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Crossroad of Tradition and Innovation — The Application of Lactic Acid Fermentation to Increase
the Nutritional and Health-Promoting Potential of Plant-Based Food Products — a Review

Anna Maria Ogrodowczyk®, Natalia Drabiniska® *

Division of Food Sciences, Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences,
Tuwima 10, 10-747 Olsztyn, Poland

Key words: fermentation, lactic acid fermentation, lactic acid bacteria, plant food, fermented food

Lactic acid (LA) fermentation of plant-based products is a commonly used process all over the world. Recently, except for extending the shelf-life
of food and improving its palatability, the popularity of fermented food increased because of their nutritional and health-promoting quality. In this
review, the existing knowledge about the effects of LA fermentation in different types of plant-based food matrices on their nutritive and health-
-promoting potential is presented and discussed based on the most recent studies. Furthermore, the toxicological and unfavorable effects are addressed.

This review shows that although the biotransformation of several nutrients and bioactive compounds and the strain-dependent properties need
more in-depth elucidation in several matrices, the recently published studies proved that LA-fermented cereals, fruits, vegetables, legumes, and sea-
weeds are good sources of health-promoting molecules. The obtained products offer a good alternative for a growing number of vegans, vegetarians,
and flexitarians, who look for the plant-based, healthy alternatives. However, still more clinical trials evaluating the effect of their consumption on

the human health are in demand.

LACTIC ACID FERMENTATION - OVERVIEW

Fermentation was a common method of food preserva-
tion since ancient times. The seasonal production of crops
forced the processing of products to make food available
throughout the year. Fermentation allows extending the shelf-
-life of the product, decreases its volume facilitating transpor-
tation, and destroys undesirable components. Now, except for
extending the shelf-life of food and improving its palatabil-
ity, the popularity of the fermented food increased because
of their nutritional quality and health benefits. And although
the role of microorganisms had not been discovered yet,
the development of microbiological knowledge and the need
for providing larger quantities of food led to understand
the potential of fermentation. Recently, selected microbes
have been isolated from fermented food matrices for the pro-
duction of probiotics, considered beneficial for human health
[Marco et al., 2017].

There is a wide range of materials, techniques and micro-
organisms used for fermentation. The fermentation can occur
spontaneously or be triggered by the addition of specially se-
lected starter cultures. During this metabolic process, carbo-
hydrates are oxidized in the absence of an electron acceptor.
There are only four main fermentation types: alcoholic (for

* Corresponding Author:
E-mail:

wine and beer production, predominantly by yeast), acetic acid
(for vinegar, ascorbic acid and cellulose production), alkaline
(for the production of typical Asian and African products,
such as dawadawa, ugba, bikalga, kinema, natto, and thua-
nao), and lactic acid (LA). In this review, the emphasis is put
on the last-mentioned type. LA fermentation, as its name sug-
gests, is carried out by lactic acid bacteria (LAB). LAB are
Gram-positive, acid-tolerant, in general non-sporulating, cat-
alase-negative bacteria which produce LA as the main product
of their fermentation. For many years, LAB have been further
divided into homofermentative and heterofermentative ones,
which were used to impart the desired features of the ferment-
ed products. In the aforementioned classification, the homo-
fermentative LAB include several genera, such as Lactococcus,
Pediococcus, Streptococcus, and Enterococcus, which are able to
convert glucose to LA with a more than 80% theoretical effi-
ciency rate [Blajman ef al., 2020]. In turn, the heterofermen-
tative bacteria, including the following genera Leuconostoc,
Oenococcus, and some of Lactobacillus, e.g. Lactobacillus brevis
and Lactobacillus fermentum, except glucose produce signifi-
cant quantities of ethanol, CO,, and other acids [Moon et al.,
2018]. Some LAB, like Lactobacillus plantarum and Lactobacil-
lus pentosus, were classified as facultatively heterofermentative,
depending on the environment [Zaunmiiller et al., 2006].
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Nevertheless, a new taxonomic cassification was introduced
in 2020 under which 23 novel genera and a union of Lactobac-
illaceae and Leuconostocaceae were suggested [Zheng et al.,
2020]. In this work, the new reclassification of the genus Lacto-
bacillus was proposed based on the whole genome sequencing
of Lactobacillaceae and Leuconostocaceae. The genus Lactoba-
cillus was divided into 25 genera including the emended genus
Lactobacillus, which includes host-adapted organisms that
have been referred to as the Lactobacillus delbrueckii group,
Paralactobacillus, and 23 novel genera named Holzapfelia, Amy-
lolactobacillus, Bombilactobacillus, Companilactobacillus, Lapidi
lactobacillus, Agrilactobacillus, Schleiferilactobacillus, Loigolac-
tobacilus, Lacticaseibacillus, Latilactobacillus, Dellaglioa, Li-
quorilactobacillus, Ligilactobacillus, Lactiplantibacillus, Furfuri
lactobacillus, Paucilactobacillus, Limosilactobacillus, Fructilacto-
bacillus, Acetilactobacillus, Apilactobacillus, Levilactobacillus,
Secundilactobacillus, and Lentilactobacillus. And despite the fact
that in this review the taxonomic names of bacteria are as ref-
fered by the original authors, we decided that the new classifi-
cation is worth mentioning, because, for example, three groups:
Lactobacillus delbrueckii, Lactobacillus casei, and Lactobacillus
salivarius, now belong to the most diverse groups even though
they had previously been included into the same homofermen-
tative group of LAB.

Regardless of the used taxonomy, the ability of bacteria to
produce lactic acid was superior from a technological point
of view, and the diversity of the LAB during fermentation de-
pends on the starter culture and can change during the fer-
mentation process, affecting the properties of fermented
foodstuff [Moon et al., 2018]. Due to a high enzymatic activi-
ty, LAB are able to decompose and detoxify many compounds
present in various types of raw materials (e.g., phenolic com-
pounds, colourants, mycotoxins, acrylamide, pesticides)
thanks to their high biogenic activity, they also produce many
substances with various biological activities (e.g., volatile fatty

Benefits o
Probiotic activity
of bacteria

8 Log,o CFU/mL

Detoxification

Mycotoxins

§ Pesticides SynthES|S

\LAB

acids, exopolysaccharides, proteins). All these functions are
briefly presented in . Such a high biological activity
of LAB and their adaptation abilities are, on the one hand,
beneficial and, on the other hand, a risky phenomenon.
LAB are able, inter alia, to receive plasmids carrying anti-
biotic resistance genes, they can also produce various types
of proteins with activities that have not been fully described
so far. In a hypersensitive organism, some of these proteins
may be immunoreactive. Bacteria are also able to synthesize
biogenic amines, the accumulation of which is a disadvanta-
geous effect. The adverse effects of LAB activity are sum-
marized in . The current knowledge describing both
types of phenomena will be described in detail in this paper.

Plant-based fermented food products are of special in-
terest since they are proposed as a non-dairy alternative for
a natural, probiotic administration [Martins e al., 2013].
The advantage of plant-based fermented foodstuff is that
they are suitable for vegan and milk- and lactose-intolerant
individuals as well as, beside the probiotic microorganisms,
contain a wide variety of phytochemicals, minerals, and fibre
[Gupta & Abu-Ghannam, 2012].

In this review, the existing knowledge about the effects
of LA fermentation of different types of plant-based food
matrices on their health-promoting potential and nutritional
quality is presented and discussed based on the most recent
studies. Moreover, the toxicological and unfavorable effects
are addressed. Finally, the future studies needed to expand
the potential of LA fermentation of plant-based food are
underlined.

VEGETABLES AND FRUITS
Fruits and vegetables are sources of carbohydrates, di-

etary fibre, vitamins, minerals, and phytochemicals, including
phenolics, carotenoids, betalains, glucosinolates and many
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FIGURE 1. The summary of benefits caused by fermentation with lactic acid bacteria (LAB).
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others; therefore, their consumption is highly recommended
to maintain good health. To preserve the shelf-life of fruits
and vegetables, fermentation was traditionally used world-
wide, especially in Asia, Africa, and Eastern Europe. Exam-
ples of fermented vegetables include sauerkraut — fermented
white cabbage in Eastern Europe, kimchi — Korean dish made
of napa cabbage and Korean radish, gundruk — a dish made
of fermented green leaves in Nepal, fermented cucumbers,
beetroots, tomatoes, and many others including non-alcohol-
ic beverages, summarized and technologically characterized
in other reviews [Di Cagno ef al., 2013; Garcia et al., 2020].
Fermented products can be manufactured using the LAB
starter culture or via the spontaneous fermentation with natu-
ral microbiota, which is more frequent in traditional, home-
made food products. The spontaneous LA fermentation
of raw fruits and vegetables occurs under favourable condi-
tions, such as anaerobiosis, and appropriate salt concentra-
tion, water activity, and temperature. LA fermentation results
in the physicochemical changes of raw materials due to lower
pH and microbial enzymatic activity. Therefore, fermented
products have different nutritional characteristics and profile
of bioactive compounds compared to fresh fruits and veg-
etables. Changes in the nutritional composition and the pro-
file of phytochemicals are highly dependent on the matrix,
the LAB strain, and the fermentation conditions.

Safety

Due to the contact with soil, and during the whole pro-
cessing and transportation chain, fruits and vegetables can
be contaminated with harmful viruses and faecal or coagu-
lase-positive bacteria ( ). Fortunately, these contami-
nations do not contribute to the foodborne outbreaks since
the density of bacteria is too low and the microbial com-
petition with positive microbiota occurs [Di Cagno et al.,
2013]. However, in the highly contaminated areas and during

.. The use of spontaneousfermentation
},. hinders the reproducibility and control

f of the process Yr\ LAB

%z

Undesirable accompanying formulation
bacterial strains SN
-
Histamine

Biogenic amines

inappropriate handling of fruit and vegetable outbreaks are
likely. There have been many pathogens reported, however,
the most frequent ones include Salmonella sp. in leafy veg-
etables and Escherichia coli in sprouted seeds and green
vegetables [Da Silva Felicio et al., 2015; Uyttendaele et al.,
2015]. LA fermentation can be applied to reduce the risk
of foodborne poisonings and health problems. Usually,
the growth of Gram-negative bacteria is inhibited already at
the beginning of fermentation [Di Cagno et al., 2013]. How-
ever, a recent study has shown that in the carrot juice spiked
with foodborne pathogens, including Listeria monocytogenes,
Salmonella enterica subsp. enterica Typhimurium, and Esch-
erichia coli O157:H7, the count of bacteria in the initial phase
of fermentation increased [Van Beeck et al., 2020]. Fermen-
tation for 8 days at 20°C resulted in the drop of the bacte-
rial count below the detection limit, making the fermented
juice safe to drink. Moreover, LAB-fermented products, like
cider obtained from the fermentation of apple juice, have
a high content of acids, resulting in pH decrease, which pre-
vents the growth of patogenic bacteria [Guiné et al., 2021].
Contrary, the study with cauliflower subjected to the sponta-
neous fermentation and spiked with Listeria monocytogenes
and Salmonella typhimurium showed that LAB were not able
to compete with pathogenic bacteria present in the cauli-
flower until the end of fermentation [Paramithiotis et al.,
2012]. This study underlines the need for safety reassessment
of spontaneously fermented vegetables and suggests that
the application of starter cultures can be a safer option. A re-
cent study has demonstrated the potential of virulent phages
infecting mesophilic aerobic bacteria producing nitrite to in-
hibit the growth of unwanted bacteria [Zheng ef al., 2020].
The authors reported that the use of PhageMIX together with
Lactobacillus plantarum M6 decreased the count of Pseudo-
monas mendocina and Enterobacter cloacae below the limit
of detection after 48 h of fermentation in the cucumber juice

Own bacterial proteins
that might be immunroeactive

P

Genes(mcludmg those involved in
antibioticresistance) can be
horizontally transferred and
transfered bacteriophages can reduce
the viablility of LAB

FIGURE 2. The summary of risks associated with fermentation by lactic acid bacteria (LAB).
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artificially contaminated with mesophilic aerobic bacteria.
This study suggests that the application of phages can not
only improve safety but also reduce the spoilage and losses
of fermented food products.

Another risk posed by fermented vegetable consumption
is the formation of biogenic amines (BAs), which can be toxic
to humans in high concentration. BAs are formed by the de-
carboxylation of free amino acids by LAB, with the quantities
dependent on the bacteria strain [Garai ef al., 2007]. Again,
the most severe risk is in the homemade products fermented
spontaneously, when the unpredictable concentration of bio-
genic amines can be produced. The study of Alan ez al. [2018]
showed that putrescine, cadaverine, and histamine were de-
tected in almost all analysed samples of naturally fermented
pickled cucumbers with a very wide range of concentrations
varying between the samples. Histamine, tyramine, and pu-
trescine are the major BAs in commercially available ciders;
however, also high concentrations of cadaverine can be de-
tected as well [Ladero et al., 2011]. The study using qPCR for
the quantitative detection of BA producers showed that many
bacteria belonging to LAB are responsible for the high BA
content [Ladero et al., 2011].

Carbohydrates and organic acids

LAB fermentation and acidification cause changes
in the profiles of carbohydrates and organic acids. In the ap-
ple, orange, and grape juices which were processed with
freeze-dried Lactobacillus plantarum 49, Lactobacillus brevis
59, Lactobacillus paracasei 108, Lactobacillus fermentum 111,
and Lactobacillus pentosus 129 strains, the contents of or-
ganic acids and sugars varied during storage, depending on
the strain added and juice type [Garcia et al., 2018]. Lacto-
bacillus paracasei and Lactobacillus plantarum were able to
degrade glucose, malic, tartaric, and citric acids when these
acids were available in the matrix, leading to an increase
in the content of LA and succinic acid. A recent study has
shown that fermentation of elderberry juice with twelve LAB
strains resulted in the high LA production [Citlini er al.,
2020]. Glucose and fructose contents did not change during
LA fermentation, while malic and citric acids were extensively
metabolised, suggesting a switch in the microbial metabolism
with the use of organic acids instead of sugars. The fermen-
tation of chokeberry with LAB led to a significant reduction
in the total sugar and fructose contents, while in sea buck-
thorn the content of sugars was not affected, which resulted
in a change in the sugar/acid ratio between the fruits [Mark-
kinen et al., 2019]. This suggested that the effect of the fer-
mentation on sugar profile was dependent on the matrix used
for fermentation.

Glucosinolates

Cruciferous vegetables are commonly fermented in many
countries with popular products like sauerkraut, kimchi,
fermented cauliflowers, efc. These vegetables, apart from
the unique flavour and taste are a source of the special group
of bioactive compounds - glucosinolates. Glucosinolates
and their breakdown products are considered as chemopre-
ventive, reducing the risk of cancer development [Quirante-
-Moya et al., 2020]. The enzymatic hydrolysis of glucosinolates

occurs during the damage of plant tissues (cutting, shredding,
chewing), but also through microbial activity. During cab-
bage fermentation, complete degradation of glucosinolates
was observed in the majority of studies [Martinez-Villaluenga
et al., 2009; Palani et al., 2016]. Surprisingly, a recent study
has shown that the LAB-induced fermentation increased glu-
cosinolate content in the autoclaved broccoli puree [Ye ef al.,
2019]. However, the authors explained it by improved extract-
ability of glucosinolates from cell walls due to the enzymatic
activity of LAB, especially that the content of glucosinolates
in the raw material was very low. Glucosinolates are usually
hydrolysed to isothiocyanates and nitriles, which are directly
responsible for the bioactive potential. Fermentation leads to
the formation of isothiocyanates and nitriles; however, the
direction of hydrolysis is strain-dependent. Mullaney ez al.
[2013] showed that LAB hydrolysed glucosinolates mainly to
nitriles, while Enterobacteriaceae hydrolysed them mostly to
isothiocyanates. The opposite effect was reported by Cai et al.
[2019], who observed an increase in sulforaphane, an iso-
thiocyanate derived from glucoraphanine, in LAB-fermented
broccoli puree. Sulforaphane, which is considered as one
of the strongest anticancer isothiocyanates [Soundararajan
& Kim, 2018], was found stable in fermented broccoli puree
even up to four months of storage at 4°C [Cai et al., 2019].
The differences in the results obtained by various authors can
be related to the stage of fermentation. The profile of gluco-
sinolate breakdown products depends on fermentation con-
ditions and the profile of glucosinolates in the raw material.
In sauerkraut, the major breakdown products were ascro-
bigen and allyl isothiocyanate derived from glucobrassicin
and sinigrin, respectively, i.e. two main glucosinolates in cab-
bage [Ciska et al., 2009; Palani et al., 2016], while in broccoli
products, the major breakdown product was sulforaphane
derived from the dominant glucoraphanine [Cai et al., 2019].
Nevertheless, it needs to be emphasised that glucosinolates
and their breakdown products easily leach into water [Ciska
et al., 2016]; therefore, the brine from fermentation can also
be used as a source of bioactive compounds, with the con-
firmed health-promoting activity [Hallmann et al., 2017].

Carotenoids

Another important group of compounds are colourants,
widely distributed in fruits and vegetables. Carotenoids are
tetraterpenoids, imparting plants yellow, orange, and red co-
lour. Besides being pigments, some of them are precursors
of vitamins (B-carotene, the precursor of vitamin A) and they
are strong antioxidants, thus confer several health benefits
[Meléndez-Martinez, 2019]. LA fermentation can affect their
content in plants. In a study of Oloo et al. [2014], different
varieties of orange-fleshed sweet potatoes were fermented
with Lactobacillus plantarum MTCC to measure the retention
of B-carotene. Its initial content differed between the potato
varieties from 0.031 to 17.02 mg/100 g. However, irrespec-
tively of its initial content, the retention of B-carotene reached
up to 93.97%, indicating LA fermentation to prove well
in carotein preservation [Oloo et al., 2014]. In another study,
LA fermentation was applied as a preservation method for
a tomato puree, and the fate of lycopene and B-carotene was
evaluated [Bartkiene e al., 2013]. Tomato pulp was fermented
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with LAB, including Lactobacillus sakei KTU05-6, Pedio-
coccus acidilactici KTUO5-7, and Pediococcus pentosaceus
KTUO05-8, capable of producing bacteriocins. LA fermenta-
tion with Pediococcus pentosaceus and Lactobacillus sakei re-
sulted in an apparent increase in lycopene content in some
of the tomato varieties, causing a higher cis/trans lycopene
ratio in fermented tomato, thereby increasing the bioavail-
ability of these compounds in the human body [Unlu et al.,
2007]. However, although the content of the carotenoids in-
creased after fermentation, it does not mean that their deg-
radation did not occur. The increase in carotenoid content
was supposedly due to the enzymatic degradation of cell walls
and better extractability, and not to de novo synthesis of ca-
rotenoids [Unlu et al., 2007]. From 15 to 45% degradation
of a-carotene and B-carotene was noted in the carrot juice
fermented for 24 h with Bifidobacterium strains (Bifidobac-
terium lactis Bb-12, Bifidobacterium bifidum B7.1 and B3.2)
[Kun et al., 2008]. The degradation of carotenoids was also
indirectly presented in the work of Lee ez al. [2018], who ana-
lysed volatile organic compounds in red pepper fermented
with Lactobacillus parabuchneri. These authors reported an
increase in the contents of some degradation compounds
derived from carotenoids, including B-ionone, B-cyclocitral,
a-ionone, and PB-damascenone after LA fermentation.
B-Damascenone, a potential breakdown product of neoxan-
thin, was not detected in the raw red pepper and its content
increased successively during fermentation, suggesting that
the degradation of carotenoids did occur. While in a recent
study, 120 h of acerola and guava fruit by-product fermenta-
tion by strains of Lactobacillus sp. had no effect on the to-
tal carotenoid content [de Oliveira et al., 2020]. In general,
the impact of LA fermentation on the content of carotenoids
seems to depend on the chemical structure, fermented matrix,
and fermentation conditions.

