae have a variety
of photosynthetic pigments, including chlorophyll A, xanthophyll, β-carotene, echinenone,
myxoxanthophyll, and phycobiliprotein pigments, in addition to lutein, zeaxanthinoxant
echinenone, and β-cryptoxanthin pigments [43,101].

Protein pigments are responsible for converting the light energy that falls within
the visible wavelength range, which ranges from 400 to 700 nanometers, into chemi-
cal energy [102–105]. At a pH of 7, phycocyanin had the greatest amount of solubility;
however, the protein quickly denatures at a pH lower than 3, which causes the color to
precipitate [48,102]. It has been shown that the use of an ultrasonic water bath is the most
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effective way for extracting phycocyanin from spirulina algae. This method produced
43.75 mg/g of pigment at a concentration of 0.21 mg/mL [106]. There are a few different
approaches that may be taken to accomplish this task.

Pigments are sensitive to a wide variety of environmental conditions, including tem-
perature, light, oxygen, pH, and oxidizing agents, such as ascorbic acid and trace metal ions,
among others. C-phycocyanin is a protein pigment that is photosensitive, heat-unstable,
and vulnerable to the oxidation caused by free radicals [48]. Stability in the pigment is
provided by the sugars glucose (20%), sucrose (20%), or sodium chloride (2.5%). The acids
citric and benzoic can further reduce the heat degradation rate of the pigment [103,107,108].
Abd El-Monem et al. [103] conducted research to investigate how the pigment content was
affected by the pH function. The highest pigment content was found at pH 10, with a
concentration of 2.8 μg/mL chlorophyll A and 2.6 μg/mL carotenoids, whereas the highest
pigment stability was found at pH 5–6 [103,109]. The impact of medium salinity on the pig-
ments was also tested at concentrations of 15, 20, 25, and 30 parts per thousand (ppt), and it
was seen from the quantity of chlorophyll A and phycobiliprotein pigments that salinity did
not influence these pigments [110]. It was discovered that the lowest possible light intensity
resulted in the best production of pigments when exposed to 80 μmol/m2/second. This
was the case regardless of the influence that light intensity had on the exposure length. On
the other hand, photodegradation of pigments happens by photooxidation when exposed
to very intense light intensity over an extended period of time. The amount of phyco-
cyanin that was present increased as the light intensity rose. The light had an intensity
of 160 μmol/m2/second. Once more, the production of pigment was made significantly
better. The longer the darkness lasted, the higher the pigment production as well as the
amount of energy and biomass that was produced [111]. Sandeep et al. [59] conducted
research on the influence that the type of culture medium has on the quantity of pigments.
They discovered that the contents of phycocyanin pigment in the treated seawater medium
and the m-NRC standard medium were comparable, coming in at 50.9 and 50.95 mg/g,
respectively, but that it dropped to 49.82 mg/g in the mixture medium consisting of a
combination of m-NRC standard medium and mixture medium (treated seawater: shrimp
wastewater). When compared with the standard medium, the content of total carotenoids
in the mixed medium was 20.3% lower than what it was in the standard medium. The
chlorophyll pigment level was comparable between the two media.

3.8. Phenols and Flavonoids

Phenolic chemicals, also known as polyphenolics and present in abundant amounts
in algae, are often regarded as being among the most significant naturally occurring an-
tioxidant molecules. They are by-products of the metabolism and are associated with the
systems of chemical protection mechanisms that algae have against a variety of biological
stimuli, such as ultraviolet rays, pathogens, and mineral pollution [6]. In general, phenolic
acids make up one-third of the phenolic compounds, while flavonoids make up the re-
maining two-thirds. Flavonols and anthocyanins make up the majority of the flavonoid
compounds that are found in the diet. Among the phenolic compounds found in algae
is the fluorotannin compound, which is primarily found in brown algae, but can also be
found in some red algae in smaller quantities. This compound participates in the formation
of the cell wall, plays a role in algal proliferation, and acts as a protective mechanism
against biological factors [112]. According to Hidayati et al. [95], spirulina algae have a
total of phenolic compounds that equate to 26.64 mg of gallic acid per gram of extract. Due
to the redox characteristics that they possess, they play a significant role in antioxidant
activity and are very efficient in scavenging harmful free radicals. The total quantity of
phenols recorded in the spirulina extract was determined to be 2238.46 mg of gallic acid/kg
of the extract, while the total amount of flavonoids found in the extract was determined
to be 142.23 mg of quercetin/kg of extract [82]. Matos et al., [53] found that the alcoholic
extract of spirulina algae (A. platensis), included the highest concentration of polyphenols.
This concentration was 205 mg gallic acid/100 g dry weight, although the percentage was
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greater in the aqueous extract, which contained 334 mg gallic acid/100 g. According to
the findings of Michael et al. [36], dry spirulina algae contained a significant quantity of
total phenols, flavonoids, and carotenoids. The amount of phenols in spirulina extract
was found to be 409.28 mg gallic acid/g, and the amount of flavonoids was found to be
13.25 mg rutin/g extract. Another study found that fresh and dried spirulina algae extract
both contained a significant quantity of total flavonoids, with values of 22.10 mg/g and
10.91 mg/g, respectively [113]. According to the findings of Gabr et al. [114], the highest
concentration of total phenols was found in spirulina biomass (51.20 μg/mL), then in the
ethanolic extract (49.48 μg/mL), and the lowest concentration was found in the aqueous
extract (15.26 μg/mL). When calculating the total flavonoids, it was observed that the
amount of flavonoids acquired from algal biomass was the largest (97.73 μg/mL), followed
by the amount received from the ethanolic extract (69.07 μg/mL), and the amount obtained
from the aqueous extract was the lowest (4.67 μg/mL). When compared to algae and
the extract made with ethanol, it was noted that the amount of phenolic and flavonoid
chemicals present in the aqueous extract was significantly lower.

According to Salamatullah, [115], the methanolic extract of algae resulted in 3.46 mg/g
of phenols, while the ethanolic extract resulted in 2.28 mg/g of phenols. The acetone extract
of algae resulted in 7.37 mg/g of phenols, which was the highest value among the three
extracts. In comparison to the other extracts, the quantity of total flavonoids that were
produced by the methanolic extract, both with and without the addition of hydrochloric
acid, was the greatest, reaching 6.37 and 6.05 mg/g, respectively. In contrast to the dried
sample, fresh spirulina was shown to contain a greater number and higher quality of
beneficial chemicals, according to the findings of another study. It was reported that the
total flavonoids of fresh spirulina had 469.96 quercetin/g extracted in dry weight, whereas
dried spirulina had 119.43 quercetin/g extracted in dry weight [116]. It may be deduced
from the fact that the phenolic acids measured 38.64 and 7.50 mg gallic acid/g extract
on a dry weight basis, respectively, that this is because of the variation in the amount of
water present in the sample. Pyrogallol, gallic, chlorogenic caffeine, vanillic, p-coumaric,
naringin, hespirdin, rutin, quercetrin, naringenin, catechin, and hespirtin are some of the
phenolic chemicals that might be found in spirulina algae. Pyrogallol was found to contain
the highest amount of phenolic compounds in both the biomass and the aqueous extract of
spirulina, with a concentration of 638.50 and 12.33 mg/100 g, respectively. On the other
hand, the compound E-vanillic acid contained the highest amount of phenolic compounds
in the ethanolic extract, with 18.20 mg/100 g. Flavonoids such as catechein, epicatechein
naringin, hespirdin, rutin, quercetrin, quercetin, naringenin, hespirtin, kampferol, and
apigenin can be found in spirulina algae. In the spirulina biomass, the flavonoid component
with the greatest concentration was hespirdin, which had a value of 9.013 mg/100 g. This
was followed by ethanol and aqueous extract, which had concentrations of 0.652 and
0.359 mg/100 g, respectively [114].

The bioavailability of various phenols is affected differently depending on the type
of food consumed [117]. Because it is found in enough quantities, spirulina may be re-
garded as a reliable source of phenolic compounds, In addition to being primarily found
in fruits and beverages, such as tea, wine, and coffee, polyphenols can also be found in
vegetables, leguminous plants, and grains [112]. The amount of polyphenols present in
different foods can be attributed to a number of factors, including genetic, environmental,
and industrial A variety of parameters, including the acidity function of the growth media,
can have an effect on the total quantity of phenolic compounds that are present in spir-
ulina. Abd El-Monem et al. [103] cultivated spirulina in a conventional growth medium by
adjusting the pH values, and extracts of algae were made using a variety of solvents at a
concentration of 70% (acetone, methanol, and ethanol). It was observed that the optimal pH
was 10, which led to the maximum amount of flavonoids in the ethanol extract (7.6 mg/g)
and the highest quantity of phenols in the acetone extract (0.52 mg/g) [103]. Therefore, they
claimed that algae may produce phenols as a defense mechanism against disease, stress,
depletion of nutrients, and an increase in the pH of the culture media. This resulted in an
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enhanced generation of phenols to reduce oxidative stress induced by high pH. Addition-
ally, it was shown that the polyphenols in these algae include a greater quantity of total
phenol compounds and a smaller quantity of total flavonoid compounds [36].

The determination of phenolic compounds in the alga A. platensis and their application
in food preservation to increase the shelf life was the subject of just a few investigations. In
order to achieve this goal, the treated product’s oxidative deterioration is decreased, and
the product’s structural and organoleptic features are improved. The risk of developing
illnesses that are brought on by oxidative stress is decreased by eating foods that are high in
antioxidants. Even when utilizing a concentration that was greater than 40 mg/mL, it was
determined that the extract of spirulina did not demonstrate any inhibitory effect against
the stable radicals caused by the substance DPPH (1,1-diphenyl-2-picrylhydrazyl) [118].
In addition, Batista et al. [83] revealed that when estimating the amount of total phenols
in biscuits enriched with spirulina algae, the addition of spirulina by 2% did not give
any significant differences compared to the control sample, as the amount of phenols was
1.4 mg gallic acid/g, while the content of phenolics increased significantly to 1.6–1.7 mg
gallic acid/g when spirulina was increased to 6%. El-Beltagi et al. [8] studied that the
aqueous extract of spirulina contained a significant amount of total flavonoids, which was
79.6 mg/g dry weight, and that the amount of total phenols was 16.0 mg/g dry weight.
Consequently, these were used to enhance pomegranate juice because of the positive effects
that these chemical compounds have on one’s health. According to Martelli et al. [97], the
presence of phenolic compounds in spirulina extract was associated with antimicrobial
activity. Martelli et al. [97] also noted that the amount of phenolic compounds that showed
the highest level of inhibitory activity against the bacteria that cause transmitted diseases
was 3.18–3.40 mg gallic acid/g. This paves the way for the use of adding spirulina as a
food preservative, as there are numerous phenolic chemicals that have the ability to inhibit
the growth of microorganisms and are present in different kinds of algae.

4. Potential Health Benefits of Spirulina from a Human Nutrition, Biological, and
Medicinal Standpoint

4.1. Spirulina for Formulation of Various Food Products in the Food Industries
4.1.1. Snack Food Formulation

Because of its great nutritional value as a source of proteins and minerals, the biscuit
and snack industry has been increasingly interested in incorporating algae, particularly
spirulina, into its products. One option to increase and improve the nutritional content of
this snack is to produce it with the addition of spirulina. This is one technique. The results
revealed that the addition of spirulina at any of the following concentrations: 0%, 2.5%, 5%,
7.5%, 10%, or 12.5% led to an increase in the percentage of protein (9.43–18.11%) and ash
(1.31–2.67%). After undergoing the microbiological testing, all of the samples were found to
be risk-free, and the conclusions drawn from the sensory analysis pointed to the exclusion
of the addition at the 12.5% concentration [2]. There is a growing trend in the manufacture
of biscuits that involves the use of beneficial ingredients. Biscuits are a type of snack food
that is consumed by a large number of people. Algae, such as spirulina and Chlorella, are
used as a source of proteins, antioxidants, and biologically active molecules in the process
of promoting wheat cookies. These algae are included among the additions. There were
two different addition percentages, which were 2% and 6% by weight/weight respectively.
The incorporation of 6% each of spirulina and Chlorella resulted in significantly increased
protein content (13.2–13.5%) [83]. As a result, these additions are regarded as a source
of protein, since the biscuit that was loaded with the spirulina alga A. platensis had the
strongest antioxidant activity and received the highest score in the sensory evaluation [83].

The effect of adding spirulina to biscuits during the fortification process at varying
rates of 0%, 5%, 10%, and 15% in comparison to regular biscuits has been researched in
terms of its impact on the nutritional content of the biscuits [119]. Comparing the scores
acquired by the control sample and the samples that had spirulina added to them, the
findings of the sensory assessment revealed that the control sample had a lower score for
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the majority of the sensory qualities. Additionally, it was found that the incorporation of
spirulina into biscuits resulted in an increase in both the percentage of protein (9.09 and
14.73%) and the amount of energy (554, 672 kCal), respectively, that they contained. The
functional biscuits that are supplemented with spirulina algae are shown in Table 3A On
the other hand, research carried out by El Nakib et al. [34] demonstrated that the nutritional
content of biscuits might be improved by adding certain percentages of spirulina to the
foods that schoolchildren eat for snacks. The percentages tested were 0%, 5%, 10%, and 15%.
It also revealed an increase in fatty acids, such as omega-3, omega-6, omega-7, and omega-9,
with omega-6 containing the highest percentage of unsaturated fatty acids, specifically
linolenic and γ-linolenic acid, with values of 33.0 and 30.0 mg/g, respectively [3,83,84].
Spirulina is included in the formulation of the snacks and functional baby food listed in
Table 3B.

Table 3. Various developed functional food products with incorporation of spirulina biomass.

Type of Functional Food
Products

Spirulina Biomass Other Ingredients References

(A) Functional Biscuits

Cookies
10–15% – [34]

5%, 10%, and 15% – [119]

Wheat Crackers 2% and 6% [83]

(B) Functional Snacks and Baby Food

Snack 0%, 2.5%, 5%, 7.5%, 10%, and 12.5% – [2]

Snakes for the elderly 750 mg/100 g – [120]

Baby food formulation 0%, 2.5%, 5%, and 7.5% – [39]

(C) Functional Pasta

Pasta

1–15 – [121]

0%, 0.25%, 0.5%, 0.75%, and 1% – [122]

0%, 0.6%, 2.0%, 3.4%, and 4.0% – [123]

0%, 0.25%, 0.5%, and 0.75% – [124]

Novel Food Products Pasta,
Maki-Sushi, Jerky Pasta, Spirulina filled – [15]

(D) Functional Ice Cream

Ice cream

5% – [125]

0.15%
Fructo oligosaccharides (FOS) and

Probiotic
Vegetable Milk

[126]

0%, 0.6%, and 1.2% – [116]

0.075%, 0.15%, 0.23%, and 0.3% – [40]

(E) Functional Dairy Products

Ayran Yoghurt 0%, 0.25%, 0.5%, and 1%
Bifidobacterium lactis, Lactobacillus

acidophilus, L. bulgaricus and
Streptococcus thermophilus

[127]

Low-fat Probiotic Yogurt 0.1–1%

Algae: Spirulina platensis and
Fexulago angulata

[128]Bacteria: L. delbruckii subsp.
bulgaricus, L. acidophilus ATCC 4356,

and S. thermophiles
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Table 3. Cont.

Type of Functional Food
Products

Spirulina Biomass Other Ingredients References

(E) Functional Dairy Products

Probiotic Fermented Milk
Product – – [127]

Soft cheese 0%, 1%, and 1.5% –

[116]

Yoghurt

0%, 0.5%, 0.75%, 1%, 2%, and 3% L. acidophilus, L. delbruckii subsp.
bulgaricus and S. thermophilus

0%, 0.5%, and 1% Bifidobacterium animalis ssp. Lactis
(BB-12) and L acidophilus (ha-5)

[129]
0.3%, 0.5%, and 0.8%

L. acidophilus, L. delbruckii subsp.
bulgaricus, S. thermophiles, and

spinach (10–13 w/w%)

0.5% and 1%
L. acidophilus, L. delbruckii subsp.

bulgaricus and
S. thermophilus

[130]

Soy Yoghurt 0.80% L. delbruckii subsp. Bulgaricus and S.
thermophilus [131]

Functional Yogurt 0.1%, 0.2%, 0.3%, and 0.5% – [40]

Probiotic Fermented Milks – – [132]

Fermented Symbiotic Lassi 0%, 0.05%, 0.1%, 0.2%, 0.3%, 0.4%,
and 0.5%

L. helveticus MTCC 5463 (V3) and
Streptococcus thermophilus MTCC

5460 (MD2)
[133]

Acidophilus Milk 0.5% and 1% L. acidophilus [130]

Acidophilus bifidus-
thermophiles Fermented

(ABT) Milk
3 g/L Bifidobacteria, L. acidophilus, and S.

thermophiles [134]

– Not reported.

4.1.2. Pasta Formulation

Algae from the genus Spirulina have been put to use in the pasta-manufacturing
industry in order to produce enriched pasta with enhanced nutritional, sensory, and
therapeutic benefits [122]. It has developed a wide variety of new food products based on
spirulina in order to cater to the requirements of the customers, such as sushi, jerky, and
pasta [15]. Spirulina was added to wheat flour at a rate of 5% and 10% in order to prepare
macaroni. As a result, the protein and energy content of the macaroni increased to 10.32%
and 14.50%, respectively, while the caloric value increased to 322.94 and 327.60 kcal/g in
the pasta that had been enriched with algae at a rate of 5% and 10%, respectively [124]. The
chemical characteristics of the pasta were significantly improved as a result of the addition
of spirulina at several percentages (0%, 0.25%, 0.5%, 0.75%, and 1% weight to weight), which
resulted to a considerable improvement in the nutritional value of the pasta. In comparison
to the sample that served as the control, the macaroni that had a concentration of 0.25%
moss added to it received the highest score on the sensory evaluation. For this reason,
this ratio was utilized throughout the production process of pasta in order to generate the
greatest possible product that had been fortified in terms of its nutritional content, sensory
value, and functional therapeutic capabilities [122]. In addition, Pagnussatt et al. [123]
observed that the addition of spirulina and oats to dry pasta resulted in an increase in the
product’s nutritive content, which was a result of the product being fortified. The amount of
soluble solids included in the pasta as well as its color was impacted by spirulina, whereas
the acidity value of the pasta was impacted by oats, which also enhanced the values of
crude protein and overall food flavor (13.06%). These additions, when compared to the
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amount of fiber that is often found in commercial pasta (2.40%), can be regarded as a source
of fiber, which lends them a healthful and nutritious value [123]. The functional pasta that
has been enhanced with spirulina algae is shown in Table 3C.

4.1.3. Formulation of Dairy Food Products

The production of a wide variety of dairy products includes the use of spirulina
algae. Mocanu et al. [127] employed S. platensis to improve the nutritional content of
fermented dairy products. During incubation and storage, the impact of S. platensis on
the probiotics Bifidobacterium animalis ssp. lactis and Lactobacillus acidophilus was
investigated. According to the findings, the consumption of spirulina over the course of the
full storage time had a positive impact on the number of initiator bacteria B. animalis ssp.
lactis and L. acidophilus that survived. Spirulina, which has a protein content of between
about 55% and 70%, can be added to food products in order to increase the nutritional
value of those products. When it came to the preparation of the soft-cheese product, the
findings indicated that adding 1% of S. platensis was the optimal concentration from both
the physicochemical and the sensory points of view. This addition had a considerable and
favorable influence on the levels of protein, water, fat, and β-carotene, as well as on the
tissues [116].

Ice cream

Because algae include various antioxidants, such as polycarotene phenols, which have
the power to scavenge free radicals, the usage of algae in the making of ice cream has many
positive impacts on one’s health. The ice cream product that was added to algae extract
demonstrated an increase in antioxidant activity and gave the highest inhibition level of
39.7% in mint ice cream samples. This was indeed in comparison to the control sample,
which did not include algae and resulted in an inhibition level of 32.8% [125]. In order to
make a functional ice cream that had a high nutritional value, S. platensis was included in the
production process. The optimum concentration of algae was 1.2%, which had a beneficial
impact on the amount of protein in the product and had sensory and physical attributes that
were satisfactory [116]. Although spirulina was employed as a stabilizer in the production
of ice cream by Malik [40] with several replacement percentages (25, 50, 75, and 100%), they
found that the optimal replacement percentage was 50% with a concentration of 0.15%. In
comparison to the control sample, the treated product maintained the highest possible level
of microbiological quality throughout the duration of the storage period. This treatment
also had a favorable influence on the nutritional content of the product and improved
its sensory characteristics. The spirulina-enriched functional ice cream is presented in
Table 3D.

Yogurt and Acidophilic Milk

Functional yogurt was made using dried spirulina at different concentrations (0.1%,
0.2%, 0.3%, and 0.5%), with the concentration of 0.3% giving the best positive effect in
enhancing the nutritional value and improving the sensory characteristics. In addition,
it showed the highest survivability of S. thermophilus and L. bulgaricus compared with
the control throughout the storage period [40]. Spirulina was also used in the preparation
of yogurt at concentrations of 0.5% and 1% w/w, as it was discovered that adding 1%
spirulina to yogurt had a positive effect on the numbers of lactic acid bacteria, which
decreased in the control sample, while adding 0.5% was superior to adding 1% for the
sensory characteristics of the product. Therefore, yoghurt that has been supplemented
with spirulina is an excellent approach to keeping the viability of lactic acid bacteria for
the thirty days that the product is stored in the refrigerator [130]. S. platensis was added to
milk that had been fermented by probiotic bacteria using a starter (ABT-4) that contained
L. acidophilus (A), Bifidobacteria (B), and Streptococcus thermophilus (T). The effect of
this addition was evaluated. According to the findings, including S. platensis in the mix
had a beneficial impact on increasing the number of initiator bacteria that made it through
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the storage period [134,135]. When making soy yogurt that was enriched with spirulina, it
was observed that the optimal addition ratio was 0.80% (w/w), which produced the ideal
yogurt at a temperature of 40 ◦C and a fermentation time of 12 h. This was found when the
yogurt was being prepared [131]. The dairy products that have been fortified with spirulina
are listed in Table 3E.

4.2. Biological and Therapeutic Significance of Spirulina

Spirulina, especially A. platensis, has a high nutritional value, does not harm the envi-
ronment, and possesses remarkable curative capabilities. According to studies, spirulina
plays a role in the treatment of a number of diseases, and it can be utilized in the reduction
of blood sugar levels, the reduction of blood pressure, the modification of dysbiosis caused
by an unbalanced intestinal flora, anticancer, antioxidant, antibacterial, anti-allergic, antiag-
ing, and anti-inflammatory activities, as well as in the reduction of HIV immunity [112].
The chemical composition of spirulina, which includes minerals (especially Fe), phenols,
phycocyanin, and polysaccharides, is primarily responsible for its beneficial effects on
human health. The clinical data that are now available do not show that ingesting spirulina
poses a threat to one’s health, as stated by the US Food Supplements Convention [45]. The
World Health Organization (WHO) verified that not only is spirulina a good diet due to
its high Fe and protein content, but it may also be given to children without any adverse
effects [39]. Figure 2 demonstrates the biological as well as therapeutic benefits of the
spirulina algae. In addition to that, it has been described in further detail in Table 4.

 

Figure 2. A diagrammatic explanation of the therapeutic value conferred by spirulina algae.
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4.2.1. Importance in Weight Control

Several different studies have pointed to the relevance of spirulina in maintaining a
healthy weight. Spirulina may help regulate body weight by inhibiting the migration of
macrophages into visceral fat, preventing the buildup of fat in the liver, lowering the levels
of oxidative stress in the body, and increasing insulin sensitivity and satiety. These are the
hypothesized mechanisms of action. In their study, DiNicolantonio et al. [155] validated
the effects of spirulina on weight loss. They found that obese adults who consumed 1–2 g
of spirulina per day for a period of three months saw a reduction in their body weight,
body mass index (BMI), and waist circumference. A considerable rise in body weight, total
protein, albumin, and hemoglobin levels were seen in diabetic rats after they were given
an aqueous extract of spirulina to consume for a period of fifty days. This points to an
improvement in general health conditions as well as metabolic mechanisms brought about
by efficient glycemic management. On the other hand, the weight of diabetic animals that
were not treated dropped [55].

According to the findings of the research conducted by Huang et al. [156], consuming
spirulina supplements in doses ranging from 1 to 19 g per day for a period of time ranging
from 2 to 48 weeks had a beneficial impact on a variety of key indicators of the body. It
was noticed that there had been an increase in overall body weight as well as in BMI.
When compared to the rats who were fed the control diet, the rats that were given either
pomegranate juice, spirulina extract, or both together had a considerable rise in their body
weight. These liquids stimulated hunger, which ultimately resulted in weight gain [8].
In addition, Moradi et al. [157] found that supplementation with spirulina significantly
lowered body weight from −1.98 to −1.14 kg, notably in obese adults at a dosage of
4 g/day from −2.45 to −1.68 kg. These results were found when the participants were
given spirulina. The decline was larger than the people who were overweight (−1.62
to −0.93 kg), the percentage of body fat reduced from −1.02 to −0.54 kg, and the waist
circumference decreased from −1.40 to −1.39 cm. It has been observed that spirulina has
beneficial effects on weight and waist circumference when used for at least 12 weeks, and
it has a positive effect on BMI when used for a longer period of time. Chronic diseases
are associated with obesity and overweight, and it has been observed that spirulina has
these beneficial effects [158]. Supplements containing spirulina contain antioxidants, which
are known to have a significant role in the management of weight for diabetics and those
who are obese. They increase the body’s need for energy while simultaneously preventing
the production of adipocytes and the enzyme lipase. The usage of these supplements
resulted in a substantial reduction in body weight from −1.76 to −0.88 kg and a significant
reduction in waist circumference from −1.40 to −1.39 cm; however, there was no significant
effect on BMI observed. Spirulina was found to reduce lipid accumulation in the liver by
inhibiting macrophage infiltration into visceral fat. Additionally, the phenylalanine content
of spirulina was found to be reduced, which may have led to an increase in the secretion of
cholecystokinin, a hormone that suppresses appetite [159]. Figure 3A is a diagrammatic
illustration of the function that spirulina algae play in the process of weight reduction.
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Figure 3. A pictorial representation of the numerous beneficial health effects that have been derived
from consuming spirulina algae and their associated bioactive components. (A) Role of spirulina
algae play in the process of weight loss; (B) How consuming spirulina algae might alter the pattern of
the intestinal balance; (C) Role played by spirulina algae in the regulation of immunity; (D) Function
that spirulina algae play in reducing cholesterol levels; (E) Role that spirulina algae play in lowering
the risk of developing diabetes; and (F) Anticancer properties of the spirulina algae.
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4.2.2. Importance in Intestinal Flora

The findings of studies on spirulina suggest that it plays a role in the modulation of
dysbiosis, which is an imbalance in the intestinal flora. This suggests that the combination
of spirulina and probiotics could represent a new strategy for improving the growth of ben-
eficial intestinal microorganisms [150,160]. The aqueous extract of S. platensis was shown
to be the greatest source of the biostimulators xylose, galactose, oligosaccharides, and
resistant starch. These biostimulators had a tremendous effect on boosting the development
of probiotic bacteria. The biostimulators encouraged the growth of beneficial bacteria in the
colon, such as lactic acid bacteria, Bifidobacteria, and Lactobacilli, while also reducing the
number of dangerous bacteria, such as Enterobacteria and Clostroids [161]. Spirulina has
been shown to have a positive impact on human and animal health by altering the composi-
tion of gut bacteria and boosting the growth of useful bacteria. This has the knock-on effect
of enhancing overall health. Changes in the composition of the bacteria in the intestinal
tract are a contributing factor in the development of a wide variety of disorders, including
those affecting immunity and metabolism. There are a wide variety of disorders that are
linked to microorganisms, one of which is inflammatory bowel disease (IBD). It has been
observed that consuming spirulina brings about a reduction in the imbalance that exists
between the genera of beneficial probiotic bacteria and the genera of natural anaerobic
bacteria, particularly Bacteroides spp., Eubacterium spp., and Lactobacillus spp. [150,162–164].
According to the findings of research that was conducted by Abdel-Moneim et al. [165],
alcoholic spirulina extracts (methanol, acetone, and hexane) and biosynthesized Se nanopar-
ticles (SeNPs) both possessed significant antioxidant activity and antibacterial activity. The
pathogens included three strains of Gram-positive bacteria, three strains of Gram-negative
bacteria, and three strains of Candida spp. and Aspergillus spp. The spirulina methanolic
extract had the highest antibacterial and antioxidant activity levels, as well as the highest
total phenol content. The total phenol content of spirulina and SeNPs, as well as their
biological activity, were found to have a correlation with one another. In the realm of the
effectiveness of antibacterial and antioxidant agents, with the potential for safe medicinal
uses as alternatives to traditional chemical medications and antibiotics. The capacity of
functional foods to change the composition of the gut microbiota is the source of their many
health advantages. These foods also have the potential to interfere with patients’ existing
health conditions [166]. It was observed that the antioxidant and anti-inflammatory actions
of spirulina and Lactobacillus bacteria had a complementary impact on the treatment of
ulcerative colitis (UC). When the mice were given Lactobacillus at a rate of 1 × 109 CFU per
mouse per day and spirulina at a rate of 500 mg/kg per day, the standard effect of both was
determined. It has been demonstrated that the protective benefits are caused by its capacity
to lower levels of the inflammatory markers iNOS and COX-2, as well as boost antioxidant
activity and significantly prevent lipid peroxidation [167]. Figure 3B is a diagrammatic
description of how ingesting spirulina algae may affect the pattern of the balance in the
digestive tract.

4.2.3. Immunological Importance

In terms of the immune system, spirulina has a major role to play in boosting immunity
due to the fact that it possesses a wide range of biological activities and is important to
nutrition due to the high concentration of natural nutrients it contains [117]. In addition, it
can modulate the immune system and the bioactivity of macrophages by activating T and
B cells, promoting the production of antibodies and cytokines, increasing the concentration
of NK cells in tissues, and encouraging the generation of antibodies [84]. Spirulina is a
rich source of antioxidants and anti-inflammatory substances, which are able to not only
support and develop physiological functions of the nervous system and brain, as well as
compensate for nutritional deficiencies, but also promote a beneficial immune response [5].
Several studies have also demonstrated the positive effects of spirulina, including the
immunological and antioxidant effects that are attributable to its carbohydrate content,
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particularly polysaccharides. These effects are due to the fact that spirulina has a high
concentration of polysaccharides [44,100].

The chemical composition of spirulina (A. platensis), which is rich in minerals and
carbohydrates and consists of polymers including glucose and branching polysaccharides
comparable to glycogen, is largely responsible for the positive effects on human health that
these microalgae have. These high molecular weight compounds of negatively charged
sugars are referred to as “Immulina,” and they have significance in the pharmaceutical
industry. It was discovered that after ingestion at a rate of 400 mg per day for seven days,
they enhanced the activity of natural degrading cells against cancer cells. This finding
gives them importance in the pharmaceutical industry. In addition to this, the antiviral
activity of these drugs has been demonstrated against types I and II of the herpes simplex
virus [6,43,168,169]. In most cases, this immunoreactivity is brought on by Ca spirulan,
which is made up of the following saccharides: rhamnose, methylrhamnose (acofriose)-3-O,
methylrhamnose di-O-2,3, methylxylose-3-O, uronic acids and sulfates [27,33,45,170,171].

Spirulina is utilized to produce phycobiliproteins, which are then put to use as col-
orants. According to the findings of a large number of studies, these pigments offer a wide
range of potential uses. In clinical medicine and immunological analysis, as well as for
therapeutic and diagnostic reasons, they are utilized as fluorescent material. It was also
revealed that it had a considerable effect on lowering the quantity of cholesterol detected
in the blood and that it acted as a protective agent against hepatitis [120,172,173].

Spirulina is a stimulant of immune system cells because it increases anti-inflammatory
resistance, stimulates the synthesis of antibodies and cytokines, activates macrophages,
stimulates natural killer cells, and activates T and B cells. Consuming spirulina helps to
keep the intestinal epithelium, which is the first line of defense of the mucosal barrier
against infections, in good working order [44,89]. Figure 3C presents a diagrammatic
description of the role that spirulina algae play in the control of immunity.

4.2.4. Blood Pressure Treatment

It was observed that supplementation with spirulina led to a substantial drop in
diastolic blood pressure (DBP), but at the same time, it led to a rise in systolic blood
pressure, which is one of the indications of cardiovascular safety and metabolism in
humans [156]. This finding suggests that spirulina has a beneficial influence on blood
pressure. Vasodilation is the mechanism that has been demonstrated to be responsible
for spirulina’s ability to alleviate hypertension in mice [94]. When taken orally at a dose
of 4.5 g per day for a period of six weeks, spirulina is related to a drop in both systolic
and diastolic blood pressure. Because it contains the pigment C-phycocyanin, it was also
reported to have a lipid-lowering effect. The high K and relatively low Na content of
spirulina have beneficial effects on blood pressure. It was shown that C-phycocyanin stops
platelets from adhering to one another by preventing Ca mobilization and moderating free
radicals that are generated by platelets. Spirulina also helps prevent atherosclerosis [89].
Lipoproteins are not only used as a coloring agent but they have also been associated with
a wide variety of beneficial impacts on one’s health [99]. When rats with naturally high
blood pressure were given phycocyanin pigment in their regular diet at doses of 2500,
5000, or 10,000 mg/kg over a period of 26 weeks, hypotension was found. The ACE-I
inhibitor peptide, which has been shown to have an effect on lowering blood pressure, was
discovered during the process of phycocyanin synthesis [174].

4.2.5. Cholesterol Treatment

Spirulina seems to have a positive effect on metabolic risk factors, particularly elevated
blood lipid, according to a number of studies. It was noted that spirulina has an effect
on lowering blood lipids, particularly triglycerides and cholesterol linked to low-density
lipoprotein (LDL), as well as an indirect effect on total cholesterol and cholesterol linked to
high-density lipoprotein (HDL), due to the presence of a pigment called phycocyanin [89].
Phenolic compounds are antioxidants that protect cells and natural chemicals in the body
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from the damage caused by free radicals. Free radicals are responsible for causing tissue
damage in the body as well as oxidizing LDL cholesterol, which can lead to heart disease if
it accumulates in the arteries [6]. Consuming spirulina can help lower levels of dangerous
LDL and triglycerides, and it can also play a part in the indirect modification of high
cholesterol and total cholesterol levels. This is because the components of spirulina have
antioxidant action, and the aqueous extract of spirulina reduces the absorption of fats from
foods by reducing the activity of the lipase enzyme that is released by the pancreas [94].
This is why spirulina is so beneficial. When investigating the impact of the ethanolic
extract of spirulina on lipid contents in the blood of artificially hypercholesterolemic male
laboratory rabbits at two different dosages (33 and 66 mg/kg) over the course of four weeks,
the researchers found that the extract had no effect [175]. It was revealed that there was a
reduction in the levels of cholesterol, triglycerides, LDL, and dangerous LDL, while there
was an increase in the levels of HDL, which was favorable.

Over one month, hypercholesterolemic rabbits had their total cholesterol, triglycerides,
and HDL levels monitored to determine how they were affected by a diet that included
0.5 g of spirulina per day as a dietary supplement [176]. An increase in the level of HDL
in the blood was shown to be associated with a decrease in the levels of total cholesterol
found in the blood, but there was no discernible change in the levels of triglycerides found
in the blood. According to the findings of the study, this is because spirulina contains
natural antioxidants such as phenolic compounds, γ-linolenic acid, and phycocyanin, all
of which work to prevent hypercholesterolemia and the negative consequences of the
condition. Spirulina algae, when consumed as a functional food, has been shown to aid
in the treatment of cardiovascular disorders such as high cholesterol and atherosclerosis,
as validated by Wang et al. [162]. In addition to this, it regulates the level of LDL and
HDL in the blood, which results in favorable effects on high blood lipids. It was noted that
taking spirulina supplements had a beneficial impact on blood lipid parameters, as it was
observed that the values of triglycerides, total cholesterol, LDL, and very LDL decreased,
while the value of HDL increased. This was found to be the case because it was found that
the values of HDL increased [156]. Spirulina can contribute to in avoiding the production
of cholesterol, which is mediated by γ-linolenic acid. A lack of γ-linolenic acid can cause
the artery wall to become thicker, which can lead to high blood pressure and an increase in
blood lipids. In addition, spirulina includes vitamin B3 known as niacin, which corrects
an imbalance in the lipids of the blood [155]. Figure 3D provides a graphic of the role that
spirulina algae play in lowering cholesterol levels.

4.2.6. Diabetes Treatment

One of the metabolic illnesses, diabetes is also one of the most common diseases and
a major cause for concern all over the world owing to the toll it takes on public health.
Diabetes is a metabolic ailment [117]. Spirulina demonstrated both glucose and lipid mod-
ulation activities, indicating that it may have a regulatory function in the metabolism of
carbohydrates and lipids in both experimental animals and diabetics [84]. Gheda et al. [55]
found the presence of a variety of bioactive compounds when they conducted an anal-
ysis of the methanolic extract of S. platensis using GC-MS. These bioactive compounds
included phytols, phenolic compounds, and methyl esters of fatty acids. These bioactive
compounds worked together to produce a synergistic effect. These are what give spirulina
its antioxidant effects, as well as its ability to decrease cholesterol and blood sugar levels.
In addition, it was realized that administering the methanolic extract to experimental mice
at doses of 15 and 10 mg/kg body weight resulted in hypoglycemic activity and improved
the histological disorders of the liver and pancreas that are associated with diabetes. This
was found to be the case when the mice were given the extract. According to the findings of
the study, this algae should be included in the formulation of medicinal products intended
for the treatment of diabetes and the symptoms associated with it [55].

During the in vivo phase of the research, diabetic mice were given an extract of spir-
ulina to cure their condition. The methanolic extract of spirulina caused hypoglycemic
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activity when it was administered at concentrations of 15 and 10 mg/kg by body weight.
This activity was characterized by a reduction in a variety of liver and kidney functions, an
increase in fats, and an improvement in the histological disorders of the liver and pancreas
that are associated with diabetes [55]. The presence of these chemical molecules with biolog-
ical activity, which may have the potential to serve as antioxidants in a synergistic way and
may also have an impact that is diabetic-lowering. Spirulina has also been demonstrated to
be useful in decreasing the level of glucose that is present in the blood when the individual
is fasting [94]. Diabetic people who consume spirulina have lower blood sugar levels and
are less likely to experience problems. Spirulina also controls cholesterol levels. Due to
the fact that spirulina possesses antioxidant and immunomodulatory qualities, diabetic
individuals might benefit from consuming it as a functional food in order to better man-
age their type 2 diabetes. Spirulina supplementation can be used to maintain nutritional
balance, reduce blood lipids and modify carbohydrates, and drop blood sugar levels by a
large amount. It can also be used to minimize inflammatory stress levels [44,156].

The majority of spirulina’s effect can be attributed to the upregulation of NADPH and
NADH. NADH is a cofactor in lipid metabolism that is responsible for the high activity of
glucose-6 hydrogen ion phosphatase (H+). This enzyme binds to NADP+ in the form of
NADPH. Spirulina’s effect can also be attributed to the high activity of glucose-6 hydrogen
ion phosphatase (H+). This help is necessary for the synthesis of lipids from carbohydrates,
and spirulina may be able to oxidize NADPH. Spirulina is a blue-green alga. One animal
investigation revealed that the activity of hexokinase in the liver of diabetic control mice was
greatly reduced, whilst the activity of glucose-6-phosphatase was significantly enhanced.
Both of these changes were observed in the liver. The administration of spirulina to diabetic
mice led to an increase in hexokinase activity and a reduction in glucose-6-phosphatase
activity. Mice that were given spirulina had higher levels of hexokinase activity, which
showed that the mice’s hepatocytes took in more glucose from the blood [89]. Figure 3E
presents a schematic representation of the function that spirulina algae perform in reducing
the likelihood of an individual getting diabetes in the future.

4.2.7. Cancer Treatment

There is a tremendous opportunity for the potential new natural anticancer compounds
from BGA, particularly spirulina, in the treatment of cancer. It has been demonstrated
that the high concentration of antioxidant molecules found in algae is what makes it so
effective as an alternative treatment for a variety of diseases, including cancer, diabetes,
and inflammation [3,114]. Spirulina has been shown to have therapeutic effects, such as
protection against some types of cancer, enhancement of the immune system, protection
against radiation, and reduction of high blood fats and obesity, according to several studies.
Figure 3F presents a schematic representation of the anticancer effects that may be attributed
to the consumption of spirulina algae. It was reported by Hosseini et al. [33] that the
spirulina algae product possesses many pharmacological activities, such as anticancer,
antiviral, antimicrobial, anti–heavy metal, immunomodulatory, and antioxidant due to
its high content of protein and PUFAs, particularly the high content of γ-linolenic acid.
These pharmacological activities are attributed to the high content of γ-linolenic acid [45].
Spirulina has been shown to boost the stimulation of antibody and cytokine production,
as well as NK activation. Additionally, it has the capacity to augment human immunity
and plays a role in inhibiting the growth of tumors. Spirulina exerts its effects on human
myeloid progenitors and natural killer cells in either a direct or indirect manner, depending
on the context [94].

The astaxanthin tincture has potent anti-inflammatory and antioxidant capabilities,
which have the capacity to prevent or lessen the severity of a wide variety of ailments,
including cancer. Lutein, zeaxanthin, and β-carotene are known to reduce the risk of
developing premenopausal breast cancer. Cryptoxanthin and α-carotene are known to
reduce the risk of developing cervical cancer. Chlorophyll tincture has been demonstrated
to have both antioxidant and anticarcinogenic action, while fucoxanthin pigment has been
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proven to have antiobesity and anticarcinogenic effects. As a result of this, the food industry
has begun to make use of spirulina pigments as a coloring ingredient [98,177,178].

At a concentration of 50 μM for up to 48 h, C-phycocyanin and β-carotene had an
anticancer impact on the human chronic myeloid leukemia (K562) cell line, lowering 49%
of cell growth [44]. This feature of spirulina can be related to the presence of antioxidants
with a high level of β-carotene and superoxide dismutase enzyme in the food. Spirulina
has been shown to have a protective impact against cancer cells [89]. Spirulina extract was
tested at five different concentrations to see whether or not it has an anticancer effect: 6.25,
12.5, 25.50, and 100 μg/mL. The cytotoxicity test revealed that cells were inhibited by 50%
at a concentration of 19.18 μg/mL after 72 h. The results demonstrated that the extract
had a highly toxic impact against cancer cells, and this effect increased with increasing
concentration [179].

The cytotoxicity of spirulina extract was demonstrated against cancer cell lines when
it was tested on colon cancer (HCT-116), liver cancer (HepG2), and CACO colon cancer cell
lines. The LC50 values for each of these cancer cell lines were 21.8, 14, and 11.3 mcg/mL,
respectively. This effect was attributed to the presence of antioxidant plant pigments
(carotenoids, chlorophyll, and phycocyanin), as well as the presence of polysaccharides,
as the use of spirulina extract has been suggested in the development of anticancer drugs.
Phycocyanin is a pigment found in blue-green algae [8]. When employing algal extract at a
concentration of 1000 μg/mL, the findings of Matos et al. [53] indicated that spirulina was
cytotoxic to Hela cells by 61.4% and reduced cell viability by 39%. This was the case when
the cells were exposed to spirulina.

4.2.8. Cardiovascular Disease Treatment

Cardiovascular disease and other circulatory disorders are the main causes of death
and illness on a global scale [3,117]. The World Health Organization (WHO) says that
cardiovascular diseases (CVDs) are responsible for the deaths of 17.3 million people a
year, and it is anticipated that this figure would increase to more than 23.6 million by the
year 2030. The primary contributors to CVDs are the formation of lipids in the blood and
prolonged exposure to high levels of stress [156]. Spirulina, which is classified as a BGA,
can be consumed either as a whole meal or as a dietary supplement. It is commonly taken
in many Asian countries, where the incidence of several ailments that are prevalent in
Western society, such as coronary heart disease, cancer, and arthritis, is far lower than in
those countries [115].

According to a number of studies, taking spirulina supplements may help reduce the
risk of CVDs and other conditions linked to atherosclerosis. It was shown that it plays a
function in lowering triglycerides, total cholesterol, and LDL cholesterol while simultane-
ously raising HDL cholesterol levels. The consumption of spirulina by the experimental
animals helped to keep the level of lipids in their blood unchanged to a substantial degree.
Because of these features, which are a result of the presence of phycocyanin molecules,
phenolic compounds, and PUFAs, spirulina was regarded to be a functional food capable
of reducing cholesterol levels and avoiding atherosclerosis [180]. Patients who suffer from
both high blood pressure and high blood lipids have an increased chance of experiencing
a heart attack. It is necessary to bring LDL and DBP levels, as well as weight and blood
sugar, down to normal levels in order to both prevent and cure this condition. Because
of the significant antioxidant activity that spirulina supplements possess in human be-
ings, their consumption holds a great deal of promise for the treatment and prevention of
CVDs. It has been demonstrated that using these supplements has a beneficial impact on a
number of metabolic and cardiovascular health markers in people, including triglycerides,
total cholesterol, LDL, extremely LDL, fasting blood glucose, and blood pressure, without
causing any negative side effects [156].

Consumption of PUFAs is linked to a reduced risk of death from a variety of illnesses,
including cardiovascular disease and other conditions. EPA (20:5 n3) and DHA (22:6 n3)
are two of the PUFAs that can be found in the spirulina [53]. The pigment phycocyanin in
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spirulina, which has properties comparable to those of the pigment bilirubin in terms of its
structure, is thought to be responsible for the preventive effect that spirulina has against
CVDs. It has been proved that the pigment bilirubin, which is present in bile, contains
powerful antioxidants. These antioxidants prevent oxidative stress and the production of
radical byproducts in plasma proteins and aromatic amino acid residues [162].

4.2.9. Other Disease Treatment

Spirulina has been demonstrated to have a beneficial impact on the activation of
glial cells as well as the treatment of neurodegenerative disorders. These conditions
manifest themselves as a result of a deficiency in the body’s naturally occurring antioxidants
and anti-inflammatory defensive mechanisms. This makes the brain more susceptible to
the damaging effects of free radicals, such as ROS and RNS, which play an important
role in the majority of neurological disorders, such as Alzheimer’s disease, Parkinson’s
disease, multiple sclerosis, inflammatory lesions, and aging [5]. Piovan et al. [181] found
that spirulina extract, which blocks lipopolysaccharides, helped control the activation
of microglia and prevent the occurrence of neuroinflammation when they studied the
neuroprotective effects before and after early treatment with the extract. This was the case
when they compared the effects before and after early treatment with the extract. This is
because there are a large number of bioactive chemicals present. Chlorophyll, pheophytin,
carotenoids, β-carotene, and zeaxanthin are the components that have a positive impact
on one’s health. In addition, Abdullahi et al. [182] pointed out the neuroprotective role of
spirulina in mitigating the effects of spinal cord injury and its protective ability for the spinal
cortical tracts and behavioral recovery in laboratory injured rat models. It was noticed that
the optimal concentration of spirulina for rats was 180 mg/kg, and this concentration was
found to be the most effective for rats [182].

Linolenic acid has several health benefits, including the ability to develop and maintain
healthy bones, alleviate back pain, prevent arthritis and osteoporosis, avoid kidney stones,
and protect teeth by ensuring that jaw bones remain strong. The benefits of γ-linolenic acid
include enhanced brain function, alleviation of osteoporosis symptoms, enhancement of
insulin metabolism, facilitation of the elimination of kidney stones, promotion of metabolic
processes, defense against oxidative stress, and prevention of vitamin D shortage [183–186].

Some disorders that are linked to food may be traced back to a lack of certain nutrients
or an inability to absorb them, including PUFAs. Being a rich source of γ-linolenic acid, in
addition to linoleic and oleic acids, γ-linolenic acid is the most vital of the three. This partic-
ular acid makes for around 20% of the overall PUFA content that can be found in spirulina.
The fact that unsaturated fatty acids have a beneficial effect on the majority of the chronic
diseases plaguing modern civilization, such as cancer, diabetes, heart disease, arthritis,
and Alzheimer’s disease, is one of the primary reasons for their significance. Because of
the influence that they have on prostaglandins and leukotrienes, they are essential for
the proper functioning of the cardiovascular system as well as the immunological system.
As a result, the food and pharmaceutical industries have begun using these algae as a
complementary food in order to treat a variety of health conditions [31,43,48,79,187,188].

Chlorophyll, carotenoids, and phycobilins are the three pigments in algae that are
considered to be the most significant. These pigments have been shown to have a beneficial
impact on a variety of health and therapeutic uses [2,189,190]. Spirulina has several benefits
and is essential for the development of young children. It is also an excellent choice for
adolescents and adults who are still developing their bodies. Because it is high in Ca and
Fe and contains a little amount of selenium, spirulina is beneficial in situations of general
weakness and poverty. It also protects against osteoporosis, and blood illnesses, as its Ca,
Fe, and Se concentrations are, respectively, 1043.62, 338.76, and 0.0488 mg/100 g.
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5. Concluding Remarks

Spirulina is the cyanobacterium species that has received the most interest from
researchers in the pharmaceutical and food sectors. Researchers, analysts, and scientists
from all around the world have conducted numerous studies and research projects on
rising trends and new technological breakthroughs. As a result of this, a number of papers
have been published during the last several years. As a consequence, we wished to gather
all of the scattered material and consolidate it into a single source that will give crucial
information to researchers and scientists in their ongoing research, scientific pursuits, and
industrial initiatives in the future. As an outcome of the facts offered in this article, we
can conclude that consuming spirulina algae has the potential for monetary gain as well
as health advantages. This is mostly due to the contents of these algae, as well as their
capacity to synthesize a wide range of chemical compounds that are both biologically
and commercially important. As a natural byproduct, a substantial amount of biomass
may be produced at a low cost for food processing, with the certainty of getting naturally
occurring components with high nutritional value. Polyunsaturated fatty acids, carotenoids,
phycobilins, polysaccharides, vitamins, sterols, and a wide range of bioactive compounds,
such as antioxidants and cholesterol reducers, are among the naturally occurring substances
that can be utilized in the development of functional foods. Despite the fact that the
nutritional, environmental, and social advantages of spirulina have been gathered from
a variety of published literature, it can be extrapolated that spirulina production is still
limited to a few natural regions. As a result, a growing number of researchers and scientists
worldwide are advocating for the wider production of spirulina.
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Abbreviations

B Boron
BGA Blue-green algae
BMI Body mass index
Ca Calcium
CODEX Codex Alimentarius Commission
Cr Chromium
Cu Copper
CVDs Cardiovascular diseases
DBP iastolic blood pressure
DHA Docosahexaenoic acid
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dw Dry weight
EAAs Essential amino acids
EPA Eicosapentaenoic acid
FBG Fasting blood glucose
FDA Food and Drug Administration
Fe Iron
GCMS Gas chromatography–mass spectrometry
HDL High-density lipoprotein
IBD Inflammatory bowel disease
IVPD In vitro digestibility protein
K Potassium
KCN Potassium cyanide
LDL Low-density lipoprotein
Mg agnesium
Mn Manganese
Mo Molybdenum
MUFAs Monounsaturated fatty acids
Na Sodium
P Phosphorous
PUFAs Polyunsaturated fatty acids
Se Selenium
SeNPs Se nanoparticles
WHO World Health Organization
Zn Zinc

References

1. Carlson, S. Spirulina platensis (Conventional and Organic), Spirulina, Organic Spirulina, or Arthrospira Platensis; Division of Biotech-
nology and Gras Notice Review, Office of Food Additive Safety-CFSAN: Dauphin Island, AL, USA, 2011; p. 36.

2. Haoujar, I.; Haoujar, M.; Altemimi, A.B.; Essafi, A.; Cacciola, F. Nutritional, sustainable source of aqua feed and food from
microalgae: A mini review. Int. Aquat. Res. 2022, 14, 1–9.

3. Singh, S.; Verma, D.K.; Thakur, M.; Tripathy, S.; Patel, A.R.; Shah, N.; Utama, G.L.; Srivastav, P.P.; Benavente-Valdés, J.R.;
Chávez-González, M.L.; et al. Supercritical Fluid Extraction (SCFE) as Green Extraction Technology for High-value Metabolites of
Algae, Its Potential Trends in Food and Human Health. Food Res. Int. 2021, 150 Pt A, 110746. [CrossRef]

4. Nascimento, R.Q.; Deamici, K.M.; Tavares, P.P.L.G.; de Andrade, R.B.; Guimarães, L.C.; Costa, J.A.V.; Guedes, K.M.; Druzian, J.I.;
de Souza, C.O. Improving water kefir nutritional quality via addition of viable Spirulina biomass. Bioresour. Technol. Rep. 2022, 17,
100914. [CrossRef]

5. Trotta, T.; Porro, C.; Cianciulli, A.; Panaro, M.A. Beneficial Effects of Spirulina Consumption on Brain Health. Nutrients 2022, 14,
676. [CrossRef]

6. Andrade, L.M.; Andrade, C.J.; Dias, M.; Nascimento, C.; Mendes, M.A. Chlorella and spirulina microalgae as sources of functional
foods. Nutraceuticals Food Suppl. 2018, 6, 45–58.

7. Gogna, S.; Kaur, J.; Sharma, K.; Prasad, R.; Singh, J.; Bhadariya, V.; Kumar, P.; Jarial, S. Spirulina-An Edible Cyanobacterium with
Potential Therapeutic Health Benefits and Toxicological Consequences. J. Am. Nutr. Assoc. 2022, in press. [CrossRef] [PubMed]

8. El-Beltagi, H.S.; Dhawi, F.; Ashoush, I.S.; Ramadan, K. Antioxidant, anti-cancer and ameliorative activities of Spirulina platensis
and pomegranate juice against hepatic damage induced by CCl4. Not. Bot. Horti Agrobot. Cluj-Napoca 2020, 48, 1941–1956.
[CrossRef]

9. Manjula, R.; Vijayavahini, R.; Lakshmi, T.S. Formulation and quality evaluation of spirulina incorporated ready to serve (RTS)
functional beverage. Int. J. Multidiscip. Res. Arts Sci. Commer. 2021, 1, 29–35.

10. Aljobair, M.O.; Albaridi, N.A.; Alkuraieef, A.N.; AlKehayez, N.M. Physicochemical properties, nutritional value, and sensory
attributes of a nectar developed using date palm puree and spirulina. Int. J. Food Prop. 2021, 24, 845–858. [CrossRef]

11. Shahidi, F.; Alasalvar, C. Handbook of Functional Beverages and Human Health; CRC Press: Boca Raton, FL, USA, 2016; Volume 11,
886p.

12. Bleakley, S.; Hayes, M. Algal Proteins: Extraction, Application, and Challenges Concerning Production. Rev. Foods 2017, 6, 33.
[CrossRef] [PubMed]

13. Tavakoli, M.; Habibi Najafi, M.B.; Mohebbi, M. Effect of The Milk Fat Content and Starter Culture Selection on Proteolysis and
Antioxidant Activity of Probiotic Yogurt. Heliyon 2019, 5, e01204. [CrossRef]

14. Li, D.M.; Qi, Y.Z. Spirulina industry in China: Present status and future prospects. J. Appl. Phycol. 1997, 9, 25–28. [CrossRef]
15. Grahl, S.; Strack, M.; Weinrich, R.; Mörlein, D. Consumer-Oriented Product Development: The Conceptualization of Novel Food

Products Based on Spirulina (Arthrospira platensis) and Resulting Consumer Expectations. J. Food Qual. 2018, 2018, 1919482.
[CrossRef]

33



Molecules 2022, 27, 5584

16. Fogg, G.E.; Thake, B. Algal Cultures and Phytoplankton Ecology; University of Wisconsin Press: Madison, WI, USA, 1987.
17. Schirrmeister, B.E.; Antonelli, A.; Bagheri, H.C. The origin of multicellularity in cyanobacteria. BMC Evol. Biol. 2011, 11, 45.

[CrossRef]
18. Siva Kiran, R.R.; Madhu, G.M.; Satyanarayana, S.V. Spirulina in combating protein energy malnutrition (PEM) and protein energy

wasting (PEW)—A review. J. Nutr. Res. 2015, 1, 62–79.
19. Ciferri, O. Spirulina, the edible microorganism. Microbiol. Rev. 1983, 47, 551–578. [CrossRef]
20. Vonshak, A. Spirulina: Growth, physiology and biochemistry. In Spirulina platensis (Arthrospira): Physiology, Cell Biology and

Biotechnology; Taylor and Francis Ltd.: London, UK, 1997; pp. 43–65.
21. Pelizer, L.H.; Danesi, E.D.G.; Rangel, C.O.; Sassano, C.E.; Carvalho, J.C.M.; Sato, S.; Moraes, I.O. Influence of inoculum age and

concentration in Spirulina platensis cultivation. J. Food Eng. 2003, 56, 371–375. [CrossRef]
22. Costa, J.A.V.; Colla, L.M.; Filho, P.D. Spirulina platensis growth in open raceway ponds using fresh water supplemented with

carbon, nitrogen and metal ions. Z. Nat. C -A J. Biosci. 2003, 58, 76–80.
23. Usharani, G.; Saranraj, P.; Kanchana, D. Spirulina cultivation: A review. Int. J. Pharm. Biol. Arch. 2012, 3, 1327–1341.
24. Maulood, B.K.; Hassan, F.M.; Al-Lami, A.A.; Toma, J.J.; Ismail, A.M. Checklist of Algal Flora in Iraq; Ministry of Environment:

Baghdad, Iraq, 2013.
25. Al-Yassiry, T.M.H. Ecological Assessment of the Sewage in The City of Hilla/Iraq Using the Canadian Model and the Study of

Phytoplankton. Master’s Thesis, University of Babylon, Hillah, Iraq, 2014.
26. Stanier, R.Y.; Van Niel, C.B. The concept of a bacterium. Arch. Mikrobiol. 1962, 42, 17–35. [CrossRef]
27. Gershwin, M.E.; Belay, A. (Eds.) Spirulina in Human Nutrition and Health; CRC Press: Boca Raton, FL, USA; Taylor and Francis

Group: London, UK; New York, NY, USA, 2007.
28. Heinsoo, D. Cultivation of Spirulina on Conventional and Urine Based Medium in a Household Scale System. Master’s Thesis,

KTH School of Biotechnology, Stockholm, Sweden, 2014; 46p.
29. Tomaselli, L. Morphology, ultrastructure and taxonomy of Arthrospira (Spirulina) maxima and Arthrospira (Spirulina) platensis.

In Spirulina platensis (Arthrospira): Physiology, Cell Biology and Biotechnology; Vonshak, A., Ed.; Taylor and Francis: London, UK,
1997; pp. 1–15.

30. Belay, A.; Kato, T.; Ota, Y. Spirulina (Arthrospira): Potential application as an animal feed supplement. J. Appl. Phycol. 1996, 8,
303–311. [CrossRef]

31. Choopani, A.; Poorsoltan, M.; Fazilati1, M.; Latifi, A.M.; Salavati, H. Spirulina a source of gamma-linoleic acid. J. Appl. Biotechnol.
Rep. 2016, 3, 483.

32. Jung, F.; Krüger-Genge, A.; Waldeck, P.; Küpper, J.-H. Spirulina platensis, a super food? J. Cell. Biotechnol. 2019, 5, 43–54. [CrossRef]
33. Hosseini, S.M.; Shahbazizadeh, S.; Khosravi-Darani, K.; Reza Mozafari, M. Spirulina paltensis: Food and function. Curr. Nutr.

Food Sci. 2013, 9, 189–193. [CrossRef]
34. El Nakib, D.M.; Ibrahim, M.M.; Mahmoud, N.S.; Abd El Rahman, E.N.; Ghaly, A.E. Incorporation of Spirulina (Athrospira platensis)

in traditional Egyptian cookies as a source of natural bioactive molecules and functional ingredients: Preparation and sensory
evaluation of nutrition snack for school children. Eur. J. Nutr. Food Saf. 2019, 9, 372–397. [CrossRef]

35. Bahlol, H.E.M. Utilization of Sprulina Algae to Improve the Nutritional Value of Kiwifruits and Cantaloupe Nectar Blends. Ann.
Agric. Sci. Moshtohor 2018, 56, 315–324. [CrossRef]

36. Michael, A.; Kyewalyanga, M.S.; Mtolera, M.S.; Lugomela, C.V. Antioxidants activity of the cyanobacterium, Arthrospira
(Spirulina) fusiformis cultivated in a low-cost medium. Afr. J. Food Sci. 2018, 12, 188–195.

37. Saharan, V.; Jood, S. Nutritional composition of Spirulina platensis powder and its acceptability in food products. Int. J. Adv. Res.
2017, 5, 2295–2300. [CrossRef]

38. Sharoba, A.M. Nutritional value of spirulina and its use in the preparation of some complementary baby food formulas. J.
Agroaliment. Process. Technol. 2014, 20, 330–350. [CrossRef]

39. Madkour, F.F.; Kamil, A.E.W.; Nasr, H.S. Production and nutritive value of Spirulina platensis in reduced cost media. Egypt. J.
Aquat. Res. 2012, 38, 51–57. [CrossRef]

40. Malik, P. Utilization of Spirulina Powder for Enrichment of Ice Cream and Yoghurt. Master’s Thesis, Karnataka Veterinary,
Animal and Fisheries Sciences University, Bida, India, 2011; 151p.

41. Habib, M.A.B.; Parvin, M.; Huntington, T.C.; Hasan, M.R. A Review on Culture, Production and Use of Spirulina as Food for Humans
and Feeds for Domestic Animals and Fish; FAO Fisheries and Aquaculture Circular No. 1034; FAO: Rome, Italy, 2008.

42. Falquet, J.; Hurni, J.P. The Nutritional Aspects of Spirulina. Antenna Foundation. 1997. Available online: https://www.antenna.
ch/wp-content/uploads/2017/03/AspectNut_UK (accessed on 10 August 2022).

43. Seyidoglu, N.; Inan, S.; Aydin, C. A prominent superfood: Spirulina platensis. In Superfood and Functional Food the Development of
Superfoods and Their Roles as Medicine; IntechOpen: London, UK, 2017; Volume 22, Chapter 1; pp. 1–27.

44. Ravi, M.; De, S.L.; Azharuddin, S.; Paul, S.F. The beneficial effects of Spirulina focusing on its immunomodulatory and antioxidant
properties. Nutr. Diet. Suppl. 2010, 2, 73–83.

45. Sotiroudis, T.G.; Sotiroudis, G.T. Health aspects of Spirulina (Arthrospira) microalga food supplement. J. Serb. Chem. Soc. 2013, 78,
395–405. [CrossRef]

46. Jamil, A.B.M.R.; Akanda, M.R.; Rahman, M.M.; Hossain, M.A.; Islam, M.S. Prebiotic competence of spirulina on the production
performance of broiler chickens. J. Adv. Vet. Anim. Res. 2015, 2, 304–309. [CrossRef]

34



Molecules 2022, 27, 5584

47. Walter, P. Effects of vegetarian diets on aging and longevity. Nutr. Rev. 1997, 55, S61–S65. [CrossRef] [PubMed]
48. Mishra, P.; Singh, V.P.; Prasad, S.M. Spirulina and its Nutritional Importance: A Possible Approach for Development of Functional

Food. Biochem. Pharmacol. 2014, 3, e171.
49. Rachidi, F.; Benhima, R.; Kasmi, Y.; Sbabou, L.; Arroussi, H.E. Evaluation of microalgae polysaccharides as biostimulants of

tomato plant defense using metabolomics and biochemical approaches. Sci. Rep. 2021, 11, 930. [CrossRef] [PubMed]
50. Pascaud, M.; Brouard, C. Acides gras polyinsaturés essentiels ω6 et ω3. Besoins nutritionnels, équilibres alimentaires. Cah. Nutr.

Diététique 1991, 26, 185–190.
51. Al-Dhabi, N.A.; Valan Arasu, M. Quantification of phytochemicals from commercial Spirulina products and their antioxidant

activities. Evid. -Based Complement. Altern. Med. 2016, 2016, 7631864.
52. Liestianty, D.; Rodianawati, I.; Andi Arfah, R.; Asma Assa, A.; Patimah; Sundari; Muliadi. Nutritional analysis of spirulina sp. to

promote as superfood candidate. In Proceedings of the 13th Joint Conference on Chemistry (13th JCC), Semarang, Indonesia,
7–8 September 2018; pp. 1–6.

53. Matos, J.; Cardoso, C.L.; Falé, P.; Afonso, C.M.; Bandarra, N.M. Investigation of nutraceutical potential of the microalgae Chlorella
vulgaris and Arthrospira platensis. Int. J. Food Sci. Technol. 2020, 55, 303–312. [CrossRef]

54. Alyasiri, T.; Alchalabi, S.; AlMayaly, I. In vitro and In vivo antioxidant effect of Spirulina platensis against Lead induced toxicity in
rats. Asian J. Agric. Biol. 2018, 6, 66–77.

55. Gheda, S.F.; Abo-Shady, A.M.; Abdel-Karim, O.H.; Ismail, G.A. Antioxidant and Antihyperglycemic Activity of Arthrospira
platensis (Spirulina platensis) Methanolic Extract: In vitro and in vivo Study. Egypt. J. Bot. 2021, 61, 71–93. [CrossRef]

56. Viso, A.C.; Marty, J.C. Fatty-acids from 28 marine microalgae. Phytochemistry 1993, 34, 1521–1533. [CrossRef]
57. Cottin, S.C.; Sanders, T.A.; Hall, W.L. The differential effects of EPA and DHA on cardiovascular risk factors. Proc. Nutr. Soc. 2011,

70, 215–231. [CrossRef]
58. Henrikson, R. A nutrient rich super food for super health. In Earth Food Spirulina; Ronore Enterprises, Inc.: Hana, HI, USA, 2009;

pp. 25–41.
59. Sandeep, K.P.; Shukla, S.P.; Vennila, A.; Purushothaman, C.S.; Manjulekshmi, N. Cultivation of Spirulina (Arthrospira) platensis in

low cost seawater based medium for extraction of value added pigments. Indian J. Geo-Mar. Sci. 2015, 44, 1–10.
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Abstract: This review describes the various innovative approaches implemented for naringin extrac-
tion as well as the recent developments in the field. Naringin was assessed in terms of its structure,
chemical composition, and potential food sources. How naringin works pharmacologically was
discussed, including its potential as an anti-diabetic, anti-inflammatory, and hepatoprotective sub-
stance. Citrus flavonoids are crucial herbal additives that have a huge spectrum of organic activities.
Naringin is a nutritional flavanone glycoside that has been shown to be effective in the treatment of
a few chronic disorders associated with ageing. Citrus fruits contain a common flavone glycoside
that has specific pharmacological and biological properties. Naringin, a flavone glycoside with a
range of intriguing characteristics, is abundant in citrus fruits. Naringin has been shown to have
a variety of biological, medicinal, and pharmacological effects. Naringin is hydrolyzed into rham-
nose and prunin by the naringinase, which also possesses l-rhamnosidase activity. D-glucosidase
subsequently catalyzes the hydrolysis of prunin into glucose and naringenin. Naringin is known for
having anti-inflammatory, antioxidant, and tumor-fighting effects. Numerous test animals and cell
lines have been used to correlate naringin exposure to asthma, hyperlipidemia, diabetes, cancer, hy-
perthyroidism, and osteoporosis. This study focused on the many documented actions of naringin in
in-vitro and in-vivo experimental and preclinical investigations, as well as its prospective therapeutic
advantages, utilizing the information that is presently accessible in the literature. In addition to its
pharmacokinetic characteristics, naringin’s structure, distribution, different extraction methods, and
potential use in the cosmetic, food, pharmaceutical, and animal feed sectors were discussed.

Keywords: naringin; flavonoid; extraction; bioactive potential; pharmaceutical

1. Introduction

Numerous phytochemicals, such as flavonoids (such as hesperidin and naringin),
limonoids (such as limonin and nomilin), carotenoids (such as beta-carotene and lutein),
and vitamin C are abundant in citrus fruits. Citrus fruits’ vivid colors, distinctive flavors,
and distinctive scents are all influenced by these phytochemicals. Citrus fruits include a
variety of phytochemicals that have many health advantages [1]. They have antioxidant
capabilities that assist the body in fighting off dangerous free radicals and guarding against
oxidative stress and cellular damage. Citrus phytochemicals have also been associated
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with anti-inflammatory effects, which can help reduce the risk of chronic diseases like
cardiovascular disease and certain types of cancer. Citrus fruit polyphenols have also
been linked to stronger immune systems, better cardiovascular health, and potential anti-
diabetic effects. According to some research, these substances may assist with healthy
weight management, lowering cholesterol levels, and lowering blood pressure. Citrus fruits
include a wide variety of phytochemicals that are essential for overall health and wellbeing,
thus including them in the diet is crucial. Beyond what can be achieved by a single vitamin,
these chemicals act synergistically to promote health. Regular citrus fruit consumption can
support optimal health and lower the risk of chronic diseases by promoting a balanced and
nutrient-rich diet [2].

Citrus species are among the most frequently cultivated fruit crops around the world,
used to make both fresh juice and food products. The plant genus Citrus, which comprises
several varieties of oranges, sour and sweet oranges, tangors, lemons, and tangerines, is
a member of the Rutaceae family [3]. Citrus fruits are an excellent supplier of secondary
metabolites like terpenoids and polyphenols. These are rich in vitamins A, vitamin C,
vitamin E, dietary fibers, and essential minerals [4]. Natural phenolic molecules called
flavonoids have a wide variety of bioactivities. Three rings, including two benzene rings
and 15 carbon atoms, make up the basic flavonoid structure [5]. Any flavonoid’s antioxidant
potential is decided by the presence of hydroxyl groups in positions 3,5, an O-dihydroxy
structure in the B-ring, a 2,3-double bond conjugated with 4-oxo function, and a 2,3-
double bond. A total of 4000 flavonoids have already been isolated, mostly in fruits,
herbs, and vegetables. The concentrations and profiles of citrus flavonoids differ greatly
between species [6].

The peels, pulp, seeds, and juice of citrus fruits contain a variety of bioactive com-
pounds [1]. Citrus peel has a wealth of bioactive chemicals, including natural antioxidants
like flavonoids, and accounts for 50 percent to 65 percent of the total mass of the fruits [7]
Citrus flavonoids that have been isolated were discovered to have anti-inflammatory, anti-
bacterial, anti-aging, anti-cancer, cardiovascular protective, and hepatoprotective properties
in several investigations [8]. Naringin, scientifically known as 5,7-trihydroxyflavonone-
7-rhamnoglucoside, comes under the category of flavanone glycoside and it is found in
grapes and citrus fruits. The quantity of naringin in fruit is usually determined by its
maturity. The immature fruit has a higher concentration of naringin. The fruit maturity is
an essential consideration in juice processing, particularly in grapefruit juices, which have
a high level of bitterness [9].

Numerous scientific studies have stated that naringin alters the blood levels of some
medications, when taken concurrently, by interfering with the operations of enzymatic pro-
teins and transporters in the intestines [10]. Naringin is a powerful inhibitor of transporter
proteins such as the multidrug resistance protein (MDR) and organic anion transport-
ing polypeptide (OATP) isoforms, as well as sulfotransferase (SULT). Naringin inhibits
a number of cytochrome isoenzymes (CYP) as well [11]. It has been demonstrated that
the anticancer medication naringin reduces the expression of p-glycoprotein, which is a
membrane-associated drug efflux pump whose increased expression causes anticancer med-
ication resistance for doxorubicin. The flavanone naringin also prevents CYP isoenzymes
by inhibiting the production of carcinogens, indicating a potential role in the mitigation
of cancer [12]. The bitterness brought by naringin in the manufacturing of commercial
grapefruit juice can be removed using a specific enzyme known as naringinase. Two rham-
nose units are attached to its aglycon portion, naringenin, at the 7-carbon position. Both
naringin and naringenin are strong antioxidants [13]. Naringin is less potent compared
with naringenin because the sugar moiety in the former causes steric hindrance of the
scavenging group. Naringin is moderately soluble in water. The gut microflora breaks
down naringin to its aglycon naringenin in the intestine; it is then absorbed from the
gut [1]. However, the enzyme naringinase, which is present in the stomach of humans,
transforms naringin into aglycone naringenin. The objective of this review was to assess
the various innovative approaches implemented for the extraction of naringin and to study
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its chemical structure, chemical components, and potential food sources. The pharmacolog-
ical properties of naringin, including its potential as an anti-diabetic, anti-inflammatory,
and hepatoprotective substance, were also discussed. This review also explored the wide
range of biological, medicinal, and pharmacological effects associated with naringin along
with its applications in various industries such as cosmetic, food, pharmaceuticals and
animal feed [14].

2. Chemical Composition of Naringin

The flavonoid substance naringin is mostly present in grapefruits and other citrus
fruits. In chemical terms, it is a glycoside made up of the disaccharide neohesperidose and
the flavone naringenin. The chemical structure of naringin consists of a flavonoid backbone,
two phenolic rings, and a heterocyclic pyran ring. Its molecular weight per mole is 580.54 g
and its chemical formula is C27H32O14. Pharmaceutical and nutraceutical research is
interested in naringin because of its bitter taste and its variety of biological qualities, such
as antioxidant, anti-inflammatory, anticancer, and cardioprotective properties [1].

2.1. Significance of Flavonoids

In plants, animals, and microbes, flavonoids have a variety of biological effects. Long
known to be synthesized at specific locations in plants, flavonoids are also important for
the color and scent of flowers, the ability of fruits to draw pollinators and, as a result,
fruit dispersion, the germination of seeds and spores, and the development and growth of
seedlings. Plants are protected from various biotic and abiotic challenges by flavonoids,
which also serve as special UV filters, allopathic substances, signal molecules, phytoalexins,
antimicrobial defensive components, and detoxifying agents. Flavonoids have protective
effects against frost drought resistance and hardiness, and they may serve to help plants
adapt to heat and tolerate freezing temperatures. There are six types of flavonoids [14]. The
major classes of flavonoids, their examples, chemical structures, and main dietary sources
are listed in Table 1.

Table 1. The major classes of flavonoids, examples, chemical structures, and main dietary sources.

Flavonoids Examples Chemical Structure with Molar Mass (g/mol) Food Sources Reference

Anthocyanin
Cyanidin,

pelargonidin,
peonidin

Cyanidin (287.24)

Solanum melongena,
Rubus fruticosus,

Ribes nigrum, Vaccinium sect.
Cyanococcus

[15,16]

Flavan-3-ol Catechin, epicatechin,
epigallocatechin

Catechin (290.26)

Green tea, Chocolate, Phaseolus
vulgaris L., Prunus avium [16]
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Table 1. Cont.

Flavonoids Examples Chemical Structure with Molar Mass (g/mol) Food Sources Reference

Flavanones
Hesperidin,
Naringin,

Eriodictyol

Naringin (580.54)

Orange juice, grapefruit juice,
lemon juice

Flavanones Apigenin, luteolin

Apigenin (270.05)

Petroselinum crispum, Apium
graveolens, Capsicum annuum [17]

Flavonols
Quercetin,

kaempferol,
myricetin

Quercetin (302.23)

Allium cepa, Malus domestica,
Brassica oleracea var. sabellica,

Allium porrum
[6]

Isoflavones Genistein, daidzein,
glycitein

Genistein (270.24)

Soyflour, soymilk, Glycine max. [18,19]

Flavones, which are distinguished by a flavone backbone, are often present as gluco-
sides in a variety of fruits and vegetables, including parsley, celery, chamomile, red peppers,
and mint [20,21]. Proanthocyanins are created from flavonols, which are found in large
quantities in a variety of foods such as tomatoes, grapes, apples, and berries. Flavonols are
identified by a ketone group and a hydroxyl group in the third position of the C ring [22–24].
Isoflavones have a flavone-like structure and are mostly found in legumes like soybeans
and leguminous plants. They are frequently found as glycosides, which the gut bacteria
can change into aglycones [3,25]. Anthocyanins are phenolic chemicals that are members of
the flavonoid family and make up the biggest category of water-soluble pigments. Flowers,
plants, and fruits are given bright colors by them, which are distinguished by a flavylium
cation structure [18,26]. Citrus fruits including lemons, oranges, and grapes contain fla-
vanones, which are dihydroflavones with an unsaturated C ring [27]. Flavanols, often
referred to as flavan-3-ols or flavanonols, are substances that have a hydroxyl group in the
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third position of the C ring on the flavan skeleton. These substances, which provide a wide
range of health advantages, are found in many different plant-based sources [24,28].