Betalains

Another group of plant pigments is represented by be-
talains, water-soluble nitrogen-containing compounds,
which can be further divided into red-violet betacyanins
and yellow-orange betaxanthins. Betalains are not widely
present in the plant world and are detected mainly in plants
of the order Caryophyllales. Their main source among veg-
etables is a beetroot. Czyzowska et al. [2006] evaluated the ef-
fect of LA fermentation with six LAB strains on the stability
of betalains in beetroot juice made of two beetroot varieties.
They reported the presence of five betalains including four
betacyanins: betanin, isobetanin, betanidin, isobetanidin,
and neobetanin; and one betaxantin, i.e., vulgaxanthin I. In-
terestingly, betanidin and isopetanidin were detected only
in the fermented products. Two beetroot varieties and juices
made of them differed in the betalain profiles. The Chrobry
variety had a higher content of betanidin than betalain, while
in Czerwona Kula variety, this ratio was reversed [Czyzowska
et al., 2006]. The stability of the betalains in the fermented
beetroot juice was evaluated in another study of these authors
[Klewicka & Czyzowska, 2011]. Beetroot juice was ferment-
ed by Lactobacillus brevis 0944 and Lactobacillus paracasei
0920, stored for 180 days at 4°C, and determined for beta-
lain content. Initially, betalains were relatively stable and after

7 days of LA fermentation, their content decreased by 12%
and remained at the same level up to 30 days of fermentation.
Drastic drops were observed after 90 and 180 days of fer-
mentation, reaching only 32 and 25% of the initial betalain
content. Similarly, the storage of LA-fermented, grated beet-
root for seven months resulted in about three-fold decrease
in betalain content [Czyzowska et al., 2020]. The content
of betalains seems to depend on the form of product made
from a vegetable. In a recent study, fresh, dried, and freeze-
-dried beetroot products sprayed with LAB were compared
in terms of betalain content [Barbu ef al., 2020]. Freeze-dried
beetroot had seven-times more betalains than the control, un-
processed beetroot and other fermented beetroot products.
Moreover, the ratio between betacyanin and betaxanthin dif-
fered between the food products, with betaxanthins prevail-
ing in freeze-dried beetroot, betacyanins in fresh, control
beetroot, and the equal ratio between both betalains in fresh
LAB-processed beetroot and dried product [Barbu er al.,
2020]. Importantly, fermented beetroot has a lower content
of betanin compared to the fresh, boiled, jam-processed,
and juice beetroot [Guldiken et al., 2016]. The level of iso-
betanin in the pickled beetroot was also lower than in the ma-
jority of the analysed beetroot products.

Next to beetroot, betalains can be found in other plants,
which are however rarely subjected to LAB fermentation.
The latest study has shown the effect of LA fermentation
of Opuntia ficus-indica (prickly pear) juice by Weissella ci-
baria and Pediococcus pentosaceus on the content of bioac-
tive compounds [Allendez ez al., 2020]. The authors reported
that the total phenolic and betalain contents were preserved
after LA fermentation, thus exhibiting antioxidant potential.
The study with fresh fruits of prickly pear fermented by Leu-
conostoc mesenteroides showed that the content of betalains
was rather stable [Di Cagno et al., 2016]. After 21 days
of fermentation, the content of betaxantins decreased slightly
and the content of betacyanins was higher than in the control,
unprocessed fruit. However, the differences in the betalain
content were noticeable between the fruits fermented with dif-
ferent LAB strains. The highest content of both betaxantines
and betacyanines was noted in prickly pear fermented with
Leuconostoc mesenteroides OP23, while the lowest value was
noted for that fermented with Leuconostoc mesenteroides OP4
[Di Cagno et al., 2016].

Phenolic compounds

Phenolic compounds are one of the most abundant class-
es of plant secondary metabolites, widely distributed in fruits
and vegetables. They are associated with a high antioxidant
activity, therefore are implicated in lowering the risk of dis-
eases caused by oxidative stress, like cancer, cardiovascu-
lar and neurodegenerative disorders [Vauzour ef al., 2010].
The effect of LA fermentation on the content of phenolic
compounds and antioxidant capacity in fruits and vegetables
has been extensively investigated. In general, with a very broad
range of studies on the antioxidant activity and polyphenol
content in LAB-fermented fruits and vegetables, no predict-
able trend of changes could be obtained. The discrepancies
are associated with analysing different plants using different
starter cultures versus spontaneous fermentation, different
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conditions of the process, and also different assays used for
the antioxidant capacity measurement. The only conclusion
repeated in many works is that the controlled fermentation
with fully-defined starter cultures is more beneficial than
the spontaneous fermentation [Pistarino et al., 2013; Yang
etal., 2014].

The content of phenolics and antioxidant capacity were
determined in LA-fermented fruits including orange, pome-
granate, cherry, mulberry, elderberry, cherimoya, kiwi,
and many others, mainly in the form of juice [Chen et al.,
2019; de la Fuente ef al., 2021; Filannino ef al., 2013, 2015;
Isas et al., 2020; Kwaw et al., 2018; Ricci et al., 2019; Zhou
et al., 2020]. The study of Filannino et al. [2013] evaluated
the effect of LA fermentation on the organoleptic and nu-
traceutical potential of pomegranate juice. The total con-
tent of phenolics decreased during fermentation as com-
pared to the baseline, however, remained stable and higher
than in the pomegranate juice which was fermented without
the starter culture. Differences were also observed between
the effects of the individual LAB strains on the total phenolic
content. The highest phenolic content was determined in juice
fermented with Lactobacillus plantarum C2. A similar trend
was observed for the antioxidant capacity determined by an
assay using 2,2-diphenyl-1-picrylhydrazyl radical (DPPH").
The content of ellagic acid increased significantly in all LAB-
-fermented juices, however again, the highest content was de-
termined in the juices fermented with Lactobacillus plantarum
C2 [Filannino et al., 2013]. An attempt to understand the me-
tabolism of protocatechuic, caffeic, and p-coumaric acids
by phenolic acid decarboxylases and reductases of Lacto-
bacillus strains in a strain-specific manner was undertaken
in cherry juice and broccoli puree [Filannino ef al., 2015].
The majority of Lactobacillus strains exhibited the ability to
decarboxylate protocatechuic acid to catechol, while strains
of Lactobacillus plantarum and Lactobacillus spicheri Lp38
decarboxylated caffeic acid to vinyl catechol. However, other
strain of LAB metabolised the same acid in a different way.
Lactobacillus fermentum FUA3165 reduced caffeic acid to
dihydrocaffeic acid, while p-coumaric acid was metabolised
to p-vinylphenol and phloretic acid by the majority of Lacto-
bacillus plantarum and Lactobacillus fermentum strains [Filan-
nino et al., 2015]. In another study, Lactobacillus plantarum
was used to ferment kiwifruit pulp, and the changes in the an-
tioxidant potential and the profile of phenolic compounds
were detected [Zhou ef al., 2020]. The fermentation led to an
increase in the content of total phenolics, flavonoids as well as
6,7-dihydroxycoumarin, p-coumaric acid, and protocatechuic
acid in kiwi product. The major phenolic acids were protocat-
echuic and chlorogenic acids, while gallic acid, chlorogenic
acid, (-)-epicatechin, and (+)-catechin were degraded during
LA fermentation. The increase in the polyphenolic compounds
enhanced the antioxidant capacity measured using DPPH
and 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) di-
ammonium salt (ABTS) assays [Zhou ef al., 2020]. An inno-
vative beverage based on orange juice and milk fermented with
Lactobacillus brevis POM and Lactobacillus plantarum (TR-7,
TR-71, TR-14) was proposed by de la Fuente et al. [2021]. All
the strains used led to an increase in the antioxidant capac-
ity; however, the effect on the content of phenolic compounds

was more strain-dependent. The greatest amount of phenolic
compounds was determined in the beverage fermented with
Lactobacillus plantarum TR-71 and TR-14 for 72 h. Moreover,
the production of compounds participating in food preserva-
tion, such as pL-3-phenyllactic acid and 3,4-dihydroxyhydro-
cinnamic acid, was detected in the LAB-fermented beverage
[de la Fuente et al., 2021].

Moreover, a wide variety of vegetables has been ferment-
ed and the fate of phenolics and antioxidant capacity caused
by these compounds in these products was evaluated. Spon-
taneously fermented asparagus was reported to have a ferric
ion reducing antioxidant power (FRAP); however, LA fermen-
tation did not affect DPPH" and ABTS"+ scavenging activities
as well as total phenolic and flavonoid contents [Tabaszewska
et al., 2018]. On the other hand, fermentation caused the re-
duction in contents of individual phenolic compounds, total
sugars, and B vitamins. Broccoli purre fermented with seven
strains of broccoli-derived LAB was used to track the bio-
transformation of polyphenolic compounds [Ye et al., 2019].
The authors reported the presence of ten phenolic compounds,
which total content increased significantly after LA fermenta-
tion. In the broccoli purre fermented with Lactobacillus plan-
tarum, the highest increase in phloretic acid was determined
compared to that fermented with other LAB strains. Therefore,
the authors suggested that LA fermentation could be a promis-
ing tool to increase the health-promoting potential of vegeta-
bles. Another factor that can affect bioactive compounds might
be the conditions of storage. A study of Kapusta-Duch et al.
[2017] compared the effect of four-month sauerkraut stor-
age in low-density polyethylene bags (PE-LD) and metalised
polyethylene terephthalate foil (PET met/PE) on the content
of ascorbic acid, total phenolic content, and antioxidant activ-
ity. The ascorbic acid and total phenolic contents decreased
during four-month storage; however, there was no difference
between container types. Nevertheless, the type of container af-
fected the antioxidant capacity of sauerkraut. The product kept
in PET met/PE bag had a higher antioxidant capacity than
the cabbage kept in PE-LD bag and the non-stored sauerkraut.

A special group of phenolics are anthocyanins, respon-
sible, similarly to betalain, for the red-purple colour of fruits
and vegetables. Red cabbage was found to be a source of twen-
ty different non-acylated and acylated anthocyanins with
the dominant cyanidin 3-diglucoside 5-glucoside [Wiczkowski
et al., 2015]. The spontaneously fermented red cabbage was
found to have a lower by 24% content of anthocyanins than
the fresh cabbage; however, the loss of these compounds was
lower than in stewed cabbage. Interestingly, fermentation re-
duced the bioavailability of anthocyanins from red cabbage,
thus increasing the intestinal capacity measured in the plasma
of subjects consuming a fermented product [Wiczkowski et al.,
2016]. Shalgam, a traditional Turkish LA-fermented beverage
made of black carrot, was found to be a source of bioactive
compounds, including anthocyanins responsible for the co-
lour of the drink [Toktas et al., 2018]. During the initial stage
of fermentation, the content of bioactive compounds was low-
er than in the raw red carrot and the final shalgam. Interesting-
ly, even though sixteen polyphenolic compounds were detected
in the beverage, only five phenolics were detected in bioavail-
ability test [Toktas ez al., 2018].
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Pro- and prebiotic activity

An important feature of fermented fruits and vegetables
is their effect on the human gut. Fermented plant-based prod-
ucts can be a substitute to dairy probiotics, satisfying needs
of vegans and individuals suffering from allergies. The effect
of fermentation conditions on the survival of the probiotics
in pomegranate juice has recently been reported [Mustafa
et al., 2019]. The authors found that fermentation of Lacto-
bacillus casei at 37°C without agitation resulted in the high-
est biomass density. Another alternative to dairy probiotics
can be modified kombucha, which originally is a fermented
tea beverage, prepared by fermenting sweetened black tea
with tea fungus, yeasts, and acetic acid bacteria. A study
of Cvetkovi€ et al. [2019] showed the potential of wild strains
of LAB in kombucha preparation, without affecting the ac-
tivity of tea fungus, thus forming grounds for the develop-
ment of a new, probiotic beverage. Furthermore, fermented
fruits can also be a source of prebiotics. The prebiotic activ-
ity of polysaccharides from LAB-fermented longan pulp was
evaluated in a study of Huang et al. [2019]. These authors
reported that logan pulp fermented for 12 h exhibited a stron-
ger stimulatory effect on Lacfobacillus strain proliferation,
proving the prebiotic activity of the LAB-fermented product.

Fermented products have been reported to influence
health parameters evaluated in animal and humans studies.
Cactus pear juice fermented with autochthonous Lactobacillus
plantarum S-811 was found to decrease body weight and to
normalise insulin resistance, hyperglycemia, and hyperlipe-
mia parameters in obese mice [Veron ef al., 2019]. Moreover,
the intake of asparagus polysaccharides fermented with Lac-
tobacillus plantarum NCU116 was effective in alleviating cy-
clophosphamide-induced hepatotoxicity in mice [Zhang et al.,
2020]. The fermented product reduced the level of hepatic bio-
chemical markers (alanine aminotransferase, aspartate amino-
transferase, alkaline phosphatase, and lactic dehydrogenase),
and proinflammatory cytokines (tumour necrosis factor-a
and interleukin-1p). Moreover, the fermented asparagus poly-
saccharides affected the metabolism of bile acids and short-
chain fatty acids as well as glutathione homeostasis [Zhang
et al., 2020]. A very interesting study was reported by Zhou
et al. [2019]. They performed in vitro assays proving that
persimmon juice fermented with co-culture of Lactobacillus
plantarum C17 and Lactobacillus pentosus Lp-B exhibited an-
tihangover and antihypertensive activity. The selected strains
of bacteria were capable of synthesising y-aminobutyric acid
(GABA), which was suggested to be responsible for antihan-
gover capacity evaluated by alcohol dehydrogenase activa-
tion rate, acetaldehyde dehydrogenase activity, and hydroxyl
inhibition rate. All these studies showed that the consump-
tion of fermented fruits, vegetables, and beverages can confer
a very broad range of beneficial effects on human health.

CEREALS AND PSEUDOCEREALS

The staple human food all over the world consists of car-
bohydrate-rich products. It is estimated that approx. 60%
of the calorie intake is derived from the three main kinds
of cereals: wheat, maize, and rice [Hermann, 2009]. And de-
spite the great importance of the cereal-based products, their

nutritional quality is not always sufficient, since they have
a lower protein content than other food matrices, like meat
and dairy, are deficient in essential amino acids, like lysine,
and can contain undesired compounds, such as amylase/
trypsin inhibitors (ATIs), phytates, and others summarised
in a recent, excellent review [Samtiya et al., 2020]. Moreover,
the palatability of unprocessed cereals can be unsatisfactory.
Fermentation of the cereals results in the reduction of the con-
tent of carbohydrates and non-digestible poly- and oligosac-
charides [Albiac et al., 2020]. Moreover, the deficiency of ami-
no acids can be alleviated through their synthesis by bacteria
responsible for fermentation [Omoba & Isah, 2018]. The ap-
plication of LA fermentation in the processing of starch-con-
taining materials enables the formulation of several products,
such as bread, noodles, pastries, confectionery, and bever-
ages with typical sour-sweet taste and butterish aroma, thus
reducing the need for flavourings and additives. Importantly,
products obtained by fermentation with LAB confer addi-
tional health benefits related to the probiotic characteristics
of many LAB alone [Bartkiene ef al., 2019] and their ability to
synthesise vitamins, amino acids, and short-chain fatty acids,
considered as postbiotics.

LAB are commonly used as a starter culture for sour-
dough in breadmaking [Yagmur et al., 2016]. It is estimated
that there are about 50 different species of LAB being a part
of the sourdough microbiota. They differ around the world,
but the most common ones include Leuconostoc, Lactoba-
cillus, Streptococcus, Pediococcus, Micrococcus, and Bacillus,
regardless of the flour type [Minervini et al., 2014]. LAB
in the sourdough originate mainly from the flour used for
breadmaking, but also from other ingredients and the pro-
duction environment. The bread made with the sourdough
features a better quality as compared to the bread processed
only with Baker’s yeast, which is more often used in the food
industry for breadmaking. Sourdough-based bread has lon-
ger shelf-life and more pleasant sensory attributes. And,
despite the large scale production of bread which should
be quick and efficient, the consumer demand for more nutri-
tious, natural, and healthy food forced the baking industry
to go back to the traditions and to produce the sourdough-
-based products. Only in Italy, there are recognised more than
200 sourdough types, of which many are unique enough to
be considered as protected geographical indication (PGI) or
protected designation of origin (PDO) [Palla et al., 2017].

Safety

LAB not only modify the flavour and taste of the bread but
also improve its safety. In the course of fermentation, the pres-
ence of undesired components, such as ATI, can be reduced,
mitigating the immune response to the grain-based products
[Huanget al., 2020]. The phytates can be significantly reduced
after fermentation [Kheterpaul & Chauhan, 1991; Liang et al.,
2008], improving the availability of minerals, including zinc,
iron, and calcium. Furthermore, fermentation was found to
be effective in detoxifying cereals, reducing the aflatoxin level
in the maize-based product [Wacoo et al., 2019].

Bread may also contain acrylamide, a harmful and poten-
tial cancerogenic compound formed during the heat treatment
via the Maillard reaction. Therefore, there have been attempts
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to reduce its level in food. Nachi er al. [2018] showed that
wheat bread obtained from sourdough inoculated with Lacto-
bacillus brevis, Lactobacillus plantarum, Pediococcus pentoseus,
and Pediococcus acidilactici had a lower acrylamide content
than the bread prepared only with yeast. Similar findings were
later confirmed in a study where the rye-wheat bread with
LAB sourdough was compared to the bread acidified with
LA, and the authors found that Lactobacillus plantarum sour-
dough decreased the acrylamide content in the bread, while
the application of the acid itself did not show any effect on
the bread quality [Bartkiene er al., 2017]. The acrylamide-
reducing activity is suggested to be strain-dependent, and not
every LAB can have a similar effect. In the study comparing
the effectiveness of sourdough with four strains of Lacto-
bacillus, Lactobacillus rhamnosus was found to be the most
efficient in decreasing the acrylamide content in whole-wheat
bread [Esfahanier al., 2017].

Another benefit of the LAB sourdough affecting the safety
of cereal-based products is its ability to reduce toxins. Malt-
ing grains are often contaminated with Fusarium sp. and their
mycotoxins [Habler et al., 2016]. The application of several
LAB strains, such as Lactobacillus sakei KTUOQ05-6, Pedio-
coccus acidilactici KTUO5-7, and Pediococcus pentosaceus
KTU05-8, KTU05-09, and KTUO05-10 decreased the con-
tent of deoxynivalenol, zearalenone, and toxins T-2 and HT-2
even by 70% in malting grains. The applied strains, not only
reduced the content of the toxins in grains, but also inhib-
ited Fusarium sp. growth [Juodeikiene et al., 2018]. The ef-
fectiveness of LA fermentation in reducing Fusarium my-
cotoxin content was also confirmed in a study with whole
grain sorghum [Adebo et al., 2019]. These authors found
that strains of Lactobacillus, especially Lactobacillus fermen-
fum FUA 3321, were able to reduce the total content of my-
cotoxins even by 98%. The identification of strains effective
in removing mycotoxins during sourdough fermentation is an
important concern of the food industry. A recent study has
shown that Lithuanian whole milled and fractionated wheat
grains from 2017 and 2018 harvest were highly contaminated
with mycotoxins [Zadeike et al., 2021]. The bran and coarse
flour had a high content of several mycotoxins, which has to
be considered while recommending the whole-grain prod-
ucts. The 48-h fermentation of wheat fractions with LAB
led to a significant reduction in the content of mycotoxins;
however, the rate of reduction was dependent on the fraction
and mycotoxin type. Only enniatin B, was fully removed from
the whole meal samples, while other mycotoxins were still de-
tected [Zadeike et al., 2021].

Phenolic compounds

LA fermentation can also be beneficial to bioactive com-
pounds. Starch-based crops are rich in different phytochemi-
cals, including phenolic compounds. LA fermentation can
affect their composition in the product; however, the extent
and the direction of the changes depend on grain types, LAB
species, and fermentation conditions (pH, temperature,
and duration). Single-strain solid-state LA fermentation with
Lactobacillus rhamnosus resulted in a lower bound phenolic
content in fermented wheat bran compared to that in fer-
mented autoclaved bran [Spaggiari ef al., 2020]. In contrast,

an increase in total free phenolic content was observed when
the fermentation was conducted for 24 or 48 h, suggesting
that Lactobacillus rhamnosus was able to metabolise the con-
jugated phenolic compounds. This phenomenon led to an in-
crease in the antioxidant capacity in the wheat bran assessed
using DPPH, FRAP, and ABTS assays. Similarly, an increase
in the antioxidant capacity and total phenolic content was ob-
served in maize mashes fermented with a Fresco DVS 1010
culture (Lactococcus lactis ssp. lactis, Lactococcus lactis ssp.
cremoris, and Streptococcus thermophilus) [MatejCekova et al.,
2019]. Interestingly, the effect of LAB on the profile of phe-
nolic compounds is dependent on the plant matrix. A recent
study of Garzon et al. [2020] evaluating the influence of LA
fermentation on phenolics in red and white sorghum ferment-
ed products, has shown differences in phenolic acid profiles.
In the fermented product made of red sorghum, an increase
of p-coumaric acid content was observed, while the con-
tents of caffeic, ferulic, and sinapic acid decreased. In turn,
in the white sorghum-based product, the contents of free
p-coumaric and bound sinapic acids increased [Garzon et al.,
2020]. The authors explained changes in the phenolic acids
by the activity of LAB enzymes to hydrolyse the complex
forms of phenolics, increasing free forms of phenolic acids.
The changes in the contents of phenolic acids are related to
the cellular energy balance of LAB, which can use hydroxy-
cinnamic acids as external acceptors of electrons [Filannino
et al., 2014]. The metabolism of phenolic compounds by LAB
is mediated by several enzymes, including decarboxylases, re-
ductases, glycosidases, and esterases [Esteban-Torres et al.,
2015; Santamaria et al., 2018]. The composition of low-
-molecular weight phenolic compounds in the fermented sor-
ghum-based porridge, typical in Africa and called ting, was
found to additionally depend on the tannin content [Adebo
et al., 2018]. Fermented high tannin-sorghum had a higher
content of (+)-catechin, gallic acid, and quercetin than
the ting made of low tannin-sorghum. Interestingly, the single
strain fermentation was more beneficial in terms of bioactive
compounds than the co-culture of Lactobacillus fermentum
strains, and the strain FUA 3321 yielded better properties
of ting [Adebo et al., 2018].

LAB-fermented flours and their effect on bioactive com-
pounds in baked products have recently gained much scien-
tific attention. A study comparing spontaneous fermentation
of quinoa flour and flour fermented with Lactobacillus plan-
tarum ATCC 8014 showed that the controlled LA fermenta-
tion resulted in a higher content of flavonoids, total phenolics,
organic acids, and folic acid in muffins [Chig ef al., 2020].
The higher content of phenolics resulted also in a higher an-
tioxidant capacity of the finished product, which can be used
to improve the quality of the gluten-free products, known for
their poorer health-beneficial properties [Conte et al., 2019].
A recent study with biscuits made of buckwheat flour ferment-
ed individually with 14 LAB strains has shown that changes
in the total phenolic content in flours were highly dependent
on LAB strain [Zielifiski et al., 2020]. The highest total pheno-
lic content was determined in the flour fermented with Lacto-
bacillus plantarum 1B and in the water biscuits made of this
flour. LAB fermentation contributed to the increased contents
of p-coumaric, sinapic, protocatechuic, and caffeic acids,
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and to decreased contents of vanillic acid in flours. However,
the thermal processing during biscuit production decreased
the content of the majority of phenolic acids, except the va-
nillic and protocatechuic ones. The changes in the contents
of phenolic compounds, especially p-coumaric, sinapic, syrin-
gic, vanillic, and protocatechuic acids as well as kaempferol,
quercetin, apigenin, and orientin contributed to a decrease
in the angiotensin-converting enzyme (ACE) inhibitory activ-
ity of the flour, which was much higher in the digested biscuits
[Zielifiski et al., 2020]. Interestingly, the biscuits with the high-
est content of phenolics were characterised by the high-
est hardness [Wronkowska et al., 2018]. The same research
group showed that water-biscuits made of buckwheat flour
fermented with LAB inhibited formation of advanced glyca-
tion end-products (AGEs), which was highly strain-depen-
dent [Zielifiski et al., 2020]. Biscuits made of flours fermented
with Lactobacillus plantarum W42, Lactobacillus casei 2K,
and Lactobacillus rhamnosus GG had the highest anti-AGEs
activity, significantly higher than the control, non-fermented
biscuits. However, biscuits made of flours fermented with
Lactobacillus delbrucki subsp. bulgaricus 151 and Streptococ-
cus thermophilus MK-10 had a much lower anti-AGEs poten-
tial even compared to the control biscuits, confirming again
that the effect of LA fermentation on the health properties
is highly strain-dependent.

The processing of the cereals and pseudocereals results
in the generation of the vast amount of by-products. The by-
-products of wheat, maize, and rice are rich sources of nutri-
ents and bioactive compounds; therefore, attempts have been
made to utilise them as innovative functional foods. One
of the methods which can be used to process grain wastes can
be LA fermentation. There is a recent comprehensive review
summarising the latest attempts of exploiting the potential
of the cereal industry by-products [Verni ef al., 2019], there-
fore this aspect will not be described in this review article.

Probiotic activity

LA-fermented cereal-based products are of great im-
portance from the gut health point of view. Many LAB are
considered as probiotics, which are live organisms providing
a health benefit to the host when ingested in adequate quanti-
ties [Hill ef al., 2014]. An important part of this definition
is “adequate quantities”; therefore, despite containing LAB
classified as probiotics, many fermented products, can-
not be considered as probiotic. A value of 6 log,, CFU/mL
based on a daily dose of 100 mL, required for prebiotics,
was obtained in LAB-fermented cereal-based beverages
made of the mixture of oat, barley, and malt [Salmeron ef al.,
2015]. After 10 h of incubation, the count of individual LAB
strains was around 8 log,, CFU/mL in all analysed beverages.
However, the applied bacterial strains affected the sensory
properties of the beverages, and the product fermented with
Lactobacillus plantarum NCIMB 8826 was the most accept-
able, which was related to the highest content of acetaldehyde
[Salmerdn et al., 2015]. The type of cereal significantly af-
fects bacterial growth. Cell count of approx. 8 log,, CFU/mL
could be reached within 6 h of fermentation of malt, which
may be attributed to the presence of considerable amounts
of monosaccharides (glucose and fructose) and disaccharides

(maltose and sucrose) in the malt medium [Rathore et al.,
2012]. The type of bacteria has to be considered while design-
ing a probiotic product. Since there are LAB strains which
are homofermentative, like Lactobacillus acidophilus, the main
product of their metabolism will be LA formed during the gly-
colysis of carbohydrates in the Embden-Meyerhof pathway.
On the other hand, facultatively heterofermentative bacteria,
like Lactobacillus plantarum, produce other acids, like acetic
acid, beside the LA in a pentose phosphate pathway. These
differences in the LAB metabolism can affect consumer per-
ception of LAB-fermented products, making some of them
unacceptable to consumers. In a recent study, strains of Pedio-
coccus spp. isolated from Iranian traditional fermented cere-
al-dairy product called Tarkhineh showed health beneficial
properties [Vasiee et al., 2020]. Three isolated strains were
successfully tested against several pathogenic bacteria, like
Escherichia coli ATCC 25922, Pseudomonas aeruginosa PTCC
1707, Salmonella typhimurium PTCC 1609, and Staphylococ-
cus aureus ATCC 25923. Moreover, one strain, Pediococcus
acidilactici TAH-5, showed exceptional features of cholesterol
removal rate, antioxidant capacity, and a high auto-aggre-
gation potential, indicative of probiotic adhesion to the epi-
thelial cells [Vasiee ef al., 2020]. Some LAB can also feature
amylase activity, increasing the availability of energy from
starch-containing sources and improving the energy density
of food products [Nguyen et al., 2007]. A recent study has
evaluated the amylase activity of 132 LAB strains isolated
from Chinese fermented food products [Xu et al., 2020]. Out
of these 132 strains, only three strains of Lactobacillus plan-
tarum were found to exhibit the amylase activity and were
further characterised to confirm their potential as probiotics.
More amylolytic LAB were isolated from the traditional Bul-
garian sourdough [Petkova et al., 2020]. The authors report-
ed the presence of 36 LAB with amylase activity confirmed
with the presence of six amylolytic genes, and the expression
of the a-amy gene.

Positive effects of LAB-fermented cereal products were
confirmed in animal and human studies. Lactobacillus planta-
rum DSMZ16627 and Pediococcus acidilactici NCIMB3005-
-fermented animal feed consisting of a mixture of barley
(45%), wheat (42%), and wheat feed (12%) was given to pigs
for 55 days to evaluate its effects on pig growth, nutrient di-
gestibility, and pig gut health [Torres-Pitarch et al., 2020].
LA-fermented feed increased total tract nutrient digestibility
and average daily body weight gain, as well as reduced con-
tents of caecal butyrate and propionate. Moreover, it caused
changes in the intestinal microbiota. The pigs fed with LAB-
-fermented feed had a lower caecum abundance of taxa nega-
tively associated with pig growth, including Megasphaera, Bi-
fidobacterium, and Streptococcus [Torres-Pitarch et al., 2020].
A single-blinded and parallel clinical trial study where subjects
were eating fermented barley-wheat flour noodle for ten weeks
showed a lower level of fasting blood glucose, HbAlc, and tri-
glycerides in subjects with the metabolic syndrome [Panet al.,
2020]. Moreover, improved satiety and the reduction of fat
mass, without the loss of lean mass, was observed in a group
consuming fermented noodles. The above-mentioned studies
proved that the LA-fermented cereal-based products could
be a good alternative to dairy probiotics.
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Dietary fibre

Another important factor related to gut health is the intake
of dietary fibre. LA fermentation of starch-based products was
found to increase the ratio of soluble to insoluble fibre [Mih-
halevski et al., 2013]. Interestingly, the measured content of di-
etary fibre was higher after fermentation than the one calcu-
lated from the content of fibre in individual raw materials used
for rye bread production. However, in the same study, the LA
fermentation resulted in the significant loss of B-complex
vitamins, especially thiamine, riboflavin, and pyridoxine, which
can be explained by microbial activity [Mihhalevski et al.,
2013]. A similar finding regarding dietary fibre was found
in a study characterising wheat-naked barley bread after sour-
dough fermentation with the commercial LV1 starter culture
consisting of LAB and yeast [Pejcz ef al., 2017]. The bread
produced had not only improved technological proper-
ties but also higher contents of dietary fibre, arabinoxylans,
and B-glucans. B-Glucans are B-p-glucose polysaccharides
with mixed (1—3), (1—4) linkages consisting of a significant
part of barley dietary fibre. They were repeatedly reported to
lower serum cholesterol, glucose, and lipid profiles, regulate
intestinal microbiota homeostasis, boost the immune system,
support body weight maintenance, and even prevent cancer
development [Chaichian ef al., 2020; De Angelis ef al., 2015;
El Khoury e al., 2012; Tong et al., 2015]. The activity
of B-glucan itself is also modified by LA fermentation. A re-
cent study has shown that B-glucan fermented with Lactoba-
cillus plantarum dy-1 had lower molecular weight as a result
of degradation by LAB. The structural changes of B-glucan
enhanced its in vitro physiological activities, like the a-amylase,
a-glucosidase, and lipase-inhibitory activity as well as the cho-
lesterol adsorption capacity [Xiao et al., 2020].

Development of free-from products

With the increasing number of food allergies, gluten-re-
lated disorders, and intolerances to individual food compo-
nents, several attempts have been made to reduce the level
of triggering components in cereal-based food. Fermentable
oligosaccharides, disaccharides, monosaccharides, and poly-
ols (FODMAPs) are considered to be one of the factors in-
ducing intestinal symptoms in the irritable bowel syndrome
(IBS). The content of fructans in grain-based products is too
high for the subjects sensitive to FODMAP, and LA fermen-
tation was found to decrease it. Rye bread made with sour-
dough produced with Lactobacillus plantarum was found to
have a much lower fructan content without compromising
technological properties and consumer acceptance [Pejcz
et al., 2020]. However, the optimisation of the fermentation
conditions is crucial because, as the author stated, the pro-
longed fermentation failed to reduce fructan content. A sep-
arate group of LAB was distinguished, called fructophilic
LAB, which prefers fructose over glucose as a growth sub-
strate. These bacteria, especially Apilactobacillus kunkeei B231
and Fructobacillus fructosus MBIIIS, used in sourdough were
found to quickly metabolise fructose and efficiently degrade
fructans in the wheat medium [Albiac ef al., 2020]. A Finish
research group evaluated the effect of LAB-sourdough bread
versus traditional yeast sourdough bread on the severance
of symptoms in IBS subjects [Laatikainen ef al., 2016, 2017].

The consumption of low-FODMAP rye bread, made with
LA-sourdough, resulted in a lower incidence of flatulence, ab-
dominal pain, cramps, and stomach rumbling in IBS patients
and a lower value of breath hydrogen [Laatikainen ef al.,
2016]. However, it did not affect the quality of life and symp-
tom severity scoring system (IBS-SSS). Similarly, sourdough
wheat bread had a lower content of ATIs and FODMAP as
compared to yeast-based wheat bread; however, it did not
affect IBS symptoms in a seven-day trial [Laatikainen et al.,
2017]. Therefore the authors suggested that bread modifica-
tion is not enough to reduce symptoms and that the holistic
modification of dietary habits is required.

Cereals, including wheat, barley, and rye, are sources of sub-
stances triggering allergic and autoimmune disorders. Gliadins,
glutenins, and albumin/globulin fraction are involved in IgE-
-dependent allergic reaction and development of autoimmune
diseases, like celiac disease. Selected LAB strains were found to
degrade wheat proteins belonging to albumin/globulin and gli-
adins as well as to hydrolyse IgE-binding epitopes of wheat
allergens, potentially reducing the allergenicity of wheat
[Stefafiska ef al., 2016]. Moreover, the 60-day challenge with
sweet baked goods made of previously sourdough-fermented
flour showed no changes in haematology, serology, and intes-
tinal barrier markers in eight coeliac disease patients in remis-
sion [Di Cagno et al., 2010]. This study showed that complete
degradation of gluten through fermentation of wheat flour can
be a safe option for gluten-free diet followers. The screening
of bacterial strains capable of reducing allergenicity has been
performed in the last years. A recent study has shown that three
strains of LAB, i.e., Pediococcus acidilactici XZ31, Pediococcus
pentosaceus GD4, and Lactobacillus sakei GS6, had the high-
est antiallergic potential [Fu et al., 2020], which can be used
in the development of new, hypoallergic products.

LEGUMES

Legumes are rich sources of particularly desired ingre-
dients like proteins, carbohydrates, dietary fibre, minerals,
and phenolic compounds, including isoflavones (IFs). LA-
-fermentation of legumes brings several advantages since
it decreases the content of non-nutritional factors, improves
their digestibility, and reduces allergenicity [Cabuk er al.,
2018; Frias et al., 2008]. Fermentation also improves the bio-
logical activity of legume components for example via pro-
tein proteolysis with the release of bioactive peptides [Gibbs
et al., 2004], through bioconversion of IFs [de Camargo et al.,
2019] or due to the potential of LAB for exopolysaccharide
secretion in a matrix of legumes [Li ef al., 2014]. Although
the nutritional level of soybean is limited by the presence
of several substances undesirable from a nutritional point
of view, such as ATlIs and phytates [Egounlety & Aworh,
2003], it is the most utilised legume for fermentation. Other
legumes like black beans, green beans, peanuts, chickpea or
lupine subjected to fermentation are also attractive materials
for manufacturing health-beneficial food products.

Safety
Traditionally fermented soybean foods have a high content
of BAs. Mahetal. [2019] reported that soybean-based products
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may contain: tryptamine, p-phenylethylamine, putrescine, ca-
daverine, histamine, tyramine, spermidine, and spermine as an
effect of staphylococci, Bacillus spp., and LAB strains fermen-
tation. The effect of decarboxylase-positive microorganisms
is enhanced by the LAB proteolytic capacity, resulting in a high
content of amino acids and finally BAs. Especially putrescine,
tyramine, and histamine were detected in almost all analysed
samples [Mah ef al., 2019]. However, the LAB strains capable
of producing an opposite effect are also tested. One of the most
promising LAB are starter cultures with amine oxidase activity.
Three different classes of oxidases have been described: cop-
per-containing, multi-copper containing, and flavin-containing
monoamine oxidases. They catalyse the oxidative deamination
of BAs, forming aldehydes, hydrogen peroxide, and ammonia.
These oxidases were detected in Bacillus spp. but also in se-
lected strains of Lactobacillus plantarum that are applied for
miso production [Lee ez al., 2016].

Another issue related to the safety of legume-based fer-
mented products is the change in the immunoreactivity of pro-
teins produced by LAB. Standard starter cultures applied for
the fermentation of soy milk contain Lactobacillus and Bifido-
bacterium strains and for ease, commercial dairy starters are
often used for fermentation. This is a risky protocol due to
the different composition of raw material, e.g., different car-
bohydrate composition (legumes contain stachyose, raffinose,
sucrose, glucose, and fructose, while dairy sugars include lac-
tose, glucose, and galactose) [Champagne ef al., 2009]. It has
been already reported that LAB metabolic changes and de-
creased activity are minor problems compared to the changed
expression of bacterial proteins and their further modifica-
tions that can cause different immunoreactive LAB features.
It was reported that Lactobacillus casei GCRL163 cultured
in the conditions of lactose starvation showed the expression
of eleven glycolytic enzymes that were differentially regulated.
This bacterial survival strategy was responsible for different,
expected immune system response to this product [Hussain
et al., 2009]. A recent study has confirmed that some shock
factors, like the mentioned persistent carbohydrate starvation
or extreme acidity in the final product, may up-regulate the ex-
pression of bacterial surface proteins (S-protein) in the tested
Lactobacillus paracasei GCRL46. The S-protein is homolo-
gous to secreted glucan-binding (GpbB) and immunoglobu-
lin-binding (SibA) proteins, which are expressed in pathogenic
streptococci and may be immunoreactive with IgE, as are al-
lergenic epitopes [Pepper & Britz, 2019]. This explains why
well-adapted Lactobacillus plantarum strains are very often
used for the fermentation of legumes. Therefore, the protec-
tive effect on the starter cultures used requires further studies,
especially for a demanding matrix the legumes are.

LA fermentation in legume-based products can also reduce
the content of mycotoxins (aflatoxin B,, zearalenone, och-
ratoxin, fumonisins, patulin) and pesticides (glyphosate) but
also inhibits the development of pathogens in fermented seeds
and sprouts, which was summarised and explained in recent lit-
erature reviews [Anal ef al., 2020; Licandro ef al., 2020].

Probiotic activity
LAB are usually not considered as the most common
bacteria in the traditional fermentation of legumes. In most

products, fermentation of legumes is carried out with the use
of alkaline fermentation microorganisms [Kwon et al., 2019;
Seo et al., 2018]. Still, LA fermentation plays a pivotal role
in the development of physicochemical properties and bio-
logical activity of legume products. LAB are successfully
applied for fermenting soybeans, to obtain soy milk, soy
sauce, the Vietnamese tuong, modified Japanese natto, Ko-
rean doenjang, and Cambodian sieng [Chen et al., 2021;
Jung et al., 2016]. Many LAB strains used for the fermenta-
tion of legumes belong to the group of those with probiotic
properties; therefore, the ways of maintaining their high count
in products are widely explored. The technological process for
legume-based, milk-replacing beverages preparation or soy
sauce preparation includes boiling for 5 min or autoclaving
at 121°C for 15 min [Li et al., 2014]. All these protocols re-
sult in the deactivation of natural microbiota. Thus, various
starter cultures based on single strains or mixed co-cultures
are used with different efficiencies in achieving adequate pro-
biotic cell numbers.