The two primary groups of phenolic chemicals present in citrus fruits are flavonoids and
phenolic acids. Citrus flavonoids have been proven to have anti-cancer, anti-inflammatory,
anti-aging, anti-bacterial, hepatoprotective, and cardiovascular protective effects, according
to several studies. The primary class of phytochemicals found in citrus fruits, particularly
in the pulp, peels, and seeds, are called flavonoids. Flavones, flavanones, and flavonols
are the three main categories of citrus flavonoids. Table 2 depicts the classification of
citrus flavonoids isolated in citrus species, major fruit sources, C-ring structures, and
substitution patterns [29].

Table 2. Flavonoids isolated in citrus sp. their structure, molecular weight, fruit sources, C-ring
structure and substitution pattern (FLA: flavanone FLO: flavone FOL: flavonol).

Flavonoid Molecular Weight C-Ring Structure Fruit Sources Substitution Pattern Reference

Naringin 580.541 g/mol FLA
FLA

Citrus paradisi
Citrus aurantium

5,4′-OH
7-O-Neo [8,21]

Neoeriocitrin 596.5 g/mol FLA Citrus aurantium 5,3′,4′-OH
7-O-Neo [6,8]

Diosmin 608.54 g/mol FLO Citrus sinensis
Citrus limonia

5,3′-OH
4′-OMe
7-O-Rut

[29]

Hesperidin 610.1898 g/mol FLA Citrus sinensis
5,3′-OH,
4′-OMe
7-O-Rut

[28]

Rutin 610.517 g/mol FOL Citrus limonia 5,7,3′,4′-OH
3-O-Rut [4,28]

Naringenin 272.257 g/mol FLA Citrus paradisi 5,7,4′-OH [30,31]

Hesperetin 302.27 g/mol FLA Citrus sinensis 5,7,3′-OH
4′-OMe [3,21]

Kaempferol 286.23 g/mol FOL Citrus paradisi 5,7,3,4′-OH [8]
Quercetin 302.236 g/mol FOL Citrus limonia 5,7,3,3′,4′-OH [28]

Tangeretin 372.37 g/mol FLO
Citrus aurantium

Citrus paradisi
Citrus limonia

5,6,7,8,4′-OMe [5]

Luteolin 286.24 g/mol FLO Citrus limonia
Citrus aurantium 5,7,3′,4′-OH [10]

2.2. Structure of Naringin

Asahina and Inubuse identified and characterized the chemical structure and molecu-
lar formula of naringin in 1928. A 2-O-(alpha-L-rhamnopyranosyl)-beta-D-glucopyranosyl
moiety is substituted at position 7 of the disaccharide derivative naringin by an alpha-L-
rhamnopyranosyl group via a glycosidic bond. The melting point of naringin is 83 ◦C at a
solubility of 1 mg/mL at 40 ◦C and the molecular weight of naringin is 580.5 g/mol [24].
The molecular structure of naringin is shown in Figure 1. With a rise in temperature,
naringin and naringenin, its aglycon equivalent, become more soluble in various solvents.
In the order of methanol, ethyl acetate, n-butanol, isopropanol, petroleum ether, and hex-
ane, naringin was soluble in the six solvents [30]. Naringin complexes are 15 times more
soluble in water at 37 ± 0.1 ◦C than free naringin. It starts to degrade at temperatures above
100 ◦C or when light is present [31]. The presence of a carboxylic group is suggested by the
wide, strong -OH stretching absorption from 3300 per cm to 2500 per cm. Alcohols and
phenols are represented by the strong and wide hydrogen-bonded O-H stretching bands
centered at 3300 cm−1 and 3400 cm−1 [17]. The C=C stretching bands for aromatic rings
typically appear outside the typical region where C=C emerges for alkenes (1650 cm−1)
between 1600 and 1450 cm−1. These peaks only occur with naringin. When researching
flavonoid-cyclodextrin inclusion complexes, it was discovered that the characteristic peaks
for aromatic rings and phenols in naringin at 1519 cm−1 and 1361 cm−1 had disappeared.
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The amount of naringin measured and the correlation coefficient (r) for sensory bitterness
was 0.97IBU [32].

Figure 1. Molecular structure of naringin.

3. Sources of Naringin

Plants contain a variety of flavonoids, which are widely dispersed and have significant
biological functions. Since the quantity of naringin is comparatively higher at the immature
stage, citrus fruits are typically used in studies to determine the amount of naringin in
fruits [33]. Citrus fruits provide a large number of flavonoids in the diet. Naringin is
mostly found in the peel of grapefruit, lime, and their variations; it has several biological
functions and is frequently used in food, cosmetics, and medicine. Naringin is a glycoside
flavanone seen in grapes and citrus fruits. Naringin was first discovered by DeVry in
1857 [34]. It has been reported that the pith contains a higher quantity of naringin in
grapefruit, followed by the peel with the membrane, the seeds, and the juice [35]. The
amount of naringin in the seeds of grape fruit is 200 μg/mL and 2300 μg/mL is found
in the peel of grape fruit [36]. Pummelo has plenty of naringin in it. Compared to the
juice, the quantity of naringin was higher in the peel; the naringin content of the juice of
pummelo is 220 μg/mL and in the peel it is 3910 μg/mL. The amount of naringin in lime
is very low when compared with pummelo. In both species, a high amount of naringin
content is present in the skin of the fruits. The amount of naringin found in skin, juice,
and seed is 517.2 μg/mL, 98 μg/mL, and 29.2 μg/mL, respectively [37]. The distribution
of naringin based on the calculations of various studies in Citrus aurantiifolia is shown
in Figure 2. Naringin content in sour orange is 47.1 μg/mL. In sour orange flower, the
amount of naringin in the receptacle, ovary, and stigma is 1.3444 μg/mL, 9.036 μg/mL,
and 2.554 μg/mL, respectively [38]. Phenol is a chemical compound with a hydroxyl group
attached to an aromatic ring. Tannin is a type of phenol compound found in plants, known
for its astringent properties. Naringin is a flavonoid compound found in citrus fruits that
exhibits antioxidant and anti-inflammatory effects.

Figure 2. The distribution of naringin in Citrus aurantiifolia.
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4. Extraction of Naringin

The citrus peel contains significant levels of the flavanones neohesperidin, hesperidin,
naringin, and narirutin as well as polymethoxylated flavones tangeretin, sinensetin, and
nobiletin. Flavonols, glycosylated flavones, and hydrocinnamic acid are present in very
minor amounts [39]. There are three main steps for naringin isolation from fruits including
extraction, separation, and purification [29]. Only after utilizing the proper extraction
process can flavonoids be isolated, recognized, and classified. The amount of naringin
in fruit is determined by numerous factors which include the harvesting time of the
fruit, the section of fruit utilized, and whether the peel is a source of naringin. The most
prevalent method of extraction is conventional solvent extraction [40]. The various non-
traditional techniques include high hydrostatic pressure extraction [41], ultrasound assisted
extraction [42], microwave assisted extraction [43], and subcritical [44] and supercritical [45]
extraction. The first step in the process involves pre-treating or preparing the sample,
during which centrifugation, filtration, drying, and other techniques may be performed.
Naringin is extracted, isolated, and purified from various plant materials in the second
stage. Naringin is extracted utilizing techniques like soxhlet, maceration, water infusion,
microwave extraction, ultrasound extraction, supercritical fluid extraction, auto-hydrolysis,
and solid micro-phase extraction, etc. in this step, as given in Figure 3. The final phase
often involves the identification, quantification, and recovery of flavonoid components
using chromatography techniques on the purified and extracted extracts.

Figure 3. Extraction of naringin using different techniques.

4.1. Conventional Techniques for Naringin Extraction

The most extensively used conventional method for extracting flavonoids is liquid–
liquid or solid–liquid extraction. For the extraction of bioactive chemicals, these approaches
have incorporated the use of solvents such as ethanol (C2H6O), methanol (CH3OH), and
acetone (CH3)2CO rather than only water. Because of the significantly greater yields
obtained in the recovery of flavonoids, ethanol (C2H6O) and methanol (CH3OH) are the
most extensively utilized solvents for flavonoid extraction [40]. In a study, soxhlet method

47



Molecules 2023, 28, 5623

was used for extraction on fresh grapefruit peel samples; 40.0 g was grounded for 1 min in
a blender with 100 mL Ethyl alcohol before the mixture was filtered and the filtrates and
residue were separated. For removing the alcohol, the residue was air dried. A portion of
the filtrate was put in a solvent extraction flask with 50 mL of ethanol and extraction was
completed in three hours. After that, the filtrate was evaporated and dried at 50 ◦C and
kept at room temperature.

4.2. Novel Techniques for Naringin Extraction

Numerous innovative extraction techniques have been developed to provide more
environmentally friendly extraction processes that utilize the minimum amount of energy
and solvent by generating high amounts of yields. Many of these techniques made use
of accelerators like microwave or ultrasound, as well as supercritical fluid or subcritical
fluid and the use of high pressure. To accelerate the extraction operation and improve
the extraction kinetics and yield, several authors recommended using two processes in
sequence, like ultrasonic aided extraction and instant controlled pressure drop technology,
or a combination of techniques, like enzyme-assisted extraction [20].

Naringin from the peel of Citrus paradisi L. can be extracted using supercritical fluid
extraction (SFE) techniques with the highest yield of 14.4 g/kg. In this technique, SC
modified with 15% ethanol and fresh peels at 1377.86 psi and 58.6 ◦C can also be used
which will result in a lower consumption of solvent and time (45 min) [42]. Naringin from
grapefruit seeds has been extracted using the supercritical fluid extraction process. For
this, the extraction process was split into two halves. SC-CO2 was used to extract less
polar limonin in stage one, whereas SC-CO2 was modified with C2H6O as a co-solvent
in stage two for the extraction of high polar limonin-17-b-D-glucopyranoside (LG) and
naringin. The highest quantity of naringin, which is 0.2 mg/g from seeds, was obtained
with the optimized conditions of 40 min at 41.4 MPa pressure, 50 ◦C temperature, and
20% ethanol concentration. The flow rate of the given mobile phase was kept constant at
5.0 L/min throughout the trials. The results showed that SC-CO2 extraction of naringin
from grapefruit seeds is an ecologically friendly and feasible method [46].

Ultrasonic extraction was found to be effective for extracting naringin from ripe
pomelo peels. The effectiveness of this method was determined by the agent concentration,
the sample-to-solvent ratio, and the ultrasonic duration. In this experiment, 0.6 L of 70% of
aqueous ethanol was mixed with 80 g of powdered material in a flask. The flask was kept
in the ultrasonic bath with the frequency of 0.04 MHz for 30 min, which was followed by a
filtering process that was performed once more. The naringin concentration from peels of
ripe Citrus maxima is 2.20 % and the yield of purified naringin is 77.26 % under optimal
purification conditions, according to the data [4]. The ultrasound-assisted aqueous two-
phase extraction (UA-ATPE) method is used for extracting synephrine, neohesperidin, and
naringin from Citrus aurantium L. fruitlets and is also used for their preliminary purification.
Five distinct forms of ethanol or salts from an aqueous two-phase system (ATPS) were
used for response surface methodology (RSM) and single-factor studies to further tune the
extraction conditions. The following are the optimal process parameters: 20.60% (w/w)
K2CO3, 27% (w/w) ethanol, 45.17:1 (g:g) solvent to material ratio, the 120-mesh particle size
of fruit powder, 50 ◦C temperature, 30 min extraction period, and 80 W ultrasonic power.
Under the given conditions, the yields of naringin, synephrine, and neohesperidin were
7.39 mg/g, 11.17 mg/g, and 89.27 mg/g, respectively [46].

Deep eutectic solvents can also be considered promising green and efficient solvents
for the extraction of naringin, hesperidin, and neohesperidin from citrus fruits such as
Aurantii Fructus. In a study, a series of tunable deep eutectic solvents was prepared and
investigated by mixing choline chloride or betaine with different hydrogen-bond donors,
and betaine/ethanediol was found to be the most suitable extraction solvent. The optimum
extraction conditions were 40% of water in betaine/ethanediol (1:4) at 60 ◦C for 30 min
extraction time with solid/liquid ratio 1:100 g/mL. Under these conditions, the extraction
yield of narirutin, naringin, hesperidin, and neohesperidin was found to be 8.39 ± 0.61,
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83.98 ± 1.92, 3.03 ± 0.35 and 35.94 ± 0.63 mg/g, respectively, which was comparatively
higher than when using methanol as extraction solvent [47]. It has also been reported
that deep eutectic solvents or aqueous glycerol can replace the traditional solvents for
the extraction of polyphenols (naringin) from citrus peels such as grapefruit peels. It can
increase the extraction of polyphenols and especially naringin flavonoid from grapefruit
peels as compared to water [48].

5. Schematic Overview of the Possible Health Benefit Based on the Literature Review

Since ancient times, citrus fruits have been utilized as natural herbal treatments in tra-
ditional medicine. Citrus peel has been utilized in traditional Chinese medicine to enhance
digestion, minimize gastric gas, bloating, and clear congestion [12]. Clinical and epidemio-
logic research states that eating citrus fruits lowers the risk of lifestyle-related disorders
like cancer, cardiovascular disease, diabetes (type-2), and osteoporosis [49]. Naringin has
been shown to have anticancer, antiapoptotic, cholesterol-lowering, antiatherogenic, and
metal binding capabilities, as well as antioxidant qualities, as shown in Figure 4. Naringin
is also said to enhance medication absorption and metabolism [50].

Figure 4. Potential health benefits of naringin; SOD: superoxide dismutase, ROS: Reactive oxygen
species, GSH: γ-l-glutamyl-l-cysteinyl-glycine (glutathione).

5.1. Anticancer Properties of Naringin

Naringin has been reported to inhibit many malignancies through the regulation of
various cellular signaling cascades, including the inhibition of malignant cell growth, the
induction of apoptosis and also the arresting of the cell cycle and the regulation of oxidative
stress, inflammatory processes, and angiogenesis [51]. It was discovered that naringin
at concentrations of 250–2000 M promoted cell apoptosis in cervical cancer cells (SiHa)
in a dose-dependent way. This impact of naringin is thought to have contributed to the
suppression of cell growth as well and also increase in apoptosis [29].

Naringin in the concentrations of 1 M, 5 M, and 10 M has reduced cell mortal-
ity caused by rotenone in human neuroblastoma cells (SH-SY5Y). In 4, 6-diamidino-2-
phenylindol (DAPI) staining and terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) tests, naringin prevents condensation of chromatin and breakage of DNA
strand production by rotenone [52]. Naringin also decreases rotenone-induced phosphory-
lation of the mitogene-activated kinase (MAPK) family members p38 and Jun NH2-terminal
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protein kinase (JNK) [53]. According to one study, naringin inhibits the growth of cells, and
apoptosis was induced in K562, HL-60, and Kasumi-1 human myeloid leukemia cells in
a concentration- and time-dependent manner by downregulating Mcl-1 expression and
activating the caspase and PARP pathways. In U937 and THP-1 human leukemia cells,
naringin therapy increased cell death and lowered cell cervical proliferation and expan-
sion [54]. The most dangerous and prevalent brain tumors are gliomas, and they are still
fatal despite advances in therapeutic care. As a result, a variety of therapy techniques are
required to combat this deadly disease. In glioblastoma cells, naringin was able to block
FAKp-Try397 and limit focal adhesion kinase (FAK) activity and its downstream pathway.
Naringin treatment of U251 glioblastoma cells and U87 glioblastoma cells restricts their
growth by inhibiting the cyclin D1 pathway or FAK pathway and induces the death of cells
by inhibiting the BAD pathway or FAK pathway. By inhibiting the MMP or FAK pathways,
it prevents metastasis of cells and invasion of cells. In the case of U251 glioma cells, naringin
treatment restricts the proliferation of cells and its viability [55]. Naringin also inhibits
the migration of cells and invasion of cells by modulating the matrix metallopeptidase-2
(MMP-2) expression and MMP-9. As a result, by decreasing the p38 signal transduction
pathways, naringin has a potential and therapeutic effect on the regulation of invasive
malignant gliomas [56].

Breast cancer is a term that refers to various types of cancers. A vast variety of indi-
vidualized treatments for breast cancer have recently been offered, all of which have been
shown to be effective [57]. Chemotherapy and cancer chemoprevention are both carried
out with natural products containing bioactive chemicals. In MCF-7 cell lines, naringin
treatment reduced proliferation and growth while also increasing apoptosis. In canine
mammary cancer cells (CMT-U27), naringin oxime treatment decreased cell proliferation
and viability [53]. Cervical cancer is the second most common cancer in women around the
globe and continues to be difficult. At a dose of 750 M, naringin displayed a 50% suppres-
sion of SiHa human cervical cancer cells. Apoptosis, intra nucleosomal DNA fragmentation,
morphological abnormalities, and mitochondrial transmembrane potential reduction were
seen in SiHa cells. The findings imply that naringin works well in human cervical cancer
treatment [58]. The common extra-cranial solid tumor in children is neuroblastoma. Plant-
derived nutritional chemicals are gaining popularity as a treatment for a variety of solid
tumors, including malignant neuroblastoma [59]. Naringin therapy reduced the viability
of cells and induced apoptosis in rotenone-treated SH-SY5Y human neuroblastoma cells
via inhibiting P38 and JNK phosphorylation and activating caspase-9 and caspase-3 [54].
The common malignant tumor in the endocrine system is thyroid cancer. In SW1736 cells,
a TPC-1 naringin dose dependently raised the expression of Bax, cleaved Caspase3, and
Caspase3, when the expression of c-Myc, cyclin D1, Bcl-2, and survivin decreased. It also
decreased AKT pathway or P13K pathway activation in thyroid cancer (TC) cells. The
naringin showed anti-tumor actions in TC cells by limiting cell division of TC and cell
death promotion by controlling the gene expression associated with cell apoptosis and
division and activating the AKT pathway or PI3K pathway [60].

5.2. Antidiabetic Properties of Naringin

It has been demonstrated that naringin enhances insulin sensitivity. Naringin has
shown that it can improve insulin action and cell uptake of glucose. Insulin resistance is a
major contributor to the onset of type 2 diabetes. This can enhance overall glycemic control
and help control blood sugar levels. Insulin moves sugars from the bloodstream into cells,
where they are used or stored as energy [61]. Diabetes is when the body does not produce
enough insulin or cannot utilize the insulin it makes efficiently [5]. Diabetes is divided into
two types. Type 1 Diabetes is a condition that is autoimmune. Cells in the pancreas, which
make insulin, are attacked and destroyed by the immune system and what generates this
attack remains an enigma. Approximately 10% of diabetics have this type of diabetes [32].
In type 2 diabetes, blood sugar levels increase if the body becomes resistant to insulin [62].
Some enzymes involved in the metabolism of carbohydrates may be inhibited by naringin.

50



Molecules 2023, 28, 5623

It has the ability to block glucosidase, an enzyme that converts complex carbs into simple
sugars. Naringin can lower postprandial glucose levels by blocking this enzyme, which will
slow down the digestion and absorption of carbohydrates. While naringin has the potential
to be an effective anti-diabetic substance, it should not be used as a stand-alone treatment
for diabetes. Along with traditional diabetes treatment techniques like a good diet, frequent
exercise, and prescribed medications, it might be considered as a complimentary strategy.

Naringin is a powerful biomolecule that has the potential to help people with diabetes
and its consequences [63]. Naringin restricts the secretion and sensitivity of insulin, PPAR,
glucose transporters, blood lipids, hepatic glucose production, peripheral glucose uptake,
intestinal glucose absorption, biosynthesis of cholesterol, oxidative stress, and inflamma-
tion [64]. Inflammatory cytokines are elevated and insulin resistance and hyperglycemia
are generated by a high-fat diet. Naringin’s hypoglycemic impact has been thoroughly
documented. Vitamin C (50 mg/kg) with naringin co-treatment improved insulin concen-
tration and oxidative stress reduction in rats with streptozotocin-induced diabetes [5]. In
diabetic nephropathic rats, naringin minimized streptozotocin-induced kidney dysfunction
and damage, inhibited streptozotocin-induced oxidative stress in vivo, and prevented high
glucose-induced apoptosis and ROS levels in vitro [65]. Naringin has anti-inflammatory
and antioxidant benefits in diabetic nephropathic rats, as evidenced by the downregulation
of IL-1, proinflammatory cytokines TNF, and IL-6 and the upregulation of antioxidants
SOD, GSH, and CAT [6].

5.3. Anti-Inflammatory Properties of Naringin

The process by which the body’s white blood cells and the substances they make
protect against bacterial and viral illness is known as inflammation. Flavanone-rich plants,
such as naringin, hesperidin, and neohesperidin, have long been known to have anti-
inflammatory properties [3]. Inflammation is divided into two types. Acute inflammation
is the body’s reaction to a quick injury, such as cutting your finger. Your body sends
inflammatory cells to the wound to help it heal. The healing process begins with these
cells [66]. Chronic inflammation occurs when your body sends inflammatory cells even
when there is no external threat. Inflammatory cells and chemicals assault joint tissues in
rheumatoid arthritis, for example, causing an inflammation that comes and goes and can
cause serious damage to joints, including pain and deformity [67].

The anti-inflammatory process controlled by nuclear factor-erythroid 2–related factor
2 (Nrf2) regulates cellular antioxidant synthesis and thus plays a very important role in pre-
venting various degenerative illnesses [68]. In 3-nitropropionic acid-induced rats, naringin
upregulates the expression of mRNA in HO-1, GST P1, NAD(P)H:quinone oxidoreduc-
tase 1, and g-glutamylcysteine ligase; this is followed by activating Nrf2 and the reduced
expression of proinflammatory mediators like TNF-a, cyclooxygenase-2, and inducible
NO synthase [69]. Naringin did not inhibit cell proliferation, but it did inhibit RANTES
(regulated upon activation of normal T-cell expressed and secreted) production in a human
epidermal keratinocytes cell line (HaCaT cells) by restricting nuclear translocation of NF-
JB [70]. In animal models of inflammation, naringin has been demonstrated to reduce the
production of inflammatory signaling factors like interleukin-8 (IL-8), interleukin-6 (IL-6),
inducible nitric oxide synthase (iNOS), TNF-a, and nuclear factor erythroid 2-related factor
2 (Nrf2). Naringin treatment prevented an improvement in serum IL-6 during aging-related
inflammation in 20-month-old male Wistar rats [54]. Naringin, neohesperidin, paeoniflorin,
and platycodin-D are all found in “painopowder”, a traditional Chinese medicine. The
four-ingredient combination had the greatest anti-inflammatory impact in a model of acute
inflammation, while naringin was shown to have the most important role among the
four substances [71].

5.4. Hepatoprotective Properties of Naringin

The capability of a chemical compound to inhibit liver toxicity is known as hep-
atoprotection [72]. Naringin is suggested to enhance the functioning of the hepatic an-
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tioxidant system as well as the metabolism of hepatotoxic substances [73]. Naringin
exhibits protection against naturally occurring genotoxins in food, like PhIP (2-Amino-1-
methyl-6-phenylimidazo[4,5-b] pyridine) and other cooked food mutagens, by lessening
PHIP induced genotoxicity in human liver segments at a concentration of 1000 M [69].
Naringin (0.05–0.125 g/L) increased ethanol and lipid metabolism in rats, alleviating the
adverse effects of ethanol consumption. It also reduced necrosis, steatosis, and fibrosis in
rat models of alcoholic liver disease, as demonstrated by reduced expression of PGC1α
(Peroxisome proliferator-activated receptor-gamma coactivator) or Sirt1; it is an enzyme
involved in regulating energy metabolism in response to calorie restrictions at a dosage of
100 mg/day [71]. Table 3 describes various medical conditions and the therapeutic effect of
the action of naringin.

Table 3. The therapeutic effect of naringin in different medical condition.

Medical Condition Therapeutic Effects of Naringin Other Possible Treatments References

Diabetes
Improved insulin sensitivity, enhanced glucose

uptake, inhibition of α-glucosidase enzyme,
antioxidant, and anti-inflammatory properties.

Conventional antidiabetic
medications, lifestyle

modifications.
[5]

Cardiovascular Health
Reduction of cholesterol levels, prevention of

LDL oxidation, anti-inflammatory effects,
improvement of endothelial function.

Statins, blood pressure
medications, lifestyle

modifications.
[74]

Cancer
Anticancer properties, inhibition of tumor

growth, induction of apoptosis, antioxidant
and anti-inflammatory effects.

Chemotherapy, radiation
therapy, targeted therapies. [75]

Neurodegenerative Diseases
Neuroprotective effects, reduction of oxidative

stress and inflammation, potential
improvement of cognitive function.

Symptomatic treatments,
rehabilitation therapies. [76]

Liver Health
Protection against liver damage, reduction of

liver fibrosis, antioxidant effects, improvement
of liver enzyme levels.

Lifestyle modifications,
hepatoprotective medications. [77]

Obesity
Suppression of adipogenesis, reduction of

body weight gain, improvement of
metabolic parameters.

Diet and exercise
interventions, weight

loss medications.
[2]

5.5. Pharmacokinetics of Naringin

Studies were conducted with help of rats to understand the pharmacokinetic properties
of naringin. The study of the absorption, distribution, metabolism, and excretion of drugs
is known as pharmacokinetics [78]. Proton-coupled active transport and passive diffusion
are used to absorb flavanone aglycones into the enterocytes. The low molecular weight,
high lipophilicity, and slightly acidic character of aglycones cause passive diffusion. Once
within the cells, naringin is expected to go through phase I metabolism, such as oxidation or
demethylation by cytochrome P450 monooxygenases, then passing to phase II metabolism,
such as sulfation, glucuronidation, or methylation, in intestinal cells or liver cells [79,80].
Naringin is rapidly absorbed in the blood, with the initial concentration peaking at 15 min
and the second peaking at 3 h after naringin monomer oral administration; 480 min
later, it is undetectable [81]. The affinity of these food chemicals for serum albumin, the
primary transport protein, coincides with their tissue distribution and elimination. To begin
with, the bound medication works as a reservoir and has a prolonged half-life, whilst the
unbound portion is responsible for the biological impact. Second, drug binding to this
protein reduces drug filtration by the kidney [82].

In terms of tissue distribution, the liver had the largest quantities of flavanone con-
jugates after repeated or single dose flavanone treatment in rats. By partially undergoing
breakage of the bacterial ring and then the three bridges of carbon to dihydrochalcone
moiety, naringin is eliminated by the kidneys into the urine and by the liver into bile Ac-
cording to Fuhr and Kummert’s findings (1995). Urine excretion ranges from 5 to 57 percent
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of total intake. Sulfates were the most common naringenin type detected in the tissues
of rats. Only the liver and kidney had glucuronide concentrations that could be mea-
sured [83]. The average Cmax of naringin in portal plasma was 18.83.8 min (determined
by the concentration reached at tmax in portal plasma), whereas the absorption ratios of
naringin in portal plasma and lymph fluid were approximately 95.9 and 4.1, respectively,
after naringin administration via a duodenal cannula (600 and 1000 mg/kg). This suggests
that naringin is absorbed largely by portal blood rather than mesenteric lymph fluid and
that it is excreted primarily by bile, with just a tiny quantity entering systemic circulation
following hepatic metabolism [84]. Grapefruit juice, a key factor in pharmacokinetic drug
interactions, possesses a higher amount of naringin, hence it was previously thought to be
moderating these interactions. Despite extensive investigation, the constituents in grape-
fruit juice responsible for drug interaction, particularly P-glycoprotein and CYP3A4 levels,
are unknown; however, it appears that certain coumarins, rather than flavanones, are likely
involved [85]. However, naringin has also been shown to possess therapeutic properties
and has potential as a therapeutic agent to treat numerous diseases such as various liver,
heart, and metabolic disorders [86].

6. Application of Naringin

Naringin has many benefits for numerous industries including the food, pharmaceuti-
cal, cosmetics, and animal feed industries.

6.1. In Cosmetic Industry

The flavonoid naringin has anti-cancer, anti-oxidative, anti-aging, antibacterial, anti-
inflammatory, cholesterol-lowering, and free radical scavenging properties [87]. Studies
show that naringin reduces the risk of toxicity caused by other sunscreen ingredients like
TiO2 when it is added to sunscreen formulations because of its antioxidant activity. It
also scavenges free radicals produced by UV radiation and by the photocatalytic activity
of ZnO and TiO2, which further lowers the risk of toxicity [88]. Essential oils like euca-
lyptus oil, lavender oil, and peppermint oil, are known to have strong antioxidant and
antibacterial qualities that could be employed as environmentally friendly substitutes for
synthetic antioxidants and preservatives in skin care formulations [70,89]. Naringin-loaded
microemulsions were created using essential oils as the oil phase; these microemulsions
showed antioxidant and antibacterial effects that were comparable to or outperformed
those of synthetic ones. In comparison to their unformulated counterparts, naringin-loaded
microemulsion-gel formulations demonstrated improved stability and release profiles. Skin
care formulations have experienced advantages by utilizing microemulsions of essential
oils. These microemulsions enhance the release and permeation of active ingredients into
the skin, improve their stability, and serve as environmentally friendly alternatives to
synthetic antioxidants [90].

6.2. Pharmaceutical Application

The area of the wound and the length of the epithelization phase significantly de-
creased during treatment with naringin ointment formulation, whilst the velocity of wound
contraction dramatically increased. Naringin ointment formulation modulates collagen-1
expression to promote angiogenesis, which in turn promotes wound healing. This is ac-
complished by down-regulating the expression of inflammatory (ILs, NF-Jb, and TNF-a),
apoptotic (pol-g and Bax), and growth factor (TGF-b and VEGF) genes [91]. An investi-
gation was carried out into the potential protective benefits of hesperidin and naringin
against diclofenac-induced liver damage and also the involvement of oxidative stress,
inflammation, and apoptosis modulation. The study found that, when hesperidin and
naringin were given to diclofenac-injected rats, the raised levels of blood LDH, GGT, ALP,
AST, IL-17 levels, total bilirubin, and TNF level, liver p53 and caspase-3 mRNA expression,
liver lipid peroxidation all significantly decreased. Through anti-inflammatory, antioxidant,
and anti-apoptotic effects, hesperidin, naringin, and their combination proved effective for
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reversing diclofenac-induced liver damage. The liver adverse effects of medications like
diclofenac can be treated with naringin, hesperidin, or a combination of the two [92].

6.3. In Livestock Sector

Naringin and quercetin reduce protozoa and methanogen populations in the rumen
and suppress methane production without negatively affecting the parameters of ruminal
fermentation. Daily diets containing hesperidin and naringin have proved successful in
enhancing milk’s oxidative stability while having no negative impacts on the substance’s
chemical compositions, coagulation abilities, or fatty acid profile [93]. According to studies,
adding Macleaya cordata extract at a dosage of 120 mg/kg of diet and naringin at a dosage
of 50 mg/kg of diet to post-weaning piglet diets enhanced growth performance and nutrient
digestibility while having no effect on the villi and crypts’ histo-morphological status in
the jejunum. These results show that these items have the potential to be utilized as feed
supplements to improve the growth performance of weaned piglets [94]. Hesperidin and
naringin, when consumed, had a substantial impact on the antioxidative capacity of broiler
breast and thigh meat, presumably indicating that these bioflavonoids had entered the cell
phospholipid membranes of the broiler muscles. Broiler meat’s slower lipid oxidation rate
has a good impact on meat shelf life, which benefits both the consumer and the poultry
meat industry. Hesperidin and naringin have a good effect on the antioxidative qualities
of meat without having a negative impact on the development capacity and meat quality
features of poultry; for this reason, they can be introduced as a significant additive to
poultry feed [95].

6.4. Food Industry

The use of naringin microspheres in yogurt demonstrated their ability to effectively re-
duce whey precipitation and to slow pH drop. According to a study, naringin-encapsulated
microspheres could extend the shelf life of this bioactive product and offer a fresh concept
for functional yogurt [96]. Hesperidin, naringin, and coumarins have been found to inhibit
xanthine oxidase, which directly reduces cellular free radical production. When compared
to dietary citrus pulp and control diets, feeding dietary citrus pulp prolonged the shelf life
of beef during retail display by increasing antioxidant activity, lowering coliforms, and
reducing lipid and protein oxidation [97]. Naringin’s incorporation caused significant UV
blocking, plasticizing, and antioxidant and antibacterial effects. The biological oxygen
demand (BOD) in saltwater was used to test the biodegradability of these films, showing
excellent disintegration under these circumstances [98]. It was observed that naringin could
prevent browning in soybean and mung bean and could keep their appearance and quality
intact for a period of six days while they were stored. Since naringin treatment enhanced
the quantity of p-coumaric acid and gallic acid in mung bean sprouts while also increasing
the quantity of rutin and daidzein in soybean sprouts, the utilization of naringin for the
postharvest preservation of soybean sprouts and mung bean sprouts will maintain good
consumer quality [99].

7. Conclusions and Future Prospects

Flavonoids are a large group of polyphenolic compounds that are present in almost
every part of the plant, including the leaves, flowers, stems, roots, fruits, and seeds. Al-
though flavonoids are classed differently in the study, they all share a similar structural
foundation. Flavonoids are categorized into six different groups based on the variations in
their substitution and the activity of the carbon skeletons: flavones, flavanones, flavan-3-ols,
flavonols, anthocyanins, and isoflavones. There are almost 10,000 identified flavonoids,
and several studies have shown their antioxidant, pro-oxidant, anti-inflammatory, antivi-
ral/bacterial, antidiabetic, cardioprotective, anticancer, and anti-aging properties. Naringin
(bitter flavonoid) has been reviewed in detail. Commercial grapefruit juice manufacturing
can benefit from the use of the enzyme naringinase to get rid of the bitterness brought on by
naringin. The stomach-based enzyme naringinase transforms naringin in humans into agly-
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cone naringenin. Naringin has been demonstrated to possess anti-cancer, anti-apoptotic,
cholesterol-lowering, anti-atherogenic, antioxidant, and metal binding properties. Naringin
is also reported to improve the metabolism and absorption of medications. It has been
reported that exposure to naringin in-vitro and in-vivo in a variety of test animals and
cell lines has actions that may be used to treat osteoclast genesis, hyperthyroidism, hy-
perlipidemia, diabetes, tumors, and asthma. Recent research indicates that naringin may
potentially be utilized to treat COVID-19. The value of naringin for both therapeutic and
commercial applications has recently been the focus of greater investigation. Naringin is a
promising research subject with several applications.
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Abstract: In this review, we discuss the advantages of vegetable sprouts in the development of
food products as well as their beneficial effects on a variety of disorders. Sprouts are obtained from
different types of plants and seeds and various types of leafy, root, and shoot vegetables. Vegetable
sprouts are enriched in bioactive compounds, including polyphenols, antioxidants, and vitamins.
Currently, different conventional methods and advanced technologies are used to extract bioactive
compounds from vegetable sprouts. Due to some issues in traditional methods, increasingly, the
trend is to use recent technologies because the results are better. Applications of phytonutrients
extracted from sprouts are finding increased utility for food processing and shelf-life enhancement.
Vegetable sprouts are being used in the preparation of different functional food products such as
juices, bread, and biscuits. Previous research has shown that vegetable sprouts can help to fight
a variety of chronic diseases such as cancer and diabetes. Furthermore, in the future, more research is
needed that explores the extraordinary ways in which vegetable sprouts can be incorporated into
green-food processing and preservation for the purpose of enhancing shelf-life and the formation of
functional meat products and substitutes.

Keywords: sprout; bioactive compound; new extraction; functional product; pharmacological role

1. Introduction

Sprouts are germinated from seeds of crops such as radish, cereals (rice and legumes),
soybeans, and trees (Toonasinensis and pepper). Sprouts have been a popular dish in China
for over 5000 years and have now spread to other Eastern countries. Sprout consump-
tion has increased in Western cultures due to a shift in lifestyle towards convenience and
health [1]. Sprouts have become more popular worldwide because of their nutritional
value and health advantages. As compared with adult edible plant portions, sprouts are
abundant in health-promoting bioactive chemicals, vitamins, and minerals. Sprouting
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is a food processing method that boosts the nutritional value of cereals, oilseeds, and
vegetable seeds [2], by inducing macronutrient breakdown and increasing the amounts of
amino acids, simple sugars, and other nutritional components [3]. Sprouting also helps
to reduce anti-nutritional components and to improve sprouts’ digestibility and sensory
aspects. Sprouts aid in the synthesis of new beneficial components such as polyphenols and
vitamin C. Recently, sprouts have grasped consumers’ consumption interests due to their
functional properties and phytonutritional profile. Sprouts have gained popularity as a top
healthy food [4]. Due to the presence of biologically active compounds [5], sprouts have
an important role in preventing several forms of malignancies. In the literature, sprouts
have been shown to have a substantial anti-genotoxic impact against DNA damage [6].
According to Gawlik-Dziki et al. [7], Brassica and vegetable sprouts help to minimize the
incidence of lung and colorectal cancer occurrence. According to epidemiological studies,
the consumption of broccoli sprout-rich foods has been linked to a lower incidence of many
malignancies and chronic degenerative diseases [8]. Cowpea sprouts have been celebrated
for reducing cell proliferation and boosting anti-colorectal cancer activity [9]. Isoflavonoids
in soybean sprouts defend against cancer and cardiovascular disease [10]. Sprouts include
a variety of nutrients that are beneficial to human health and help to avoid a variety of
diseases [11]. According to the research, sprouts are an excellent source of a range of
phenolic compounds that protect against oxidative reactions. Mung bean sprouts have
been reported to lower gastrointestinal issues and heart stroke [12]. Soybean sprouts have
been demonstrated to have health-promoting qualities such as lowering cancer and cardio-
vascular disease risk [13]. Sprouts have been discovered to offer antidiabetic properties. In
studies, Brassica oleracea sprouts have been shown to have antidiabetic, hepatoprotective,
and antioxidant properties. The extracts had a lowering effect on blood glucose levels in the
body and hepatoprotective and antioxidant properties. As a consequence, Brassica sprouts
have anti-hyperglycemic activity [14]. Antibacterial activity has also been discovered in
sprouts. Broccoli and pea sprouts have antibacterial properties against Helicobacter pylori
(bacteria linked to stomach cancer) [15,16]. The purpose of this article is to explore methods
for extracting bioactive components from certain vegetable sprouts to make functional
meals and their bioavailability against certain diseases.

2. Bioactive Components in Different Vegetables Sprouts

Sprouts are recognized due to their high concentration of bioactive compounds [17].
Bioactive chemicals are present in high concentrations in food and food waste. Several
bioactive compounds have been found with a wide range of functional and structural
features [18] (Figure 1).

Natural chemical components present in minute amounts in plants are called bioactive
chemicals [19]. These substances can interact with one or more live tissue components,
resulting in many conceivable outcomes. Bioactive chemicals are naturally occurring
essential and nonessential substances present in the food chain that have been shown to
impact human health. Antioxidants and polyphenols have been studied for their many
biological actions. Due to their unique properties, polyphenols such as protocatechuic
acid, vanillic acid, caffeic acid, quercetin, and kaempferol have been shown to protect
against oxidative damage [20]. Polyphenols are abundant in sprouts [21]. Polyphenols are
reducing agents, hydrogen-donating antioxidants, and singlet oxygen quenchers formed
in response to biotic or abiotic stress. Polyphenols’ multifunctionality is due to their
dispersion in various tissues and organs of plants at various concentrations. Plants produce
phenolic substances that contain at least one aromatic ring with one or more hydroxyl
substituents and can be divided into flavonoids and phenolic acids based on their chemical
structure. In recent years, phenolic compounds have been extensively studied for their
antioxidant, anthelmintic, antiallergenic, anticancer, anti-inflammatory, antiviral, antiulcer,
anti-hepatotoxic, antidiarrheal, and antiproliferative properties [3,22]. Micronutrients
(vitamins and minerals) are important for tissue maintenance, bone and tooth production,
and general health. They help to regulate and coordinate most biological activities and
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other biochemical and physiological functions by acting as cofactors and coenzymes in
diverse enzyme systems. Humans and other creatures require micronutrients at varying
levels throughout their lives to coordinate numerous physiological activities and sustain
health [23,24]. Vitamins are essential for optimal health and perform vital functions in
the human body. Vitamin C, often known as ascorbate, is a micronutrient that humans
require. In humans, vitamin C deficiency inhibits the function of several enzymes and can
lead to scurvy. Ascorbic acid is a cofactor in a variety of essential enzymatic processes [25],
and it is involved in collagen formation. Vitamin E (tocopherols and tocotrienols) protects
DNA, low-density lipoproteins, and polyunsaturated fatty acids against oxidative damage.
Vitamin E is also involved in hemoglobin production, immune response regulation, and
membrane structure stability, and it helps to keep blood coagulation, bone growth, and
healing under control. In newborns, vitamin K deficiency can cause hemorrhagic illness
and surgical bleeding, muscular hematomas, and intracranial hemorrhages in adults [26].

 

Figure 1. Different bioactive compounds in vegetables sprouts.

Minerals are required to perform processes that are necessary for a healthy life. The
human body needs calcium for optimal heart and muscle function, bone production,
and blood cell creation and function. Copper, molybdenum, selenium, and zinc are key
components of various critical enzymes in the human body. In contrast, iron is required for
several protein syntheses, including hemoglobin, which helps to avoid anemia. Magnesium
is necessary for ATP processing and bone health. Sodium and potassium are electrolytes
found throughout the body and are necessary for the coregulation of ATP. Phosphorus is
found in bones and cells, and it also plays a role in energy metabolism, DNA and ATP (as
phosphate), and a variety of other functions [27]. The extraction of bioactive compounds
from different types of vegetable sprouts is shown in Table 1.
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Table 1. Extraction of bioactive compound from vegetables sprouts.

Vegetable Type Extraction/Detection/Methods
Bioactive
Compounds

Solvent References

Water spinach Leafy – Carotenoids and
phenolic acids – [28]

Quinoa Leafy Conventional
–

Phenolics,
flavonoids,
carotenoids
(β-carotene and
lycopene), and
chlorophylls
(a and b)

Ethanol [29]

Brassica Leafy – Polyphenols and
glucosinolates – [30]

Kale and broccoli Leafy

Ultrahigh-performance liquid
chromatography
high-resolution mass
spectrometry

Polyphenols and
glucosinolates Methanol/water [31]

Quinoa Leafy Spectrophotometry
Total phenolic
compounds and
antioxidants

Methanol [32]

Radish, broccoli,
leek, and beetroot Leafy, Root ABTS, FRAP, and ORAC

Polyphenols,
L-ascorbic acid,
carotenoids, and
chlorophylls

Methanol [33]

Garden cress Leafy HPLC, ABTS, and DPPH

Phenolic
compound,
antioxidant„ and
flavonoids

Methanol [34]

Onion Root HPLC and FTIR
Flavonoids,
quercetin, and
glucosides

Ethanol [35]

Broccoli and red
radish

Leafy
Root

Conventional and
HPLC-DAD

Glucosinolates and
phenolic
compounds

Methanol [36]

Turnip Root Gas chromatography, mass
spectroscopy, and DPPH

Phenolics,
glucosinolates, and
antioxidant,

Water [37]

Fennel Root HPLC
Vitamin C,
polyphenols, and
antioxidants

Methanol/water [38]

Brassicaceae Root and leafy FRAP Phenolic compound
and antioxidants Methanol [39]

Brussels Leafy HPLC and spectroscopic
analysis

Chlorophyll,
vitamin C,
polyphenols,
flavonoids, and
antioxidants

Methanol [36]

Sweet potato Root DPPH, spectrophotometer,
LCMS/MS method

Anthocyanin and
antioxidant, Ethanol [40]

Vegetable Leafy –
Glucosinolates,
phenolics, and
isoflavones

– [41]

Brassica Leafy Conventional Sulforaphane – [42]
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3. Conventional and New Extraction Methods Are Used to Extract the
Bioactive Compounds

Several traditional extraction procedures can extract bioactive chemicals from plant
sources. The majority of these methods rely on a solvent’s ability to extract and the use of
heat and/or mixing. The three most common procedures for extracting bioactive chemicals
from plants are Soxhlet extraction, maceration, and hydro distillation [43]. There are both
traditional and modern ways of obtaining isoflavones from plants. Maceration, percolation,
decoction, infusion, Soxhlet extraction, and hot reflux extraction are all examples of tradi-
tional extraction procedures that have been employed to extract bioactive chemicals [44].
As a result, developing quick, safe, and environmentally acceptable technology for ana-
lyzing and separating bioactive chemicals is critical. Isoflavones have been separated via
“ultrasound-assisted extraction (UAE), microwave-assisted extraction (MAE), supercritical
fluid extraction (SFE), and pressured liquid extraction with green solvents such as ionic
water liquids and supercritical carbon dioxide (PLE)”. These methods use organic solvents,
take less time, and produce higher yields and quality [45].

In recent years, natural deep eutectic solvents (DESs) have received much attention
as good green solvents for extracting bioactive chemicals from natural resources [46]. The
current research has looked at the feasibility and effectiveness of extracting isoflavones
from chickpea sprouts using various polarities of natural deep eutectic solvents (DESs),
by testing 20 different DESs that included hydrogen bond acceptors such as “choline
chloride, betaine, and L-proline with different hydrogen bond donors (carboxylic acids,
alcohols, sugars, and amine). The researchers looked at the yields of four isoflavones
(ononin, sissotrin, formononetin, and biochanin A), total flavonoid concentration, and
antioxidant activity to estimate extraction efficiency. Using a Box–Behnken design in
conjunction with response surface techniques, “the components that contribute to optimal
ultrasound-assisted extraction conditions were then examined.” The extraction yields of
isoflavones were significantly affected by DES water content and extraction temperature.
Our findings suggest that DESs might be utilized to extract bioactive chemicals from
a variety of biomaterials [47]. Sprouts from peanuts yield trans-resveratrol in accelerated
solvent extraction [48].

Soxhlet extraction has been used to recover a large number of phytochemicals from
Azadirachta indica (Neem) leaf powder, predominantly nonpolar components [49]. Eval-
uation of Soxhlet extraction for Moringa oliefera leaves resulted in lower yield, as well
as phenolic and flavonoid contents [50]. Centella asiatica extraction was optimized us-
ing Soxhlet extraction, which produced the best results at 25 ◦C, a sample-solvent ratio
of 1:45, 200 rpm agitation speed, and 1.5 h [51]. After removing lipoidal components
from powdered Clitorea ternate flowers with petroleum ether at 60–80 ◦C, the yield was
2.2 percent w/w [52].

After more ethanol extraction from the marc, alkaloids and saponins were confirmed to
be present. However, the anthocyanin, i.e., the main pigment of Clitorea ternate flowers, was
not present, indicating that oxidation and degradation had taken place. As compared with
other solvents such as petroleum ether, chloroform, and water, the extraction of Psidium
guajava L. [53] leaves using ethanolic and hydro alcohol extracts (4:1 v/v) produced the
highest extraction yield with the greatest presence of phytoconstituents (alkaloids, saponins,
carbohydrates, tannins, and flavonoids) [50]. Nonpolar solvents such as petroleum ether
and chloroform revealed no retained active chemicals and very low tannin content in the
extracts, respectively. With the exception of the absence of any alkaloids, water was shown
to be as effective as ethanol. Polar solvents have been shown to work better for removing
bioactive compounds from Psidium guajava [54]. As compared with aqueous extracts of
Garnicia atriviridis, methanol extracts (1:10 w/v) had stronger antioxidant activities, while
the aqueous extracts had better anti-hyperlipidemic activities [50]. Based on total phenolics,
maceration with various solvents at a ratio of 1:10 w/v sample to solvent, for an hour,
revealed that 70% acetone was an effective solvent for Portucala oleracea and 70% methanol
was an effective solvent for flavonoids in Cosmos caudatus [55]. As compared with Soxhlet
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extraction and percolation using a comparable solvent, maceration with 70% ethanol
and powdered dried materials at 1:40 w/v showed the greatest phenolic and flavonoid
concentrations for Moringa oliefera [56]. Using 100% ethanol as the solvent at 75 ◦C and
an irradiation power of 600 W for four cycles, MAE has been evaluated as a new technique
to extract triterpene from Centella asiatica and the yield was increased by two times over
Soxhlet extraction [50]. Combining MAE with enzyme lysis (such as cellulase) has been
shown to increase extraction; the ideal conditions of sample/solvent ratio at 1:36, enzyme
pretreatment at 45 ◦C for 30 min, and irradiation at 650 W for 110 s produced a yield of
27.10 percent. However, Trusheva et al.’s observation that an extra MAE cycle had an
impact on the phytochemical degradation was not examined. The best extraction was
obtained using MAE with 100 W and 1:12.5 sample/solvent ratios on Dioscorea hispida. The
UAE has been shown to be the most productive technique for extracting propolis based
on its high yield, lengthy (10–30 min) extraction duration, and excellent selectivity. To
shorten extraction times and to prevent exposure to high temperatures, UAE was used
to extract thermolabile chemicals such as anthocyanin from floral components. When
extracting Withania somnifera using water as the solvent for 15 min, the yield was at its
highest, reaching 11.85 percent as compared with ethanol and water-ethanol at various 5,
15, and 20 min extraction times. A higher effectiveness on phenolics was observed when
Cratoxylum formosum was extracted using ultrasonic at 45 kHz, 50.33 percent ethanol by
volume, at 65 ◦C for 15 min. Free radical production at irradiation frequencies higher than
20 kHz, however, may need to be taken into account [50].

Sprouts and microgreens are edible seedlings of different vegetables and herbs that
have become increasingly popular due to their positive health benefits and are now referred
to as functional foods or superfoods. Bioactive components have long been appreciated in
broccoli seedlings (Brassica oleracea L. var. Italica). Secondary metabolites have been linked
to several positive health outcomes. In in vitro and animal studies, broccoli seedlings have
been shown to have health benefits. A current study has summarized previous research on
the bioactive components and bioactivities of various broccoli derivatives, as well as the
mechanisms of action associated with them [57]. Conventional and new techniques can be
used to extract bioactive compounds from different types of vegetable sprouts, as shown
in Figure 2.

Figure 2. Conventional and new techniques can be used to extract bioactive compounds from
different types of vegetable sprouts.
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4. Food Applications of Vegetable Sprouts

Nowadays, the food industry has been focused on developing healthier products
that are more responsive to changing customer demands. Recently, sprouted grains have
become a new element in the culinary world. Sprouted grains have a higher nutritional
value, lower antinutrient content, a prime source of bioactive compounds, and a sweeter
flavor, making them a potential new food component [58]. Sprouted grains were formerly
only used in bread, but they may now be found in tortillas, granola, cookies, crackers,
muffins, snacks, bars, morning cereals, side dishes, and salads [59]. Sprouted grains may
be used in various culinary applications without requiring any formulation adjustments,
and they can assist considerably in differentiating products.

After sprouting and drying, a whole grain kernel can be milled into flour or processed
into grits, coarse meals, or flakes, among other granulations. Wheat, rye, spelt, barley,
brown rice, oat, sorghum, millet, quinoa, buckwheat, and amaranth may all be sprouted and
used in several nutritious applications as long as the germ is intact. Bars, cereals, granola,
bread, tortillas, frozen dough, candies, snacks, side dishes, soups, and pasta are common
components. Gluten-free foods such as sprouted sorghum, millet, quinoa, amaranth,
buckwheat, brown rice, and purity protocol oats are naturally gluten-free foods. They
can be added to gluten-free diets to boost nutrition. Because of the wide variety of grains
available, bakers, food scientists, and chefs have a lot of creative freedom. The functional
differences between sprouted grains and their unsprouted counterparts must be recognized
and addressed for optimal formulation, processing, and end-product attributes. Due
to their high nutritional content, interesting technical possibilities, and sensory qualities,
sprouted grains are being exploited as a component in a variety of food product innovations.
The quality of sprouts and their specific culinary behavior depends on the germination
circumstances. In this article, we look at two applications of sprouted grains: the effect of
wheat sprouting time on the production of innovative baking flours and the microbiological
risk of homemade rejuvelac, a sprouted wheat-based fermented beverage [60]. Bakers may
notice a shortening of the proofing period or an increase in bread absorption, contributing
to higher yields.

In tortillas, flour made of sprouted whole wheat can help to soften them, lengthen
their shelf-life, and improve their sensory qualities [40]. The potential of sprouted wheat
to improve the likability of bread and tortillas might lead to an increase in whole grain
consumption, which would be a tremendous step forward in human health, especially
because these staples are frequently consumed on a regular basis [52]. Table 2 shows the
food applications of vegetable sprouts.

Table 2. Food applications of vegetables sprouts.

Sprout Source Application in Food Products Improvement References

Vegetable sprout – Improve nutritional value of different
food product [61]

Radish, red cabbage, vegetable green,
buckwheat and broccoli seeds – Vegetable sprouts are rich in nutrients [62]

Fresh alfalfa and flax sprouts Rabbit meat Modified the fat content, fatty acid, and
phytochemical profile of the meat [63]

Wheat seeds Bread
To examined the profile of phenolic
acids and antioxidant properties of
wheat bread

[64]

Brown rice Wheat bread Sensory acceptance and longer shelf-life [65]

Broccoli Broccoli sprout juice Broccoli sprouts are naturally enriched
in glucoraphanin (GR) [66]

65



Molecules 2022, 27, 7320

Table 2. Cont.

Sprout Source Application in Food Products Improvement References

Brussels Juice It may reduce the risk of cancer of the
alimentary tract [67]

5. Bioavailability of Sprout against Different Diseases

With the intake of plant sprouts, bioavailability has long been regarded as crucial.
The bioavailability of phytochemicals in various sprout diets varies substantially depend-
ing on several parameters. Interindividual factors, including delivery mode, and even
intraindividual biochemical variances and the makeup and function of the gut microbiota
are all factors to consider. In one study, to test iso-thiocyanate bioavailability, mice were
administered either thermally processed broccoli sprout powders or pure isothiocyanate
sulforaphane. The greatest quantities of the isothiocyanate metabolite were discovered in
slightly cooked broccoli sprout powdered meals. In vivo, nonheated broccoli sprouts were
followed by powdered broccoli sprout meals. They identified erusin and sulforaphane
interconversion and observed that erusin was the preferred form in the kidney, liver, and
bladder even when just sulforaphane was digested. It is worth mentioning that the bioavail-
ability of sulforaphane from broccoli sprouts varies greatly depending on the delivery
method [68]. The study suggested the inhibitory effect of broccoli sprout extracts on the
properties of two prostate cancer cell lines characterized by low (AT-2) and high (MAT-
LyLu) metastatic potential. These effects may be due to the fact that broccoli sprouts
contained flavonoids and phenolic acids [7]. A previous study suggested that fava bean
sprouts had higher antioxidant activity because they contained more polyphenols and
l-3,4-dihydroxyphenylalanine (l-DOPA) than the bean itself [69]. The study suggested that
lentil sprouts contained melatonin that is a multifunctional antioxidant neurohormone.
The results showed that germination of lentils increased the content of melatonin. In
another study, Sprague Dawley rats were used to investigate the pharmacokinetic profile
of melatonin after oral administration of a lentil sprout extract and to evaluate plasma
and urine melatonin and related biomarkers and antioxidant capacity. The outcomes
showed that lentil sprout intake increased melatonin plasmatic concentration and atten-
uate plasmatic oxidative stress [70]. Figure 3 shows the bioavailability of sprouts against
different disorders.

 

Figure 3. Bioavailability of sprouts against different disorders.
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5.1. Bioavailability of Sprouts against Brain Issues

Nervous system diseases are a common ailment that will become more common as
populations age. Axonopathy, also known as dying-back axonopathy, is a neurological
illness in which axons become disconnected from their destinations, resulting in functional
impairment. Axons can renew or sprout in response to several neurologic illnesses to
re-establish synaptic function and to reconnect with the target before motor neuron death.
Compensatory motor axon sprouting and neuromuscular junction reinnervation has been
demonstrated in ALS patients, although the disease’s course has typically outpaced these
advantages. In ALS and kindred illnesses defined by dying-back axonopathy, potential ther-
apeutics that encourage compensatory sprouting and reinnervation may delay symptom
onset and may sustain muscle function for extended periods. Many questions concerning
the impact of various disease-causing mutations on axonal outgrowth and regeneration,
especially in motor neurons derived from patient-induced pluripotent stem cells, remain
unsolved. Researchers must mimic the human neuromuscular circuit using motor neurons
created from human-induced pluripotent stem cells to uncover drugs that stimulate axonal
regeneration, sprouting, and reinnervation of neuromuscular junctions [71]. Regarding
colored flavonoids, anthocyanins, the majority of which are highly acylated, and glycosy-
lated forms of cyanidin are abundant in broccoli, radishes, cabbages, and kale sprouts [72].
Recently, anthocyanins have attracted more attention due to their potential to improve brain
function and their role in the prevention and treatment of disorders including diabetes
and obesity. One study suggested that two crude juices of broccoli sprouts had a protec-
tive effect on SH-SY5Y cells treated with the fragment Aβ25–35 because they contained
different amounts of polyphenols and sulforaphane. The sprouts’ juices both protected
against Aβ-induced cytotoxicity and apoptotic cell death as evidenced by cell viability,
nuclear chromatin condensation, and apoptotic body formation measurements [73]. An-
other study suggested that cruciferous vegetables were a good source of sulforaphane. The
results of this study showed that sulforaphane protected against acute brain injuries and
neurodegenerative diseases through activating the Nrf2 signaling pathway [74].

5.2. Compensatory Sprouting as a Potential Therapeutic Strategy for Amyotrophic Lateral Sclerosis

Functional motor recovery can be aided by the sprouting of motor axons and the
reinnervation of denervated NMJs. Axonal sprouting allows motor units to increase
5–8 times their initial size. In amyotrophic lateral sclerosis, there is evidence of motor axon
sprouting [75]. ALS is more common in certain motor neuron subpopulations that are
also less prone to sprouting. In people with amyotrophic lateral sclerosis, compensatory
sprouting may be employed to slow the onset of muscle denervation and weakness. The
global number of ALS cases is expected to rise by 2040. Any drug that can improve the
quality of life for ALS patients is badly needed. Axonal sprouting, which involves the
functional reinnervation of NMJs, has the potential to improve life quality [76]. Phenolic
acids are present in different vegetable sprouts. The diverse neuroprotective effects of
phenolic acids make them interesting candidates for better ALS therapies. Study outcomes
have shown that protocatechuic acid administration at 100 mg/kg in SOD1G93A mice
prolonged survival, recovered motor functions, and decreased gliosis [4,77]. An in vitro
study suggested that antioxidant molecules were capable of rescuing NSC34 motor neuron
cells expressing an ALS-associated mutation of superoxide dismutase 1 [78].

5.3. Bioavailability of Sprouts against Gastrointestinal Tract (GIT) Health Problems

Sprouts may make it easier for you to digest your diet. According to a study, sprouted
seeds increased the amount of fiber in them, making them more accessible. According
to one study, cereals sprouted for five days had up to 133 percent more fiber than non-
sprouted grains. Another study found that growing beans until the sprouts were 5 mm long
boosted the overall fiber content by 226 percent. Sprouting appears to enhance the amount
of insoluble fiber, a type of fiber that aids stool creation and passage through the stomach,
reducing constipation risk. Finally, sprouted beans, grains, vegetables, nuts, and seeds have
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lower antinutrient levels than their non-sprouted counterparts. This makes it easier for
the body to absorb nutrients during digestion [79]. Fiber that the human gut cannot digest
on its own, but some bacteria can digest, is an essential source of nutrients that your gut
microbe need to stay healthy. Fiber helps to stimulate the growth of colonic flora, to increase
the weight of the stool, and to enhance the number of bacteria in the gut. The growth of
bacteria present in the gut enhances the health of the intestines. However, short-chain
fatty acids are produced by anaerobic gut bacteria through saccharolytic fermentation
of complex resistant carbohydrates, which escape digestion and absorption in the small
intestine [80]. In contrast to micro- and macronutritional contents, dietary polyphenols
tend to be recognized as xenobiotic by humans during absorption, and therefore, their
biological accessibility is significantly low. Furthermore, polymerization and structural
complexity influence digestion in the small intestine [81]. The small intestine usually
consumes approximately 5–10% of the absorbed polyphenols. The residual polyphenols
(90–95%) might develop up to millimolar proportions in the large intestine linked to bile
conjugates spilled into lumen in which they are susceptible to the enzymatic reactions of
the gut bacteria species [82]. According to current data, dietary polyphenols that penetrate
gut microflora, also including volatile compounds produced, manufacture and generate
differences in the microbiota community through their prebiotic properties and functioning
as an antiseptic towards infectious intestinal microbiota [83].

Onions have been proven to offer digestive system-protective properties, such as
preventing stomach ulcers, regulating gut flora, and alleviating colitis. In rats, raw onion
sprouts were shown to suppress histamine-induced stomach acid release and to attenuate
ethanol-stimulated gastric ulcers. However, boiling the onion was less effective. In common
carp juveniles, dietary supplementation with onion sprout powder has been shown to
alter gut microbiota by increasing the number of lactic acid bacteria [84]. In rats, bioactive
substances produced from onions, such as quercetin and quercetin monoglycosides, were
found to boost the enzymatic activity of the gut microbiota. In colitis mice caused by
dextran sodium sulfate, quercetin monoglycosides were shown to affect a variety of gut
bacteria. Furthermore, onions and other Allium species have been demonstrated to protect
against upper aerodigestive tract and gastrointestinal tract cancers [85]. Peanut sprout
ethanolic extract at a purification of 80% (v/v) has been administered to loperamide-induced
constipated SD rats, which revealed its laxative effects [86].

5.4. Bioavailability of Sprouts against Cardiovascular Diseases (CVDs)

In hypercholesterolemic Wistar rats, dietary supplementation with onion reversed
high-cholesterol diet-induced changes in lipid mediators such as oxylipin and sphingolipid
profiles [87]. Using an animal model to study increased blood pressure, researchers inves-
tigated the relationship between oxidative stress and a diet rich in broccoli sprouts with
a high quantity of glucoraphanin. After 14 weeks, rats were fed broccoli sprouts that were
either low in the chemical or rich in glucoraphanin. After the trial, they observed that
rats fed a glucoraphanin-rich diet had lower blood pressure and less heart inflammation.
According to the researchers, the benefits were attributed to better antioxidant defense
systems and a decreased glucoraphanin-induced inflammatory response. Broccoli and
broccoli sprouts contain different antioxidants (vitamin E, β-carotene, α-tocopherol, and
ascorbic acid) that may aid in the prevention of cardiovascular diseases. In laboratory rats,
the chemical glucoraphanin increased heart function, decreased inflammation, and boosted
natural antioxidant defenses. When unstable molecules, called free radicals, react with
oxygen in the body, they promote inflammation and cell death, raising the risk of heart
disease and cancer. Antioxidants are supposed to help reduce oxidative stress in the body,
preventing these detrimental consequences. Glucoraphanin is a chemical that boosts the
body’s antioxidant defenses by acting as an indirect antioxidant. It is naturally found in
broccoli and broccoli sprouts [88].

Onions have been shown in trials to enhance lipid profiles and to prevent platelet
aggregation, lowering the risk of heart disease. Onions and their bioactive components have
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been widely researched for their hypocholesterolemia effects in rats fed high-cholesterol or
high-fat diets. Onion sprouts successfully reduced total cholesterol, triglyceride, and low-
density lipoprotein cholesterol levels in hyperlipidemic rats [89]. Polyphenol-rich onion
extract alleviated hyperlipidemia in Sprague-Dawley rats’ livers by upregulating the low-
density lipoprotein receptor (LDLR) and downregulating the 3-hydroxy-3-methylglutaryl
(HMG)-CoA reductase (HMGCR). In addition, Lee et al. [90] found that quercetin-rich onion
peel extract increased fecal cholesterol, reduced the atherogenic index, cardiac risk factor,
and activation of LDLR and cholesterol 7-monooxygenase (CYP7A1) in high-cholesterol
diet-fed mice, indicating that onion had a cholesterol-lowering effect via fecal excretion.
They proved that fecal excretion of onions lowered cholesterol. When onions were added to
a high-cholesterol diet supplied to rats, the bile acid levels in their stools changed. Dietary
onion increased antioxidant enzyme activity and enhanced anti-inflammatory response
and cardiovascular risk markers in rats fed a high-cholesterol diet [66]. An overview of
vegetable sprouts’ bioavailability against different diseases is given in Table 3.

Table 3. Bioavailability of sprouts against different diseases.

Vegetable
Sprout Types

Study Design Disease Recovery References

Cruciferous Human (male
and female) Cancer

Cruciferous vegetables reduce the
risk of cancer by decreasing the
damage to DNA

[91]

Broccoli – –

The biological properties of
broccoli are antioxidant, anticancer,
anticancer, antimicrobial,
anti-inflammatory, anti-obesity,
and antidiabetic activities

[92]

Broccoli Mice and rats Alleviate pain The broccoli sprouts have ability
in pain therapy [36]

Red cabbage, broccoli,
Galega kale and
Penca cabbage

,– –
Different vegetables sprouts have
antioxidant and
anti-carcinogenic properties

[93]

Broccoli Human Cancer Broccoli may reduce the risk of
cancer by managing metabolism [94]

Broccoli Mice Prostate tumorigenesis
Broccoli sprouts have significant
inhibitory effects on
prostate tumorigenesis.

[95]

Alfalfa Mice Inflammation

The study suggests that alfalfa
supplementation can suppress the
production of proinflammatory
cytokines and alleviate acute
inflammatory hazards.

[96]

Brussels – Cancer

Brussels sprouts have cancer
preventive effects which may be
due to a reduction in oxidative
DNA damage

[97]

Spinach, kale, Brussels
sprouts, mustard
greens, green bell
peppers, cabbage,
and collards

Human Binding of bile acids

The results show equal
health-promoting potential of
spinach, kale, brussels sprouts,
mustard greens, green bell
peppers, and collards, as indicated
by their bile acid binding on dry
matter basis

[98]
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Table 3. Cont.

Vegetable
Sprout Types

Study Design Disease Recovery References

Brussels Human –

The results show that compounds
in cooked and autolysed brussels
sprouts can enhance lymphocyte
resistance towards H2O2-induced
DNA strand breaks in vitro

[99]

Radish, broccoli, leek,
and beetroot In vitro Diabetic, obesity

and cholinergic

Different vegetable sprouts can be
used daily as superfoods or
functional food

[33]

Turnip, cauliflower,
and mustard In vitro Cancer

In vitro antiproliferative study
supports that sprouts are a good
source of anticancer agents

[100]

Broccoli In vitro Cancer
In vitro study indicates that
broccoli sprouts can reduce
prostate cancer

[101]

5.5. Bioavailability of Sprouts against Oxidative Stress-Related Diseases such as Cancer
and Diabetes

In addition, secondary metabolites are abundantly present in sprouts, especially the
glucosinolates (GLs), as in the case of the Brassicaceae family [102]. Gulcosinolates consist of
an amino acid group and a thiohydroximate-O-sulfonate attached to the glucose unit [103].
Myrosinase acts to hydrolyse these GLs to thiocyanates and isothiocyanates [89] when
the pH is between 6.0 and 7.0 [79], and then it yields anti-mutagenic activity, having
a limiting effect on oxidative stress and playing a role in chemoprotection, especially in
cancers and diabetes [104]. Glucoraphenin and glucobrassicin are the GLs excessively
present in sprouted radish, which readily enhance antioxidant activity, and consequently
decrease carcinogenesis in the body [105]. Kale sprouts do not have dehydroerucin but
have a better GL profile as compared with sprouted radish due to gluconapoleiferin,
glucoiberin, gluconasturtin, gluconapin, progoitrin, glucobrassicin, neoglucobrassicin, 4-
hydroxyglucobrassicin, and sinigrin, which potentially reduce oxidative stress, and hence,
decrease the risk of related diseases, i.e., diabetes, cancer, and heart diseases [94]. Taniguchi
et al. [106] used Japanese radish sprouts in normal and streptozotin-induced diabetic
mice to show the benefits of cruciferous sprouts on DM. It was shown that radish sprout
consumption decreased plasma levels of fructosamine, glucose, and insulin, suggesting
that the hypoglycemia brought on by radish sprout consumption may not be related
to an increase in insulin synthesis but rather to enhanced sensitivity or an insulin-like
action [107]. It depends on the ktype of sorghum, enzyme-inducing, and anti-proliferative
capabilities. The most effective inducer of quinone oxidoreductase, a phase II detoxifying
enzyme, has been shown to be an extract from black tea (non-tannin) that is abundant in 3-
deoxyanthocyanins. Comparatively speaking, white sorghum extract has been shown to be
a relatively potent inducer. Despite not inducing quinone oxidoreductase, tannin sorghum
extracts have provided the most potent antiproliferative effects on human esophageal and
colon cancer cells.

5.6. Bioavailability of Protein against Malnutrition

Sprouting enhances protein content, as evidenced from a study conducted by Devi
et al. [95] on cowpea (lobia) by enhancing its bioavailability and digestibility. Sprouting
is an interesting phenomenon that influences metabolic enzymes, especially proteinases,
which increase the content of protein [96]. Sprouted chickpeas have more protein content
than black gram. The sprouting process decreases the protease inhibitors and even en-
hances lipase activity, yielding increased content of fatty acids, and this also improves the
digestibility of starches [97].
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6. Sprout Vegetables as an Ingredient or Substitute for Meat Products

Dried sprouted food ingredients have been a trend for healthy/functional foods to
live healthier, particularly by incorporating them into bread making flours or traditional
beverages and juices [108]. With continued research on the influence of sprouted dietary
feed on animals, it has revealed increased phytochemicals, particularly antioxidants, in
the animals’ meat, as well as enhanced fatty acid content, particularly when sprouted
alfalfa and flax were fed to rabbits [54]. Meat product consumption to achieve protein
requirements has increased, and currently, it is difficult to rely on just one livestock source.
With advancements in in vitro meat technology, tissue culturing engineers have started to
develop lab-grown meat [109].

7. Conclusions

It is concluded that sprouts have been introduced as a new food for some years.
Vegetables are basically important plant-based foods. Vegetable sprouts are composed of
bioactive compounds, including phenolic compounds, antioxidants, etc. These bioactive
compounds are extracted from sprouts by using different conventional methods and new
techniques. Plant protein content improvement and enhanced protein bioavailability and
digestibility can set up a better opportunity to research and develop plant-based meat
protein substitutes. Vegetable sprouts are being used to develop functional foods and they
also play an important role in maintaining the stability of food products. Furthermore,
pharmaceutically, they aid in the defense of different types of chronic disorders.

8. Future Prospective and Recommendations

Vegetable sprouts’ potential involvement in the prevention and treatment of chronic
diseases has to be investigated further. The high nutrient content of sprouts may provide
extra lipid-lowering advantages. Sprouts are fiber-rich foods that are likely to provide
a feeling of fullness. It is also crucial to remember that functional meals must be consumed
often in order to offer their somewhat modest benefits. To check the probable positive
effect of vegetable sprout foods on chronic diseases or risk factors related to lifestyle,
a comprehensive scientific human study is required. The influence of the whole meal, which
represents the synergistic effect between components, must be explored by conducting
different studies on extracts and components. It is equally crucial to consider the makeup of
the background diet because it might bias results and could create challenges in connecting
the effects to the fitting dietary elements. The effect of vegetable sprout-based meals on
chronic diseases or risk factors related to lifestyle must reflect the whole diet in order to
apply the trial’s findings in practice. Unfortunately, in vegetable sprout research, because
metabolic changes and their link that may affect biological activity in the body after
consumption have not been taken into consideration, it is difficult to characterize the direct
antioxidant impact of vegetable sprouts. It is necessary to determine the safety of ingesting
the quantities of vegetable sprout extracts utilized in these studies by dietary consumption
of foods containing vegetable sprouts. However, information gained from many types of
experimental studies has contributed to a broader understanding of how the vegetable
sprout food matrix may be advantageous. Keeping in mind the gap between protein supply
and demand, more time is needed to research and develop sprouted vegetable protein-
based products, which would be a better approach because this source would provide
a better choice of protein accompanied by phytochemicals.
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Abstract: The growing number of older adults necessitates tailored food options that accommodate
the specific diseases and nutritional deficiencies linked with ageing. This study aims to investigate the
influence of age-related digestive conditions in vitro on the phenolic profile, antioxidant activity, and
bioaccessibility of minerals (Ca, Fe, and Mg) in two types of unfermented, fermented, and fermented
dried quinoa and lentils. Solid-state fermentation, combined with drying at 70 ◦C, significantly
boosted the total phenolic content in Castellana and Pardina lentils from 5.05 and 6.6 to 10.5 and
7.5 mg gallic acid/g dry weight, respectively, in the bioaccessible fraction following the standard
digestion model, compared to the unfermented samples. The phenolic profile post-digestion revealed
elevated levels of vanillic and caffeic acids in Castellana lentils, and vanillic acid in Pardina lentils,
while caffeic acids in Castellana lentils were not detected in the bioaccessible fraction. The highest
antioxidant potency composite index was observed in digested fermented dried Castellana lentils,
with white quinoa samples exhibiting potency above 80%. Mineral bioaccessibility was greater
in fermented and fermented dried samples compared to unfermented ones. Finally, the digestive
changes that occur with ageing did not significantly affect mineral bioaccessibility, but compromised
the phenolic profile and antioxidant activity.

Keywords: Pleurotus ostreatus; phenolic profile; antioxidant activity; total phenol content; phytic acid

1. Introduction

The ageing population is predominantly due to decreased fertility rates and increased
life expectancy. It is projected that by 2050, the number of individuals over the age of 60 will
reach approximately 2 billion, representing 22% of the global population, with the majority
residing in developing nations [1]. Therefore, the forthcoming expansion of older adults’
population will cause substantial increased demands for food products that are specifically
formulated to meet their preferences and nutritional requirements. Ageing frequently
causes digestive disorders related to changes in the oral cavity, including tooth loss and
wearing dentures, gingivitis, and reduced saliva production. Furthermore, reduced sense of
taste and smell can decrease food palatability and increase inappetence, leading to changes
in the type and quantity of food consumed [2]. Gastric emptying slows down, and the
gastric lipase and pepsin enzyme secretions are reduced, leading to an alkalisation of the
gastric environment. Furthermore, peristalsis in the small intestine decreases, resulting in
reduced secretion of pancreatic enzymes and bile salts [3–5]. These gastrointestinal tract
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alterations may contribute to age-related malnutrition, causing deficiencies in micronutri-
ents, particularly minerals, which can lead to functional decline, fragility, and difficulty in
maintaining independent living [6]. Furthermore, phytochemicals such as polyphenols
may be considerable in chronic diseases, including cardiovascular disease, type II diabetes,
cancer, osteoporosis, and neurodegenerative diseases [4]. Therefore, it is crucial to include
antioxidants and minerals in one’s diet to maintain brain function, support bone and teeth
health, aid cellular and thyroid metabolism, and strengthen the immune system of older
individuals [7–10].