It has been reported that the addition of Streptococcus
and Saccharomyces to the soy milk can enhance the viability
of Lactobacillus helveticus R0052 in a mixed culture [Cham-
pagne ef al., 2009], but the mixed cultures need to be thor-
oughly tested in terms of their ability to compete in the raw
material. Legumes have a moderate buffering capacity, which
might affect the application of standard dairy starter cul-
tures like Lactobacillus delbrueckii RO187 and Lactobacillus
rhamnosus RO011, and probiotic strains like Bifidobacterium
longum RO175 for fermentation. Contrary, studies based on
other strains, i.e., Lactobacillus delbrueckii subsp. bulgaricus
IMO025 and Lactobacillus rhamnosus GG, showed increased
bacterial proliferation of those strains and acidic properties
in soy milk co-cultured with Streptococcus thermophilus [Farn-
worth et al., 2007]. Therefore, the effectiveness of fermenta-
tion is largely determined by the precise selection of strains
in starter cultures for the particular raw material.

The more combined the raw material is, the more com-
plicated co-cultures are needed for fermentation to preserve
its biological properties. This regularity was reported in the re-
search on a mixed peanut-soy milk functional beverage fer-
mented with six different LAB strains [Santos ef al., 2014].
The peanut and soy milks were mixed in the 2:1 ratio. Desir-
able parameters for this matrix (appropriate count of bac-
teria and acidification level) were found in a binary culture
of Pediococcus acidilactici UFLABFFCX 27.1 with Lactobacil-
lus acidophilus LACA 4, and in the co-culture of those two with
Saccharomyces cerevisiae UFLA YFFBM 18.03. In that raw
material, probiotic Lactobacillus strains achieved higher quan-
tity and viability when cultivated with Saccharomyces cerevi-
siae. LA production for those combinations of strains reached
9.03 and 8.51 g/L, respectively. Moreover, the reduction of fer-
mentation time by half was observed due to the rapid metabo-
lism of carbohydrates and the formation of free amino acids.
The higher content of growth-stimulating metabolites for pro-
biotic Lactobacillus strains enabled reaching 8 log,, CFU/mL
in the product up to 8 h of fermentation [Santos et al., 2014].
The addition of yeast served as a source of protein and vitamin
B, which was previously explained by Rekha & Vijayalakshmi
[2010]. Similar quantity and kinetics of fermentation in mixed
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co-cultures were also noted in products containing Bifido-
bacterium RBL 00079 that was able to metabolise stachyose
in soy milk fermented with co-cultures with Lactobacillus
delbruecki subsp. bulgaricus IM 025, in which stachyose con-
tent was by two logarithms higher than in the dairy material
[Farnworth et al., 2007]. In other studies, LAB assigned to
several Lactobacillus sp., including Lactobacillus plantarum,
Lactobacillus rhamnosus, and Lactobacillus casei, and 50 other
microorganisms grouped in 10 different microbial consortia
were tested for the fermentation potential of both the pea
protein and pea-milk protein emulsions. In the mixed emul-
sions, LAB significantly inhibited the growth of Actinobacte-
ria and Proteobacteria but also inhibited Bacillus strains (e.g.,
Bacillus subtilis and Bacillus licheniformis) [Ben-Harb et al.,
20191. Lactobacillus plantarum strains were the most adapted
for the pea protein emulsion fermentation and were able to
reach 8.5 log , CFU/g. The Lactococcus lactis and Lactobacil-
lus casei/rhamnosus group were dominant in the tested con-
sortia preferable for the fermented mixed pea-milk protein
emulsion. Their quantity reached 9.1 log,, CFU/g. Moreover,
this procedure enabled reducing the level of hexanal, which
high content normally leads to an undesired green pea aroma,
whereas LA fermentation promoted the release of volatile
compounds responsible for a roasted/grilled aroma in the pea
protein emulsion, and a fruity, lactic aroma for the pea-milk
protein emulsion [Ben-Harb ef al., 2019]. In another study,
the application of mixed co-cultures for soy milk fermenta-
tion brought the antagonistic effect instead of the expected
synergistic effect on the growth of bacteria [Champagne et al.,
2010]. Nevertheless, the health-promoting effects, manifested
by increased IF bioavailability and oligosaccharide digestibil-
ity, sustained stronger in mixed cultures. Champagne et al.
[2010] reported that fermentation with Lactobacillus helveticus
R0052 combined with Streptococcus thermophilus ST5 and Bi-
fidobacterium longum RO175 resulted in the more than a ten-
fold reduction in RO175 strain viability in comparison to single
strain cultures. The combination of those strains was used to
achieve an increase in the content of folic acid, niacin, ribo-
flavin, and vitamins B, and B, previously suggested by other
groups [Mo et al., 2013; Limon et al., 2015].

In the legume fermentation technology, the selection
of solid vs. fluid state fermentation has a particularly signifi-
cant effect on the count and viability, and thus on the probi-
otic activity of bacteria. In the production of legume-based
foodstuff, a favourable solution seems to be co-fermentation
using LAB and Bacillus subtilis from natto by solid-state fer-
mentation [Chenetal.,2021]. Chenet al. [2021] reported that
after fermentation of lentils, the best growth of LAB was ob-
served in aerobic solid-state co-fermentation, whereby the vi-
able counts of Lactobacillus plantarum TK9 and Lactobacil-
lus paracasei TK1501 reached 8.41 and 8.77 log,, CFU/g,
respectively. This study showed that both, the composition
of applied strains but also the adjustment of the conditions
(aerobic/anaerobic) and the solid/liquid state of the fer-
mentation of legumes were important. The viability of those
strains reached 5.90 and 5.23 log,, CFU/g in anaerobic con-
ditions and 6.61 and 6.5 log,, CFU/g in the liquid state, re-
spectively. The benefits of solid-state fermentation of soybean
meal with Lactobacillus strains and Clostridium butyricum

have also been reported [Su et al., 2018]. A successive in-
crease in counts of both bacterial strains was noted during
48 h of fermentation, reaching 8 log,, CFU/g at spore produc-
tion of 6 log , CFU/g [Su et al., 2018]. The authors reported
also that the pH value and sugar content (especially raffinose
and stachyose) in fermented soybean meal were considerably
reduced in the presence of Lactobacillus strains. Furthermore,
this newly developed, fermented piglet feed showed antibacte-
rial activity against Staphylococcus aureus and Escherichia coli
[Su et al. 2018]. These results suggest that LA fermentation
improves the probiotic properties of legume matrix in many
ways and that the fermented legumes are beneficial in both
human nutrition and animal feeding.

Isoflavones

IFs belong to flavonoids and are structurally and func-
tionally similar to the human estrogen, estradiol, therefore are
called phytoestrogens. Due to this similarity, IFs were sug-
gested to elicit preventive effects in many kinds of hormone-
-dependent diseases but also to exhibitit a beneficial effect
in alleviating menopausal symptoms and minimising their
undesirable consequences [Chiang & Pan, 2011].

Legumes, especially soybean, lentil, broad bean,
and chickpea, are the richest sources of IFs [de Camargo
et al., 2019]. Their native forms are conjugated with sugars.
The B-glucoside forms are not absorbed and require hydroly-
sis, which increases their bioavailability and subsequent me-
tabolism [Donkor & Shah, 2008]. LAB have B-glucosidase
activity and can increase the aglycone IF content in fermented
products, and thus they increase IF bioavailability in compari-
son to unfermented products. The potential of LAB to convert
IFs was described by Donkor & Shah [2008], who reported
it in soy milk fermented with Lactobacillus acidophilus LAFTI
L10, Bifidobacterium lactis LAFTIB94, and Lactobacillus casei
LAFTI L26. These authors observed significant differences
between raw (0.2 ug/mL of aglycones) and fermented soy
milk (0.6 ug/mL). However, the rate of conversion did not
differ significantly between the tested strains, although the ki-
netics of conversion was strictly strain-dependent and corre-
lated with the kinetics of bacterial growth. In another study,
the size of soybean seeds was suggested to influence the ef-
ficacy of conversion and the composition of aglycones during
the fermentation with Lactobacillus plantarum strain P1201
[Lee et al., 2018]. Consequently, the content of isoflavone
aglycones in all five samples obtained from small-seeded
cultivars (average 13.9 g/100 seeds), namely Pungsannamul,
Pungwon, Janggi, Shinhwa, and Heapum, was significantly
higher than those from the five medium-seeded cultivars
(average 21.4 g/100 seeds), namely Saedanbaek, Daewon,
Daepung, Neulchan, and Tackwang. The most abundant in-
dividual aglycone was daidzein (average 26.6—265.9 ng/g,
ten times higher conversion), followed by genistein (aver-
age 19.9—169.5 ug/g, 8.5 times), and glycitein (average
12.3—-18.2 ug/g, 1.5 times).

Another study reported that glucosides, especially in soy-
bean, were derived from three main IFs (daidzein, geninstein,
and glycitein) and each could have acetyl and malonyl gluco-
side conjugates [Champagne ef al., 2010]. The deconjugation
levels varied between the different glucosides. Moreover, each
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strain had a different potential for deconjugation. Fermen-
tation by Lactobacillus helveticus R0O052 resulted in the 50%
reduction in total glucosides of soybeen, with 6-O-malonyl
glucosides being reduced by 64%. Fermentation by a single
strain of Streptococcus thermophilus ST5 or Bifidobacterium
longum RO175 had no significant effect on IF levels. Combin-
ing an ST5 strain with a R0052 in the culture reduced the ef-
fectiveness of the latter. In another study, five isolates of LAB,
Lactobacillus acidophilus B4496, Lactobacillus bulgaricus
CFR2028, Lactobacillus casei B1922, Lactobacillus plantarum
B4495, and Lactobacillus fermentum B4655 in a combination
with yeast Saccharomyces boulardii were used, and the ability
to hydrolyse daidzein and genistein in approx. 98% during
24 h of fermentation was reported for all co-culture combina-
tions [Rekha & Vijayalakshmi, 2010]. The authors conclud-
ed that the mixed cultures of LAB with non-lactic probiotic
yeast Saccharomyces boulardii had a synergic effect on the IFs
conversion. Similar results regarding the effects of different
LAB co-cultures and the use of seeds from different cultivars
have been demonstrated for lentil-based fermented products
[Chen et al., 2021]. In this study, the profile of IFs in unfer-
mented green lentil samples was different depending on their
origin and was different from the profiles reported for soy-
bean. In general, in the mixed co-cultures of LAB (Lactobacil-
lus plantarum TK9 and Lactobacillus paracasei TK1501) with
Bacillus subtilis from natto in the solid-type fermentation, an-
aerobic conditions were favourable for IFs conversion; how-
ever, some strains had a higher conversion activity in aerobic
conditions. Alike findings were noted in an experiment where
similar processes were monitored for fermented kidney bean
extracts [Limon ef al., 2015]. The authors reported synergis-
tic conversion activity of Lactobacillus plantarum CECT 748T
with Bacillus subtilis CECT 39T in solid-type fermentation.
Again, the synergic activity of LAB with Bacillus subtilis to en-
hance the production of IF aglycones was observed, increas-
ing four-fold the antioxidant activity of fermented legumes
[Limon et al., 2015].

Fermentation is also an effective solution in improving
the quality of legume seed sprouts that have become popu-
lar in recent years. LA fermentation of four types of legume
sprouts with Lactobacillus casei 0979 was used to increase
the content of IFs and to improve the microbiological safe-
ty of the final product [Budryn ef al., 2019]. Fermentation
of germinated seeds increased five times the content of IFs.
The highest content was noted for clover and chickpea
sprouts. Furthermore, during fermentation, the count of LAB
increased by 2 log,, CFU/mL, that of mould decreased
by 1log,,, whereas those of E. coli and Klebsiella sp. by 2 log .
In turn, Salmonella sp. and Shigella sp. did not occur after
fermentation, similarly to Staphylococcus epidermidis, while
S. aureus and S. saprophyticus counts decreased by 3 log,, or
were not detected in some samples.

Another interesting issue is the effect of legume-derived IFs
after LA fermentation on the gastrointestinal tract. The im-
pact of the intestinal microbiota of host on a consumed prod-
uct is not fully understood and thus intestinal fermentation
can have an uncontrolled impact on IFs conversion and reten-
tion. The wide interindividual variability in the bioconversion
of IFs is related to specific metabotypes, indicating how IFs

are metabolised in humans. Latest data report that fermen-
tation reduces the passive excretion of non-metabolised IFs
and can reduce the impact of gut microbiota on further con-
version [de Oliveira Silva et al., 2020]. In this study, the au-
thors reported that women excreted higher amounts of co-
lonic metabolites and lower amounts of aglycones than men.
The prevalence of O-demethylangolensin-producer, equol-
producer, and nonproducer metabotypes after consumption
of unfermented products (soybean meal biscuits) accounted
for 56, 11, and 36%, while after consumption of the fermented
product reached 72, 11, and 17%, respectively. It was reported
that these gender-microbiota-dependent parameters could
influence the beneficial effect of IFs. One of the longitudinal
epidemiologic studies indicated a beneficial effect of dietary
soybean genistein and daidzein in the prevention of osteopo-
rosis by stimulating bone formation and suppression of bone
resorption in the menopausal period of life [Xiao et al.,
2018]. Some randomised controlled clinical trials reported
the beneficial effect of the daily consumption of fermented
and unfermented soy milk products on serum lipid profiles
in moderately hypercholesterolemic male participants. Re-
duced serum levels of total cholesterol, LDL-cholesterol, and
non-HDL-cholesterol werereported in the groups receiving
IF-supplemented and soy milk fermented with LAB compared
to the participants consuming unfermented soy milk [Caval-
liniet al., 2016].

There are also reports referring to the beneficial effect
of IFs from fermented soy milk on carcinogenesis. In a large
trial with 306 women with breast cancer and 662 controls,
the habitual consumption of soybean IFs fermented with Lac-
tobacillus casei Shirota since adolescence was associated with
a reduced risk of breast cancer [Toi et al., 2013]. Moreover,
the immunoprotective effect of IFs of soy milk fermented
with a mixed culture of 2 strains of Lactobacillus plantarum
(DPPMA24W and DPPMASL33), Lactobacillus fermentum
DPPMAI114, and Lactobacillus rhamnosus DPPMAAZ1 was
reported. This product was able to reduce NO release from
human Caco-2/TC7 cell lines with induced inflammation
with interferon-y (INF-y) and lipopolysaccharides [Toi ef al.,
2013]. Tt was also observed that the treatment with this prod-
uct succeeded in the reduction of interleukin 8 (IL-8) expres-
sion, suggesting a direct beneficial effect of IF aglycones
generated during fermentation and the formation of equol
from the aglycone daidzein [Di Cagno et al., 2010]. All these
health-promoting activities are promising; however, it has to
be taken into consideration that many positive effects can
be associated with LAB metabolites.

Other phenolic compounds

Legumes contain also other phenolic compounds differ-
ent from IFs, such as phenolic acids, flavonols, flavanones,
etc., which are responsible for a high antioxidant capac-
ity. Their presence contributes to lowering the risk of dis-
eases caused by oxidative stress, like cancer, cardiovascu-
lar and neurodegenerative disorders [Vauzour et al., 2010].
The effect of LA fermentation on the content of phenolics
and antioxidant capacity of legumes has been extensively in-
vestigated and some mechanisms that were already referred to
the section dedicated to fruits and vegetable fermentation are
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actual here. Indeed, the controlled fermentation of legumes
with fully-defined starter cultures is more beneficial and safer
than the spontaneous fermentation [Licandro et al., 2020].
However, it is more complicated to distinguish the direct role
of LAB in creating the phenolic profile of legumes. The vast
majority of studies referred to the significant role of alkaline
fermentation of legumes with Rhizopus sp. [Ali et al., 2016]
and Bacillus subtilis natto [Duenas et al., 2012] in the produc-
tion of phenolic compounds. The phenolic profile is also af-
fected by other variables, like material type and process condi-
tions, [Limoén et al., 2015].

A study on the impact of LA fermentation with Lactoba-
cillus plantarum CECT 748 on phenolic compounds in soy-
bean and mung bean-based products reported major changes
in IFs content, but only in the soybean products [Landete ez al.,
2015]. Surprisingly, IFs and kaempferol derivatives were not
detected in the non-fermented green bean. The compounds
detected in mung bean were mainly glycoside forms of flava-
nones (eriodictyol 7-O-galactoside, eriodictyol 7-O-glucoside)
and flavones (apigenin hexose, apigenin 8-C-glucoside, and lu-
teolin 7-O-glucoside) (total content — 486.64 ug/g), whereas
the most abundant compounds extracted after fermentation
were apigenin derivatives (apigenin 7-O-glucoside and apigen-
in 8-C-glucoside), whose content increased from 399.23 ug/g to
1519.98 ng/g. Moreover, a significant increase was determined
in the contents of eriodictyol 7-O-galactoside from 5.49 to
95.74 ug/g and (+4)-catechin derivative from non-detectable
to 11. 47 ug/g. In the case of the soybean-based fermented
products, a significant increase was detected in the contents
of naringenin from the non-detectable to 7.72 ug/g and kaemp-
ferol diglucoside from 12.86 ng/g to 20.21 pg/g. Additionally,
increased contents of hydroxybenzoic and hydroxycinnamic
acids were found [Landete et al. 2015].

A study by Limon er al. [2015] also refers to the applica-
bility of the above-mentioned Lactobacillus plantarum CECT
748 strain in single strain fermentation of kidney beans
in comparison to naturally fermented and fermented with
Bacillus subtilis products. It has been confirmed that CECT
748 strain hydrolyses B-glucosidic bonds of several phenolic
compounds occurring in a conjugated form (phenolic gluco-
sides) to the corresponding aglycones, increasing the content
of free phenolics. A general increase in the content of hy-
droxycinnamic acid derivatives was observed in the product
fermented with this strain. (+)-Catechin content decreased
remarkably in all fermented products, reaching levels under
the detection limit. The decrease of (+)-catechin (monomer)
content could be attributed to the formation of procyanidins
(flavan-3-ols oligomers) during fermentation. In this study,
a significant decrease was reported in flavanone and flavonol
contents, by 94 and 78%, respectively. Phenolic compounds
in the samples fermented with Bacillus subtilis reached levels
under the detection limit [Limon et al., 2015]. Noteworthy,
most of the studies referring to the applicability of Lactobacil-
lus strains for legume fermentation used strains of Lactoba-
cillus plantarum which seems to be the most adapted to this
matrix. In a study where the DSM 20174 strain was used to
ferment grass pea, it was concluded that the observed increase
in the level of phenolic compounds during fermentation might
be due to the activity of bacterial laccase and peroxidase

[Starzyniska-Janiszewska & Stodolak, 2011]. Moreover,
the drop in pH upon fermentation could be the factor activat-
ing enzymes participating in the hydrolysis of phenolic gly-
cosides and causing their liberation from the lignocellulosic
matrix [Cabuk et al., 2018].

It was reported that the augmented amount of phenolic
compounds, including phenolic acids, in fermented legumes,
especially mung bean and soybean, enhanced their antioxi-
dant, cytotoxic, and immunomodulatory effects evaluated
in the in vitro studies on hormone-dependent breast adeno-
carcinoma MCF-7 and human non-tumorigenic breast MCF
10A cell lines [Aliet al., 2016]. Nevertheless, most of the avail-
able research can only partly support the hypothesis that
the antioxidant potential is due to the content of phenolics
and not to the other antioxidants, including tocopherols, ca-
rotenoids, and peptides, released from proteins in fermented
products. Regardless of which compounds are responsible
for the beneficial effects, the antioxidant potential of legume-
based fermented products is significantly higher than that
of the non-fermented ones [Limon et al., 2015].

Vitamins, y-aminobutyric acid, and other bioactive
compounds

There are many ambiguous results regarding the impact
of LA fermentation on the content of vitamins in legume-
-based products. In general, it is considered that the LA fer-
mentation results in their enrichment with valuable nutritional
compounds, like vitamins and minerals. Legumes themselves
are a rich source of vitamins, but the increase in their content
is mainly through alkaline fermentation using Bacillus subti-
lis or Rhisopus sp. Mo et al. [2013] showed that the contents
of vitamins in soy-based foods, including vitamin K, in natto
and vitamin B , in tempeh, were higher compared to the non-
-fermented material. Additionally, indigenous bacteria in soy-
beans, such as Klebsiella pneumoniae and Citrobacter freundii,
which persist the warming up process, have been found to con-
tribute to vitamin B,, increase compared to the non-ferment-
ed material. Fermentation with LAB can also improve the bio-
availability of these vitamins from the product [Mo et al.,
2013]. In several studies reported in this manuscript, the con-
tent of vitamins B, and B , in fermented legume-based prod-
ucts did not increase significantly [Champagne et al., 2009,
2010], except for the fermentation with Saccharomyces bou-
lardii that was able to increase vitamin B, content in soy milk
but failed to increase it in the co-cultures with LAB [Rekha &
Vijayalakshmi, 2010]. One of the studies referring to LAB-fer-
mented soy germ showed that despite the total contents of to-
copherols and phytosterol were significantly reduced during
fermentation, their antioxidant activity was high [Hubert
et al., 2008]. Raw soy germs contained 0.36 mg/g of total to-
copherols, with 47.5% of a-tocopherol, 0.3% of B-tocopherol,
2.2% of y-tocopherol, and 50% of §-tocopherol. At the end
of the fermentation, the total content of tocopherols ac-
counted only for less than 0.08 mg/g. A decreased total
phytosterol content, from 4.17 mg/g to 1.09 mg/g, was also
determined after 48 h of the process. Interestingly, the anti-
oxidant properties of fermented soy germs were significantly
improved due to higher contents of saponins, phytosterols,
and tocopherols. It was found that 3-tocopherol was the most
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effective in scavenging the DPPH radical with a 74% absor-
bance inhibition at a concentration of 0.5 mg/mL, followed
by soy germ asapogenol and a-tocopherol which showed 44%
and 41% DPPH" scavenging activity, respectively, at the same
concentration. In the tested products, the conjugation profile
of soyasaponins B was modified during the incubation period
but the total content of soyasaponins B remained unchanged.
The content of 2,3-dihydro-2,5-dihydroxy-6-methyl-4H-
-pyran-4-one (DDMP)-conjugated soyasaponins decreased
drastically from 14.8 to 2.1 mol/g when soy germs were fer-
mented, indicating that all the tested LAB strains were able to
cleave the DDMP-moieties, releasing maltol, which is often
used as a flavour enhancer.

Another beneficial component that accumulates during
LA fermentation is GABA. It is a non-protein amino acid
produced from L-glutamic acid by glutamic acid decarbo-
xylase (GAD). The potential to synthesise GABA is a strain-
-dependent feature, and it has been reported that LAB fer-
mentation of legumes, including soybean and kidney bean,
allows a significant increase in the content of this compound
in fermented material [Limon ef al., 2015]. GABA was found
to regulate blood pressure, act as a strong secretagogue of in-
sulin from the pancreas, and is considered as an antidepres-
sant since it is a primary neurotransmitter [Del Toro-Barbosa
etal., 2020].

Exopolysaccharides (EPS) are one of the bioactive com-
ponents produced by LAB with a high efficacy in legume-
-based products. Because of the high content of carbohydrates
in the raw material, many LAB strains are able to synthe-
sise EPS loosely connected to the cell surface. The potential
prebiotic activity of EPS may enhance the growth of certain
microbial strains in the human gut. In addition, EPS have
a plenty of other beneficial properties, including antimicrobial,
anticancer, antioxidant, and immunomodulatory ones [Wang
et al., 2015]. The potential for the production of EPS in fer-
mented legume-based products improves not only the health-
-promoting properties of the products, but also increases
their technological usefulness. The consumption of legume-
based beverages fermented with different Lactobacillus strains
and fermented dough made of legume flour confers multiple
health benefits. The fermentation with LAB strains producing
EPS improves rheological properties, viscosity, and sensory
values of final products [Liez al., 2014; Xu et al., 2017].

Protein bioavailability and other bioactive effects

Legumes represent a reach source of nutritious proteins
and can restore soil nitrogen without fertilizers; hence, they
are considered to be both environmentally and nutritionally
friendly. Due to their protein content, they are often recom-
mended in sustainable diets. Both unfermented and ferment-
ed legume-based products contain almost all the essential
and non-essential amino acids.

Studies on the bioavailability and nutritional content of le-
gume components have also emphasised the benefits of alka-
line fermentation to proteins [Bautista-Exp0sito et al., 2018].
Alkaline pH is more suitable for the fermentation of various
legumes, including soybeans, kidney beans or lentils, but LA
fermentation is also widely used due to proteolytic enzymes
and amine oxidase activity of LAB. The use of mixed cultures

also allows for a shorter fermentation process. It has been
reported that the fermentation with Bacillus subtilis or Saccha-
romyces cerevisiae i3 longer (over 48 h) due to their limited ca-
pability to cleave glycoproteins, phosphoproteins or domains
containing a high number of disulphide bridges, like in lectins,
and that the LAB can reduce the fermentation time to less
than 24 h [Limon et al., 2015; Santos et al., 2014].

Currently, the FAO/WHO defines protein quality in terms
of the amino acid profile and digestibility of a protein source
based on an in vivo bioassay [FAO, 1991]. The high content
of sulfur amino acids inhibits the digestibility of legume pro-
teins. In fermented legume-based products, protein digestibil-
ity reaches a maximum even after 5 h of fermentation (87.4%),
like in Cabuk et al. study [2018]; however, the score of most
of the sulfur amino acids is not reduced. To ensure an optimal
reduction in sulfur amino acid content, even 11-h fermenta-
tion is needed. The reduction in sulfur content was reported
to alter the in vitro protein digestibility from 67.0% at 0 h to
54.6% at 11 h. These data suggest that while fermentation
is a viable method for reducing certain non-nutritive com-
pounds in a legume protein concentrate, an alternative bac-
terium should be used which metabolises sulfur amino acids
to a lesser extent than Lactobacillus plantarum [Cabuk et al.,
2018]. While soybean-based drinks are currently considered
to be the best alternative to cow’s milk because of their pro-
tein and amino acid content, still almond milk has very little
proteins whereas rice and coconut drinks, besides lacking pro-
teins, are also rich in sugar and fat hence, they were fermented
with LAB in a limited scale. In terms of the usefulness of pro-
teins, legumes are increasingly used in LA fermentation.

To increase the digestibility of legume proteins, pre-
soaking and hydrolysis with various proteases (papain, bro-
melain, Veron HPP and Veron PS) followed by fermentation
were used [Verni ef al., 2020]. It was found that the content
of peptides and amino acids of fermented lentil was signifi-
cantly improved when fermentation was preceded by soaking
seeds and hydrolysis, especially with bromelain at the enzyme
to substrate ratio of 10%. Although the fermentation gener-
ally releases the peptides and amino acids to a small extent,
the total free amino acid content (e.g., aspartic acid, glutamic
acid, leucine, lysine, and arginine) in pre-treated lentils fer-
mented with Lactobacillus acidophilus ATCC 4356 was shown
to increase up to 18%. Verni et al. [2020] reported also a slight
increase in the content of Cys and Trp after the fermenta-
tion with the mentioned ATCC 4356 and with Lactobacillus
fermentum DSM 20052 strains. This finding was promising
since all legume storage proteins are relatively poor in sulfur-
containing amino acids (methionine, cysteine) and trypto-
phan. Unfortunately, a substantial arginine reduction was
observed in the DSM 20052 fermented product, probably
because the amino acids were used by the strain for growth.
A significant increase in GABA (about 20%) in a Lactobacillus
acidophilus ATCC 4356-fermented lentil-based product was
noted which was consistent with the results previously report-
ed for kidney bean [Limon e al. 2015]. It was also suggested
that the much higher content of free amino acids and peptides
had a positive effect on the viability of LAB in the final prod-
uct and extended its shelf-life [Verni et al., 2020]. In the study
of Hu [2020], the addition of legume protein hydrolysates to
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fermented products increased the content of bacterial bio-
genic sulfur-containing amino acids and improved LAB vi-
ability in the final product. The addition of soybean peptides
promoted better properties of dairy-based yoghurt fermented
with Streptococcus thermophilus and Lactobacillus delbrueckii
subsp. bulgaricus [Hu et al., 20201, which featured a higher
content of volatile compounds and better bacterial viability.

Although fermentation with co-cultures has a positive ef-
fect on the profile and bioavailability of many biologically-
-active legume compounds, the use of co-cultures does not
positively affect the release of amino acids and peptides
from legume proteins. In fermentation of a peanut-soy milk
mixture, pure cultures of Saccharomyces cerevisiae UFLA
YFFBM18.03, Lactobacillus rhamnosus LR 32, Lactobacillus
acidophilus LACA 4, and Pediococcus acidilactici UFLA BFF-
CX 27.1 promoted the increase in total amino acids (48.02,
47.32,46.21, and 44.07%, respectively). Among the tested mi-
croorganisms, not LAB strains but Saccharomyces cerevisiae
was responsible for the greatest accumulation of histidine,
lysine, and threonine but also methionine and tryptophan.
However, a significant reduction in the content of free amino
acids, including essential amino acids, was found in the co-
culture. It was concluded that these amino acids promoted
the growth of bacteria [Santos et al., 2014].

The proteolytic activity of LAB in a legume matrix is also
used in the context of nisin production [Liu et al. 2017]. Ni-
sin, a natural antimicrobial peptide, is produced by certain
Lactococcus lactis strains, which generally require expensive
high-quality nitrogen sources due to their limited ability to
biosynthesise amino acids. In the reported study, defatted
soybean meal was used as a sole nitrogen source to support
nisin overproduction. Both medium optimization in the con-
text of amino acid and peptide contents but also targeted
enhancement of the proteolytic function in Lactococcus lactis
F44 through rationally expressing the related enzymes were
applied [Liu ef al. 2017]. Heterologous protease (NprB), an
oligopeptide transporter subunit (OppA), and two peptidases
(PepF and PepM) were introduced. The constructed strain
was capable of achieving efficient biomass accumulation
and nisin yield with a 30% decreased amount of soybean meal
hydrolysates [Liu et al., 2017].

A very widely analysed field of knowledge about the role
of fermentation in products based on legumes is the produc-
tion of novel bioactive peptides conferring specific health ben-
efits. Their application in the development of functional foods
and pharmaceuticals to replace synthetic drugs in the treat-
ment of several diseases was previously well-reviewed [San-
jukta & Rai, 2016]. Due to the aforementioned low efficiency
of LAB in the proteolysis of legume proteins, LA fermenta-
tion is rarely used separately but more often combined with
alkaline or completely replaced by it [Nawaz et al., 2017;
Wang et al., 2015]. Tt has been reported that peptides ob-
tained from, e.g., fermented soybean, where the major sources
of peptides are glycinin and pB-conglycinin, may act like regu-
latory compounds and exhibit bioactive properties such as,
e.g., antihypertensive, antimicrobial, antioxidant, antidiabetic,
and anticancer. It is impossible to list precisely all possible
functions, but among the sequences deposited in the databas-
es of bioactive peptides with proven effect, short sequences

of di- and tripeptides dominate. The sequences describing
the mentioned proteins account for over 95% of the 303 al-
ready reported ones [FeptideDB: Web Application for New
Bioactive Peptides from Food Protein].

Peptides obtained from soy milk fermented with Lactoba-
cillus casei strains had strong ACE-inhibitory activity prov-
en both in in vitro and in vivo studies. It was confirmed that
the ability to generate health-promoting profiles of peptides
is a strongly strain-dependent feature [Bao & Chi, 2016].
In the study by Bao & Chi [2016], soy milk fermented with
ten different strains was tested in terms of its role in antihy-
pertensive regulation in Wistar-Kyoto rats and spontaneously
hypertensive rats. Results showed that soy milk fermented
with Lactobacillus casei CICC 20280 and CICC 23184 had
high ACE inhibitory activity in in vitro tests. Moreover, the ad-
ministration of CICC 20280 and CICC 23184 fermented
products by gavage could effectively lower the blood pressure
of spontaneously hypertensive rats to a normal level, while
there was no effect on blood pressure of Wistar-Kyoto rats.
It was concluded that, based on multiple control groups with
individual components, the bioactive substances responsible
for this activity were peptides and GABA. Their contents
in CICC 20280 and CICC 23184 fermented products were
3.97 mg/mL (peptide) and 1.71 mg/mL (GABA), as well as
5.17 mg/mL (peptide) and 1.57 mg/mL (GABA), respectively
[Bao & Chi, 2016].

While searching for new sources of nutritious protein by,
e.g., adapting plants, especially legumes, peptides obtained
from bean fermentation carried out by Lactobacillus planta-
rum 299v also showed very favourable properties [Jakubczyk
et al., 2017]. The authors were looking for potential inhibi-
tory peptides of enzymes involved in the metabolic syndrome.
They demonstrated that only the fraction with the molecular
weight of 3.5-7 kDa obtained after fermentation at 22°C for
3 h had the a-amylase inhibitory activity. The optimal fermen-
tation conditions to release peptides with molecular weights
of 3.5-7.0 kDa and the highest lipase or ACE inhibitory activ-
ity were determined as 30°C and 3 days. The fractions with
the highest inhibitory activity were identified by LC-MS/
MS, and eight unique peptides were identified in that frac-
tion. The results reported by these authors also suggest that
optimal fermentation process conditions should be selected
according to the expected specific activity of peptides [Jakub-
czyketal., 2017].

Another study reported the anticarcinogenic effect of soy-
bean powder fermented with Lactobacillus plantarum DGK-
17, which was previously isolated from kimchi [Khan &
Kang, 2017]. The treatment with a fermented soybean extract
reduced cancer cell colony formation, morphological chang-
es, and apoptotic cell death of HCT-116 colon cancer cells
in a dose-dependent manner. It also resulted in a weakened
mitochondrial membrane potential, which also caused the re-
lease of Cyto C, further activating caspase-mediated cancer-
ous cell death. It was concluded that the mechanism of action
of the peptide fraction was based on cytosolic and mitochon-
drial reactive oxygen species sensitization and activation
of mitogen-activated protein kinase (JNK) and other apop-
totic signaling molecules. Such solutions indicate a great po-
tential that is still to be discovered, while an important issue
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is the careful selection of LAB strains, sometimes the less
obvious ones, that could be used for fermentation [Khan &
Kang, 2017].

The role of bacterial selection is particularly important
in terms of their ability to reduce allergenicity and immuno-
reactivity of proteins. As it was mentioned before, although
the alkaline fermentation offered a significant potential to
eliminate unavailable components of legumes, including re-
ducing the immunoreactivity of major allergens especially
in solid-state fermentation type, the LAB are still the most
effective in conventional, liquid fermentation [Frias et al.,
2008]. Tt has been a while since Frias et al. [2008] reported
that Lactobacillus plantarum-fermented soybean flour showed
the highest grade of reduction in IgE-immunoreactivity
(96-99%) depending upon the sensitivity of the human al-
lergic plasma. Among the solid-state fermentation products,
those inoculated with Bacillus subtilis yielded an 81 and 86%
reduction in immunoreactivity against both human plasma
97.5 IgE kUA/L and human pooled plasma samples, respec-
tively. A current study conducted by Yang et al. [2018] dem-
onstrated that the solid-state fermentation of a soybean meal
by a starter culture containing Lactobacillus casei CGMCCI.
539, yeast, and Bacillus subtilis CICC 20641 affected the aller-
genicity in in vitro and in vivo studies. Soybean B-conglycinin
and glycinin were degraded into low-molecular-weight poly-
peptides, in which allergenic epitopic sequences reduced
IgE-binding capacity in the in vitro trials with human serum.
It was confirmed in an animal model of sensitised BALB/c
mice. The treatment with fermented soybean induced reduc-
tion of mast cell protease-1 (mMCP-1) level and specific to
soybean IgE, and boosted the secretion of IFN-y [Yang et al.,
2018]. Analogous results were reported by Xia ef al. [2019]
in immunised BALB/c mice model get after the treatment
with soy milk fermented only with LAB: Lactobacillus brevis
CICC 23474 and Lactobacillus sp. CICC 23470 strains. IgE,
mMCP-1, and Th2-related cytokines were decreased, while
IFN-y production increased in spleen cell cultures. However,
the intestinal villus was slightly damaged after the challenge
[Xia et al., 2019], like in the Yang et al. [2018] study.

The greatest discrepancies in the immunomodulatory
and allergenic potential of soybean-based products are
observed especially concerning soy sauce and natto. One
of the production technologies considers two-step fermen-
tation of mixed soybean and gluten proteins using Aspergil-
lus oryzae and LAB strains. However, after fermentation,
the product undergoes several steps of heating and filtra-
tion, which contribute to the reduction of its allergenic po-
tential; however, tests with allergic sera have indicated that
the soybean allergens were still present in this product after
the fermentation. The presence of some residual soybean al-
lergens in different commercial soy sauces, immunostained
by patient sera, allowed identifying enhanced immunoreac-
tivity of B-subunit of B-conglycinin and oleosin, which are
not known as major soybean allergens [Magishi et al., 2017].
It might have been a side effect of fermentation, which caused
that some hidden before epitopes became exposed after un-
folding the conformational structures of proteins. However,
in the context of the previously mentioned increase of IFN-y
expression and some abnormalities in epithelial tissue

physiology reported by Yang ez al. [2018] and Xia et al. [2019],
the data about soy sauce properties to induce Th1/Th2 regu-
lation are convergent. On the other hand, the protective role
of soy sauce was demonstrated in a mouse model of dextran
sulphate sodium (DSS)-induced colitis, where the expression
of proinflammatory genes encoding enzymes, such as iNOS
and cyclooxygenase-2 (COX-2), was decreased in the colonic
mucosa, and the expression of genes encoding proinflam-
matory cytokines in serum, such as TNFa, IFN-y, IL-6 and
IL-17A, was reduced as well [Song et al., 2014].

In the context of undesirable responses to soybean compo-
nents after fermentation, the cross-reactivity and role of those
products in delayed response should be also mentioned.
An IgE-independent response has been reported in the context
of poly(y-glutamic acid) (PGA), produced in natto fermented
with Bacillus subtilis but also other strains in co-culture. It was
reported that PGA caused late-onset anaphylaxis. The pos-
sible cross-reactivity might be significant to the sting of cni-
darian jellyfish that also contains PGA [Inomata et al., 2018].

Another important issue is also the immunoreactivity
of the bacterial proteins in the products. It was reported that
in legume-based products, the bacterial proteins from bacte-
rial biomass may gain even 16% rise during 11-h fermenta-
tion [Cabuk er al., 2018]. The last two referred studies, in par-
ticular, show how much unknown is still to be verified about
the role of proteins in fermented legume-based products.