In this scenario, assessing the impact of common gastrointestinal conditions in older
adults on the digestibility of novel ingredients with enhanced antioxidant properties and
improved digestibility is important. This assessment is crucial for creating new highly
nutritious foods adapted to older adults. Therefore, grains and seeds, such as lentils or
quinoa, could be considered good candidates as raw materials for developing protein-rich
functional ingredients. The antioxidant activity of these plant materials is associated with
a high content of phenolic compounds. Lentils have a higher reported total phenolic
content (7.53 mg GAE/g sample) than other legumes, including peas, chickpeas, soybeans,
red kidney, and black beans [11]. Quinoa has a total phenolic content (TPC) of 5.18 mg
GAE/g sample [12], possessing antioxidant properties that are more effective than those
of other cereals and pseudocereals, such as brown rice, millet, whole wheat, barley, oats,
rye, Job’s tears, corn, and amaranth [13]. Furthermore, some of the phenolic compounds
present in lentils are flavonoids, including kaempferol glycosides, catechin/epicatechin
glycosides, and procyanidins [14]. Phenolic acids, namely vanillic acid, ferulic acid, and
their derivatives, and flavonoid compounds such as quercetin, kaempferol, and their
glycosides, were found in quinoa [12,15]. Nevertheless, consumption of these compounds
may not offer full health advantages because of factors such as antinutrients and limited
digestibility. Solid-state fermentation (SSF), however, enhances the antioxidant properties
and nutritional quality of diverse legumes and cereals. Thus, it is possible for the TPC
of fermented plant materials to increase because of the release of phenolic compounds.
These compounds are produced due to the structural breakdown of the cell wall after
fungal colonisation, the action of ligninolytic and hydrolytic enzymes, or the synthesis
of soluble phenolic compounds conducted by the fermentative micro-organism [16]. It
is important to note that this increase is not subjective, but based on scientific evidence
and observations. The variability in antioxidants altered by SSF relies on the binomial
substrate–microorganism and process variables, precluding the generalisation of findings
across studies. Furthermore, studies showed that the TPC of fermented black bean, kidney
bean, and oat samples increased up to twice as much compared to unfermented digested
samples after gastrointestinal digestion, mimicking the healthy adult digestion model [17].

The bioavailability of minerals in plant materials is relatively low due to certain
molecules, such as phytates or phenols, forming complexes [18]. However, SSF was
discovered to decrease phytates by endogenous phytase action, which is activated during
fermentation. This leads to mineral release and increased bioavailability [19].

This study aims to analyse the effect of common age-related digestive conditions on
the phenolic profile and antioxidant activity of the bioaccessible fraction together with the
bioaccessibility of minerals (Ca, Fe, and Mg) of unfermented, fermented, and fermented
dried (hot air drying or lyophilisation) quinoa (white and black) and lentils (Castellana
and Pardina). Furthermore, all samples were subjected to in vitro digestion under healthy
standard GI conditions for comparison.

2. Results and Discussion

2.1. Impact of GI Conditions on the Release of Phenols and Antioxidant Activity of Unfermented
Fermented, and Fermented Dried Lentils and Quinoa

TPC and antioxidant activity changes during digestion were analysed and shown in
Figure 1. In undigested samples, SSF and hot air drying at 70 ◦C resulted in an increase in
TPC content in quinoa and lentils, compared to unfermented flours. The reasons behind
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this increase are elaborated in detail by Sánchez-García et al. [20,21]. During digestion,
the gastrointestinal process induced a rise of free phenols in the bioaccessible fraction,
regardless of the simulated conditions (standard or older adult) and the processing con-
ducted to obtain flour from the substrates. However, this increase was more significant
in lentils, as compared to quinoa, and in the fermented samples (FPL, FCL), compared
to unfermented ones (UFPL, UFCL). Furthermore, samples fermented and dried at 70 ◦C
(FPL-70, FCL-70) showed the highest TPC in the bioaccessible fraction. The optimal condi-
tions for extracting phenols were pH, enzymatic activity, temperature, and stirring during
the digestion process.

Figure 1. Total phenol content (mg gallic acid/g dry basis) in Pardina (a), Castellana lentil (b),
white (c), and black quinoa (d) for unfermented flour (UFPL, UFCL, UFWQ, and UFBQ), fermented
grain/seed (FPL, FCL, FWQ, and FBQ), fermented dried at 70 ◦C (FPL-70, FCL-70, FWQ-70, and FBQ-
70), and fermented lyophilised (FPL-L, FCL-L, FWQ-L, and FBQ-L) flour obtained with a standard or
older adult in vitro digestion model. a,b,c,d Different lowercase letters indicate significant differences
(p < 0.05) between samples. A,B,C Different capital letters indicate significant differences (p < 0.05)
between digestion models.

When TPC in the bioaccessible fractions was measured using two digestive models,
the TPC in the fermented dried samples remained largely unaltered. Due to the common
altered gastrointestinal conditions that appear with ageing, fermented dried lentils at 70 ◦C
are especially interesting in terms of their bioaccessible TPC.

Tungmunnithum et al. [22] reported similar results in 10 bean varieties consumed in
Thailand, with an increase in phenolic and flavonoid content associated with digestion.
Phenol and flavonoid content rose with digestion but decreased during bean cooking.
After gastrointestinal digestion, the TPC and total flavonoid content increased between
9% and 190%, and 4% and 266%, respectively, across different varieties. Physiological
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factors, such as digestive enzymes, bile salts, and pH, play a crucial role in the release of
these compounds. Certain phenolic compounds are not present in free form in grains or
seeds but are bound to the cell wall, creating macromolecular complexes. In addition to
gastric digestion, a low pH causes an increase in polyphenols in their undissociated form,
facilitating their release from the food matrix into the aqueous phase [23,24]. However,
the links between phenolic compounds and carbohydrates are reduced during intestinal
digestion by the action of pancreatic enzymes, bile salts, and a neutral pH (6.9) [23,25].

The phenolic fraction’s chromatographic analysis presented distinct profiles among
the bioaccessible fractions based on both flour variety and the digestive model, as shown in
Tables 1–4. Previously published studies [20,21] also performed the same chromatographic
analysis on all samples before digestion. Furthermore, the chromatograms of the phenolic
profile corresponding to unfermented, fermented, and fermented dried Pardina lentil sam-
ples after gastrointestinal digestion, both under the healthy adult (standard) and the older
adult digestion model, can be found in the Supplementary Materials (Figures S1–S8). Upon
comparison of substrates after in vitro digestion, the bioaccessible fractions of Castellana
lentils demonstrated a greater abundance of vanillic and caffeic acids, whereas Pardina
exhibited a great abundance of 4-O-caffeoylquinic and vanillic acids. White and black
quinoa boasted higher amounts of gallic and vanillic acids, as well as quercitrin, compared
to lentils. However, the quantities of these compounds differed depending on the treatment
undergone by the flours. The bioaccessible portion of the unfermented flours contained
lower levels of these compounds compared to their fermented counterparts, particularly
those exposed to hot air drying. Vanillic and caffeic acids demonstrated a greater increase
in the Castellana lentil, rising from 6.2 to 20 μg/g dry basis and from 3.4 to 10.8 μg/g dry
basis, respectively. In contrast, vanillic acid increased from 7.6 to 20.7 μg/g dry basis in
Pardina lentils. Furthermore, an increase in gallic acid was observed in both white and
black quinoa samples fermented and dried at 70 ◦C. The increase in gallic acid was apparent
and rose from 20 to 139 μg/g dry basis in white quinoa and from 30 to 42 μg/g dry basis in
black quinoa. Consequently, SSF plus drying facilitates the liberation of specific phenolic
acids and flavonoids, resulting in their incorporation into the water-soluble bioaccessible
fraction during gastrointestinal digestion.

Table 1. Phenolic content (μg/g dry basis) in digested Pardina lentil for unfermented flour (UFPL),
fermented grain (FPL), fermented dried at 70 ◦C (FPL-70), and fermented lyophilised (FPL-L) flour.

Digested (Standard) Digested (Older Adult)

UFPL FPL FPL-70 FPL-L UFPL FPL FPL-70 FPL-L

Phenolic acids
Gallic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Caffeic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

p-Coumaric acid 4.5 ± 0.5 cB 2.87 ± 0.08 bB 3.19 ± 0.19 bA 2.14 ± 0.07 aA 2.2 ± 0.2 aA 2.33 ± 0.04 aA 3.02 ± 0.18 bA 2.0 ± 0.3 aA

Sinapic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
4-O-Caffeoylquinic 88 ± 31 bA 49.5 ± 0.2 aB 42 ± 3 aB 60.6 ± 0.3 bB 86 ± 7 cA 34 ± 5 aA 32 ± 3 aA 46.9 ± 0.3 bA

4-Hydroxybenzoic
acid 4.4 ± 0.2 aA 4.14 ± 0.15 aB 4.0 ± 0.5 aB 3.88 ± 0.13 aB 3.3 ± 0.3 bA 3.375 ± 0.010

bA 2.1 ± 0.3 aA 2.90 ± 0.17 bA

Vanillic acid 7.6 ± 0.5 aA 19.8 ± 0.6 cB 20.7 ± 0.5 cB 17.81 ± 0.12 bB 7.5 ± 0.7 aA 13.89 ± 0.12 bA 16.8 ± 0.7 cA 13.4 ± 1.3 bA

Ferulic acid 4.6 ± 1.2 bA 2.29 ± 0.02 aB 2.1 ± 1.3 aA 2.58 ± 0.09 aA 3.0 ± 0.2 cA 2.03 ± 0.03 aA 2.06 ± 0.03 aA 2.47 ± 0.11 bA

trans-Cinnamic
acid traces 3.02 ± 0.08 aA 9.5 ± 0.7 bA 2.19 ± 0.17 aA n.d. 2.75 ± 0.02 aA 9.0 ± 0.6 bA 2.0 ± 0.3 aA

Flavonoids
Rutin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Epicatechin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Quercetin

3-glucoside n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Quercitrin 4.7 ± 0.4 B n.d. traces traces 2.0 ± 0.4 A traces traces traces
Apigenin-7-
glucoside 0.62 ± 0.07 A n.d. traces traces 2.80 ± 0.06 cB 2.28 ± 0.03 b 2.195 ±

0.007 a 2.67 ± 0.10 c

Quercetin 5.3 ± 0.4 aB 5.181 ± 0.006 a 5.0 ± 0.4 a 5.776 ± 0.008 a 0.78 ± 0.05 A traces traces traces
Naringenin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Kaempferol n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

The results represent the mean of three repetitions with their standard deviation. a,b,c Different lowercase letters
indicate significant differences between flours, and A,B different capital letters indicate significant differences
between digestion models (p < 0.05); n.d.: not detected; and traces: not quantifiable.
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Table 2. Phenolic content (μg/g dry basis) in digested Castellana lentil for unfermented flour (UFCL),
fermented grain (FCL), fermented dried at 70 ◦C (FCL-70), and fermented lyophilised (FCL-L) flour.

Digested (Standard) Digested (Older Adult)

UFCL FCL FCL-70 FCL-L UFCL FCL FCL-70 FCL-L

Phenolic acids
Gallic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Caffeic acid 3.4 ± 0.4 aB 5.5 ± 0.7 bB 10.8 ± 1.3 cB 5.9 ± 0.4 bA 2.50 ± 0.06 aA 3.3 ± 0.2 abA 4.4 ± 0.2 bA 6.6 ± 0.7 cB

p-Coumaric acid 6.2 ± 1.0 cA 1.91 ± 0.04 aB 3.0 ± 0.2 bB 1.74 ± 0.05 aA 6.4 ± 1.3 bA 1.637 ± 0.007 aA 1.80 ± 0.14 aA 1.86 ± 0.08 aA

Sinapic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
4-O-Caffeoylquinic n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
4-Hydroxybenzoic

acid n.d. 4.5 ± 1.4 a 5.5 ± 0.9 a 7.4 ± 0.4 a n.d. n.d. n.d. n.d.

Vanillic acid 6.2 ± 1.2 a 18 ± 3 b 20 ± 2 b 24 ± 2 b traces traces traces traces
Ferulic acid traces n.d. n.d. n.d. n.d. n.d. n.d. n.d.

trans-Cinnamic acid n.d. 1.6 ± 0.3 aA 8.9 ± 0.9 bB 1.93 ± 0.03 aA n.d. 2.25 ± 0.06 aB 5.8 ± 0.2 cA 3.3 ± 0.3 bB

Flavonoids
Rutin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Epicatechin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Quercetin 3-glucoside traces traces traces n.d. traces n.d. n.d. n.d.

Quercitrin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Apigenin-7-glucoside n.d. 2.61 ± 0.09 aB 5.4 ± 0.6 bB 3.23 ± 0.06 aA n.d. 2.33 ± 0.03 aA 3.8 ± 0.4 cA 3.13 ± 0.15 bA

Quercetin n.d. n.d. n.d. n.d. traces traces traces traces
Naringenin n.d. traces traces traces n.d. traces traces traces
Kaempferol n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

The results represent the mean of three repetitions with their standard deviation. a,b,c Different lowercase letters
indicate significant differences between flours, and A,B different capital letters indicate significant differences
between digestion models (p < 0.05); n.d.: not detected; and traces: not quantifiable.

Table 3. Phenolic content (μg/g dry basis) in digested white quinoa for unfermented flour (UFWQ),
fermented seeds (FWQ), fermented dried at 70 ◦C (FWQ-70), and fermented lyophilised (FWQ-L) flour.

Digested (Standard) Digested (Older Adult)

UFWQ FWQ FWQ-70 FWQ-L UFWQ FWQ FWQ-70 FWQ-L

Phenolic acids
Gallic acid 20 ± 2 a 77 ± 7 cA 139 ± 13 dB 56 ± 3 bA traces 68 ± 8 bA 75 ± 9 bA 43 ± 7 aA

Caffeic acid 6.7 ± 0.9 b 2.09 ± 0.09 aB 2.7 ± 0.6 aB traces traces 0.83 ± 0.06 aA 0.88 ± 0.02 aA traces
p-Coumaric acid 2.9 ± 0.9 A n.d. traces traces 6.8 ± 1.0 B n.d. traces traces

Sinapic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
4-O-Caffeoylquinic n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
4-Hydroxybenzoic

acid n.d. traces n.d. n.d. n.d. traces n.d. n.d.

Vanillic acid 16 ± 2 bB 3.5 ± 0.4 aA 5.0 ± 0.4 aA 3.1 ± 0.3 aA 8.3 ± 0.9 cA 2.93 ± 0.02 aA 4.1448 ± 0.0014 bA 3.0 ± 0.4 aA

Ferulic acid 9.0 ± 1.0 bA traces 1.68 ± 0.12 aA traces 8.6 ± 0.7 bA traces 1.699 ± 0.004 aA traces

trans-Cinnamic acid traces 1.3 ± 0.2 bA 2.95 ± 0.05 cA 0.74 ± 0.05
aA traces 2.14 ± 0.08 bB 3.69 ± 0.02 cB 1.87 ± 0.10 aB

Flavonoids
Rutin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Epicatechin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Quercetin 3-glucoside 4.5 ± 1.0 a 3.162 ± 0.014 a n.d. n.d. n.d. n.d. n.d. n.d.

Quercitrin 6.2 ± 0.3 abA 6.7 ± 0.9 bB 6.60 ± 0.08 abA 5.3 ± 0.4 aA 6.8 ± 1.7 bA 3.51 ± 0.10 aA 5.9 ± 0.7 abA 4.0 ± 1.1 abA

Apigenin-7-glucoside 2.23 ± 0.04 a 2.62 ± 0.08 aA 9.3 ± 0.4 cB 3.43 ± 0.14 bB n.d. 2.33 ± 0.03 bA 8.40 ± 0.03 cA 1.99 ± 0.04 aA

Quercetin traces traces traces traces traces traces traces traces
Naringenin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Kaempferol n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

The results represent the mean of three repetitions with their standard deviation. a,b,c,d Different lowercase letters
indicate significant differences between flours, and A,B different capital letters indicate significant differences
between digestion models (p < 0.05); n.d.: not detected; and traces: not quantifiable.

Older adult simulated conditions resulted in a significant reduction in the variety and
number of phenolic compounds present in the bioaccessible fraction when compared to
standard digestive conditions. However, chromatographic analysis did not detect all com-
pounds in samples digested under the older adult model. In contrast, the same compounds
were found in the bioaccessible fraction obtained using the standard model. This applies to
vanillic and 4-hydroxybenzoic acids in the Castellana lentil. Phenolic compounds, found
in various plant sources, can have preventive health benefits for humans. The extent of
these benefits depends on the compounds’ structure, such as their degree of glycosylation
or acylation, molecular size, solubility, and conjugation with other phenols. These factors
ultimately determine their absorption and metabolism [26]. Vanillic acid [27,28], caffeic
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acid [29,30], and gallic acid [31,32] are widely recognised as common phenolic acids that
exhibit diverse chemical and pharmacological properties, such as analgesic, anticancer, anti-
inflammatory, antioxidant, antimicrobial, cardioprotective, and neuroprotective activities.

Table 4. Phenolic content (μg/g dry basis) in digested black quinoa for unfermented flour (UFBQ),
fermented seed (FBQ), fermented dried at 70 ◦C (FBQ-70), and fermented lyophilised (FBQ-L) flour.

Digested (Standard) Digested (Older Adult)

UFBQ FBQ FBQ-70 FBQ-L UFBQ FBQ FBQ-70 FBQ-L

Phenolic acids
Gallic acid 30 ± 4 aB 21 ± 3 aB 42 ± 2 bB 39 ± 3 bB 15 ± 2 aA 16.03 ± 0.18 aA 29.81 ± 0.12 bA 27.7 ± 2.0 bA

Caffeic acid 2.08 ± 0.18 A n.d. n.d. n.d. 1.87 ± 0.06 A n.d. n.d. n.d.
p-Coumaric acid traces traces traces traces 1.97 ± 0.06 b traces traces 1.30 ± 0.07 a

Sinapic acid 15 ± 3 bA 1.29 ± 0.17 aA traces 2.19 ± 0.03 aB 32 ± 3 bB 1.34 ± 0.11 aA traces 1.64 ± 0.12 aA

4-O-Caffeoylquinic n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
4-Hydroxybenzoic

acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Vanillic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ferulic acid 4.9 ± 0.4 A traces traces traces 8.79 ± 0.04 B traces traces traces

trans-Cinnamic acid traces traces traces traces traces traces traces traces
Flavonoids

Rutin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Epicatechin traces n.d. n.d. n.d. traces traces traces traces

Quercetin 3-glucoside n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Quercitrin 10.0 ± 1.0 bA 3.7 ± 0.4 aA 5 ± 3 abA 8.71 ± 0.11 abB 11.5 ± 1.3 bA 6.95 ± 0.07 aB 6.030 ± 0.009 aA 5.4 ± 0.3 aA

Apigenin-7-glucoside n.d. 2.23 ± 0.13 aA 3.6 ± 0.5 bA 3.92 ± 0.02 bB n.d. 3.0 ± 0.3 aA 3.2 ± 0.4 aA 2.9 ± 0.3 aA

Quercetin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Naringenin n.d. 1.58 ± 0.18 aA 2.6 ± 0.3 bA 3.04 ± 0.08 bB n.d. 2.77 ± 0.08 aB 2.33 ± 0.15 aA 2.26 ± 0.10 aA

Kaempferol n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

The results represent the mean of three repetitions with their standard deviation. a,b Different lowercase letters
indicate significant differences between flours, and A,B different capital letters indicate significant differences
between digestion models (p < 0.05); n.d.: not detected; and traces: not quantifiable.

The antioxidant activity of the bioaccessible fraction was assessed through three
assays: ABTS, FRAP, and DPPH. Table 5 displays the indexes for each assay and the
antioxidant potency composite index (APCI). The ABTS-antioxidant activity increased
following in vitro digestion, whereas no changes or slight decreases were observed in the
FRAP and DPPH assays. Significant differences were found in the antioxidant activities of
the bioaccessible fraction, with lower values when older adult conditions were used. The
ABTS and DPPH antioxidant capabilities were reduced between 1% and 50%. However, the
FRAP assay showed a decrease only in lentils, whereas quinoa showed an increase ranging
from 10% to 70% for the digesta values of the older adult model compared to those of the
standard model. Gallego et al. [33] discovered similar results when evaluating the effect of
cooking different legume pastes on antioxidant activity after gastrointestinal digestion using
the DPPH, ABTS, and FRAP methods. The study indicated a noteworthy improvement in
the antioxidant activity of lentil pastes, reaching 12-fold greater levels than their original
undigested content. However, they also found up to a four-fold reduction in pea paste
using the DPPH method. The authors explained that these differences were due to the
activity of enzymes in the gastrointestinal system. These enzymes promote the breakdown
of proteins and peptides, resulting in the release of amino acids and phenolic compounds,
and the exposure of internal groups. These factors impact the amount, dimensions, and
physicochemical features of these compounds and influence the antioxidant potential.
Koehnlein et al. [34] suggested that the high antioxidant capacity of cereals and legumes
following gastrointestinal digestion may be due to the partial hydrolysis of total phenols
and an increase in their content. Furthermore, the hydroxyl groups on the aromatic rings
of the phenolic compounds may be deprotonated. Of all the treatments, flours that were
fermented and dried 70 ◦C displayed the greatest antioxidant activity after gastrointestinal
digestion. The fermented flours derived from Castellana lentil (FCL-70) and white quinoa
(FWQ-70) demonstrated greater antioxidant capacity with an APCI exceeding 90% and
80%, respectively. Consequently, the results confirm the effectiveness of SSF followed by
hot air drying (70 ◦C) in generating flours that boast an improved functionality of the
bioaccessible fraction.
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The effect of gastrointestinal conditions shows different trends depending on the pre-
treatment of the food and the substrate itself, as well as the methodology used to measure
the antioxidant activity. A significant reduction is only observed for DPPH in Pardina
lentils and for ABTS in black quinoa after using the older adult model. However, white
quinoa and Castellana lentils maintain or even increase the values reported by the control
model. These data could help develop new products for this population group, because a
high antioxidant capacity is necessary for good health.

2.2. Impact of GI Conditions on the Bioaccessibility of Phytic Acid and Minerals of Unfermented,
Fermented, and Fermented Dried Lentils and Quinoa

Minerals are inorganic substances found in all tissues and bodily fluids, which are vital
for maintaining specific physicochemical processes essential for life [35,36]. They have struc-
tural functions involving the skeleton and soft tissues and regulatory functions including
neuromuscular transmission, blood clotting, oxygen transport, and enzyme activity [37].
Legumes and pseudocereals are excellent sources of minerals such as calcium, iron, zinc,
potassium, and magnesium [38,39]. The mineral content of unfermented, fermented, and
fermented dried samples (Mg, Ca, and Fe) was evaluated pre- and post-gastrointestinal
digestion, as shown in Table 6. Undigested samples revealed that SSF and ensuing drying
caused an increase in Mg and Ca contents, with increases in Mg ranging from 1% to 20%
and Ca from 12% to 59%. Significant differences in Ca content were found in all samples,
whereas significant differences in Mg content were found only in Castellana lentil and white
quinoa samples dried at 70 ◦C and lyophilised. In contrast, SSF decreased the Fe content in
all samples between 2% and 11%, with a significant difference in Pardina lentil and white
quinoa samples. Furthermore, the drying process increased the Fe content between 2% and
23% only in white and black quinoa samples, with significance in the fermented samples
dried at 70 ◦C.

Table 6. Mineral content (μg/g dry basis) in undigested and digested Pardina and Castellana lentils
and white and black quinoa for unfermented flour (UFPL, UFCL, UFWQ, and UFBQ), fermented
grain/seed (FPL, FCL, FWQ, and FBQ), fermented dried at 70 ◦C (FPL-70, FCL-70, FWQ-70, and
FBQ-70), and fermented lyophilised (FPL-L, FCL-L, FWQ-L, and FBQ-L) flour, under standard and
older adult simulated gastrointestinal conditions.

Magnesium (Mg) Calcium (Ca) Iron (Fe)

Undigested
Digested

(Standard)

Digested
(Older
Adult)

Undigested
Digested

(Standard)

Digested
(Older
Adult)

Undigested
Digested

(Standard)
Digested

(Older Adult)

Pardina Lentil
UFPL 112.6 ± 0.9 aB 76 ± 4 aA 71 ± 3 aA 62 ± 2 aB 43 ± 4 cA 44.1 ± 0.6 bA 11.3 ± 0.3 cB 1.60 ± 0.05 aA 1.05 ± 0.14 aA

FPL 125 ± 3 bB 78 ± 2 aA 70 ± 3 aA 90.5 ± 0.9 cB 22 ± 3 bA 15 ± 3 aA 10.05 ± 0.04bC 3.168 ± 0.004 cB 2.45 ± 0.02 bA

FPL-70 112 ± 2 aB 74 ± 5 aA 75 ± 10 aA 79.6 ± 0.4 bB 12 ± 2 aA 12 ± 4 aA 8.92 ± 0.05 aB 2.6 ± 0.3 bA 2.2 ± 0.3 bA

FPL-L 109 ± 2 aB 71 ± 7 aA 76.4 ± 0.6 aA 80 ± 2 bB 44 ± 5 cA 52 ± 2 cA 8.9 ± 0.3 aB 2.60 ± 0.02 bA 2.78 ± 0.08 cA

Castellana Lentil
UFCL 122 ± 2 aB 82 ± 7 aA 84.8 ± 0.9 aA 64.1 ± 0.9 aB 48 ± 6 aA 43 ± 4 aA 9.04 ± 0.07 aB 1.4 ± 0.3 aA 1.5 ± 0.3 aA

FCL 127 ± 4 abB 93 ± 5 abA 96 ± 2 cA 94.0 ± 1.0 bB 61 ± 6 bA 57 ± 9 bA 8.9 ± 0.2 aC 5.8 ± 1.0 bB 4.43 ± 0.03 cA

FCL-70 142 ± 4 cC 102 ± 2 bB 91 ± 2 bA 102 ± 5 bB 58 ± 3 bA 43 ± 6 aA 9.2 ± 0.3 aC 5.0 ± 0.2 bB 3.8 ± 0.2 bA

FCL-L 135 ± 3 bcC 107 ± 10 bB 92.5 ± 0.4 bcA 101 ± 6 bB 49 ± 5 aA 54 ± 5 abA 8.8 ± 0.2 aB 6.0 ± 1.4 bA 4.56 ± 0.12 cA

White Quinoa
UFWQ 218 ± 2 aB 146 ± 3 aA 139 ± 6 abA 63 ± 2 aB 32.1 ± 1.5 aA 38 ± 3 aA 3.67 ± 0.02 bB 3.3 ± 0.2 bA 3.1 ± 0.6 aA

FWQ 232 ± 10 aB 163.7 ± 1.3 bA 157 ± 10 bA 81 ± 4 bB 72 ± 7 cB 47 ± 4 cA 3.45 ± 0.02 aB 2.4 ± 0.2 aA 2.0 ± 0.5 aA

FWQ-70 261 ± 3 bB 163 ± 7 bA 156 ± 3 bA 79 ± 3 bC 65 ± 6 cB 45 ± 3 bA 4.54 ± 0.07 cB 3.50 ± 0.04 bA 2.9 ± 0.5 aA

FWQ-L 248.3 ± 1.3 bC 166 ± 5 bB 133 ± 11 aA 78.4 ± 0.6 bB 49.8 ± 0.7 bA 54 ± 3 cA 3.78 ± 0.13 bB 2.9 ± 0.3 abA 2.2 ± 0.6 aA

Black Quinoa
UFBQ 210 ± 8 aB 111 ± 10 aA 135 ± 6 aA 55 ± 2 aB 36 ± 4 aA 36 ± 5 aA 4.3 ± 0.3 abB 2.9 ± 0.4 bA 3.3 ± 0.2 bA

FBQ 212.0 ± 1.4 aB 136 ± 2 abA 135 ± 11 aA 63 ± 2 bA 56 ± 5 bA 60 ± 10 cA 3.86 ± 0.03 aB 1.9 ± 0.2 aA 1.54 ± 0.09 aA

FBQ-70 217 ± 12 aB 145 ± 2 bA 138.9 ± 0.7 aA 62 ± 2 bA 57 ± 12 bA 41 ± 4 bA 4.5 ± 0.2 bB 2.2 ± 0.6 bA 1.6 ± 0.3 aA

FBQ-L 220 ± 7 aB 130 ± 16 abA 144 ± 2 aA 66 ± 4 bA 58 ± 10 bA 42 ± 5 bA 4.4 ± 0.2 abB 1.7 ± 0.3 aA 1.8 ± 0.3 aA

The results represent the mean of three repetitions with their standard deviation. a,b,c Different lowercase
letters indicate significant differences (p < 0.05) between flours. A,B,C Different capital letters indicate significant
differences (p < 0.05) between digestion models.
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When comparing the undigested and digested samples, the findings indicate that the
digestive process led to a decrease in mineral content (Mg, Ca, and Fe) in the bioaccessible
fraction. Despite the digestion model used, the fermented and fermented dried samples
exhibited higher Mg content than the unfermented samples in the 3% to 30% range. How-
ever, a notable difference was only observed in Castellana lentils and white quinoa. The
fermented and fermented dried samples of Castellana lentil and white and black quinoa
exhibited a significant increase in Ca content ranging from 18% to 124%. However, the
fermented and fermented dried samples of Pardina lentil exhibited a decrease in Ca content.
Regarding Fe content, both Castellana and Pardina lentils experienced a notable increase,
ranging from 63% to 329% in their fermented and fermented dried samples. Furthermore,
a decrease was observed in the fermented and fermented dried samples of white and black
quinoa. Therefore, it can be inferred that mineral bioaccessibility is enhanced through the
fermentation process.

When comparing digestion models, it was found that the older adult digestion model
demonstrated a decrease in mineral content when evaluated against the standard. Despite
individual cases of significant differences, no overall significant differences were observed
between the digestion models.

Many legume grains, cereals, and pseudocereal seeds contain varying concentrations
of phytic acid. Upon ingestion, it remains undigested in the human digestive system due
to the lack of the phytase enzyme. Phytic acid can bind to crucial micronutrients such
as iron, calcium, magnesium, and zinc, reducing their absorption during gastrointestinal
digestion [18]. Processes such as SSF are used to reduce this anti-nutrient. This study
analyses the effects of SSF and drying on the bioaccessibility of phytic acid in unfermented,
fermented, and fermented dried samples of Castellana and Pardina lentils and white
and black quinoa. The analysis was conducted using standard and older adult in vitro
digestion models, as illustrated in Figure 2. A marked reduction in the phytate content of
approximately 90% can be observed in undigested fermented and fermented dried samples
of Castellana lentil, as well as white and black quinoa as compared to their unfermented
counterparts. Furthermore, there is no significant effect on Pardina lentils. These findings
indicate that the decrease in this anti-nutritional factor is due to the activation of the
endogenous phytase present in each substrate, as discussed previously [20,21]. When the
undigested and digested samples were compared, a significant reduction in phytic acid
release was observed after gastrointestinal digestion. The reductions ranged from 70% to
80% in unfermented lentil samples (Pardina and Castellana) and quinoa (white and black)
regarding their initial content (undigested).

For both digested and fermented dried samples, black quinoa saw a reduction of
approximately 40%, whereas Pardina lentils saw a reduction of approximately 80%. In
contrast, the reduction in Castellana lentils and white quinoa was 100%, which was due
to their minimal phytic acid content in undigested samples rather than the simulated
gastrointestinal digestion’s physiological conditions. Therefore, a reduction in phytic
acid in fermented and dehydrated fermented samples may be associated with increased
levels of Mg, Ca, and Fe following gastrointestinal digestion. Chawla et al. [40] evaluated
the impact of SSF in black-eyed pea seed flour using an Aspergillus oryzae strain on the
mineral bioavailability of iron and zinc. They determined that after 96 h of fermentation,
iron and zinc increased from 17.3% to 30.2% and from 14.4% to 29.6%, respectively. The
authors attributed the improved mineral bioaccessibility to the degradation of anti-nutrient
compounds, including phytic acid.

When comparing digestion models, a significant difference was observed between
the standard model and the older adult model for Pardina lentils. However, no significant
differences were found for Castellana lentils, white quinoa, and black quinoa. Therefore,
there is no significant effect of the occurrence of digestive disorders with age. Couzy
et al. [41] studied zinc absorption in older and younger subjects (with similar zinc status)
using serum concentration curve (SCC). They administered soy milk fortified with 50 mg
of zinc containing three levels of phytic acid: 0, 0.13, and 0.26 g/200 mL. They found that
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phytic acid reduced zinc absorption as the concentration of phytic acid increased in the
beverage. Furthermore, they indicated that there were no differences between the older
and younger subjects.

Figure 2. Phytic acid content (mg/g dry basis) in Pardina lentil (a) and Castellana lentil (b) and
white (c) and black quinoa (d) for unfermented flour (UFPL, UFCL, UFWQ, and UFBQ), fermented
grain/seed (FPL, FCL, FWQ, and FBQ), fermented dried at 70 ◦C (FPL-70, FCL-70, FWQ-70, and
FBQ-70), and fermented lyophilised (FPL-L, FCL-L, FWQ-L, and FBQ-L) flour obtained with a
standard and older adult in vitro digestion model. a,b,c Different lowercase letters indicate significant
differences (p < 0.05) between samples. A,B,C Different capital letters indicate significant differences
(p < 0.05) between digestion models.

3. Materials and Methods

3.1. Materials

Lentils (Lens culinaris) of the Pardina and Castellana varieties from Hacendado® and
quinoa (Chenopodium quinoa Wild) of white and black varieties from the Hacendado® and
Nut&me brands, respectively, were obtained from local stores in Valencia (Spain). The Pleu-
rotus ostreatus strain was acquired from the Spanish Type Culture Collection (CECT20311).

Pepsin from porcine gastric mucosa (≥3200 U/mg), pancreatin from porcine pancreas
(8 × USP), bovine bile (dried, unfractionated), p-toluene-sulfonyl-L-arginine methyl ester
(TAME, T4626), analytical grade salts (potassium chloride, potassium dihydrogen phos-
phate, sodium bicarbonate, sodium chloride, magnesium chloride hexahydrate, ammonium
carbonate, and calcium chloride), potato starch, sodium phosphate, maltose standard, 3,5-
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dinitrosalicylic acid (DNS), potassium sodium tartrate tetrahydrate, sodium hydroxide,
thioglycolic acid, phytic acid sodium salt hydrated from rice, 2,2’-bipyridine, formic acid,
2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS), Folin–Ciocalteu reagent, 2,4,6-tripyridyl-s-triazine (TPTZ), gallic acid, (±)-6-
Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), glucose, and mycopep-
tone were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA).

For HPLC analysis, vanillic acid, quercetin 3-glucoside, quercetin, quercitrin, 4-
hydroxybenzoic acid, rutin, epicatechin, trans-cinnamic acid, ferulic acid, naringenin,
caffeic acid, 4-O-caffeoylquinic, p-coumaric acid, apigenin-7-glucoside, kaempferol, and
sinapic acid were obtained from Sigma-Aldrich as an analytical standard (HPLC grade).
Acetic acid glacial, concentrated hydrochloric acid, ethanol absolute, sodium carbonate,
and ammonium iron (III) sulphate dodecahydrate were obtained from Panreac AppliChem
(Barcelona, Spain). Acetonitrile (HPLC grade), methanol (HPLC grade), iron (III) chloride
hexahydrate, sodium acetate trihydrate, and potassium persulphate were obtained from
Honeywell Fluka (Morris Plains, NJ, USA). The malt extract and agar were obtained from
Scharlau (Barcelona, Spain).

3.2. Fungal Solid-State Fermentation (SSF) and Flour Production

To perform SSF, a starter culture was first prepared by growing P. ostreatus mycelium in
a Petri dish containing lentil or quinoa grains/seeds. The fermentation was then conducted
by inoculating a portion of the starter culture into a glass jar containing 35 g of lentil or
quinoa grains/seeds following the methodology used previously [20]. Fermented lentils
and quinoa grains/seeds were dried using hot air drying and freeze drying methods,
the latter used as the reference drying method because it was expected to have the best
preservation of the sample properties according to literature. Hot air drying was conducted
using a convective dryer (Pol-Eko-Aparatura, CLW 750 TOP+, Kokoszycka, Poland) at
70 ◦C with an air rate of 10.5 ± 0.2 m/s and an air humidity of 8.7 ± 1.2%. The samples
were dried for 3.5 to 4 h to a target product moisture of 7% (wet basis). Freeze drying
was performed using a freeze dryer (Telstar, Lyoquest-55, Terrassa, Spain) at −45 ◦C and
0.8 mBar for 48 h. Unfermented and fermented dried samples were then milled using a
food processor (Vorwerk, Thermomix® TM6-1, Wuppertal, Germany), applying 10,000 rpm
at 15 s intervals for 1 min.

3.3. Simulated In Vitro Gastrointestinal Digestion under Standard and Older Adult Conditions

Unfermented, fermented, and fermented dried samples were digested under two
static in vitro digestion models: the older adult model [42] and the healthy adult model
(standard; as a control) [43,44] (Table 7). Enzymatic activities were determined before
each experiment according to the supplementary information in the protocol published
by Brodkorb et al. [43]. Simulated salivary (SSF), gastric (SGF), and intestinal (SIF) fluid
were prepared daily for the standard and older adult digestion model considering the
concentrations of enzymes, bile salts, and pH of each digestive phase.

To perform the oral stage, 5 g of sample was mixed with 5 mL of SSF containing the
enzyme concentration according to the digestion model (Table 7), with adjusted pH, mixed
at 25 rpm using an Intelli-Mixer RM-2 (Elmi Ltd., Riga, LV-1006, Latvia), and incubated in a
thermostatic chamber (J.P. Selecta SA, Barcelona, Spain) at 37 ◦C for 2 min.

For the gastric stage, 10 mL of SGF was added to the food bolus according to the
conditions simulated in each model (Table 7), the pH, mixed at 55 rpm, and incubated
at 37 ◦C for 2 h. For the intestinal stage, 20 mL of SIF was added to the gastric chyme
according to the concentration of enzyme and bile salts (Table 7), adjusted the pH, mixed at
55 rpm, and incubated at 37 ◦C for 2 h. After gastrointestinal digestion, enzyme activity
was inhibited by adjusting the pH to 5 and keeping the samples in an ice bath. Finally, the
samples were centrifuged at 8000× g for 10 min and aliquots of the bioaccessible fraction
were taken for analytical determinations.
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Table 7. Gastrointestinal conditions established for an in vitro digestion model for a healthy adult
(standard) [43,44] and an older adult [42].

Digestive Stage
Digestion Models

Healthy Adult (Standard) Older Adult

Oral stage
Amylase (75 U/mL) Amylase (112.5 U/mL)

pH 7 pH 7
2 min 2 min

Gastric stage
Pepsin (2000 U/mL) Pepsin (1200 U/mL)

pH 3 pH 3.7
2 h 2h

Intestinal stage

Pancreatin (100 U/mL) Pancreatin (80 U/mL)
Bile salts (10 mM) Bile salts (7 mM)

pH 7 pH 7
2 h 2 h

The alterations made to the model for older adults compared to the standard model are highlighted in bold text.

3.4. Analytical Determinations
3.4.1. Total Phenolic Content (TPC)

TPC of the samples before and after undergoing in vitro digestion was determined
using the Folin–Ciocalteu methodology as outlined by Chang et al. [45]. For the samples
that were not digested, phenolic compounds were extracted by blending 2.5 g of the sample
with 7.5 mL of the extraction solvent (a mixture of double distilled water and ethanol
at 70:30) and adjusting the pH to 2 with 2 M HCl. The mixture was then treated to an
ultrasonic bath (J.P. Selecta, 3000840) at 30 ◦C for 2 h. The pH was adjusted to 2 with 2 M
HCl. The samples were centrifuged at 8000× g for 15 min, and the extraction process
was repeated twice, with subsequent mixing of both extracted samples. The bioaccessible
fraction determined the digested samples. An aliquot of 125 μL of the extract/digest was
taken and mixed with 500 μL of bidistilled water, followed by 125 μL of the Folin–Ciocalteu
reagent. This was left to react for 6 min. Then, 1.25 mL of 7% sodium carbonate and 1 mL
of bidistilled water were added. The sample was incubated for 30 min at room temperature
in darkness. Afterward, the absorbance was measured at 760 nm, and the results were
presented in mg gallic acid/g dry basis using a standard curve.

3.4.2. Antioxidant Activity

The antioxidant activity of the samples before and after in vitro digestion was deter-
mined by three methods: ABTS, DPPH, and FRAP, following the methodology described
by Thaipong et al. [46]. The same extracts used in the TPC section were used for undigested
and digested samples.

For the ABTS test, the working solution (7.4 mM ABTS and 2.6 mM potassium persul-
phate in a 1:1 ratio) was allowed to react for 12 h at room temperature in darkness. The
working solution (1 mL) was diluted with methanol to obtain an absorbance close to 1.1 at
734 nm. Extract/digest (150 μL) was reacted with 2.85 mL of ABTS working solution for
2 h in darkness and absorbance was measured at 734 nm.

For the DPPH test, a fresh working solution of 0.039 g/L DPPH was prepared in pure
methanol to obtain an absorbance close to 1.1 at 515 nm. Extract/digest (75 μL) reacted with
2.925 mL of DPPH working solution for 30 min in darkness and absorbance was measured
at 515 nm.

For the FRAP test, fresh working solution was prepared by mixing 300 mM acetate
buffer (3.1 g sodium acetate trihydrate and 16 mL acetic acid glacial in 1 L water, pH 3.6),
TPTZ solution (10 mM 2,4,6-tripyridyl-s-triazine dissolved in 40 mM HCl), and 20 mM
iron (III) chloride hexahydrate solution in a 10:1:1 ratio, respectively, and incubated at
37 ◦C before use. Extract/digest (150 μL) reacted with 2.85 mL of FRAP working solution
for 30 min in darkness, and the absorbance was measured at 593 nm. The results are
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expressed as mg Trolox/g dry basis using a standard curve for the three antioxidant
determination methods.

The antioxidant index was calculated for each sample for all antioxidant activity assays
(ABTS, DPPH, and FRAP). An antioxidant index value of 100 was assigned to the highest
sample score in each assay. Then, the antioxidant index was calculated for the entire group
of samples in each assay according to Equation (1) [47]:

Antioxidant index (%) =

(
sample score

highest sample score

)
× 100 (1)

The overall APCI was calculated by averaging each sample’s antioxidant index (%) of
each antioxidant activity assay.

3.4.3. Phenolic Profile by HPLC Analysis

The phenolic profile of the samples after in vitro digestion was determined by filtering
the bioaccessible fraction of the digest with a 0.45 μm PTFE filter. The samples were
analysed using an HPLC 1200 Series Rapid Resolution coupled to a diode detector Serie
(Agilent, Palo Alto, CA, USA) according to the methodology described by Tanleque-Alberto
et al. [48]. A Brisa-LC 5 μm C18 column (250 × 4.6 mm) (Teknokroma, Barcelona, Spain)
was used. Mobile phase A was 1% formic acid, and mobile phase B was acetonitrile
(ACN). The following gradient program was used: 0 min, 90% A; 25 min, 40% A; 26 min,
20% A; held for 30 min; 35 min, 90% A; held for 40 min. Flow rate, injection volume,
and working temperature of the column was 0.5 mL/min, 10 μL, and 30 ◦C, respectively.
Unknown compounds were identified by comparing chromatographic retention times with
reference standards according to the following wavelengths for each compound: 250 nm
for vanillic acid; 260 nm for 4-hydroxybenzoic acid, rutin, quercetin 3-glucoside, and
quercitrin; 280 nm for gallic acid, epicatechin, quercetin and trans-cinnamic acid; 290 nm for
naringenin; 320 nm for 4-O-caffeoylquinic, caffeic acid, p-coumaric acid, sinapic acid, ferulic
acid, and apigenin-7-glucoside; and 380 nm for kaempferol. The results are expressed as
μg/g dry basis using a standard curve.

3.4.4. Phytic Acid Content

The phytic acid content was measured before and after in vitro digestion following
the protocol described by Haug and Lantzsch [49] and modified by Peng et al. [50]. For
undigested samples, the extract was prepared by mixing 50 mg of sample with 10 mL
of 0.2 M HCl and left overnight at 4 ◦C. For digested samples, the determination was
performed on the bioaccessible fraction. An aliquot of 500 μL of the extract/digest was
taken, and 1 mL of ferric solution (0.2 g of ammonium iron (III) sulphate dodecahydrate
dissolved in 100 mL of 2 M hydrochloric acid and made up to 1 L with distilled water)
was added. It was incubated in a boiling water bath for 30 min and then cooled to
room temperature. The sample was centrifuged for 30 min at 3000× g, and 1 mL of the
supernatant was taken and mixed with 1.5 mL of 2,2’-bipyridine solution (10 g of 2,2’-
bipyridine and 10 mL of thioglycolic acid dissolved in distilled water and made up to 1 L).
The results are expressed as mg phytic acid/g dry basis using a standard curve made with a
stock solution of 1.3 mg/mL phytic acid concentration and diluted with 0.2 M hydrochloric
acid between 0.1 and 1 mL (3.16–31.6 μg/mL phytate phosphorus).

3.4.5. Mineral Quantification

The quantification of minerals (Fe, Ca, and Mg) before and after gastrointestinal
digestion was performed by inductively coupled plasma mass spectrometry (ICP-MS). The
mineral extract was prepared according to the methodology published by Barrera et al. [51].
A 5 g sample was weighed for undigested food and a 3.5 mL aliquot was taken from the
bioaccessible fraction of digested food. The samples were incinerated at 600 ◦C for 10 h.
The ashes were dissolved with 1 mL of 69% nitric acid and re-incinerated until white ashes
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were obtained. The white ashes were suspended in 1.5 mL of 69% nitric acid and 4 mL of
bidistilled water.

The samples were analysed using an ICP-MS equipped with an autosampler (iCAP Q,
Thermo, Waltham, MA, USA) according to the methodology proposed by Chen et al. [52].
The conditions of the working equipment were radio frequency power (1550 W), cool gas
flow (14 L/min), auxiliary gas flow (0.8 L/min), nebuliser gas flow (1.08 L/min), peristaltic
pump speed (40 rpm), sampling depth (5 mm), spray chamber temperature (2.7 ◦C), and
dwell time (20 ms). The results are expressed as μg/g dry basis.

3.5. Statistical Analysis

The experiments were conducted at least in triplicate and results reported as mean
± standard deviation. A one-way ANOVA with a 95% confidence interval (p < 0.05) was
performed to determine the statistical significance of the variables studied (SSF, drying,
and common GI conditions of older adults) on the antioxidant activity, phenolic, phytates,
and mineral contents in the bioaccessible fraction in lentil and quinoa samples, employing
Statgraphics Centurion versionXV as statistical software.

4. Conclusions

SSF, coupled with drying at 70 ◦C, had a positive impact on the bioaccessibility of
phenolic compounds and antioxidant activity, albeit to various degrees depending on
the substrate. The profile of phenolic compounds following gastrointestinal digestion
showed an increase in vanillic and caffeic acids in Castellana lentils and in vanillic acid in
Pardina lentils, reaching approximately three times the levels of the unfermented samples.
There was a significant increase in gallic acid of up to 7 and 1.4 times more than in the
unfermented analogue in white and black quinoa, respectively. Regarding antioxidant
activity, the Castellana lentil and white quinoa flours fermented and dried at 70 ◦C showed
the highest APCI (>90% and >80%, respectively) after digestion, thus having a higher
capacity to neutralise free radicals than the other samples. Fermented and fermented dried
samples (at 70 ◦C and lyophilised) displayed a mineral bioaccessible content that was higher
than the unfermented samples. This, together with the low phytic acid content present in
fermented dried samples, renders such flours attractive for developing functional products
with superior bioaccessibility than unfermented flours. Finally, typical age-related digestive
conditions did not appear to affect the mineral bioavailability of Fe, Mg, and Ca in lentils
and quinoa flours. However, these conditions reduced the phenolic profile and antioxidant
activity of digesta when compared to the results obtained in the standard model.

Fermented Castellana and white quinoa flours are the optimal choice for product
development, specifically catering to this population group to maximise health benefits.
Furthermore, it is essential to evaluate the techno-functional properties of fermented flours
to determine their compatibility with different food applications. Moreover, it is crucial to
perform scale-up tests of the fermentation process to facilitate the technological transfer of
this process to the food industry.
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Abstract: Matcha is a powdered green tea obtained from the Camellia sinensis L. plant intended for
both “hot” and “cold” consumption. It is a rich source of bioactive ingredients, thanks to which
it has strong antioxidant properties. In this research, an organoleptic evaluation was carried out,
and the physical characteristics (i.e., instrumental color measurement (L*a*b*), water activity, water
solubility index (WSI), water holding capacity (WHC) of 10 powdered Matcha green teas, and in the
2.5% Matcha water solutions, pH, ◦Brix and osmolality were tested. Also, the content of phenolic
ingredients, i.e., selected phenolic acids, flavonoids and total polyphenols, was assessed. The content
of chlorophyll, vitamin C and antioxidant potential were also examined. Matcha M-4 was used to
design two functional model beverages, in the form of ready-to-use powdered drinks, consisting
of Matcha green tea, protein preparations, inulin, maltodextrin and sugar. The obtained powdered
drink, when dissolved in the preferred liquid (water, milk, juice), is regenerative, high-protein and
rich in bioactive ingredients from the Matcha drink, with prebiotic properties derived from the
added inulin. The beverage is also characterized by low osmolality. It can be recommended as a
regenerating beverage for a wide group of consumers, athletes and people with deficiencies, among
others protein, and elderly people, as well as in the prevention and supportive treatment of bone and
joint tissue diseases.

Keywords: Matcha; Camelia sinensis; green tea; polyphenols; antioxidant activity; L*a*b*; WHC; WSI;
◦Brix; pH; osmolality; functional drinks

1. Introduction

In recent years, there has been an increasing interest in functional products and low-
processed food naturally rich in antioxidants that can protect against the harmful effects
of free radicals and oxidative stress. Such products, rich in bioactive substances, include
Matcha green tea, which is gaining more and more popularity around the world [1,2].

Matcha is obtained from the Camellia sinensis L. plant (Thea sinensis), which in the botan-
ical classification belongs to the plant kingdom (Plantae), the vascular group (Tracheophyta),
the tea family (Theaceae), the genus (Camellia). There are two types of Matcha tea: Matcha-
Koicha and Matcha-Usucha, intended for making a decoction or infusion, both “hot” and
“cold”. Koicha has the form of thick, viscous tea with an intense, bitter aroma, while Usucha
has a diluted form due to the fact that it is brewed in more water than Matcha-Usucha [3–5].

Matcha comes from the regions of Nishio and Uji Tawara in Aichi Prefecture (Japan).
Its history dates back to the 13th century when Japanese Zen monks used it as a means of
relaxing and maintaining concentration during long hours of meditation. It is commonly
consumed during the Japanese Cha-no-you tea ceremony. It is part of the Japanese culinary
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culture and is gaining more and more popularity among consumers of other cultures and
regions of the world [1–3,6].

Three weeks before harvest, tea bushes are covered with reed mats to protect the
young leaves from direct sunlight [7]. Thanks to this, the content of amino acids and
bioactive compounds (especially chlorophyll and theanine) increases; this is responsible for
the characteristic color and taste of Matcha [1]. The tea harvest begins at the end of April;
the first one lasts until the end of May, the next ones fall at the turn of June and July, while
the third harvest falls in August. The leaves collected from the top of the shoot are of the
best quality [6,8].

Black and Oolong teas are produced as a result of total or partial fermentation of
Camelia sinensis L. leaves, leading to their typical black or brown color, which is a result
of enzymatic oxidation of catechins present in leaves [9,10]. Unlike them, green tea (from
which Matcha is made) is produced without the fermentation process [8,11]. After the
leaves are harvested, the first stage in the production of green teas is high-temperature
heat treatment (steaming, roasting or steaming at 80–90 ◦C), preventing oxidation [12,13].
At this stage, enzymes (polyphenol oxidase and peroxidase), catalyzing the reactions of
catechins contained in the leaves with oxygen, are inactivated [9,10,14]. This prevents
fermentation processes and inhibits the decomposition of color pigments contained inside
the leaves, which allows the tea to retain its intense green color [11,14]. The next step is
drying at a moderate temperature, thanks to which the leaves shrink, and finally grinding
them into a powder in granite mills, i.e., slowly rotating stones [8,12]. The final stage is
roasting at a high temperature, which allows for an intense tea flavor [8,12,13].

Due to the unique composition of bioactive compounds, Matcha has a wide range
of health benefits. It is characterized by a high content of antioxidant compounds, which
results from the method of shade cultivation and leads to the production of larger amounts
of amino acids and bioactive compounds [1]. Matcha contains high concentrations of pheno-
lic acids], rutin, quercetin [2,13,15–22], theanine, chlorophyll and other carotenoid [12,23]
amounts exceeding traditional green teas. Due to the richness of bioactive ingredients, espe-
cially those with antioxidant properties (polyphenols, mainly flavonoids) [12,15,24–27], it
is more and more often used in the prevention and treatment of many civilization diseases,
e.g., heart disease, diabetes and hypertension [1,13,22,24,28,29]. Its infusions can also be
used in the prevention of inflammatory [1,30,31] or viral diseases [20,32]. Matcha may have
a positive effect on weight loss by reducing the level of triglycerides, fat and glucose in the
blood and additionally may contribute to increasing muscle mass [22,28,29]. Matcha is also
known for its anti-aging properties [33].

In recent years, Matcha has become an increasingly popular product among con-
sumers [6]. On the food market, Matcha is most often found in powdered form [16,24,26],
intended for both “hot” and “cold” consumption [4,34], but it is also increasingly used as
an additive to various products, such as bars, jellies, cakes, cookies, chocolates, candies,
puddings, drinks, cocktails or ice cream [4,34], becoming a promising ingredient in the
functional food industry [22,35–37].

Despite the ever-growing popularity of this product, knowledge about Matcha green
tea is insufficient and constantly expanded with scientific research, which is why this
research was carried out in two stages. In the first stage of this research, the physicochem-
ical and bioactive properties of 10 types of Matcha green tea products available on the
Polish market were assessed. Physicochemical tests (solubility, degree of water binding,
color, osmolality, soluble solids content) were carried out in powdered teas. The content
of bioactive components, i.e., selected phenolic acids and flavonoids, total polyphenols,
chlorophyll, vitamin C and antioxidant activity, were also assessed. In the second stage of
the research, the composition of powdered beverages containing Matcha green tea, selected
from among those tested in the first stage of the research, was designed as a source of bioac-
tive substances as well as to shape the taste profile of the designed beverages. Therefore,
in this study, research was conducted on designing innovative functional beverages in
powder form, containing bioactive ingredients from Matcha and easily digestible proteins
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from milk or enzymatically hydrolyzed collagen proteins and additionally containing a
prebiotic (inulin). Such composition and convenient form (powder) allow direct consump-
tion of the drink after dissolving it in water, milk or juice according to consumer preference.
Designed functional beverages can be intended for a wide group of consumers, especially
physically active people, as a recovery drink after exercise due to its rich composition and
low osmolality (hypotonic and isotonic drink), as well as for the elderly in the prevention
and treatment of diseases of joint and bone tissue.

2. Results

2.1. Physicochemical and Bioactive Properties of Matcha Green Tea
2.1.1. Physicochemical Properties of Matcha Green Tea
Organoleptic Evaluation of Matcha Green Tea Powders

Figure 1 presents the general appearance of the tested samples of 10 market products—
Matcha green tea powders.

Figure 1. The general appearance of the tested Matcha green tea powders. Symbols from M-1 to M-10
indicate the 10 tested types of green Matcha tea.

As results from the organoleptic evaluation of Matcha teas, the tested samples were
characterized by a diversified general appearance and color. Among the evaluated products,
samples M-6 and M-10 were characterized by a lower degree of fragmentation and a darker
color compared to the remaining teas, showing a higher degree of fragmentation and a
saturated, light green color. All evaluated samples were characterized by an intense tea
aroma and a very bitter taste. No visible lumps were found in the tested products; the
powders were loose and dry, with the consistency of a light, aerated powder. No solid
impurities were found in the tested products.

Instrumental Measurement of the Color Parameters of Matcha Green Tea Powders

The results of the instrumental color measurement of the tested Matcha samples in the
L*a*b* color space are summarized in Table 1. As results from the conducted research, the
tested Matcha samples differed significantly (p ≤ 0.05) in color parameters.

In terms of the L* parameter, defining the brightness, significant differences were
found in the vast majority of the tested samples. This parameter ranged from 45.90 ± 0.58
to 68.76 ± 2.51, with the highest value in sample M-8 (68.76 ± 2.51) and the lowest in M-10,
which means that these products showed the greatest differences in terms of brightness.

The color parameter a*, referring to red (+a*) and green (−a*) in most of the tested sam-
ples had negative values, which means that shades of green prevailed in these Matcha sam-
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ples. The lowest (p ≤ 0.05) value of the a* parameter was found in the M-4 (−4.21 ± 0.15),
which means that the color of this Matcha tea was shifted towards green shades to the
greatest extent. On the other hand, positive values for the a* parameter were found in
samples M-3, M-6 and M-10, which means that they were characterized by the largest color
shift towards red, with the highest values in M-6 and M-10 (average 0.96 ± 0.04).

In terms of the b* parameter, defining the yellow tone, the highest values were found in
samples M-2 and M-7 (average 34.19 ± 0.49), were slightly lower in M-4 and M-8 (average
31.75 ± 0.61) and were the lowest in M-10 and M-6 (average 19.53 ± 0.72), which meant
that these products showed the fewest shades of yellow.

Table 1. Color parameters (CIE L*a*b*) in the tested Matcha green tea powders.

Sample L* a* b*

M-1 63.15 ± 0.58 d −1.10 ± 0.02 c 30.17 ± 0.74 d

M-2 59.82 ± 0.31 c −2.29 ± 0.11 b 34.04 ± 0.36 g

M-3 55.25 ± 1.45 b 0.71 ± 0.09 g 26.69 ± 0.58 b

M-4 56.28 ± 2.10 b −4.21 ± 0.15 a 31.51 ± 0.69 ef

M-5 56.44 ± 0.31 b −0.55 ± 0.04 e 30.40 ± 1.11 de

M-6 46.35 ± 1.45 a 0.96 ± 0.06 h 19.78 ± 0.73 a

M-7 64.10 ± 0.72 d −0.74 ± 0.04 d 34.35 ± 0.62 g

M-8 68.76 ± 2.51 e −1.07 ± 0.05 c 31.99 ± 0.39 f

M-9 57.02 ± 0.35 b −0.33 ± 0.07 f 28.80 ± 0.60 c

M-10 45.90 ± 0.58 a 0.94 ± 0.04 h 19.28 ± 0.45 a

Mean values ± standard deviation with different letters (a–h) in the same column differ significantly (Duncan’s
test, p ≤ 0.05).

Water Activity, Water Solubility Index (WSI) and Water Holding Capacity (WHC) of
Matcha Green Tea Powders

The results of water activity (aw), water solubility index (WSI) and water holding
capacity (WHC) in the tested Matcha green tea powders are presented in Table 2.

Table 2. Water activity (aw), water solubility index (WSI) and water holding capacity (WHC) in the
tested Matcha green tea powders.

Sample Water Activity (aw) WSI (%) WHC (g/g)

M-1 0.2655 ± 0.001 c 25.45 ± 0.56 f 2.04 ± 0.01 b

M-2 0.3000 ± 0.000 d 22.14 ± 0.48 d 2.04 ± 0.16 b

M-3 0.3024 ± 0.000 d 23.30 ± 0.45 e 3.06 ± 0.18 e

M-4 0.4082 ± 0.003 h 23.33 ± 0.20 e 2.19 ± 0.21 bc

M-5 0.2238 ± 0.001 b 21.05 ± 0.37 c 2.44 ± 0.16 cd

M-6 0.3926 ± 0.003 g 17.43 ± 0.76 a 3.71 ± 0.02 f

M-7 0.3743 ± 0.001 f 25.80 ± 0.22 f 1.48 ± 0.09 a

M-8 0.3375 ± 0.001 e 22.72 ± 0.18 de 2.01 ± 0.14 b

M-9 0.1546 ± 0.002 a 20.89 ± 0.23 e 2.47 ± 0.14 d

M-10 0.3956 ± 0.004 g 18.80 ± 0.21 b 3.56 ± 0.26 f

Mean values ± standard deviation with different letters (a–h) in the same column differ significantly (Duncan’s
test, p ≤ 0.05).

As the conducted research shows, Matcha teas significantly (p ≤ 0.05) differed in terms
of water activity (aw), reaching values ranging from 0.1546 ± 0.002 to 0.4082 ± 0.003. The
highest water activity (0.4082 ± 0.003) was shown by Matcha M-4 (0.4082 ± 0.003); a lower
water activity was shown by M-10 and M-6 (which reached aw values at the average level
0.3941 ± 0.003), while the lowest aw (p ≤ 0.05) was distinguished by M-9 (0.1546 ± 0.002).
All the tested products were characterized by a relatively low water activity, which proves
their high durability and microbiological safety, due to the fact that most microorganisms
do not develop and grow at a water activity level of aw < 0.60.
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According to the conducted tests, the water solubility index (WSI) of the tested Matcha
powders was 22.09 ± 2.59%, with significant differences in this parameter for the tested
products. The highest WSI was found in M-4 and M-1 (average 25.63 ± 0.43%); it was lower
in Matcha M-7, M-3, M-8 and M-9, with an average WSI of 22.56 ± 1.07%. The lowest WSI
was found in M-6, which dissolved only to about 17% in water at room temperature.

In the case of water holding capacity (WHC), the tested Matcha samples bound an
average of 2.50 ± 0.51 g of water per g of powder, with significant differences between
the products tested in the study. The highest WHC was shown by Matcha M-6 and M-10
(3.64 ± 0.19 g/g on average); a significantly lower WHC was shown by Matcha M-3
(3.06 ± 0.18 g/g) and M-9 and M-5 (on average 2.45 ± 0.14 g/g). Four of the tested Matcha
products, i.e., M-7, M-1, M-2 and M-8, did not differ statistically in this parameter and
bound an average of 2.07 ± 0.15 g of water per one gram of powder, while the lowest WHC
was in M-4 (1.48 ± 0.09 g/g).

pH, Soluble Solids Content and Osmolality in 2.5% Aqueous Solutions of Matcha Green Tea

In the tested market products of Matcha, basic physicochemical parameters such
as pH, soluble solids content (◦Brix) and osmolality were assessed, and the results are
presented in Table 3.

Table 3. pH, ◦Brix and osmolality of 2.5% aqueous Matcha green tea solutions.

Sample pH ◦Brix (%) Osmolality (mOsm/kg·H2O)

M-1 5.84 ± 0.01 c 1.23 ± 0.06 abc 1.00 ± 0.00 a

M-2 5.83 ± 0.02 c 1.30 ± 0.10 cde 2.33 ± 0.58 bc

M-3 5.59 ± 0.02 a 1.13 ± 0.06 a 1.00 ± 0.00 a

M-4 5.94 ± 0.03 d 1.40 ± 0.10 e 5.67 ± 0.58 d

M-5 5.61± 0.02 a 1.27 ± 0.06 bcd 3.33 ± 0.58 c

M-6 5.63 ± 0.09 a 1.17 ± 0.06 ab 1.67 ± 0.58 ab

M-7 5.72 ± 0.05 b 1.37 ± 0.06 de 5.33 ± 0.58 d

M-8 5.75 ± 0.02 b 1.27 ± 0.06 bcd 3.00 ± 0.00 c

M-9 5.61 ± 0.04 a 1.13 ± 0.06 a 0.67 ± 0.58 a

M-10 5.58 ± 0.04 a 1.17 ± 0.06 ab 1.67 ± 0.58 ab

Mean values ± standard deviation with different letters (a–e) in the same column differ significantly (Duncan’s
test, p ≤ 0.05).

The average pH of aqueous solutions (2.5%) of all tested Matcha teas was 5.71 ± 0.13,
with the products significantly (p ≤ 0.05) differing in this parameter. The highest pH was
found in M-4 (5.94 ± 0.03); it was significantly lower in M-1 and M-2 (average 5.84 ± 0.01)
and M-8 and M-7, with an average pH value of 5.74 ± 0.04. The lowest (p ≤ 0.05) pH
values were found in M-6, M-5, M-9 and M-10 teas (average 5.60 ± 0.04), with no signif-
icant differences between these Matcha teas. The average soluble solids content (◦Brix)
in 2.5% water solutions of Matcha green tea powders was 1.24 ± 0.11%, with the highest
ºBrix in the aqueous solution of M-4 tea (1.40 ± 0.10%) and the lowest in M-3 and M-10
(average 1.13 ± 0.05%). As in the case of soluble solids content, the tested Matcha water
solutions were characterized by very low osmolality (on average for all samples 2.57 ± 1.77
mOsm/kg·H2O), similar to the osmolality of water, although significant (p ≤ 0.05) differ-
ences in this parameter were found. The lowest osmolality was found in M-9, M-1, M-3,
M-6 and M-10, with an average value of 1.20 ± 0.56 mOsm/kg·H2O; it was slightly higher
in M-2, M-8 and M-5 (2.89 ± 0.78 mOsm/kg·H2O), while the highest was shown by two
water solutions of the tested Matcha teas, i.e., M-7 and M-4 (5.50 ± 0.55 mOsm/kg·H2O).

2.1.2. Bioactive Properties of Matcha Green Tea
Phenolic Ingredients in Matcha Green Tea

The research carried out in the study showed a high content of phenolic compounds,
both determined by the HPLC method (Table 4, Figure 2a) and by the spectrophotometric
method using the Folin–Ciocalteu reagent (Figure 2b), in all tested Matcha green teas.
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According to the conducted research (Table 4), Matcha green tea was characterized by
varied contents of determined phenolic acids, i.e., from 2.96 ± 0.03 to 25.10 ± 0.47 mg/g d.m.
(gallic acid) and from 5.78 ± 0.17 to 41.16 ± 0.33 mg/g d.m. (p-coumaric acid), with the
significantly (p ≤ 0.05) highest content of these bioactive ingredients found in M-4 (total
66.26 ± 0.79 mg/g d.m.) and the lowest in the M-2 sample (total 8.74 ± 0.17 mg/g d.m.).

Table 4. Selected phenolic compounds identified by the HPLC method in the tested Matcha green tea
powders.

Sample Gallic Acid
P-Coumaric

Acid
Catechin Epigallocatechin

Gallate
Epigallocatechin

Quercetin
Rutoside-3-
O-quercetin

M-1 3.75 ± 0.19 b 20.64 ± 0.53 f 3.41 ± 0.10 e 3.43 ± 0.33 d 22.67 ± 1.03 b 0.45 ± 0.01 d 3.46 ± 0.18 a

M-2 2.96 ± 0.03 a 5.78 ± 0.17 ab 2.49 ± 0.15 d 5.51 ± 0.11 f 10.41 ± 0.15 a 0.75 ± 0.02 e 5.22 ± 0.37 b

M-3 2.86 ± 0.06 a 15.94 ± 0.77 e 1.68 ± 0.05 c 4.43 ± 0.21 e 26.13 ± 1.35 c 0.95 ± 0.01 g 13.00 ± 3.08 c

M-4 25.10 ± 0.47 h 41.16 ± 0.33 g 0.80 ± 0.01 a 6.61 ± 0.08 g 25.66 ± 0.70 c 0.29 ± 0.00 bc 2.31 ± 0.34 a

M-5 6.58 ± 0.08 c 7.32 ± 1.31 cd 1.14 ± 0.05 b 1.39 ± 0.24 b 27.39 ± 0.42 c 0.31 ± 0.01 c 2.66 ± 0.13 a

M-6 22.65 ± 0.05 f 6.27 ± 0.37 bc 0.69 ± 0.01 a 6.68 ± 0.03 g 38.45 ± 0.26 d 0.28 ± 0.01 b 2.30 ± 0.12 a

M-7 24.16 ± 0.50 g 7.54 ± 0.61 d 4.70 ± 0.05 f 4.25 ± 0.40 e 36.79 ± 3.63 d 0.23 ± 0.01 a 2.23 ± 0.34 a

M-8 7.33 ± 0.39 d 6.48 ± 0.67 bcd 3.52 ± 0.22 e 1.00 ± 0.02 a 25.49 ± 0.11 c 0.44 ± 0.03 d 2.51 ± 0.09 a

M-9 3.63 ± 0.19 b 7.15 ± 0.43 cd 1.03 ± 0.06 b 2.38 ± 0.09 c 11.62 ± 0.10 a 0.29 ± 0.00 bc 2.52 ± 0.28 a

M-10 18.79 ± 0.46 e 4.95 ± 0.08 a 2.51 ± 0.06 d 4.19 ± 0.12 e 22.46 ± 2.08 b 0.84 ± 0.03 f 2.29 ± 0.07 a

Mean values ± standard deviation with different letters (a–h) in the same column differ significantly (Duncan’s
test, p ≤ 0.05).

The tested Matcha green teas were characterized by a varied content of flavonoids,
and the sum of these compounds ranged from 17.84 ± 0.17 mg/g d.m. (M-9) up to
48.40 ± 0.36 mg/g d.m. (M-7). Among the determined flavonoids, flavanols dominated,
including catechins, and the main flavanol in all tested Matcha green teas was gallate epigal-
locatechin, with an average content of 24.71 ± 8.78 mg/g d.m. The highest (p ≤ 0.05) content
of this flavonoid was found in samples M-7 and M-6 (average 37.62 ± 2.48 mg/g d.m.), and
the lowest was found in M-9 and M-2 (average 11.02 ± 0, 68 mg/g d.m.). The remaining
flavanols were present in much lower concentrations, with the epigallocatechin content
being over six times lower and the catechin content over eleven times lower, for all ana-
lyzed Matcha green tea samples, reaching an average value of 3.99 ± 1.92 mg/g d.m. and
2.20 ± 1.31 mg/g d.m., respectively.

Regarding the flavanols determined in the tested Matcha samples, the content of
rutoside-3-O-quercetin was over eight times higher compared to the content of quercetin;
the significantly (p ≤ 0.05) highest concentration of these flavonoids was found in the M-3
sample (13.00 ± 3.08 and 0.95 ± 0.01 mg/g d.m., respectively), and the lowest (p ≤ 0.05) was
found in the M-7 sample (2.23 ± 0.34 and 0.23 ± 0.01 mg/g d.m., respectively) (Table 4).
Figure 2a shows the sum of identified phenolic compounds determined by the HPLC
method. The average content of phenolic bioactive ingredients identified by the chro-
matographic method was 59.33 ± 21.74 mg/g d.m., and there were statistically signif-
icant differences between the tested Matcha green tea samples. The highest (p ≤ 0.05)
content of these ingredients was found in M-4 (101.91 ± 1.12 mg/g d.m.); it was signifi-
cantly (p ≤ 0.05) lower in samples M-7 and M-6 (average 78.60 ± 2.62 mg/g d.m.), M-3
(64.99 ± 2.44 mg/g d.m.) or M-1 and M-10 (average 56.92 ± 2.08 mg/g d.m.), while the
lowest (p ≤ 0.05) was found in M-9 (28.62 ± 0.50 mg/g d.m.).

Similar trends were also noted for the content of total polyphenolic compounds, deter-
mined by the spectrophotometric method using the Folin–Ciocalteu reagent (Figure 2b).

As can be seen from the data in Figure 2b, the samples were characterized by an
average content of total polyphenols at the level of 136.76 ± 28.47 mg GAE/g d.m., with
significant (p ≤ 0.05) differences between individual Matcha products. The highest polyphe-
nol content was found in Matcha M-4 (190.96 ± 2.14 mg GAE/g d.m.); it was lower in
M-7 (169.42 ± 0.43 mg GAE/g d.m.) and M-6 (155.28 ± 0.51 mg GAE/g d.m.). The low-
est content of total polyphenols among all tested Matcha samples was recorded in M-9
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(89.91 ± 3.17 mg GAE/g d.m.) and it was more than two times lower than in Matcha M-4,
with the highest concentration of these bioactive ingredients.
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Figure 2. Phenolic ingredients in the tested Matcha green tea samples: the sum of identified phenolic
compounds determined by the HPLC method (a) and the total polyphenols content measured by
the spectrophotometric method (b). Mean values marked in bars by different letters (a–j) differ
significantly (Duncan’s test, p ≤ 0.05).

Vitamin C and Chlorophylls in Matcha Green Tea

As can be seen from the data presented in Figure 3a, the tested samples of powdered
Matcha green tea differed significantly (p ≤ 0.05) in terms of vitamin C content. The highest
(p ≤ 0.05) concentration of this ingredient was found in sample M-4 (2.03 ± 0.12 mg/g d.m.);
it was significantly (p ≤ 0.05) lower in M-7 (1.54 ± 0.03 mg/g d.m.), M-3 and M-6 (average
1.36 ± 0.07 mg/g d.m.), M-10, M-1, M-5 and M-8 (average 1.08 ± 0.05 mg/g d.m.) or in
sample M-2 (0.81 ± 0.02 mg/g d.m.). The lowest (p ≤ 0.05) vitamin C concentration was
recorded in sample M-9, in which the amount of this bioactive ingredient was almost six
times lower than in sample M-4, reaching only 0.36 ± 0.02 mg/g s.m.
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Figure 3. Vitamin C (a) and chlorophylls (b) content in the tested Matcha green tea samples. Mean
values marked in bars by different letters (a–j) differ significantly (Duncan’s test, p ≤ 0.05).

The average content of total chlorophylls in the tested Matcha green tea samples
(Figure 3b) was within a very wide range, i.e., from 1.16 ± 0.03 mg/g d.m. (M-6) up to
7.01 ± 0.05 mg/g d.m. (M-4), and all tested market products differed significantly (p ≤ 0.05)
in terms of the content of these bioactive ingredients. In all tested Matcha green tea samples,
the main chlorophyll was chlorophyll a, whose share was on average 82.68 ± 5.59%.
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Antioxidant Activity in Matcha Green Tea

All teas tested in the study were characterized by high antioxidant activity in a range
from 1443.56 ± 3.61 μM TEAC/g d.m. (in M-9) to 2076.35 ± 59.11 μM TEAC/g d.m.
(in M-4) (Figure 4), with significant (p ≤ 0.05) differences between the tested products.
Slightly lower antioxidant potential compared to M-4 was found in M-7 (1814.88 ± 14.45
μM TEAC/g d.m.), M-3 and M-6 (average 1705.39 ± 8.11 μM TEAC/g d.m.) or M-10,
for which the antioxidant activity reached the values of 1624.94 ± 7.82 μM TEAC/g d.m.
Among the Matcha samples tested in the study, M-1 and M-5 showed significantly (p ≤ 0.05)
lower abilities to deactivate synthetic cation radicals ABTS+•, with an average value of
1579.00 ± 4.63 μM TEAC/g d.m., or M-2 and M-8 (1533.53 ± 11.65 μM TEAC/g d.m.).

 

Figure 4. Antioxidant activity in the tested Matcha green tea samples. Mean values marked in bars
by different letters (a–g) differ significantly (Duncan’s test, p ≤ 0.05).

2.2. The Possibility of Using Matcha Green Tea in the Design of Functional Protein Drinks

In the second stage of the research, it was decided to design a model functional
beverage with the addition of Matcha green tea. For this purpose, a sample M-4 tea
was selected. All tested samples can be a valuable source of polyphenolic compounds
in the daily diet, but sample M-4 had the highest antioxidant properties and the highest
polyphenol content. Taking into account the obtained results of physicochemical properties,
it can be assumed that for the design of a model functional beverage, it would be possible
to use any of the tested samples and obtain beverages with similar properties.