SEAWEED

Seaweeds are traditionally consumed in Asian countries
as marine vegetables. Despite many changes in taxonomic
affiliation, a very large number of seaweed species are still
classified within the kingdom Plantae; that is why those spe-
cies will be refered in this review. More than 140 species
of macroalgae are used worldwide as foods and depend-
ing on their pigment composition, are classified into red
algae (Rhodophyta), green algae (Chlorophyta), and brown
algae (Phaeophyta). They contain various beneficial bio-
active ingredients but owing to their low content of lipids,
high content of polysaccharides, fibres, minerals, vitamins,
and abundance of phenolic compounds, seaweeds are known
for their antioxidant, anticoagulant, antiinflammatory, anti-
cancer, antihypertensive, antiviral, and antimicrobial activi-
ties, which was well-reviewed by Chye et al. [2018]. The pri-
mary method to obtain biologically-active compounds from
seaweed is chemical extraction but fermentation might
be a promising alternative in this respect. LA fermentation
improves the digestibility and bioavailability of the seaweed
components, but also extends their stability and shelf-life.
For some compounds, like fiber and vitamins, spontane-
ous and alkaline fermentation of seaweed with Aspergillus
niger and Mucor sp. through solid-state fermentation were
reported to be more efficient [Rodriguez-Jasso ef al., 2013].
However, the fermentation of seaweed can be carried out
by LAB or using co-cultures with LAB strains to improve
the sensory attractiveness of new products [Bruhn et al.,
2019]. It is also highly probable that studies on the poten-
tial role of fermented seaweed compounds might be soon
reported due to the growing interest in possible antiviral
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and antibacterial effects of seaweeds reported by traditional
Eastern medicine. Due to COVID-19, an increasing number
of studies are appearing in this context [Pereira & Critchley,
2020]. Some antiviral properties of unfermented algae have
already been reported in the context of the action of poly-
saccharides and phlorotannin derivatives in inhibiting poly-
merase and ribonuclease activities of HIV-1 RT or HSV
[Pereira et al., 2004] or in bacterial infections but still not
much is known about those agents in fermented products.

Polysaccharides

Many beneficial properties of seaweed are related to
the presence of polysaccharides but their bioavailability
is limited due to their polymeric structure. The main constitu-
ents of these polysaccharides are fucose, mannose, galactose,
and uronic acids depending on the seaweed types, which
cross-linked with each other and formed complex structures
with a high molecular weight that are resistant to degrada-
tion and utilisation by microorganisms. On the other hand,
fermentation helps increase the solubility of polysaccharides
through depolymerization. Bacterial extracellular enzymes
modify or lead to degradation of, e.g., the sulfated polysac-
charide of the seaweeds, such as sulfated galactan, or fucans
which can then be extracted. The polysaccharides released
during fermentation show exceptionally strong anticoagu-
lant properties [Shobharani et al., 2013]. Shobharani et al.
[2013] reported that LAB strains (Lactobacillus plantarum
MTCC 1328, Lactobacillus fermentum, Pediococcus pentosa-
ceus NCIM 5420, Pediococcus acidilactici NCIM 5424, Entero-
coccus durans NCIM 5427, and Enterococcus faecium NCIM
5363) of marine origin applied for the fermentation of Sar-
gassum sp. caused an increase in the anticoagulating activity
of preparations as compared with the control. The enhanced
anticoagulating activity was found to be positively correlated
with the total sugar content, indicating the role of polysac-
charides in inhibiting coagulation cascade. Moreover, LAB
cell quantity (8-9 log,, CFU/mL) and viability were report-
ed to be surprisingly high and long, up to 12 days, during
which the LA production was high. It was also reported that
the increased production of LA in seaweed-based formu-
las could contribute to the reduction of the molecular mass
of alginates without compromising their desired bioactivity
[Ramnani et al., 2012]. The selection of LAB strains with lim-
ited acidifying properties in that context was a limiting agent
in previous studies and resulted in the discrimination of LA
fermentation as an effective method to isolate alginate. Ram-
nani e al. [2012] reported that some low molecular weight
polysaccharides derived from agar and alginate-bearing
seaweeds in acidified conditions exhibited great potential to
be used as a novel source of prebiotics and caused a signifi-
cant increase in bifidobacteria populations from 8.06 at 0 h to
8.55log,, CFU/mL at 24 h (p = 0.018).

One of the reported fermented seaweed polysaccharide
activities is their radio-protective effect. For this purpose,
Ecklonia cava fermented with Lactobacillus brevis, Saccharo-
myces cerevisiae, and Candida utilis was used for the treat-
ment of y-ray-irradiated peripheral immune cells — spleno-
cytes. It was proven that the application of polysaccharides
isolated from the >30 kDa fraction, stimulated proliferation

and reduced the number of apoptotic and necrotic cells, as
well as markedly reduced the DNA damage and production
of reactive oxygen species. Ecklonia cava fermented with LAB
showed the strongest DNA protective activity [Lee et al.,
2013]. Hence, it may be concluded that fermentation sig-
nificantly improves the protective and probiotic properties
of seaweed.

Phenolic compounds

Seaweeds are a rich source of phenolic compounds that
are secondary defence metabolites synthesised by macroalgae
in response to stress conditions. They have a whole spectrum
of proven biological activities including antiinflammatory, an-
tioxidant, and antidiabetic ones [Chye et al., 2018; Gupta &
Abu-Ghannam, 2012]. LAB used for the fermentation of sea-
weeds are reported to be capable of metabolising phenolic
compounds, which on the one hand reduces their content,
and on the other hand, improves their bioavailability [Chye
et al., 2018]. Several studies reported that in different sea-
weeds, like Sargassum sp., Zostera marina, Himanthalia elon-
gata, Laminaria digitata, and Laminaria saccharina, the Lacto-
bacillus-fermentable caffeic acid, p-coumaric acid, and ferulic
acids are metabolised into their respective vinyl and ethyl
derivatives [Gupta & Abu-Ghannam, 2011; Rianingsih &
Sumardianto, 2020]. In the study of Rianingsih & Sumardi-
anto [2020], fermented Sargassum sp. has been reported to
be a promising material to produce a non-dairy probiotic
beverage. The Lactobacillus plantarum 0027 and Lactobacil-
lus acidophilus FNCC-0051 LAB strains used for fermenta-
tion were able to grow by 1 log,, during 24 h of fermenta-
tion of a seaweed:water homogenate (1:12 v/v). Moreover,
LAB were capable of increasing the count of probiotic cells
to >8 log,, CFU/mL but also to double the final total con-
tent of phenolic compounds compared to the non-fermented
products. Importantly, fermentation with FNCC-0051 result-
ed in greater antioxidant activity, tested with the DPPH assay,
than the fermentation with 0027 [Rianingsih & Sumardianto,
2020]. The metabolism of phenolic compounds in Sargassum
sp. fermented with different strains of marine-isolated LAB
differed significantly depending on the strain applied [Shob-
harani ef al., 2013]. The viability and activity of strains re-
mained high up to 12 and even 18 days. Under the optimal
fermentation period, the seaweed fermented with Enterococ-
cus faecium P1-2CB-wl exhibited the maximum antioxidant
activity, tested with seven different assys, including ABTS
and DPPH, which was positively correlated to the content
of phenolics (r=0.82-0.92) [Shobharani et al., 2013].

Another beneficial activity of seaweed phenolic com-
pounds regulated by LA fermentation is the colon-protective
phlorotannin activity. It was tested both in the context of me-
tabolism of these compounds in fermented products, but also
in the context of their fermentation by intestinal microbiota
[Charoensiddhieral., 2016]. On the one hand, the LA fermen-
tation seemed to result in a significant decrease in the content
of phlorotannins in a fermented brown seaweed Ascophyllum
nodosum and a reduced antioxidant capacity of the extracts
noted in the ABTS assay but, on the other hand, the anti-
genotoxic activity and cell growth inhibitory effect in colon
HT-29 cells was maintained and enhanced especially for
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the high molecular weight fraction of phlorotannins extracted
after fermentation [Corona et al., 2017].

Phenolics, such as phlorotannins, flavonoids, and pheno-
lic acids, and their derivatives from seaweeds are already used
in the treatment of diseases, especially those related to oxida-
tive stress. Therefore, further studies on their fate after LA
fermentation of seaweed are needed.

Protein and peptides

The quality of algae protein is relatively high compared to
cereal and soybean proteins. More than 75% of seaweeds be-
longing to the Plantae kingdom have a higher relative content
of protein essential amino acids than wheat flour and 50%
higher than soybean, rice, and corn flours [Mzhre ef al.,
2014]. The relative content of methionine and lysine was com-
parable to their content in protein of traditional food-plants.
The main limitation in using seaweed as a protein source is its
lower content than in corn or soybean. Total protein content
varies from about 10 to 40 g/100 g of seaweeds dry weight,
and differs between seasons and species. The highest protein
content in seaweed is found in the winter-early spring peri-
od, while not in the summer [Mahre ef al., 2014]. Moreover,
the content of proteins in the fermented biomass of seaweed
increases significantly due to bacterial protein production
[Rianingsih & Sumardianto, 2020].

Bioactive peptides can be released from seaweed proteins
by proteases. Seaweed-derived peptides are known for their
antioxidant, anticarcinogenic, renin inhibitory, and antihyper-
tensive activities [Cian et al., 2016; Fitzgerald et al., 2014], but
not much is known about the direct role of LA fermentation
in their release.

It is worth noting that among seaweed proteins, the pres-
ence of lectins might be important. Lectins are glycoproteins in-
volved in many biological processes, like intercellular communi-
cation. They can agglutinate red blood cells but are also strong
mitogens especially for B and T lymphocytes. Although algae
seem to feature a low sensitising potential, a few case studies
referred to hypersensitive reactions after seaweeds consump-
tion [Thomas et al., 2019]. One of the indicated reasons may
be the homology between seaweed lectins and those identified
in some legumes, including peanuts, where they are reported to
have the allergenic potential [Goodman, 2020]. LA fermenta-
tion may hypothetically reduce the allergenic potential. On
the other hand, algal lectins exhibit plenty of bioactive proper-
ties, including antibiotic, cytotoxic, antinociceptive, antiinflam-
matory, antiadhesive, and antiviral ones [Singh et al., 2015].

SUMMARY AND FUTURE PERSPECTIVES

Fermented food products are gaining attention, not only
due to their preservation feasibility and sensory attributes but
also because of their nutritional quality and health-promot-
ing potential. The probiotic properties of LA-fermented dairy
products are well-established, while the parallel technology for
plant-based products is much less developed. However, this
review has shown that the area of LA fermentation of plants
affords enormous opportunities for new, functional food de-
velopments. And although the biotransformation of several
nutrients and bioactive compounds and the strain-dependent

properties need more in-depth elucidation in several matri-
ces, the recently published research proved that LAB-fer-
mented cereals, fruits, vegetables, legumes, and seaweeds are
a good source of health-promoting and nutritional molecules.
The obtained products offer a fine alternative for a grow-
ing number of vegans, vegetarians, and flexitarians, who
look for the plant-based, healthy alternatives. On the other
hand, the process of fermentation should be properly de-
signed and controlled to avoid diminishing product’s quality
and prevent risk to health.

Further studies are needed to evaluate the effect of the in-
take of LA-fermented foodstuff on the human health in clinical
trials since the effects of fermented food are likely to be differ-
ent than coupled activties of individual bioactive compounds,
nutrients, and microbes. Moreover, the survival of probiotic
strains in the human gut and the host-microbe interactions
need comprehensive, fundamental research. And even though
the human studies are limited, the emerging evidence shows
that the health benefits of LA-fermented plant-based food
products are well-beyond the native materials.
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Kinetic Modelling of Betalain Stability and Color Changes in Yogurt During Storage
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Assessment of the storage stability of betalains added to food during processing is crucial to estimate the shelf-life of colored food products
and the potency of natural food colorants. The stability of beetroot betalains in yogurt during storage was evaluated in this study. Kinetic experiments
were conducted at storage temperatures of 4°C, 10°C, and 20°C. The relationships were also determined between the betalain degradation and lightness
(L*), redness (a*), and yellowness (b*). First-order kinetics was observed in the betalain degradation, and the changes in color parameters of the yogurt
samples fitted zero-order kinetics. The activation energy required for the degradation of betalains and changes in L*, a*, and b* was found as 104.9,
67.6,76.5, and 86.1 kJ/mol, respectively. The half-life period of the degradation of red beet betalains was found as 51.43, 30.91, and 4.54 days at 4°C,
10°C, and 20°C, respectively. Multiple linear regression models were also established for betalain content and color parameters. There was a decrease
in betalain content and a* color value in the yogurt colored with a beetroot extract during storage. A significant positive correlation was found between
pH, a* value, and betalain content in yogurt, while a significant negative correlation was found between betalain content and L* and b* values. Further

studies need to be carried out to reveal the relationship between color parameters and natural pigments in food systems.

INTRODUCTION

Since the last decade, natural pigments have attracted at-
tention of the manufacturers in the food industry. The trend
has shifted from artificial colorants to natural pigments owing
to scientific studies regarding the potential risks of synthetic
colorants to consumer health. At present, many scientific
studies are being performed on natural pigments, and food
manufacturers are trying to use them in food systems [Am-
chova et al,, 2015; Galaffu et al, 2015]. Anthocyanins are
the most studied natural pigments originating from plants,
while betalains, carotenoids, chlorophylls, and curcumin are
some other natural pigments that also offer beneficial health
effects, such as preventing obesity [Martins et al., 2016].

Betalains are heterocyclic derivatives of betalamic acids.
They are divided into two categories, namely: betacyanins
and betaxanthins. Betacyanins exhibit red to purple hues,
while betaxanthins exhibit yellow to orange hues. Beetroot
(Beta vulgaris L. ssp. vulgaris), colored Swiss chard (B. vul-
garis L. ssp. cicla), amaranth (Amarathus sp.), cactus fruit
(Opuntia sp.), pitayas (Stenocereu ssp.), and pitahayas (Hylo-
cereus undatus) are the main plant sources of betalains. Ama-
nita muscaria (fly agaric, a higher fungus) is also their natural
source [Azeredo, 2009; Barta ef al., 2020; Delgado-Vargas
et al., 2000; Gengatharan et al, 2015]. Betalains have also

* Corresponding Author: Tel: +90 276 221 21 21 Ext: 2754;
E-mail: (Dr. O. Guneser)

gained interest owing to their health-promoting properties
such as anti-atherogenic, anti-carcinogenic, anti-inflammato-
ry, and hypolipidemic activities, along with colorant proper-
ties in food applications [Barta ef al., 2020; Delgado-Vargas
etal., 2000; Moreno et al., 2008]. Red beetroot is the commer-
cial source of red colored betalains including betanin and iso-
betanin. Therefore, a beetroot extract or/and juice concentrate
is used as a food colorant in many food products, such as
dairy-based snacks, with E number 162 (E-162) [Azeredo,
2009; Herbach et al., 2006].

Although the potential use of natural pigments is high, their
application in foods is limited due to their low stability, weak
tinctorial strength, strong interactions with food ingredients,
and inability to match desired hues [Sigurdson et al., 2017].
In this context, although betalains have certain pharmaco-
logical activities and color properties, it can be said that their
main drawback is their strong earth-like aroma. Several types
of studies are ongoing for their applicability in food systems
using various techniques, such as co-pigmentation. Betalains
as natural colorants in real food systems are less explored.
Arecent study [Gengatharan et al., 2017] has shown the effects
of pH and refrigerated storage on the stability of a colorant
extract obtained from red pitahaya in yogurt. The degradation
rate of betacyanin in yogurts containing the colorant extract at
14 days of refrigerated storage was 1.0%, while a loss of 1.6%
betacyanin was observed in yogurt colored with a commercial
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colorant E-162. This study also showed that the extract from
red pitahaya treated at pH 4 and 5 caused a lower reduction
of betacyanins compared to E-162 in yogurt during ten weeks
of refrigerated storage at 4°C.

Betalains are stable at pH ranging from 3 to 7 compared
with anthocyanins, and are suitable coloring agents that can
be stabilized by ascorbic acid [Sigurdson et al., 2017]. Her-
bachet al. [2007] reported that the betacyanins present in pur-
ple pitaya (Hylocereus polyrhizus) could be easily stabilized
by 1% ascorbic acid. In contrast, Karangutkar & Ananthana-
rayan [2021] found that 0.05% of ascorbic acid reduced be-
tacyanin content in Basella rubra in a model beverage system
during storage because of its pro-oxidant effect. Moreover,
the addition of 5 mM (+)-catechin in a model beverage system
was found to fulfill the maximum pigment retention at low
temperature (4°C), and in the absence of light and oxygen.

Assessment of the thermal and storage stabilities of beta-
lains added in real food systems during processing is crucial
to estimate the shelf-life of colored food products and the po-
tency of natural food colorants [Giineser, 2016]. This study
aimed to evaluate the stabilities of beetroot betalains in yogurt
during storage at 4°C, 10°C, and 20°C using a chemical ki-
netics approach. The relationships between betalain content,
color parameters, and pH during storage were determined us-
ing multiple linear regression and correlation analyses.

MATERIALS AND METHODS

Materials

Beetroot betalains used in the present study were acquired
from a commercial natural liquid colorant from beetroot (Wild
Flavors, ADM Wild GmbH, Eppelheim, Germany) that was
obtained from NANTE Chemical Company (Istanbul, Tur-
key). Cow milk for yogurt production was obtained from a lo-
cal producer (Usak, Turkey). The yogurt starter culture (Biiyiiyo
Yogurt Culture, a mixed culture of Lactobacillus delbrueckii ssp.
bulgaricus + Streptococcus thermophiles + Lactobacillus aci-
dophilus) was obtained from Danem Dairy Company (Isparta,
Turkey). All chemicals were of analytical/chromatographic
grade and were purchased from Merck (Darmstadt, Germany)
and Sigma-Aldrich (St. Louis, MO, USA).

Production of yogurt with beetroot betalains

Yogurt was prepared according to the procedure of Yigit
et al. [2011]. Cow milk (6 L) was blended using a hand
blender to get a homogeneous matrix. Then, the milk was
distributed in three glass jars. The glass jars were placed
in a water bath and heated to 85+2°C for 30 min. Then, they
were placed in an ice-water bath for cooling. When the tem-
perature of the glass jars had reached at 43+2°C, the beet-
root colorant (3 g/L) and the yogurt starter culture (0.25 g/L)
were added into each glass jar aseptically and then mixed
by a hand blender at a medium speed (2 g force). The in-
oculated milk was poured into 100-g plastic cups (poly-
propylene) with lids (polyethylene terephthalate) and incu-
bated at 43+2°C in an incubator (Niive-ES 120, Ankara,
Turkey) until pH= 4.7. After incubation, the yogurt samples
were immediately shifted to refrigerated incubators for fur-
ther experimentation. The procedures for the preparation

of the yogurt samples were established based on the stan-
dard yogurt production steps [Tamime & Robinson, 2007].
Yogurt production was performed in duplicate. The amount
of commercial beetroot colorant added into yogurt was de-
termined by pre-coloring experiments and the recommenda-
tions of the producer. Moreover, in the Turkish Food Codex
[TFC, 2013], the limit of beetroot colorant use was deter-
mined as a quantum satis. The inoculation rate of the yogurt
culture was based on the recommendations of the Danem
Dairy Company.

Storage experiment

The storage stability and changes in the color parameters
of beetroot betalains in yogurt were examined at 4°C, 10°C,
and 20°C for 60, 40, and 20 days, respectively, in refriger-
ated incubators (Niive-ES 120, Ankara, Turkey and Mem-
mert [PP500, Schwabach, Germany). The temperatures for
yogurt storage were chosen by considering possible facilities
such as transport, storage, and retail temperature conditions
that consumers and manufacturers generally use for yogurt
(4°C as storage temperature, 10°C as refrigerator tempera-
ture, and 20°C as cool ambient temperature). During storage,
the yogurt samples were taken at regular time intervals (8-day
for 4°C; 4-day for 10°C; and 2-day for 20°C) for chemical
and color analyses, which were performed in duplicate for
each storage temperature.