The recipe for the composition of two drinks was developed in the form of a ready-
to-use powdered mix, which should be mixed with water, milk or another selected liquid
product, e.g., a vegetable drink. The recipe composition and appearance of the designed
beverages are presented in Table 5.

In both drinks, the addition of maltodextrin as a source of complex carbohydrates
and inulin as a source of dietary fiber was used. The addition of inulin and maltodextrin
resulted in a slight thickening of the drinks. The drinks also contained the addition of
protein preparations—hydrolyzed collagen protein and/or whey isolate. Collagen after
dissolving is transparent and tasteless and does not affect the color and taste of the drink;
therefore, its addition was used in both drinks. In the case of a drink prepared on the
basis of milk, the addition of whey isolate was included in its composition, which also
did not affect the color of the drink. The addition of collagen enriched the drink with
protein without affecting the taste, consistency and color, while the addition of whey isolate
deepened the milky taste of the drink. A slight sediment was visible in the beverages due
to the presence of insoluble tea powder fractions.

The first designed drink was to resemble the so-called “Matcha Latte”, which is tea
with an addition of milk. To prepare it, milk and tea brewed or mixed with cold water were
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mixed. One of the advantages of this drink was its characteristic, vivid green color. Matcha
is so intense in taste that a small amount is enough to give the drink the right taste. The
drink gained a taste characteristic of tea, green, slightly earthy and bitter, balanced by the
sweet taste of milk and the addition of sugar.

The second drink designed was a water-based drink. This drink was supposed to be
similar to the so-called “Cold Brew Matcha” or “Cold Matcha Tea”, which is mixed with
cold water and optionally sweetened as desired.

Table 5. Recipe composition of functional drinks with Matcha flavor based on milk and water.

Component
Matcha Drink
Based on Milk

Matcha Drink
Based on Water

General
appearance of
Matcha drinks

[g/100 g drink] [g/100 g powder] [g/100 g of drink] [g/100 g powder]

Water 43 - 90 -
Milk 1.5% fat 43 - - -

Inulin 3 21 2.5 25
Collagen

hydrolyzate 3 21 3 30

Whey isolate 3.5 25 - -
Maltodextrin 2.5 18 2.5 25

Sugar 1.5 11 1.5 15
Matcha M-4 0.5 4 0.5 5

2.2.1. Physicochemical Evaluation of Designed Functional Protein Drinks

The designed mixes of ready-to-use powders for the drinks preparation and the
prepared Matcha functional drinks were evaluated in terms of basic physicochemical
characteristics, including aw (powder mix) and pH, ◦Brix and osmolality (liquid beverages,
ready to drink), and the obtained results are presented in Table 6.

Table 6. Water activity (powder mix), pH, soluble solids content (◦Brix) and osmolality of designed
Matcha functional drinks.

Parameter
Matcha Drink
Based on Milk

Matcha Drink
Based on Water

Water activity (aw) 0.19 ± 0.00 a 0.27 ± 0.01 b

pH 6.46 ± 0.05 a 6.58 ± 0.02 b

◦Brix 16.33 ± 1.03 b 8.83 ± 1.24 a

Osmolality (mOsm/kg·H2O) 313.00 ± 5.65 b 147.00 ± 1.63 a

Mean values ± standard deviation with different letters (a,b) in the same line differ significantly (Duncan’s test,
p ≤ 0.05).

The water activity (aw) of the ready-to-use powders was 0.186 for the milk-based drink
and 0.272 for the water-based Matcha drink. The beverages had pH values ranging from
6.46 for the milk-based drink to 6.58 for the water-based drink. The designed drinks also
differed significantly in terms of soluble solids content and osmolality, with significantly
(p ≤ 0.05) higher ◦Brix and osmolality for the Matcha drink based on milk (16.33 ± 1.03%
and 313 ± 5.65 mOsm/kg·H2O). In the Matcha drink based on water, these parameters were
about two times lower, 8.83 ± 1.24% (◦Brix) and 147 ± 1.63 mOsm/kg·H2O (osmolality).
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2.2.2. Sensory Evaluation of Designed Functional Protein Drinks

The designed Matcha functional drinks were assessed using the descriptive and point
method, paying attention to their features such as their appearance, smell, taste, consistency
and overall assessment, and the results of the assessment are presented in Table 7.

Table 7. Evaluation of organoleptic features of designed Matcha functional drinks by descriptive and
point method.

Sensory
Features

Matcha Drink
Based on Milk

Matcha Drink
Based on Water

Appearance light green color with a delicate
sediment and foam on the surface dark green color, cloudy drink

Points (0–5) 4.8 4.0

Smell milk, tea,
vegetable, herbal, sweet

herbal, tea, spicy, sweet, vegetable,
grassy

Points (0–5) 4.5 4.2

Taste milk, tea, herbal, slightly sweet,
slightly bitter, vegetable

vegetable, tea, herbal, almond,
slightly sweet, bitter, burning,

astringent, raw, grassy
Points (0–5) 4.8 4.0

Consistency
liquid, causing astringency on the
tongue, perceptible fine particles

suspended in the drink

fluid, slightly viscous, causing
tightening on the tongue

Points (0–5) 4.7 4.0

Overall score (0–5) 4.8 4.0

Matcha functional drinks differed depending on the selected liquid component (milk
vs. water). The aroma of the drinks, described as herbal, tea, vegetable or sweet, was at a
similar level in both variants. Both beverages had a fluid consistency, smooth, free from
lumps and large particles, with a marked astringent sensation on the tongue. The taste
of the drinks was tea, herbal, slightly sweet and slightly bitter and milky (in the case of
a milk-based drink). The overall scores, being a harmonization of all assessed attributes,
were high for both designed Matcha drinks. However, it is worth emphasizing that the
higher score, i.e., 4.8/5 points, was scored by a milk-based Matcha drink compared to a
water-based Matcha drink, which scored 4.0/5 points.

2.2.3. Nutritional Value of Designed Functional Protein Drinks

Table 8 lists the nutritional value of the designed Matcha functional drinks. The energy
value of the drinks was about 33–63 kcal/100 mL. The Matcha drink prepared on the basis
of water was characterized by a lower energy value; it did not contain fat and salt, and it
was characterized by a lower content of protein, sugar and fiber. This was mainly due to
the preparation of this water-based drink, without using a lot of ingredients (Table 5). The
addition of milk caused a significant increase in energy value, fat, carbohydrate and protein
content. Nevertheless, these were not high values. Taking into account the nutritional value
of drinks, they can be labeled with nutrition claims in accordance with Regulation (EC)
1924/2006 [38]. The list of claims for individual beverages is also given in Table 8.

104



Molecules 2023, 28, 7018

Table 8. Nutritional value of designed functional Matcha drinks in 100 mL of beverage.

Nutritional Value/
Nutrition Claim

Matcha Drink
Based on Milk

Matcha Drink
Based on Water

Energy value (kJ/kcal) 265.19/63.34 139.29/33.27
Fat (g) 0.7 <0.1

Saturated fatty acids (g) 0.47 <0.01
Carbohydrates (g) 8.8 6.25

Sugars (g) 4.28 2.18
Proteins (g) 6.7 2.7

Fiber (g) 2.7 2.25
Salt (g) 0.05 <0.01

Nutrition claims
according to

Regulation (EC) 1924/2006

High protein content
Low fat

Low salt content
High content of dietary fiber

High protein content
Does not contain fat

It does not contain salt
High content of dietary fiber

3. Discussion

3.1. Physicochemical and Bioactive Properties of Matcha Green Tea

The conducted organoleptic evaluation of Matcha green tea powders concerning
general appearance, degree of fragmentation, granulation, flowability, as well as color,
aroma and taste allowed us to conclude that the tested market products were of good
quality. In the organoleptic assessment, powdered Matcha green teas were characterized
by an intense green color, which proved the correct course of the technological process
of its production and the preservation of a large amount of chlorophyll giving the green
color [39]. In the case of M-6 and M-10 Matcha samples, which showed a much lower
degree of fragmentation (Figure 1), these products were characterized by a less intense
color, reminiscent of the typical color of green leaf tea, which made them less attractive than
the others. All the tested Matcha samples had an intense tea aroma and were characterized
by a distinctly bitter aftertaste, resulting, among others, from the presence of tannins [11].

One of the most important attributes of the appearance of food products, which
strongly influences consumer acceptance, is color, and undesirable colors may lead con-
sumers to reject products [40,41]. Considering that the basic selection criterion for tea
consumers is precisely this attribute [42], and from the point of view of organoleptic as-
sessment and overall quality of products, it is important to determine the color. A detailed
analysis of the color of powdered Matcha green teas with the instrumental method is car-
ried out in this paper and significant (p ≤ 0.05) differences between the tested products for
individual L*a*b* chromatic coordinates in the CIE color space are demonstrated (Table 1).

The available literature lacks studies on the instrumental measurement of the color of
powdered Matcha green teas. The intense, green color of the tested products resulted from
the high content of pigments, mainly chlorophylls [23]. Chlorophylls a and b, which occur
in all photosynthetic plants, are among the most common in nature, and their significant
content is responsible for the green color of plants [23]. According to the literature, the
content of chlorophylls and their derivatives in the leaves of Tencha tea, intended for
the production of Matcha, is significantly higher (5.65 mg/g d.m.) than in traditional
green tea (4.33 mg/g d.m.) [12]. The research carried out in this study was consistent
with the literature data [12]. The results obtained for the total chlorophyll content in the
tested samples of powdered Matcha green tea ranged from 1.16 ± 0.03 mg/g d.m. to
7.01 ± 0.05 mg/g d.m. and indicated a high content of these pigments in the 10 tested
Matcha products.

Taking into account the instrumental color measurement (CIE L*a*b*) (Table 1) and
the obtained results of high total chlorophyll content (Figure 3b) in the tested Matcha
samples, a significant (p ≤ 0.05) relationship between the content of total chlorophylls and
the chromatic coordinate a*, which determined the intensity of the green color (−a*) in the
tested Matcha green tea powders, was found. This relationship is presented in Figure 5.
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= 1.1549 + 3.2845  = 0.8343 

Figure 5. Relation between the total chlorophylls (mg/g d.m.) content and the chromatic coordinate
a* (CIE L*a*b*) in the tested Matcha green tea samples.

The high content of bioactive ingredients, including specific dyes in Matcha green
tea, is largely influenced by the technological processes used during its production [11].
Black teas are the result of the complete fermentation of tea leaves, leading to the typical
brown-black color, resulting from the enzymatic oxidation of the catechins present in the tea
leaves. In green tea production, the phenol oxidase (catalyzing oxidation reactions during
the leaf fermentation stage) is deactivated by high-temperature treatment, which allows
the green color to be preserved [11]. Differences in the obtained shades of color in the con-
ducted research could result not only from the different impact of technological processes
used to obtain powdered Matcha tea [11,16] but also from the degree of fragmentation
of the product [26] or agro-climatic conditions of tea cultivation, such as the number and
distribution of sunny and rainy days, possible fertilization and plant protection measures
during the growth period [25].

The powdered Matcha teas tested in this study were characterized by low water
activity (aw). Many physical, chemical and microbiological changes can occur in food
products, and the aw values can affect the speed and intensity of these changes [43]. Each
food product has a specific water activity that affects the adsorption or desorption of water
from the environment. Powdered products have a low water activity of 0.15–0.40, e.g., in
granulated tea, it is about 0.35 [44]. The average value of this parameter for all products
tested in the study was 0.32 ± 0.08, which proves the high durability and microbiological
safety of the products, due to the fact that most microorganisms do not develop at water
activity at the level of aw < 0.60 [43].

According to the conducted research, 2.5% water solutions of the tested Matcha teas
showed an acid reaction (pH < 7), which also increases the stability of the tested powders
by inhibiting the development of microorganisms (e.g., bacteria or yeast) and protection
against rotting during storage [43]. In addition, the tested market products had a stable
color and intense taste, and, according to the literature, the acidity of teas affects the stability
of dyes and enhances the flavor and aroma characteristics [43]. The soluble solids content
(◦Brix) and osmolality in 2.5% aqueous solutions of Matcha green tea were very low. The
content of soluble solids (◦Brix) indicates, among others, the content of carbohydrates in
the tested solutions, and compared to sweetened beverages, tea has a lower content, which
makes it suitable for diabetics or people on a slimming diet [45,46]. The low osmolality
of the tested teas allows them to be classified as hypotonic beverages, such as spring
or mineral waters [46]. Such drinks are very well absorbed into the body’s cells and can
quickly quench thirst [45].

Matcha is characterized by a high content of antioxidant compounds, in particular
polyphenols [12,15,24–27], including, e.g., flavonoids [2,13,16,17,19,21], phenolic acids [13,
17,18], carotenoids [12,23] or vitamins, thanks to which it has a strong antioxidant poten-
tial [13–18,26]. The conducted research showed a high content of phenolic compounds,
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determined by both the HPLC (Table 4, Figure 2a) and the spectrophotometric (Figure 2b)
methods, in tested Matcha green tea samples.

Chromatographic analysis of selected phenolic compounds in the tested Matcha
green tea samples (Table 4) showed the dominant share of catechins in the identified
flavonoids, which was confirmed by other authors [1,30,31]. According to the literature,
the dominant catechins in green tea are epicatechin, epicatechin-3-gallate, epigallocatechin
and epigallocatechin-3-gallate [1], with the highest concentration of epigallocatechin-3-
gallate [30,31]. The research results obtained in this study confirmed the tendency described
in the literature, because gallate epigallocatechin was present in the highest concentration,
while the content of epigallocatechin and catechin was over six times and over eleven times
lower, respectively, in the tested Matcha green tea samples (Table 4).

The studies of Matcha green tea showed a high content of total polyphenols, ranging
for the tested Matcha market products from 89.91 ± 3.17 to 190.96 ± 2.14 mg GAE/g d.m.
(Figure 2b), which was confirmed by the test results of other authors. In the studies
of Koláčková et al. (2019) [17], the total content of polyphenols ranged from 64.4 to
93.9 mg GAE/g d.m. in aqueous solutions and from 169 to 273 mg GAE/g d.m. in 80%
methanol solutions. Analyzing the research results obtained in this work and the other
authors results, it can be seen that methanolic solutions (usually at a concentration of 80%)
showed a higher content of total polyphenols, which may be justified by a more effective
extraction process of polyphenols from tea [17].

In the study by Jakubczyk et al. (2020) [13], the content of total polyphenols in infusions
of two types of Matcha green tea was determined: traditional Matcha (from the first and
second harvest) and daily Matcha (from the second and third harvest). The content of
polyphenols in both infusions was high, but it differed depending on the temperature of
the water used to prepare the infusion. The content of flavonoids was also determined in
the same study. Infusions were characterized by a high content of these compounds, but
higher concentrations were noted in teas from the second and third harvests. The results
for traditional Matcha ranged from 1222.60 to 1514.28 mg/L, and for daily Matcha, they
ranged from 1379.82 to 1968.79 mg/L.

In other studies [26], it was shown that powdered teas compared to leaf teas were
characterized by a higher content of polyphenols using the same amount of leaves and
powder during extraction, which may suggest that the grinding process may also affect the
increasing the efficiency of extraction of polyphenolic compounds from tea [16,47].

Based on the research on the content of total polyphenols and the analysis of the
literature, it can be concluded that Matcha contains large amounts of bioactive substances,
in particular those with antioxidant activity [1]. According to the research, Matcha green
teas available on the Polish market were characterized by a high antioxidant potential,
ranging from 1443.56 ± 3.61 to 2076.35 ± 59.11 μM TEAC/g d.m. (Figure 4). The obtained
results were confirmed in the available literature [17,18,22]. In the studies of Koláčková
et al. (2020) [17], the antioxidant activity in Matcha teas from different producers was
determined using ABTS+•. The authors showed differences in the Matcha antioxidant
activity in 80% methanol extracts (from 306 to 368 mg TE/g) and in aqueous extracts (from
246 to 382 mg TE/g). The highest antioxidant activity was found in Matcha methanol
extracts. In other studies conducted by Jakubczyk et al. (2020) [13], the antioxidant potential
of the tested Matcha tea infusions ranged from 5767.30 to 6129.53 μM Fe2+/L. In these
studies, higher values were noted in teas brewed at higher temperatures (90 ◦C), which was
most likely related to better release of biologically active compounds and higher kinetic
energy at higher temperatures [13]. In other studies on various green teas, for all the
analyzed products, an increase in antioxidant potential was shown with increasing water
temperature during brewing, and it was found that the highest antioxidant activity was
shown by infusions brewed at 100 ◦C for 3 min [27]. In addition, these authors showed
that the antioxidant potential correlates with the content of polyphenolic compounds in the
samples they studied, which was also found in the studies obtained in this work (Figure 6a).
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The conducted research showed the existence of a significant (p ≤ 0.05), positive
relationship between the content of total polyphenols and antioxidant activity (R2 = 0.8937),
as well as between the content of vitamin C and antioxidant activity (R2 = 0.9061), measured
by the ability to deactivate synthetic ABTS+• cation radicals, as presented in Figure 6. This
study is consistent with the results achieved by other authors, who confirmed the high
antioxidant properties of Matcha green tea, depending on the high concentration of phenolic
compounds and the high vitamin C content [13,16,25,26,47].

a                                                  b  

Figure 6. Relation between the total polyphenols (mg GAE/g d.m.) (a) or vitamin C content
(mg/g d.m.) (b) and antioxidant activity (μM TEAC/g d.m.) in the tested Matcha green tea samples.

In the literature studies, the content of bioactive components and antioxidant activity
in Matcha fall within very wide ranges of values. These differences can be explained by
the influence of various factors, determining not only the content and profile of phenolic
components but also the antioxidant potential in the raw material itself. These factors
include species and type of tea [2,3], production processes [13,17,25] and agro-climatic
conditions of cultivation [1,25], including the degree of shading and insolation of the plant
during its growth [8,12,36] or the conditions of tea harvesting [13,36]. The process of green
tea and Matcha production also plays a very important role [25,26]: the form of the final
product (leaves, bags, powder) [16,24,26], degree of fragmentation (milling) [26,47] or
packaging and storage conditions [48]. The key role in shaping the bioactive properties
of consumed products is also played by the methods and conditions of preparing Matcha
drinks, including brewing time and temperature [24,47,49].

Due to the richness of bioactive ingredients (mainly polyphenols), especially those
with antioxidant properties, Matcha green tea is increasingly used in the prevention and
treatment of many diseases, including inflammatory diseases [30,31], viral diseases [20,32]
and many civilization diseases, including diabetes [22,50,51], obesity [28], cancer [2], hy-
pertension and heart disease [1,13,22,24,29,52], or for slowing down the aging process [33]

In addition, thanks to its health-promoting properties, as well as specific physicochem-
ical properties (finely ground powder with an intense green color intended for consumption
both “hot” and “cold”), Matcha is more and more often used as an addition to various
products, including bars, jellies, pastries, drinks, cocktails or ice cream [4,34], becoming a
promising ingredient in the functional food industry [22,35–37].

3.2. The Possibility of Using Matcha Green Tea in the Design of Functional Protein Drinks

The above-presented results of the conducted research on the assessment of physic-
ochemical and bioactive features of various types of Matcha green teas available on the
Polish market were the basis for the selection of a product with the most appropriate
features for the design of functional beverages. Based on the obtained results, a sample
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of Matcha M-4 green tea, characterized by the most desirable bioactive properties, was
selected for further (design) research. This sample was used to develop the composition of
the model beverages that can be recommended to a wide range of consumers, depending
on their individual expectations or needs. Thanks to the high content of protein in the
drinks, in an easily accessible form, an important group of recipients may be athletes or
people with an increased need for protein. Moreover, the addition of maltodextrin, which
is an easily available source of carbohydrates, indicates that the drinks can be especially
recommended to athletes or physically active people. Maltodextrin is quickly released in
the body, thanks to which muscle glycogen stores are quickly replenished and energy is
supplied. This ingredient is often used in food products for athletes [53]. It has been shown
that the addition of protein to a carbohydrate drink results in better glycogen storage
after exercise compared to drinks of the same energy value consisting of carbohydrates
or carbohydrates and fat [54]. For the elderly or malnourished, these drinks can also be a
helpful supplement to the diet due to the high protein content with low energy value [55].
In addition, the fiber in the form of inulin added to the recipe increases the nutritional
value of the drink and is a source of prebiotics. Inulin has prebiotic properties, it can
contribute to lowering the concentration of triglycerides and cholesterol in the blood, as
well as improving the absorption of minerals such as calcium and magnesium [56]. These
ingredients may be present in the liquid component with which the beverage is prepared
and thus better absorbed, e.g., calcium in milk or magnesium in water. The bioactive
compounds from Matcha present in the recipe composition increase the health-promoting
qualities of the prepared drinks.

The available literature contains conflicting data on the effect of adding milk to tea on
the antioxidant activity of the beverage so obtained. The differences in the obtained results
are mainly due to the use of different types of tea and milk for the preparation of beverages,
the composition of the beverage, and the method of their preparation. Interactions between
polyphenolic compounds present in tea and proteins present in milk (mainly catechins
and caseins) can lead to a decrease in the antioxidant activity of the prepared beverage.
Few data on the explanation of this phenomenon can be found in the literature [57]. In
addition, milk contains fat globules, which may also interact with tea catechins. Although
the negative effect of milk addition on antioxidant activity in tea has been widely described,
there is a lack of information on the effect of milk addition on the activity or bioavailability
of caffeine in tea infusions [58]. In this study, in the context of sensory characteristics, it
was confirmed that the addition of milk to tea infusion improves the taste characteristics of
the prepared drink by counteracting the occurrence of astringent and bitter taste. These
flavors are characteristic of tea infusions, which is due to the presence of tannins in them.
Additionally, the presence of milk in the tea infusion increases the nutritional value of
this drink.

Despite the rich and growing market of functional drinks, there is still little information
and research on their formulation and design [59]. There is also little research on the
interaction of polyphenols with compounds present in food, i.e., carbohydrates, lipids or
proteins [60–62]. Therefore, the presented research may be the starting point for the design
of functional drinks using protein preparations with the addition of powdered Matcha
green tea and, in the future, also for testing the bioavailability of polyphenolic components
contained in various food products and food matrices.

4. Materials and Methods

4.1. Materials

The research material consisted of 10 powdered Matcha green teas, which were market
products and the most frequently chosen brands in Poland. The products were purchased in
specialist tea shops in 100g individual packages. The research was carried out in two stages.

In the first stage of the research, the physicochemical and bioactive properties of
10 selected Matcha products were assessed. An organoleptic evaluation was carried out,
the physical properties of samples in the form of powders and 2.5% aqueous solutions of
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Matcha were assessed, and the bioactive properties were also tested. On the basis of the
research results obtained in the first stage, one of ten tested products was selected; it was
characterized by the most desirable organoleptic, physicochemical and bioactive properties,
which was used to design the composition of functional drinks with the Matcha addition.

In the second stage of the research, the composition of the ready-to-use powdered
mix was designed, containing the addition of Matcha green tea as a source of bioactive
substances and shaping the taste profile of the functional drinks designed later. The
composition was designed, and 2 types of Matcha functional drinks were obtained, i.e.,
milk-based and water-based. The detailed composition of the beverage formulations is
presented in Section 3. Results (Table 5).

4.2. Methods

In Matcha powder samples, organoleptic evaluation, measurements of water activity
(aw), instrumental color measurements (L*a*b*), water solubility index (WSI) and water
holding capacity (WHC) as well as total polyphenol content and antioxidant activity of the
tested 10 market products of Matcha green tea were determined.

4.2.1. Instrumental Color Measurement (CIE L*a*b*) of Powders

Color parameters of Matcha green tea powders were measured at room temperature
(20 ◦C) using a colorimeter (Konica Minolta CR-400, Konica Minolta, BSP, Warsaw, Poland)
in the CIE Lab color space (L*a*b*) (L-brightness; +a-red; −a-green; +b-yellow; −b-blue).
After calibration using a white CR-A43 reflective plate and placing the samples in a glass
dish (Ø 60 mm) on the measuring head, the results were read.

4.2.2. Water Activity (aw) of Powders

Water activity (aw) of Matcha green tea powders and designed ready-to-use drink
powdered mixes were measured using a handheld AquaLab Water Activity Meter (Decagon
Devices. Inc., Pullman, WA, USA) with a temperature stabilizer

4.2.3. Water Solubility Index (WSI) of Powders

The water solubility index (WSI) was determined by the gravimetric method according
to Yousf et al. (2017) [63]. In plastic Falcone tubes (with a capacity of 50 mL), 2.5 g (with an
accuracy of 0.001 g) of Matcha green tea powders were weighed on an analytical balance (AS
220/X, Radwag, Radom, Poland); 30 mL of distilled water was added, mixed in a centrifuge
tube, incubated in a heated shaker (IKA KS 4000i Control, IKA® Ltd., Warsaw, Poland)
(37 ◦C ± 1 ◦C, 30 min) and then centrifuged (MPW-380 R, MPW Med. Instruments, Warsaw,
Poland) for 20 min at 10,000 rpm. The supernatant was collected into pre-weighed weighing
bottles and dried in an incubator (SUP 200W, Wamed, Warsaw, Poland) at 103 ◦C ± 2 ◦C.
After drying, it was weighed and the WSI was expressed as % dissolved substance in water.

4.2.4. Water Holding Capacity (WHC) of Powders

The water holding capacity (WHC) was determined by the gravimetric method ac-
cording to the methodology described by Sudha et al. (2007) [64]. In plastic Falcone tubes
(with a capacity of 50 mL), 1.0 g (with an accuracy of 0.001 g) of Matcha green tea powders
were weighed on an analytical balance (AS 220/X, Radwag, Radom, Poland); 50 mL of
distilled water was added, mixed in a centrifuge tube and then centrifuged (MPW-380 R,
MPW Med. Instruments, Warsaw, Poland) for 15 min at 10,000 rpm. Excess water was
poured off, and the water-absorbed powder was reweighed and the WHC was expressed
as g/g (grams of water per gram of powder).

4.2.5. pH

The pH of 2.5% aqueous Matcha green tea solutions and designed functional drinks
was measured by the potentiometric method using a laboratory pH-meter probe (Elmetron
CP-511, Elmetron Rp., Zabrze, Poland) at room temperature (20 ◦C).
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4.2.6. Soluble Solids Content (◦Brix)

The soluble solids content (◦Brix) in 2.5% aqueous Matcha green tea solutions and
designed functional drinks was measured using an Abbe refractometer (ORT-1, Kern &
Sohn GmbH, Balingren-Frommern, Balingen, Germany), using the refractometric method,
according to the Polish Standard (PN-EN 12143:2000) [65]. The results (expressed in %)
were read from the sugar scale at room temperature (20 ◦C).

4.2.7. Osmolality

The osmolality of 2.5% aqueous Matcha green tea solutions and designed functional
drinks was measured using an osmometer (Osmometr Krioskop 800CL, Trident Med. Clp,
Warsaw, Poland) by measuring the crystallization temperature of a supercooled solution
with a one-point calibration. After measuring 100.0 μL of the sample into the osmometric
tube and placing it in the cooling chamber, as a result of supercooling the sample and
initiating crystallization, the heat of crystallization was measured with a thermistor and
automatically converted to mOsm/kg·H2O.

4.2.8. Selected Phenolic Acids and Flavonoids Identified by the HPLC Method

In plastic sterile test tubes (10 mL capacity), 0.1 g (accuracy to 0.001 g) of powdered
Matcha green tea was weighed on an analytical balance (AS 220/X, Radwag, Radom,
Poland); 5.0 mL of 80% methanol (Sigma-Aldrich, Poznań, Poland) was added and vortexed
(Wizard Advanced IR Vortex Mixer, VELP Scientifica Srl, Usmate, Italy) (30 s, 2000 rpm) to
mix thoroughly, and then incubated in an ultrasonic bath (PolSonic, Warsaw, Poland) for
10 min (5.5 kHz, 30 ◦C). After the incubation, the samples were centrifuged in a refrigerated
centrifuge (MPW-380 R, MPW Med. Instruments, Poland, Warsaw) for 15 min (6000 rpm,
2 ◦C), and the obtained supernatants (1.0 mL) were collected into the chromatographic
vials and analyzed by HPLC.

The contents of selected phenolic acids and flavonoids in Matcha green tea were
determined by the HPLC method, according to Hallmann et al. (2017) [66], using the
Shimadzu HPLC kit (USA Manufacturing Inc., Waltham, MA, USA), consisting of two
LC-20AD pumps, a CMB-20A system controller, a CTD-20AC controller, a SIL-20AC au-
tosampler and a UV/VIS SPD-20AV detector. Identification and separation of selected
phenolic compounds were performed on a Synergi Fusion-RP 80i chromatographic column
(250 × 4.60 mm) (Phenomenex, Shimpol, Warsaw, Poland), using a flow gradient with two
phases: acetonitrile/deionized water (55% and 10%) at pH 3.00. The analysis time was
38 min, with a flow rate of 1.0 mL/min and detection at λ = 250–370 nm. External stan-
dards, i.e., gallic acid, p-coumaric acid, catechin, epigallocatechin, gallate epigallocatechin,
quercetin and rutoside-3-O-quercetin, with a purity of 99.98% (Fluka and Sigma-Aldrich
Poznań, Poland), were used to identify the substances. Five injections of phenolic standard
solutions were made in order to prepare standard curves. The content of selected phenolic
compounds was calculated based on the standard curves, and the results were expressed
as mg/g d.m. (d.m.—dry matter).

4.2.9. Vitamin C Content

In plastic sterile test tubes (10 mL capacity), 0.1 g (accuracy to 0.001 g) of powdered
Matcha green tea was weighed on an analytical balance (AS 220/X, Radwag, Radom,
Poland); 5.0 mL of 5% metha-phosphoric acid (Sigma-Aldrich, Poznań, Poland) was added
and vortexed (Wizard Advanced IR Vortex Mixer, VELP Scientifica Srl, Usmate, Italy) (30 s,
2000 rpm) to mix thoroughly, and then incubated in an ultrasonic bath (PolSonic, Warsaw,
Poland) for 10 min (5.5 kHz, 30 ◦C). After the incubation, the samples were centrifuged
in a refrigerated centrifuge (MPW-380 R, MPW Med. Instruments, Poland, Warsaw) for
10 min (6000 rpm, 0 ◦C), and the obtained supernatants (1.0 mL) were collected into the
chromatographic vials and analyzed by HPLC.

The vitamin C content in Matcha green tea was determined by the HPLC method,
according to Ponder and Hallmann (2020) [67], using the Shimadzu HPLC kit (USA Manu-
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facturing Inc., Waltham, MA, USA), consisting of two LC-20AD pumps, a CMB-20A system
controller, a SIL-20AC autosampler and a UV/VIS SPD-20AV detector. Identification and
separation of L-ascorbic and L-dehydroascorbic acids were performed on a Hydro 80-A
RP column (250 × 4.6 mm) (Phenomenex, Shimpol, Warsaw, Poland), using a mobile
phase: 0.1 M acetic acid (glacial, 99.9% purity) (Sigma-Aldrich, Poznań, Poland) and 0.1 M
sodium acetate (Sigma-Aldrich, Poznań, Poland) (in volume proportions of 63:37 v/v) at
pH 4.4. The analysis time was 18 min, with an isocratic flow of 1.0 mL/min and detection
at λ = 255–260 nm. External standards, i.e., L-ascorbic acid (L-ASC) and L-dehydroascorbic
acid (L-DHA) (Sigma-Aldrich, Poznań, Poland), with a purity of 99.5%, were used to
identify the substances. Five injections of L-ASC and L-DHA standards solutions were
made in order to prepare standard curves. The vitamin C content was calculated based on
standard curves, and the results were expressed (as the sum of L-ASC and L-DHA acids)
in mg/g d.m. (d.m.—dry matter).

4.2.10. Chlorophylls Content

In plastic sterile test tubes (10 mL capacity), 0.1 g (accuracy to 0.001 g) of powdered
Matcha green tea was weighed on an analytical balance (AS 220/X, Rad-wag, Radom,
Poland); 5.0 mL of cold acetone (Sigma-Aldrich, Poznań, Poland) and 10.0 mg of magnesium
carbonate MgCO3 (Sigma-Aldrich, Poznań, Poland) were added and vortexed (Wizard
Advanced IR Vortex Mixer, VELP Scientifica Srl, Usmate, Italy) (30 s, 2000 rpm) to mix
thoroughly, and then incubated in an ultrasonic bath (PolSonic, Warsaw, Poland) for
10 min (5.5 kHz, 0 ◦C). After the incubation, the samples were centrifuged in a refrigerated
centrifuge (MPW-380 R, MPW Med. Instruments, Poland, Warsaw) for 10 min (6000 rpm,
0 ◦C), and the obtained supernatants (1.0 mL) were collected into the chromatographic
vials and analyzed by HPLC.

The chlorophyll content in Matcha green tea was determined by the HPLC method,
according to Hallmann et al. (2017) [66], using the Shimadzu HPLC kit (USA Manufacturing
Inc., Waltham, MA, USA), consisting of two LC-20AD pumps, a CMB-20A system controller,
a SIL-20AC autosampler and a UV/VIS SPD-20AV detector. Identification and separation
of chlorophyll a and chlorophyll b were performed on a Synergi Max-RP 80A column
(250 mm × 4.60 mm) (Phenomenex, Shimpol, Warsaw, Poland), using two mobile phases:
acetonitrile/methanol (Sigma-Aldrich, Poznań) (90:10 v/v) and methanol/ethyl acetate
(Sigma-Aldrich, Poznań) (64:36 v/v). The analysis time was 28 min, with a flow rate
of 1.0 mL/min and detection at λ = 450 nm. External standards, i.e., chlorophyll a and
chlorophyll b, with a purity of 99.98% (Sigma-Aldrich Poznań, Poland) were used to identify
the substances. Five injections of chlorophyll a and chlorophyll b standard solutions were
made in order to prepare standard curves. The total chlorophyll content was calculated
based on the standard curves, and the results were expressed (as the sum of chlorophyll a
and b) in mg/g d.m. (d.m.—dry matter).

4.2.11. Preparation of Water Extracts for Total Polyphenol Content and Antioxidant
Activity Assay

In plastic sterile Falcone tubes with a cap (50 mL capacity), 0.5 g (accuracy to 0.001 g)
of powdered Matcha green tea was weighed on an analytical balance (AS 220/X, Radwag,
Radom, Poland); 40 mL of distilled water was added and vortexed (Wizard Advanced IR
Vortex Mixer, VELP Scientifica Srl, Usmate, Italy) (60 s, 2000 rpm) to mix thoroughly, and
then incubated in a shaking incubator (IKA KS 4000i Control, IKA® Ltd., Warsaw, Poland)
for 60 min (60 ◦C, 200 rpm). After incubation, the samples were again vortexed for 60 s for
thorough mixing and then centrifuged in a refrigerated centrifuge (MPW-380 R, MPW Med.
Instruments, Warsaw, Poland) for 15 min (4 ◦C, 10,000 rpm). The supernatant obtained in
this way was used to determine the total polyphenol content and antioxidant activity in
Matcha green tea.
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4.2.12. Total Polyphenol Content

Total polyphenol content in Matcha green tea was determined using the Folin–Ciocalteu
reagent (Sigma-Aldrich, Poznań, Poland) according to the Singleton and Rossi (1965) [68]
method. The solution (1.0 mL of diluted supernatant, 2.5 mL of Folin–Ciocalteu reagent,
5.0 mL of 20% Na2CO3 (sodium carbonate) in 41.5 mL of distilled water) was incubated for
60 min (20 ◦C, no access to light) and the absorbance was measured in a spectrophotometer
(UV/Vis UV-6100A, Metash Instruments Co., Ltd., Shanghai, China) at λ = 750 nm. After
taking into account the dilutions used, the obtained results of absorbance measurements
were recalculated based on the standard curve (y = 2.127x + 0.1314, R2 = 0.9994) for gallic
acid (Sigma-Aldrich, Poznań, Poland) as a standard substance and the total polyphenol
content was expressed as mg GAE/g d.m. (GAE—gallic acid equivalent, d.m.—dry matter).

4.2.13. Antioxidant Activity

Antioxidant activity in Matcha green tea was determined using the cation radical
ABTS+• (2,2′-azino-bis 3-ethylbenzothiazolin-6-sulfonic acid) (Sigma-Aldrich, Poznań,
Poland) according to the Re et al. (1999) [69] method. The solution (1.5 mL of diluted super-
natant, 3.0 mL radical cations ABTS+• in PBS solution (PBS—phosphate buffer solution))
was vortexed (Wizard Advanced IR Vortex Mixer, VELP Scientifica Srl, Usmate, Italy) and
incubated for 6 min (20 ◦C), and the absorbance was measured in a spectrophotometer
(UV/Vis UV-6100A, Metash Instruments Co., Ltd., Shanghai, China) at λ = 734 nm. After
taking into account the dilutions used, the obtained results of absorbance measurements
were recalculated based on the standard curve (y = –5.6067x + 0.7139, R2 = 0.9998) for
Trolox (Sigma-Aldrich, Poznań, Poland) as a standard substance and the antioxidant activ-
ity was expressed as μM TEAC/g d.m. (TEAC—Trolox equivalent antioxidant capacity,
dm.—dry matter).

4.2.14. Sensory Evaluation of Functional Matcha Drinks

Sensory evaluation of the designed functional Matcha drinks was carried out by
six panelists with extensive experience in assessing the sensory characteristics of various
products using the descriptive and point method. The drinks were assessed in the following
categories: taste, smell, color, consistency and overall rating on a five-point scale (5—very
good, 4—good, 3—sufficient, 2—insufficient, 1—bad).

4.2.15. Nutritional Value of Functional Matcha Drinks

The nutritional value of the designed functional Matcha drinks was calculated on the
basis of the information provided on the labels of the beverage components regarding their
energy value and the content of individual nutrients and salt. The study calculated the
energy value, fat content (including saturated fatty acids), carbohydrate content (including
sugars), fiber, protein and salt content of the prepared drinks.

4.2.16. Statistical Analysis

The differences between the samples were considered statistically significant at p ≤ 0.05.
Statistical analysis of the obtained results was performed using the Statistica 13.0 software
(Tibco Software Inc., Palo Alto, CA, USA). The significance of differences between the
obtained results was determined by performing a one-way analysis of variance (ANOVA).
In order to show the differences between the individual groups, the Duncan test was used
at the assumed significance level of p ≤ 0.05. The results were presented in tables and
graphs in which the division into homogeneous groups was marked and the mean values
and standard deviations (SD) were presented.

5. Conclusions

The Matcha green teas tested in the study, in the organoleptic assessment regarding
the general appearance, degree of fragmentation, granulation, flowability, as well as color,
aroma and taste, were characterized by good quality and their solubility in water, giving
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mostly homogeneous mixtures with a pleasant, typical tea aroma and intense green color.
The soluble solids content of 2.5% aqueous solutions of Matcha green tea powders was
close to the ◦Brix of pure water, and their osmolality was within the range of hypotonic
beverages. Knowledge of such properties is crucial due to the possibility of using Matcha
green tea powder as a source of bioactive ingredients in the design of functional food and
various types of food products with its participation.

The tests carried out showed a high content of bioactive ingredients, including selected
phenolic acids and flavonoids identified by the HPLC method, as well as total polyphe-
nols, determined by the spectrophotometric method using the Folin–Ciocalteu reagent.
Moreover, the tested Matcha green tea samples were characterized by a high content of
chlorophylls, vitamin C and high antioxidant activity.

Functional food is a constantly developing market segment. It affects health and can
prevent the development of civilization diseases. Many active or nutritional ingredients
are used in its production. Currently, most products are enriched with proteins, pro and
prebiotics, polyunsaturated fatty acids and antioxidants, including polyphenols. Beverages
are the most extensive category of functional foods. Despite the great interest in the
group of functional products, which include the designed drinks, there is little research
on their formulation, the interaction of the ingredients of such food as well as the sensory
characteristics of protein drinks with the addition of various protein preparations and
additional inulin preparation. Due to the wide range of health-promoting properties of
Matcha green tea, it is worth including this product in daily diet, both in the form of
functional drinks or as an addition to other food products, such as cocktails, desserts
or snacks. In the present study, a formulation of an innovative ready-to-drink protein
drink was developed, containing both Matcha bioactive ingredients and digestible whey
proteins, amino acids and peptides of enzymatically hydrolyzed collagen proteins rich
in bone-joint tissue hydroxyamino acids (hydroxyproline and hydroxylysine) and the
prebiotic inulin. This preparation, when dissolved in the consumer’s preferred liquid
(water, milk, juice), constitutes a ready-to-drink regenerative drink of low osmolality
(an iso- and hypotonic drink). This beverage can be recommended to a wide range of
consumers, including physically active people and malnourished people with protein
deficiency, and as a functional beverage, it can be used in the prevention and treatment of
connective tissue diseases.
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Kołożyn-Krajewska, D.; Domínguez,

R. Reduction of Nitrite in Canned

Pork through the Application of Black

Currant (Ribes nigrum L.) Leaves

Extract. Molecules 2023, 28, 1749.

https://doi.org/10.3390/

molecules28041749

Academic Editor: Adele Papetti

Received: 11 January 2023

Revised: 6 February 2023

Accepted: 8 February 2023

Published: 12 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Reduction of Nitrite in Canned Pork through the Application of
Black Currant (Ribes nigrum L.) Leaves Extract

Karolina M. Wójciak 1, Karolina Ferysiuk 1, Paulina Kęska 1,*, Małgorzata Materska 2, Barbara Chilczuk 2,
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Abstract: Sodium nitrite is a multifunctional additive commonly used in the meat industry. However,
this compound has carcinogenic potential, and its use should be limited. Therefore, in this study the
possibility of reducing the amount of sodium(III) nitrite added to canned meat from 100 to 50 mg/kg,
while enriching it with freeze-dried blackcurrant leaf extract, was analyzed. The possibility of fortifi-
cation of canned meat with blackcurrant leaf extract was confirmed. It contained significant amounts
of phenolic acids and flavonoid derivatives. These compounds contributed to their antioxidant
activity and their ability to inhibit the growth of selected Gram-positive bacteria. In addition, it was
observed that among the three different tested doses (50, 100, and 150 mg/kg) of the blackcurrant
leaf extract, the addition of the highest dose allowed the preservation of the antioxidant properties
of canned meat during 180 days of storage (4 ◦C). At the end of the storage period, this variant was
characterized by antiradical activity against ABTS (at the level of 4.04 mgTrolox/mL) and the highest
reducing capacity. The addition of 150 mg/kg of blackcurrant leaf extract caused a reduction in
oxidative transformations of fat in meat products during the entire storage period, reaching a level of
TBARS almost two times less than in the control sample. In addition, these products were generally
characterized by stability (or slight fluctuations) of color parameters and good microbiological quality
and did not contain N-nitrosamines.

Keywords: canned meat; nitrite-free; antioxidants; lyophilization; R. nigrum L.; black currant leaves;
TBARS

1. Introduction

Oxidation of meat and meat products leads to the deterioration of their nutritional
value, color, and sensory properties, as well as the formation of harmful compounds
(e.g., aldehydes and ketones) [1,2]. The mechanism of oxidation of lipids, proteins, and
pigments has been very well explained by various authors [1–5]. In general, free radicals are
considered the main elements responsible for the oxidation of lipids and proteins. Therefore,
in the last decades, several strategies to improve the oxidative stability of meat and meat
products were studied, including the addition of natural antioxidants [6–8], the use of active
packaging [9,10], or a combination of both. These substances can inhibit the activity of free
radicals and improve the shelf life of the meat products [2,10]. Sodium(III) nitrite is a strong
antioxidant that not only protects these products against the negative effects of oxygen,
but also renders them with the characteristic color, taste, and flavor [11,12]. In addition,
this salt exhibits antimicrobial action against various foodborne pathogens (Escherichia coli,
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Clostridium botulinum, Clostridium perfringens, and Bacillus cereus) [11]. For these reasons,
sodium(III) nitrite can be considered as a multifunctional additive, and replacing it in meat
products’ processing is a major challenge for researchers and professionals in the meat
industry [13].

Unfortunately, the latest research points out that nitrite salts pose harmful effects on
human health, which was confirmed by the detection of N-nitrosocompounds [14]. N-
nitrosamines (NAs) are mutagenic, genotoxic, and cancerogenic compounds that are formed
in cured products during the process of production or storage [15,16]. In addition, NAs
could also be produced during the complex digestive process in the human body [15,16].
Hence, there is a search for new methods to protect the safety of meat products. To balance
the benefits of sodium(III) nitrite and its adverse effects, it was suggested that the amount
of nitrite added to meat products can be reduced. However, to maintain food safety, some
additional methods of protection should also be applied [16].

In this sense, some studies have proposed the use of high-nitrate plant extracts or
powders, such as those obtained from Beta vulgaris [13], radish [17], or cruciferous vegeta-
bles [18], to reduce the addition of synthetic nitrite to meat products. Additionally, because
secondary plant metabolites are known to have various positive effects on human health,
scavenge free radicals, and act as reactive metal chelators, their addition to meat products
was also proposed [19,20]. For this purpose, the extracts of various plant materials have
been tested: black barberry (Berberis crataegina L.) [21]; pomegranate (Punica granatum L.)
and pistachio (Pistacia vera L.) green hull [22]; grape seed and chestnut together with olive
pomace hydroxytyrosol [23]; Caesalpinia sappan L. [24]; tomato (Solanum lycopersicum L.),
pomace extract, and peppermint (Mentha piperita L.) essential oil [25]; red dragon fruit
(Hylocereus polyrhizus) peel extract [26]; and bilberry (Vaccinium myrtillus) and sea buck-
thorn (Hippophae rhamnoides) leaves [27]. It should be noted that most of the research works
focused on cooked pork or beef sausages, while canned meat has not been tested so far.

Black currant (Ribes nigrum L.) belongs to the Grossulariaceae family, which contains
over 150 species. This plant does not require specific conditions for cultivation and can grow
in various types of soils [28,29]. Its fruits are rich in different polyphenolic compounds,
especially anthocyanins [28,29], while the leaves contain mainly quercetin-3-O-derivatives,
myricetin, and kaempferol derivatives, as well as neochlorogenic acid, caffeic acid, gallic
acid, chlorogenic acid, and catechins [30–32]. However, the content of polyphenols is higher
in leaves than in fruits [29–31]. The soil type and harvest time determine the antioxidant activity
and chemical composition of the extracts obtained from these raw materials [29,30]. Neverthe-
less, both the leaves and fruits of black currant exhibit various biological effects, such as
antimicrobial, antihypertensive, antimutagenic, antidiabetic, analgesic, anti-inflammatory,
and anticancer properties, and can inhibit cell proliferation [29,31]. Leaves of black currant
plants were used in natural medicine in the form of extracts to treat inflammatory disorders
and as a diuretic, while in the form of infusions, they were used to regulate the function of
kidneys [30].

Despite the high antioxidant potential of black currant leaves and their possible use as
an antioxidant in meat products, studies focusing on this subject are limited. Among them,
only in the study of Nowak et al. [33], extracts obtained from the leaves of cherry (Prunus
cerasus L.) and black currant (R. nigrum L.) were analyzed to determine their antimicrobial
properties in pork sausages with no nitrite addition.

Our previous research [34] proved that the amount of sodium(III) nitrite added to
canned pork can be safely reduced without adverse effects, such as the presence of NA,
exceeding the amount of malondialdehyde (MDA), and formation of pathogenic bacteria.
However, it was noted that the antioxidant properties of the product containing only
50 mg/kg of sodium(III) nitrite were reduced during storage.

Therefore, the present study aimed to evaluate the possibility of producing canned
pork, in which the amount of sodium(III) nitrite added was reduced from 100 mg/kg
(following Regulation No. 1333/2008 [35] for canned meat products) to 50 mg/kg, along
with simultaneous fortification with water-lyophilized leaf extract of black currant during
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six months (180 days) of storage. The assessment of the quality of the products was
based on the assessment of color-forming properties (L*, a*, b*, and nitrosochemochrome),
antioxidant properties (in the ABTS, DPPH, and FRAP tests as well as the TBARS test) and
antimicrobial properties, important from the point of view of consumers. N-nitrosamines
(NAs) content as a critical point in assessing product safety was also assessed in these studies.

2. Results and Discussion

2.1. Characteristics of Black Currant Leaf Extract
2.1.1. Chemical Analysis and Antioxidant Capacity

The lyophilized aqueous extract of black currant leaves (Figure 1) was characterized
by a slightly acicular consistency, mild golden color, and delicate fruity aroma. The extract
was easily soluble in water.

 
Figure 1. Water extract of black currant leaves after lyophilization.

The extraction yield was satisfactory and amounted to over 18%. Chemical analysis
revealed the complex chemical composition of the prepared extract (Table 1). The antiradical
activity of the tested extract, determined in the ABTS radical model system and expressed
as the EC50 value (11.1 ± 0.06 μg/mL), was significant (p < 0.05). The EC50 value was
even lower than of DPPH (32.5 ± 0.21 μg/mL). The active compounds present in the
prepared extract were phenolic acids and derivatives of flavonoids with the concentration
of acids found to be dominant over that of flavonoids. This was evidenced by the results
of both spectrophotometric analyses and the detailed analysis of the phenolic compound
profile using the HPLC method (Table 1 and Figure 2). Of the ten compounds identified
in the extract, half were phenolic acids and the other half were glycosidic derivatives of
quercetin, luteolin, and apigenin (Figure 2). However, in terms of quantity, the content of
phenolic acids, calculated in accordance with the HPLC results, exceeded 99% (Table 1).
The chemical content of the investigated dry black currant leaf extract differed from that
reported by other authors both quantitatively and qualitatively. The highest concentration
of chlorogenic acid was recorded in the tested extract, while in other studies the highest
concentration was noted as quercetin-3-O-glucoside [30]. This may be due to differences in
the methods used for extract preparation as well as analysis.
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Table 1. Chemical content and antioxidant activity of water extract obtained from black currant leaves.

Analyzed Parameters Content

Extraction yield (%) 18.05 ± 0.15
Vitamin C (mg L-ascorbic acid/100 g) 3.11 ± 0.03

DPPH (EC50, μg/mL) 32.5 ± 0.21
ABTS (EC50, μg/mL) 11.1 ± 0.06

Total phenolic content (mg gallic acid/g) 100.5 ± 9.1
Flavonoid content (mg quercetin/g) 10.02 ± 0.1

Dihydroxycinnamic acid content (mg chlorogenic acid/g) 53.54 ± 2.85

Main phenolic compounds (HPLC) (mg/g):
1. Caffeoyl malic acid 0.335 ± 0.005
2. Chlorogenic acid 5.273 ± 0.015

3. Caffeic acid 3.391 ± 0.021
4. Coumaric acid 0.264 ± 0.004

5. Ferulic acid 0.297 ± 0.025
6. Rutin 0.006 ± 0.001

7. Quercetin 3-O-glucoside 0.009 ± 0.001
8. Luteolin-7-O-rhamnoside 0.024 ± 0.002
9. Apigenin-7-O-glucoside 0.017 ± 0.001
10. Luteolin-7-O-glucoside 0.018 ± 0.001

Figure 2. Chromatogram of black currant leaf extract with marked peaks of the identified compounds.
The numbers 1–10 refer to the names of the compounds listed in Table 1.

2.1.2. Antimicrobial Activity of Black Currant Leaf Extract

MIC refers to the lowest concentration of the antimicrobial agent that completely
inhibits the visible growth of the tested microorganisms [36]. As shown in Table 2, de-
pending on the species, the tested strain displayed different levels of susceptibility to the
extract. The black currant leaf extract mostly inhibited the growth of Gram-positive bacteria.
However, no growth inhibitory effect toward LAB, E. coli, Enterococcus faecalis, Clostridium
sporogenes, and Salmonella Hofit IFM 2318 was observed. This lack of suppressive effect on
LAB is advantageous as it may allow the use of the extract in fermented meat products.
For C. sporogenes, a reduction in the size of bacterial colonies was noted with an increase in
the amount of extract in the culture medium. This suggests that a higher concentration of
black currant leaf extract may be needed to inhibit the growth of this species. The results
of our study agree with those reported in the works of Staszowska-Karkut et al. [30] and
Paunović et al. [29], which demonstrated the ability of black currant leaf extract to limit
the growth of microorganisms. However, the likelihood of bacterial growth inhibition was
influenced by the strain properties and the method used for MIC determination as well as
for the extraction of black currant leaves.
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Table 2. Minimum inhibitory concentration (mg/mL) of black currant leaf extract.

Bacterial Strain MIC Bacterial Strain MIC

Bacillus cereus ATCC 11778 5 Listeria monocytogenes ATCC 15313 -
Bacillus subtilis ATCC 6633 5 L. monocytogenes ATCC 19111 5

Clostridium sporogenes ATCC 11437 - L. monocytogenes ATCC 7644 5
Enterococcus faecalis ATCC 51229 - L. monocytogenes IFM 1011 5

Escherichia coli ATCC 10536 - Salmonella enterica ATCC 29631 5
E. coli ATCC 25922 - Salmonella Hofit IFM 2318 -

Starter culture for meat fermentation M892 - Staphylococcus aureus 4.4 2.5
Lactobacillus plantarum 299v - S. aureus 4538 1.5

Lacticaseibacillus rhamnosus ŁOCK 0900 - S. aureus ATCC 25923 2.5
Listeria innocua ATCC 33090 - S. aureus ATCC 6535 5.0

2.2. Characterization of Canned Pork Containing Black Currant Leaf Extract
2.2.1. Color Parameters and Nitrosohemochrome

The color properties of canned pork samples with leaf extract added are shown in
Table 3. In general, the effect of time on the lightness of the products was not confirmed. All
products were characterized by the stability of the L* parameter during refrigerated storage,
except for sample B100 for which a significant increase in lightness (p < 0.05) was noted on
the 180th day of the analysis. For this sample, the L* parameter was on average higher by
almost 16 units compared to the other test variants at that time. Taking into account the
effect of the dose of lyophilized extract on the lightness of meat products, no significant
differences were found between the samples with a lower dose of the extract (B50) and the
control sample (C). On the other hand, for sample B100 and B150, a significant (p < 0.05)
increase in the lightness value was noted after 180 and 90 days of storage, respectively.
Moreover, during two months of storage, the a* parameter (redness) was stable for samples
B100 and B150 and the values were similar between the samples. Changes were observed
after the next 60 days in the samples containing 100 mg/kg of leaf extract, with a slight
but statistically significant (p < 0.05) increase in a* value. An opposite trend was noted
for changes in the a* value in the B150 sample. A gradual increase in the value of the
b* (yellowness) parameter was noted in samples B50 and B150 (from 7.39 to 9.18 and from
8.08 to 8.89, respectively). However, a significant (p < 0.05) increase in the value of this
parameter was noted in sample B100 (from 8.37 to 13.31, difference: approximately 4.94).
Moreover, it was observed that this particular sample was highly unstable during the
six months of storage in comparison to other samples with respect to both redness and
yellowness parameters.

During 180 days of storage, samples with lyophilized black currant leaf extract at
the level of 50 mg/kg (B50) and the batches with the highest amount of extract (B150)
contained a stable amount of nitrosohemochrome (NO-Mb), and only a slight but significant
(p < 0.05) decrease in content was observed during the storage time, compared to sample
B100, in which sharp, alternating increases and decreases in the amount of NO-Mb were
noted. However, at the end of the storage period, all the samples had a similar amount
of this pigment (about 22.38 mg/kg). The protein responsible for the color of meat is
myoglobin (Mb). Mb is influenced by the state of its heme group, which contains an iron
ion. Based on the content of Mb, meat products can appear dull brown or purplish red.
The addition of nitrite leads to the formation of nitrosylmyoglobin, which is later stabilized
to nitrosyl hemochrome upon thermal treatment, and as a result meat products acquire
the characteristic pink color [12,37]. It should be mentioned that the iron ion from the
heme group acts as a double agent—it contributes to color formation and also acts as a
pro-oxidant due to its ability to donate electrons with ease [38]. Suman and Joseph [37]
reported that lipid oxidation products (e.g., aldehydes) can also affect the color of meat
products by destabilizing the heme group. The addition of antioxidant substances (natural
or synthetic) causes the chelation of Fe2+ ions [38]. Riviera et al. [12] pointed out that for
producing meat products with stable and acceptable color for commercial purposes, about
10–15 ppm of NaNO2 should be added, while Food Chain Evaluation Consortium [16]
suggests an amount of 55–70 mg/kg (for nontraditional products).
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Table 3. The color properties (CIE L*a*b* system) and amount of meat pigment (nitrosohemochrome)
in canned meat samples with a reduced amount of sodium nitrite and fortified with the extract of
black currant leaves.

Parameter Sample
Storage Time (Days)

1 60 90 180

L*

C 63.50 ± 3.01 Aa 62.35 ± 2.98 Aa 62.15 ± 1.60 Aa 62.80 ± 2.58 Aa

B50 63.55 ± 3.29 Aa 62.23 ± 3.02 Aa 62.12 ± 1.64 Aa 62.89 ± 2.63 Aa

B100 62.37 ± 2.94 Aa 64.02 ± 2.57 Aa 62.34 ± 2.48 Aa 78.84 ± 2.91 Bb

B150 62.01 ± 3.06 Aa 63.91 ± 3.30 Aa 66.01 ± 2.36 Ba 63.32 ± 2.24 Aa

a*

C 9.68 ± 1.15 Ba 10.59 ± 1.05 Bb 10.71 ± 0.50 ABb 9.90 ± 1.15 Ba

B50 9.72 ± 1.17 Ba 10.68 ± 1.04 Bb 10.78 ± 0.55 ABb 9.95 ± 1.00 Ba

B100 10.13 ± 1.17 Aa 10.01 ± 0.93 Aa 10.73 ± 1.21 Aa 12.38 ± 0.97 Ab

B150 10.29 ± 0,97 Ab 10.11 ± 1.07 Bb 9.45 ± 0.91 Bab 9.83 ± 0.77 Ba

b*

C 7.60 ± 0.70 Ab 8.10 ± 0.57 Aab 8.79 ± 0.62 Aa 8.77 ± 0.73 Bb

B50 7.59 ± 0.68 Ab 8.17 ± 0.65 Ab 8.86 ± 0.44 Aa 8.77 ± 0.84 Ba

B100 8.36 ± 0.65 Ab 8.70 ± 0.56 Ab 9.23 ± 0.64 Ab 13.23 ± 0.54 Aa

B150 8.17 ± 0.76 Aa 8.31 ± 0.58 Aa 8.69 ± 0.58 Bab 8.87 ± 0.73 Bb

Nitrosohemochrome

C 21.95 ± 0.77 Ba 24.37 ± 1.76 Ba 21.98 ± 1.49 Ba 22.51 ± 2.39 Aa

B50 22.73 ± 0.97 Ba 25.59 ± 1.83 Ba 22.51 ± 1.43 Ba 22.48 ± 2.72 Aa

B100 20.26 ± 1.37 Aa 29.16 ± 1.62 Cc 19.40 ± 1.55 Aa 22.67 ± 1.26 Ab

B150 27.84 ± 2.4 Cb 23.54 ± 1.72 Aa 24.24 ± 1.38 Cb 22.00 ± 2.85 Aa

C—control; B50—black currant leaves 50 mg/kg; B100—black currant leaves 100 mg/kg; B150—black currant
leaves 150 mg/kg. Means with different capital letters are significantly different (p < 0.05) in the same column.
Means with different small letters are significantly different (p < 0.05) in the same row. Results are presented as
mean ± SD.

Bae et al. [39] investigated the effect of alternating cured process on, among others, the
number of pigments in pork products. They observed no significant differences between
the control (0.1% of NaNO2) and test samples with radish or celery powder (0.15% and
0.30%). In general, the redness of all samples varied from 8.30 to 8.55 (control), but the
values of b* parameter were higher in products containing celery powder at an amount of
0.30% (b* = 8.66). Bae et al. [39] also noted that the addition of radish powder and a long
incubation time resulted in higher yellowness in the samples. The authors suspected that
pigments presented in celery could affect the value of the b* parameter. In addition, they
observed that incubation time affected the amount of nitrosyl hemochrome to a greater
extent than the quantity of the added powder. This is explained by the fact that a higher
volume of nitrite is converted by bacteria from a vegetable source. In our study, low-nitrate
plant material was used, which may explain the low value of NO-Mb (<30 mg/kg in
comparison to the value reported by Bae et al. [39]). It could also be assumed that 50 mg/kg
of sodium(III) nitrite was not enough to support a higher amount of nitrosyl hemochrome
but was high enough to result in an appropriate value of the a* parameter (approximately
10 throughout the storage period in comparison to the value of about 8 after production in
Bae et al.’s study). Data obtained from our study show the influence of black currant leaf
extract on the yellowness of canned meat—the value of the b* parameter is higher than that
determined by Bae et al. [39]. Moreover, Nowak et al. [33] observed an increase of the b*
parameter during storage in pork sausages containing cherry and black currant leaf extract.
The authors concluded that this could be related to the color of plant extracts. Similarly,
Sun and Xiong [40] noted that the amount of NO-Mb was not directly proportional to the
redness of beef patties (samples containing pea protein isolate and pea protein hydrolysate
had a lower value of nitrosyl hemochrome compared to their a* values). In addition, the
authors assumed that other pigments may also influence the color of beef patties. Moreover,
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it could be possible that nitrogen groups from pea proteins may bind heme iron and,
therefore, decrease the level of nitrosyl hemochrome.

2.2.2. Antioxidant Abilities
Antiradical Activity and FRAP

The results obtained in the analysis of the antioxidant abilities (ABTS+, DPPH, FRAP)
of canned pork samples are presented in Table 4. There were no differences in the ability
to neutralize synthetic radicals (ABTS+ or DPPH) as well as in the FRAP between the
control sample (C) and the B50 sample during refrigerated storage. However, referring
to the ABTS test, after 1 day of storage, the free radical scavenging capacity was high in
samples B50 and C (3.95 and 3.90, respectively, p < 0.05). On the other hand, immediately
after production (1 day) there was no effect of the extract dose on the antiradical effect
against DPPH. Although the present study confirmed the antioxidant effect of extracts in
model systems, immediately after the production of canned meat, no effect of the amount
of plant extract addition on the ability to neutralize free radicals was observed, both in the
ABTS and DPPH tests. The effect of the antioxidant compound in the food matrix may
differ significantly in activity from the purified extract. This is influenced by many factors,
including matrix properties (pH, water activity), antioxidant structure, and the resulting
structure–activity relationship (SAR). In addition, it is well known that antioxidants can
be significantly altered by processing. In particular, exposure to high temperatures, such
as pasteurization [41] or sterilization [42], may be the main cause of the reduction of the
natural amounts/properties of plant antioxidants. Many plant secondary metabolites act as
antioxidants and pro-oxidants and can affect the concentration of reactive oxygen species
depending on the reaction conditions. Under certain conditions, flavonoids and phenolic
acids have the ability to act as pro-oxidants, and their activity depends on the chemical
structure and concentration of the compound and the environment of their reaction, such
as pH, the presence of metals (Cu and Fe), and temperature. This may explain the lower
antioxidant activity of products containing the addition of plant extract (containing, among
others, polyphenols) immediately after production, in that the greater the addition of the
extract, the lower the effectiveness against ABTS radicals (Table 4). In addition, the heating
process also disrupts muscle cell structure, inactivates antioxidant enzymes, and produces
myoglobin catalytic iron, leading to an intense pro-oxidative environment, which may
have affected the antioxidant activity of canned meat in the early post-production period.
With the increase in storage time, the antiradical effect of extracts from meat products
increased and was higher in samples with a higher content of extracts from currant leaves.
Notably, this increase was more intense in the test with ABTS than with DPPH, which was
probably related to the low antiradical activity of hydrophobic compounds present in the
products. The antioxidant properties of sample B50 were lower than sample B100 and B150
with the ABTS test. At the end of the storage period, samples with the lowest amount of
extract addition showed a similar value, while canned pork with 150 mg/kg of black currant
leaves extract presented the strongest antioxidant properties (4.04 mgTrolox/mL). However,
statistical analysis did not show any significant difference in the values. Conversely, on the
60th day of the analysis, variants with higher doses of lyophilized extract obtained from
black currant leaves (B100 and B150) were characterized by a higher antiradical capacity
than the remaining variants, although it decreased over the time of the analysis (Table 4).
Khaleghi et al. [21] observed an increase in antioxidant properties (DPPH method) in beef
sausages with an increase in the amount of black barberry extract added; however, when
sodium(III) nitrite was also added at an amount of 90 mg/kg, the DPPH value was lower.
Seo et al. [24] noted higher DPPH scavenging ability in the sample with 0.1% C. sappan
extract than the sample with 0.05% of extract and 0.004% of nitrite. In addition, it can
be postulated that in addition to the added antioxidants present in the extracts, other
substances, such as proteins present in the meat samples, may affect the antioxidant activity
of the samples. On the one hand, the presence of myoglobin, which is easily oxidized,
may be associated with increased antioxidant activity in the DPPH test [43]. This can
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be explained by the fact that the oxidation of meat leads to the formation of compounds
that act as scavengers of free radicals that could not be detected by the TBA test, which
measures the outcome of fat oxidation [44]. On the other hand, meat whites may be a
source of biologically active peptides, and their release from the protein chain may increase
the antiradical effect of canned meat extracts. In this context, the addition of natural
polyphenolic compounds may promote this bioactive role of peptides [45].

Table 4. Antioxidant abilities of canned meat fortified with the extract from black currant leaves
during 180 days of storage (4 ◦C).

Parameter Sample
Storage Time (Days)

1 60 90 180

ABTS•+

[mgTROLOX/mL]

C 3.90 ± 0.42 Aa 3.20 ± 0.29 Bb 2.71 ± 0.31 Bc 3.65 ± 0.20 ABa

B50 3.95 ± 0.61 Aa 3.22 ± 0.35 Bb 2.67 ± 0.21 Bc 3.71 ± 0.22 ABa

B100 2.37 ± 0.54 Bc 4.42 ± 0.44 Aa 4.02 ± 0.39 Aa 3.61 ± 0.43 Bab

B150 3.49 ± 0.31 Ab 3.91 ± 0.63 Aab 3.76 ± 0.23 Aab 4.04 ± 0.26 ABa

DPPH
[mgTROLOX/mL]

C 0.019 ± 0.001 Aa 0.015 ± 0.001 Bb 0.015 ± 0.001 Bb 0.013 ± 0.001 Bc

B50 0.018 ± 0.001 Aa 0.015 ± 0.001 Bb 0.015 ± 0.001 Bb 0.013 ± 0.001 Bc

B100 0.018 ± 0.001 Ab 0.02 ± 0.000 Aa 0.015 ± 0.001 Bc 0.014 ± 0.002 Ad

B150 0.018 ± 0.001 Ab 0.02 ± 0.001 Aa 0.017 ± 0.001 Ab 0.013 ± 0.001 Bc

FRAP
[A700 nm]

C 1.67 ± 0.08 Ba 1.40 ± 0.04 Bc 1.49 ± 0.10 Cb 1.70 ± 0.04 Ba

B50 1.68 ± 0.09 Ba 1.38 ± 0.05 Bc 1.52 ± 0.11 Cb 1.74 ± 0.04 Ba

B100 1.64 ± 0.16 Bb 1.91 ± 0.08 Aa 1.71 ± 0.03 Bb 1.73 ± 0.02 Bb

B150 1.84 ± 0.07 Ab 1.87 ± 0.07 Ab 1.91 ± 0.11 Aab 2.00 ± 0.05 Aa

C—control; B50—black currant leaves—50 mg/kg; B100—black currant leaves—100 mg/kg; B150—black currant
leaves—150 mg/kg. Means with different capital letters are significantly different (p < 0.05) in the same column.
Means with different small letters are significantly different (p < 0.05) in the same row. Results are presented as
mean ± SD.

Metals, such as copper and iron, can act as pro-oxidants, which is related to the
Fenton reaction and change of their oxidation form. Therefore, it was assumed that metals
can determine the oxidation stability of meat products [2]. The ability of polyphenols
to donate electrons demonstrates the reducing power of these biomolecules and is also
representative of their antioxidant activity. As observed in this study, a systematic increase
(from 1.84 to 2.00) in iron ion-reducing power was noted in sample B150, with the highest
amount of black currant leaf extract (150 mg/kg) (Table 4). Samples C (control), B50, and
B100 presented similar values of this parameter (1.67, 1.68, and 1.64, respectively) at the
beginning of the storage period. After two months, the values were reduced in C and B50
samples compared to samples B100. Subsequently, a gradual increase in the values of the
FRAP parameter was noted in C and B50 samples, while the sample with 100 mg/kg of
black currant leaves extract was stable. However, at the end of the storage period, both
samples showed similar values (1.74 and 1.73, respectively). Mira et al. [46] investigated the
ability of selected flavonoids to reduce copper and iron and concluded that they depend
both on the standard metal redox potential (E0) as well as on the flavonoid structure.
Changes in both of these parameters may have contributed to the observed results in the
FRAP antioxidant test.

Secondary Lipid Oxidation Products

The results obtained in the analysis of the secondary lipid oxidation products were
detected (Figure 3). Determination of the MDA content is one of the most commonly
used methods for evaluating the degree of lipid rancidity. During lipid oxidation, various
hazardous products are produced, among which aldehydes are highly toxic as they are
characterized by mutagenic, cytotoxic, and pro-inflammatory properties [2]. As presented
in Figure 3, from the first day of storage (4 ◦C) there was a significantly (p < 0.05) higher
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MDA content in the sample with only 50 mg/kg of extract compared to other variants,
although the B50 sample had the same TBARS level as the control sample throughout the
whole period up to 180 days. After 90 days of storage, a rapid increase in the amount of
MDA was observed in samples B50 and B100 (approximately 0.034 and 0.021, respectively)
compared to sample B150. The addition of 100 and 150 mg/kg black currant leaf extract
resulted in lower (p < 0.05) values of the TBARS parameter compared with the C and B50
sample. However, the TBARS values were stable during six months of storage only for
sample B150. In fact, similar values were described in the B150 samples between 0 and
180 days (0.033 and 0.029 mg MDA/kg in 0 and 180 days, respectively). Additionally,
the significant decrease of the MDA content between 90 and 180 days in the B50 and
B100 samples is expected since the secondary lipid oxidation products could be further
degraded to other more stable compounds [2]. The acceptable amount of MDA in meat
products is around 2–2.5 mg/kg [2]. Other authors conclude that in some meat products,
this limit could be 0.6 mg MDA/kg [47,48]. In our study, none of the canned pork samples
showed MDA levels exceeding this limit since very low values were observed in all
samples (between 0.018 and 0.047 mg MDA/kg) but sample B50 after 90 days of storage
(0.07 mg MDA/kg). A possible explanation for these low TBARS values could be related to
the limited exposition of canned meat to oxygen [47]. It is well known that oxygen plays a
vital role in lipid oxidation, both in the initiation and propagation phases [2]. Thus, canned
meat in oxygen-free packaging determines the low lipid oxidation.

 
Figure 3. Amount of secondary lipid oxidation products (TBARS) in canned meat samples fortified
with the extract of black currant leaves during 180 days of storage (4 ◦C). C—control; B50—black cur-
rant leaves 50 mg/kg; B100—black currant leaves 100 mg/kg; B150—black currant leaves 150 mg/kg.
Means with different capital letters are significantly different (p < 0.05) on the day of the study. Means
with different small letters are significantly different (p < 0.05) for a single variant during the storage
time. Results are presented as mean ± SD.

Natural substances with antioxidant properties are added to meat products to prevent
oxidation. In this sense, the antioxidant capacity of the extract from black currant leaves
could be another explanation for the limited lipid oxidation observed in our samples.
However, the use of antioxidants in combination does not always give positive results.
During 30 days of storage (4 ◦C) of beef sausages with the addition of nitrite and black
barberry extract (30, 60, and 90 mg/kg), a negative interaction was observed between the
two additives at the highest concentrations. The synergistic effect was observed when
90 mg/kg extract was used in combination with 30 mg/kg sodium(III) nitrite [21]. However,
different results were observed in the study of Šojić et al. [25], in which a combination
of sodium nitrite, tomato pomace extract, and peppermint essential oil allowed for the
obtaining of much lower levels of MDA in cooked pork sausages (60 days of storage at 4 ◦C)
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than samples containing nitrite and a single plant additive. A similar observation was made
by Seo et al. [24]. They observed that samples with C. sappan (separately and with nitrite)
had a similar amount of MDA as samples containing only sodium(III) nitrite (0.007%)
during one month of storage (4 ◦C). However, the authors noted that a combination of two
antioxidants allowed for the obtaining of slightly better results. As mentioned earlier, the
sample containing both antioxidants showed greater antioxidant capacity (DPPH method)
than other samples, but this did not translate into better MDA inhibition [24]. A similar
finding was also noted in our study (Table 1). Although, Mäkinen et al. [27] found higher
antioxidant properties in pork sausages containing bilberry and sea buckthorn leaf extract
in a higher concentration than the control sample (nitrite and ascorbic acid) during 20 days
of storage. The addition of 2.0% and 1.0% of bilberry leaves and 0.2% of sea buckthorn
leaves resulted in the inhibition against lipid oxidation.

2.2.3. Consumer Safety

NAs (i.e., NDBA, NDMA, NDEA, NDPA, NMOR, NPIP, and NPYR) were not detected
after 1 and 180 days of storage in the samples (data not presented). These compounds
are formed from nitrosating derivatives (e.g., NO) and secondary amines—a combination
that allows the formation of the most stable NA [49]. During the reaction of nitrite with
the heme group or free thiol groups, nitric oxide is released [50]. NA can be formed in
an acidic environment (stomach) or in the presence of microorganisms (large intestine).
They are also formed in the product itself during production or while a meal is prepared
at home (when the applied temperature is higher than 100 ◦C and in the presence of fat
or during reheating) [49,50]. Endogenous NA formation in the colon is associated with
the nitrosylation of heme (resulting from nonabsorbed red meat residues) and products
formed from the metabolism of amino acids by microorganisms [51].

De Mey et al. [52] pointed out that following good manufacturing practices are neces-
sary to prevent the formation of NA—storage of meat for a longer period may increase the
chance of NA formation, while spices containing pyrrolidine or pyrroperine may act as NA
precursors. Moreover, Park et al. [51] conducted extensive research on the presence of NA
in various types of food (including milk and milk products, seafood, alcoholic beverages,
oils, meat, and processed meat). The authors detected N-nitrosodimethylamine (NDMA)
in all the examined processed meat products and N-nitrosodiethylamine (NDEA) and
N-nitrosopiperidine in most of the tested products. According to Özbay and Şireli [53],
NDMA can lead to diarrhea, abdominal cramps, vomiting, headache, as well as carcino-
genic and mutagenic effects. NDEA also has carcinogenic effect on the esophagus and liver,
while N-nitrosodipropylamine exhibits a carcinogenic effect on the lungs and esophagus.
The addition of antioxidant substances (e.g., ascorbic acid or tocopherol) may inhibit the
formation of NA [53].

After the first and last days of storage, no pathogenic microorganisms (i.e., Clostridium
perfringens, Listeria monocytogenes, or Salmonella) were detected in the tested samples (data
not presented). Paunović et al. [29] tested the effect of extracts from fruits and leaves
of black currant obtained from various types of soils on selected microorganisms (such
as Staphylococcus aureus, Micrococcus lysodeikticus, Bacillus mycoides, Klebsiella pneumoniae,
Pseudomonas glycinea, E. coli, Candida albicans, Fusarium oxysporum, Penicillium canescens, and
Aspergillus glaucus).

The MIC determined for the extract from fruits was 38.2–170.1 μg/mL, while for the
extract from leaves it was 123.0–389.2 μg/mL. Raudsepp et al. [32] compared the ethanolic
(20% and 96%) extracts obtained from the fruits and leaves of rhubarb, blue honeysuckle,
and black currant for, among others, antimicrobial properties. They found that black
currant extract (in all dilutions) inhibited the growth of Campylobacter jejuni, Salmonellae
Enteritidis, E. coli, L. monocytogenes (extraction with 96% of ethanol), and B. cereus (20%
and 96% ethanol). The extract from fruits showed slightly lower antimicrobial effects
on Gram-positive bacteria; in general, less diluted extracts presented stronger inhibitory
properties against microorganisms. However, the extracts from fruits and leaves of black
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currant did not present strong antimicrobial properties in comparison to rhubarb extracts.
Furthermore, Majou and Christieans [54] pointed out that the antimicrobial properties
of nitrite depend on various factors (nitrite concentration, pH value, temperature, and
presence of curing accelerator). They showed that chemical transformations lead to the
formation of peroxynitrite from sodium(III) nitrite, which is suspected to be responsible for
antimicrobial properties.

3. Materials and Methods

3.1. Black Currant Leaf Extract Preparation

The plant material consisted of black currant (R. nigrum L.) leaves, which were col-
lected in May before the flowering of the bushes. The extraction conditions were established
in our previous studies [55–57]. The leaves were initially dried in a shaded, airy place and
then in a dryer at 60 ◦C. Dry leaves were used for preparing water extract by ultrasound-
assisted extraction (10 min) with hot distilled water (90 ◦C) at a plant-to-solvent ratio of
1:10 (m/v). The infusions were placed in an ultrasonic bath for extraction using Sonic 6D
equipment (Polsonic Palczynki Sp. J., Warsaw, Poland). The ultrasound frequency was set
as 40 kHz and sound intensity as 320 W/cm2, temperature as 30 ◦C. The obtained infusions
were filtered after 30 min, cooled, frozen (−18 ◦C), and then lyophilized. Freeze drying was
carried out for 72 h using a freeze dryer (Free Zone 12 lyophilizer, Labconco Corporation,
Kansas City, MO, USA) at −80 ◦C and 0.04 mbar. The lyophilized dry extracts were stored
in airtight plastic containers, protected from light, at room temperature until analysis.

3.2. Chemical Analysis and Antioxidant Capacity of Black Currant Leaf Extract
3.2.1. Total Phenolic Content

The total phenolic content of the extracts was analyzed by the Folin–Ciocalteu (FC)
method using gallic acid (25–500 mg/L) as standard [58]. Briefly, 0.06 mL of extract was
mixed with 0.54 mL of distilled water, 1.5 mL of FC reagent (diluted 1:10 with distilled
water), and 1.2 mL of sodium bicarbonate solution (7.5%). The samples were incubated in
the dark at room temperature for 30 min and then the absorbance was measured (750 nm)
on a Cary 50 spectrophotometer (Varian, Palo Alto, CA, USA). The results expressed as mg
gallic acid equivalent/g dry extract.

3.2.2. Total Flavonoids

Total flavonoids of the extracts were determined using a spectrophotometric method
based on the formation of a colored complex between the flavonoid and AlCl3 [59]. Briefly,
the lyophilized extract was dissolved in water to prepare a solution with a starting con-
centration of 1 mg/mL. Then, 0.25 mL of the prepared solution was mixed with 0.75 mL
of ethanol (96%), 0.05 mL of AlCl3 (10%), 0.05 mL of sodium acetate (1 M), and 1.4 mL of
distilled water. The absorbance of the resulting solution was measured at 415 nm. Total
flavonoids were expressed as quercetin equivalent based on a calibration curve previously
prepared for this compound and were presented in mg quercetin/g dry extract.

3.2.3. Dihydroxycinnamic Acids

Samples of dissolved extracts were prepared as described for the analysis of polyphe-
nolic compounds. The content of total hydroxycinnamic acid was expressed as chlorogenic
acid equivalent, as described by Nicolle et al. [60]. Briefly, 1 mL of the extract was added to
2 mL of 0.5 M HCl, 2 mL of Arnow’s reagent (10 g of sodium nitrite and 10 g of sodium
molybdate, made up to 100 mL with distilled water), 2 mL of NaOH (at a concentration
of 2.125 M), and 3 mL of water. Each of the prepared solutions was compared with the
corresponding mixture that did not contain Arnow’s reagent. The absorbance was read at
525 nm.
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3.2.4. HPLC Analysis

The high-performance liquid chromatography (HPLC) method was used for a detailed
investigation of changes in the lyophilized water extracts obtained from the leaves of black
currant. The analysis was performed using an Empower-Pro chromatograph (Waters),
equipped with a quaternary pump (M2998 Waters) with a degasser and a UV–VIS diode
array detection system. Separation was performed on a column filled with modified silica
gel RP-18 (Atlantis T3, Waters; 3 μm, 4.6 × 150 mm). The mobile phase consisted of A (1%
acetic acid) and B (acetonitrile), in which the concentration of solvent B changed as follows:
until 0–8th min, 8–12%; in the 10th min, 20%; and in the 25th min, 25%; the flow speed was
set at 1 mL min−1. Detection was carried out at 330 nm. The identified compounds (marked
by peak numbers on the chromatogram) were quantified according to the calibration curves
prepared for each compound, and their content was expressed as mg/g dry extract.

3.2.5. Vitamin C Content

The content of vitamin C was determined with the spectrofluorimetric method de-
scribed by Wu [61] with necessary modifications. Compounds including 3% metaphos-
phoric acid, 7 M HCl, 0.1 M Na2S2O3, and 0.005 M H2SO4 were used in the analysis. An
oxidizing solution was prepared by dissolving 1.3 g I2 in 10 mL of 40% KI, in which 0.1 mL
of 7 M HCl and distilled water were added to a volume of 100 mL. The 0.1 M Na2S2O3
solution was made by dissolving 1.25 g of the reagent and 0.01 g Na2CO3 in 50 mL of
water. The derivatization reagent was prepared using 10 mg o-phenylenediamine (OPDA)
dissolved in 10 mL of 0.005 M H2SO4.

The lyophilized extracts of black currant leaves (0.2 g) were diluted in 10 mL of
3% metaphosphoric acid. To the sample extract (2 mL) or standard (L-ascorbic acid,
50–500 μg/L), 0.3 mL portions of a 0.005 M solution of iodine in potassium iodide were
added. The solution was vortexed for 1 min and supplemented with 0.3 mL portions of
0.01 M Na2S2O3. The pH of the sample was adjusted to approximately 6.0 by adding 0.3 mL
of 2 M NaOH, and derivatization was carried out by adding 0.3 mL portions of the OPDA
solution. The solution was stirred for 30 min at the maximum stirring force. Then, it was
diluted to 50 mL with distilled deionized water. The determinations were conducted on a
Cary Eclipse spectrofluorometer (Varian, Palo Alto, CA, USA) at an excitation wavelength
of λ = 365 nm and an emission wavelength of λ = 425 nm. The content of vitamin C was
calculated based on a standard curve prepared using an aqueous solution of L-ascorbic
acid standard and expressed as L-ascorbic acid (μg)/100 g sample (dry basis).

3.2.6. Antioxidant Capacity

The lyophilized extract was dissolved in water to obtain a solution with a starting
concentration of 1 mg/mL. The solution was then diluted to produce a series of samples
with concentrations ranging from 0.1 to 1 mg/mL. The ability of the samples to scavenge
ABTS radical cation (ABTS•+) [2,2-azinobis(3-ethyl-benzothiazoline-6-sulfonate)] was de-
termined as described by Re et al. [62]. For this purpose, the working solution of ABTS•+

radical was prepared by mixing ABTS (7 mM) with potassium persulfate (2.45 mM). The
solution was kept in the dark at room temperature for 18 h and then diluted with 95%
ethanol until an absorbance of 0.70 (±0.02) was reached at 734 nm. Next, the sample (20 μL)
and the ABTS•+ solution (3 mL) were mixed and incubated at room temperature for 10 min.
The absorbance of the mixture was measured at 734 nm on a Cary 50 spectrophotometer
(Varian, Palo Alto, CA, USA). The control was prepared by adding 20 μL of methanol to
ABTS•+ solution instead of the sample. In addition to ABTS’s radical scavenging ability,
the antiradical capacity of the samples against the DPPH (2,2-diphenyl-1-picrylhydrazyl)
radical was measured [63]. Briefly, 0.1 mL of the extract solution was mixed with a freshly
prepared methanolic solution of DPPH (0.1 mM, 4 mL). The resulting mixture was vortexed
and incubated in the dark at room temperature for 30 min. The absorbance was measured
at 517 nm on a Cary 50 spectrophotometer (Varian, Palo Alto, CA, USA). A control was
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prepared by adding 4 mL of 0.1 mM DPPH to 0.1 mL of methanol (analytical grade) instead
of the sample.

The percentage of absorbance reduction in comparison to the initial value was deter-
mined to calculate the inhibition percentage, according to the formula:

%AA =
[
1 − (

Ap − Ab
)]× 100% (1)

where AA is the antioxidant activity of the analyzed sample, Ap is the absorbance of the
analyzed sample, and Ab is the absorbance of the blank sample.

Based on the dependence between the antiradical activity of the samples and their
concentration (f(c) = %AA), the EC50 values were calculated.

3.3. Antimicrobial Activity of Black Currant Leaf Extract

The minimum inhibitory concentration (MIC) of black currant leaf extract was deter-
mined according to the recommendations of EUCAST [36]. Mueller–Hinton (MH) agar
(Bio-Rad, Hercules, CA, USA) was used as a nonselective medium for the growth of tested
microorganisms (Table 2). For lactic acid bacteria (LAB), 10 g/L glucose (Sigma-Aldrich,
Poznań, Poland) was added to the MH medium. The bacterial suspensions were prepared
using overnight cultures. Aqueous black currant leaf extract was diluted with a molten
MH medium to prepare tested concentrations (1–5 mg/mL). After solidification of the MH
agar, the tested strain with the adjusted density of 104 colony-forming units (cfu)/mL was
spread on the medium. Then, the samples were incubated at 37 ◦C for 24 h. The positive
control consisted of MH agar inoculated with the test bacteria without the extract, while
uninoculated plates containing black currant leaf extract served as the negative control.
When the visible growth inhibition was observed (judged by the naked eye), regardless of
the appearance of a single colony or a thin haze, the MIC of the extract was determined.

3.4. Canned Meat Preparation

Canned meat was prepared using pork shoulder and pork dewlap (80%:20%), salt (2%),
water (5%), a reduced amount of sodium(III) nitrite (50 mg/kg of meat), and lyophilized
black currant leaf extract (0 for control (C)) and 50, 100, and 150 mg/kg of meat for
tested batches (B50, B100, and B150, respectively). Meat was purchased from an organic
farm (Zakład Mięsny Wasąg SP. J., Hedwiżyn, Poland, organic certificate no. PL-EKO-
093027/18). After initial and final grinding (universal machine KU2-3E, Mesko-AGD,
Skarżysko-Kamienna, Poland), the material was divided into three variants and subjected
to mixing (4–5 min/variant; universal machine KU2-3E, Mesko-AGD, Poland). Then, the
meat stuffing was transferred to metal cans (meat filling: 250 g) and sterilized on a vertical
steam sterilizer (TYP-AS2, Poland) at 121 ◦C. After sterilization, the cans were cooled in
water and stored (at 4 ◦C) for further analysis. The experimental canned pork samples
were heated at 121 ◦C, assuming that their degree of heating was achieved as measured
with the sterilization value (F ≈ 4 min) determined from the formula:

F =
∫ 1

0
Ldt (2)

L = 10
T − T0

z
(3)

where F is the sterilization value, L is the lethality degree, T0 is the reference temperature
(121 ◦C), and z is the sterilization effect factor (10 ◦C).

The sterilization values were calculated by determining the degree of lethality by
measuring temperature every minute. The limits of integration were assumed from 90 ◦C
during the growth phase to 90 ◦C during the decrease (i.e., cooling). The degree of heating
was determined for the cans in their critical zone using an electric thermometer equipped
with a thermoelectric sensor. After sterilization, the products were cooled in water and
stored. Then, they were divided into four groups, and each group was tested (according
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to the analysis listed below) immediately after production (day 1), and after 60, 90, and
180 days of storage. The experiment included one-time preparation of 48 (+5 inventory)
canned pork samples (12 cans from each test variant: C, B50, B100, and B150). In each study
period (1, 60, 90, and 180 days) 3 cans of each variant were tested. The experiment thus
planned was repeated three times at about two-week time intervals.

3.5. Canned Meat Analysis
3.5.1. Color Parameters (CIE L*a*b*) and No-Mb

The color of the canned meat samples was measured using an X-Rite Color 8200
spectrophotometer (X-Rite Inc., Grand Rapids, MI, USA; port size: 13 mm; standard
observer: 10◦; illuminant: D65). The samples were cut into cuboids and analyzed at
three points [64]. For the determination of nitrosohemochrome, 5 g of samples were
homogenized for 1 min in acid acetone. After 30 min of storage in the dark, the samples
were centrifuged (4000 rpm for 10 min), and the absorbance was measured (540 nm) using
a UV–VIS spectrophotometer (HITACHI U-5100). The results were obtained by multiplying
absorbance by 290 and expressed as mg/kg [65].

3.5.2. Antioxidant Properties
Antiradical Properties and FRAP

Sample Preparation

For the analysis of antioxidant properties, samples were prepared as described by
Jung et al. [66] with some modifications. Briefly, 10 mL of ethanol was mixed with 5 g of
minced canned meat and homogenized (1000 rpm). Then, the samples were centrifuged
(10,000 rpm for 20 min) and filtered. Absorbance was measured using a UV–VIS spec-
trophotometer (HITACHI U-5100).

ABTS•+ and DPPH

Free radical scavenging activity was determined as described by Jung et al. [66] with
some modifications. In the ABTS•+ method, 12 μL of supernatant was added to 1.8 mL of
diluted ABTS•+ solution. Absorbance was measured at 734 nm after 3 min. In the DPPH
method, absorbance was measured after 3 min at 517 nm using a diluted DPPH solution
with an absorbance of 0.9 ± 0.02. In both these methods, the antioxidant capacity of the
samples was calculated from a standard curve (concentration: 0.025–0 mg/mL for DPPH;
15–0 mg/mL for ABTS) and expressed as mg Trolox equivalent/mL.

FRAP

FRAP (ferric ion-reducing antioxidant power) of the samples was measured at 700 nm
as described by Oyaizu [67]. The results were expressed as absorbance.

Secondary Lipid Oxidation Products

TBARS (thiobarbituric acid reactive substance) parameter was determined as described
by Fan et al. [68]. Briefly, the meat samples (10 g) were homogenized using a mixture
of ethylenediaminetetraacetic acid (0.1%) and trichloroacetic acid (7.5%). After shaking
(30 min) and filtration, the samples were boiled at 100 ◦C for 40 min, cooled, and centrifuged.
Then, chloroform was added, and the samples were manually shaken. After the solutions
became clear, measurement was carried out at two wavelengths (532 and 600 nm). The
results were expressed as malondialdehyde (MDA) mg/kg according to the formula:

TBARS =
(A532 − A600)(

155 × 1
10 × 72.6

) × 1000 (4)

where A refers to the absorbance measured at 532 and 600 nm.
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3.6. Consumer Safety
3.6.1. N-Nitrosoamines (NAs) Content

The volatile NAs (VNAs) in the samples were analyzed using the method of Dra-
bik and Markiewicz [69] and DeMey [52]. Briefly, meat samples (50 g) were mixed with
200 mL of 3 N KOH and then VNAs were extracted by vacuum distillation (Heidolph
Laborota 4010-digital, Schwabach, Germany). After distillation, 4 mL of 37% HCl was
added, and the distillate was extracted three times with 50 mL of dichloromethane. Sub-
sequently, the obtained extract was concentrated. The detection and quantification of
selected NAs (N-nitrosodibutylamine (NDBA), N-nitrosodimethylamine (NDMA), N-
nitrosodimethylamine (NDEA), N-nitrosodipropylamine (NDPA), N-nitrosomorpholine
(NMOR), N-nitrosopiperidine (NPIP), and N-nitrosopyrrolidine (NPYR), μg/kg) was per-
formed using a gas chromatograph coupled to a thermal energy analyzer (TEA; Thermo
Electron Cooperation). For this, the extracts (5 μL) were injected on a packed column,
and chromatographic separation was carried out using argon as carrier gas (25 mL/min).
The injection port was set at 175 ◦C, and the oven temperature was increased from 110 ◦C
to 180 ◦C at 5 ◦C/min. The interface and pyrolizer of the TEA were set at 250 ◦C and
500 ◦C, respectively. The content of NA in the samples was estimated after 1 and 180 days
of storage.

3.6.2. Number of Selected Microorganisms

The microbial count was calculated after 1 and 180 days of storage. The C. perfringens
were measured according to [70], Listeria monocytogenes according to [71], and Salmonella
according to [72]. For preparing the appropriable dilutions, 180 mL of peptone water was
homogenized with 20 g of sample (Stomacher Lab-Blender 400, Seward Medical, London,
UK). The results are expressed as cfu/g products.

3.7. Statistical Analysis

A two-way analysis-of-variance (ANOVA) model was used for analysis. It included
the main effects of the level of extract (0, 50, 100, and 150 mg/kg) and the storage period
(1, 60, 90, and 180 days) as well as their interactions. All measurements were carried out
in triplicate. The results were analyzed statistically using STATISTICA® 13.1 statistical
package (StatSoft) and presented as mean ± standard error using T-Tukey’s range test.

4. Conclusions

The present study evaluated the possibility of reducing sodium(III) nitrite in canned
meat, together with simultaneous fortification with lyophilized leaf extract of black currant
leaves and its influence on the antioxidant stability of the product during 180 days of storage.
The analyses of free radical scavenging ability (ABTS•+, DPPH) and iron ion-reducing
potential allowed us to confirm the high antioxidant properties of meat products with black
currant leaf extract. These results were further confirmed by the analysis of secondary
lipid oxidation products, which showed low amounts of MDA in the tested products. In
addition, no negative, pro-oxidative interactions were noted between sodium(III) nitrite
and black currant leaves extract, even in the sample with the highest (150 mg/kg) amount
of added extract. Moreover, no NAs were detected after production in any of the samples.
The addition of black currant leaf extract at an amount of 150 mg/kg of meat stuffing can
be recommended.

Our research confirms the possibility of reducing the amount of sodium(III) nitrite in
canned meat and at the same time maintaining the safety and quality of the product.
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29. Paunović, S.M.; Mašković, P.; Nikolić, M.; Miletić, R. Bioactive compounds and antimicrobial activity of black currant (Ribes
nigrum L.) berries and leaves extract obtained by different soil management system. Sci. Hortic. 2017, 222, 69–75. [CrossRef]

30. Staszowska-Karkut, M.; Materska, M. Phenolic Composition, Mineral Content. and Beneficial Bioactivities of Leaf Extracts from
Black Currant (Ribes nigrum L.), Raspberry (Rubus idaeus), and Aronia (Aronia melanocarpa). Nutrients 2020, 12, 463. [CrossRef]

31. Ferlemi, A.-V.; Lamari, F.N. Berry Leaves: An Alternative Source of Bioactive Natural Products of Nutritional and Medicinal
Value. Antioxidants 2016, 5, 17. [CrossRef]

32. Raudsepp, P.; Koskar, J.; Anton, D.; Meremäe, K.; Kapp, K.; Laurson, P.; Believe, U.; Kaldmäe, H.; Roasto, M.; Püssa, T.
Antibacterial and antioxidative properties of different parts of garden rhubarb, blackcurrant, chokeberry and blue honeysuckle. J.
Sci. Food Agric. 2019, 99, 2311–2320. [CrossRef] [PubMed]

33. Nowak, A.; Czyzowska, A.; Efenberger, M.; Krala, L. Polyphenolic extracts of cherry (Prunus cerasus L.) and blackcurrant (Ribes
nigrum L.) leaves as natural preservatives in meat products. Food Microbiol. 2016, 59, 142–149. [CrossRef] [PubMed]

34. Ferysiuk, K.; Wójciak, K.M. The possibility of reduction of synthetic preservative E 250 in canned pork. Foods 2020, 9, 1–20.
[CrossRef]

35. Regulation (EC) No 1333/2008 of the European Parliament and of the Council of 16 December 2008 on Food Additives. Available
online: https://eur-lex.europa.eu/eli/reg/2008/1333/2016-05-25 (accessed on 15 February 2021).

36. EUCAST. Determination of Minimum Inhibitory Concentrations (MICs) of Antibacterial Agents by Agar Dilution. Clin. Microbiol.
Infect. 2000, 6, 509–515. [CrossRef] [PubMed]

37. Suman, S.P.; Joseph, P. Myoglobin Chemistry and Meat Color. Annu. Rev. Food Sci. Technol. 2013, 4, 79–99. [CrossRef]
38. Amaral, A.B.; da Solva, M.V.; da Silva Lannes, S.C. Lipid oxidation in meat: Mechanisms and protective factors—A review. Food

Sci. Technol. 2018, 38 (Suppl. S1), 1–15. [CrossRef]
39. Bae, S.M.; Choi, J.H.; Jeong, J.Y. Effects of radish powder concentration and incubation time on the physicochemical characteristics

of alternatively cured pork products. J. Anim. Sci. Technol. 2020, 62, 922–932. [CrossRef] [PubMed]
40. Sun, W.; Xiong, Y.L. Stabilization of cooked cured beef color by radical-scavenging pea protein and its hydrolysate. LWT-Food Sci.

Technol. 2015, 61, 352–358. [CrossRef]
41. Anese, M.; Manzocco, L.; Nicoli, M.C.; Lerici, C.R. Antioxidant properties of tomato juice as affected by heating. J. Sci. Food Agric.

1999, 79, 750–754. [CrossRef]
42. Wolosiak, R.; Druzynska, B.; Piecyk, M.; Worobiej, E.; Majewska, E.; Lewicki, P.P. Influence of industrial sterilisation, freezing and

steam cooking on antioxidant properties of green peas and string beans. Int. J. Food Sci. Technol. 2011, 46, 93–100. [CrossRef]
43. Tepe, B.; Sokmen, M.; Akpulat, H.A.; Daferera, D.; Polissiou, M.; Sokmen, A. Antioxidative activity of the essential oils of Thymus

sipyleus subsp. sipyleus var. sipyleus and Thymus sipyleus subsp. sipyleus var. rosulans. J. Food Eng. 2005, 66, 447–454. [CrossRef]
44. Guillen-Sans, R.; Guzman-Chozas, M. The thiobarbituric acid (TBA) reaction in foods: A review. Crit. Rev. Food Sci. Nutr. 1998, 38,

315–350. [CrossRef]
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Abstract: Drying is one of the oldest methods of obtaining a product with a long shelf-life. Recently,
this process has been modified and accelerated by the application of pulsed electric field (PEF);
however, PEF pretreatment has an effect on different properties—physical as well as chemical.
Thus, the aim of this study was to investigate the effect of pulsed electric field pretreatment and air
temperature on the course of hot air drying and selected chemical properties of the apple tissue of
Gloster variety apples. The dried apple tissue samples were obtained using a combination of PEF
pretreatment with electric field intensity levels of 1, 3.5, and 6 kJ/kg and subsequent hot air drying
at 60, 70, and 80 ◦C. It was found that a higher pulsed electric field intensity facilitated the removal
of water from the apple tissue while reducing the drying time. The study results showed that PEF
pretreatment influenced the degradation of bioactive compounds such as polyphenols, flavonoids,
and ascorbic acid. The degradation of vitamin C was higher with an increase in PEF pretreatment
intensity level. PEF pretreatment did not influence the total sugar and sorbitol contents of the dried
apple tissue as well as the FTIR spectra. According to the optimization process and statistical profiles
of approximated values, the optimal parameters to achieve high-quality dried apple tissue in a short
drying time are PEF pretreatment application with an intensity of 3.5 kJ/kg and hot air drying at a
temperature of 70 ◦C.

Keywords: pulsed electric field; plant tissue; hot air drying; chemical properties; pretreatment

1. Introduction

Drying is one of the oldest and most commonly used food processing techniques. It
consists of the exchange of heat and mass between a dried product and a drying agent,
which is associated with a phase change, i.e., evaporation. Thanks to this process, the course
of chemical reactions and the development of microorganisms in products can be inhibited,
which extends the shelf-life of food products [1]. Although there are other advantages of
drying food, there are also disadvantages, such as changes in sensory characteristics and
color, as well as the degradation of nutrients susceptible to high temperatures, which are
all associated with deterioration of the quality of the final product [2]. Undesirable changes
that occur during the drying process can be minimized by selecting appropriate drying
parameters, for example, temperature, humidity, and speed of air drying [3]. To improve
the quality of the final product, new, more efficient drying methods have been developed.
Hybrid drying using ultrasonics or microwaves is increasingly used [1,4]. The wide range
of possibilities for combining various drying techniques have resulted in many benefits,
and therefore, have contributed to the continuous development of science in this field and
the improvement of existing technologies [5].

Microwave-convective drying uses the action of microwaves, i.e., electromagnetic
waves, which have a frequency in the range from 300 MHz to 300 GHz. During application,
microwaves are absorbed by a material, where they are converted into heat, which increases
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the temperature of the material. Inside the material, a higher temperature is reached in
relation to the temperature outside, which accelerates heat and mass exchange [6].

Microwave-convective drying (hot air drying) is characterized by better heat transfer,
which results in faster drying of a material, and the product is characterized by better
sensory properties in relation to the dried material obtained using convective drying. These
advantages were proven by, among others, Szadzińska and Mierzwa [7] who studied the
effect of microwave-convective drying on the kinetics of drying and the quality of white
mushrooms.

The goal of pretreatment is to shorten the drying time, which is associated with a
reduction in energy costs during drying. In addition, applying pretreatments with properly
selected parameters can effectively maintain the quality of the final material, for example,
with high contents of certain nutritive compounds (anthocyanin, total phenolics, vitamin C,
and antioxidant activity). Pulsed electric field (PEF) pretreatment is a type of non-thermal
technology that is becoming more and more popular. Under the influence of an applied
electric field of appropriate intensity, pores are formed that increase membrane permeability
and facilitate the removal of water from the material during drying [8]. Due to the holes
created, it is easier to transfer various components, for example, ions, to the inside of the
cell [9]. PEF sets in motion ions that are located on the inside and outside of material
particles. The mechanism of electroporation is related to transmembrane ion transfer. The
movement of ions takes place analogously to the direction of the applied electric field. As a
result, oppositely charged electric charges accumulate on each side of the cell membrane,
which interact with each other, and therefore, lead to an increase in the pressure in the cell,
resulting in modification of the cell membrane thickness, and then its rupture [10].

The pulsed electric field method, through the phenomenon of electroporation, signifi-
cantly affects the drying process of plant origin materials [11]. Rahaman et al. [12] studied
the effect of pulsed electric field as a pretreatment on the kinetics of plum drying. They
found that as the intensity of the pulsed electric field increased, the drying rate of the plum
and the amount of water removed increased. Mirzaei-Baktash et al. [13] studied the effect of
PEF on the kinetics of convective drying of mushrooms. They showed that, in mushrooms
treated with PEF, from 20 to 32% shorter drying time was needed to obtain a constant
moisture content compared to a control sample. The use of PEF pretreatment resulted
in obtaining dried material characterized by high contents of L-ascorbic acid and total
polyphenol content, as well as high antioxidant capacity compared to the samples obtained
without this treatment [14]. The selection of appropriate conditions for PEF application
and the type of drying used have a significant impact on the quality of the dried material
subjected to PEF pretreatment [15].

Pulsed electric field pretreatment with appropriate parameter values has a positive
effect on the bioactive components of the dried material, while PEF application that is
too intense (3 kJ/kg used in presented investigations) may have a negative impact on
the final quality of the dried material [15]. Studies have confirmed the beneficial effect of
PEF on preserving the total polyphenol content and ascorbic acid content, as well as on
the antioxidant capacity of the dried material [9]. Spinach dried using hot air drying and
treated with a pulsed electric field had a higher level of L-ascorbic acid and better color
compared to untreated samples [14]. Mango dried by convective and vacuum with PEF
pretreatment was characterized by high levels of polyphenols and flavonoids; however,
the level of carotenoids was slightly reduced during drying. In addition, the application of
pulsed electric field at a lower intensity was more beneficial, which may have been due to
oxidation of carotenoids that were sensitive to the presence of air or free radicals formed
during pulsed electric field treatment [15].

The aim of the work was to investigate the impact of pulsed electric field and air
temperature on the course of hot air drying, and the selected properties of apple tissue.
Apple tissue was subjected to different intensity levels for the parameter pulsed electric field
intensity (1, 3.5, and 6 kJ/kg), and then hot air drying at three different temperatures (60,
70, and 80 ◦C). The following properties were determined: water activity, total polyphenol
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content, flavonoid content, antioxidant activity based on the degree of quenching of the
synthetic DPPH radical and reducing power in the obtained dried apple tissue, vitamin C
content, sugar content, and characteristic bonds between molecules according to Fourier
transform infrared spectroscopy (FTIR).

2. Results

2.1. The Influence of PEF on the Kinetics of Drying Apple Tissue

Figure 1 shows the drying time of apple tissue subjected to different PEF pretreatment
intensity levels and dried at different drying air temperatures in relation to the relative
water content (humidity ratio, MR). The shortest drying time was characterized by the
sample marked as PEF 6, 70 ◦C, with an average drying time of 120 min, which was about
37% shorter than the control sample marked as Control 70 ◦C. The longest drying time
was obtained for the sample marked as Control 60 ◦C. In this case, the time needed for the
complete evaporation of water was equal to 220 min. The air temperature of 80 ◦C resulted
in faster drying of the apple tissue compared to other temperatures. The response surface
results of the drying time showed a good fit for the model. According to Figure 2, it can be
seen that the dried material is obtained in a shorter drying time when a higher temperature
is used, while the PEF pretreatment does not affect it significantly. Whereas a longer drying
time is obtained when the lower temperature is applied.

 

Figure 1. Kinetics of drying apple tissue at temperatures of 60, 70, and 80 ◦C that has been pretreated
with PEF at electric field intensity levels of 1, 3.5, and 6 kJ/kg.

2.2. Influence of PEF on Water Activity of Dried Apple Tissue

The fresh apples were characterized by high water activity of 0.986 (Table 1). The
drying resulted in a high reduction in water activity.
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Figure 2. Response surface results for drying time, depending on the pulsed electric field intensity
and the temperature obtained in the case of apple tissue subjected to PEF pretreatments with different
electric field intensities (1, 3.5, 6 kJ/kg) and hot air drying at different temperatures (60, 70 and 80 ◦C).
Experimental values are marked with points.

Table 1. Properties of the fresh apple sample.

Material Fresh Apple

Water content (%) 16 ± 0.01
Water activity (-) 0.986 ± 0.04

Bioactive compounds

TPC (mg ChlA/100 g d.m.) 1683 ± 2
TFC (mg QE/100 g d.m.) 715 ± 8

Vitamin C (mg/100 g d.m.) 143.2 ± 5.0

Antioxidant capacity

AC (mg TE/100 g d.m.) 4.33 ± 0.06
RP (mg TE/100 g d.m.) 20.48 ± 0.72

Sugar content (g/100 g d.m.) 36.71 ± 2.99

Sucrose (g/100 g d.m.) 4.94 ± 0.24
Glucose (g/100 g d.m.) 6.11 ± 0.68
Fructose (g/100 g d.m.) 24.8 ± 2.02
Sorbitol (g/100 g d.m.) 0.86 ± 0.06

The dried apple tissue was characterized by water activity values ranging from 0.211
to 0.331. Figure 3 shows the water activity of the dried apple tissue obtained using the
different values of the selected parameters. The water activity values were affected by
temperature and the interaction of PEF pretreatment with temperature, with a greater
effect of temperature (η2 = 0.93), as shown by the two-factor analysis of variance. The
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lowest water activity, equal to 0.211, was found in the dried apple tissue obtained after PEF
pretreatment with an electric field intensity level of 6 kJ/kg and dried using the hot air
drying temperature of 70 ◦C. The highest water activity was found in the the dried apple
tissue subjected to PEF pretreatment with an electric field intensity level of 6 kJ/kg but
dried at the temperature of 60 ◦C. Based on the homogeneous groups, it can be concluded
that, in the most cases, there were significant differences between the water activities in the
obtained dried samples. Since the response surface results of the water activity were not a
good fit for the model, this figure was not shown.

Figure 3. Water activity of dried apple tissue obtained using different values for the parameters of
pulsed electric field intensity (1, 3.5, and 6 kJ/kg) and hot air drying temperature (60, 70, and 80 ◦C).
The columns with different letters are significantly different (p < 0.05).

2.3. Influence of PEF on Total Polyphenol Content and Flavonoid Content in Dried Apple Tissue

Based on the results of the conducted research, it can be observed that the total polyphe-
nol content in the dried apple tissue was affected by both the electric field intensity level
(η2 = 0.83) and the drying temperature (η2 = 0.78) as well as the interaction between these
two parameters (η2 = 0.93). Figure 4 shows changes in the total polyphenol content of dried
apple tissue depending on the applied electric field intensity level and the temperature.
The total polyphenol content in the fresh material was 1682.9 mg of chlorogenic acid per
100 g of dry substance (ChlA/100 g d.m.). At a temperature of 60 ◦C, the total polyphenol
content was equal to 1277.38 mg ChlA/100 g d.m. PEF pretreatment at each intensity level
resulted in a decrease in the total polyphenol content compared to that of the dried material
obtained without the use of pretreatment. With an increase in the intensity level of PEF,
degradation of polyphenols in the apple tissue was observed. For PEF pretreatment with
an electric field intensity of 1 kJ/kg, the total polyphenol content was the highest (849 mg
ChlA/100 g d.m) compared to those of other dried fruits obtained with prior pretreatment,
which was about 33% lower than the value of apples not treated with PEF. Increasing
the PEF pretreatment electric field intensity levels to 3.5 and 6 kJ/kg made it possible to
obtain dried fruit with total polyphenol contents of 844.9 and 790.4 mg ChlA/100 g d.m.,
respectively. This means that the result was about 34% and 38% lower as compared to the
dried fruit obtained with a PEF pretreatment electric field intensity of 1 kJ/kg.

When drying at 70 ◦C, it can be concluded that, as in the case of drying at 60 ◦C,
the use of the pretreatment reduced the number of polyphenols compared to the control
samples (dried apple tissue obtained without pretreatment). In the case of the pretreatment,
the highest total polyphenol content was equal to 1201.1 mg ChlA/100 g d.m., which was
found in the dried material obtained as a result of applying a pulsed electric field intensity
of 1 kJ/kg. This result is about 19% lower than the material that was not treated with
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PEF. Increasing the pulsed electric field intensity resulted in a further decrease in total
polyphenol content. For PEF pretreatment with an electric field intensity of 3.5 kJ/kg, the
total polyphenol content is about 34% lower than the result at the lowest PEF pretreatment
electric field intensity, and at 6 kJ/kg, this value is 40% lower than the result at a PEF
pretreatment electric field intensity of 1 kJ/kg.

Figure 4. Total polyphenol content of dried apple tissue obtained using different values for the
parameters of pulsed electric field intensity (1, 3.5, and 6 kJ/kg) and hot air drying temperature (60,
70, and 80 ◦C) (n = 2). The columns with different letters are significantly different (p < 0.05).

Analyzing the results obtained when the drying temperature was at 80 ◦C, it can be
seen that an increase in the PEF pretreatment intensity resulted in a slight increase in the
total polyphenol content in the apple tissue; however, it should be highlighted that the
highest value for total polyphenol content was found in the dried apple tissue obtained
without pulsed electric field pretreatment. For example, apple tissue pretreated with a PEF
pretreatment electric field intensity of 1 kJ/kg was characterized by a total polyphenol
content that was 42% lower than the reference sample. Increasing the PEF pretreatment
electric field intensity to 3.5 kJ/kg resulted in an increase in the retention of phenolic
compounds by approximately 22.3 mg ChlA/100 g d.s. compared to that of the dried apple
tissue obtained at an electric field intensity of 1 kJ/kg. In the case of the drying temperature
of 80 ◦C, a pulsed electric field pretreatment with an electric field intensity of 6 kJ/kg was
the most advantageous procedure, since the dried apple tissue reached the highest total
polyphenol content among the pretreated variants, i.e., equal to 882.7 mg ChlA/100 g d.m.
However, this value was about 35% lower than the result obtained in the dried apple tissue
obtained without pretreatment.

Figure 5 shows the response surface results of the total polyphenol content of dried
apple tissue after applying pulsed electric field at different intensity levels and then hot air
drying at different temperatures. The statistical analysis showed a good fit for the model.
According to the model, the highest value of the total polyphenol content was obtained
by applying the PEF pretreatment with the lowest electric field intensity (1 kJ/kg) and a
drying temperature of 70 ◦C.

Similar dependencies of the effect of PEF pretreatment on the total flavonoid content
in dried apple tissue were shown as in the case of the analysis of total polyphenol content
(Figure 6). The two-factor analysis showed that both parameters, i.e., PEF pretreatment
intensity (η2 = 0.94) and the temperature of drying (η2 = 0.73), as well as the interaction
between the parameters (η2 = 0.96) had a significant impact on the total flavonoid con-
tent. It was found the PEF pretreatment caused a decrease in the total flavonoid content,
and that increasing the PEF energy input, in most cases, caused a slight decrease in the
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analyzed results. While the drying temperature had no significant effect on the total
flavonoid content.

Figure 5. Response surface results of the total polyphenol content, depending on the pulsed electric
field intensity and the temperature, obtained in apple tissue subjected to different PEF pretreatment
intensities (1, 3.5, and 6 kJ/kg) and hot air drying at different temperatures (60, 70, and 80 ◦C).
Experimental values are marked with points.

Figure 6. Total flavonoid content of dried apple tissue obtained using different values for the
parameters of pulsed electric field intensity (1, 3.5, and 6 kJ/kg) and hot air drying temperature (60,
70, and 80 ◦C). The columns with different letters are significantly different (p < 0.05).
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Figure 7 shows the response surface results of the total flavonoid content of dried
apple tissue obtained as a result of pulsed electric field pretreatment at different intensity
levels and hot air drying in a convective dryer at different temperatures. The statistical
analysis showed a good fit for the model. In addition, it showed that the highest value of
the total flavonoid content was obtained for apple tissue subjected to a PEF pretreatment
with an electric field intensity of 1 kJ/kg and dried at 70 ◦C.

Figure 7. Response surface results of the total flavonoid content, depending on the pulsed electric
field intensity and the temperature, obtained in the case of apple tissue subjected to different PEF
pretreatment intensities (1, 3.5, and 6 kJ/kg) and hot air drying at different temperatures (60, 70, and
80 ◦C). Experimental values are marked with points.

2.4. The Influence of PEF on the Vitamin C Content in Dried Apple Tissue

Figure 8 shows the change in vitamin C content in dried apple tissue. The statistical
analysis showed that the change in vitamin C content in the dried apple tissue was affected
by both the pulsed electric field intensity level (η2 = 0.97) and the drying temperature
(η2 = 0.90) as well as the interaction between both of these parameters (η2 = 0.91). The
two-factor analysis showed that the PEF pretreatment had a more significant effect on the
content of vitamin C. The pretreatments caused a decrease in the amount of ascorbic acid
compared to the fresh apple sample with a vitamin C content equal to 143.2 mg/100 g d.m.
The content of ascorbic acid ranged from 130.6 to 6.5 mg/100 g d.m. In each of the variants,
there was a tendency of decreasing ascorbic acid content caused by the application of
pulsed electric field pretreatment. Taking into account all drying temperatures and PEF
pretreatment intensities, the highest vitamin C content (19.7 mg/100 g d.m.) in dried apple
tissue treated with an electric field was found in Sample PEF 1, 70 ◦C and the lowest content
(6.5 mg/100 g d.m.) in dried apple tissue was found in Sample PEF 6, 60 ◦C. The conducted
one-factor analysis of variance showed that the tested samples differed significantly based
on the examined parameter.
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Figure 8. Vitamin C content of dried apple tissue obtained using different values for the parameters
of pulsed electric field intensity (1, 3.5, and 6 kJ/kg) and hot air drying temperature (60, 70, and
80 ◦C). The columns with different letters are significantly different (p < 0.05).

Figure 9 shows the response surface results of vitamin C content in dried apple tissue
obtained as a result of applying pulsed electric field at different intensity levels and hot air
drying at different temperatures. The statistical analysis showed a lack of fit of the model
in statistical terms, thus, this figure was not shown.

 
(a) (b) 

Figure 9. Response surface results of (a) the antioxidant capacity with DPPH radical and (b) reducing
power RP, depending on the pulsed electric field intensity and the hot air drying temperature,
obtained in the case of apple tissue subjected to different PEF pretreatment intensities (1, 3.5, and
6 kJ/kg) and hot air drying at different temperatures (60, 70, and 80 ◦C). Experimental values are
marked with points.
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2.5. The Influence of PEF on the Antioxidant Activity of Dried Apple Tissue

Table 2 shows the change in the antioxidant capacity of dried apple tissue obtained by
applying PEF pretreatment at different intensities and hot air drying at different drying
temperatures. The antioxidant capacity was determined taking into account the degree
of quenching of the synthetic DPPH radical, presenting the results as the content of mg
of trolox per 1 g of dry substance (mg TE/g d.m.) as well as the iron ion reducing power
expressed in mg of trolox per 1 g of dry substance (mg TE/g d.m).

Table 2. Antioxidant capacity (with DPPH radicals and iron ion reducing power RP) of dried apple
tissue obtained using different values for the parameters of pulsed electric field intensity (1, 3.5, and
6 kJ/kg) and hot air drying temperature (60, 70, and 80 ◦C).

Symbol

Process Parameters Antioxidant Capacity (AC)

Temperature (◦C) PEF (kJ/kg) DPPH (mg TE/g d.m.) RP (mg TE/g d.m.)

Control 60 ◦C 60 - 3.31 ± 0.12 abcd* 14.34 ± 0.99 c

PEF 1, 60 ◦C 60 1 2.61 ± 0.04 abc 9.42 ± 0.44 b

PEF 3.5, 60 ◦C 60 3.5 2.73 ± 0.13 abcd 7.40 ± 0.26 ab

PEF 6, 60 ◦C 60 6 2.61 ± 0.28 abc 7.19 ± 0.17 ab

Control 70 ◦C 70 - 3.80 ± 0.11 d 17.72 ± 0.14 d

PEF 1, 70 ◦C 70 1 3.56 ± 0.28 cd 9.64 ± 0.20 b

PEF 3.5, 70 ◦C 70 3.5 2.51 ± 0.55 ab 6.36 ± 1.40 a

PEF 6, 70 ◦C 70 6 2.26 ± 0.17a 5.35 ± 0.19 a

Control 80 ◦C 80 - 3.46 ± 0.09 bcd 15.23 ± 0.71 cd

PEF 1, 80 ◦C 80 1 2.63 ± 0.03 abcd 7.96 ± 0.28 ab

PEF 3.5, 80 ◦C 80 3.5 2.29 ± 0.15 ab 6.67 ± 0.17 ab

PEF 6, 80 ◦C 80 6 2.59 ± 0.14 abc 8.06 ± 0.27 ab

SD—standard deviation. *,a,b,c,d—the values in the same column with different letters are significantly different
(p < 0.05).

The parameters used for processing reduced the antioxidant capacity of the dried apple
tissue compared to fresh apple tissue, whose antioxidant capacity was 4.33 mg TE/g d.m.
(see Table 2). The antioxidant activity evaluated with DPPH radicals for the obtained dried
apple tissue ranged from 2.26 to 3.8 mg TE/g d.m. The highest antioxidant capacity was
shown by the dried apple tissue Sample Control 70 ◦C, and the lowest antioxidant capacity
was shown by Sample PEF 6, 70 ◦C. Taking into account all the drying temperatures, the
application of each of the selected electric field intensities resulted in a decrease in the
content of mg TE/g d.m. compared to the control samples (dried samples obtained without
pretreatment). The smallest loss of antioxidant activity compared to the control samples
was obtained in the case of apple tissue dried at 70 ◦C and PEF pretreatment with an
electric field intensity of 1 kJ/kg, where the antioxidant capacity only decreased by 6.3%
and this change was not statistically significant. The conducted two-factor analysis of
variance showed that the PEF pretreatment intensity (η2 = 0.74) and the interaction between
PEF pretreatment and temperature (η2 = 0.84) had a significant impact on the antioxidant
capacity of the tested material.

Similar results were obtained for reducing power (RP) determination (Table 1). Sam-
ples PEF pretreatment applied obtained significantly lower reducing power than apple
tissue dried without pretreatment. An increase in the PEF pretreatment intensity, in
most cases, had a decreasing effect but generally it was statistical insignificant. How-
ever, in the case of both parameters: PEF pretreatment intensity (η2 = 0.97), temperature
(η2 = 0.75), and the interaction between the parameters (96) had significant effects on the
RP. Furthermore, Figure 9a,b show the response surface results of the antioxidant capacity
with DPPH radicals and reducing power for dried apple tissue obtained with different
parameter process values. The statistical analysis showed a good fit for the model for
both parameters.
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2.6. The Influence of PEF on the Content of Sugars in Dried Apple Tissue

Figure 10 shows changes in the total sugar content including sucrose, glucose, fructose,
and sorbitol in apple samples that were hot air dried at different temperatures after PEF
pretreatment at various intensity levels. The total sugar content in dried apple tissue varied
from 24.29 g /100 g d.m. (for PEF 3.5, 60 ◦C) to 37.34 g d.m. (for PEF 1, 60 ◦C), whereas the
total sugar content in the fresh apples was equal to 36.71 g/100 g d.m. For almost all tested
samples (except for apple tissue dried at 60 ◦C and PEF pretreatment with an electric field
intensity of 1 kJ/kg) the total sugar content decreased as a result of the applied treatment.
When the electric field intensity was 1 kJ/kg, the total sugar content was higher than in
the case of the PEF pretreatments with electric field intensities of 3.5 or 6 kJ/kg, regardless
of the drying temperature. For all samples, on the one hand, fructose accounted for the
highest share of the total sugar content, ranging from 62.87 to 69.71%. On the other hand,
sorbitol accounted for the lowest share of the total sugar content, ranging from 1.49 to
2.67%. Furthermore, glucose and sucrose accounted for between 14.48 and 21.99% and
between 6.93 and 19.98% of the total sugar content, respectively. Additionally, increasing
fructose and glucose content was noted with an increase in the drying temperature for
samples not subjected to PEF pretreatment. The fructose content for apple tissue dried at
60, 70, and 80 ◦C was 16.54, 19.85, and 22.23 g/100 g d.m., respectively, and the glucose
content was 4.29, 4.73, and 6.07 g/100 g d.m., respectively. On the contrary, with the higher
drying temperature, sucrose content was lower or constant and it was equal to 4.01, 3.54,
and 3.54 for apple tissue dried at 60, 70, and 80 ◦C, respectively. Sorbitol content was the
lowest among the no PEF pretreated samples when convective drying was carried out
at a temperature of 70 ◦C (0.44 g/100 g d.m.); both an increase and a decrease in drying
temperature caused an increase in sorbitol content in the analyzed samples. The statistical
analysis showed that both sucrose content and sorbitol content did not differ significantly
among the tested samples but some significant differences in glucose content and fructose
content were observed among the samples.

Figure 10. Total sugar content (sucrose, glucose, fructose, and sorbitol) of dried apple tissue obtained
using different values for the parameters of pulsed electric field intensity (1, 3.5, and 6 kJ/kg) and hot
air drying temperature (60, 70, and 80 ◦C). The different letters for the one type of sugars shows the
significant differences between the samples (p < 0.05).

The two-factor analysis showed that both parameters (PEF pretreatment intensity and
drying temperature) and the interaction between them significantly influenced the total
sugar content as well as sucrose, fructose, glucose, and sorbitol contents.
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2.7. The Influence of PEF on the Chemical Properties of Dried Apple Tissue (FTIR Method)

Figure 11 shows the FTIR spectra of a dried apple tissue. The spectra reflect the
correlations between the absorbance intensity of the radiation and its energy described as
the wave number (cm−1). Six peaks of the IR spectrum are listed. Each of the obtained
dried samples showed a similar pattern of spectra.

Figure 11. FTIR spectra of dried apple tissue obtained using different values for the parameters of
pulsed electric field intensity (1, 3.5, and 6 kJ/kg) and hot air drying temperature (60, 70, and 80 ◦C).
The columns with different letters are significantly different (p < 0.05).

3. Discussion

PEF pretreatment is usually used to improve the drying process. In our study, we
found that, in most cases, after applying PEF pretreatment, the time needed for complete
evaporation of water from apple tissue was shortened along with an increase in the pulsed
electric field intensity. Such results can be explained by electroporation during PEF pretreat-
ment. Electroporation is the formation of pores in tissue, which facilitates the process of
water evaporation from a material [8]. Wiktor et al. [16] argued that the cell disintegration
index increased with both an increase in electric field intensity and in pulse numbers for
apple tissue air dried with PEF pretreatment. As the intensity of the electric field increases,
the number of pores increases, and therefore, the average drying time of the product is
shortened. Ostremeier et al. [17] dried onion tissue at three drying air temperatures, i.e.,
65, 75, and 85 ◦C, and studied the impact of PEF pretreatment (PEF pretreatment with
an electric field intensity of 4 kJ/kg) on the time of convective drying of plant tissue.
Their research showed that the use of PEF pretreatment shortened the drying time by
an average of approx. 25% compared to the control samples (without PEF application).
Chauhan et al. [18] studied the effects of PEF pretreatment intensity, duration of the pulsed
electric field, and the water temperature during pretreatment on the drying time of apple
slices. The experiment showed that an increase in the electric field intensity accelerated
the apple drying process due to the increasing degree of disintegration of plant tissue
cells. A statistical analysis of the obtained results proved that, in the case of the combined
application of the mentioned process parameters, the number of pulses used and the water
temperature during the pretreatment had more significant impacts on the time of the apple
drying process. This was most likely due to the fact that the applied electric field intensity
was relatively low and did not cause sufficient disintegration of apple tissue cells, which
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led to the acceleration of mass exchange. The increasing number of delivered impulses
meant that the investigated material was subjected to pretreatment for a longer period of
time, and thus, stayed in hot water longer, which also strongly influenced the breakdown
of apple tissue cells, and therefore, resulted in a noticeable shortening of the duration of
the apple drying process.

Removing water from food extends its shelf-life, which, at the same time, extends the
possible storage time. It is necessary to select the appropriate parameters of the drying
process in order to obtain dried material of the best quality in terms of, for example, the
content of nutrients and chemical ingredients [19]. Water availability in plant material is
characterized by the concept of water activity, which affects the chemical processes taking
place, as well as the limited development of microflora in food products. It has been
reported that water activity below 0.6 prevented the development of microorganisms [20];
each of the dried materials had a water activity below 0.6, which allowed for inhibition of
the growth of microorganisms in the material. It has been shown that temperature has an
important effect on water activity, and the use of PEF pretreatment improves this effect.
Ostremeier et al. [17] showed that samples, in which PEF pretreatment was applied, were
obtained that had lower residual moisture even if a lower temperature of drying was used.
The authors supposed that PEF pretreatment not only facilitated mass transfer in the first
drying stage but also improved the second drying stage, which was characterized by the
migration of moisture from the inner interstices of the sample to the outer surface.

Polyphenols are compounds found in food, which belong to the group of bioactive
ingredients that are important for the human body. The content of these compounds affects
the quality and antioxidant properties of food products [21]. The degradation of bioactive
compounds can be influenced by numerous technological processes, for example, drying,
extrusion, pasteurization, sterilization, and the use of preliminary treatments, including
pulsed electric field pretreatment [22]. In the conducted research, we showed that the
content of polyphenols and flavonoids in the dried apple tissue was affected by both the
supplied electric field intensity and the drying temperature. The use of PEF pretreatment
caused a decrease in total polyphenol content and total flavonoid content compared to the
control samples (dried without PEF application). An increase in PEF pretreatment intensity
was accompanied by a decrease in the total polyphenol content in the dried apple tissue.
Changes in total polyphenol content depend on the efficiency of electroporation, measured,
for example, by determining the degree of disintegration. A PEF pretreatment intensity
that is too high can lead to the degradation of bioactive compounds, and properly selected
values for the parameters can improve the extractability of these compounds. Similar
relationships were observed by Wang et al. [23], who studied the impact of pulsed electric
field treatment on the extraction of bioactive ingredients from apple skins. Mello et al. [9]
indicated that pulsed electric field pretreatment before the drying process positively affected
preservation of the total polyphenol content, ascorbic acid, and the antioxidant capacity
of the dried material. Additional benefits can be achieved by the combination of pulsed
electric field pretreatment with hybrid drying. Orange peel dried with PEF pretreatment
has been characterized with a higher total polyphenol content in relation to orange peel
dried in a hybrid way without pretreatment. In addition, Lammerkitten et al. [15] showed
that PEF pretreatment had a positive effect on the contents of phenols and flavonoids in
dried mango, which was associated with the phenomenon of electroporation that increased
the permeability of the cell membrane and consequently improved the extractability of
phenolic compounds. They showed that the use of PEF pretreatment with a lower specific
intensity was the most beneficial. Lammerskitten et al. [24] showed that the total phenolic
content was increased by up to 47% for PEF pretreated freeze-dried apple tissue compared
to untreated freeze-dried apple tissue.

Vitamins are a large group of organic chemical compounds that are characterized by
diverse structures. Their task is to support the proper functioning of the body. They belong
to the group of exogenous compounds, for example, compounds that the human body
is unable to produce, and therefore, it is necessary to supply them through food intake.
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Vitamin C is a bioactive compound and has strong antioxidant properties, which help to
prevent heart and capillary diseases. Ascorbic acid can also be used as a food additive.
Due to its good antioxidant properties, it slows down oxidation reactions, which allows
products to extend their shelf-life [25,26]. Yamakage et al. [14] studied the effect of pulsed
electric field pretreatment on changes in the quality of spinach during hot air drying and
found that the use of PEF pretreatment obtained a dried product with a high content of
L-ascorbic acid compared to the dried product obtained without the PEF pretreatment.
The intensity of the applied PEF pretreatment had a greater influence on the content of
vitamin C. A decrease in the amount of ascorbic acid was found in relation to the control
sample. Ascorbic acid is very susceptible to degradation under the influence of the drying
process. The use of PEF pretreatment reduced the acid content of the orange peel compared
to the control sample. This relationship was most likely due to the fact that the greatest
degradation of ascorbic acid was caused by drying itself. Pulsed electric field pretreatment
leads to the electroporation process, which increases the exposure of nutrients to hot air
during drying, and therefore, contributes to the degradation of ascorbic acid [9]. The
effect of pulsed electric field pretreatment was used by Morales-de la Peña et al. [27], who
studied the effect of high-voltage PEF pretreatment on changes in the content of vitamin C
in stored fruit juices. The results were compared to the content of ascorbic acid in juices
not subjected to PEF pretreatment and to the fruit juices subjected to thermal treatment
(90 ◦C). On the basis of vitamin C content, studies have shown that a shorter duration
of PEF pretreatment is more beneficial. However, regardless of the duration time of PEF
pretreatment, samples subjected to PEF pretreatment retained a higher amount of vitamin
C compared to juices treated at a high temperature, but each treatment resulted in a greater
decrease in the amount of vitamin C versus the control (untreated). Since PEF pretreatment
is a non-thermal treatment, the higher content of vitamin C in juices with electric field
obstruction may result from the low resistance of ascorbic acid to the high temperature
used during thermal treatment. With PEF pretreatment, greater degradation of vitamin
C in the juice obtained after a longer duration pretreatment may be due to the increase in
the temperature of the material; the juice was more intensively subjected to high-voltage
electricity, which caused the Joule effect, resulting in an increase in the temperature of
the material, which resulted in a higher degree of degradation of ascorbic acid. When
comparing the results of these studies and those presented in this paper, one should bear in
mind the differences between the compared processes and the form (“state of aggregation”)
of the tested matrices.

Antioxidants are chemical compounds that belong to the group of bioactive ingredients
present mainly in fruits and vegetables. One of the characteristics of biologically active
compounds is that living organisms are not able to produce them, and therefore, they
should be supplied through food intake. The role of antioxidant substances is to protect
cells and tissues against the adverse effects of emerging free radicals (unpaired oxygen
atoms), which cause undesirable changes in the human body. Antioxidants inhibit the
action of free radicals by “connecting” with unpaired electrons, slowing down the oxidation
reactions taking place in the body. The antioxidant compounds include polyphenols,
flavonoids, vitamin C, carotenoids, and xanthophylls [28,29]. The conducted analysis
showed that the applied PEF pretretment intensity, in most cases, had an insignificant
impact on the antioxidant capacity of dried apple tissue and that PEF pretreatment caused
loss of antioxidant activity compared to the control samples (dried without PEF application).
Lammerskitten et al. [24] also showed that, for freeze-dried apple tissue, PEF pretreatment
decreased antioxidant activity up to ∼60% compared to a reference sample. A different
effect of PEF pretreatment on the antioxidant properties of dried material was shown
by Huang et al. [30], who applied PEF PREtreatment to fresh apricots. The use of a
higher electric field intensity improved the antioxidant capacity of the dried material. The
differences in the results could have been influenced by the sodium sulfite used, which has
an oxidizing capacity. The combination of these two factors enhanced the ability to reduce
free radicals in dried apricots. Mello et al. [9] showed that the dried material obtained
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with PEF pretreatment had a higher antioxidant capacity for a shorter application time
and this activity was similar to the dried material obtained using hybrid drying without
pretreatment. Reducing the antioxidant capacity when using higher intensity values of
the PEF pretreatment parameter may be caused by greater exposure of bioactive cells
to high temperature during drying, which leads to a decrease in the value of bioactive
compounds and the antioxidant capacity of the dried material. Therefore, PEF pretreatment
with appropriate parameter values positively affects the quality of the dried material, while
too intensive PEF pretreatment may have a negative impact on the final quality of the
dried material.

Reducing power has also been used to evaluate the ability of natural antioxidants
in dried apple tissue pretreated using PEF and the obtained results correlated with the
polyphenol and flavonoid contents. In addition, Yakubu et al. [31] showed a significant
decrease in the reducing power and the DPPH scavenging activity of blanched bitter leaves.
The increase or decrease in antioxidant activity was explained by Adefegha and Oboh [32]
by the fact that heat treatments can soften the matrix and can improve or degrade the
extractability of phytochemicals involved with antioxidant activity.

Sugars are essential in the human diet for proper body functioning. Fructose and
glucose are important monosaccharides. Chemically combined, these sugars form a dis-
accharide, i.e., sucrose. Such sugars as glucose, fructose, and sucrose are present, among
others, in fruit and vegetables. Fructose supplies the human body with quick energy,
whereas glucose is necessary as one of the primary sources of fuel for cellular metabolism.
Furthermore, sorbitol belongs to polyols, which are saccharide derivatives. Compared with
sugars, polyols, including sorbitol, are poorly absorbed, and therefore provide fewer calo-
ries and lower glycemic responses [33,34]. Regarding sugars, apple tissue contains mostly
fructose, but certain amounts of glucose and sucrose are usually also present in these fruits,
whereas sorbitol is present in apple tissue in a much smaller quantity [35–37]. This was also
confirmed by our study (Table 2). The total sugar content in apple tissue as well as specific
sugar contents (i.e., fructose, glucose, and sucrose) vary depending on the variety, weather
conditions, culture technology, and also the position and exposition of the apple tissue
in the crown. The specific sugar content during storage may both decrease or increase,
which is also determined by the apple variety [38]. Wojdyło et al. [39] studied the influ-
ence of different drying methods and conditions on the quality parameters of red-fleshed
apple fruit snacks, including the total sugar content. The authors observed that sugar
content was strongly determined by the drying method. The samples obtained by freeze-
drying were characterized by the highest sugar content which was 34.10 g/100 g d.m.,
whereas the sugar contents of convective dried samples were 24.3 ± 2.5, 26.7 ± 3.1, and
21.7 ± 1.8 g/100 g d.m. depending on the drying temperatures which were 50, 60, and
70 ◦C, respectively. These results were similar to the results reported in this research. When
analyzing the apple tissue samples without PEF pretreatment, the increasing contents of
both fructose and glucose together with the decreasing or constant content of sucrose was
observed with an increase in the drying temperature. Similarly, Delgado et al. [40] reported
the phenomenon of increased fructose content during convective drying of chestnuts, while
Mitrović et al. [41] reported a decrease in sucrose content and, simultaneously, an increase
in inverted sugars content after convective drying of plums at 70 or 90 ◦C. Furthermore,
Macedo et al. [42] studied the effect of convective drying temperature (40, 60, and 80 ◦C)
on the drying kinetics and the physicochemical properties of dried bananas, and also
observed that the reduced sugar content of the dried fruits was higher as the drying air
temperature increased. The authors explained that the results were probably related to
sucrose hydrolysis to glucose and fructose during the convective drying [40–42]. In the
present research, the effect of PEF pretreatment was not clear and it varied depending
on the PEF pretreatment intensity applied and also the temperature of the following hot
air drying. The content of sucrose did not differ significantly but statistically significant
differences in both glucose and fructose content between the samples were noted, which
was in accordance with the research of Rybak et al. [43], in which the influences of various
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treatments, including PEF pretreatment with an electric field intensity of 1 or 3 kJ/kg, on the
selected properties of red bell pepper were analyzed. Additionally, the authors suggested
that the increase in the glucose content of PEF-treated samples might be caused by the
decomposition of carbohydrates in such a way that it can affect other carbohydrates, and
also improve the extractability of sugars [43]. Furthermore, PEF pretreatment of chokeberry
juice sources from six different farms resulted in an increase in the total sugar content in
all cases [44]. In turn, Rybak et al. [45] recorded that PEF pretreatment with an electric
field intensity of 1 or 3 kJ/kg conducted before convective or microwave-convective drying
affected the significant decrease in total sugar content in red bell pepper samples. It was
explained by the fact that the electroporation occurring as a result of the PEF pretreatment
that caused a rupture in the cell membrane which resulted in sugar leakage.

Infrared spectroscopy (FTIR) is a method used to determine the structure of particles as
well as the composition of molecular mixtures. Infrared radiation is absorbed in frequencies
related to the vibration energy of the bonds between atoms in a molecule [46]. In this
study, it was shown that the obtained dried apple tissue showed a similar pattern of
spectra, which may have resulted from the same structure and chemical composition
of the tested samples, and at the same time from the presence of the same functional
groups in the tested material. According to the literature, the range of peaks from 1200 to
1500 cm−1 refers to the vibrations of COH, CCH, and COH bonds; additionally, the range
from 1630 to 1680 cm−1 corresponds to the amide functional groups associated with the
CO carbonyl group. The peaks at the wave values between 1149 cm−1 and 1336 cm−1

indicate the presence of COC glycosidic bonds for pectin. The IR spectra in the ranges of
3200–3500 cm−1 and 2900–2920 cm−1 are related to the stretching vibrations of the OH, NH,
and CH bonds. The range associated with the CH group mainly relates to the presence of
these bonds in the cellulose and hemicellulose present. The absorbed light at the value of
1710 cm−1 is related to the absorption of the carbonyl group of fatty acids that are present
in the fibers of the raw material. In addition, the CO bonds present in lignin are absorbed at
the peaks of 1634 cm−1 and 1374 cm−1. Bioactive ingredients such as phenolic compounds
are identified at 1560 cm−1 and 1630 cm−1. With regard to the presence of sugars, the
peak near 922 cm−1 is related to the α-anomeric linkage between glucose and fructose in
sucrose; additionally, the glycosidic linkage in sucrose COC is about 990 cm−1. In fructose,
the vibrations corresponding to the stretching of CO and CC bonds are at the wave of
1046 cm−1, in the case of sucrose, the stretching of CO bonds takes place at 1048 cm−1,
and the value of 1102 cm−1 is the stretching of CO and CC bonds in glucose, as well as
bending of COH bonds. The wavelength range from 896 cm−1 to 900 cm−1 is associated
with β-glucosidic bonds in hemicellulose and cellulose [47–49]. The influence of PEF p
retreatment on the chemical composition of plant tissue was studied by Ahmed et al. [50].
The research was carried out using the juice of wheat plants. PEF pretreatment with
an intensity of 9 kV/cm was applied. In addition, sonication and the combination of
PEF + US were used to determine the difference in the effect of pretreatment on the material
properties. Similar IR spectra with similar wave values were obtained for all samples.
In addition, Niu et al. [51] obtained similar results for freeze-dried naringin in pomelo
tissue. Several PEF pretreatment intensities were used. Most of the peaks obtained, as well
as those obtained for the control samples not subjected to PEF, coincided, and therefore,
it was concluding that PEF pretreatment had no significant effect on the absorption of
infrared light.

4. Materials and Methods

4.1. Materials

For this study, the the Gloster apple variety was selected from an organic farm (Warsaw,
Poland). The apples were cut into 5 mm thick slices, and then they were cut into four parts,
using a sharp knife. Before the apples were cut and dried, a pulsed electric field (PEF)
pretreatment was applied. The properties of the fresh apple tissue are presented in Table 2.
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4.2. Technological Methods
4.2.1. Pulsed Electric Field Application

Before the drying process, the tested material was pretreated by applying a pulsed
electric field (PEF) in an ELEA Pi-lot-Dual pulsed reactor (Elea Vertriebs- und Vermark-
tungsgesellschaft mbHVer, Quakenbrück, Germany). The PEF device has stainless steel
electrodes, where the gap between them is 28 cm. The device delivers a 2 Hz frequency of
exponential decay pulses with a monopolar signal and a width of 40 ms.

The treatment consisted of placing whole apples (approx. 150 g) in the chamber, and
then adding tap water at room temperature in such an amount that the mass of the entire
system was approx. 1000 g. The electric field intensity during the PEF application was
1 kV/cm, and the energy values delivered to the system during pretreatment were 1, 3.5,
and 6 kJ/kg.

4.2.2. Hot Air (Convective) Drying

The material was dried using the convective method in a prototype laboratory dryer
(Promis-Tech, Wrocław, Poland) at the drying air temperature of 60, 70, and 80 ◦C. The air
flowed through the material perpendicularly to the screen and its velocity was 1.2 m/s.
Before putting the raw material into the dryer, the material was placed on a sieve in the
amount of about 150 g, and then the parameters were set and the drying time was recorded
every 5 min using a scale that automatically registered weight changes.

4.3. Analytical Methods
4.3.1. Determination of the Kinetics of the Drying Process

The kinetics of drying are presented in the form of drying curves, which show
the relationship between the relative water content (MR) and the progress of the pro-
cess [52]. The relative water content (humidity ratio, MR) was calculated based on the
following relationship:

MR =
uτ

u0
, (1)

where u0 is the water content in raw material (kg H2O/kg d.m.) and uτ if the water content
of the material at the time of drying (kg H2O/kg d.m.).

4.3.2. Determination of the Water Content

About 0.2 g (with an accuracy of 0.0001 g) of dried material, homogenized using an
analytical mill, was weighed in previously dried weighing bottles, with an accuracy of
0.0001 g. Then, the vials were dried in a laboratory dryer at 70 ◦C for 24 h [53]. After this
time, the samples were placed in a desiccator and kept until they reached room temperature.
Then, the cups were weighed with an accuracy of 0.0001 g and the content of dry matter in
apple tisssue was calculated. The assay was performed in duplicate.

4.3.3. Determination of Water Activity

The water activity measurement was carried out in two repetitions for each type of
dried material. The Aqualab 4 TE (Decagon, Pullman, WA, USA) water activity meter was
used for the measurement. The measurement was made at a temperature of 25 ◦C [54].

4.3.4. Determination of Total Polyphenol Content (TPC)

The determination was carried out using the spectroscopic method based on a color
reaction of the analyte with the Folin Ciocalteau (F-C) reagent [55]. The material was ground
using an analytical mill (IKA A11 basic, IKA-Werke GmbH & Co., Staufen, Germany).Then,
0.3 g of dried material was weighed into the test tube with an accuracy of ±0.0001 g and
diluted with 10 mL of 80% ethyl alcohol. The solution was shaken on an orbital shaker
(Multi Reax, Heidolph Instruments, Schwabach, Germany) at 20 ◦C and after 12 h it was
centrifuged (MegaStar 600, VWR, Leuven, Belgium) at 4350 rpm for 2 min. Such extract
was used for the further analysis.

152



Molecules 2023, 28, 2970

In a well of a 96-well plate, 10 μL of the supernatant was placed, which was diluted
twice with distilled water. Then, 40 μL of F-C reagent (5 times diluted with distilled
water) was added to the solution, and after 3 min, 250 μL of 7% sodium carbonate solution
was added. The samples were incubated for 60 min at 20 ◦C and protected from light.
Absorbance was measured at a wavelength of 750 nm on a plate reader (against reagent
blank). The result was expressed in mg/100 g of dry matter of chlorogenic acid using a
calibration curve for chlorogenic acid standard at a concentration of 0–100 μL. The assays
were performed in duplicate for each extract.

4.3.5. Determination of Total Flavonoid Content

The method with aluminium (III) chloride was used to determine the total flavonoid
content [56]. First, 20 μL of the extract was diluted with 80 μL of distilled water and
mixed with 10 μL of NaNO2 (5% w/v). After 5 min, 10 μL of AlCl3 (10% w/v) was added
and mixed, and after 6 min, 40 μL of 1 M NaOH solution was added and mixed. After
20 min, the absorbance of the solutions was measured at 510 nm. The quantitative content
of flavonoids was calculated based on a calibration curve for quercetin in the range of
0–500 μg/mL. Measurements were made in duplicate.

4.3.6. Determination of Antioxidant Capacity (AC) on the Basis of Free Radical Scavenging
DPPH and Ferric Antioxidant Reducing Power (RP)

The antioxidant capacity was determined using a spectrophotometric method to
determine the degree of quenching of the synthetic 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical [57]. In order to prepare the initial DPPH solution, 0.025 g of 2,2-diphenyl-1-
picrylhydrazyl was diluted to 100 mL with 99% methanol. The solution was stored for
a minimum of 24 h protected from light at 4 ◦C to generate the radical. The working
solution was prepared immediately before analysis. First, 9 mL of the starting solution was
diluted with 80% ethanol solution, in which absorbance measured at 515 nm was in the
range of 0.700 ± 0.020. Measurements were made in 96-well plates. Then, 250 μL of the
radical solution was added to the well with 10 μL of the 5 times diluted sample extract.
After 30 min storage at room temperature, without access to light, the absorbance was
measured using a plate reader (Multiskan Sky, Thermo Electron Co., St. Louis, MO, USA)
at a wavelength of 515 nm. The assays were performed in duplicate for each extract. The
antioxidant activity was determined on the basis of a decrease in the absorbance of the
radical solution in the presence of the antioxidant and expressed as the Trolox equivalent
antioxidant capacity (TEAC) coefficient, corresponding to the concentration of Trolox with
the same antioxidant capacity as the tested sample (mg Trolox/g d.m.).

To determine the reduction power (RP) of iron ions by the analyte, 25 μL of the extract,
50 μL of a 1% aqueous solution of potassium ferricyanide, and 75 μL of distilled water were
pipetted into the well. The whole was mixed, and then placed in an incubator (INCU-Line
ILS 10; VWR, Radnor, PA, USA) at 50 ◦C. After 20 min, 50 μL of 10% trichloroacetic acid
was added. Then, 100 μL of the reaction mixture were taken into an empty well, 100 μL of
distilled water and 20 μL of 0.1% iron (III) chloride solution were added, and the whole
was mixed. After 10 min, the absorbance at 700 nm was measured against a blank [58]. The
RP value is expressed as mg of Trolox.

4.3.7. Determination of Vitamin C Content

The UPLC-PDA method (WATERS Acquity H-Class, Milford, MA, USA) was used
to determine the content of L-ascorbic acid [59]. First, 10 mL of cooled extraction reagent
(3% metaphosphoric acid and 8% acetic acid) was added to 0.3 g of ground dried material,
the solution was stirred with vortex for 5 min, and then centrifuged (2 min, 4350 rpm,
5 ◦C). The assay was carried out with limited access to light. The solution was filtered using
0.2 μm GHP syringe filters (Acrodisc, Pall Corporation, Port Washington, NY, USA). Next,
1 mL of the solution was added to 1 mL of the eluent, and then injected into the column.
A WATERS Acquity UPLC HSS T3 column (2.1 × 100 mm, 1.8 μm, Waters, Ireland) with
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a BEH C18 pre-column (2.1 × 5 mm, 1.7 μm, Waters, Ireland) was used for separation.
The mobile phase flow (Milli-Q water with 0.1% formic acid) was 0.25 mL/min. The
column thermostat temperature was 25 ◦C and the autosampler tempurature was 4 ◦C. The
spectral analysis was performed at a wavelength of 245 nm. The vitamin C content was
calculated against a calibration curve prepared for an analytical standard of L-ascorbic acid
(0.005–0.100 mg/mL). The analysis was performed in duplicate.

4.3.8. Total Sugar Content (Sucrose, Glucose, Fructose, and Sorbitol)

The sugar content was determined by liquid chromatography [60]. The system con-
sisted of a quadruple pump (Waters 515, Milford, MA, USA), an autosampler (Waters 717,
Milford, MA, USA), a column thermostat, and an RI detector (Waters 2414, Milford, MA,
USA). First, 0.3 g of the material was poured with MilliQ water at a temperature of 80 ◦C.
The samples were placed in a circular-vibrating shaker and sugars were extracted for 4 h.
The solution was centrifuged (5 min, 4350 rpm), filtered through a 0.22 μm hydrophobic
PTFE syringe filter (Millex-FG, Millipore, Milford, MA, USA), and 1 μL was injected into
the column. Separation was carried out using a 300 × 6.5 mm Waters Sugar Pak I column
with a Sugar-Pak pre-column. The assay was carried out with a constant composition of
the mobile phase (Milli-Q redistilled water), the flow rate of which was 0.6 mL/min, the
detector temperature was 50 ◦C, and the column temperature was 90 ◦C. The quantitative
analysis was performed on the basis of prepared calibration curves for glucose, fructose,
sucrose, and sorbitol standards. The assays were carried out in duplicate.

4.3.9. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of dried apple tissue were performed in infrared using Cary 630 (Agilent
Technologies Inc., Santa Clara, CA, USA) with a single reflection diamond attenuated
total reflection ATR [58]. The analysis was carried out at a wavelength in the range of
650–4000 cm−1 with a resolution of 4 cm−1, with 32 scans of the spectrum. The dried
sample was pressed against the crystal with a pressure clamp. Each material was scanned
five times. The analysis data was recorded using the MicroLab FTIR software.

4.4. Statistical Methods

The experiment was organized using response surface methodology (RSM) with
experimental planning of two factors: drying temperature and energy consumption during
PEF application, at three levels (Table 3).

Table 3. List of dryings, taking into account the temperature and energy supplied during application
of the PEF pretreatment—experiment plan.

Drying Parameters

Drying Number Symbol Temperature (◦C) Energy PEF (kJ/kg)

1 PEF 1, 60 ◦C 1 60
2 PEF 1, 80 ◦C 1 80
3 PEF 6, 60 ◦C 6 60
4 PEF 6, 80 ◦C 6 80
5 PEF 1, 70 ◦C 1 70
6 PEF 6, 70 ◦C 6 70
7 PEF 3.5, 60 ◦C 3.5 60
8 PEF 3.5, 80 ◦C 3.5 80

9 (A) PEF 3.5, 70 ◦C 3.5 70
10 (B) PEF 3.5, 70 ◦C 3.5 70
11 (C) PEF 3.5, 70 ◦C 3.5 70

12 Control 60 ◦C - 60
13 Control 70 ◦C - 70
14 Control 80 ◦C - 80
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The levels of energy consumption during PEF pretreatment applications were selected
based on the efficiency of electroporation, determined by measuring the specific electrical
conductivity (preliminary studies), while the temperature levels were selected based on
the literature. The analysis of the impact of the pulsed electric field intensity and the
applied temperature on the quality of the dried samples was assessed on the basis of a
one-way ANOVA analysis of variance, and homogeneous groups were determined on the
basis of Tukey’s test. Furthermore, in order to determine the impact of PEF pretreatment
intensity and hot air drying temperature as well as the interaction of these two factors on
the obtained results, a two-factor analysis of variance was performed at the significance
level α = 0.05. To conduct the statistical analysis, the Statictica program ver. 13 of the
TIBCO company software (Palo Alto, CA, USA) was used.