Titratable acidity, pH, and proximate analysis

Physicochemical properties of the yogurt samples, in-
cluding pH, titratable acidity (g lactic acid/100g), total solids
(g/100g), contents of fat (g/100g), protein (g/100g), and ash
(g/100g) were determined by the methods described by Bradley
etal [1992].

Determination of betalain content in yogurts during
storage

The betalain fraction was separated from yogurt samples
using the method proposed by Gandia-Herrero et al. [2012].
In brief, 10 g of yogurt was centrifuged at 3075xg in a fal-
con tube at 10°C, and next the upper part was filtrated using
a 0.45 u PTFE syringe filter. Using this separation method,
the recovery rate was >95%. Quantification of betalains
(betanin+iso-betanin) in the yogurt fraction was performed
by the HPLC with the external standard method [Naderi
et al., 2012]. The Agilent 1260 HPLC system with Agilent
multiple wavelength UV detector (Agilent Technologies
Inc., Folsom, CA, USA) was used. Separation of betalains
was carried out using a Zorbax SB-C18 column (Agilent,
4.6x250 mm, particle size of 5 um). The mobile phase con-
sisted of 0.5 mL/L trifluoroacetic acid solution and acetoni-
trile (90:10). The flow rate was kept constant at 1.0 mL/min,
and the column temperature was maintained at 20°C for
a total run. The detector was set at 540 nm for monitor-
ing betalains. Betanin (product no: 901266, Sigma-Aldrich,
St. Louis, MO, USA) was used as an external standard.
The limit of detection, the limit of quantification, and re-
peatability were determined to be 7.12 mg/kg, 23.75 mg/kg,
and 1.05 %, respectively. The content of betalains in yogurts
was expressed as mg/kg yogurt.
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Measurement of color parameters

The color parameters (L* — lightness, a* — redness and
b* — yellowness) of the yogurts were measured by using Mi-
nolta Cr-400 colorimeter (Minolta Co. Ltd., Osaka, Japan).
A standard white plate was used for colorimeter calibration.
Standard illuminant C and a standard observer angle (2°)
were used for color measurements [ISO-CIE, 2008; Wrolstad
& Smith, 2017]. The measurement was taken twice per sample.

Calculation of kinetic parameters

The storage stability of betalains and changes in color
parameters of the yogurt samples during storage were evalu-
ated using kinetic parameters (reaction order, reaction rate
constants (k), and half-life period (,)). The effect of tem-
perature on betalain degradation was studied and expressed
by both activation energy (E,) and temperature quotient (Q, )
[van Boekel, 2008].

Statistical analysis

Pearson’s correlation and multiple regression analysis were
performed to evaluate the relationship between the color pa-
rameters and betalain content of the yogurts [Sheskin, 2004].
SPSS software version 15.0 for Windows (IBM, Armonk,
NY, USA) was used for the statistical analysis.

RESULTS AND DISCUSSIONS

Proximate composition, pH, and titratable acidity
of the fresh yogurt

The stability of several natural pigments is affected
by the physicochemical characteristics of food containing
them. Therefore, the proximate composition of the fresh yogurt
was determined, and the results are given in . The yogurt
contained 13.13 g/100 g of dry matter and 2.50 g/100 g of fat,
while about 3.01 g/100 g of protein and 0.85 g/100 g of ash on
average. Its pH was about 4.53 and its titratable acidity was
0.81 g lactic acid/100 g. The chemical composition of yogurt
may be affected by many factors, such as milk composition,
presence of additives, process types, efc. The chemical com-
position of the fresh yogurt in the present study was typical
of this kind of product, as supported by the results of previous
studies [Ozoglu et al., 2020; Yigit et al., 2011]. Ozoglu et al.
[2020] investigated proximate compositions of homemade
probiotic and commercial non-probiotic yogurts. They found
that the pH values and dry matter contents of the yogurts were
at 4.45-4.48 and 11.25-11.45 g/100 g, respectively. Protein
and fat contents of the yogurts were found to range between
2.95 and 4.0, and between 3.01 and 3.70 g/100 g, respectively.
Similarly, Farinde et al. [2009] reported 15.9 g/100 g of dry mat-
ter, 2.4 g/100 g of protein, and 0.4 g/100 g of ash contents for
the commercial cow’s milk yogurts sold in Nigeria. Hence, an
average pH and acidity values of the yogurts were determined
as 4.1 and 0.1 g lactic acid /100 g, respectively. The moisture
content of the yogurt samples ranged from 83.3% in cow’s milk

Changes of yogurt pH and titratable acidity during
storage

In the present study, the pH and titratable acidity of yo-
gurts during storage were also monitored. The pH of yogurt

TABLE 1. Proximate composition, pH, and titratable acidity of the fresh
yogurt.

Parameter Value

pH 4.53+0.12
Titratable acidity (g lactic acid/100 g) 0.81=0.05
Dry matter content (g/100 g) 13.13=0.02
Fat content (g/100 g) 3.01+0.01
Protein content (g/100 g) 2.50=0.01
Ash content (g/100 g) 0.85+0.01

The values are expressed as means=standard deviation (SD).

decreased significantly during storage at all storage tempera-
tures ( ). The pH decrease was higher at 20°C than
at other storage temperatures probably due to the higher
metabolic activity of lactic acid bacteria at this temperature,
as indicated by titratable acidity ( ). Increasing acidity
in yogurt during storage is known as a post-acidification ef-
fect caused by the metabolic activities of lactic acid bacteria
that produce lactic acid, and decreasing the shelf-life of yo-
gurt [Shah, 2000].

Storage stability of betalains and changes in color
parameters of yogurts

The chromatographic separations of betalains in the yo-
gurts are shown in . Two betalains were identified
in the yogurts colored with beetroot colorants. The peak 1
with retention time of 10.53 min corresponds to betanin,
while the second peak with retention time of 14.04 min to
iso-betanin ( ). Moreover, betanin and iso-betanin
are predominant betalains in beet root, as mentioned before.
The findings of the present study are in good agreement with
the literature data [Azeredo, 2009; Herbach et al, 2006].
The content of betalains in the yogurts stored at 4-20°C
is provided in . It was 305.18 mg/kg of the fresh yogurt
and decreased during storage by 49.36%, 58.55%, and 95.65%
at 4°C, 10°C, and 20°C, respectively.

The degradation of betalains followed the first-or-
der reaction kinetics with high determination coefficients
(R*=0.983,0.971 and 0.969 at 4°C, 10°C, and 20°C, respec-
tively). Kinetic parameters for the degradation of betalains
are given in . The k values were found in the range
from -13.4x10-%/day to -152.3x10-3/day. The degradation
rate of betalains in the yogurt samples increased with the el-
evation of storage temperature. This finding was confirmed
by the half-life (7, ,) values. Values 7, , for betalains in the yo-
gurt samples were found to be 51.43, 30.91, and 4.54 days
at 4°C, 10°C, and 20°C, respectively. Similarly to present
findings, several studies have described the first-order kinet-
ics of betalain degradation in different types of food under
various storage and process conditions [Caldas-Cueva et al.,
2016; Kaym et al., 2019; Tobolkova et al., 2020]. Kayn et al.
[2019] reported the first-order kinetics for betacyanin and be-
taxanthin degradations in red beet juice concentrates stored
in glass jars with and without aluminum foil at 25-45°C.
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FIGURE 1. The pH value of the yogurts stored at 4-20°C.
The error bars represent the standard error.

TABLE 2. Titratable acidity (g lactic acid/100 g) of the stored yogurts.

Storage Temperature (°C)

time (day) 4 10 20

1 0.75+0.01 0.80+0.01 0.89+0.01

2 —* - 0.98+0.05

4 - 0.84+0.03 0.97+0.01

6 - - 0.96+0.01

8 0.82+0.02 0.92+0.01 1.01+0.01

10 - - 1.03+0.01

12 - 0.99+0.01 0.99+0.01

14 - - 1.02+0.01

16 0.92+0.02 0.91£0.02 0.96+0.04

18 - - 1.03+0.02

20 - 0.92+0.01 1.01+0.01
24 0.91+0.13 0.92+0.01 -
28 - 0.99+0.01 -
32 0.90+0.01 0.95+0.01 -
36 - 1.01£0.01 -
40 0.86+0.01 0.90+0.04 -
48 0.90+0.01 - -
60 0.91+0.01 - -

*Analysis was not conducted on particular days. The values are expressed
as means=+standard error (SE).

They calculated k values reaching 14.8x 10-3/day, 29.4x10-3/
day, and 79.5x10-3/day for betacyanin degradation at 25°C,
35°C, and 45°C, respectively, whereas low k values, such as
8.5x107%/day, 37.1x107%/day, and 90.2x10-%/day, were
calculated for betaxanthin degradation at the same storage
temperatures.

In another study by Tobolkova et al. [2020], the first-order
reaction was observed for the degradation of both betacya-
nins and betaxanthins in apple-beetroot juice stored at 2°C,
7°C, and 20°C. The k values for betacyanin and betaxanthin
degradations ranged from 7.3x107%/day to 47.1x10-%/day
and from 6.4x 10-3/day to 28.5x 10~*/day, respectively, which
were lower than those observed in the present study. Similar-
ly, Caldas-Cueva ef al. [2016] reported that the degradation
of betacyanins of an ayrampo (Opuntia soehrensii) seed ex-
tract and a red beet extract during the storage at 4°C and 25°C,
at pH 4.5 followed the first-order reactions kinetics. The sta-
bility of betacyanins in the ayrampo seed extract was higher
than that in the red beet extract at both temperatures tested.
Color retention in yogurts containing the ayrampo seed ex-
tract and the red beet extract was not influenced by fat content,
and the ayrampo seed extract showed better color retention
over 4-week storage at 4°C compared with the red beet extract.
Contrary to present findings, Moreno et al. [2007] reported
the zero-order reaction for the degradation of betalains from
tuna (Opuntia elatior Miller) and beetroot (Beta vulgaris L.)
in four different citrus beverage formulations during storage
at 7°C, with k values between 12.4 and 18.1 g/100 mL xday.

The differences in findings on betalain degradation
could be attributed to the differences in the structure
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FIGURE 2. HPLC separation of the betalain fraction from yogurt with a red beet colorant. Peaks number 1 and 2 correspond to betanin and iso-betanin,

respectively.

of individual betalains, food matrix and product formula-
tion, process conditions, and storage temperatures [Azere-
do et al., 2009; Khan, 2006]. Many types of reactions, such
as hydrolysis, drive the degradation of betalains [Manchali
et al., 2013]. Each reaction that has different responses
regarding chemical kinetics occurs by various chemical
mechanisms and depends on many factors. Betalains are
considered as heat-labile pigments. Many researchers have
reported [Herbach et al., 2004, 2007; Kayn et al., 2019] that
their stability decreased by increasing temperature depend-
ing on pigment concentration, temperature level, exposure
time of heating, or the presence of oxygen. It has been em-
phasized that betalains are considerably degraded between
50 and 75°C [Herbach et al., 2006; Manchali et al., 2013].
They may be also degraded by isomerization at low tem-
peratures, and their chemical structure and color change as
a result of isomerization reactions [Herbach et al., 2006].
Especially, betalains are transformed to the decarboxylated,

dehydrogenated, or glycoside derivatives at high tempera-
ture. For instance, betanin (red) is conversed to neobetanin,
which has yellow color, by dehydrogenation reaction, while
15-decarboxy-betanin (red), 17-decarboxy-betanin (or-
ange-red), and cyclodopa-5-O-glycoside (colorless) are
formed by the decarboxylation of betanin [Azeredo, 2009;
Herbach et al., 2006; Khan, 2016; Manchali ef al., 2013].
Fermentation was also determined to affect the stability
of betalains. According to Czyzowska et al. [2006], be-
tanidin and isobetanidin can be formed by izomerization
in red beet juice during lactic acid fermentation. In addi-
tion, ratios of betanin+isobetanin/betanidin+isobetanidin,
isobetanin/betanin, neobetanin/betanin, and vulgaxanthin
I/betanin were found to change in the fermented red beet
juice depending on the variety of beet processed (Czer-
wona Kula and Chrobry). The authors reported that these
changes could be due to the activity of PB-glucosidase
sourced by lactic acid bacteria and the activities of certain
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FIGURE 3. Betalain content in the yogurts stored at 4-20°C.
The error bars represent the standard error.
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TABLE 3. The kinetic parameters determined for betalain degradation and for color parameter changes of the yogurts during storage.

Parameter Temgccr?ture RZ?ZZ?H Reaction rate constant (k) (é}';y ) Activat(i](i?/;r:;;gy (E) P 2 e
x 107 (1/day)
4 -13.4=0.1 (0.983)" 51.43
Betalain 10 Firstorder  -23.0=0.9 (0.971) 3091 104.9:£0.1 (0.966) 243 6.61
20 -152.3=0.1 (0.969) 4.54
x 1073 (L*/day)
4 28.8+1.6 (0.982) b
L* 10 Zero-order 45.5+1.7(0.952) - 67.6x4.8 (0.988) 2.13 3.56
20 162.1+8.7 (0.852) -
x 1073 (a*/day)
4 -53.3+0.8 (0.958) -
a* 10 Zero-order -95.6+7.5 (0.982) - 76.5+0.6 (0.994) 2.63 3.35
20 -321%1.4 (0.948) -
x10° (b*/day)
4 34.9+1.2 (0.906) -
b* 10 Zero-order 69.7%6.5 (0.958) - 86.1=1 (0.990) 3.15 3.76
20 262.6+1.9 (0.924) -

aNumbers in parentheses are determination coefficient (R?). "The value was not calculated due to zero-order reaction. L*: lightness, a*: redness,
b*: yellowness, 7, ,: half-life, O, : temperature quotient. The values are expressed as means=+standard deviation (SD).

enzymes including dehydrogenase, polyphenoloxidases, or
peroxidase, which were found in the red beet juice medium
[Czyzowska et al., 2006].

Unlike the changes in betalain content of the yogurt sam-
ples, changes in L*, a*, and b* color parameters followed
the zero-order kinetics during storage ( , ).
The L* and b* values increased, while the a* values decreased
duringyogurtstorage atall storage temperatures. Furthermore,
k values determined for the changes in L*, a*, and b* values
were found in the range between 28.8x10-3and 162.1x103
L*/day; -53.3x1073 and -321x1073 a*/day; as well as
34.9x107% and 262.6 x 10~ b*/day, respectively. According to
this, the reaction rate determined for changes in the a* val-
ues of the yogurts stored at all temperatures was higher than
those determined for the L* and b* values ( ). This can
be attributed to the changes in chemical structures and spec-
tral properties of betalains as a result of several reactions.
Indeed, degradation of betalains led to an increase in L*, b*,
and hue angle values and to a decrease in ¢* value, as com-
monly reported in previous research [Fernandez-Lopez ef al.,
2013; Gandia-Herrero ef al., 2010; Herbach et al., 2004]. Dif-
ferent UV absorption and reflectance properties were reported
for decarboxylated, dehydrogenated, or glycoside derivatives
from betalains in different food matrices and solvents. Ac-
cording to this, betanin from red beet displays a maximum
UV visible absorbance at 538 nm, while its dehydrogenated
derivatives (neobetanins) have the maximum UV absorbance
at 477 nm [Herbach et al., 2004].

Although several works are available on the kinetics
of changes in the color parameters of anthocyanins in vari-
ous foods [Reyes & Cisneros-Zevallos, 2007; Roidoung et al.,
20171, studies regarding the kinetics of color changes of beta-
lains are sparse. Kayin et al. [2019] reported that L*,a*, and b*
value changes in a red beet juice concentrate stored at 25°C,
35°C, and 4°C followed the zero-order kinetics with k values
lower than that found in the present study. Sonar et al. [2019]
reported that L*, a*, and b* values of beetroot puree packed
in polymeric films with different oxygen transmission rates de-
creased during storage at 7°C, and the changes of overall color
difference (AE) of beetroot puree were found to follow the ze-
ro-order reaction Kinetics. In a study by Narkprasom et al.
[2012], the first-order kinetics was reported for the degrada-
tion of Hunter a value of Djulis extract (Chenopodium formo-
sanum Koidz.) in model systems containing various ethanol
concentrations (0%-60%) during storage at 20-50°C. Simi-
larly, Chandran et al. [2014] reported that the degradation
of Hunter a/b values of beetroot at 50-120°C in an isothermal
heating condition followed the first-order kinetics.

Activation energy (E,) and temperature quotient (Q,,)
values of betalain degradation and changes of the color
parameters of the stored yogurts

The temperature dependency of the betalain degradation
and color changes in the yogurt samples were expressed by £,
and Q, values. The E_ value for the degradation of betalains
in the yogurts during storage at 4-20°C was 104.9 kJ/mol,
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while calculated Q,, values were 2.43 and 6.61 at 4-10°C
and 10-20°C, respectively ( ). Based on these results,
it can be interpreted that the reaction rate for betalain deg-
radation in the yogurts is more influenced by the tempera-
ture change from 10°C to 20°C compared with the tem-
perature change from 4°C to 10°C. The E, values denoting
the color changes were 67.6, 76.5, and 86.1 kJ/mol for L*,
a*, and b* color parameters, respectively. Due to low E,
values, the changes in L* and a* values were more affected
by the temperature elevation than h* value. Indeed, Q,  values
of the changes in b* value were found to be higher than those
of L* and a* values ( ).

Various E_ values for the betalain degradation and col-
or changes in food systems have been reported [Das et al,
2019; Kaym et al., 2019; Siow & Wong, 2017]. In a study
by Siow & Wong [2017], E_ values were calculated as
92.817 and 82.953 kJ/mol for the degradation of betacya-
nins in red-fleshed dragon fruit (Hylocereus polyrhizus) juice
and its concentrate at 25°C, 37°C, and 45°C, respectively,
and were lower than E_ value observed in the present study.
Similarly, Kayin er al. [2019] reported lower E_ values, such
as 66.07 and 93.27 kJ/mol, for betacyanin and betaxanthin
degradations in a red beet juice concentrate stored in glass
jars at 25-45°C. Those researchers have also reported E,
values at 23.00, 93.28, and 88.26 kJ/mol for L* a* and b*
color parameters, respectively [Kaym er al., 2019]. Similarly
to the present findings, Das er al. [2019] reported E, val-
ues such as 119.75 and 125.34 kJ/mol for the degradation
of betacyanins extracted from red amaranth using water and
50% ethanol at pH 1 and 3, respectively, at storage tempera-
tures of 4°C and 30°C. In turn, the E, value of 37.54 kJ/mol
was reported by Chandran et al. [2014] for the changes
of Hunter a/b value in beetroot heated at 50-120°C.

Relationships between the pH value, betalain content,
and color parameter values in yogurts during storage

Unlike anthocyanins, betalains are color-stable in a food
matrix in a wide range of pH values. The maximum UV ab-
sorption and color spectrum of betalains do not change sig-
nificantly at pH from 3 to 7. According to Fu ef al. [2020],
the optimal stability of betalains was reached at pH 4-6.
In the present study, the pHs of the yogurts ranged from
4.15 to 4.69 ( ). Therefore, the color stability of be-
talains in the yogurts could be expected. However, changes
in the color parameters were observed during storage (

). As explained earlier, these results could be related
to the type of degradation, molecular interactions of be-
talains with the structural components of the yogurt matrix,
and others factor, such as dissolved oxygen concentration,
content of metal cations content, and enzymes, apart from
the pH. Moreover, several types of acids and their amounts
have different effects on the color of betalains [Khan, 2016].
In the present study, the titratable acidity (g lactic acid/100 g)
of the yogurt samples increased gradually during the storage
depending on the storage temperature ( ).

Synthetic or natural color pigments that are found
in foods have different spectral characteristics. The ultra-
violet/visible spectra of these compounds are of great impor-
tance because they provide valuable information about their

TABLE 4. Multiple linear regression models for pH, betalain content,
and color parameters of the yogurts stored at different temperatures.