On the basis of the obtained results, statistical profiles of approximated values of the
PEF pretreatment intensity levels and hot air drying temperatures as well as the usability
for the drying time and chosen properties (water activity, antioxidant capacity, and total
sugars content) were made and presented in Figure 12.

Figure 12. Approximation profiles and usability for dried apple tissue.

Optimal properties were chosen as the general and most important for obtaining good
quality dried material in a short time period. For approximation profiles, the drying time,
water activity, and total sugar content were set to obtain lower values, while antioxidant
capacity was set to gain the highest values. The projection showed that the best parameters
to obtain such dried material would be application of a PEF pretreatment intensity of
3.5 kJ/kg and drying at 70 ◦C.
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5. Conclusions

Our results showed that pulsed electric field applied as a pretreatment before the
hot air drying process shortened the drying time of the material due to the pores formed
that facilitated the evaporation of water from the material. The shortest drying time
was obtained when the higher temperature was used. In the case of samples with PEF
pretreatment, the shortest drying time was characterized by the material dried at 70 ◦C and
treated using pulsed electric field pretreatment with an intensity of 6 kJ/kg.

Dried materials were characterized by water activity not exceeding 0.6, and the highest
value did not exceed 0.331, which was obtained by PEF pretreatment of apple tissue with
an electric field intensity of 6 kJ/kg and dried at 60 ◦C. In addition, electroporation caused
a change in the content of chemical compounds in the apple tissue. The application of each
electric field intensity caused the degradation of polyphenols from apple tissue compared
to samples not subjected to PEF pretreatment. The smallest loss of these substances was
noticed in the dried material obtained by applying PEF pretreatment with an electric
field intensity of 1 kJ/kg, and then dried at 70 ◦C. The same trend was observed for
flavonoid content and antioxidant capacity. Furthermore, the reducing power investigations
confirmed the antioxidant capacity results. PEF pretreatment decreases the reducing power
of dried apple tissue compared to the untreated samples. Additionally, ascorbic acid was
degraded by pulsed electric field at any level of applied intensity. An increase in energy
supplied during PEF application led to an increase in the degradation of vitamin ◦C in
dried apple tissue.

The application of pretreatment did not influence changes in the total sugar content
and sorbitol content of dried apple tissue. However, increased fructose and glucose contents
were noted with an increase in the drying temperature and the PEF pretreatment electric
field intensity. PEF pretreatment did not effect the samples’ FTIR spectra, which were
similar for all samples.

The optimization process, as well as statistical profiles of approximated values, showed
that the best parameter values for obtaining a high-quality product with a short drying
time were the application of PEF pretreatment with an intensity of 3.5 kJ/kg and hot air
drying at a temperature of 70 ◦C.
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Abstract: Coffee is one of the most popular beverages worldwide, valued for its sensory properties
as well as for its psychoactive effects that are associated with caffeine content. Nevertheless, coffee
also contains antioxidant substances. Therefore, it can be considered a functional beverage. The aim
of this study is to evaluate the influence of four selected post-harvest coffee fruit treatments (natural,
full washed, washed–extended fermentation, and anaerobic) on the antioxidant and psychoactive
properties of Arabica coffee. Additionally, the impact of coffee processing on the selected quality
parameters was checked. For this purpose, results for caffeine content, total phenolic content (TPC),
DPPH assay, pH, titratable acidity, and water content were determined. The results show that natural
and anaerobic processing allow the highest caffeine concentration to be retained. The selection of
the processing method does not have a significant influence on the TPC or antiradical activity of
coffee. The identified differences concerning water content and pH along with lack of significant
discrepancies in titratable acidity may have an influence on the sensory profile of coffee.

Keywords: coffee processing; antioxidants; polyphenols; caffeine; full washed; natural; anaerobic;
washed–extended fermentation

1. Introduction

Coffee is one of the most popular beverages worldwide. It is highly valued for its
sensory properties as well as for its psychoactive effects that are associated with caffeine
content. However, coffee is also a good source of antioxidant compounds, mainly phenolics,
but also Maillard reaction products that are generated in the roasting process [1–4]. This
makes coffee a functional beverage [5]. The roasting process itself has been thoroughly
studied in terms of its impact on the antioxidant properties of coffee [2,6–10]. The im-
pact of brewing time and method have also been verified [1,11]. However, post-harvest
(pre-roasting) coffee bean preparation steps have an influence on their exact chemical com-
position [1,9,12] and thus may affect the content of compounds responsible for antioxidant
activity and caffeine concentration.

The essence of coffee plant cultivation is extraction of its beans. To obtain them the
fruit must be processed. Each of the layers covering the coffee bean when processed may
affect the chemical composition of the bean itself. Therefore, coffee makers use different
methods of coffee fruit treatment to achieve certain flavors. However, fruit processing not
only has an impact on flavor precursors but may also influence the content of functional
compounds. The fruits are processed immediately after harvesting to limit the occurrence
of unwanted fermentation and reduce contamination. The most common methods include
natural and full washed processing [13,14].

The dry method of coffee processing, also known as the natural method, is one of the
oldest techniques for processing coffee cherries. In this method, fruits are spread in thin
layers and dried in the sun. Depending on the specific region or place of cultivation, the
drying stations may look different; some plantations will use the simplest brick terraces
for this purpose, while others will use special beds that allow air to flow freely between
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the fruits, thanks to which drying takes place more evenly. The fruit is turned regularly
to avoid mold, rotting, or fermentation. On larger plantations, mechanical drying devices
are sometimes used to speed up the process [15]. However, this may have an influence
on the coffee quality [16]. The sun-drying process itself takes about 3–4 weeks, until the
cherries become hard to the touch, shrink, and take on a dark brown color [17]. When the
fruit reaches a moisture content close to 11%, it is considered dry [18]. Then, to achieve
higher quality, beans can be stored for some months in special silos. There they rest and
the flavor of the beans matures fully [17]. This method ends when the skin and pulp are
mechanically removed from the fruit, and the coffee beans are sorted, bagged, and exported
to customers [19]. The dry method is used for approximately 90% of the Arabica coffee
produced in Brazil, most of the coffee produced in Ethiopia, Haiti and Paraguay, and some
Arabica produced in India and Ecuador. Almost all Robusta coffee is processed using this
method [17,20,21]. The natural process is common primarily in places where there is no
access to water. However, it is not practical in very rainy regions where the humidity is too
high or where it often rains during the harvest months. Regardless of the variety and region
of cultivation, the dry process primarily gives the coffee a fruity aroma and sweetness, as
the drying process enhances the sugar profiles [21].

The full-washed coffee cherry processing method is by far the fastest, probably the
most efficient, and therefore the most commonly used method. The first stage of the process
is placing freshly picked cherries in a flotation tank filled with water, in which the ripe
cherries sink and the unripe cherries—undesirable in harvesting—float to the surface,
making it possible to remove them from further stages of processing [17,22]. The next
step is to transfer the fruit to the depulper—a device that is responsible for splitting and
squeezing the coffee cherry to separate the beans from the outer skin and pulp. After
depulping, the coffee beans are still covered with a thin and sticky layer of mucus. Their
resistance to pressure is due to the combination of sugars and pectins, and the best way
to remove it is a fermentation process [13,15,17]. For this purpose, coffee beans are placed
in fermentation tanks filled with water for 6 to 72 h [17,22,23]. During this time, thanks
to the activity of enzymes, the pectins contained in the mucus are broken down. The
duration of fermentation depends on many factors, including: altitude above sea level,
ambient temperature, volume of coffee, and type of beans. The fermentation period has
a significant impact on the flavor of the coffee, so knowing when to stop fermentation
is a key factor in this process. If fermentation takes too long, undesirable flavors may
occur. However, when properly carried out, washed coffee can acquire a characteristic,
clean acidity [22]. Furthermore, the presence of bacteria and fungi that are specific for
different areas and altitudes may affect the sensory profile of fermented coffee. The most
common microorganisms that could be associated with coffee and its processing include:
Debaryomyces, Pichia, Candida, Saccharomyces kluyveri, S. Ceverisiae, Aspergillus, Penicillium,
Fusarium, Trichoderma, Lactobacillus, Bacillus, Arthrobacter, Acinetobacter, and Klebsiella [14].
After the fermentation process, the beans are washed again with clean water and left to
dry in the sun. As with the dry method, beans can be dried on concrete terraces, tables,
or beds. Depending on the prevailing weather conditions, the drying period may last up
to 21 days, but is mostly completed between 2 and 15 days [15,22]. Already dried beans
covered with parchment have a light beige color. To remove this thin layer, the beans are
transferred to a dry mill where the parchment is rubbed off their surface. The final stage is
the sorting and packaging of green coffee beans [15]. The taste and aroma of washed coffee
can be described as a clean, light-bodied profile with pronounced acidity [24].

The washed–extended fermentation method is used when a given batch of coffee is
harvested over several days. Each day, extracted beans are added to the fermentation tanks
containing the previous days’ harvest. In this method, each subsequent batch of beans
increases the pH level in the tank. This inhibits the growth of bacteria present in an acid
environment, the activity of which may lead to excessive fermentation of the bed. Such a
processing results in more sophisticated flavor profile of the coffee beans [25].
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For some time now, in the world of specialty coffees, new coffees produced using
new coffee cherry treatment techniques can be seen on the shelves. Experimental trials
of new coffee processing methods began when Sasa Sestic won the 2015 World Barista
Championship with carbon maceration coffee. Since then, many coffee producers, wanting
to increase the cupping score of their coffees, have been trying their hand at producing
perfect beans using innovative methods. Of these, anaerobic fermentation has attracted the
most interest. The first stage is like that in the wet method. The fresh fruits are placed in a
depulper, and then the separated beans are placed together with part of the pulp and outer
skin in vacuum-sealed tanks equipped with a non-return valve to stop air from entering the
tank. During the process, microorganisms begin to break down glucose molecules, resulting
in the release of heat and carbon dioxide, which, being a heavier gas, displaces oxygen from
the tank. In an anaerobic environment, bacteria naturally found in coffee cherries produce
enzymes that break down sugars into less complex compounds such as organic acids or
alcohols. Anaerobic fermentation allows for better control of the process by measuring
the pH, sugar content, and temperature inside the tank. Controlling and prolonging the
fermentation of coffee causes a change in its chemical composition, something which is
also associated with changes in the flavor profile [23,26]. Coffees from this method are
characterized by a silky, creamy texture and complex acidity [27].

Coffee studies considering post-harvest (pre-roasting) processing focus mainly on
sensory characteristics, e.g., [14,26,28,29]. However, research concerning the impact of
coffee fruit processing methods on the functional properties of coffee is scarce. Therefore,
the aim of this study was to evaluate the influence of post-harvest coffee fruit treatments
on the antioxidant and psychoactive properties of coffee. Furthermore, to the best of
the authors’ knowledge, the manuscript presents the results of the first research directly
comparing four different coffee fruit processing methods (natural, full washed, washed
with extended fermentation, and anaerobic). Implementation of the processing on a coffee
plantation allowed the quality of coffee cherries and the influence of the actual process
conditions to be maintained, along with that of the site-specific microbiota to be reflected
in the final characteristics of coffee beans.

2. Results and Discussion

The results of the study (Table 1) show that the water content was significantly higher
in coffee beans from full-washed (2.68 ± 0.03 g/100 g) and anaerobic (2.63 ± 0.02 g/100 g)
processing than in beans processed with the natural method (2.24 ± 0.03 g/100 g). These
differences may be a consequence of the strong dehydration resulting from the sun drying
used in natural processing. Other methods involve immersing coffee in water. The level
of the retained water in natural processed coffee is consistent with the results obtained by
Baggenstoss et al. [30] indicating that natural processed coffee after the roasting process
contains 2.3 g/100 g of water.

The pH value was significantly higher in washed–extended fermentation coffees
(5.08 ± 0.03) than in coffee beans processed using the anaerobic method (4.98 ± 0.02).
Although both methods rely on fermentation, in the case of anaerobic coffees the process is
carried out to a specific pH value of fermenting mass. Still, due to the continuous addition
of successive portions of fresh beans to the fermentation tank, coffee beans from prolonged
fermentation treatment tend to have a higher pH. This is connected with additions of
extra amounts of sugars when dosing subsequent portions of beans. They are a product
of the degradation of organic compounds and subsequently act as a nutrient medium for
microorganisms to produce acids and alcohols [25]. The average titratable acidity of the
tested coffees range from 18.5 to 18.83 with no significant differences. In view of this fact, it
can be confirmed that the processing conditions influence the acidic profile of the coffee,
which in turn has an influence on the sensory parameters of the beverage.
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Table 1. Selected functional and quality parameters of tested coffee samples representing different
post-harvest (pre-roasting) processing methods.

Parameter

Sample (n = 3)
p

Washed–Extended
Fermentation—A

Full
Washed—B

Natural—C Anaerobic—D

Water
(g/100 g) mean ± SD 2.46 ± 0.02 2.68 ± 0.03 2.24 ± 0.03 2.63 ± 0.02 p = 0.019 *

B,D > C

pH mean ± SD 5.08 ± 0.03 5.04 ± 0.02 5.04 ± 0.01 4.98 ± 0.02 p = 0.019 *
A > D

Titratable acidity
(mol L−1 NaOH

per 100 g)
mean ± SD 18.5 ± 0.5 18.83 ± 0.76 18.83 ± 0.76 18.83 ± 0.29 p = 0.811

Caffeine
(g/100 g) mean ± SD 1.672 ± 0.010 1.666 ± 0.009 1.758 ± 0.008 1.758 ± 0.014 p = 0.04 *

D > A,B,C > B
TPC

(mg GAE/g) mean ± SD 38.81 ± 1.88 37.51 ± 0.78 37.93 ± 2.21 40.12 ± 1.81 p = 0.273

DPPH IC50
(μg mL–1) mean ± SD 21.59 ± 1.8 19.37 ± 0.18 20.16 ± 2.57 23.54 ± 1.3 p = 0.129

*—indicates statistical significance.

The presence of caffeine, which has a centrally excitatory effect resulting from its
structure (Figure 1), makes coffee a functional beverage. The more caffeine is in the bean,
the more will diffuse into the beverage and the higher the stimulating effect for a coffee
consumer. In this study, each of the coffees contained the amount of caffeine typical
for the C. arabica (0.7–1.7 g/100) [31]. Lower values were noted by Eshetu et al. [32] for
full- washed sun-dried Ethiopian Arabica (1.06–1.28 g/100 g, depending on variety). The
results of this study indicated that the fruit-processing-influenced caffeine content in the
roasted beans. The caffeine concentration in anaerobic coffees (1.758 ± 0.014 g/100 g) was
significantly higher than in washed–extended fermentation coffees (1.672 ± 0.010 g/100 g)
and full-washed coffees (1.666 ± 0.009 g/100 g). Moreover, coffee beans processed with
the use of the natural method (1.758 ± 0.008 g/100 g) contained significantly more of this
functional compound than full-washed coffees. This is in agreement with the findings
of Guyot et al. [33], who detected small losses of caffeine (3%) as a result of the soaking
phase in the wet process in comparison to the natural process. In contrast, Mintesnot and
Dechassa [34] did not report any difference between caffeine content in coffees processed
with the dry and wet method.

Figure 1. Chemical structure of caffeine.

The functional properties of coffee are also connected with the content of antioxi-
dant compounds, mostly polyphenols. The total phenolic content (TPC) ranges between
37.51 and 40.12 mg GAE/g. It seems to be typical for coffees from Indonesia, as those val-
ues are close to that determined by Jeszka-Skowron et al. [35]—38.5 mg GAE/g. At the
same time, the determined TPC was higher than the values noted by Odžaković et al. [2]
for Brazilian Arabica of three roasting degrees (23.66–32.78 mg GAE/g), as well as those for
Chinese (36.17 mg GAE/g) and Thai (33.76 mg GAE/g) coffees studied by Cheong et al. [5]
and was lower than the TPC determined by Bobková et al. [6] for light roasted coffees of
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Colombian, Indian, and Ethiopian origin (38.34–59.79 mg GAE/g) as well as by Cheong
et al. [5] for Indonesian coffee (48.51 mg GAE/g).

The fruit processing itself did not have significant influence on TPC. Correspondingly,
there were no significant differences in antiradical activity among the tested coffees. Nev-
ertheless, Haile Bae and Kang [36] showed that, when considering light roasted coffees,
wet processed coffee exhibits better antiradical activity against DPPH and higher TPC
than the dry processed equivalent. However, surprisingly, in their research, there were no
differences in DPPH inhibition for medium and dark roasted coffees, whereas discrepancies
in TPC were noted for medium roasted beans.

The values of DPPH IC50 obtained in this study seem to be typical and close to those
measured by Vignoli, Bassoli, and Benassi [3] for light, medium, and dark roasted Arabica
extract (16.11–24.92 μg mL−1).

3. Materials and Methods

3.1. Coffee Samples

Research samples of Arabica (Coffea arabica L.) S-795 cultivar beans were acquired from
a plantation in the village of Beiposo, located in the Indonesian island of Flores. Coffee from
Flores is of high quality thanks to the know-how of the local women who cultivate it. Only
fully ripe cherries are harvested. Furthermore, they are grown in the fertile lands of the
Bajawa Plateau, located between two volcanoes, at altitudes from 1300 up to 1600 m above
sea level. Due to the favorable growing conditions and care for the quality of harvested
fruit, the coffee from Beiposo is mild and has a balanced acidity and bitterness. Therefore,
it is considered to be a specialty coffee [37].

The coffee cherries used for samples were processed using four different methods:

• Natural: coffee cherries were dried under the sun for 30 days.
• Full washed: coffee cherries were washed and then fermented for 24 h inside the

tank with filled with water. The external temperature during fermentation was kept
between 11 ◦C and 20 ◦C. The fermentation process was finished when the pH level
reached 4.4.

• Washed–extended fermentation: Coffee cherries were washed and fermented 5 times
for 24 h. Each fermentation process was followed by washing. The external tempera-
ture during fermentation was maintained between 12 and 18 ◦C.

• Anaerobic: The coffee cherries were fermented inside vacuum-sealed containers for
7 days, until the pH level reached 4.2.

The bean roasting process was performed using an SR3 Coffee Roaster (Coffed, Piła,
Poland) equipped with temperature sensors placed in the roasted coffee and exhaust fumes.
The process parameters were monitored using Artisan 2.4.6 software. The coffee beans
were roasted to the same, light degree. For the purpose of the analyses the coffees were
ground with the use of a Retsch GM 200 (Haan, Germany) mill.

3.2. Water

Water content was determined with the use of the oven-drying method according
to the PN-A-76100:2009 Standard [38]. Samples of 5 g were dried at 103 ± 2 ◦C for 2 h.
Afterwards they were cooled to room temperature in a desiccator and weighed. The
procedure was repeated until a constant weight of dried sample was reached.

3.3. Titratable Acidity and pH

Titratable acidity and pH were measured according to the AOAC methodology [39].
The samples of coffee beans were milled. The samples of 2 g of coffee were homogenized
with 100 mL water, kept in a water bath (60 ◦C) for 30 min, and cooled to room temper-
ature. The pH values were measured using a SevenCompact digital pH meter (Mettler
Toledo, Greifensee, Switzerland) equipped with an InLAb Expert Pro-ISM (Mettler Toledo,
Greifensee, Switzerland) electrode. The titratable acidity was measured with the use of
0.1 mol L−1 NaOH and to pH 8.2.
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3.4. Caffeine Content

Caffeine concentration was determined according to the methodology proposed by
the ISO 20481:2008 Standard [40]. The sample of 1 g of milled coffee was mixed with 5 g of
magnesium oxide and 200 mL of water, heated to 90 ◦C and kept at that temperature for 20
min. Then the solution was cooled down to room temperature and filled up with water
to 250 mL. After filtration through a 0.22 μm PTFE filter, the sample was ready for HPLC
analysis.

The HPLC analysis was performed with the use of a UltiMate 3000 RSLC (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with an Accucore XL C18 column (4.6 × 150 mm, 4 μm
particle) and a DAD detector. The mobile phase (methanol in water 24% v/v) flow rate of
1.0 mL/min and isocratic elution were used. UV detection was performed at 272 nm.

3.5. Total Phenolic Content

Determination of the total phenolic content (TPC) was performed with the Folin-
Ciocalteu method [3]. A sample of 0.1 mL of coffee solution (3 mg/mL) was diluted with
deionized water to 7.5 mL. Subsequently, 0.3 mL of 0.9 M Folin-Ciocalteu reagent and
1 mL of 20% Na2CO3 solution were added, and the volume was filled up to 10 mL with
deionized water. The solutions were kept at room temperature for one hour, and then
the absorbance at 765 nm was measured with a Nanocolor UV/VIS II spectrophotometer
(MACHEREY-NAGEL, Düren, Germany). Standard solutions of gallic acid were used to
create the calibration curve. The results were therefore expressed in grams of gallic acid
equivalents per 1 g of coffee.

3.6. Antiradical Activity against DPPH

The DPPH assay was performed following the methodology presented by Vignoli,
Bassoli, and Benassi [3]. In brief, a 10 μL of sample solution (3 mg/mL) was mixed with
1 mL of 0.1 M acetate buffer (pH 5.5), 1 mL of ethanol, and 0.5 mL of 250 μM ethanolic
DPPH solution. The control solution was prepared without using the coffee solution. The
blank solution was prepared as above, except or the DPPH solution. The absorbance was
measured with a Nanocolor UV/VIS II spectrophotometer at 517 nm and after 10 min of
solution preparation. The inhibition ratio was calculated with the use of the following
equation [41]:

Inhibition ratio (%) = ((Ac − As)/Ac) × 100

where

Ac—absorbance of a control
As—absorbance of a sample

The IC50 was determined using regression model following the procedure of Shima-
mura et al. [41].

3.7. Statistical Analysis

The data from the analysis, that was performed in triplicate, underwent statistical
evaluation. The comparison of quantitative variables in the four groups was performed
using the Kruskal–Wallis test. After detecting statistically significant differences, post hoc
analysis was performed using the Dunn’s test to identify statistically significant groups.
The analysis adopted a significance level of 0.05 and was performed in R software, version
4.1.0 [42].

4. Conclusions

The study results show that the choice of the method of coffee cherry processing to
some extent affects the functional properties of the coffee beverage. Natural and anaerobic
methods allow the highest caffeine concentration to be retained, indicating that coffee
beverages obtained from beans subjected to those processing methods are characterized
by better properties of central nervous system stimulation. Nevertheless, the selection of
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processing method does not have a significant influence on the total phenolic content and
antiradical activity of coffee. However, it may still affect the phenolic profile of the coffee,
and further research in that respect therefore needs to done.

The identified differences concerning water content and pH, along with the lack of
significant discrepancies in titratable acidity, may correspond to the influence on the taste
and aroma of coffee. Therefore, further research concerning the influence of the indicated
processing methods on the sensory profile of coffee is needed.

The research results add new data to knowledge about the influence of coffee fruit
processing on the final functional characteristics of coffee. However, there are some limita-
tions to this study. They include: specific place of coffee plant cultivation, which may affect
the chemical composition of coffee fruits and fermentation microbiota; and processing
conditions, which may vary slightly between different producers and time of the year.
Therefore, further research is needed to confirm the outcomes of this study.

Author Contributions: Conceptualization, M.H. and P.O.; methodology, M.H.; formal analysis,
M.H.; investigation, P.O. and M.H.; resources, P.O.; writing—preparation of original draft, M.H. and
P.O.; writing—review and editing, M.H.; supervision, M.H.; project administration, M.H.; funding
acquisition, M.H. All authors have read and agreed to the published version of the manuscript.

Funding: The publication was financed from a subsidy granted to the Krakow University of
Economics—Project number: ADN/WOFP/2023/000065.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank the farmers form the village of Beiposo, Indone-
sia for their hard work and help with preparation of research material. The authors would also like to
thank Ayrton Wibowo and Kinga Wojtczak (owners of the company Podkawa and the Indonesian
coffee plantation) for their assistance in the importing and preparing of the coffee beans for the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kim, C.H.; Park, S.J.; Yu, J.S.; Lee, D.Y. Interactive effect of post-harvest processing method, roasting degree, and brewing method
on coffee metabolite profiles. Food Chem. 2022, 397, 133749. [CrossRef] [PubMed]

2. Odžakovic, B.; Džinic, N.; Kukric, Z.; Grujic, S. Effect of roasting degree on the antioxidant activity of different Arabica coffee
quality classes. Acta Sci. Pol. Technol. Aliment. 2016, 15, 409–417. [CrossRef] [PubMed]

3. Vignoli, J.A.; Bassoli, D.G.; Benassi, M.T. Antioxidant Activity, Polyphenols, Caffeine and Melanoidins in Soluble Coffee: The
Influence of Processing Conditions and Raw Material. Food Chem. 2011, 124, 863–868. [CrossRef]

4. Gómez-Ruiz, J.Á.; Leake, D.S.; Ames, J.M. In Vitro Antioxidant Activity of Coffee Compounds and Their Metabolites. J. Agric.
Food Chem. 2007, 55, 6962–6969. [CrossRef]

5. Cheong, M.W.; Tong, K.H.; Ong, J.J.M.; Liu, S.Q.; Curran, P.; Yu, B. Volatile composition and antioxidant capacity of Arabica
coffee. Food Res. Int. 2013, 51, 388–396. [CrossRef]
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of roasting on the total polyphenols and antioxidant activity of coffee. J. Environ. Sci. Health Part B 2020, 25, 2574–2588. [CrossRef]

7. Yashin, A.; Yashin, Y.; Wang, J.Y.; Nemzer, B. Antioxidant and Antiradical Activity of Coffee. Antioxidants 2013, 2, 230–245.
[CrossRef]

8. Wei, F.; Furihata, K.; Koda, M.; Hu, F.; Miyakawa, T.; Tanokura, M. Roasting process of coffee beans as studied by nuclear
magnetic resonance: Time course of changes in composition. J. Agric. Food Chem. 2012, 60, 1005–1012. [CrossRef]

9. Esquivel, P.; Jiménez, V.M. Functional properties of coffee and coffee by-products. Food Res. Int. 2012, 46, 488–495. [CrossRef]
10. Del Castillo, M.D.; Ames, J.M.; Gordon, M.H. Effect of roasting on the antioxidant activity of coffee brews. J. Agric. Food Chem.

2002, 50, 3698–3703. [CrossRef]
11. Ludwig, I.A.; Sanchez, L.; Caemmerer, B.; Kroh, L.W.; de Peña, M.P.; Cid, C. Extraction of coffee antioxidants: Impact of brewing

time and method. Food Res. Int. 2012, 48, 57–64. [CrossRef]
12. Sunarharum, W.B.; Yuwono, S.S.; Pangestu, N.B.S.W.; Nadhiroh, H. Physical and sensory quality of Java Arabica green coffee

beans. In Proceedings of the 1st International Conference on Green Agro-Industry and Bioeconomy (ICGAB 2017), Malang,
Indonesia, 24–25 October 2017.

166



Molecules 2023, 28, 7386

13. Figueroa Campos, G.A.; Sagu, S.T.; Saravia Celis, P.; Rawel, H.M. Comparison of Batch and Continuous Wet-Processing of Coffee:
Changes in the Main Compounds in Beans, By-Products and Wastewater. Foods 2020, 9, 1135. [CrossRef]

14. Pereira, L.L.; Guarçoni, R.C.; Pinheiro, P.F.; Osório, V.M.; Pinheiro, C.A.; Moreira, T.R.; ten Caten, C.S. New Propositions about
Coffee Wet Processing: Chemical and Sensory Perspectives. Food Chem. 2020, 310, 125943. [CrossRef]

15. Clarke, R.J. Green Coffee Processing. In Coffee; Clifford, M.N., Willson, K.C., Eds.; Springer: Boston, MA, USA, 2012.
16. Oliveira, P.D.; Biaggioni, M.A.M.; Borém, F.M.; Isquierdo, E.P.; Vaz Damasceno, M.D.O. Quality of natural and pulped coffee as a

function of temperature changes during mechanical drying. Coffee Sci. 2018, 13, 415–425. [CrossRef]
17. Alves, R.C.; Rodrigues, F.; Nunes, M.A.A.; Vinha, A.F.; Oliveira, M.B.P.P. State of the art in coffee processing by-products. In

Handbook of Coffee Processing By-Products: Sustainable Applications; Galanakis, C., Ed.; Academic Press: Cambridge, MA, USA;
Elsevier: Amsterdam, The Netherlands, 2017; pp. 1–26.

18. Tesfa, M. Review on Post-Harvest Processing Operations Affecting Coffee (Coffea arabica L.) Quality in Ethiopia. J. Environ. Earth
Sci. 2019, 9, 30–39.

19. de Melo Pereira, G.V.; de Carvalho Neto, D.P.; Magalhães Júnior, A.I.; Vásquez, Z.S.; Medeiros, A.B.P.; Vandenberghe, L.P.S.;
Soccol, C.R. Exploring the impacts of postharvest processing on the aroma formation of coffee beans—A review. Food Chem. 2019,
272, 441–452. [CrossRef] [PubMed]

20. Silva, C.F.; Batista, L.R.; Abreu, L.M.; Dias, E.S.; Schwan, R.F. Succession of bacterial and fungal communities during natural
coffee (Coffea arabica) fermentation. Food Microbiol. 2008, 25, 951–957. [CrossRef] [PubMed]

21. Duarte, S.M.S.; Abreu, C.M.P.; Menezes, H.C.; Santos, M.H.; Gouvêa, C.M.C.P. Effect of processing and roasting on the antioxidant
activity of coffee brews. Food Sci. Technol. 2005, 25, 387–393. [CrossRef]

22. Rotta, N.M.; Curry, S.; Han, J.; Reconco, R.; Spang, E.; Ristenpart, W.; Donis-Gonzalez, I.R. A comprehensive analysis of operations
and mass flows in postharvest processing of washed coffee. Resour. Conserv. Recycl. 2021, 170, 105554. [CrossRef]

23. Batista da Mota, M.C.; Dias, N.D.N.; Schwan, R.F. Impact of microbial selfinduced anaerobiosis fermentation (SIAF) on coffee
quality. Food Biosci. 2022, 47, 101640. [CrossRef]

24. Mazzafera, P.; Robinson, S.P. Characterization of polyphenol oxidase in coffee. Phytochemistry 2000, 55, 285–296. [CrossRef]
[PubMed]

25. Orchard, M. Experimental Fermentation in Coffee Processing. 2019. Available online: https://plotroasting.com/blogs/news/
experimental-fermentation-in-coffee-processing (accessed on 24 August 2023).

26. Partida-Sedas, J.G.; Muñoz Ferreiro, M.N.; Vázquez-Odériz, M.L.; Romero-Rodríguez, M.Á.; Pérez-Portilla, E. Influence of the
postharvest processing of the “Garnica” coffee variety on the sensory characteristics and overall acceptance of the beverage. J.
Sens. Stud. 2019, 34, e12502. [CrossRef]

27. da Silva Vale, A.; Balla, G.; Rodrigues, L.R.S.; de Carvalho Neto, D.P.; Soccol, C.R.; de Melo Pereira, G.V. Understanding the
Effects of Self-Induced Anaerobic Fermentation on Coffee Beans Quality: Microbiological, Metabolic, and Sensory Studies. Foods
2023, 12, 37. [CrossRef]

28. Shen, X.; Zi, C.; Yang, Y.; Wang, Q.; Zhang, Z.; Shao, J.; Zhao, P.; Liu, K.; Li, X.; Fan, J. Effects of Different Primary Processing
Methods on the Flavor of Coffea arabica Beans by Metabolomics. Fermentation 2023, 9, 717. [CrossRef]

29. Sunarharum, W.B.; Yuwono, S.; Nadhiroh, H. Effect of different post-harvest processing on the sensory profile of Java Arabica
coffee. Adv. Food Sci. Sustain. Agric. Agroind. Eng. 2018, 1, 9–13. [CrossRef]

30. Baggenstoss, J.; Rainer, P.; Escher, F. Water content of roasted coffee: Impact on grinding behaviour, extraction, and aroma
retention. Eur. Food Res. Technol. 2008, 227, 1357–1365. [CrossRef]

31. De Paula, J.; Farah, A. Caffeine Consumption through Coffee: Content in the Beverage, Metabolism, Health Benefits and Risks.
Beverages 2019, 5, 37. [CrossRef]

32. Eshetu, E.F.; Tolassa, K.; Mohammed, A.; Berecha, G.; Garedew, W. Effect of processing and drying methods on biochemical
composition of coffee (Coffea arabica L.) varieties in Jimma Zone, Southwestern Ethiopia. Cogent Food Agric. 2022, 8, 2121203.
[CrossRef]

33. Guyot, B.; Manez, J.C.; Perriot, J.J.; Giron, J.; Villain, L. Influence de l’altitude et de l’ombrage sur la qualité des cafés arabica.
Plant Rech. Dév. 1996, 3, 272–280.

34. Mintesnot, A.; Dechassa, N. Effect of altitude, shade, and processing methods on the quality and biochemical composition of
green coffee beans in Ethiopia. East Afr. J. Sci. 2018, 12, 87–100.
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Abstract: The aim of the study was to demonstrate canned pork as a functional meat product due
to the presence of potentially anti-cancer factors, e.g., (a) bioactive peptides with potential activity
against cancer cells; (b) lowering the content of sodium nitrite and with willow herb extract. In silico
(for assessing the anticancer potential of peptides) and in vitro (antiproliferation activity on L-929 and
CT-26 cell lines) analysis were performed, and the obtained results confirmed the bioactive potential
against cancer of the prepared meat product. After 24 h of incubation with peptides obtained from
meat product containing lyophilized herb extract at a concentration of 150 mg/kg, the viability of
both tested cell lines was slightly decreased to about 80% and after 72 h to about 40%. On the other
hand, after 72 h of incubation with the peptides obtained from the variant containing 1000 mg/kg of
freeze-dried willow herb extract, the viability of intestinal cancer cells was decreased to about 40%,
while, by comparison, the viability of normal cells was decreased to only about 70%.
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1. Introduction

Meat is rich in essential nutrients, including protein, fat, fatty acids, vitamins, and
minerals, and is, hence, considered as an important nutritional component of the human
diet. However, it may also contain harmful chemical compounds, such as heterocyclic
amines, polycyclic aromatic hydrocarbons, nitrates, and N-nitroso compounds, which
have been shown to increase the risk of cancer-related morbidity. This poses a significant
challenge to producers and consumers, as malignant neoplasms, which are one of the
most common noncommunicable diseases, have been increasing worldwide. According
to the report of the International Agency for Research on Cancer (IARC) published in
2015 [1], more than 800 studies from the last 20 years have pointed out the relationship
between meat consumption and the incidence of cancer. As its regular consumption
has been linked with cancer development, and in line with the IARC opinion, red meat
has been identified as potentially carcinogenic and classified under Group 2A. Processed
meat has been found to be a much more potent carcinogen and is, therefore, classified as
Group 1, which includes factors with compelling evidence of human carcinogenicity. As
a result, the World Cancer Research Fund (WCRF) recommended that the consumption
of red meat should be limited to <500 g per week and processed meat should be avoided
as much as possible [2]. The relationship between the consumption of red meat and
processed meat and cancer development has been widely described in the literature. Red
meat consumption has been shown to increase the risk of bladder cancer, breast cancer,
colorectal cancer, endometrial cancer, esophageal cancer, stomach cancer, lung cancer,
nasopharyngeal cancer, non-Hodgkin’s lymphoma, and overall cancer mortality. Similarly,
the consumption of processed meat has been associated with a higher risk of bladder cancer,
breast cancer, colorectal cancer, esophageal cancer, gastric cancer, nasopharyngeal cancer,
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non-Hodgkin’s lymphoma, mouth and oropharyngeal cancer, prostate cancer, and overall
cancer mortality [3].

Colorectal cancer, in particular, is a major concern, accounting for 10% of all cancer
diagnoses (ranking third among the most commonly diagnosed cancers) and 9.4% of all
cancer deaths in 2020 (ranking second for cancer mortality). Singh and Fraser [4] indicated
that individuals who consumed pork or beef once a week had a 90% higher risk of colon
cancer, in comparison to those who were on a meat-free diet. English et al. [5] proved that
participants who consumed red meat almost every day (>6.5 times a week) had a 40%
higher risk of colorectal cancer and 130% higher risk of rectal cancer, compared to those
who consumed less meat (<3 times per week). Furthermore, Norat et al. [6] highlighted
that consumption of 100 g of red meat everyday increased the risk of colorectal cancer
by 21%. Currently, a wide range of treatment options are available for colorectal cancer.
However, these often lead to trauma and side effects, cause damage to healthy cells,
and are expensive. Thus, there is a search for new treatments for colon cancer. Recent
studies show that functional foods loaded with natural compounds can prevent the risk of
developing colon cancer. Therefore, in this study, a meat product with functional properties
was developed, in which (a) the content of sodium nitrite was reduced to 50 mg/kg to
reduce the risk of formation of carcinogenic compounds and (b) phytochemicals in the
form of extracts rich in polyphenols obtained from willow herb, which is known for its
strong bioactive properties, including as an antioxidant, anti-inflammatory, anti-cancer.
The strategy to halve sodium nitrate is an action to reduce its potentially carcinogenic
nature. Eliminating sodium nitrate or reducing the recommended amount to half (from
100 mg/kg to 50 mg/kg) is associated with losses in the quality and safety of canned
pork [7], but it turned out to be possible by fortifying low-nitrite canned meat with a
lyophilized extract from willow herbs [8]. In addition, our previous studies [9] have shown
that the addition of E. angustifolium extracts has an impact on the peptide profile and their
various bioactivities. In particular, the addition of herb at the level of 150 mg/kg enhanced
the antioxidant effect of peptides from canned pork. Indeed, meat and meat products are a
good source of biologically active peptides with various health-promoting effects, including
anticarcinogenic properties, and thus can contribute to improving the effectiveness of
anticancer therapy. The activity of such peptides may be related to their ability to inhibit
angiogenesis and initiate necrosis or apoptosis, distort peptides needed for tumor cell
proliferation, delay the activity of enzymes involved in tumor development, or increase
immunity against tumor cells [10]. Protein hydrolysates or peptides derived from milk,
eggs, fish, crabs, shrimps, sea cucumber, oysters, clams, chlorella (algae), spirulina, rice,
soybeans, corn, beans, chickpeas, and rapeseed have been proven to have anticarcinogenic
potential [11–23]. Furthermore, previous studies have shown that sausages and whole-
muscle products (loins, sirloins, neck) contain biologically active peptides with primarily
antioxidant and/or antihypertensive (in vitro) and anticarcinogenic (in silico) properties.
Thus far, no study has been performed that investigates the anticarcinogenic potential of
canned sterilized pork.

It should be noted that proteolytic digestion of food proteins may involve the formation
of anticarcinogenic peptides, which can contribute to strengthening the body’s natural
defense barrier. Moreover, such food proteins have protective effects against various types
of pathogens, as indicated by scientific reports on the anticancer and antimicrobial effects
of food peptides [21,24,25]. On the other hand, enzymatic hydrolysis can lead to a loss
of the bioactive effect of the peptides due to too extensive degradation of the peptide
chains. Therefore, in this study, the anticancer potential of peptides was determined in two
stages: (a) the peptides obtained from canned pork were identified by spectrophotometric
methods, and their anticarcinogenic effect was analyzed in silico, and (b) in vitro analysis
of the antiproliferative properties of protein and peptide hydrolysates with enzymes of the
gastrointestinal tract (pepsin and pancreatin) using L-929 and CT-26 cell lines.

The aim of this study was to demonstrate the functional nature of canned meat having
reduced the content of sodium nitrite and to evaluate the potentially anticarcinogenic
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properties of canned meat peptides containing an aqueous, freeze-dried extract of willow
herb at an amount of 150 mg/kg (E1) or 1000 mg/kg (E2). The potential of peptides as
anticancer agent in the products were evaluated after 6 months of refrigerated (4 ◦C) storage
based on in silico and in vitro analysis.

2. Materials and Methods

2.1. Preparation of Epilobium angustifolium L. extract and Lyophilization

Crushed, dried leaves of willow herb were used (herbal enterprise “Polskie Zioła”)
to prepare water extracts. First, the plant material was immersed in redistilled water
(90 ◦C ± 5 ◦C) in a ratio of 1:10 (g of sample: mL of solvent). The infusions were placed
in an ultrasonic bath for extraction using Sonic 6D equipment (Polsonic Palczynki Sp. J.,
Poland). The ultrasound frequency was set as 40 kHz and sound intensity as 320 W/cm2,
temperature as 30 ◦C, and extraction time as 10 min. After 30 min of extraction of the
sample with water, the extracts were filtered through a funnel with filter paper. The filter
cake was re-extracted under the same conditions, and the collected filtrates were frozen.
Then, the frozen extracts were lyophilized using a Labconco FreeZone freeze dryer (Kansas
City, MO, USA) for 72 h at −80 ◦C and 0.04 mbar. The lyophilized material was stored in
tightly closed containers.

2.2. Preparation of Canned Pork Meat

Canned pork used in the study was prepared from pork dewlap and pork shoulder
in a ratio of 2:8. The muscle was excised in a slaughterhouse (Zakład Mięsny Wasąg sp.
J., organic certificate no. PL-EKO-093027/18) after a 48 h slaughter. The raw meat was
precrushed with a knife and finely minced using a meat grinder (Ø 5 mm). The minced
meat was divided into three individual variants, to which sodium chloride (2%), water
(5%), or sodium nitrite (50 or 100 mg/kg) was added. The test variants were as follows:
variant added with sodium nitrite at an amount of 50 mg/kg of stuffing and variant added
with lyophilized willow herb extract at an amount of 150 mg/kg (E1) or 1000 mg/kg (E2).
The control sample (C) contained twice the amount of sodium nitrate (100 mg/kg) and no
plant extract. The remaining ingredients were added in equal amounts. The meat stuffing,
thus, prepared was mixed using a universal machine-type KU2-3E device (Mesko-AGD,
Poland; 5 min/variant) and transferred to metal cans. The batch weight was approximately
250 g. The metal cans were closed and placed in a vertical steam sterilizer (TYP-AS2) and
subjected to sterilization (121 ◦C). The sterilized cans were cooled with cold water and
stored in a refrigerator (4 ◦C) for 180 days.

2.3. Extraction and Spectrometric Identification of Peptides

Peptides were isolated from canned meat samples using the method proposed by
Escudero et al. [26]. The resulting supernatant was dried in a vacuum evaporator (Rotava-
por R-215, Büchi Labortechnik AG, Flawil, Switzerland). The dried extract was dissolved
in a 0.01 N HCl solution, and the mixture was filtered through a 0.45 μM nylon membrane
filter (Millipore, Bedford, MA, USA) and stored at −60 ◦C until further use. Peptide anal-
ysis was performed by liquid chromatography coupled with tandem electrospray mass
spectrometry, as described in our previous study.

2.4. Sample Extraction and Gastrointestinal Digestion

After 180 days of storage, the meat samples were treated with proteases (pepsin
and pancreatin), which are equivalent to human digestive enzymes. Briefly, proteins
were obtained from samples by homogenizing them (10 mg) with a phosphate-buffered
solution (15.6 mM Na2HPO4, 3.5 mM KH2PO4, pH 7.5) in a homogenizer (IKA T25, Staufen,
Germany) at 8000 rpm for 5 min in a bath. The obtained homogenate was centrifuged
at 5000× g for 20 min at 4 ◦C. The protein content of the extracts was determined by the
Bradford method, using bovine serum albumin as reference. The resulting supernatant was
hydrolyzed, as described by Escudero et al. [26]. Before hydrolysis, the pH of the extracts
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was adjusted to 2.0–2.5 with 1 M HCl. Then, pepsin was added (enzyme:protein solution
1:100) to the extracts for 2 h at 37 ◦C under constant stirring. The solution was neutralized
to pH 7.0 (with 1 M NaOH), and then pancreatin was added (enzyme:protein solution
1:50) under the above-mentioned conditions. After hydrolysis, the samples were heated at
100 ◦C for 10 min. Peptides were isolated from the hydrolysates by ultrafiltration (7 kDa
molecular weight cut off; Spectra/Por®; 1:4 dilution, phosphate-buffered saline (pH 7.4)).
The collected samples were filtered through a 0.45 μM nylon membrane filter (Millipore,
Bedford, MA, USA) and stored at −60 ◦C. The frozen peptides were lyophilized using a
LabconcoFreeZone freeze dryer for 72 h at −80 ◦C and 0.04 mbar. The lyophilized material
was stored in tightly closed containers. This material was assessed for antiproliferative
activity using cell lines.

2.5. Anticancer Activity Prediction—In Silico Study

The peptides isolated from meat products after 180 days of refrigerated storage
were subjected to in silico analysis. Peptide sequences were identified by spectromet-
ric methods and then screened for fragments with anticancer activity using the iACP
tool, which is a sequence-based tool available online for identifying anticancer peptides
(http://lin-group.cn/server/iACP (accessed on 1 December 2021)). The amino acid com-
position of the peptides was determined using ProtParam (https://web.expasy.org/protparam/
(accessed on 1 December 2021)). Selected physicochemical properties, including hydropho-
bicity and net charge, as well as toxic properties of peptides were determined using Tox-
inPred (http://crdd.osdd.net/raghava/toxinpred/ (accessed on 1 December 2021)), and
allergenicity was tested using AllerTOP v. 2.0 (https://www.ddg-pharmfac.net/AllerTOP/
(accessed on 1 December 2021)). The spatial structures of the peptides were predicted
using the PEP-Fold3 tool (https://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3
(accessed on 1 December 2021)).

2.6. Antiproliferative Activity Prediction—In Vitro Study
2.6.1. Cell Lines and Culture Conditions

Mouse fibroblast cell line NCTC clone 929 (L cell, L-929, derivative of Strain L; (ATCC®

CCL-1™) and colon carcinoma cell line CT-26 (N-nitroso-N-methylurethane-induced, un-
differentiated colon carcinoma cells, cloned to generate the designated CT-26. WT cell line;
ATCC® CRL-2638™) were obtained from ATCC and cultured with the manufacturer’s
instructions. Complete Eagle’s Minimal Essential medium (Pan-Biotech) and RPMI-1640
medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum (Good HI, Sigma-
Aldrich) and antibiotics (100 IU/mL penicillin, 10 mg/mL streptomycin, 25 μg/mL am-
photericin B; Pan-Biotech) were used for culturing L-929 and CT-26 cell lines, respectively.
Culturing was carried out in a Galaxy 170R incubator under controlled growth conditions,
with constant humidity and 5% CO2. After multiplication and stabilization of the cells
(approximately 7–14 days), when the culture reached at least 75% confluence, the cells were
cultured with prepared variants in different concentrations.

2.6.2. MTT Assay

This assay is based on the ability of mitochondrial succinate dehydrogenase to reduce
the yellow tetrazolium salt (MTT) to purple formazan crystals. As this activity is carried
out by living cells, the measured absorbance is directly proportional to the quantity of live
cells [27,28]. After multiplication and stabilization of cells (approximately 7–14 days), the
culture reached at least 75% of confluence; after reaching confluence, the tested preparations
were added to the cell culture in the final concentration (2.5, 25, 50, 100, and 250 μg/mL)
and incubated for 24, 48, and 72 h. After this time, the cells were subjected to the MTT
assay (MTT Cell Proliferation/Viability Cell Assay: BIOKOM analysis) in triplicate. The
control well contained only cells (L-929 or CT-26) without the test preparation. The ab-
sorbance was measured using a microplate reader, and absorbance was measured at 570 nm
(MULTISCAN FC, Thermo Scientific).
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2.6.3. Statistical Analysis

Statistical analysis was carried out using Statistica 13.1 (StatSoft, Cracov, Poland). The
differences between mean values were found to be significant if their p-value was <0.05
based on Tukey’s range t-test. The results are expressed as mean ± standard deviation
graphically. In vitro analyses were performed in triplicate.

3. Results

3.1. Spectrometric Identification and In Silico Prediction of Potentially Anticancer Properties

The spectrometric analysis revealed the presence of 1626 peptide sequences in the
canned meat extracts. The identified peptide sequences had a chain length of 7–37 amino
acids with a lot of Lys, Ala, and Ile, and devoid of Cys and Trp. All the identified peptides
were screened for fragments characterized by potentially anticancer activity. In E1 samples
(containing extract at a concentration of 150 mg/kg), 21.46% of potentially anticancer
fragments were determined (170 out of 792 sequences in total), while in E2 (containing
extract at a concentration of 1000 mg/kg) 27.28% of potentially anticancer fragments were
identified in the total pool of peptides (203 out of 744 sequences). In the control sample,
25.74% of potentially anticancer peptides were identified (269 out of 1045 sequences). Such
a high percentage of potentially anticancer peptides found in canned pork after 180 days
of storage indicates that the product is promising and may serve as a functional food for
improving human health. Table 1 presents the sequences of potentially anticancer peptides
identified (53 fragments) in all analyzed samples (common for E1, E2, and C). A qualitative
comparison of unique and common peptides identified in the three study variants, as
shown in Figure 1, indicated a greater similarity between the samples containing the willow
lyophilizate (E1 and E2) than the control samples.

Figure 1. Venn diagram (E1 and E2—samples added with sodium nitrite at an amount of 50 mg/kg
of stuffing and lyophilized willow herb extract at an amount of 150 and 1000 mg/kg, respectively; C—
control sample added with sodium nitrite at an amount of 100 mg/kg of stuffing but not willow herbs.

Figure 2 shows the values of the net charge distribution and the hydrophobicity of
analyzed molecules. The net charge of peptides derived from the tested samples ranged
from −5 to 4 (or 3 for E2), while most of the peptides had a net charge of around 0.0. For
example, the net charge of LEDEVYAQKMKYKAISEELDNALNDITSL peptide from E1 was
on average 0.017 with a minimum value of −5 and that of EALGDKAVFAGRKFRNPKAK
was 4. The highest number of potentially anticancer peptides had a net charge of 0.4–2.2,
which indicates that they were cationic peptides.
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Table 1. List of potentially anticancer peptide sequences found in all the analyzed variants.

No. Peptide Sequences Protein Source
Anticancer

Probability *
No. Peptide Sequences Protein Source

Anticancer
Probability *

1 PFGNTHN Creatine kinase
M-type 0.9596 28 VLSAADKANVKAAWGKVGGQAG Hemoglobin

subunit alpha 0.9946

2 LVKAGFAGD Actin, alpha
skeletal muscle 0.9085 29 PPFEVRGANQWIKFKSIS

Pyruvate
dehydrogenase
E1 component
subunit alpha

0.9560

3 SKEYFSKHN Peroxiredoxin-2 0.9934 30 SEIQNIKSELKYVPRAEQ Small muscular
protein 0.5636

4 VSTVLTSKYR Hemoglobin
subunit alpha 0.5404 31 VQAAFQKVVAGVANALAHKYH Hemoglobin

subunit beta 0.6455

5 VLSAADKANVKA Hemoglobin
subunit alpha 0.9699 32 GELAKHAVSEGTKAVTKYTSSK Histone H2B

type 3-B 0.8512

6 PFGNTHNKYK Creatine kinase
M-type 0.9959 33 VTGNLDYKNLVHIITHGEEKD

Myosin
regulatory light

chain 2
0.8801

7 VITHGDAKDQE
Myosin

regulatory light
chain

0.9596 34 PIIQDRHGGYKPTDKHKTDLN Creatine kinase
M-type 0.9860

8 DSKEYFSKHN Peroxiredoxin-2 0.9944 35 EVYAQKMKYKAISEELDNALNDITSL Tropomyosin
beta chain 0.9880

9 PEDVITGAFKVL
Myosin

regulatory light
chain 2

0.7486 36 ELYAQKLKYKAISEELDHALNDMTSI Tropomyosin
alpha-3 chain 0.9991

10 KVEELKKKYGI Acyl-CoA-
binding protein 0.9708 37 LEDEVYAQKMKYKAISEELDNALNDITSL Tropomyosin

beta chain 0.9110

11 LVHIITHGEEKD
Myosin

regulatory light
chain 2

0.8112 38 LEDELYAQKLKYKAISEELDHALNDMTSI Tropomyosin
alpha-3 chain 0.9577

12 PEDVITGAFKVLD
Myosin

regulatory light
chain 2

0.8566 39 DLEDEVYAQKMKYKAISEELDNALNDITSL Tropomyosin
beta chain 0.9228

13 SREVHTKIISEE Myosin-1 0.9965 40 DLEDELYAQKLKYKAISEELDHALNDMTSI Tropomyosin
alpha-3 chain 0.9625

14 PFGNTHNKYKLN Creatine kinase
M-type 0.9965 41 ILAADESTGSIAKRLQSIGTEN

Fructose-
bisphosphate

aldolase
0.9424

15 NLVHIITHGEEKD
Myosin

regulatory light
chain 2

0.7555 42 PVVQAAYQKVVAGVANALAHKYH Hemoglobin
subunit beta 0.5353

16 PEETILNAFKVFD
Myosin

regulatory light
chain 2

0.9940 43 PEDVITGAFKVLDPEG
Myosin

regulatory light
chain 2

0.7505

17 PFGNTHNKYKLNF Creatine kinase
M-type 0.8819 44 KYKAISEELDNALNDITSL Tropomyosin

beta chain 0.7309

18 SADTLWGIQKDLKDL
L-lactate

dehydrogenase B
chain

0.9896 45 DKEEFVKAKIISREG Myosin-7 0.9997

19 AISEELDHALNDMTSI Tropomyosin
alpha-3 chain 0.8959 46 DKEEFVKAKILSRE Myosin-7 0.9808

20 YKNLVHIITHGEEKD
Myosin

regulatory light
chain 2

0.6486 47 VAGDEESYVVFKDLFD Creatine kinase
M-type 0.5149

21 PEDVITGAFKVLDPEGK
Myosin

regulatory light
chain 2

0.8019 48 PEDVITGAFKVLDPEGKGT
Myosin

regulatory light
chain 2

0.8671

22 VLSAADKANVKAAWGKVGG Hemoglobin
subunit alpha 0.9934 49 LAKHAVSEGTKAVTKYTSSK Histone H2B

type 1-N 0.9295

23 FQKVVAGVANALAHKYH Hemoglobin
subunit beta 0.7132 50 DEVYAQKMKYKAISEELDNALNDITSL Tropomyosin

beta chain 0.9898

24 PEDVITGAFKVLDPEGKG
Myosin

regulatory light
chain 2

0.8395 51 AKLKEIVTNFLAGFEA ATP synthase
subunit alpha 0.5994
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Table 1. Cont.

No. Peptide Sequences Protein Source
Anticancer

Probability *
No. Peptide Sequences Protein Source

Anticancer
Probability *

25 FGPTGIGFGGLTHQVEKKE
Cysteine- and
glycine-rich

protein 3
0.5000 52 AMKAYINKVEELKKKYGI Acyl-CoA-

binding protein 0.7171

26 KAKDIEHAKKVSQQVSKV Nebulin 0.5793 53 VLSAADKANVKAAWGKVGGQAGAH Hemoglobin
subunit alpha 0.9858

27 LDYKNLVHIITHGEEKD
Myosin

regulatory light
chain 2

0.8578

* Analysis carried out using the iACP tool, in which the probability of biological activity was determined on a
scale of 0 (0% activity) to 1 (100% activity).

Figure 2. Summary of hydrophobic properties and net charge of all sequences of peptides with
potentially anticancer activity derived from canned pork after 6 months of refrigerated storage
(the y-axis shows the number of peptides with characteristic net charge or hydrophobicity values,
whose specific ranges are represented by the x-axis in the above figures).
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Taking into account hydrophobicity, most of the sequences detected in this study had
a hydrophobicity value below 0, and most often less than −0.33 (Figure 2). This tendency
was observed for all the analyzed variants. The hydrophobicity index values determined
in this study did not allow the unequivocal classification of peptides, as well soluble or as
poorly soluble, because the obtained values were both additive (but below +1) and negative
(even below almost −2), and, in the majority of the cases, the value was close to 0 (zero) in
each of the analyzed variants (Figure 2).

To examine the effect of particles’ structure on their biological activity on cancer cells,
putative antitumor peptides were visualized, and 10 of them with the highest index of
“anticancer probability” are shown in Figure 3. All selected molecular structures of the
peptides were predicted using the PEP-Fold3 tool. The conformation of the peptides
indicated different structures, irrespective of the sequence size. The bioactive sequences
were embedded only in the random coil (as was the case with PFGNTHNKYK), but most
of the potentially anticancer peptides assumed the α-helical conformation (Figure 3).

Figure 3. De novo 3D models of selected sequences of peptides with potentially anticancer activity

derived from canned pork after 6 months of refrigerated storage irregular sequence— , helix

sequence— .

In this study, an in silico analysis of the toxicity and allergenicity of the selected
sequences was also performed. None of them were toxic. In contrast, half (51.4%) of the
sequences included in the analysis were classified as “possibly allergen” and the other half
(48.6%) as “possibly non-allergen”.
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3.2. In Vitro Prediction of Antiproliferation Properties

For the in vitro analysis, the identified sequences were hydrolyzed with pepsin and pancre-
atin, to simulate the conditions of the human digestive system. The obtained sequences were
assessed to ensure whether they were potentially antiproliferation candidates by determining their
specificity of action (action against normal cells) and effectiveness against cancer cells. Therefore,
after confirming by in silico analysis that canned meat can be a potential source of anticancer
peptides, the activity of the experimental variants was examined in vitro by cell viability study
using cell lines. The cultures of healthy fibroblast L-929 cells and colorectal carcinoma CT-26 cells
were grown until confluence (above 75%) and then treated with the above-mentioned variants
containing the tested extract at different concentrations (2.5, 25, 50, 100, and 250 μg/mL). The
viability of cells was tested after incubating them with the preparations for 24, 48, and 72 h. As
could be expected for the control sample, no particularly negative effect of the pure canned pork
preparation on both cell types was noted, regardless of the concentration used. Only in neoplastic
cells, a significant decrease in viability was observed after 72 h. In the case of the variant E1,
after 24 h of incubation, a slight decrease in cell viability to about 80% was observed in both cell
lines, for all concentrations of the preparation used, except for 250 μg/mL, which reduced the
viability of CT-26 cells below 80%. The viability of normal L-929 cells remained relatively constant,
i.e., about 80%, throughout the experiment after treatment with the E1 variant. On the other hand,
cancer cells showed reduced viability regardless of the concentration of the E1 variant used. A
decrease in cell viability to about 60% was observed after 48 h of incubation and to about 40%
after 72 h, which is very promising (Figure 4). The data obtained for the E2 variant revealed its
interesting effect on L-929 cells. After 24 h, an improvement in cell viability, up to around 110%,
was noted for the E2 variant at the concentration of 250 μg/mL; at the same time, the appropriate
concentration of E2 reduced the viability of CT-26 cells to about 80%. After 48 h of incubation, in
both tested cell lines, the results were found to be analogous to the E1 variant. On the other hand,
72 h incubation with E2 reduced the viability of intestinal cancer cells to about 40%, and normal
cells to only about 70%.

Figure 4. Results of antiproliferation activity in the in vitro analysis (E1 and E2—samples added
with sodium nitrite at an amount of 50 mg/kg of stuffing and lyophilized willow herb extract at
an amount of 150 and 1000 mg/kg, respectively; C—control sample added with sodium nitrite at
an amount of 100 mg/kg of stuffing, but not willow herbs) (sign * means that the differences were
statistically significant at p < 0.05).
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4. Discussion

4.1. Spectrometric Identification and In Silico Prediction of Potentially Anticancer Properties

The biological activity of food-derived peptides, including activity against cancer cells,
is determined by their structural characteristics, such as amino acid composition, sequence,
length, and total charge/hydrophobicity. Most food-derived anticancer peptides contain
short amino acid sequences with residues ranging from 3 to 25 [29] or even longer [30],
although peptides of lower molecular weight seem to have higher cytotoxicity [31]. In
this study, the identified peptide sequences had a chain length of 7–37 amino acids, with
the largest portion of fragments having 13–16 amino acids. Moreover, the presence of
amino acids, such as Pro, Leu, Gly, and Ala, as well as one or more Lys, Arg, Ser, Glu,
Thr, and Tyr residues, in the anticancer peptides can enhance their interactions with the
tumor molecule, thus, exerting a cytotoxic effect on cancer cells [29,32]. Therefore, this
study analyzed the amino acid composition of potentially anticancer peptides using the
ProtParam bioinformatics tool. The analysis revealed the following relationships: Lys (11%)
> Ala (10%) > Ile (9%) > Glu, Leu (8%) > Gly (7%) > Val, Asp, Ser (6%) > Thr (5%) > Pro, Asn
(4%) > Phe, Met, Tyr (3%) > His, Arg, Gln (2%). The peptide sequences determined in the
study contained neither Cys nor Trp. They consisted of hydrophobic residues, such as
Ala, Ile, and Leu, but some polar residues, such as Lys (highest frequency) or Glu, were
also found. The presence of Glu and Pro has been linked with anticancer properties of
peptides [12,29], which strengthens our assumption about the anticancer activity of the
peptides derived from canned meat. Additionally, the hydrophobic amino acids determine
the overall hydrophobicity of peptides. Song et al. [31] reported that the Tyr-Ala-Leu-Pro-
Ala-His peptide present in the hydrolysate of half-fin anchovy (Setipinnataty) showed
antiproliferative activity on PC-3 cells (human prostate cancer), which was attributed to
the presence of hydrophobic amino acids (about 50%), as well as the high net charge.

The structure, as well as net charge and hydrophobicity, which depends inter alia on
the amino acid composition of the sequence, have an impact on the specificity of targeting
and interaction of anticancer peptides with cancer cells. Thus, it is important to analyze
these characteristics when assessing the anticancer potential of biological molecules. The
net charge is a significant factor in the design of antimicrobial peptides, as it allows their
interaction with tumor cells and determines their mechanisms of action against these
cells [33]. As shown in Figure 2, the highest number of potentially anticancer peptides were
cationic peptides (had a net charge of 0.4–2.2). Cationic peptides are positively charged
and are capable of interacting with the phospholipids expressed on the surface of cancer
cells, such as phosphatidylserine and phosphatidylglycerol, which carry a net negative
charge and provide sites for electrostatic attraction between the peptides and cancer cells.
Following electrostatic interaction, the pores of cell membranes are opened, allowing
intracellular components to penetrate, which cause cell necrosis [34,35]. According to the
literature, peptides that internalize and bind to the mitochondrial membrane destabilize
it by activating an apoptotic pathway mediated by caspase release of cytochrome C and,
consequently, apoptosis [36]. The net charge values determined in our study are of a
wide range, which indicates the presence of cationic peptides (with a positive net charge),
although there were also sequences with a negative net charge. In this study, the highest
net charge value of +4 was found for peptides from E1 and C samples. This indicates that
they may be candidates with anticancer potential, as Ntwasa et al. [37] showed that cationic
peptides with charges between +2 and +9 usually interact better with the anionic heads
of phospholipids.

Taking into account the hydrophobicity index, the obtained values were quite diverse.
This result can be due to the presence of specific amino acids that make up the individual
peptide sequences, which included, as described above, both hydrophobic and hydrophilic
amino acids.

Moreover, the amino acid composition directly influences the structure of peptide frag-
ments. The literature data suggest that the structural configuration of peptides influences
their functions, especially those related to the destruction of pathogenic and/or neoplastic
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cells [35]. The typical configurations of anticancer peptides were extended and spatial
structures (α-helix or β-sheet) [38]. These structures, which are amphipathic in nature,
mainly consist of a cationic and hydrophobic surface, which facilitates the interaction of
the peptide with the target cell [38]. They were also dominant among the peptides de-
rived from canned pork after 180 days of storage (Figure 3), contributing to their potential
anticancer effect.

Despite non-toxicity, an unresolved issue is the allergenicity of the proposed peptides
from meat product with dandelion extract. In silico analyses is based on the AllerTOPv.
2.0 tool. This bioinformatics tool is a robust and complementary tool developed based
on the k-nearest neighbor method for the classification of allergens and non-allergens. It
has an accuracy of 88.7% and is the most effective for in silico allergen prediction [39].
However, it should be noted that in silico methods can only determine whether a new
protein is an existing allergen or whether it may cross-react with an existing allergen and
not whether the new protein will “become” an allergen [40]. Furthermore, as pointed out
by Hayes et al. [41], the predictive value of sequence similarity search should be carefully
considered when determining allergenicity potential, as in silico results do not perfectly
correlate with the occurrence of food allergy. Moreover, the relatively high degree of
amino acid sequence-level identity often observed between cross-reactive IgE proteins
cannot guarantee that the protein is a cross-reactive allergen [42]. Thus, a high level of
potential allergenicity or no allergenicity determined in this study may not be an indication
of allergy, but only draw attention to a potentially health problem. Further biological,
biochemical, or in vivo tests should be performed to confirm the allergenicity prediction of
peptides derived from canned pork containing freeze-dried willow extract. In particular,
the hydrolysates that were proven to be sensitizing by in silico analysis may turn out to
be unstable not only in the intestine but also in the vascular system or the liver. Therefore,
bioactive peptides must be resistant to enzymes in the human digestive system and remain
stable in the further regions of their distribution in the human body up to the site of action.
In fact, digestion in the gastrointestinal tract promotes the release of biopeptides from large
sequences of food proteins, resulting in the release of biologically active fragments, which,
when digested, and absorbed in the small intestine, retain their biological properties. On
the other hand, intense hydrolysis can cause the destruction of peptide sequences, reducing
their biological activity.

4.2. In Vitro Prediction of Antiproliferation Properties

The approach of assessing the viability of peptides against cell lines, as used in this
study, has already been successfully applied by other researchers. Various tumor cell lines,
such as MCF-7, MDA-MB- 231, and BT549 (human breast cancer); Ca9-22 and CAL 27
(human oral cancer); Hep G2 (human liver cancer); HT-29, RKO, KM12L4, DLD-1, and
HCT15 (human colon cancer); Caco-2, TC7, and HCT-116 (human colon cancer); U87 (hu-
man glioma); PC3, LNCaP, and DU-145 (human prostate cancer); THP-1 (human monocytic
leukemia); Jurkat T cells (human T cell leukemia); AGS (human gastric cancer); A549
and H-1299 (human lung cancer); HeLa (human cervical cancer); 109 (human esophageal
cancer); hFOB1.19 (human fetal osteoblastic carcinoma); HL-60 (human acute myeloid
leukemia); Kelly, SK-N-DZ, and IMR-32 (human neuroblastoma); L1210 (murine lympho-
cytic leukemia); P388D1 (mouse monocyte cell line); MC3T3E1 (mouse osteoblastoma),
UMR106 (rat osteosarcoma); and vero (monkey kidney cancer cells), have been widely used
as model cell culture systems to investigate the antitumor effects of protein hydrolysates
prepared from different sources of dietary protein [32]. For example, Ito et al. [43] re-
ported that porcine skin gelatin showed in vitro antitumor effects on murine hepatoma
cells (MH134), inducing programmed cell death (apoptosis). Similarly, Castro et al. [44]
confirmed the effect of bovine collagen hydrolysates (BCH) on the proliferation of B16F10
melanoma cells. In turn, Daliri et al. [45] analyzed the effect of bioactive peptides isolated
from soybean, oyster, and sepia ink hydrolysates, rapeseed protein fermentates, and tuna
cooking juice on various cancer cell lines. Other authors [46,47] observed that bioactive
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peptides derived from bovine sarcoplasmic proteins had a positive effect on breast and
gastric cancer cells. Apart from the potential anticancer properties of peptides, the sec-
ondary products of willow herb might also be beneficial to human health. Oenothein B
is the main substance found in Epilobium species, which is considered to have anticancer
properties [48]. Therefore, their application in food may have a positive effect on health [45].
Indeed, in presented study, in vitro analyses on L-929 (mouse fibroblast cell line) and CT-26
(undifferentiated colon carcinoma cell line) confirmed the antitumor activity of peptides
obtained from the meat product. The results of own research on cell lines indicate the
anticancer potential of peptide from canned meat with willow extract. Particularly note-
worthy is the fact that after 72 h of incubation with the peptides obtained from the variant
containing 1000 mg/kg of freeze-dried willow herb extract, the viability of intestinal cancer
cells was decreased to about 40%, while by comparison the viability of normal cells was
decreased to only about 70%. The promising results observed for canned pork added with
freeze-dried willow extract suggest the usefulness of the herb in the production of meat
products with nutritional, as well as health benefits.

5. Conclusions

This study analyzed the potentially anticancer activity of meat products prepared
with freeze-dried willow herb extract. Among the identified peptide sequences, some were
cationic and hydrophobic with α-helical or β-sheet conformation, which indicates their
anticancer potential. Furthermore, the sequences of peptides present in the proteolytic
enzyme hydrolysates showed, on the one hand, the resistance of these peptides to simulated
conditions of the human digestive system, and, on the other hand, their preserved biological
activity was confirmed by their action on the tested cell lines. Thus, the results of the study
shed new light on the value of canned meat as a functional food, due to its complementing
nutritional and physiological properties. However, there is a need for further research on
anticancer peptides, especially in terms of their selectivity or their half-life in the body and
the exclusion of potential allergenicity.
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Abstract: Malvidin, one of the six most prominent anthocyanins found in various fruits and vegeta-
bles, may possess a wide range of health-promoting properties. The biological activity of malvidin
and its glycosides is not entirely clear and has been relatively less frequently studied compared to
other anthocyanins. Therefore, this study aimed to determine the relationship between the structural
derivatives of malvidin and their anti-cholinergic and anti-inflammatory activity. The study selected
malvidin (Mv) and its two sugar derivatives: malvidin 3-O-glucoside (Mv 3-glc) and malvidin
3,5-O-diglucoside (Mv 3,5-diglc). The anti-inflammatory activity was assessed by inhibiting the
enzymes, specifically COX-1 and COX-2. Additionally, the inhibitory effects on cholinesterase activity,
particularly acetylcholinesterase (AChE) and butyrylcholinesterase (BChE), were evaluated. Molecu-
lar modeling was also employed to examine and visualize the interactions between enzymes and
anthocyanins. The results revealed that the highest inhibitory capacity at concentration 100 μM was
demonstrated by Mv 3-glc in relation to AChE (26.3 ± 3.1%) and BChE (22.1 ± 3.0%), highlighting the
crucial role of the glycoside substituent at the C3 position of the C ring in determining the inhibitory
efficiency of these enzymes. In addition, the glycosylation of malvidin significantly reduced the
anti-inflammatory activity of these derivatives compared to the aglycone form. The IC50 parameter
demonstrates the following relationship for the COX-1 enzyme: Mv (12.45 ± 0.70 μM) < Mv 3-glc
(74.78 ± 0.06 μM) < Mv 3,5-diglc (90.36 ± 1.92 μM). Similarly, for the COX-2 enzyme, we have: Mv
(2.76 ± 0.16 μM) < Mv 3-glc (39.92 ± 3.02 μM) < Mv 3.5-diglc (66.45 ± 1.93 μM). All tested forms of
malvidin exhibited higher activity towards COX-2 compared to COX-1, indicating their selectivity as
inhibitors of COX-2. Theoretical calculations were capable of qualitatively replicating most of the
noted patterns in the experimental data, explaining the impact of deprotonation and glycosylation on
inhibitory activity. It can be suggested that anthocyanins, such as malvidins, could be valuable in
the development of treatments for inflammatory conditions and Alzheimer’s disease and deserve
further study.

Keywords: cyclooxygenase; cholinesterase; malvidin; molecular docking

1. Introduction

Alzheimer’s disease (AD) is viewed as a progressive, neurodegenerative pathology.
Whereas the origins of AD are not fully explained, it is broadly accepted that it is closely
linked to the impairment of cholinergic transmission, in which one of the neurotransmitter,
namely acetylcholine, plays a vital role. Furthermore, cholinesterases, including acetyl-
cholinesterase (AChE) and butyrylcholinesterases (BChE), are believed to be key enzymes
which are able to hydrolyze acetylcholine [1,2]. As the result of this hydrolysis, there is a
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significant decrease in acetylcholine which is associated with the loss of basic forebrain
cells, which, in turn, are key in order to determine the cognitive impairment of the brain [3].
The process of both enzymes’ inhibition, namely AChE and BChE, is the most effective and
modern therapeutic approach in cognitive impairment [4,5].

Currently, various therapeutic strategies are being studied in order to develop an
effective anti-Alzheimer’s drug. Yu et al. [6] recently identified microRNA-485-3p (miR-
485-3p) as a biomarker and therapeutic target for AD. Their research primarily focused on
miR-485-3p’s effects in cell-based in vitro systems, whereas in vivo physiological relevance
was not viewed. Research conducted by Koh et al. [7] utilized the miR-485-3p marker in
a transgenic mouse model of AD. They demonstrated the overexpression of miR-485-3p
in the brain tissues of AD patients, and its antisense oligonucleotide (ASO), effectively
reduced Aβ plaque buildup, tau pathology progression, neuroinflammation, and cognitive
decline.

Furthermore, there is a vigorous exploration seeking non-toxic natural remedies for
Alzheimer’s disease, where curcumin, known for its diverse biological properties [8–10],
is under close investigation. The antioxidant potential of five mono-carbonyl curcumin
analogs was assessed through in vitro tests and an in vivo mouse model focused on the
hippocampus [11]. Among these analogs, two with methoxy and chloro-substitutions
demonstrated strong DPPH and ABTS free radical scavenging capabilities in the in vitro
assays. The authors also revealed a significant decrease in lipid peroxidation and enhanced
activities of catalase, superoxide dismutase, and glutathione in the mouse hippocampus
through marker analysis, highlighting their antioxidant and memory-enhancing properties.
Khan et al. [12] conducted research on the alkaloids nuciferine and norcoclaurine extracted
from N. nucifera seeds, highlighting their anti-Alzheimer’s and antioxidant properties
in a diabetic rat model. The alkaloids notably restored AChE activity in both the blood
and brains of the rats, along with the recovery of all antioxidant enzymes. The study
showed that nuciferine and norcoclaurine substantially enhance memory and both could
be effective phytomedicines against diabetes and Alzheimer’s disease (AD). Referring to
the compounds from the group of flavonoids, isorhamnetin and quercetin derivatives,
which were obtained in the process of isolating them from Calendula officinalis L., they
are, among others, excellent examples of powerful AChE inhibitors [4,13]. The results of
anticholinesterase activities of 24 polyphenolic compounds were interestingly presented
in a brief report by Szwajgier [14]. The research was focused on a group of anthocyanins,
flavones, flavanols, as well as dihydrochalcone phlorizin and prenylated chalcone xan-
thohumol. While analyzing the differences in properties in the molecular structure of
those compounds, the author suggested that the inhibitory activity decreased in the pres-
ence of a 3-hydroxyl group; similarly, it was also stated that aglycons were more effective
cholinesterase inhibitors than their corresponding glycosylated forms. Moreover, there are
the other studies which proved the inhibitory activities of aqueous fruit mulberry extracts
(Morus spp.) against AChE and BChE, which are not only rich in anthocyanins, but also in
cyanidin, kuromanin, and keracyanin [15].

Oxidative stress and inflammation are both key causative factors for the onset of sev-
eral diseases, including cancer, metabolic and cardiovascular disorders, and neurodegener-
ative diseases. Aging is responsible for heightening oxidative stress in the nervous system,
leading to impaired nerve regeneration and function [16,17]. Furthermore, inflammation
is detected in the human central nervous system and increased levels of inflammatory
cytokines were observed in the cerebrospinal fluid of aging individuals [18].

The broad spectrum of potentially anti-inflammatory activity displayed by biologically
active compounds can be tested by way of measuring the inhibition of the cyclooxygenase
(COX-1, COX-2) activity [19,20]. These two enzymes take part in the synthesis of several
mediators of inflammation, including prostaglandin PGE2, leukotriene B4, and thrombox-
ane A2. As a result of the inhibition showed by anthocyanins, and which is generated by
those enzymes, the synthesis of the mediators of inflammation, which are responsible for
inhibiting leukocyte accumulation and adjusting the vascular system, decreases. Therefore,
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the overall effects of inflammation are minimalized. The above effects were proved by Fa-
gundes et al. [21], who aimed to compare the anti-inflammatory effect of anthocyanin-rich
extract from blueberries (with malvidin-3-galactoside and petunidin-3-arabinoside) with 5-
aminosalicylic acid in the TNBS-induced colitis model. It was showed that the anthocyanin
extract at a concentration 30 times lower than 5-aminosalicylic acid had higher effectiveness
in counteracting intestinal inflammation. Furthermore, it was Seeram et al. [22] who proved,
using numerous anthocyanin extracts from berries and cherries, that anthocyanins from
raspberries and sweet cherries demonstrated 45% and 47% COX-1 and COX-2 inhibitory
activities respectively, referring to assays at 125 μg/mL. Additionally, studies showed that
aglycone cyanidin has higher inhibitory activity in comparison to its glycosides, and that
COX inhibitory activities increased with a decreasing number of sugar residues, which
were attached to the cyanidin moiety.

Malvidin, named 3,5-dimethoxy-3,4,5,7-tetrahydroxyflavylium acid anion, is a type
of anthocyanidin cation with a chemical structure similar to delphinidin but with methyl
groups attached to positions 3 and 5. In its natural state, it is predominantly encountered
in its glycosylated form, with a sugar moiety attached at position 3 on the C-ring. Sev-
eral studies, both in vitro and in vivo, indicate that these molecules have the potential
to mitigate the onset and progression of various disease pathologies, particularly those
associated with oxidative stress-related pathogenesis [16]. Previously, we conducted an
experiment that proved that Mv and its two glucosides (Mv 3-glc > Mv 3,5-diglc) have
a tendency to exhibit in vitro (AAPH• and DPPH• assays) antioxidant activities against
liposome membrane in the order illustrated here: Mv > Mv 3-glc > Mv 3,5-diglc. Moreover,
we observed that this activity is in line with interaction with this membrane [23]. Despite
the fact that the anti-cholinesterase and anti-inflammatory properties of anthocyanins
were carefully investigated, there is limited access to information on the effects of such
glycosylation on the mechanisms developed by anthocyanins in order to manage/prevent
disease conditions. In the experiment that we are describing in this paper, we endeavor to
demonstrate the ability of these anthocyanins to inhibit the cholinesterase enzymes and the
pro-inflammatory cyclooxygenases COX-1 and COX-2.

As a result, this study is intended to compare the anticholinergic activity and cy-
clooxygenase (COX-1 and COX-2) inhibitory (as potential anti-inflammatory) properties
of Mv and its mono- and di-glucosides. It is important to underline that in this study, for
the first time, calculations were carried out with the usage of a computational chemistry
approach, which is the molecular docking method, in order to demonstrate the relation-
ship between the anticholinesterase and anti-inflammatory effectiveness of Mv-s and their
molecular structure with regard to their interconnections at the atomic level. We hope that
the outcome obtained here as a result of these complementary studies will be beneficial in
order to indicate what are the potential methods of application for Mv and its mono- and
di-glucosides in order to save human lives and treat the early stages of neurodegenerative
and anti-inflammatory diseases.

2. Results and Discussion

2.1. Acetylcholinesterase and Buthyrylcholinesterase Inhibition

Anti-cholinergic activity was assessed by inhibiting the enzymes acetylcholinesterase
and butyrylcholinesterase specifically. Inhibiting both enzymes is the most effective thera-
peutic approach for restoring the normal functions of the cholinergic system. Therefore,
effective pharmaceuticals are being sought, in particular natural inhibitors of these en-
zymes. The results of our studies, which were focused on the use of Mv and its two
derivatives, as well as the drug neostigmine, are summarized in Table 1, which contains the
percentages of AChE and BChE inhibition for 100 μM anthocyanin concentration. There
was no dependence on the concentration of anthocyanins within the range 100–200 μM.
The highest inhibitory capacity in relation to both enzymes was demonstrated by Mv 3-glc
−26.31 ± 3.06% and 22.07 ± 3.00%, in relation to AChE and BChE, respectively. Both
Mv and Mv 3,5-diglc were less potent enzyme inhibitors compared to Mv 3-glc. On the
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one hand, referring to the differences in molecular structure between Mv 3-gluc and Mv,
one may suggest the importance of the glycoside substituent in the C3 position of the C
ring of the molecule on the inhibitory efficiency of the enzymes of this mono-glycoside.
On the other hand, a reduction in this effectiveness occurs after replacing the hydroxyl
group at the C5 position with another, second glucoside molecule. In order to reveal
fully the relationship between the structure of anthocyanins and the inhibitory efficacy of
AChE and BChE enzymes, further research is required. The neostigmine drug used in the
treatment of old age disease, AD, showed 50% inhibition efficiency in relation to AChE
and BChE at concentration rates of 0.17 ± 0.01 μM and 20.28 ± 1.70 μM, respectively. By
relating the inhibition values expressed in % in relation to the results caused by Mv 3-glc,
it can be roughly stated that the concentration of this anthocyanin should be increased
several times, e.g., 5–10 times in relation to BChE, in order to have an effect similar to
neostigmine. Bearing in mind the fact that anthocyanins are natural, non-toxic substances
found in red and purple fruits and vegetables, the process of increasing the concentration
of these substances several times is possible through supplementation with nutraceuticals.
However, there is a serious problem with their low bioavailability and molecular instability
under physiological conditions. The core of this problem lies in finding effective solutions
proposed by further research, which should be focused on, e.g., the design of encapsulated
anthocyanins or extracts with a high content of the compounds required [24–26]

Table 1. Cholinesterase inhibitory activity (against AChE and BChE) of the malvidin (Mv), malvidin
3-O-glucoside (Mv 3-glc) and malvidin 3,5-O-diglucoside (Mv 3,5-diglc). Concentration of Mv, Mv
3-glc and Mv 3,5-diglc was 100 μM. Neostigmine concentration for AChE inhibition was 0.17 μM,
and, for BChE inhibition, it was 20.28 μM. Different letters (a–c) in the same row indicate significant
differences (p < 0.05).

Compound Inhibition of AChE (%) Inhibition of BChE (%)

Mv 19.5 ± 2.3 b 10.2 ± 2.2 b

Mv 3-glc 26.3 ± 3.1 a 22.1 ± 3.0 a

Mv 3,5-diglc 11.9 ± 4.5 c 13.4 ± 2.4 b

Neostigmine 50.0 ± 1.2 50.0 ± 4.2

Literature data shows potential AChE inhibitory activity in over 300 natural com-
pounds, including alkaloids (53%), monoterpenes (10%), coumarins (7%), triterpenes (6.5%),
flavonoids (5%), simple phenols (5%) and others [13,27]. In the case of compounds obtained
from the group of flavonoids, isorhamnetin and quercetin derivatives isolated from Calen-
dula officinalis L. are other examples of potential AChE inhibitors [13]. A study conducted
by Yusuf et al. [28], which was focused on the inhibition of AChE and BChE by 12 colored
carrot varieties, demonstrated the effectiveness of micro purple carrot (MPC) and normal
purple carrot (NPC) in inhibiting these enzymes. Whereas IC50 values in relation to AChE
for purple carrot MPC and NPC were 10.14 mg/mL (i.e., 10140 μg/mL) and 18.96 mg/mL,
respectively, in relation to the BChE enzyme they were lower and comparable to each other,
at 7.83 mg/mL and 7.85 mg/mL, respectively. The authors of this study also determined
the content of anthocyanins, phenolic compounds, and carotenoids in the most active MCP
and NCP variants. It was observed that the content of these active compounds was lower
in the MPC (namely 53.05 mg/100 g dm, 128.34 mg/100 g dm and 18.91 mg/100 g dm,
respectively) than in the NPC, in which these compounds were at a higher level (namely
69.62 mg/100 g dm, 253.3 mg/100 g dm, and 19.07 mg/100 g dm). While comparing these
values, it is clear that they did not allow the authors of this study to indicate/explain why
micro purple carrot has a higher inhibitory activity in relation to the AChE and BChE
enzymes than normal purple carrot, which is richer in these biologically active substances.
It is also noticed, by referring to the IC50 values determined by Yusuf et al. [28] that the
percentage of inhibition obtained in this study, determined for the concentration of Mv-s—
100 μM, was about 78 to 190 times higher.
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The antioxidant and free radical scavenging and aging-related enzymes, such as AChE
and BChE, showed certain properties demonstrated in the study, which proved they are
potent compounds, as well as being able to inhibit/delay free radical aging processes
observed in the organism. Malvidin and its glycosides have been reported to positively
impact neurodegenerative disease [16,29]. Lin et al. [30] demonstrated that preincubation
with malvidin increased CAT activity and GSH concentration after hypoxia treatment,
and cells also showed higher SOD activities. Zhao et al. [31] in a study on a murine
microglial cell line revealed that malvidin prevented mitochondrial dysfunction, reduced
ROS accumulation and lipid peroxidation, and increased antioxidant enzyme activity in the
cerebrum. Giliani et al. [32] confirmed the neuroprotective effects of orally administered
malvidin, regulating antioxidant levels and neuroinflammation in rats exposed to AlCl3.
In summary, research clearly supports that malvidin possesses antioxidant activity by
inhibiting acetylcholinesterase and managing oxidative stress in neuronal cells.

2.2. Anti-Inflammatory Activity—COX Inhibition

The potential anti-inflammatory activity of Mv, Mv 3-glc and Mv 3,5-diglc was proved
on the basis of inhibition of the COX activity. Anthocyanins/flavonoids, also known
as nature’s tender drugs, possess various pharmacological activities, including antioxi-
dant and anti-inflammatory activities. These compounds slow down enzyme activities
of arachidonic acid metabolizing enzymes, such as phospholipase PLA2, cyclooxygenase,
lipoxygenase and others [33,34]; the inhibition of these enzymes, which is caused by antho-
cyanins, including cyclooxygenases, is definitely one of the important cellular mechanism
of anti-inflammation [35]. The results of our studies, summarized in Table 2, contain the
concentration values of IC50 for Mv and its glycoside derivatives, which inhibit the activity
of COX-1 and COX-2 by 50%. The data presented in Table 2 indicate that Mv had the great-
est ability to inhibit both COX-1 and COX-2. The glycosylation of malvidin significantly
reduced the anti-inflammatory activity of these derivatives compared to Mv. This reduction
was within the range of about 6–7 times in relation to COX-1, and within the range of about
14.5–24 times in the case of COX-2.

In Table 2 the anthocyanin selectivity index, i.e., the COX-2/COX-1 ratio, is also
included. In our research, we obtained a COX-2/COX-1 selectivity ratio of 0.22, 0.53,
and 0.83 for Mv, Mv 3-glc, and Mv 3,5-diglc, respectively. This indicates that the antho-
cyanins exhibit approximately 4.5 to 1.4 times higher activity toward COX-2 than COX-1.
Medical anti-inflammatory drugs, including NSAIDs, can cause side effects, e.g., gas-
trointestinal bleeding, cancer promotion, etc. [36]. In our opinion, it is highly likely that
anthocyanins/flavonoids have multiple cellular mechanisms acting on multiple sites of
cellular machinery; among them, one is responsible for anti-inflammation. which seems to
be caused by an effect on eicosanoid generating enzymes (COX1 and COX2 and others. like
5-, 12-LOX, PLA2). It is possible that they can also, similarly to steroidal anti-inflammatory
drugs, stimulate protein kinases PKC, PTK and MAPK and down-regulation of the ex-
pression of iNOS, TNF-α, IL-1β [37]. Demonstration of such possible modes of action of
anthocyanins should be proved in further studies.

Referring to the literature data, which is concentrated on studies of malvidin and its
sugar derivatives, and extracts rich in these anthocyanins, it may be concluded that they
are connected with numerous anti-inflammatory mechanisms, a fact which was proved
in various in vitro models. In the article prepared by Huang et al. [38], the effect of
the malvidin-3-glucoside and malvidin-3-galactoside obtained from blueberry Vaccinium
ashei on inflammatory response in endothelial cells was tested. Particularly, the authors
discussed indicated the mechanism of anti-inflammatory activity of malvidin glucosides as
a way of restraining tumor necrosis factor-alpha (TNF-α), and by nuclear factor-kappa B
(NF-κB). Generally, in these processes, malvidin-3-glucoside exerted a more powerful effect
than malvidin-3-galactoside. Fagundes et al. [21] studied the potential of anthocyanidin
malvidin, with an intention to protect against and help in peptic ulcer treatment. Expression
levels of oxidative and inflammatory genes in the mouse gut in the presence of a 5 mg· kg−1
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dose were determined in order to investigate the mechanism of malvidin activity. Malvidin,
thus. was proved to prevent gastric and duodenal ulcers. As a result, significant anti-
inflammatory and anti-oxidative effects on the gastrointestinal tract connected with gene
expression modulation and, similarly, an increase in endogenous defense mechanisms were
observed. Three anthocyanin di-glucosides from Syzygium cumini pulp were isolated in
the study conducted by Abdin et al. [39], including delphinidin 3,5-diglucoside, petunidin
3,5-diglucoside, and malvidin 3,5-diglucoside (MDG), with the malvidin derivative isolated
at the highest yield. Moreover, MDG showed significant progress in inhibiting nitric oxide
release and pro-inflammatory mouse cytokines, such as IL-1 beta, TNF-alpha and IL-6 in
lipopolysaccharide-induced RAW264.7 macrophages. This experiment allowed us to better
understand the structure–activity correlations of anthocyanin di-glucosides. The aim of
yet another study was to examine the impact of malvidin on inflammatory responses and
oxidative stress in peripheral blood mononuclear cells (PBMCs), which was generated
by lipopolysaccharide (LPS). The most up-to-date studies proved that LPS significantly
increased the (gene/cytokine expression) cytokine expression of IL-6, TNF-alpha, IL-1
beta, and COX-2 mRNA, and protein release from PBMCs, 22 h after treatment, whereas
the expression of these cytokines (IL-6, TNF-alpha, IL-1 beta) and COX-2 mRNA were
induced by LPS, secretion of protein in PBMC, and was much lower as a consequence of
pretreatment of malvidin [40]. Finally, it is important to underline that there are also studies
focusing on extracts rich in anthocyanins, inter alia malvidins and its sugar derivatives, as
well as sugar cyanidin derivatives, which in vitro show their potential significance as drugs
and substances which are in support of the treatment of inflammatory processes [41–43].

Table 2. Values of IC50 for malvidin (Mv), malvidin 3-O-glucoside (Mv 3-glc) and malvidin 3,5-
O-diglucoside (Mv 3,5-diglc) of cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) and, for
indomethacin cited as positive control, selectivity index COX-1/COX-2 is included. Different letters
(a–d) in the same row indicate significant differences (p < 0.05).

Compound
IC50 (μM)

COX-1 COX-2
Selectivity Index

COX-2/COX-1

Mv 12.45 ± 0.70 d 2.76 ± 0.16 d 0.22
Mv 3-glc 74.78 ± 0.06 b 39.92 ± 3.02 b 0.53

Mv 3,5-diglc 90.36 ± 1.92 a 66.45 ± 1.93 a 0.83
Indomethacin * 18.32 ± 0.40 c 15.22 ± 1.36 c 0.83

* Strugała et al. [44].

2.3. Computational Outcomes

With the exception of the cationic structure, which is virtually absent at physiological
pH, we conducted docking studies on all other deprotonated species that exist in significant
populations. Subsequently, these structures underwent molecular dynamics simulations.
We were able to qualitatively reproduce the experimental data to a large extent. Throughout
the 10 ns of MD simulations, the RMSD of the complexes under examination remained
stable, indicating good structural stability. The RMSF demonstrated similar behaviour,
with only marginal deviations associated with the terminal regions, while the remaining
ones exhibited highly superimposable behaviour. Additionally, the small extent of the
fluctuations in Rg provided assurance of the stability of the formed systems. Supplementary
Materials provide detailed information on these topics.

2.3.1. Inhibitory Activity towards AChE and BChE

In the theoretical investigation of AChE inhibition, we were able to replicate the
experimental findings on malvidin. Selectivity towards AChE is evident in both the
experimental and theoretical approaches, indicated by a greater % of inhibition or lower
inhibition constant, respectively. The interaction with the given enzyme appears to be
modulated by hydrogen bonds originating from the Tyr338 and Tyr69 amino acids present
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in the binding pocket. This is different from BChE, where Tyr126, Asp68, Gly113 and Tyr330
participate in binding the ligand. See Figure 1 below.

 Mv Mv 3-glc Mv 3,5-diglc 

AChE 

   

BChE 

 
 

Ser200 

Figure 1. Post-MD 3D representations of the finest docked positions of Mv, Mv 3-glc and Mv 3,5-diglc
species interacting with amino acids within the AChE and BChE binding pockets.

For monoglucoside, experimental results indicate more effective inhibition towards
AChE, whereas theoretical studies demonstrate lower Ki values for binding towards BChE
(see Table 3 below). Nevertheless, selectivity varies only slightly in either case. It is
important to note the possibility of the ligand interacting outside the binding pocket, such
as via allosteric modulation. These factors could impact the behaviour in this case. This
may be expected since, in comparison to malvidin, its glucoside interacts effectively with a
greater number of amino acids, thus amplifying the stabilization effect through hydrogen
bonding interactions.

Table 3. Theoretically estimated inhibition constant (in M) of each species with a non-negligible
population towards the AChE and BChE enzymes.

Compound fM AChE BChE

Mv 39.56% 2.58 × 10−7 1.52 × 10−6

Mv− 52.15% 1.89 × 10−7 1.19 × 10−6

Mv2− 8.08% 1.16 × 10−7 6.41 × 10−7

Mv3− 0.13% 8.04 × 10−8 6.42 × 10−7

Ki-overall 2.10 × 10−7 1.28 × 10−6

Mv 3-glc 3.49% 2.77 × 10−6 5.39 × 10−7

Mv 3-glc− 78.18% 2.42 × 10−6 5.99 × 10−7

Mv 3-glc2− 18.33% 2.88 × 10−6 4.12 × 10−7

Ki-overall 2.52 × 10−6 5.63 × 10−7

Mv 3,5-diglc 39.19% 4.51 × 10−3 3.70 × 10−7

Mv 3,5-diglc– 60.70% 1.63 × 10−4 8.99 × 10−8

Ki-overall 1.87 × 10−3 1.99 × 10−7

The experimental data confirm that the diglucoside is preferentially inhibitory to-
wards BChE. However, the computational study suggests significant divergence in inhibi-
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tion outcomes between AChE and BChE, compared to the experimental data. Similar to
monoglucoside, Glh199 and Ser200 participate in this interaction in AChE, while Asp68
and Tyr126 are common between malvidin and its diglucoside in BChE.

Deprotonation appears to result in improved inhibition of AChE by Mv, and even
to a greater extent, by diglucoside. However, the effect is less pronounced in the case of
monoglucoside. The inhibition of BChE displays a similar deprotonation trend to that of
AChE. The addition of a sugar moiety through glycosylation leads to a reduction in in-
hibitory potential. This effect is more pronounced when two residues are added as opposed
to a single glucose. The variations can reach up to three orders of magnitude. However,
in the case of BChE, the impact of glycosylation is less noticeable as the diglucoside binds
better than the aglycone.

2.3.2. Inhibitory Activity towards COX-1 and COX-2

The assays showed a general preference for COX-1, but computational data only found
this behavior for diglucoside. The differences in inhibition constants vary by up to three
orders of magnitude for monoglucoside, whereas for aglycone and diglucoside this is only a
difference of a single decimal place (see Table 4 below). However, the previously presented
IC50 is high, which may lead to fluctuation in assessment and make it more prone to errors.

The process of deprotonation seems to improve the inhibitory activity towards COX-1
to some extent, while the reverse effect is observed for COX-2. Therefore, the hydrophobic
nature of interactions appears to be of the utmost importance.

Moreover, it is apparent that glycosylation causes a significant increase in inhibition
constants, indicating that a higher concentration is required to observe the inhibition
process. Certainly, it is evident that glucosides can either shield the formation of stronger,
more desirable bonding that retains the ligand in a pocket (see Figure 2 below), or block
its further propagation deeper into the binding site, thus indirectly reducing the observed
inhibition.

 Mv Mv 3-glc Mv 3,5-diglc 

COX-1 

 

COX-2 

  

Figure 2. Post-MD 3D representations of the finest docked positions of Mv, Mv 3-glc and Mv 3,5-diglc
species interacting with amino acids within the COX-1 and COX-2 binding pockets.
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Table 4. Theoretically estimated inhibition constant (in M) of each species with a non-negligible
population towards the COX-1 and COX-2 enzymes.

Compound fM COX-1 COX-2

Mv 39.56% 9.08 × 10−4 5.42 × 10−5

Mv− 52.15% 8.18 × 10−4 6.68 × 10−5

Mv2− 8.08% 6.41 × 10−4 4.85 × 10−5

Mv3− 0.13% 5.46 × 10−4 3.92 × 10−5

Ki-overall 8.38 × 10−4 6.02 × 10−5

Mv 3-glc 3.49% 3.43 × 102 2.41 × 10−3

Mv 3-glc− 78.18% 2.89 × 102 1.15 × 10−1

Mv 3-glc2− 18.33% 2.64 × 102 2.90 × 10−1

Ki-overall 2.87 × 102 1.43 × 10−1

Mv 3,5-diglc 39.19% 1.34 × 1011 1.98 × 109

Mv 3,5-diglc− 60.70% 1.12 × 1011 3.20 × 1012

Ki-overall 1.21 × 1011 1.95 × 1012

3. Materials and Methods

3.1. Materials

5,5′-Dithiobis(2-nitrobenzoic acid), (DTNB), acetylthiocholine iodide, butyryl-thiocholine
iodide, acetylcholinesterase from Electrophorus electricus, type VI-S (aChE), Butyryl-
cholinesterase from equine serum (BChE), neostigmine bromide, and sodium dodecyl
sulfate (SDS) were purchased from Merck kGaA, Darmstadt, Germany. COX-1 and COX-2
colorimetric inhibitor screening assay kits (Catalog No. 701050) were purchased from
Cayman Chemical, Ann Arbor, MI, USA. Malvidin (purity ≥ 97%), malvidin 3-O-glucoside
(purity ≥ 95%) and malvidin 3,5-O-diglucoside (purity ≥ 95%), (Figure 3) were purchased
from Extrasynthese (Genay, France), and all other chemicals were of analytical grade.

Malvidin Malvidin-3-O-glucoside 

Malvidin-3,5-O-diglucoside 

Figure 3. Chemical structures of the malvidin group.

3.2. Acetylcholinesterase and Butyrylcholinesterase Inhibition Assay

Referring to both the Ellman [45] and Jin et al. [46] methods, we identified acetyl-
cholinesterase/butyrylcholinesterase activity, implementing minor modifications. In brief,
the assay was carried out on a 96-well plate, with each well containing 140 μL 0.1 M
phosphate buffer (pH 8.0), 10 μL of stock solution of Mv, or Mv 3-glc or Mv 3,5-diglc, 10 μL
AChE/BChE (1 units/mL). The plate was incubated for 10 min at 25 ◦C. Subsequently,
10 μL of a 10 mM DTNB was added to the reaction mixture. In the following step, the reac-
tion was initiated by adding 10 μL of a 14 mM acetylthiocholine iodide/butyryl-thiocholine
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iodide. The plate was shaken for one minute and finally 20 μL of 5% SDS was added in
order to stop the reaction. Control wells, which contained the same composition except for
the studied compounds (10 μL, 70% ethanol), were included. Absorbance at λ = 417 nm
was recorded using a plate reader (EPOCH, Bio Tech, Dover, MA, USA) after 10 min incu-
bation. All of the reactions were performed in five repetitions. The percent of AChE/BChE
inhibition was calculated using the following formula:

%Inhibition =
Ac − As

Ac
·100% (1)

where: As refers to the absorbance of the sample containing Mvs and Ac refers to the
absorbance of the control sample. The studies of AChE and BChE inhibition were also
performed depending on the concentration of the drug, neostigmine, as a positive control.

3.3. Cyclooxygenase (COX) Inhibition Assay

We determined the inhibition of both COX-1 and COX-2 activity using a colorimetric
inhibitor screening assay kit (Catalog No. 701050), following the manufacturer’s instruc-
tions and as was previously explained by Jang and Pezzuto [47] and Strugała et al. [48]. The
reaction mixtures were prepared in 0.1 M Tris–HCl buffer, pH 7.4.0 containing 10 μL hemin,
10 μL COX-1 (ovine) or COX-2 (human recombinant) and 10 μL Mv, Mv 3-glc Mv 3,5-diglc
at final concentrations: 0.9–46 μM. Firstly, the plate was carefully shaken for a few seconds
and incubated for 5 min at 25 ◦C. Secondly, 20 μL of colorimetric substrate solution was
added to each plate’s well. It was the addition of 20 μL of arachidonic acid (final concentra-
tion in reaction mixture 100 μM) which initiated the reaction. Thirdly, the plate was shaken
again for a few seconds and incubated for two min at 25 ◦C. The cyclooxygenase activity
was assayed colorimetrically in a way of monitoring the appearance of oxidized TMPD at
λ = 590 nm using a plate reader (EPOCH, Bio Tech). The percentage of COX inhibition was
calculated using the Equation (1):

The IC50 parameter was calculated referring to plots showing the relation between
percentage of COX inhibition and concentration of the compounds.

3.4. Computational Studies

Molecular docking was performed using AutoDock Vina 1.2.0 [49,50] on all structures
that were present at physiological pH and had been established in the previous publica-
tion [23]. To obtain representative polyphenol:protein complexes, the existing bound ligand
was used in the docking process.

Enzyme crystal structures were obtained from the RSCB PDB database and con-
sisted of human COX–1 (PDB ID: 6Y3C, res. 3.36 Å) [51] and human COX-2 bound
with meclofenamic acid (PDB ID: 5IKQ, res. 2.41 Å) [52], the structure of human acetyl-
cholinesterase (AChE) bound with donepezil (PDB ID: 6O4W, resolution [53] 2.35 Å, and bu-
tyrylcholinesterase (AChE) bound with profenamine (PDB ID: 5K5E, resolution 2.80 Å [54].
They were chosen for analysis due to the presence of inhibitors, fair resolution, unmutated
H. sapiens source of origin, and the absence of any missing loops, except for terminal
segments.

To ensure complete residue coverage within 5 Å of the inhibitor’s mass center, we
employed a docking box. We redocked the initial ligands, and the process succeeded.
Unfortunately, we could not find a suitable enzyme inhibitor complex for COX-1, so we
overlaid it with COX-2, which shares a binding pocket [51]. Next, we executed the docking
process in the relevant box for the meclofenamic acid binding site. As the energy differences
and positions of the overall results were not significant between docking outcomes, we
conducted molecular dynamics simulations with the best one. Prior to that, we used
the corresponding ΔGbinding values [55] to determine the inhibition constant Ki [M] by
following the equation:

Ki = exp
(−ΔGbinding

RT

)
(2)
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Before commencing the molecular dynamics, all ligands were parametrized. Gas-
phase geometry optimization was carried out with HF/6-31G*. The electrostatic potential
was fitted according to the Merz–Singh–Kollman scheme [56] to determine atomic charges,
using the RESP procedure. The GAFF2 force field [57] was utilized to extrapolate the
parameters. To generate the necessary files, the Antechamber and parmchk modules of
Amber16 were utilized [58].

Subsequently, a refinement process was performed on the enzymes to eliminate any
superfluous molecules, including crystallographic water and solvents. The protonation
states of titratable residues at pH 7.4 were then estimated, using the PDB2PQR server [59,60]
and the PropKa algorithm [61]. Each complex was solvated with a TIP3P water box and,
in order to maintain system electroneutrality, either sodium or chloride counterions were
added. After conducting initial system optimization and heating to 310 K within the NVT
and NPT ensembles, 10 ns production simulations were performed for each complex at
the equivalent temperature and pressure. The simulations utilized a time constant of
2.0 ps and employed the SHAKE algorithm [62] and Particle Mesh Ewald [63], which made
way for an integration step of 2 fs. Further, a cut-off radius of 1.2 nm was utilized. The
representative structures were identified from the most populous cluster of the molecular
dynamics results.

All simulations were performed using the Gromacs software 2022.2 package [64],
whilst the UCSF Chimera software 1.17.3 [65] was employed to analyze the interactions.

3.5. Statistical Analysis

Data are shown as mean values ± standard deviation (SD). p values < 0.05 were
considered statistically significant. Statistical analysis was performed using the program
Statistica 12.0 (StatSoft, Kraków, Poland).

4. Conclusions

Our in vitro study demonstrates that malvidin, as well as its glucosides, exert on
COX-1, COX-2 and AChE, BChE an enzyme inhibitory effect. In addition, it was shown
that the presence of sugar residues affected the anti-inflammatory and anti-cholinergic
activity properties. This demonstrates that the glycosylation of malvidin substantially
diminished its anti-inflammatory activity. The computational protocol led us establish the
role of protonation and deprotonation in the inhibitory activity, as well giving insights into
the amino acids comprising the given behaviour.

To sum up, despite significant progress being made in the search for natural products
with antioxidant properties, understanding of the structure–activity relationships (SARs)
among anthocyanins and their effects on enzyme inhibitors remains incomplete, which is
why it is necessary to fully elucidate their relationship.
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Abstract: Poniol (Flacourtia jangomas) has beneficial health effects due to its high polyphenolic
and good antioxidant activity content. This study aimed to encapsulate the Poniol fruit ethanolic
extract to the sucrose matrix using the co-crystallization process and analyze the physicochemical
properties of the co-crystalized product. The physicochemical property characterization of the
sucrose co-crystallized with the Poniol extract (CC-PE) and the recrystallized sucrose (RC) samples
was carried out through analyzing the total phenolic content (TPC), antioxidant activity, loading
capacity, entrapment yield, bulk and traped densities, hygroscopicity, solubilization time, flowability,
DSC, XRD, FTIR, and SEM. The result revealed that the CC-PE product had a good entrapment yield
(76.38%) and could retain the TPC (29.25 mg GAE/100 g) and antioxidant properties (65.10%) even
after the co-crystallization process. Compared to the RC sample, the results also showed that the
CC-PE had relatively higher flowability and bulk density, lower hygroscopicity, and solubilization
time, which are desirable properties for a powder product. The SEM analysis showed that the CC-PE
sample has cavities or pores in the sucrose cubic crystals, which proposed that the entrapment was
better. The XRD, DSC, and FTIR analyses also showed no changes in the sucrose crystal structure,
thermal properties, and functional group bonding structure, respectively. From the results, we can
conclude that co-crystallization increased sucrose’s functional properties, and the co-crystallized
product can be used as a carrier for phytochemical compounds. The CC-PE product with improved
properties can also be utilized to develop nutraceuticals, functional foods, and pharmaceuticals.

Keywords: Poniol extract; phytocompounds; sucrose; co-crystallization; encapsulation

1. Introduction

Poniol (local Assamese dialect) (Flacourtia jangomas Lour.) belongs to the family
Salicaceae and is a fruit-bearing tropical plant. It is an underutilized plant distributed in the
Brahmaputra valley and northeast part of India; it probably migrated from upper Myanmar
and Bangladesh and has been cultivated as a rare plant [1]. The fruits are palatable,
bright in color, and eaten raw during the summer season when they are ripened. The fruit
contains magnesium, potassium, calcium, manganese, and aluminum and is high in sodium
(139.32 mg/100 g) [2]. The fruit is used to treat bilious conditions and diarrhea and has
antidiabetic and cytotoxic properties [3]. According to existing research, the Poniol plant’s
fruits have astringent, anti-inflammatory, diaphoretic, and antibacterial characteristics, and
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they are used to treat illnesses such as asthma, diarrhea, jaundice, liver-related diseases,
nausea, biliousness, and diabetes [4,5].

Co-crystallization is a new encapsulation process utilizing sucrose as a matrix for
incorporating bioactive food components. Co-crystallization is a good alternative as it is
flexible and economical for incorporating active compounds into powdered foods. The
crystalline structure of sucrose gets modified from perfect shape to irregular agglomerate
crystals to form a porous matrix where the target active ingredient is incorporated. The
agglomerate appears sponge-like, having void space and a high surface area [6]. Super-
saturated sucrose syrup spontaneously crystallizes at elevated temperatures (>120 ◦C)
and low moisture (3–5%, or dissolved solids of 95–97 Brix) [7]. If a second ingredient is
added simultaneously, the second ingredient is incorporated into the void spaces within
the agglomerates of micro-sized crystals with a size smaller than 30 mm via random crystal-
lization. Co-crystallization enhances the solubility, wettability, homogeneity, dispersibility,
hydration, anticaking, stability, and flowability of the encapsulated bioactive compound. It
also has advantages such as the ability to transform liquid form (core material) to powdered
form without drying, and the agglomerate structure ensures direct tableting characteris-
tics of the substance, which is beneficial to the candy and pharmaceutical industries [8].
The encapsulation of plant components in sucrose through the co-crystallization process
has been reported for pomegranate peel extract [9], aqueous ethanol extract of unused
Chokeberries [10], carotenoids [11], catechin or curcumin [12], soluble fiber [13], catechin
or curcumin pre-emulsified with soybean protein isolate [12], ginger oleoresin [14], and
Securigera securidaca seed extract [15].

The encapsulation of Jamaica (Hibiscus Sabdarifa L) granules through co-crystallization
improved the developed product’s solubility, dispersibility, and homogeneity.
Co-crystallization process increased the entrapment yield and preserved the antioxidant
activity of yerba mate (Ilex paraguariensis) extract [16]. The co-crystallization of natural
antioxidant yerba mate extract with sucrose for the development of compressed tablets
showed fast release in an aqueous medium, constituting a useful method for the oral
delivery of active compounds with health benefits [17]. Few researchers developed solid
dosage forms containing zinc (17 mg/g) obtained through co-crystallization in a sucrose
matrix to increase zinc nutrition in high-risk populations. The resulting product had a
high encapsulation efficiency (98%) and was stable. Encapsulation of yerba mate extract
containing caffeoyl derivatives and flavonoids through co-crystallizing in a supersaturated
sucrose solution had a standard cluster-like agglomerate structure with void spaces and
sucrose crystal sizes ranging from 2 to 30 mm [18]. Co-crystallization of calcium lactate,
magnesium sulfate, and yerba mate extracts in a supersaturated sucrose solution reduced
the hygroscopic characteristics of yerba mate extracts without affecting their high solu-
bility [9]. The study showed that the sucrose matrix mainly influenced the flowability,
solubility, density, and size distribution of co-crystallized products. The water activity and
hygroscopicity depended on the active ingredient added to the co-crystallized product.

Although there are limited scientific reports on the Poniol plant, several studies re-
vealed the fruit extract presented several health benefits. The extracts of the different Poniol
plant parts demonstrated cytotoxic, analgesic, antidiabetic, antidiarrheal, antimicrobial,
and analgesic properties [1]. Due to the presence of ascorbic acid (24.00 mg 100 g−1) and
phenol (1.28 mg 100 g−1), the fruit displayed a considerable quantity of antioxidant activity
(8.93% mg−1) [19]. The vitamin C (15.21–223.25 mg 100 g−1), soluble sugar (13.77%), and vi-
tamin B complex of riboflavin (236.84 μg 100 g−1) and thiamine (42.97 μg 100 g−1)-reducing
sugar (2.15–9.82%) present in the fruit has also been reported [19–21]. The plant fruit’s
aqueous, methanol, and ethanol extracts showed strong antimicrobial activity against
Klebsiella pneumonia, Escherichia coli, and Pseudomonas aeruginosa [22]. Compared to the
standard drug, chloramphenicol, the n-butanol extract from the plant fruits had strong
antibacterial efficacy against S. aureus and Escherichia coli [23]. Saikia et al. (2016) observed
that the acetone extract of fresh fruits exhibited a total phenolic content of 377.00 mg
(mg GAE/100 g) and a total flavonoid content of 6.66 mg (mg QE/100 g). Their study
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also revealed a metal chelation capability of 18.55% and DPPH radical scavenging activity
above 90% [24]. So, developing functional foods via incorporating this underutilized plant
fruit extract could be a beneficial approach for valorizing this plant and its health benefits.
With the above facts, the objective of this study was to encapsulate the Poniol fruit ethanolic
extract using the co-crystallization process and analyze the physicochemical properties of
the co-crystalized product.

2. Results and Discussion

2.1. Antioxidant Activity, Entrapment Yield, and Loading Capacity of the Co-Crystallized
(Cc-Pe) Sample

The initial phenolic content (L0) in the crude PE was 38.17 (mg GAE/100 g). The
antioxidant activity (DPPH) of co-crystallized powder (Table 1) was 65.10%, and there was
a 30.32% reduction in antioxidant activity compared to the crude PE (98.42%). Exposure
to heat during the co-crystallization process (60 ◦C) may lead to the degradation of some
polyphenols as well as a lower TPC in the CC-PE powder compared to the PE.

Table 1. Loading capacity, entrapment yield, and antioxidant activity of co-crystallized powder
(CC-PE).

Products
Loading Capacity

LC.

(mg GAE/100 g)

TPC
(mg GAE/100 g of

Dried Fruit)
Entrapment Yield (%)

Antioxidant Activity
(%)

CC-PE 29.25 ± 0.03 29.25 ± 0.03 76.38 ± 0.07 65.10 ± 0.03
PE NA 38.17 ± 0.04 NA 98.42 ± 0.37

Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 1.7 ± 0.03

Values are given as mean ± standard deviation. Similar letters within a column indicate no significant difference
(p < 0.05). NA = Not applicable.

The loading capacity (Lc) is defined as the amount of TPC loaded in one gram of
co-crystallized material and was found to be around 29.25 (mg GAE/100 g) for the CC-PE
sample (Table 1). The observed lower Lc and the DPPH values show a strong relationship
between the phenolic content and antioxidant activity. The entrapment yield of the sucrose
CC-PE was 76.38%. Sardar and Singhal (2013) reported an entrapment yield of 35.23% (for
1,8-cineole) and 67.18% (for α-terpinyl acetate) for encapsulating cardamom oleoresin in
sucrose [4]. The entrapment yield (%) in our study was found to be reasonably higher
due to the fact that the higher LC resulted from the greater retainment of the TPC and
the higher crude extract (PE) quantity (in mL) incorporated during the co-crystallization
process. Behnamnik et al. (2019) reported an antioxidant capacity of 56.74% for the product
of Securigera securidaca (L.) seed extract co-crystallized with sucrose [25], which is lower
than our observed antioxidant value. Therefore, the comparatively better entrapment yield
and the retainment of antioxidant activity after the co-crystallization process suggest that
the CC-PE can be used as a functional food since it carries polyphenolic compounds that
promote health. Polyphenolics are very important in promoting health and, at the same
time, treating diseases [26–29].

2.2. Bulk Density and Tapped Density

The bulk volume was measured after manually tapping the cylinder two times on a
flat tabletop surface. The powder poured into a cylinder will have a particular bulk density.
The tapped density denotes the powder’s bulk density after a specific compaction process,
generally involving the vibration of the container. The bulk density (Table 1) of the CC-PE
(0.723 g/cm3) was found to be slightly higher than dried RC powder, whose value was
0.716 (g/cm3). The filling up of the interstices/crevices by the PE (where the total soluble
solid content is 2%) might increase the solid concentration of the CC-PE agglomerate pow-
der, decreasing the bulk volume and increasing the bulk density. No significant differences
(p > 0.05) were observed for the bulk densities between the RC and CC-PE powder samples.
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Bulk density indicates the material’s quantity required to fill a specific package volume,
hence providing valuable information regarding handling and logistic applications [30].
Thus, the observed values of the bulk densities of the CC-PE powder confirmed a better
packaging performance than the RC powder due to the lesser space requirement for pack-
aging. The parameters that affect it are primarily the material components of the powder
product, the humidity and temperature conditions of the environment, and the particle
size [31]. The tapped density of the CC-PE (Table 2) powder (0.748 g/cm3) was slightly
lower than the RC powder (0.774 g/cm3). The more crystalline nature of the PS, which was
confirmed via the XRD analysis, could provide more compactness of the RC molecules. Ad-
ditionally, the regular sugar crystal sizes could provide better alignment/rearrangements
of sucrose crystals when tapping and occupying limited spaces between the sucrose pow-
der particles. The more irregular shapes of the CC-PE crystals, which were confirmed
via the formation of sucrose crystal agglomerates, made the rearrangement/alignment of
the sucrose crystals more difficult and occupied more space between the sucrose powder
particles. The SEM micrographs also confirmed the CC-PE powder’s irregular crystal
size/morphology. The irregular morphology of the CC-PE powder mass might possibly
hold more spaces, which would, in turn, occupy relatively more volume than an equivalent
RC powder mass. Since the tapped volume is inversely proportional to the tapped density,
occupying more volume might reduce the tapped density of the CC-PE powder compared
to the RC powder. No significant differences (p > 0.05) were observed for the tapped
densities between the RC and CC-PE powder samples. A decrease in the tapped density,
whose values ranged from 0.77–1.00 (g/cm3), has been reported for the propolis extract
co-crystallized with sucrose when the propolis ethanolic extract amount increased from
10 to 40 mL [32] and soluble fiber co-crystallized with sucrose (0.57 g/cm3) [13]. The bulk
and the tapped density values were significant for the determination of the flowability
property of the powder samples.

Table 2. Physical properties of the recrystallized sucrose (RC) and the co-crystallized Poniol
extract powder.

Sample Bulk Density Tapped Density
Flowability

(HR)
Hygroscopicity

(%)
Solubilization

Time (sec)

RC 0.716 ± 0.034 0.774 ± 0.034 1.034 ± 0.042 12.345 ± 0.036 64.8 ± 0.1
CC-PE 0.723 ± 0.023 0.748 ± 0.022 1.082 ± 0.003 11.672 ± 0.023 62.5 ± 0.1

RC = recrystallized sucrose; CC-PE = sucrose co-crystallized with Poniol extract. Values are given as
mean ± standard deviation. Similar letters within a column indicate no significant difference (p < 0.05).

2.3. Flowability

The ability of a powder to flow is called powder flowability. Flowability is the result
of the combination of material physical properties that affect the material flow. The powder
material handling and the caking properties during storage mainly depend on the powder
flowability characteristics. The flowability was determined using Hausner’s ratio (HR) for
the dried co-crystallized powder. Hausner’s ratio measures inter-particulate friction and
is defined as the ratio of tapped density to the bulk density of the co-crystallized powder.
HR < 1.11 is considered excellent flow, while HR > 1.60 is regarded as extremely poor
flow; in terms of intermediate values, HR between 1.12–1.18 is considered good flow, HR
between 1.19–1.25 is considered passable flow, HR between 1.35–1.45 is considered poor
flow, and HR between 1.46–1.54 is considered very poor flow [33,34]. The flowability of the
co-crystallized powder (CC-PE) of HR 1.082 was better than the recrystallized sucrose (RC)
crystal, which has an HR value of 1.034 (Table 2). The RC sucrose powder hygroscopicity
was also slightly higher as compared to the co-crystallized powder. A slight increase in the
hygroscopicity of the RC powder would decrease the powder’s flowability by increasing the
powder’s stickiness, resulting in the formation of large sugar agglomerates. This indicates
that the co-crystallization process improved the flowability property of the co-crystallized
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(sucrose + Poniol extract) powder. The improved flowability property (Hausner ratio values ~1)
of co-crystallized sucrose with yerba mate extract has been reported [16].

2.4. Hygroscopicity

The tendency of powder to attract and hold water molecules from the surrounding
environment is term as hygroscopicity. Hygroscopicity was determined as the weight
gained by the products after seven days of their formation reached equilibrium when
stored under the environmental conditions of RH = 75% and at 25 °C. This property is
an essential factor for defining the product’s packaging prerequisites. The hygroscopic-
ity of the dried CC-PE powder (Table 2) was 11.67%. It showed a significant (p < 0.05)
decrease in the hygroscopicity compared to the recrystallized sucrose (RC), which has a
value of 12.34%. The moisture content of any product determines the degree of spoilage or
shelf of any product since any biochemical reaction is mainly dependent on the moisture
content. The decreased hygroscopicity of the co-crystallized powder indicated that the
product would absorb less moisture during the storage period than the RC sucrose powder,
thereby prolonging the product’s shelf life. Higher hygroscopicity negatively influences
the powder’s flowability by increasing the powder’s stickiness, forming large sugar ag-
glomerates. The sugar agglomerates’ chain reaction forms thick masses of sugar powder,
which is a very undesirable property of any powder material. Similar findings of the lower
hygroscopicity of the sucrose matrix have also been reported when co-crystallized with
carotenoids extracted from carrots and found in yerba mate extract [11].

2.5. Solubilization Time

Solubilization time is the time of dissolving the solute (co-crystallized powder) in a
solvent (water) to form a homogenous solution (Table 2). The solubilization time of RC
powder was found to be around 64.8 s, which signifies that the Brix of the solution did not
change (9 Brix), indicating the crystal powder was fully dissolved in the solvent (water).
The solubilization time of the CC-PE powder in water was found to be 62.5 s, which was
lower than the RC powder. This shows that the co-crystallization process slightly decreased
the solubilization time of the product. No significant differences (p > 0.05) were observed
between the RC and the CC-PE powder samples. Greater amorphousness with reduced
crystallinity, confirmed via the XRD analysis, might trigger the reduced solubilization
time of the CC-PE. The higher crystalline RC would increase the compactness of the
sucrose molecules. Obviously, the more amorphous material could possess more hydration
power. This probably could enable quick solvent (distilled water) migration through the
agglomerate pores of CC-PE, permitting the active compounds (e.g., PE) residing in the
intervening spaces between crystals to release rapidly, thereby increasing solubilization
power. A decrease in the solubilization time of sucrose co-crystallized with yerba mate
extract (1.33 min) when compared to RC sucrose (1.37 min) has also been reported [31]. A
similar report on the decrease in the solubilization time of sucrose matrix co-crystallized
with yerba mate extract has also been revealed [16]. It can be concluded that there was
a slight tendency for better solubility for the CC-PE, which is beneficial when serving
the product.

2.6. X-ray Diffraction Analysis

The XRD diffractograms of the RC sugar and the CC-PE powder are shown in Figure 1.
Both the samples showed significant peaks at the 2θ values of 13.2, 18.9, 19.7, 24.8, and
25.3. The graph of the co-crystallized powder did not show any shift in the 2θ values
from the RC sucrose values. However, the intensities of the peaks of the RC sucrose were
higher than those of the co-crystallized powder sample. The co-crystallized powder did
not show any new distinct peaks with higher intensities in the diffraction graph, which
confirmed that the extract was not crystallized after the co-crystallization process and
was incorporated effectively in the voids of the sucrose. Additionally, the non-crystalline
nature of the PE might not influence the crystal structure of the sugar during the co-
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crystallization process. The degree of crystallinity of the CC-PE was 37.8%, while the RC
powder had 51.9% crystallinity. This higher crystallinity of RC sugar was also supported by
the DSC analysis that showed that the RC sucrose had a higher endothermic melting peak
with a higher intensity as compared to the co-crystallized powder. The XRD diffraction
pattern verified that the co-crystallization process reduced the degree of crystallinity of
the sucrose, which could be due to the amorphous nature of the extract. Any material
had been classified as high crystalline when above 50%, medium crystalline if 20–50%,
and low if 20% [35]. Accordingly, the XRD diffractograms proved that the RC sucrose
was a crystalline compound while the co-crystalline powder showed medium crystalline
properties. The XRD analysis concluded that the co-crystallization treatment did not change
the overall crystal structure of the sucrose, although the crystallinity had been reduced.
Reports on the non-occurrence of the additional peaks with higher intensities were reported
similarly for co-crystallized sucrose with Basella rubra extract, yerba mate extract, and
cardamom oleoresin [6,16,36]. The decrease in the crystallinity of the co-crystallized product
as compared to sucrose has also been reported for vitamin-B12-fortified co-crystallized
sugar cubes [37].

θ

θ

 
Figure 1. X-ray diffractograms of the RC (recrystallized sucrose) and CC-PE (sucrose co-crystallized
with Poniol extract).

2.7. Microstructure of Microencapsulated PONIOL (F. Jangomas) Powder after Co-Crystallization

The microcapsules’ surface morphology and internal structure were investigated by
analyzing the scanning electron microscope (SEM) images (Figure 2). The RC sucrose
(Figure 2A,B) showed a relatively regular crystal shape, which could be attributed to the
proper alignment of atoms in the RC sucrose molecule. In contrast, the CC-PE powder
(Figure 2C,D) exhibited an irregular agglomerated crystal, giving a porous structure that
could possibly produce bigger cohesive solids than the original fine RC powder granules.

The porous configuration of the sucrose potentially produced through the
co-crystallization process could accept a second ingredient (extract), enabling the incorpo-
ration of the second active ingredient [38]. The addition of the Poniol extract during the
spontaneous crystallization of the supersaturated sucrose/sugar syrup that had occurred
when heated (above 120 ◦C; 95–97 Brix) resulted in the incorporation of the second ingre-
dient into the void spaces/irregular cavities of the micro-sized crystal agglomerates [35].
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The presence of agglomerated clusters in the co-crystallized powder indicated the better
entrapment/incorporation of Poniol extract into the recrystallized sucrose. Reports on
better entrapment due to the presence of the agglomerated sucrose clusters have also been
reported for sucrose crystals that were co-crystallized with yerba mate extract, Basella
rubra extract, and carotenoids extracted from carrot [6,11,16]. The SEM analysis provided
important pieces of information about the surface morphological characteristics, which are
very important for both the products’ hygroscopicity and flowability properties.

  
(A) (B) 

  
(C) (D) 

Figure 2. SEM microphotographs of the RC ((A) = 500× and (B) = 1000× magnification) and the
CC-PE ((C) = 500× and (D) = 1000× magnification).

2.8. Fourier Transform Infrared (FT-IR) Spectroscopy

The FT-IR analysis analyzed the chemical structure and the functional groups of the RC
sucrose and the co-crystallized powder with Poniol extract in the range of 400–4000 cm−1

wavenumbers (Figure 3). The significant peaks found at 3568 cm−1 and 3395 cm−1 were
assigned to the -OH groups’ vibration (stretching). Bands attributed to the stretching of C-H
groups were detected around 3011 cm−1 and 2970 cm−1. The characteristic peak for -CH2
was found at around 2933 cm−1, and for C-O groups, it was found at around 1120 cm−1

and 987 cm−1, respectively. The C-O stretching vibration modes were found at around
1084 cm−1 and 902 cm−1. The band between 800–1500 cm−1 has been called the ‘fingerprint’
for sucrose (sugars), emergence from the CO-stretching vibrations, and the CH2 groups’
symmetrical deformation, thereby offering high structural information [39–44].
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Figure 3. FT-IR spectra of (A) RC and (B) CC-PE.

A similar chemical bonding structure with respect to the wavenumber, as mentioned
above, for sucrose has been reported [18,30,32]. The co-crystallized powder had no signifi-
cant additional peaks compared to the RC sucrose. This means there were no additional
conformational changes in the chemical bonding structure during the co-crystallization
process. However, there was an increase in the peak intensities at the band of ∼1650 cm−1,
a wavenumber assigned to the -OH bending vibration of water molecules. It was possible
to overlap this transmittance peak (∼1640 cm−1) with antisymmetric (COO−) stretching
bands [42]. Therefore, it can be suggested that the overlapping of -OH bending vibra-
tion and the stretching vibrations of C=C and C=O of polyphenolic compounds (from
the extract) might increase the intensity of the ∼1650 cm−1 band [32,45]. From the FTIR
analysis, it can be suggested that there was a good incorporation/entrapment of the extract
to the sucrose matrix since no significant new peaks were observed compared to the RC
powder sample.

2.9. Thermal (DSC) Analysis of Co-Crystallized Poniol Extract Powder

Differential scanning calorimetry (DSC) measures the temperatures and heat flows
associated with transitions in materials as a function of time and temperature in a controlled
atmosphere. These measurements offer information about physical and chemical changes
involving endothermic or exothermic processes or changes in heat capacity. Glass transition
temperature (Tg) is a characteristic parameter of a material above which it behaves like
a liquid (rubbery state). There was a shift in the Tg value of the co-crystallized powder
(144.5 ◦C) from the RC sucrose (145.3 ◦C). The DSC thermograms for the RC sucrose and
the co-crystalized samples are depicted in Figure 4.

The RC sucrose thermogram showed two significant endothermic peaks at approxi-
mately 199.9 ◦C and 221.9 ◦C, while the co-crystallized powder showed a distinct peak at
175.5 ◦C. The first peak (199.9 ◦C) of the RC sucrose was due to the melting point of the
sucrose, while the second peak could be assigned to sucrose degradation [31]. The first peak
of the co-crystallized powder might be due to the fusion of the sucrose and the extract [46].
Figure 4 shows that the endothermic peaks were shifting. The peaks of the co-crystallized
powder sample (both 175 ◦C and 222.7 ◦C) were broad with a lower intensity, signifying
the effect of the extract entrapped in the powder. The lower crystallinity explained via
the XRD property analysis of the co-crystallized power supported this effect. The shifting
and total or partial disappearance of the co-crystallized powder’s thermal events (melting
point) could be taken as proof of its good incorporation into the matrix, indicating good
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incorporation of the extract into the sucrose matrix. The second endothermic transition
at 222.7 ◦C could be attributed to the degradation of all the components in the CC-PE
powder [16,47–49]. The retainment of the crystalline state, as evidenced by the melting
endotherms of the DSC analysis, has also been reported in the sucrose co-crystallized with
yerba mate extract [50].

°
°

°

°

°

°

°

 
Figure 4. DSC thermograms of the RC and CC-PE samples.

3. Material and Methods

3.1. Raw Material and Chemicals and Reagents

Fresh Poniol (Flacourtia jangomas) fruit was obtained from the local market of Udalguri
district, Assam, India, and stored at 4 ◦C for further use. Distilled water was used for
washing of the fruit. All the chemicals and reagents were of analytical grade. The ethanol
(99.9%) was supplied by Changshu Hongsheng Fine Chemicals Co., Ltd. (Changshu,
China). Folin & Ciocalteu’s phenol reagent (2.0 N) and gallic acid (98%) were supplied by
Sisco Research Laboratories Pvt. Ltd. (Taloja, Maharashtra, India). Sucrose (AR grade),
sodium carbonate anhydrous (99.50–100.50%), and 2,2-Diphenyl-1-picrylhydrazyl or DPPH
(85.0%) were supplied by Himedia Laboratories Pvt. Ltd. (LBS Marg, Mumbai, India).
Ascorbic acid (99.0%) was purchased from Merck Life Science Pvt. Ltd. (Vikroli East,
Mumbai, India). Deionized water was used to prepare all the chemical solutions.

3.2. Fruit Extract Preparation

The whole fruit was dried in a domestic microwave oven (IFB, 20BC4, India) at
720 W power, followed by grinding. The dried powdered sample (100 g) was put in a coni-
cal flask and dissolved in ethanol (900 mL, 60%) for extraction closed with cotton. The ex-
traction was performed through keeping the solution mixture (ethanol + sample) in a shaker
(120 rpm) incubator (Remi RIS 24 plus, India) for 48 h at 37 ◦C [51,52]. After 48 h, the
solution was removed, and filtration was carried out through a cheesecloth to collect
the filtrate. The filtrate was again centrifuged (8000 rpm for 10 min), and the super-
natant Poniol extract (PE) was collected. The extract was stored at refrigerated conditions
(−20 ◦C) for further applications.

3.3. Preparation of the Co-Crysta–Llization Products

The sucrose (50 g) solution (70 Brix in distilled water) was heated in a glass beaker
at 127 ± 4 ◦C on a hot plate under intermittent manual mixing until the solution reached
95.8 Brix. The obtained solution was cooled, and when it reached 60 ◦C, the previously
prepared PE or pure ethanol (30 mL) was added, followed by covering it with aluminum
foil [9,53]. The obtained supersaturated solution was cooled through dipping the beaker in
ice-cold water. This cooling was done in order to prevent long-term exposure of the Poniol
extract to high temperatures, since this is known to provoke a browning reaction and flavor
degradation. Secondly, the product was to increase the supersaturation of the sugars, which
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facilitates quicker crystallization. The concentrated sucrose syrup was kept for 72 h at room
temperature for the formation of crystals. After that, the sucrose co-crystallized with the
Poniol extract (CC-PE) was collected and dried in a hot air oven (Universal, JSGW-TC344)
at 40 ◦C for 15 h and then was ground and sieved through a 500 mm mesh. Blends of raw
sucrose, distilled water, and ethanol were crystallized as described above for control. This
recrystallized sucrose (RC) was referred to as the control sample.

The resultant powder’s material characterization was carried out through analyzing
phenolic content, scavenging activity, color difference, solubility, hygroscopicity, loading
capacity and entrapment yield and flowability, DSC, XRD, and SEM for the CC-PE and the
control samples.

3.3.1. Determination of Total Phenolic Content

The total phenolic content (TPC) analysis was conducted according to the Folin–
Ciocalteu assay [54] to evaluate and study the influence of the co-crystallization process
in the TPC content among the PE, CC-PE, and control samples. The CC-PE powder
(5 mg) was dissolved in 5 mL of ethanol (60% v/v) and vortexed, followed by keeping
it at room temperature (25 ◦C) for 30 min. The concentration of the standard solution of
gallic acid ranged from 0.01–0.5 mg/mL. 200 μL of each pure ethanol PE and the solutions
of CC-PE and the control powder were pipetted out in different test tubes, followed by
adding distilled water (800 μL) and 5 mL Folin–Ciocalteu (10%). The solution mixture
was vortexed and kept for 1 min, and then 4 mL sodium carbonate (7.5%) was added.
The solution was incubated for 30 min at room temperature in dark conditions. The
absorbance was measured at 765 nm wavelength in a UV spectrophotometer (Cary 100,
Agilent Technologies, Santa Clara, CA, USA), and the phenolic content was expressed in
mg GAE/100 g of dried fruit.

3.3.2. Determination of Antioxidant Activity

Free radical scavenging activity towards the DPPH reagent method was used to
determine the antioxidant activity of the samples [55,56]. Co-crystallized powder (0.5 g)
was dissolved in 5 mL of ethanol (60% v/v), followed by vortexing, and was kept at room
temperature (25 ◦C) for 30 min. The RC powder was dissolved via the same procedure as
the CC-PE for the control sample preparation. 100μL of each extract/solution and the pure
ethanol (60%) were mixed with 3.9 mL of ethanolic solution of DPPH (25 mg/L). Then, the
mixture was incubated for 30 min in the dark, and absorbance was measured at 517 nm
using a UV-VIS spectrophotometer (Cary 100, Agilent Technologies, Santa Clara, CA, USA).
The percentage of inhibition (I %) of the DPPH free radical expressed the antioxidant
activity and was calculated using the formula:

DPPH (% I) =
(

1 − As

Ao

)
× 100 (1)

where
As = Absorbance of control (DPPH solution without extract)
Ao = Absorbance of sample.

3.3.3. Loading Capacity and Entrapment Yield [11]

Loading capacity (Lc) can be calculated as the total phenolic content of the Poniol
extract loaded in 1 g of co-crystallized material expressed as mg GA/g powder.

The entrapment yield (EY) was calculated as follows:

EY (%) =

(
Lc

L0

)
× 100 (2)

where L0 was the initial TPC of the Poniol extract expressed as mg GA/g dried Poniol fruit.
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3.3.4. Bulk Density, Tapped Density, and Flowability

The bulk density (g/cm3) was calculated through measuring the volume occupied by
the known masses of the RC and the RC-PE powder samples that were filled under gravity
in a graduated cylinder without compacting. For estimation of tapped density (g/cm3), the
volume measurements were made following 10, 25, and 50 manual taps. Each sample was
replicated in triplicate, and the obtained values were averaged.

The flowability of the co-crystallized powders was determined using Hausner’s ratio
(HR). The value of HR was calculated according to the ratio of the tapped density to the
bulk density [3].

The Hausner’s ratio was calculated as:

HR =
ρT
ρB

(3)

where ρT was the tapped density and ρB was the bulk density of the product.

3.3.5. Hygroscopicity

The tendency of powder to attract and hold water molecules from the surrounding
environment is termed hygroscopicity. The hygroscopicity of both samples was determined
through adopting methods described by [57,58] with slight modifications. Samples (1 g)
were kept inside the desiccator, which contains sodium chloride solution (RH 75.3%). The
result was calculated as the mass of water absorbed per 100 g of the sample after seven
days of storage.

Hygroscopicity =
Weight o f moisture absorbed(g)
Initial weight o f the sample(g)

(4)

3.3.6. Solubilization Time

The dried sample (both RC and CC-PE) powder (1 g) was blended with distilled
water (10 mL) at 25 ◦C with continuous stirring [32]. Aliquots of the sugar solutions were
taken in a refractometer at regular intervals and the Brix changes were observed. The
solubilization time was determined through observing the time (in seconds) when the Brix
changes became static.

3.3.7. X-ray Diffraction (XRD)

An X-ray diffractometer (STOE, Darmstadt, Germany) equipped with a Miniflex go-
niometer in reflection X-ray source: copper anode (Cu Kα = 1.5418 Å), current = 15 mA (fixed),
voltage = 30 kV (fixed), provided via a copper Kβ filter was used to analyze the crystallinity
of the samples. The samples were scanned between the 2θ values from 10◦ to 40◦ [6].

3.3.8. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (JEOLJSM-6390LV, Japan) was used to analyze the
microstructure of the RC and CC-PE powder samples. The co-crystallized powder was
attached to the SEM stubs using two-sided adhesives tape and then coated with a layer of
gold (40–50 nm) and analyzed using a 20 kV acceleration voltage.

3.3.9. FTIR (Fourier Transform Infrared Spectroscopy) Analysis

The chemical bonding and functional groups of the RC and CC-PE powders were
analyzed using Fourier transform infrared spectroscopy (Impact −410, Nicolet, Alexandria,
USA) and the spectral analysis was performed with the software OMNIC E.S.P.5.0. in the
wavenumber range of (400–4000) cm−1 at a resolution of 4 cm−1 [25,32].

3.3.10. Thermal Analysis (Differential Scanning Calorimetry)

Differential scanning calorimetry (DSC-60, SHIMADZU) with TA-60 WS software was
used for the DSC analysis of the RC and CC-PE powder samples. Samples (4–6) mg were
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placed in aluminum pans and then hermetically sealed. An empty pan was used as the
reference. The temperature range for the samples to be heated was (25 to 250) ◦C and the
heating rate was 10 ◦C/min [30].

3.4. Statistical Analysis

The analyses were conducted in triplicate, and the data are presented as
mean ± standard deviation. Each parameter underwent an analysis of variance (ANOVA)
with Tukey’s test to determine the significance of the effects and interactions between them.
A p < 0.05 was considered to be statistically significant. Origin software was used to draw
the graphs.

4. Conclusions

The ethanolic extract of Poniol (Flacourtia jangomas) fruit was encapsulated using
a co-crystallization process with sucrose, and the physicochemical properties of the co-
crystalized product were analyzed in this study. The obtained CC-PE and RC products’
material characterization was carried out through analyzing the TPC, antioxidant activity,
loading capacity, entrapment yield, bulk and tapped densities, hygroscopicity, solubiliza-
tion time, flowability, DSC, XRD, FTIR, and SEM. The bulk density and the flowability of
the CC-PE sample were 0.723 and 1.082 HR, respectively, which were higher than the RC
sample, whose values were 0.716 and 1.034 HR, respectively. The bulk hygroscopicity and
solubilization time of the CC-PE sample were 11.672% and 62.5 s, respectively, lower than
the RC sample, whose values were 12.345% and 64.8 s, respectively. The result revealed
that the CC-PE product had a good entrapment yield (76.38%) and could retain the TPC
(29.25 mg GAE/100 g) and antioxidant properties (65.10%) even after the co-crystallization
process. The higher flowability bulk density and the lower hygroscopicity and solubiliza-
tion time of the CC-PE sample compared to the RC sample are desirable for a powder
product. The XRD, FTIR, and DSC analyses also showed that there were no changes in the
crystal structure, functional group bonding structure, and thermal properties of the sucrose,
respectively. The SEM analysis showed that the CC-PE sample has cavities or pores in the
sucrose cubic crystals, which suggests that the entrapment was better. From the results,
we can conclude that co-crystallization increased the sucrose’s functional properties, and
the co-crystallized product can be used as a carrier for phytochemical compounds. The
obtained CC-PE, which contains bioactive compounds with antioxidant properties, may
possibly be used as a natural sweetener with improved properties while considering the
verification of consumer acceptance. The CC-PE product with improved properties can
also be utilized to develop nutraceuticals, functional foods, and pharmaceuticals.
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Abstract: Dietary interventions have captured the attention of nutritionists due to their health-
promoting aspects, in addition to medications. In this connection, supplementation of nutraceuticals
is considered as a rational approach to alleviating various metabolic disorders. Among novel strate-
gies, prebiotic-supplemented foods are an encouraging trend in addressing the issue. In the present
investigation, prebiotic fructooligosaccharides (FOS) were extracted from garlic (Allium sativum L.)
powder using ultrasound-assisted extraction (UAE). The response surface methodology (RSM) was
used to optimize the independent sonication variables, i.e., extraction temperature (ET, 80, 90, and
100 ◦C), amplitude level (AL, 70, 80, and 90%) and sonication time (ST, 10, 15 and 20 min). The
maximum FOS yield (6.23 ± 0.52%) was obtained at sonication conditions of ET (80 ◦C), AL (80%)
and ST (10 min), while the minimum yield of FOS was obtained at high operating temperatures and
time. The optimized FOS yield (7.19%) was obtained at ET (80 ◦C), AL (73%) and ST (15 min) after
model validation. The influence of sonication parameters, i.e., ET, AL and ST, on FOS yield was
evaluated by varying their coded levels from −1 to +1, respectively, for each independent variable.
High-performance liquid chromatography with refractive index detector (HPLC-RID) detection and
quantification indicated that sucrose was present in high amounts (2.06 ± 0.10 g/100 g) followed
by fructose and glucose. Total FOS fractions which included nystose present in maximum concen-
tration (526 ± 14.7 mg/100 g), followed by 1-kestose (428 ± 19.5 mg/100 g) and fructosylnystoses
(195 ± 6.89 mg/100 g). Conclusively, garlic is a good source of potential prebiotics FOS and they
can be extracted using optimized sonication parameters using ultrasound-assisted techniques with
maximum yield percentage.

Keywords: garlic (Allium sativum L.); FOS; prebiotics; UAE; RSM; HPLC-RID; spice; detection
quantification

1. Introduction

Consumers are cautious about their food in recent times as poor nutritional habits
such as more intake of saturated fatty acids and sugar contents and low intake of long-chain
polyunsaturated fatty acids, vitamins, minerals and dietary fibers result in heart diseases,
metabolic syndrome, chronic anxiety disorders, inflammation and various other maladies
both in developed and developing countries. People need those functional foods that
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not only fulfil the nutritional requirements but also provide bioactive compounds that
help in maintaining good health and longevity [1]. Therefore, the utilization of functional
ingredients is important to provide the health benefits that ultimately reduce these risk
factors due to poor nutritional intake. In this regard, many food industries are more
interested in the production of fortified food products using different functional ingredients
than actual food. The important functional ingredients in the human diet are prebiotics,
probiotics, polyphenols, fatty acids and vitamins [2]. Among these functional ingredients,
prebiotics plays an effective role in intestinal health by selectively stimulating the growth
and activity of bacteria in the bowel [3]. Prebiotics act as feed for probiotics bacteria and
other beneficial microbiota in the small intestine. It produces more health benefits by
modulating intestinal microbiota as compared to other techniques such as drug therapy,
aging, disease and antibiotics. It helps to promote certain microbial species, which are not
present in the gut, for gaining better health benefits [4].

The prebiotics concerned are present in vegetables, roots and tuber crops. Among
roots, garlic is an excellent source of natural prebiotics in the form of fructooligosaccha-
rides (FOS). FOS are a diverse group of carbohydrates including fructose residues as
prime monomers [5]. FOS, also synonymously called as oligofructose or oligofructan, are
oligosaccharide fructans. Short-chain fructooligosaccharides (scFOS or FOS) are a com-
bination of 1F-(1-β-fructofuranosyl) n-1 sucrose oligomers, where n varies from two to
four [6]. In nature, they are sucrose molecules (glucose–fructose disaccharide) to which
one or more extra fructose units are connected by β, 2-1glycosidic linkages The individual
components of FOS contain GF2 (α-D-glucopyronoside-(1,2)-β-D-fructofuranosyl-(1,2)-β-
D-fructofuranosyl or kestose), GF3 (α-D-glucopyronoside-(1,2)-β-Dfructofuranosyl-(1,2)-
β-D-fructofuranosyl-(1,2)-β-D-fructofuranosyl-(1,2)-β-Dfructofuranosyl (nystose) and 1F-
fructofuranosyl-nystose (GF4) [7]. Bioactive compounds 1-kestose (GF2), nystose (GF3),
quercetin, kaempferol and fructosylnystose (GF4) have been reported in garlic samples [8,9].
FOS are also responsible for many functions in the human body such as the consumption
of non-digestible oligosaccharides that increase gastrointestinal metabolism, improve the
activity of bifidobacteria in the large intestine and act as an essential nutrient that must
be present in the diet to reduce the risk of heart diseases and maintain gut health. Ad-
ditionally, FOS also act as an antimicrobial agent, antioxidant, hypoglycemic index and
hepatoprotective compounds, lowering alanine aminotransferase and mineral absorption
to maintain bone homeostasis and maintain lipid profile levels in the human body [10].
Femia et al. [11] reported that FOS could reduce colonic epithelial cell proliferation in the
colon and reduce the number of pills. They also help to reduce plasma cholesterol and
hypertriglyceridemia and maintain colon health and gut microflora [12]. This dietary fiber
can also help to reduce the effect of hypertriglyceridemia and decrease glucose intolerance
in the colon [13]. Furthermore, FOS can also be used as a sweetener in the form of sucrose
as it contains low calories and is rich in fiber [10,13].

Prebiotics are commonly obtained through three main techniques, i.e., microbiological
synthesis, enzymatic degradation of polysaccharides and isolation from natural resources.
These are naturally present in vegetables, roots and tuber crops. Among roots, garlic has
been recognized as an excellent source of natural prebiotics in the form of FOS, comprising
70–80% of its total dry matter. Commercial extraction and quantification methods have been
employed for the determination of prebiotic oligosaccharides from different vegetables
and fruits such as enzymatic extraction, electrophoresis and ion exchange chromatography;
most of these methods are technically complicated, require many laborious steps, with
many impurities, and are time-consuming and expensive [10,14–16]. In addition, previous
research has elaborated that the extraction yield of prebiotics FOS can be increased by
25% using ultrasound-assisted extraction (UAE) technology when compared to traditional
enzymatic and solvent extraction methods. High-performance liquid chromatography
(HPLC) is the method of choice among the chromatographic techniques for the quantifica-
tion and detection of FOS and their other structural components [15,17,18]. Optimization
of the methods for natural product extraction and quantification may reduce the cost and
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time consumption with a higher yield. In this connection, the present research aimed to
optimize the ultrasound operating conditions and check their impact on FOS extraction
from garlic (Allium sativum L.) powder using response surface methodology (RSM) and to
determine their main sugar contents of FOS by high-performance liquid chromatography
with refractive index detection (HPLC-RID) for the first time in Pakistan.

2. Results and Discussion

2.1. Model Fitting and Extraction Yield of Fructooligosaccharides (FOS)

In order to optimize extraction conditions, the combined impact of independent vari-
ables (extraction temperatures (ET) 80–100 ◦C, amplitude level (AL) 70–90% and sonication
time (ST) 10–20 min on the extraction of FOS, experiments were performed for different
combinations of the independent variables using statistically designed experiments, and
the results have been described in Table 1. The total number of the experiment was 16-run
to determine their optimum levels. In this study, the highest yield of FOS in garlic powder
was obtained at 6.23 ± 0.52% at ET (80 ◦C), AL (80%), and ST (10 min). The minimum
response value in experimental samples was estimated at 4.55 ± 0.40% at ET (100 ◦C), AL
(80%) and ST (20 min). Further, the FOS yield was significantly improved by reducing the
ET and ST. The predicted extraction of FOS from garlic powder with the combinations of
independent variables such as ET (◦C), AL (%) and ST (min) as defined by the regression
model were found in the range of 5.75 ± 0.44% to 7.19 ± 0.57% (Table 1).

Table 1. Extraction yield of FOS in garlic as analyzed using Box–Behnken design (BBD) after
ultrasound treatment.

Sonication
Run

Independent Variables Response Variable

Coded (ET) Coded (AL)
Coded

(ST)

ET
(◦C)

AL (%)
ST

(min)

FOS Yield (%)

Experimental
Value

Predicted
Value

1 +1 −1 0 100 70 15 4.76 ± 0.42 h 5.82 ± 0.48 e

2(C1) 0 0 0 90 80 15 5.25 ± 0.47 fg 6.25 ± 0.53 c

3 −1 0 +1 80 80 20 5.95 ± 0.49 de 7.08 ± 0.55 ab

4 −1 −1 0 80 70 15 6.06 ± 0.50 d 7.19 ± 0.57 a

5 +1 +1 0 100 90 15 5.13 ± 0.45 g 5.97 ± 0.50 de

6 0 +1 −1 90 90 10 4.62 ± 0.41 hi 5.88 ± 0.49 e

7 −1 0 −1 80 80 10 6.23 ± 0.52 c 7.02 ± 0.53 b

8 0 −1 +1 90 70 20 5.11 ± 0.44 g 5.84 ± 0.48 e

9(C2) 0 0 0 90 80 15 5.27 ± 0.48 fg 6.25 ± 0.53 c

10 −1 +1 0 80 90 15 6.17 ± 0.51 cd 7.11 ± 0.56 ab

11(C3) 0 0 0 90 80 15 5.23 ± 0.46 fg 6.25 ± 0.53 c

12 +1 0 +1 100 80 20 4.55 ± 0.40 i 5.75 ± 0.44 ef

13 +1 0 −1 100 80 10 4.98 ± 0.43 gh 5.84 ± 0.48 e

14 0 −1 −1 90 70 10 5.24 ± 0.47 fg 6.30 ± 0.54 bc

15 0 +1 +1 90 90 20 5.41 ± 0.48 f 6.33 ± 0.54 bc

16(C4) 0 0 0 90 80 15 5.26 ± 0.45 fg 6.25 ± 0.53 c

C1, C2, C3 and C4 FOS sonication conditions are set at center points of the Box–Behnken design (BBD); a–i Means
with different superscripts represent the change in FOS yield; ET, extraction temperature; AL, amplitude level; ST,
sonication time; FOS, fructooligosaccharides.

There is very limited published data that provides information to support the ex-
traction of FOS from garlic powder using optimized operating conditions of ultrasound-
assisted extraction (UAE). The predicted values of FOS were compared with experimental
values in order to evaluate the validity of the model. Table 2 indicates the analysis of
variance (ANOVA) obtained from the fitting of the experimental data and the interaction
effect of ultrasonic conditions on FOS yield. The model and lack of fit f -value showed
a significant effect on the dependent variables. The R2 computed for FOS was found to
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be 0.92. The analytical results for adjusted and predicted R2 values were reported as 0.80
and 0.25, respectively.

Table 2. Analysis of variance (ANOVA) for the quadratic model of FOS yield.

Source of Variation SS DF MS f -Value p-Value

Model 3.81 9 0.42 7.84 0.01
ET 3.14 1 3.14 58.18 0.003
AL 0.06 1 0.004 0.052 0.82
ST 0.04 1 0.002 0.003 0.95

ET × AL 0.01 1 0.014 0.27 0.62
ET × ST 0.05 1 0.003 0.10 0.75
AL × ST 0.21 1 0.21 3.84 0.09

ET2 0.37 1 0.37 6.84 0.03
AL2 0.01 1 0.0005 0.072 0.79
ST2 0.06 1 0.066 1.23 0.30

Residual 0.31 6 0.054 – –
Lack of Fit 0.34 3 0.11 368.77 0.82
Pure Error 0.07 3 0.001 – –

Total 4.13 16 – – –
ET, extraction temperature; AL, amplitude level; ST, sonication time; SS, the sum of squares; DF, degree of freedom;
MS, mean square. Level of significance: p ≤ 0.05.

UAE is based on the propagation of mechanical waves that are capable of destroying
the cell walls of the sample. It analyzes the variables involved in the production of high-
value compounds and the extraction of prebiotics [19]. The FOS content in garlic powder
was found to be 3.34% as described in a research study conducted by Prayogi Sunu et al. [20].
According to the literature of Campbell et al. [14], FOS content in garlic powder was
1.70%. The FOS yield depends on the concentration, temperature, solvent and treatment
time. Moreover, the temperature and time comprehensively affected the yield of bioactive
compounds [21]. Another research work by Heydari and Darabi Bazvand [22] revealed
that the maximum extraction efficiency of vitamin C or ascorbic acid was estimated in
various matrices at the lower ultrasonic time (10 s) and higher ultrasonic amplitude (100%).
In another similar study, the extraction efficiency of mineral components from edible oils
was increased up to 10 min and then decreased, while increasing the optimum ultrasonic
bath temperature to 60 ◦C contributes to an increase in the yield [23]. Furthermore, the
maximum yield was obtained at optimizing ultrasonic conditions such as, ultrasound
time = 30 min; volume of organic solvent = 2.5 mL; salt concentration = 25% w/v; and
pH = 4 [24]. According to the previous report of Rezaeepour et al. [25], a higher extraction
efficiency occurs at the initial ultrasonic time range from 1 to 30 min and then decreases.
A comparative study was carried out by Louie et al. [26] and found a significantly higher
yield of FOS as compared to other traditional extraction methods. The improvement in
yield was noticed as time and temperature decreased [10]. The highest value of yield
(112 μg/mL) was determined at 25 ◦C for 90 min with optimum frequency [21]. The highest
withdrawal rate was observed in the first few minutes, which is considered to be the most
profitable period [27]. Higher FOS contents can be used in functional products to improve
the activity of microbiota and may reduce the attack of pathogens on intestinal cells [28].

2.2. Single Factor Analysis for FOS Yield

The influence of ET, AL and ST on FOS yield was evaluated by varying their coded
levels from −1 to +1, respectively, for each independent variable (Figure 1). The mean
value of independent variables was set to rotate the model uniformly during the analysis
of each individual variable of the process and response. The regression equations for the
independent variables are given in Equations (1)–(3), respectively.

Regression equation for ET = (36.492) + (−0.609) ET + (0.003) ET2 (1)
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Regression equation for AL = (4.1025) + (0.051875) AL + (−0.003) AL2 (2)

Regression equation for ST = (5.108) + (0.153) ST + (−0.005) ST2 (3)

 
Figure 1. Single factor analysis of independent sonication operating conditions for FOS yield. For
interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.).

The analysis of the single factor showed that the ET had a strong effect on the per-
centage of FOS yield. The FOS yield was inversely proportional to the level of ET. The
FOS yield was increased by lowering the level of ET. The AL and ST level imparts mini-
mum effect on the FOS yield (Figure 1). The regression coefficient was used to calculate
the quadratic impact of independent variables. In this quadratic regression model, the
regression coefficient between the independent variables and the response variables was
high, indicating the best evaluation of the experimental data.

2.3. Mutual Interaction Effect on FOS Yield

The effect of the mutual interaction on the independent variables for the yield of
FOS in garlic powder was estimated by rotating two independent factors and fixing the
third factor at the coded zero level. The surface and contour plots representing the mutual
interaction of sonication independent variables have been shown in Figures 2 and 3. The
mutual interaction effect between ET and AL showed that the FOS yield was reduced
by increasing the ET and AL (Figure 2a). Furthermore, the correlation between ST and
ET indicated that the increase in ST and ET leads to a decline in FOS yield (Figure 2b).
Moreover, the FOS yield was improved by lowering the ST and AL levels (Figure 2c).
The validation of the model depends on the optimized experimental values and response
yield. The Box–Behnken design (BBD) was used to optimize the operational conditions and
FOS yield. Based on the above findings, the interaction between ET and AL showed the
FOS yield of 7.19% at ET (80 ◦C), AL (73.34%) and ST (15 min) (Figure 3a). Moreover, the
relation between optimized and predicted values of ET and ST indicated the FOS yield as
7.18%, at ET (80 ◦C), AL (80%) and ST (15.67 min) (Figure 3b). Furthermore, sonication-
independent conditions for AL and ST in UAE were determined as ET (90 ◦C), AL (90%)
and ST (19.34 min) for a 6.33% FOS yield (Figure 3a). The optimized sonication conditions
for FOS yield validation were again performed with three different replications to confirm
the final predicted value and response yield for future recommendations at the commercial
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scale for discerning food processing industries. Finally, the optimized FOS yield (7.19%)
was obtained at ET (80 ◦C), AL (73%) and ST (15 min) after model validation.

 

Figure 2. Surface graphical representation of mutual interaction effect of sonication conditions
on response yield. (a) Extraction temperature (◦C) and amplitude level (%) versus FOS yield (%),
(b) extraction temperature (◦C) and sonication time (min) versus FOS yield (%) and (c) amplitude
level (%) and sonication time (min) versus FOS yield (%). For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.

 

Figure 3. Mutual interaction analysis of sonication operating conditions in terms of contour plots for
FOS yield. (a) Extraction temperature (◦C) versus amplitude level (%), (b) extraction temperature
(◦C) versus sonication time (min) and (c) amplitude level (%) versus sonication time (min). For
interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.

The results of the present study are in line with the previous findings of Ahmad et al. [29].
Notably, they used extraction temperature, extraction time and liquid–solid ratio in the
representative quadratic model and statistical validation of the polynomial equation was
performed. The highest polysaccharide yield (11.56%) was noted at optimum condi-
tions [29]. The mutual interaction between response and predicted values was validated
by the RSM model using regression coefficient correlation [30,31]. In a similar fashion, the
effect of time, temperature, volume to mass ratio and ultrasound treatment on yield was
validated for individual regression coefficients [32]. Moreover, Khumpirapang et al. [33]
described the strong correlation between predicted and experimental values obtained at
optimal extraction conditions, and such a finding ultimately strengthens the outcomes
reported in the present study.

2.4. Quantification of FOS by High-Performance Liquid Chromatography with Refractive Index
Detector (HPLC-RID)

The quantification of FOS via HPLC-RID in garlic powder is presented in Table 3. It is
obvious from the data that sucrose is present in the highest amount (2.06 ± 0.10 g/100 g),
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followed by fructose and glucose. On the other hand, out of total FOS fractions, nystose (GF3)
with three glucose units was present in maximum concentration (526 ± 14.68 mg/100 g), preceded
by 1-kestose (GF2) at 428 ± 19.45 mg/100 g and fructosylnystose (GF4) 195 ± 6.89 mg/100 g. The
results from intra- and inter-day analysis showed good precision. The results concerning
extracted FOS from garlic in the current investigation are in agreement with the observa-
tions of Król and Grzelak [34]. They categorized commercially available FOS and observed
the values for individual monosaccharides containing sucrose, glucose and fructose as
3.00, 0.40 and 0.30 g/100 g, whilst nystose, kestose, and fructosylnystose were observed as
49.00, 36.00 and 12.00 g/100 g. Nevertheless, the FOS composition varies with the source,
degree of polymerization as well as the method of extraction. The obtained results for FOS
composition are also corroborated by the findings of Chen et al. [35], who assessed FOS
powder for its modulating role in elderly men. According to their observations, HPLC
analysis exposed that FOS contained various fractions i.e., sucrose, glucose, fructose, 1-
kestose, nystose and fructosylnystose. Out of these individual fractions, the maximum
level was noticed for 1-kestose and the minimum for fructosylnystose. The current data
regarding FOS characterization are in agreement with the findings of Judprasong et al. [36];
they verified the FOS and inulin composition of numerous fruits and vegetables including
garlic and established the presence of the above-mentioned fractions.

Table 3. Quantification of individual fractions (mono- and oligosaccharides) of FOS contents of garlic
powder by HPLC-RID.

Sugar Concentration (g/100 g)

Fructose 1.30 ± 0.09
Glucose 0.30 ± 0.02
Sucrose 2.06 ± 0.10

Fructooligosaccharides Concentration (mg/100 g)

1-Kestose (GF2) 428 ± 19.45
Nystose (GF3) 526 ± 14.68
Fructosylnystose (GF4) 195 ± 6.89
Total (FOS) 1149 ± 22.35

Values expressed as means ± standard deviation.

FOS hold quite a lot of characteristics that make them a desirable food additive to
augment the shelf life and taste profile of food products [7]. Remarkably, FOS are one of
the new functional fibers employed in the food industry that effectually increase the fiber
contents of usually non-fibrous foods. Still, it is appropriate to probe the compositional
parameters and degree of polymerization of FOS contents of different vegetables as it
impacts the rheology of functional food products to which they can be added. Moreover,
the chain length also affects the level of fermentation in the intestine and a shorter chain
length is preferred [37].

Garlic has a peculiar smell due to which it is not liked by all consumers. Moreover,
its pungent taste may not be appropriate for addition to some types of food products.
Hence, extraction of FOS and provision in their purified form may improve their overall
consumption. The extracted FOS in this study were off-white in color and almost odorless.
So, they can be used as an ingredient in the preparation of many ready-to-eat food products
with prebiotic properties.

3. Materials and Methods

3.1. Chemicals and Preparation of Sample

All the chemicals and HPLC grade reagents and standards were purchased from
Merck (Merck KGaA, Darmstadt, Germany) and Sigma-Aldrich (Sigma-Aldrich, Tokyo,
Japan). Spring garlic was purchased from the registered superstore, Punjab, Pakistan. In
this study, garlic bulbs were manually separated into cloves. The undesirable components
were removed from the garlic cloves. After that, approximately 100 g of samples were
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randomly selected, cut into small pieces of 20 to 30 mm and dried in a universal hot air
oven (Memmert® UN55, Memmert, Schwabach, Germany) for 12 to 24 h at 60 ◦C. At the
end, garlic powder was prepared by grinding the dry bulb through a grinder [38].

3.2. Ultrasound-Assisted Extraction (UAE) of Fructooligosaccharides (FOS)

FOS were extracted from the garlic powder samples using the method elaborated
by Jovanovic-Malinovska et al. [18] with some modifications. In this method, 100 g of
garlic powder was dissolved in 20 mL of ethanol (96%) and prepared into a solution. The
sonication apparatus (model VCX 750, Sonic and Materials, Inc., Newtown, CT, USA) was
used for the extraction process. The different ratios of prepared solutions were placed in
the ultrasound sonication apparatus at extraction temperatures (ET) 80–100 ◦C, amplitude
level (AL) 70–90% and sonication time (ST) 10–20 min. After that, the solution samples
were kept for 10 to 20 min to cool at room temperature (25 ± 2 ◦C). Then, the solution
was centrifuged at a low temperature of 10 ◦C by adjusting the speed at 3000 rpm. After
the centrifugation, 10 mL of supernatants were mixed and placed in the vacuum rotary
evaporator at 50 ◦C until the solvent was removed. Finally, the slurry was re-suspended by
adding 1.5 mL of deionized water. Whatman No. 1 filter paper was used for filtration.

3.3. Determination of the FOS Content by HPLC-RID

The concentration of FOS in the garlic powder sample was estimated using HPLC-RID
(PerkinElmer Series 200, PerkinElmer, Shelton, CT, USA) fitted with a refractive index
detector (RID-10A) and C18 column (250 mm × 4.6 mm, 5.0 μm particle size). In this study,
1 mL sample was dissolved in HPLC grade water and the solution volume was made up
to 50 mL. After that, the prepared solution was kept in a shaking water bath for 5 min
at 30 ◦C and filtered with Whatman No. 1 (pore size 25 μm). Then, 10 μL of the aliquot
sample was injected. The mobile phase was HPLC grade water. The flow rate was adjusted
to 1 mL/minutes and the amounts of 1-kestose (GF2), nystose (GF3), fructosylnystose
(GF4) and total (FOS) were performed by their respective standards of fructose, glucose,
sucrose and FOS (Sigma-Aldrich, St. Louis, MO, USA). The precision or accuracy of
the presented method was assessed through the intra- and inter-day repeatability of the
method of respective standards. The intra-day repeatability study was performed through
injection of standard solution six times in one day followed by calculation of the relative
standard deviation. Furthermore, inter-day repeatability was assessed by analyzing the
same standard solution once a day over a three-day period [39].

3.4. Experimental Design and Statistical Analysis

The obtained data for garlic powder were subjected to statistical analysis, and the
level of significance was determined at 5% (p ≤ 0.05) using the software Design Expert®

(version 11.1.2.0, E Hennepin Ave, Minneapolis, MN, USA) and MathWorks Matlab® (ver-
sion 7.5.0.338; R2007a, Natick, MA, USA) software according to the method described
in Montgomery [40]. In addition to this, response surface methodology (RSM) was per-
formed to estimate the optimized values of independent variables on which maximum
dependent response was obtained using the Box–Behnken design (BBD). Analysis of vari-
ance (ANOVA) was employed to check the ampleness of the model. The modeling was
started with a quadratic model including linear effects, interaction effects and quadratic
effects. Significant terms in the model for dependent variables were found by ANOVA
and significance was assessed by the F-statistic intended from the data. The results were
evaluated with various descriptive statistical analyses such as the sum of squares (SS),
degree of freedom (DF); and mean square (MS). After fitting the value to the model, the
generated values were used for contour and surface plots. Table 4 presents the coded and
actual values of experimental treatments. The three independent variables at three levels
and results obtained for each response were used to evaluate the BBD of RSM explained by
non-linear Equations (4)–(6), respectively.
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Y = β0 + β1 (ET) + β2 (AL) + β3 (ST) + β1 × β2 (ET × AL) + β1 × β3 (ET × ST) + β2 × β3 (AL × ST) + β1 (T)2 +
β2 (AL)2 + β3 (ST)2 (4)

Table 4. Coded and actual levels of independent sonication variables for optimization of fruc-
tooligosaccharides yield determined by BBD of response surface methodology (RSM).

Independent Variables Units
Coded Levels

−1 (Low) 0 (Medium) +1 (High)

Extraction temperature (ET) ◦C 80 90 100
Amplitude level (AL) % 70 80 90
Sonication time (ST) min 10 15 20

The regression equation in terms of coded and actual factors is given below:

Y1 = + 4.25 − 0.63 β1 + 0.019 β2 − 0.005 β3 + 0.060 β1 × β2 − 0.037 β1 × β3 + 0.23 β2 × β3 + 0.30 β12
− 0.031 β22 − 0.13 β3

(5)

Y2 = + 39.96 − 0.64 ET − 0.070 AL − 0.14 ST + 0.006 ET × AL − 0.007 ET × ST + 0.004 AL × ST
+ 0.003 ET2 − 0.003 AL2 − 0.005 ST2 (6)

where Y, Y1, Y2 = Dependent variables; β0 = Intercept; β1 = Extraction Temperature (ET);
β2 = Amplitude Level (AL); β3 = Sonication Time (ST); β1 to β3 = Regression coefficients;
ET, AL, ST = Independent variables.

4. Conclusions

This study has provided detailed information regarding the extraction of fructooligosac-
charides (FOS) from the local garlic variety consumed in Pakistan. It may be concluded that
garlic may be one of the major sources of FOS and the maximum yield of fructooligosac-
charides (FOS) from garlic can be obtained by using the optimized conditions of ultra-
sound green technology. Moreover, the HPLC-RID quantification revealed the presence
of 1-kestose (GF2), nystose (GF3) and fructosylnystose (GF4) in higher concentrations as
individual sugar fractions. The results may provide a good basis for optimized extraction
parameters as well as the composition of FOS in garlic. Furthermore, the present study also
recommended that the extracted FOS may be explored as a functional food ingredient to
formulate prebiotics-supplemented food products. Additionally, long-term storage quality
and biological evaluation of such FOS-fortified food products should be considered in
future studies.
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Abstract: Furfural is a naturally occurring compound in bee honey, classified as a fermentation
inhibitor. The aim of this study was to ascertain the concentration of furfural in mead worts, prepared
at room temperature (unsaturated) and heated to boiling for 10 to 70 min (saturated), with an extract
of 25 to 45◦Brix. Moreover, the impact of the furfural on the fermentation course of mead wort was
assessed. For this purpose, fermentation tests were conducted using mead wort (30◦Brix) to which
furfural was added at concentrations ranging from 1 to 100 mg/L. HS-SPME-GC-TOF-MS analysis
revealed that the furfural concentration in mead worts varied between 2.3 and 5.3 mg/L. In saturated
worts, the concentration increased by 2.8 to 4.5 times. Acidification of mead wort prior to boiling led
to further increase in furfural concentration. The greatest changes occurred in the least concentrated
worts, having the lowest buffer capacity. The addition of furfural to the mead wort did not inhibit
fermentation, and an increase in attenuation was observed in the samples containing 2 mg/L of
furfural compared to the control. Throughout the fermentation most of the furfural was reduced to
furfuryl alcohol.

Keywords: mead; honey wine; fermentation; furfural; furfuryl alcohol; Saccharomyces cerevisiae

1. Introduction

Mead is a fermented beverage with an ethanol content ranging from 8% to 18% v/v
produced through the fermentation of mead wort obtained from diluted bee honey [1].
Depending on the ratio of water to honey in the mead wort, the drinks are called: półtorak
(1:0.5), dwójniak (1:1), trójniak (1:2) and czwórniak (1:3). These names have been registered
as Traditional Specialities Guaranteed (TSGs) and are protected throughout the European
Union to preserve traditional production methods and recipes [2].

Mead worts are characterized by a high sugar content, which is one of the factors
that inhibit the fermentation process. The high osmotic pressure resulting from the high
concentration of the extract contributes to the relatively long adaptation time of the yeast [3].
This increases the synthesis of acetic acid [4,5]. Bee honey is characterized by low acidity
and low content of substances necessary for yeast metabolism. Mead wort is usually addi-
tionally acidified with citric acid. It is also supplemented with salts containing ammonium
ions, phosphates(V) and complex preparations based on yeast extracts [6–10]. A deficiency
of compounds containing elements such as calcium, magnesium, phosphorus, nitrogen
and vitamins, mainly from the B group, can lead to stuck and slow fermentation [1,7,11].
Acidification of mead worts is aimed at lowering the pH of the solution, reducing the risk of
development of harmful microbiota that may lead to spoilage of the product, and balancing
the sweet taste resulting from the high concentration of carbohydrates [6,12].

Problems with low attenuation of mead wort are also caused by the presence of
compounds with antimicrobial activity in bee honey [13]. This group includes polyphenolic
compounds, essential oils and amphiphiles, i.e., compounds with both hydrophilic and
hydrophobic properties. The latter group includes medium molecular weight aliphatic
acids, e.g., hexanoic, octanoic and decanoic acids, which in high concentrations and at
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low pH can contribute to fermentation inhibition [6,14]. These compounds have surface-
active properties and are absorbed by suspensions and colloids present in the fermentation
medium [15,16]. In the case of mead wort, yeast hulls, pollen, water-insoluble polymers
and hydrocolloids can be added to accelerate fermentation. A similar effect can be achieved
by immobilizing yeast cells on organic or inorganic supports [15–20].

According to the method of wort preparation, meads can be divided into saturated
and unsaturated. Saturated mead is made from wort that is heated to boiling before
fermentation [21]. Unsaturated meads are richer in aromatic substances of raw material
origin, and partially retain the enzymatic activity of honey, which results in the forma-
tion of hydrogen peroxide and gluconolactone in the worts [22]. As a result of lactone
hydrolysis, gluconic acid is produced, which lowers the pH of the wort environment.
Increasing acidity increases the effective concentration of undissociated medium molecu-
lar weight fatty acids. These compounds are classified as fermentation inhibitors, which
can also negatively affect the fermentation rate and significantly reduce the degree of
sugar attenuation [23].

When saturated meads are obtained, microorganisms and enzymes present in mead
wort are deactivated by heating, while proteins coagulate and some polyphenolic com-
pounds and waxes are precipitated [3,6]. Saturated worts are characterized by faster
fermentation and clarification and higher microbiological stability [24]. Heating mead
worts above 70 ◦C deactivates glucose oxidase [22]. During heating, valuable aromatic
compounds characteristic for the type of bee honey are evaporated, but also new sub-
stances are formed, which significantly affect the aroma [25]. Maillard reactions occur
in heated worts, contributing to increased concentration of furan derivatives, including
5-hydroxymethylfurfural (HMF) and furfural [24]. These compounds occur naturally in
bee honey, especially when stored at elevated temperatures [26]. HMF is formed by the de-
hydration of hexoses in an acidic environment, while furfural is formed by the dehydration
of pentoses and the decomposition of ascorbic acid [27]. These reactions also take place
during the preparation and fermentation of mead wort. The rate of formation of furan
derivatives depends mainly on the substrate concentration, temperature and pH [26]. The
concentrations of the mentioned substances depend on the type and storage conditions of
the honey and are inversely proportional to the freshness of the product. At the same time,
the method of mead wort production can significantly affect the concentration of furan
derivatives in the fermented liquids [24].

Furfural is classified as a fermentation inhibitor, i.e., a factor that inhibits the fer-
mentation process and reduces the attenuation of sugars in the wort. Furan compounds
inhibit the growth of S. cerevisiae yeast and reduce the concentration of ethanol in the final
products [27–29]. Furfural inhibits glycolysis and the fermentation rate, especially alcohol
dehydrogenase, aldehyde dehydrogenase and pyruvate dehydrogenase [30–33]. In a study
by Palmqvist et al. [34], a negative effect of a mixture of furfural and acetic acid on biomass
growth and ethyl alcohol production was found. Allen et al. [35] showed that under aerobic
conditions, the presence of furfural inhibits the growth of yeast, despite the presence of
sufficient amounts of appropriate nutrients. Under anaerobic conditions, yeast cells reduce
furfural to furfuryl alcohol [27]. The degree of furfural reduction is proportional to the
inoculum density [34]. The furfural reducing agent is NADH, and the reaction leads to
a reduction in the furfural concentration in the solution within a few to several dozen
hours [36].

After inoculation of the mead worts with S. cerevisiae yeast, alcoholic fermentation lasts
from several days to up to three months [1]. Once the fermentation process is complete,
young meads are aged for several months to several years. To shorten the fermentation
time of mead wort, one strategy is to select appropriate yeast strains that are adapted to the
specific high-sugar environment [37]. Research was conducted on the adaptation of yeast
cells to high sugar concentration solutions containing substances classified as fermentation
inhibitors. The data showed that adaptation to a furfural-enriched environment led to a
significant reduction in fermentation time. The adapted strains also showed an increased
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ability to degrade HMF and a significant increase in the conversion of furfural to furfuryl
alcohol [38].

During the fermentation of mead worts, a synergistic effect is often observed as a result
of high osmotic pressure, high ethanol concentration, and numerous substances classified
as fermentation inhibitors on yeast cells. The objectives of this work were: (i) to evaluate
the quantity of furfural produced during the preparation and saturation of mead worts
and (ii) to determine the impact of various concentrations of furfural on the fermentation
course and the parameters of young honey. Additionally, the amount of furfuryl alcohol
generated in the young meads was monitored.

2. Results

2.1. The Influence of Heating Mead Wort on the Furfural Formation

As shown in Figures 1–3 the unheated control worts contained furfural at concen-
trations ranging from 2.3 (mead wort with an extract of 25◦Brix, Figure 1) to 5.2 mg/L
(45◦Brix, Figure 3). The differences in furfural concentrations resulted from the different
amount of bee honey mixed with water, i.e., the dilution of the wort, which ranged approx-
imately from two (1:1 in dwójniak mead, 45◦Brix) to four (1:3 in czwórniak, 25◦Brix). In
heated mead worts, an increase in furfural concentration proportional to the heating time
was observed (Figures 1–3). In more diluted samples the percentage increase in furfural
was higher. In the wort of unacidified czwórniak (25◦Brix), the concentration of furfural
increased by 242% after 70 min of heating compared to the unheated wort (Figure 1). In
the acidified worts heated for 70 min, the concentration, compared to the corresponding
unacidified worts, was even higher by between 14% (30◦Brix, Figure 2) and 30% (25◦Brix,
Figure 1).

Since dwójniak mead, with the highest extract of 45◦Brix, is most often produced from
wort with an extract of 30◦Brix by adding honey in portions during fermentation, further
experiments were conducted only on trójniak mead worts with an extract of 30◦Brix.

Figure 1. Changes in the concentration of furfural in mead wort with an extract of 25◦Brix as a
function of acidification and time of boiling. Values are expressed as the mean ± standard deviation.
Means with different letters (a–i) are statistically different (p < 0.05).
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Figure 2. Changes in the concentration of furfural in mead wort with an extract of 30◦Brix as a
function of acidification and time of boiling. Values are expressed as the mean ± standard deviation.
Means with different letters (a–j) are statistically different (p < 0.05).

Figure 3. Changes in the concentration of furfural in mead wort with an extract of 45◦Brix as a
function of acidification and time of boiling. Values are expressed as the mean ± standard deviation.
Means with different letters (a–j) are statistically different (p < 0.05).

2.2. Fermentation of Mead Worts Supplemented with Furfural

During the fermentation of mead worts (30◦Brix) with different concentrations of
furfural (ranging from 1 to 100 mg/L), the weight of the samples was monitored. The
loss of weight was due to the release of carbon dioxide produced during fermentation
(Figure 4). During the first few days of the process, no changes were observed as a result
of yeast adaptation to a high-sugar environment. Samples supplemented with furfural
(from 1 to 5 mg/L) were generally characterized by a greater CO2 release as early as the
fifth day of the process, proving a faster adaptation of yeast cells in the supplemented
wort. After about one week, all samples were fermenting vigorously, with intense foaming
and carbon dioxide release. In the third week, the violent fermentation ended and the
post-fermentation period, characterized by low carbon dioxide release, began. The greatest
CO2 release was found in samples supplemented with furfural at a concentration of 2 mg/L.
The experiment indicates that even relatively high concentrations of furfural (100 mg/L)
do not inhibit the fermentation of mead wort.
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Figure 4. Carbon dioxide (g/100 g) released during the fermentation of mead worts without (control)
and with furfural addition (1 to 100 mg/L).

2.3. Young Meads’ Parameters

After 7 weeks of fermentation, young meads contained only 0.68 to 1.08 mg/L furfural
(Figure 5), which means that the vast majority of the initial furfural content was decom-
posed during fermentation. The main product of furfural transformations was furfuryl
alcohol (Figure 6). Its concentration in the fermented worts ranged from 2.3 to 61.3 mg/L,
depending on the dose of furfural added. In samples supplemented with furfural at con-
centrations higher than 50 mg/L, more than 70% of this compound was reduced to furfuryl
alcohol (Figure 6).

Figure 5. The concentrations of furfural in young meads determined after 7 weeks of fermentation of
30◦Brix mead worts, with furfural added at concentrations ranging from 1 to 100 mg/L. Values are
expressed as the mean ± standard deviation. The differences were not statistically significant.

The ethanol concentration in the fermented samples ranged from 13.0 to 14.3% v/v
(Table 1), and only samples with 2 mg/L furfural addition had higher ethanol concen-
trations after fermentation compared to the control sample. In this case, a slightly (more
than 1% v/v) higher ethanol concentration was obtained. The alcohol degree obtained in
the fermented samples was correlated with the amount of carbon dioxide released during
fermentation (Figure 4).
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Figure 6. Initial concentrations of furfural in mead worts before fermentation and furfuryl alcohol
concentrations in young meads, for samples with starting extracts of 30◦Brix with furfural addition be-
fore fermentation at concentrations from 1 to 100 mg/L. Values are expressed as the mean ± standard
deviation. Means with different letters (a–c) are statistically different (p < 0.05).

The total extract content ranged from 146 to 163 g/L in young mead (Table 1), and
no significant differences were found among the samples analyzed. Based on the results
obtained, it can be concluded that furfural has no significant effect on the total acidity
and volatile acidity of young meads. The total acidity ranged from 3.4 to 3.7 g/L, which
is relatively low and the resulting meads require additional correction after maturation
with the addition of an appropriate amount of citric acid. The pH during fermentation
is particularly important for the proper course of the process. A low pH prevents the
development of undesirable microbiota. Wine yeast is adapted to low pH, but values below
3.0 can slow down or inhibit fermentation. In the fermented mead worts, the pH was
between 3.3 and 3.5. Fermentation of high-sugar mixtures contributes to osmotic stress
acting on yeast cells, which under these conditions increase the synthesis of acetic acid,
which is the main compound influencing volatile acidity. The volatile acidity values of the
fermented samples did not differ significantly and ranged from 1.2 to 1.4 g/L, which was
relatively high.

Table 1. Parameters of fermented mead worts (30◦Brix) with furfural added at concentrations ranging
from 1 to 100 mg/L.

Amount of Furfural Added to the Wort (mg/L)

0 1 2 5 10 50 100

Ethanol (% v/v) 13.0 ± 0.4 a 1 13.4 ± 0.2 ab 14.3 ± 0.3 b 13.7 ± 0.4 ab 13.6 ± 0.2 ab 13.6 ± 0.7 ab 13.6 ± 0.8 ab
Extract (g/L) 158 ± 3 a 152 ± 8 a 146 ± 5 a 152 ± 2 a 157 ± 1 a 147 ± 13 a 163 ± 9 a

Titratable acidity (g/L) 3.4 ± 0.1 a 3.4 ± 0.1 a 3.6 ± 0.1 a 3.6 ± 0.1 a 3.7 ± 0.1 a 3.6 ± 0.1 a 3.6 ± 0.1 a
pH 3.32 ± 0.04 a 3.37 ± 0.03 a 3.34 ± 0.03 a 3.46 ± 0.11 a 3.52 ± 0.04 a 3.38 ± 0.01 a 3.38 ± 0.01 a

Volatile acidity (g/L) 1.3 ± 0.1 a 1.2 ± 0.1 a 1.4 ± 0.1 a 1.4 ± 0.1 a 1.4 ± 0.1 a 1.2 ± 0.2 a 1.3 ± 0.1 a

1 Values are expresses as the mean ± standard deviation. Means with different letters (a,b) are statistically different
(p < 0.05).

3. Discussion

As Figures 1–3 display, heating mead worts significantly changes the contents of
furfural. As a result of the Maillard reaction, furan derivatives are formed [24]. The
conducted experiments showed that boiling the worts for 70 min increases the concentration
of furfural. The growth was between 2.8 times in the 45◦Brix wort (Figure 3) and about
4.5 times in the acidified 25◦Brix wort sample (Figure 1). Unacidified worts contained
between 7.9 and 14.4 mg/L of furfural (for 25◦Brix and 45◦Brix boiled worts, respectively),
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while the addition of citric acid before heating contributed to the increase in furfural
concentration to values between 10.3 (25◦Brix) and 17.7 mg/L (45◦Brix), depending on
the wort extract (Figures 1–3). The relatively large impact of wort acidification on the
concentration of furfural formed during heating is probably due to the low buffer capacity
of the solutions and the lower pH of the worts, which catalyzes the reaction of formation of
furan compounds [26].

It has been reported that furfural inhibits alcohol production by Saccharomyces cerevisiae
in solutions containing 10 mg/L of this compound [27]. Previous studies have shown that
furfural at a concentration of 4 g/L inhibits the yeast cell growth by 80% and ethanol
production by 97% [30]. In our experiments, unheated wort contained from 2.3 (25◦Brix)
to 5.2 mg/L (45◦Brix) of furfural, which should not significantly affect the fermentation
process. However, boiled worts contained furfural at concentrations up to 18 mg/L,
which, according to research [27], should significantly reduce the concentration of ethanol
produced. In the case of fermentation of concentrated worts, the yeast is additionally
subjected to osmotic stress, which may result in an increased inhibitory effect on the
fermentation process.

Knowing the concentration of furfural produced during the heating of mead worts
(Figures 1–3), trójniak worts with an extract of 30◦Brix supplemented with furfural were
prepared in order to determine its effect on the fermentation process. However, our experi-
ments showed that even high (over 100 mg/L) concentrations of furfural did not inhibit
alcohol fermentation (Figure 4), and low concentrations (2 mg/L) of added furfural con-
tributed to increased alcohol production (Table 1), probably as a result of better adaptation
of cells to the environment [38].

Furfural inhibits the fermentation process and also significantly inhibits the growth of
yeast [33]. It should be noted, that relatively large amounts of yeast are added during mead
production, usually twice as much as in the case of fermentation of wine musts. Therefore,
inhibition of yeast multiplication by furfural during the adaptation of mead worts may not
be as important as in the case of wine production. In addition, the reduction of furfural to
furfuryl alcohol occurs within a few tens of hours after fermentation initiation [34,39–41].
A relatively large number of yeast cells and an extended adaptation time of honey worts,
up to several days [16], contribute to an increase in the rate of reduction of furfural to
furfuryl alcohol. The obtained experimental results could be influenced by two factors: the
relatively rapid reduction of furfural to furfuryl alcohol and the absence of an inhibitory
effect of this compound on the concentration of ethyl alcohol in the turbulent phase of
fermentation, which commenced in the second week following the addition of yeast to the
wort (Figure 4).

S. cerevisiae cells rapidly decompose the furfural in the solution, yielding furfuryl alco-
hol as the main product (Figure 6). The reaction employs the reduced form of nicotinamide
adenine dinucleotide (NADH) as the reducing agent, with the catalytic participation of
alcohol dehydrogenase (ADH) [41].

Furfural + NADH + H+ = furfuryl alcohol + NAD+

A small portion of furfural may have been converted into 1-(2-furyl)-1-hydroxy-2-
propanone and 1-(2-furyl)-propane-1,2-diol [42] or oxidized into furoic acid [33,39,41].
Furfural can also react with amino acids present in mead wort and produce colored com-
pounds. According to Murata et al. [43], furfural reacts with lysine to generate the yellow
dye furpipatide. All these processes lead to the final concentration of furfural in the
fermented worts not exceeding 1.1 mg/L (Figure 5).

It has been demonstrated that adding a low concentration of furfural (2 mg/L) can
speed up fermentation and increase the ethanol concentration by 1% v/v in the fermented
samples (Table 1). This suggests that low furfural concentrations have a beneficial effect
on yeast adaptation processes or cell metabolism aimed at reducing furfural to furfuryl
alcohol [38].
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Fermenting solutions with high initial wort extracts results in strong osmotic stress.
Yeasts respond to high sugar concentrations by producing more acetic acid, as a result
of interference with the reduction of acetaldehyde [5]. During the production of mead,
significant amounts of acetic and succinic acids are produced. An increase in acidity lowers
the pH and, in extreme cases, may contribute to the inhibition of fermentation [44]. Volatile
acidity was high in all of the analyzed samples (Table 1). Nonetheless, the addition of fur-
fural did not result in any significant changes in volatile acidity. This can be attributed to the
rapid decomposition of furfural, most likely occurring during the yeast adaptation phase.

4. Materials and Methods

4.1. Biological Material

The mead worts were prepared from buckwheat honey (Sądecki Bartnik, Stróże,
Poland) by appropriate dilution with potable water (96.0 mg/L Ca2+, 11.0 mg/L Mg2+,
37.4 mg/L Cl−, 49.0 mg/L SO4

2−, pH 7.7).
Commercial wine yeast Saccharomyces cerevisiae Vintage White from Enartis (Navarrete,

Spain) was used in the fermentation experiments. To prepare the yeast for fermentation,
a yeast slurry was created by adding 10 g of dry yeast to 100 mL of sterile tap water. The
resulting suspension, known as starter yeast, was left to settle for 30 min at 30 ◦C.

4.2. Experimental Design
4.2.1. Effect of Heating on Furfural Concentration

Buckwheat honey was diluted with water at room temperature to obtain worts with
an extract of 25◦Brix (czwórniak), 30◦Brix (trójniak) and 45◦Brix (dwójniak). The wort was
divided into two parts: unacidified (no treatment) and acidified (with added 0.25 g/L of
citric acid monohydrate pure p.a. (Avantor Performance Materials, Gliwice, Poland)). A
volume of 200 mL of the wort was measured in 500 mL round-bottom flasks and heated to
boiling under reflux for various time ranges (from 10 to 70 min) to obtain the saturated worts.
The unheated mead wort was used as a negative control (unsaturated wort). The wort
samples were then cooled in a stream of cold water and the furfural content was determined
using the HS-SPME-GC-MS method. Three replicates of the experiment were performed.

4.2.2. Effect of Furfural Concentration on Mead Fermentation

Buckwheat honey was mixed with potable water in a ratio 1:2 (v/v), heated and gently
boiled for 10 min, then topped up with diammonium hydrogen phosphate(V) (pure p.a.,
Avantor Performance Materials, Poland; 0.4 g/L) and acidified with citric acid (pure p.a.,
Avantor Performance Materials, Poland; 0.25 g/L). The wort extract was checked and
corrected to 30◦Brix after mixing. The hot wort was poured into flasks (0.2 L of wort into
0.5 L flasks) closed with a stopper with sterile fermentation trap tubes filled with glycerin.
After cooling the wort to about 20 ◦C, furfural (Sigma-Aldrich, St. Louis, MO, USA) was
added in amounts from 1 to 100 mg/L and a precisely defined amount of starter yeast was
added (0.5 g/L calculated on dry substance). Worts without the addition of furfural were
treated as control samples.

4.2.3. Control of the Fermentation Process

Fermentation of mead worts with and without furfural was conducted at 20 ± 1 ◦C
and the samples were weighed on a balance PS 4500/X (Radwag company, Radom, Poland),
three times per week. The weight loss resulted from the release of carbon dioxide produced
during fermentation [45]. The fermentation process was continued until two consecutive
weights of the samples, did not differ by more than 1 g. The weight loss was converted
into the amount of CO2 released in g/100 g. All fermentation experiments were conducted
three times.
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4.3. Analytical Methods
4.3.1. Physicochemical Parameters

Ethanol content, pH and the total and volatile acidity were determined using official
methods recommended by O.I.V. [46]. The pH value was measured using a CP-505 pH-
meter (Elmetron, Zabrze, Poland). The density of the samples and sample distillates
was determined using an oscillating density meter DMA 4500 M (Anton Paar GmbH,
Graz, Austria).

4.3.2. Determination of Furfural and Furfural Alcohol Content Using HS-SPME-GC-MS

The analysis was performed using gas chromatography (GC) coupled to time-of-flight
mass spectrometry (TOF-MS) after headspace solid-phase microextraction (HS-SPME) [47].

Sample Preparation

Headspace solid-phase microextraction (HS-SPME) was performed using a Multi-
Purpose Autosampler (MPS Dual Head, Gerstel GmbH and Co.KG, Mulheim, Germany).
Samples of mead wort and young mead after 7 weeks of fermentation were stored at –20 ◦C
prior to analysis. After heating to 20 ◦C, 1 mL of the sample was transferred to a 15 mL glass
vial, 1 mL of saturated sodium chloride (pure p.a., Avantor Performance Materials, Gliwice,
Poland) solution was added and the vial was capped and transferred to the autosampler
tray. HS-SPME microextraction (30 min, 40 ◦C) was performed on PDMS fiber (100 μm,
polydimethylsiloxane, SUPELCO, Sigma-Aldrich, St. Louis, MO, USA). Desorption was
carried out in the inlet of the gas chromatograph at a temperature of 260 ◦C.

Calibration curves were prepared in the same way as the analyzed samples. Fur-
fural and furfuryl alcohol (Sigma-Aldrich, St. Louis, MO, USA) were used to prepare
calibration solutions.

TOF-MS Chromatographic Separation Conditions

The experiments were carried out using an Agilent Technologies gas chromatograph
model 7890 B, coupled with time-of-flight mass spectrometer (TOF-MS Pegasus HT, LECO
Corporation, St. Joseph, MI, USA). Chromatographic separation was performed on a Restek
Stabilwax (cross-linked poly(ethylene glycol) column, dimensions: 30 m; 0.25 mm; 0.25 μm),
at the programmed GC column temperature: initial at 35 ◦C (5 min), ramp 5 ◦C/min to
110 ◦C and 40 ◦C/min up to 230 ◦C, and final heating for 5 min. SPME fiber desorption
was performed in a septumless inlet at a temperature of 260 ◦C, for 60 s in splitless mode.
Helium (6.0, Linde Gaz Polska sp. z o.o., Kraków, Poland) at a flow rate of 1 mL/min
was used as the carrier gas. TOF-MS detector parameters: scanning frequency: 20 Hz,
acquisition voltage: 1500 V, ionization energy: –70 eV, ion source temperature: 250 ◦C. The
transfer line temperature was 250 ◦C.

4.4. Statistical Analysis

All analytical results were selected for an analysis of variance (ANOVA). The post-hoc
analysis of means was performed with Tukey’s test at 5% error probability using Statistica
13.3 software (TIBCO Software Inc., Palo Alto, CA, USA), the graphs were generated using
Microsoft Office Professional Plus 2013 software.

5. Conclusions

The performed study proved that heating the mead wort to boiling before fermentation
correlated with the significantly increased amount of furfural. This should be taken into
account when deciding on the length of wort saturation and the method and rate of
wort cooling prior to fermentation. Most of the furfural is reduced to furfuryl alcohol
during fermentation.

Fermentation of mead worts with 30◦Brix extract supplemented with furfural in
amounts ranging from 1 to 100 mg/L showed an acceleration of fermentation and an
increase in ethanol concentration only in samples with 2 mg/L added furfural. Higher
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furfural concentrations did not significantly affect the fermentation rate or the basic param-
eters of the fermented worts. In particular, there was no inhibition of fermentation and no
increase in acetic acid synthesis by yeast and volatile acidity, even in samples containing
furfural concentrations ten times higher than those naturally occurring in mead worts
heated for over one hour. The lack of influence of furfural on the course of fermentation
does not mean that the heating of honey worts does not affect the quality of the obtained
meads. As a result of an increase in temperature and a decrease in the pH of mead worts,
furfural is formed, which, after reduction during fermentation, contributes to an increase
in the concentration of furfuryl alcohol in the finished product.

The obtained results can be applied to practical mead production. It should be noted
that the heating time is a critical parameter enhancing the furfural production. The boiling
time of the mead wort should be restricted, and the solution should be cooled rapidly to
minimize Maillard reactions, as these reactions proceed even while the boiled wort cools.
Acidification of the wort with citric acid should be performed after cooling the solution.
Additionally, it may be beneficial to prepare wort with a higher extract and dilute it after
saturation, as this method produces solutions with lower concentrations of furfural and
saves the energy required to heat a larger volume of water.
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Abstract: Obesity has become a major disease that endangers human health. Studies have shown
that dietary interventions can reduce the prevalence of obesity and diabetes. Resistant starch (RS)
exerts anti-obesity effects, alleviates metabolic syndrome, and maintains intestinal health. However,
different RS types have different physical and chemical properties. Current research on RS has
focused mainly on RS types 2, 3, and 4, with few studies on RS1. Therefore, this study aimed to
investigate the effect of RS1 on obesity and gut microbiota structure in mice. In this study, we
investigated the effect of potato RS type 1 (PRS1) on obesity and inflammation. Mouse weights, as
well as their food intake, blood glucose, and lipid indexes, were assessed, and inflammatory factors
were measured in the blood and tissues of the mice. We also analyzed the expression levels of related
genes using PCR, with 16S rRNA sequencing used to study intestinal microbiota changes in the
mice. Finally, the level of short-chain fatty acids was determined. The results indicated that PRS1
promoted host obesity and weight gain and increased blood glucose and inflammatory cytokine
levels by altering the gut microbiota structure.

Keywords: potato resistant starch type 1; obesity; inflammation; gut microbiota; short-chain fatty acids

1. Introduction

Obesity, a primary disease, is a danger to human health globally [1]. According to
epidemiological data, obesity has become the fifth leading cause of death worldwide. In
2016, approximately 13% of the global adult population was obese, with a prevalence rate
of 11% for males and 15% for females [2]. The International Diabetes Federation reported
that there were 451 million adults with diabetes worldwide, with a projected increase to
693 million by 2045 [3]. Obesity and diabetes affect a wide range of people and a large
age range, thereby becoming important diseases endangering human health. Interestingly,
many studies have shown that dietary interventions can reduce the prevalence of obesity
and diabetes [4].

Resistant starch (RS) refers to a special type of starch that cannot be digested in the
small intestine. Rather, it ferments with volatile fatty acids in the colon. Research has
shown that RS affects the content of certain metabolic products, such as short-chain fatty
acids (SCFAs), by altering the structure and abundance of the gut microbiota. RS has
beneficial effects on weight loss, thereby lowering blood glucose levels and alleviating
inflammation [5,6]. This type of starch may also affect the occurrence or progression of
cancer by altering circulating hormone levels and other factors [7]. RS has been shown
to affect endogenous intestinal hormone release and improve appetite control and blood
glucose control [8].
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The differences in RS types arise from differences in food sources, molecular struc-
tures, and physicochemical properties. Therefore, their physiological functions also differ.
Type 2 RS (RS2) is a dietary fiber composed solely of glucose. Research has shown that RS2
treatment can reverse weight gain, liver steatosis, inflammation, and increased intestinal
permeability caused by a high-fat diet (HFD)-influenced changes in the gut microbiota and
metabolites [9]. Indeed, RS2 intervention increased the α-diversity of the gut microbiota
and promoted Brucella, Bifidobacterium, and other organisms in the gut microbiota. Mean-
while, RS2 reduced the abundance of Desulfovibrio, Helicobacter, and Enterococcus, which
are associated with obesity, inflammation, and aging [10,11]. Research has shown that
intervention with RS type 3 (RS3) can reduce host weight and food intake as well as lower
blood lipid levels and liver fat accumulation [12]. RS3 has a dose-dependent regulatory
effect on HFD-induced obesity-related metabolic syndrome by promoting the proliferation
of intestinal cells and expression of tight junction proteins such as occludin and (ZO)-1 [13].
In addition, RS3 promotes the production of microbial metabolites such as propionic acid
and acetic acid by regulating the relative abundance of certain gut microbiota, including
Bifidobacterium, Ruminococcus, and Bacteroidetes and reducing the abundance of harmful
bacteria such as Escherichia coli and Shigella [14]. Research has shown that RS type 4 (RS4)
significantly increases the abundance of Actinobacteria, Bacteroidetes, and Bifidobacteria and
reduces the abundance of Firmicutes [15]. RS4 intervention reduced the level of cholesterol,
fasting blood glucose, and proinflammatory factors in the blood and increased the content
of fasting fatty acids such as butyrate, propionate, and valerate in feces [16]. Finally, re-
search has shown that RS type 5 (RS5) has a significant effect in alleviating postprandial
hyperglycemia in mice [17]. At the same time, RS5 was shown to alleviate weight gain,
reduce the fasting blood glucose level, reduce triglyceride and cholesterol levels in the
serum, and increase high-density lipoprotein levels in diabetic mice [18]. These findings
suggest that RS has beneficial physiological functions, but significant gaps in research on
RS type 1 (RS1) remain.

Because potatoes contain high RS levels, this study examined the effect of potato RS1
(PRS1) on mouse body weights, blood glucose levels, and inflammatory responses. Further-
more, the gut microbiota and metabolites were analyzed to improve our understanding
of RS1. This study aimed to provide insights into antagonistic starch and offer a more
theoretical basis for dietary intervention.

2. Results

2.1. Effect of PRS1 on Body Weight, Tissue Weight, and Food Intake

The body weight and fat weight of mice are important indicators for judging obesity.
We examined how PRS1 affected diet-induced obesity in C57BL6J mice that were fed a
control diet or high-fat diet supplemented with three doses of PRS1 (5, 15, or 25 g/100 g
diet) according to previous research [14]. The high-fat diet led to a marked increase in
body weight compared to the control diet (Figure 1a). Throughout 11 weeks of treatment,
there was no difference in weight gain between PRL receivers and HFD receivers, as
shown in Figure 1a. Body weight was slightly, yet not significantly, increased in PRM
mice (p = 0.1), while the highest dose of PRS1 promoted weight gain significantly (p < 0.05)
at week 9. At the end of the experiment, PRH receivers still showed a stronger weight
gain (p = 0.0007) than PRM receivers (p = 0.05) in comparison with HFD-fed control mice.
These data suggested that PRH-treated mice had a strong tendency for higher body weight
gain than that of PRM-treated mice in the experiment. It is reasonable to suppose that the
supplementation of 25% PRS1 would result in a strong degree of the indices of metabolic
syndrome that would be amenable to the study of the mechanism. As a result, we sought
to select the highest dose of PRS1 to study how PRS1 is impacting obesity.
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Figure 1. Effect of PRS1 on mouse body weight (a), food intake (b), epididymal fat weight (c), liver
weight (d). CD: common diet group; HFD: high-fat diet group; PRL: PRS1 low-dose group; PRM:
PRS1 medium-dose group; PRH: PRS1 high-dose group. Compared with the HFD group, * p < 0.05;
** p < 0.01, *** p < 0.001; ns p > 0.05.

No significant differences were found in the daily food intake for each group (Figure 1b).
This result indicated that even with the same level of food intake, the PRS1 intervention
groups gained weight more efficiently than the HFD group and that this effect was significant.
The most obvious effect occurred in the PRH group. We subsequently chose the PRH group
as the treatment group for our research. The results for the epididymal and brown adipose
tissue weights showed that the epididymal adipose and liver tissue weights (Figure 1c,d)
were significantly increased in the HFD group compared with the CD group (p < 0.01). The
epididymal fat weights were significantly higher in the PRH group than in the HFD group
(p < 0.05), and there was an upward trend in the liver weight. These results indicated that
PRS1 intervention increased mainly the adipose tissue weight and that its effect on the liver
was not obvious.

2.2. Effect of PRS1 on Glucose Metabolism in HFD-Fed Mice

The insulin content in the blood of mice was detected, and the oral glucose tolerance
test (OGTT) and insulin tolerance test (ITT) were evaluated to determine the effect of HFD
on blood glucose levels and insulin secretion in mice. Our results indicated that the HFD
group had significantly increased blood insulin levels. Compared with the HFD group,
the PRH group had a more significant increase in blood insulin levels (Figure 2a). OGTT
was performed with the assumption that there were no significant differences in fasting
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blood glucose levels between the groups (Figure 2b). The OGTT results showed that in each
group, the peak blood glucose level was reached at the 15th min after glucose stimulation.
Compared with the HFD group, the PRH group had a more significant glucose increase
(Figure 2c). After the 15th min, the blood glucose level of all three groups decreased.
Compared to the CD group, both the HFD and PRH groups had higher area under the
curve (AUC) values (Figure 2d). Furthermore, the AUC was significantly higher in the PRH
group than in the HFD group (p < 0.01). The insulin tolerance test (ITT) results showed that
at 60 min after insulin injection, the blood glucose level of each group gradually increased
(Figure 2e). In particular, the PRH group had a higher AUC than the HFD group (Figure 2f).
These results indicated that PRS1 intervention weakened the ability of the mice to control
their blood glucose levels, which led to insulin resistance.

Figure 2. Effect of PRS1 on mouse blood insulin (a), fasting blood glucose (b), OGTT (c), AUC of
OGTT (d), ITT (e), and AUC of ITT (f). CD: common diet group; HFD: high-fat diet group; PRH:
PRS1 high-dose group. Compared with the HFD group, * p < 0.05; ** p < 0.01; ns p > 0.05.
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2.3. Effect of PRS1 on Lipid Profile and Serum Inflammatory Factors

The effect of PRS1 on obesity in mice was evaluated by detecting the level of blood
glucose, lipid-related indicators, and inflammatory factors in the blood. The results showed
that serum total glyceride (TG) and free fatty acid (FFA) levels were significantly higher
in the PRH group than in the HFD group (Figure 3a,b). It is known that adipose tissue
growth in mice can cause an increase in serum leptin levels [19,20]. In this study, leptin
levels in the blood also showed a significant upward trend (Figure 3c). Compared with the
HFD group, the PRH group had a significantly increased serum level of IL-6 (Figure 3e)
and significantly increased serum levels of IL-1β and TNF-α (Figure 3d,f). These results
indicated that PRS1 not only increased blood TG and FFA levels in mice but also caused an
inflammatory response and leptin resistance.

Figure 3. Effect of PRS1 on mouse serum level of TG (a), FFA (b), leptin (c), IL-1β (d), IL-6 (e),
and TNF-α (f). CD: common diet group; HFD: high-fat diet group; PRH: PRS1 high-dose group.
Compared with the HFD group, * p < 0.05; ** p < 0.01.
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2.4. Effect of PRS1 on the Micromorphology of White Adipose, Brown Adipose, and Liver Tissues

H&E staining was performed to visually assess the effect of PRS1 intervention on
mouse adipose tissue, liver tissue, and colon tissue. Compared with the model group, the
HFD group exhibited an increased average size of white adipocytes and a reduced number
of brown adipocytes (Figure 4a,b). PRS1 intervention alleviated the HFD-induced damage
to the mouse colon tissue structure (Figure 4c). These findings indicated that PRS1 interven-
tion accelerated the growth of white adipose tissue, weakened the thermogenic capacity of
the original brown adipose tissue, and probably had adverse effects on liver health.

Figure 4. H&E staining of white adipose tissue (a), brown adipose tissue (b), and colon tissue (c).
CD: common diet group; HFD: high-fat diet group; PRH: PRS1 high-dose group.

2.5. PRS1 Increases Inflammatory Factor Expression and Intestinal Permeability in Colon Tissue

Inflammatory factors in the colon tissue were investigated to explore the effect of PRS1
on colonic inflammatory response. The results of inflammatory factor levels in the colon and
the expression of genes related to intestinal permeability are shown in Figure 5. Compared
with the CD group, the HFD group had lower levels of IL-6, MCP-1, GRO-α, and IL-1β.
The inflammatory factor levels in the PRH group showed an upward trend, and there were
significant differences compared to the HFD group (Figure 5a–d). The gene expression
level of occludin, which is related to intestinal permeability, was significantly decreased in
the PRH group compared to the HFD group (p < 0.05) (Figure 5e–g). Additionally, ZO-1
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and Muc2 gene expression levels were significantly decreased (p < 0.01). The above results
indicated that PRS1 intervention did not alleviate the inflammatory response induced
by HFD. In contrast, the intervention damaged the intestinal colon barrier and increased
its permeability.

Figure 5. Cont.
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Figure 5. Level of IL-6 (a), MCP-1 (b), GRO-α (c), IL-1β (d), ZO-1 relative expression (e), occludin
relative expression (f), and Muc2 relative expression (g). CD: common diet group; HFD: high-fat diet
group; PRH: PRS1 high-dose group. Compared with the HFD group, * p < 0.05; ** p < 0.01.

2.6. PRS1 Changes the Abundance and Diversity of the Intestinal Flora in Mice

RS is fermented and broken down by the colonic bacterial community. Therefore, the
gut microbiota in the colon was analyzed to explore its effect on obesity in mice.

2.6.1. Alpha Diversity Analysis

Rarefaction curves can directly reflect the rationality of sequencing data and indirectly
reflect the richness of species in a sample [21]. Our results (Figure 6a) showed that the
species diversity was far lower in the PRH group than in the CD and HFD groups. In
addition, the dilution curves of the three groups indicated that Group C tended to be flat at
22,000 OTUs, Group M tended to be flat at 14,000 OTUs, and Group PRH tended to be flat
at 12,000 OTUs. These findings indicated that the sequencing data volume was reasonable
and that a greater volume of data can only produce a small number of new OTUs.

242



Molecules 2024, 29, 370

Figure 6. Cont.
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Figure 6. Rarefaction curve (a), PCoA (b), Shannon index (c), Simpson index (d), Ace index (e), Chao
index (f), Firmicutes/Bacteroidetes (F/B) ratio (g), phylum level species composition (h), family level
species composition (i), and genus level species composition (j). CD: common diet group; HFD:
high-fat diet group; PRH: PRS1 high-dose group.
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Alpha diversity is an ecological indicator that shows how many taxonomic groups
exist in each sample and whether the abundance of these groups is evenly distributed [22].
The dietary interventions of functional foods that increase alpha diversity and change the
abundance of specific bacteria can significantly change the fecal microbiota, independent
of antidiabetes drugs [23]. We used Mothur’s method to calculate and evaluate the gut
microbiota abundance after PRS1 dietary intervention. The alpha diversity and commu-
nity diversity indexes were analyzed by principal coordinate analysis (PCoA) using the
Bray–Curtis distance, and the microbial community composition of each group before and
after the intervention was compared at the phylum, family, and genus levels [24].

This experiment analyzed the abundance (Ace and Chao indexes) and diversity of the
gut microbiota (Shannon and Simpson indexes). The Shannon index was higher for the
PRH group than the HFD group, but the Simpson index was lower for the PRH group than
the HFD group (Figure 6c,d). These data indicated that PRS1 intervention improved the
richness of the gut microbiota community in the mice but reduced the uniformity of the
community. At the same time, the Ace and Chao indexes were significantly lower for the
PRH group than the HFD group (Figure 6e,f). We thus concluded that PRS1 intervention
reduced the evenness of the intestinal microbial community of mice and ultimately reduced
the species diversity of the flora.

2.6.2. Beta Diversity Analysis

A PCoA was conducted for the gut microbiota to examine the mechanism of microbial
community composition changes between the different groups. The results showed that
compared with no intervention in the HFD group, increased PRS1 administration resulted
in significant changes in the intestinal microbiota composition (Figure 6b). The changes
observed for PC1 and PC2 were 46.83% and 19.7%, respectively.

2.6.3. Gut Microbiota Composition

Sample level clustering analyses at the phylum, family, and genus classification
levels revealed the following (all compared to the HFD group). At the phylum level,
PRS1 intervention increased the ratio of Firmicutes to Bacteroidetes (F/B ratio) and the
abundance of Verrucomimicrobia (Figure 6g,h). At the family level, the abundance of
Muribacillaceae, Lachnospiraceae, Tannellaceae, Marinifilaceae, Rikenellaceae, Lactobacillaceae,
and Bacteroidaceae significantly decreased in the PRH group and that of Akkermansiaceae,
Enterobacteriaceae, Erysipelotrichaceae, Peptostreptococcaceae, and Clostridiaceae_1 significantly
increased (Figure 6h). At the genus level, the abundance of norank_f_Muribaculaceae, unclas-
sified_f_Lachnospiraceae, Odoribacter, Bifidobacterium, Alistipes, Ruminiclostridium, Lactobacillus,
and Bacteroides decreased in the PRH group, while the abundance of Akkermansia, Mor-
ganella, Escherichia-Shigella, Enterobacter, UBA1819, Klebsiella, and Clostridioides increased
(Figure 6i).

2.7. PRS1 Reduces SCFA Secretion

The fermentation and decomposition of PRS1 by gut microbiota can produce various
metabolites. Previous studies have shown that SCFAs are closely related to obesity in
mice [25,26]. According to previous research, RS enters the intestine and is fermented
by microorganisms, thereby producing a series of metabolic products [27,28]. Our SCFA
results are shown in Figure 7. The level of acetic acid, propionic acid, butyric acid, and
isobutyric acid followed a decreasing trend in the HFD group compared with the CD
group. Compared with the HFD group, the PRH group had lower levels of SCFAs. This
result indicated that PRS1 intervention reduced SCFA secretion, promoted weight gain,
and caused inflammation in mice.
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Figure 7. Level of acetic acid (a), propionic acid (b), butyric acid (c), and isobutyric acid (d). CD:
common diet group; HFD: high-fat diet group; PRH: PRS1 high-dose group. Compared with the
HFD group, * p < 0.05; ns p > 0.05.

3. Discussion

3.1. Effect of PRS1 on HFD-Induced Obesity and Inflammatory Responses

This study showed that PRS1 intervention led to increases in body and fat weights.
The average weekly food intake of each mouse was nearly the same, and these results
indicated that PRS1 increased the body and fat tissue weights of mice consuming HFD.
Additionally, this intervention had a dose-dependent effect. H&E staining results showed
that PRS1 accelerated the accumulation of white adipose tissue and reduced the amount
of brown adipose tissue. PRS1 weakened the fat consumption and heat production of the
mice and led to weight gain and obesity. However, PRS1 may have adverse effects on
liver health. The OGTT and ITT results showed that PRS1 reduced the ability of the mice
to control their blood glucose levels, as evidenced by increased blood glucose levels and
insulin resistance.

3.2. Effect of PRS1 on Blood Lipid Levels, Inflammatory Response, and Intestinal Barrier in
HFD Mice

The PRS1 intervention increased the serum TG and FFA levels in the mice. Leptin, which
is positively correlated with fat content, was also significantly increased. The serum levels
of the inflammatory factors IL-1β, TNF-α, and IL-6 increased as well as the levels of the
inflammatory cytokines IL-6, MCP-1, GRO-α, and IL-1β in the colon. PCR amplification
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analysis showed that the expressions of ZO-1, occludin, and Muc2, which are related to
epithelial cell junction and intestinal barrier integrity, all decreased. These results indicated
that inflammation occurred in the colon. PRS1 disrupted the integrity of the colon epithelium,
causing damage to the intestinal barrier.

3.3. Effect of PRS1 on the Gut Microbiota Composition of HFD-Fed Mice

According to previous research findings, disrupted glucose and lipid metabolism and
inflammatory responses in mice are closely related to the intestinal microbiota composition.
This study investigated gut microbiota changes at three taxonomic levels: phylum, family,
and genus. At the phylum level, previous studies have shown that dietary fiber and
probiotics can increase the relative abundance of Actinobacteria and Bacteroidetes and reduce
the relative abundance of Firmicutes, thereby preventing obesity. However, the results of
this study showed a decreased abundance of Firmicutes, Bacteroidota, and Actinobacteria,
indicating that PRS1 did not play a role in preventing obesity.

The Firmicutes/Bacteroidetes (F/B) ratio is considered a biomarker of weight loss [29–31],
and the human gut microbiota is composed mainly of these two dominant phyla, which
account for over 90% of the total microbiota, as well as some other subdominant phyla [32].
Many studies have shown that the F/B proportion was higher in obese individuals than
in lean individuals and that this ratio decreased with weight loss. Further studies have
shown a positive correlation between the fecal concentration of Bacteroides and body mass
index [33], indicating that high F/B ratio values are often associated with obesity. In this
study, the F/B ratio was significantly higher in the PRH group than in the HFD group,
and the overall abundance was decreased. In addition, the abundance of Proteobacteria, a
biomarker of ecological imbalance and risk, also followed an increasing trend [34]. These
data indicated that PRS1 not only had no preventive effect on obesity but also caused a
certain degree of damage to the original microbial community, thereby increasing the risk
of obesity in HFD-fed mice.

At the genus level, studies have shown a negative correlation between intestinal
inflammation and Lactobacillus and a positive correlation with Ruminococcus [35,36]. Ru-
minococcus helps alleviate diarrhea and reduces the risk of diabetes and colon cancer [37–39].
Studies have shown that Akkermansia can control HFD-induced inflammation and body
weight in mice and that adding RS to the diet can increase the relative abundance of
Akkermansia [9,40]. Bifidobacterium is an important bacterial genus closely related to human
health [41,42]. It can break down RS and accelerate growth, which is negatively correlated
with obesity, glucose intolerance, and SCFA production [43].

Research has shown that RS can increase the relative abundance of Bacteroides, which
can reduce body weight by fermenting RS and promoting SCFA production, especially
acetic acid, in the intestine [44]. Our study indicated that PRS1 intervention increased
Akkermansia abundance, which is consistent with the previous results documented in the
literature. However, the abundance of Bifidobacterium decreased, indicating that the PRS1-
consuming mice exhibited the symptoms of glucose intolerance and had an increased risk of
obesity. By contrast, consuming PRS1 decreased the abundance of Bacteroides, indicating
that PRS1 could not indirectly reduce weight or promote intestinal SCFA production
through Bacteroides.

3.4. Effect of PRS1 Intervention on SCFA Content

According to previous research, RS enters the intestine and is fermented by microor-
ganisms, producing a series of metabolic products. The level of certain SCFAs, such as
acetic acid, propionic acid, and butyric acid, is negatively correlated with obesity-related
parameters. SCFAs promote physiological benefits in the intestinal epithelium of the host
by increasing the weight of the large intestine and cecal tissue. In this study, the levels of
acetic acid, propionic acid, butyric acid, and isobutyric acid were decreased. Based on these
metabolite results, we assert that PRS1 intervention did not promote weight loss in HFD
mice and that its effect on alleviating obesity was not significant.
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4. Materials and Methods

4.1. Mouse Experimental Environment and Groups

PRS1 with a purity of >90% was purchased from Louis Francois Co. (Paris, France).
Animal experiments were approved by the Basic Medical Animal Care and Use Committee
of Inner Mongolia Medical University (Inner Mongolia, China). The ethical review batch
number is “YKD202101103”. For this study, 60 C57BL/6 male mice 5–6 weeks of age were
purchased from Vital River Laboratory Animal Technology (Beijing, China). All mice were
fed in the animal room, which was maintained at 25 ◦C ± 1 ◦C and 55% ± 5% humidity.
The animals were exposed to light for 12 h and darkness for 12 h in a day [14]. Prior to the
start of the experiment, all mice were allowed to acclimate for 1 week with access to normal
food and water. One week later, the mice were divided into six groups, with 10 mice in each
group, and each group was placed in a separate cage [45]. The mice were fed with control
diet, high-fat diet (HFD), and HFD diet supplemented with 5%, 15%, or 25% PRS1/kg of
food mass for 11 weeks. The experimental groups were as follows: CD group (ccontrol diet;
19.2% protein, 4.3% fat, 67.3% carbohydrate, total energy 4057 kcal/kg), HFD group (high-
fat diet group; 23.7% protein, 23.6% fat, 41.4% carbohydrate, total energy 4057 kcal/kg),
PRL group (PRS1 low-dose group; HFD with 5% PRS1; 23.9% protein, 23.8% fat, 41.8%
carbohydrate, total energy 4057 kcal/kg;), PRM group (PRS1 medium-dose group; HFD
with 15% PRS1; 22.6% protein, 22.5% fat, 39.6% carbohydrate, total energy 4057 kcal/kg),
and PRH (PRS1 high-dose group; HFD with 25% PRS1; 18.8% protein, 18.8% fat, 33.0%
carbohydrate, total energy 4057 kcal/kg). The diet composition of all groups used in this
study is shown in Table 1. In this study, we first studied the effect of PRS1 on diet-induced
weight gain with doses of 5%, 15%, and 25% according to previous research [14]. The
supplementation dose of PRS1 that would result in the strongest degree of weight gain
was then used to investigate the effect on other indices of metabolic syndrome and the
underlying mechanism. The mouse weights and dietary intakes were measured each week.

Table 1. The composition of the diet used in this study.

CD HFD PRL PRM PRH
Ingredient gm kcal gm kcal gm kcal gm kcal gm kcal

Casein 200 800 200 800 200 800 200 800 200 800
L-Cystine 3 12 3 12 3 12 3 12 3 12

Maltodextrin 10 150 600 100 400 100 400 100 400 100 400
Sucrose 0 0 172.8 691.2 172.8 691.2 172.8 691.2 172.8 691.2

PRS1 0 0 0 0 42.5 0 90 0 269 0
Soybean Oil 25 225 25 225 25 225 25 225 25 225

Lard 20 180 177.5 1597.5 177.5 1597.5 177.5 1597.5 177.5 1597.5
Mineral Mix S10026 10 0 10 0 10 0 10 0 10 0

Dicalcium Phosphate 13 0 13 0 13 0 13 0 13 0
Calcium Carbonate 5.5 0 5.5 0 5.5 0 5.5 0 5.5 0

Potassium Citrate, 1 H2O 16.5 0 16.5 0 16.5 0 16.5 0 16.5 0
Vitamin Mix V10001 10 40 10 40 10 40 10 40 10 40

Choline Bitartrate 2 0 2 0 2 0 2 0 2 0
Total 1055.1 4057 858.15 4057 850.65 4057 898.15 4057 1077.1 4057

PRS1, potato-resistant starch type 1.

4.2. Mouse Adipose, Colon, and Liver Tissue Samples

The mice were euthanized via the cervical dislocation method. Epididymal adipose,
brown adipose, colon, and liver tissues were removed from the mice and frozen in liquid
nitrogen. To collect and process colon tissues, 2 mm colon segments were cleaned of
their intestinal contents with PBS. Next, the samples were homogenized using a grinder,
and after centrifuging the sample at 1500× g and 4 ◦C for 15 min, the supernatant was
collected. ELISA kits (Mercodia, Uppsala, Sweden) were used to measure the content of
the inflammatory factors in the colon tissues.
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4.3. Blood Biochemical Indexes

Retro-orbital blood samples were collected from the mice and centrifuged at 1800× g
for 20 min. The upper serum portions were removed and stored at −80 ◦C. Total triglyceride
(TG), free fatty acid (FFA), insulin, and leptin levels in the blood were detected using ELISA
kits (Mercodia, Uppsala, Sweden) according to the manufacturer’s instructions.

4.4. OGTT and ITT

Before experiments, the mice were placed in clean cages and fasted with free access
to only water for 16 h. Then, the mice were weighed and gavaged with 1 g/kg glucose.
Blood was collected from the tail vein at 0, 15, 30, 60, 90, and 120 min after the glucose was
administered. The blood glucose concentrations were measured using a glucometer (Roche,
Basel, Switzerland) to determine the OGT.

Prior to the next experiment, the mice were fasted for 6 h with free access to only water.
Then, the mice were injected intraperitoneally with 0.5 U/kg insulin (Sigma-Aldrich, St.
Louis, MO, USA). At 0, 15, 30, 60, 90, and 120 min after insulin administration, tail vein
blood samples were collected, and the glucose concentrations were measured as described
above to determine the IT.

4.5. Hematoxylin and Eosin Staining (H&E)

Mouse tissues were fixed in 4% paraformaldehyde at 4 ◦C for 24 h, embedded in
paraffin, and cut into 4 mm sections. The paraffin sections were stained with hematoxylin
for 5 min, rinsed with water, and placed in 1% acetic acid 5 times for 30 s each time. The
samples were then rinsed with water for 5 min and stained with eosin [46], followed by
rinsing with water for 5 min. A microscope (Olympus, Tokyo, Japan) was used to observe
the staining results.

4.6. 16S rRNA Gene Sequence Analysis

On the fourth week of the experiment, the mice were placed in metabolic cages, and
feces were collected for 24 h. A total of 300–400 mg of feces was collected from each group.
The samples were placed in 1-mL sterile centrifuge tubes and quickly transferred to a
−80 ◦C ultra-low temperature freezer for storage. Total microbiome DNA was extracted
from the feces using the QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany), and
the extracted samples were stored at −20 ◦C. The DNA concentration and purity were
assessed using the A260 nm/A280 nm ratio. The ABI GeneAmp® 9700 PCR System
(Applied Biosystems, Foster City, CA, USA) was used for PCR amplification [47], and the
QuantiFluorTM-ST Handheld Fluorometer with UV/Blue Channels (Promega Corporation,
Madison, WI, USA) was used to quantify the amplification product. The collected samples
were quantified and sequenced using the Major Bio Pharm Technology Co., Ltd. platform
(Shanghai, China). Universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and
533R (5′-TTACCGCGGCTGCTGGCAC-3′) were used to amplify the hypervariable V3–V4
regions via the polymerase chain reaction (PCR) of the 16S rDNA gene. The gene sequence
was filtered, spliced, and classified into operational taxon units (OTUs) to ensure that the
sequencing error rate was <1% and the percentage of bases < 0.01 was >97% [48].

4.7. Real Time-qPCR

Colon tissue samples (1 cm in length) were rinsed with PBS buffer (Invitrogen, Carls-
bad, CA, USA) to remove the colon contents. After lysis buffer (Solarbio, Beijing, China)
was added, the samples were homogenized with a grinder (Servicebio, Wuhan, China). The
homogenates were centrifuged at 1500× g and 4 ◦C for 15 min; the supernatants were then
collected, and RNA was extracted using a kit (Aidlab, Beijing, China). The DNA concentra-
tion and purity were assessed using the A260 nm/A280 nm ratio. Reverse transcription
was performed according to the manufacturer’s instructions. cDNA was obtained using
a transcription Kit (Aidlab, Beijing, China), and the ABI GeneAmp® 9700 PCR System
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(Applied Biosystems, Foster City, CA, USA) was used for gene expression detection [49–51].
Table 2 lists the primer sequences used in this study.

Table 2. Reaction primers.

Gene Forward and Reverse Primers

ZO-1
F: 5′-TTTGAGACGACTCGGGGGAT-3′
R: 5′-TCTCGTTTTCTGGTTGGCAGT-3′

Occludin
F: 5′-CGCGTGCACACACACAATAA-3′
R: 5′-TAGTAACGGAAAGGACCCCC-3′

Muc2
F: 5′-GTTTGGACACGCACAAGGAC-3′
R: 5′-CTCGGGTAGCTTCCACTGTT-3′

4.8. Statistical Analysis

SPSS statistics 23 (IBM, Armonk, NY, USA) and GraphPad Prism 8.0 (GraphPad
Software Inc., San Diego, CA, USA) were used to conduct one-way analysis of variance
(ANOVA) and Duncan multiple comparison analysis. The threshold value of significance
was set as p < 0.05, and p < 0.01 was considered extremely significant. Excel 2016 (Microsoft,
Washington, DC, USA) was used to calculate the average values of the data, which are
expressed as the mean ± standard deviation.

5. Conclusions

PRS1 intervention can lead to obesity and weight gain in mice. PRS1 increased blood
glucose and lipid levels and led to both insulin and leptin resistance. Furthermore, PRS1
increased serum inflammatory factor levels in mice. It also increased the permeability of
the colon, destroyed the intestinal barrier, and increased the level of inflammatory factors
in the colon. PRS1 promoted white fat accumulation, reduced the production of brown
adipose tissue, and inhibited the transformation and consumption of fat. The abundance
of Bacteroides as well as level of SCFA decreased after PRS1 intervention. This suggests
that PRS1 does not reduce body weight indirectly or promote SCFA production in the
gut through Bacteroides. In this study, physiological indexes, gene expression, intestinal
microbiota, and metabolites were analyzed. The results indicated that PRS1 indirectly
affected SCFA production by altering the structure of the intestinal flora, thereby promoting
host obesity and weight gain.

This study evaluated the effect of RS1 on HFD-induced obesity in mice to provide
a more theoretical basis for alleviating obesity and dietary interventions. Differences
in the molecular structure and physicochemical properties of different RS types, and
their physiological functions are also different. It is needed to address the physiological
functional differences between different types of RS in the future.
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