Temperature

©C) Multiple regression equation R? Pvalue
Betalain (mg/kg) = 7.88 L*
4 + 88.23 a* +39.40 b* 97.55 0.020
+ 72.50 pH - 1329
Betalain (mg/kg) = 3.5L* +
10 §530a% + 41.50 5~ 74pH-581 o7 0000
20 Betalain (mg/kg) = 6.10 L* + 72.09 0.177

39a*-12b*- 168 pH + 352

aNumbers in parentheses are P values for regression analysis. L*: light-
ness, a*: redness, b*: yellowness.

structure and content in products [Sant’Anna et al., 2013;
Wrolstad & Smith, 2017]. Revealing the relationship between
the content of color compounds and their spectral proper-
ties in foods by using low-cost and fast techniques is essential
to make faster decisions in food processing and preservation
[Pathare et al., 2013]. In this context, many studies have been
conducted based on different foods [Alighourchi & Barze-
gar, 2009; Gongalves et al., 2007; Giineser, 2016; Humphries
etal, 2004; Su et al., 2016].

The relationship between the content of betalains, col-
or parameters, and pH of the stored yogurts was explored
by multiple linear regression and correlation analyses
in the present study. Significant fit of regression models was
found for the storage temperatures of 4°C and 10°C with high
determination coefficients (R? = 97.55 and 98.59) ( ).
This indicates that the developed models have a reasonable
predictive power to calculate the betalain content of the yo-
gurts stored at 4-10°C. The relative weight of the redness
(a*) as a predictor variable had the highest value, followed
by yellowness (b*) in the models. Furthermore, a positive cor-
relation was determined between the content of betalains,
a* value, and pH value, whereas L* and b* values showed
a negative correlation with betalain content ( ).

These findings show that the effective assessment of beta-
lain content in yogurt can be achieved by studying the color
values of L*, a*, b*, and pH instead of time-consuming chro-
matographic analysis. Similarly, in a previous study [Guneser,
2016], a negative correlation was found for L* values and be-
talain contents in milk with a beetroot colorant heated at
70-90°C. Moreover, a significant positive correlation was
observed between chroma values and betalain contents. Li-
aotrakoon et al. [2013] showed that a* and b* values could
be used as criteria to determine the quality of white and red-
-flesh dragon fruit purees and also that the betalain content
of red-flesh dragon fruit purees could be estimated by using
the total color change with a high prediction (R*=0.94). In an-
other study by Gongalves ef al. [2007], the total anthocyanin
content of four different sweet cherry cultivars (Burlat, Saco,
Summit, and Van) was reported to negatively correlate with
L* a*, b* chroma, and hue angle values during storage at
1.5°C and 15°C. In turn, Humphries et al. [2004] investigated
the relationship between L*, a*, b* values, and lutein and car-
otene contents in wheat and triticale samples. The positive
correlation found between lutein contents and b* values was
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TABLE 5. Coefficients of correlations between pH, betalain content,
and color parameters of the stored yogurts.

onent | a a
. -0.834
L 0.001)*
a* 0.960 0.853
(0.001) (0.001)
b -0.935 0.832 -0.990
(0.001) (0.001) (0.00)
0.720 -0.651 0.727 -0.692
pH (0.001) (0.001) (0.001) (0.001)

aNumbers in parentheses are P values determined for correlation analysis.
L*: lightness, a*: redness, b*: yellowness.

stronger for durum wheat than that determined for other
wheat varieties. In contrast, it was found that carotene and lu-
tein contents were weakly correlated with L* and a* values
in wheat and triticale samples. It can generally be concluded
that such color parameters as L*, a*, and b* are directly relat-
ed to pigments present in food items. Thus, the color analysis
is a useful tool to determine the content of natural pigments
of various food items at various processing stages. Sensory
color analyses should also be performed in this respect along
with instrumental color and chromatographic analyses.

CONCLUSION

This study evaluated the stability of beetroot betalains
in yogurts during storage. The pH values of yogurts containing
the beetroot extract decreased during the storage, and the de-
crease was the highest at 20°C. First-order kinetics were reported
for the degradation of betalains in yogurts stored at 4°C, 10°C,
and 20°C. Moreover, changes in L*, a*, and b* values followed
the zero-order kinetics. Storage temperatures had the least ef-
fect on L* value followed by a* value of color of the yogurts.
It was observed that the developed multiple linear regression
models had a reasonable predictive power to calculate the be-
talain content of yogurt samples stored at 4-20°C. The highest
value as a predictor variable was obtained for a* in the models.
Further studies should be performed by considering the matrix
effect on natural pigments, color parameters, and sensory color
properties. All obtained data can be analyzed further using ad-
vanced statistical methods to reveal the relationship between
color value and natural pigments in food systems.
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Swiss chard is a vegetable valued not only for the taste of its leaves but also because of its health-promoting properties. To date, nothing is known
regarding the occurrence of saponins in the Swiss chard plant, even though they could be at least partially responsible for the nutraceutical activities
of this plant. This research aimed to describe saponins from the leaves of four Swiss chard (Beta vulgaris L.) cultivars. Saponin structures were ana-
lyzed by UHPLC-CAD/QTOF-MS/MS. Based on the fragmentation patterns, we tentatively identified 16 triterpene saponins in B. vulgaris, including
two that had not been detected previously. The observed compounds were glycosides of five different, tentatively identified aglycones, i.e., oleanolic
acid, hederagenin, gypsogenin, akebonoic acid, and serjanic acid. Moreover, the structure of four saponins detected in Swiss chard leaves included
dioxolane-type and six acetal-type substituents. Eleven, eight, eleven, and eight saponins were observed in saponin fractions obtained from Rhubarb,
Bulls Blood, Perpetual Spinach, and White Silver cultivars, respectively. Furthermore, the content of all identified triterpene derivatives in the investi-
gated cultivars was estimated using a method based on the UHPLC coupled with QTOF-MS/MS and charged aerosol detector (CAD). The analyzed

cultivars differed in the total and individual saponin content. The total saponin content ranged from 125.53 to 397.09 ug/g DW.

INTRODUCTION

Swiss chard (Beta vulgaris L.) is a plant grown strictly for
its edible leaves. This vegetable is valued not only for the taste
of its leaves but also because of its health-promoting proper-
ties [IvanoviC et al., 2019]. Swiss chard was used in folk medi-
cine to treat diabetes, kidney diseases, and the immune system
[Hashem er al., 2016; Ninfali er al., 2013]. In contemporary
studies, extracts from its leaves have been demonstrated to
reveal anticancer, anti-inflammatory, and antioxidant prop-
erties [Ninfali ef al., 2013; Pyo et al., 2004]. Previous works
have reported that Swiss chard contains flavonoids, such
as vitexin, vitexin 2-O-rhamnoside, and vitexin 2-O-xyloside
[Hashem et al., 2016; Ninfali et al., 2013], while its leaves
to contain many phenolic acids, such as syringic acid, 4-hy-
droxybenzoic acid, caffeic acid, chlorogenic acid, and vanillic
acid, along with two aldehydes: 2,5-dihydroxybenzaldehyde
and 2,4,5-trihydroxybenzaldehyde [Gennari et al., 2011].

Swiss chard belongs to the Amaranthaceae family that
includes many economically important plants utilized as
herbal medicines or vegetables. The Amaranthaceae plants’
phytochemical composition includes essential oils, betalains,

* Corresponding Author: Tel.: +48 22554 3318;
E-mail: (A. Mroczek)

phenolic compounds, and triterpene saponins [Mroczek,
2015]. From the various groups of secondary metabolites
present in Amaranthaceae plants, triterpene saponins appear
to be one of the most significant from the nutraceutical point
of view, yet they are still undervalued.

Triterpene saponins are amphiphilic compounds char-
acterized by their structure containing a triterpenoid agly-
cone, also called sapogenin, which consists of a pentacyclic
C,, skeleton and one or more sugar chains [Sparg ef al.,
2004]. The carbohydrate portion consists of one or more
sugar moieties, and the most common monosaccharides
include hexoses (p-glucose, D-galactose), 6-deoxyhexoses
(L-furanose, L-quinovose, L-rhamnose), pentoses (L-arabinose,
p-xylose), and uronic acids (mainly d-glucuronic acid). Sapo-
nin can also consist of non-carbohydrate acetyl, organic acid
type, aminoacyl, or sulfuric substituents [Arslan & Cenzano,
2020; Mroczek, 2015]. Saponins are categorized according
to the number of sugar chains in their structure as mono,
di- or tridesmosidic. Monodesmosidic saponins have a sin-
gle sugar chain, often attached through an ether linkage at
C-3 of the aglycone, while bisdesmosidic saponins have an
additional sugar chain attached through an ester linkage at
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C-28. Tridesmosidic saponins have three sugar chains and sel-
domly occur. The structural complexity of saponins, arising
from the variable structure of the aglycone and the number
and structure of the sugars or functional groups, results
in many physical, chemical, and biological properties of this
diverse group of compounds [Sparg et al., 2004].

Saponins are associated with a wide range of other biolog-
ical properties, i.e., plant defence against pathogens [Sparg
et al., 2004], deterrence to insects [Tava & Odoardi, 1996],
antifungal properties [Osbourn et al., 1996], and low digest-
ibility in ruminants [Troszynska, 2004]. Widely distributed
in medicinal herbs and edible plants, triterpene saponins are
also interesting from a pharmaceutical point of view. Various
studies have reported beneficial antimicrobial, anti-inflam-
matory, immunomodulatory, hepatoprotective, antidiabetic,
hypolipidemic, anticancer, and adjuvant effects of saponins
[Kirk et al., 2004; Podolak ef al., 2010]. Due to their abilities
as surfactants and antifungal agents, saponins or saponin-
-containing plant extracts can be used for industrial applica-
tions, such as in cosmetic or food industries.

Although these compounds have significant biological
importance, little is known about their distribution in plants
from the Amaranthaceae [Mroczek, 2015]. Triterpene sa-
ponins have recently been extensively studied in sugar beet
roots and sugar pomace due to a floc problem during sugar
production [Yoshikawa et al., 1996]. They were also detected
in red beet cultivars — Red Sphere [Mroczek et al., 2012; Spor-
na-Kucab et al., 2020], Rocket, Wodan [Mroczek et al., 2012],
Chrobry, and Nochowski [Mikotajczyk-Bator et al., 2016a].
Recently, saponins have been qualitatively characterized
in the leaves of the red beet cv. Wodan [Mroczek et al., 2019].
What is worth noticing is that, in both Beta vulgaris groups,
i.e., sugar and red beet, glycosides of simple sugars moieties
were reported along with saponins bearing dioxolane-type
and acetal-type substituents [Mikofajczyk-Bator et al., 2016a;
Yoshikawa et al., 1996, 1998].

To date, nothing is known regarding the occurrence of sa-
ponins in the Swiss chard plant, even though they could be at
least partially responsible for its pharmacological and nutra-
ceutical activities due to the broad spectrum of their biologi-
cal activities. Thus, the aim of this study was a qualitative
and quantitative analysis of saponins in the leaves of four
cultivar of Swiss chard: Lukullus, Rhubarb, White Silver,
and Perpetual Spinach.

Consequently, appropriate methods needed to be estab-
lished for the qualitative and quantitative analysis of saponins
in complex plant matrices. Mass spectrometry (MS), as an
extremely sensitive and specific analytical technique, providing
qualitative and quantitative data, is an essential tool for saponin
characterization [Foubert ef al., 2010; Ge et al., 2017; Gomez-
-Caravaca et al., 2011; Kowalczyk er al., 2011; Mikolajczyk-
-Batoret al., 2016a, 2016b]. In the current study, we used ultra-
-performance liquid chromatography (UHPLC) coupled with
quadrupole-time-of-flight mass spectrometry (QTOF-MS/MS)
that has recently been widely applied to characterize natural
compound structures, including saponins [Alara et al., 2018;
Mikotajczyk-Bator et al., 2016a; Onlom et al., 2017].

Although the mass spectrometry is considered a universal
detection method, the mass detector’s response, particularly

with electrospray ionization, is highly dependent on the in-
vestigated compounds’ chemical properties. Furthermore,
significant matrix effects can affect the electrospray ion-
ization of analytes, leading to inaccurate measurements.
Thus, quantitative analyses employing mass spectrometry
detection with electrospray ionization generally require an
individual reference standard for each investigated analyte
and careful investigation of the matrix effects, which are
unavoidable if raw extracts are analyzed. The requirement
for authentic standards is often difficult to fulfill in inves-
tigations of chemically diverse groups of compounds, es-
pecially in the phytochemical and environmental analyses.
In the case of saponins, the inherent chemical diversity often
practically precludes obtaining analytical standards for all
possible congeners.

Therefore, various types of the so-called universal de-
tectors are employed that generate responses independently
of the investigated analytes’ chemical properties and are less
prone to matrix effects. Thus, the second detector utilized
in this study was a charged aerosol detector (CAD), which
is suitable for detecting semi-volatile and non-volatile ana-
lytes and has been used to analyze saponins for over a decade
[Baker & Regg, 2018; Vehovec & Obreza, 2010; Wu et al.,
2019]. The use of a universal detector enabled the estimation
of saponin contents without costly and time-consuming puri-
fication of individual saponins for reference standards.

Such a multi-detector approach allowed for the rapid, si-
multaneous characterization of saponins present in plant ma-
terial based on their fragmentation pathways and subsequent
estimation of detected compounds’ content.

MATERIALS AND METHODS

Chemicals

Analytical-grade methanol, LC-MS-grade acetonitrile,
diethyl ether, and acetic acid were purchased from J.T. Baker
(Phillipsburg, NJ, USA); formic acid was purchased from
Sigma-Aldrich (Saint Louis, MO, USA). Ultrapure water was
obtained using a Merck Millipore (Burlington, MA, USA)
system.

Sample preparation

Plants of Swiss chard cv. Rhubarb, Bulls Blood, Per-
petual Spinach, and White Silver were cultivated in the field
in the standard growing conditions in temperate climatic re-
gion with fertile, neutral soil in the central Mazovia region
in Poland (coordinates 52°31°45.6”N 21°38’58.3”E) during
the 2015 vegetational season. Ten plants were randomly col-
lected per cultivar. Aerial parts were lyophilized, finely pow-
dered, and used immediately for the successive extraction.
The dried and finely powdered leaves (1 g) were defatted with
diethyl ether via ultrasonic-assisted extraction for 1 h at room
temperature. Defatted material was then extracted with 80%
(v/v) aqueous methanol (3 x50 mL) via ultrasonic-assisted ex-
traction for 1 h at room temperature. This method was based
on the method optimized in our previous studies [Mroczek
et al., 2012, 2019]. The extracts were collected and concen-
trated under a nitrogen atmosphere (extract mass: 32-49 mg)
and subsequently redissolved in water.
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The solution was applied to 1 g LiChroprep RP-18 SPE
cartridges (40-63 wum, Merck, Germany), previously con-
ditioned with water. The saponin fraction was monitored
by TLC on silica gel 60 F-254 plates (Merck, Darmstadt,
Germany) with an ethyl acetate/acetic acid/water (7:2:2, v/iv/v)
solvent system. The spots were visualized by spraying with
the Liebermann-Burchard reagent and subsequent heating
at 130°C. The column was first washed with water and then
with 40% (v/v) methanol to remove sugars and phenolics. Sa-
ponins were eluted with 80% (v/v) methanol and dried under
a vacuum.

UHPLC-CAD/QTOF-MS/MS analysis

Samples obtained after SPE fractionation were suspended
in distilled water and diluted in the 1:1 (v/») ratio with the in-
ternal standard solution (digoxin Sigma-Aldrich D6003, CAS
20830-75-3, final concentration 20 pmol/uL). Analyses were
carried out using a UHPLC Thermo Ultimate 3000RS system
(Thermo Fisher Scientific, Waltham, MA, USA) equipped
with a Thermo Corona Veo RS charged aerosol detector.
Separations were performed using a Waters BEH C18 col-
umn (1.7 pm, 100x2.1 mm; Waters, Milford, MA, USA).
A mobile phase consisting of 0.5% (/) formic acid in ace-
tonitrile (B) and 0.5% (v/v) formic acid in water (A) was used
for the separation. The elution profile was isocratic at 24%
B, 0-1 min; linear from 25 to 55% B, 1-22 min; isocratic at
55% B, 22-24 min; and linear from 55 to 24% B, 24-30 min.
The column was maintained at 30°C with a constant flow rate
of 0.4 mL/min.

The eluate from the column was split in a ratio of 3 to 1
between the CAD and the ion source of the QTOF mass spec-
trometer (Bruker Impact II HD; Bruker, Billerica, MA, USA).
The following instrumental parameters were used for QTOF-
MS/MS analysis: capillary voltage, 2.8 kV; nebulizer pressure,
0.7 bar; drying gas flow, 6 L/min; drying gas temperature,
200°C; ion energy 4 eV; collision RF 700.0 Vpp; transfer time
100.0 ws; and pre-pulse storage 10.0 us. Negative ions were
acquired over the range of m/z 100-1500 with 5 Hz scanning
frequency. MS/MS spectra were obtained using automated
data-dependent acquisition, in which two of the most in-
tense precursor ions were fragmented by collision-induced
dissociation (CID, Ar collision gas). Collision energies were
automatically selected from the pre-defined list based on
the m/z of fragmented ions and ramped between 75 and 125%
of the selected value. The QTOF analyzers’ internal mass
calibration was based on the sodium formate clusters, inject-
ed in the 10 mM solution in 50% (v/v) 2-propanol to the ion
source through 20 L directly before every analysis.

Tentative identifications of saponins were carried out us-
ing high-resolution measurements of m/z ratios with errors
not exceeding 5 ppm, and chemical formulas were calculated
on this basis. Due to the presence of isobaric compounds with
identical formulas in the analyzed samples, additional identi-
fication data were obtained from the MS/MS fragmentation
spectra.

For each tentatively identified saponin, extracted ion chro-
matograms corresponding to either the deprotonated mole-
cule or the formic acid adduct ions were created with 0.01 Da
width. Signals from QTOF-MS/MS and CAD detectors were

aligned (-3.6 s delay of CAD vs. QTOF-MS/MS signal),
and for each chromatographic peak detected on the extracted
ion chromatograms, a corresponding peak (if present) on
the signal from the CAD detector was manually integrated.
The CAD response was calibrated in the concentration range
from 5 to 35 pmol/uL using a series of dilutions from 1 mg/mL
stock solutions of 3,28-diglucoside of medicagenic acid
(medicoside G) and soyasaponin Bb. The calibrated ratio be-
tween peak area and internal standard peak area was linear
in the utilized range of concentrations. All measurements were
performed at least in triplicate. The results were expressed as
wg of saponin per g of dry weight (DW) of leaves.

Statistical analysis

Microsoft Excel 2010 was used for statistical analysis.
The resulting data were presented as means = standard de-
viations. Means were compared by the analysis of variance
(ANOVA) with Tukey’s post-hoc test adopting the standard
criterion of significance at p<0.05.

RESULTS AND DISCUSSION

Characterization of saponin structures

After the leaves of four different Swiss chard cultivars
were extracted under the optimized conditions, the SPE frac-
tionation on RP-18 cartridges was carried out with the step
gradient of methanol and water. SPE 80% (v/v) methanol
fractions of saponins were analyzed by UHPLC-CAD/
QTOF-MS/MS to identify their components. shows
a chromatogram of leaves of Swiss chard (Beta vulgaris L.)
cultivars with numerous peaks observed. Eleven, eight, eleven,
and eight compounds, which could be identified as saponins
due to their molecular mass, were observed in extracts from
Rhubarb, Bulls Blood, Perpetual Spinach, and White Silver
cultivars, respectively.

The compounds detected in this work were tentatively
characterized using MS data, together with the interpre-
tation of the observed MS/MS spectra. shows
the list of all compounds tentatively characterized through
UHPLC-QTOF-MS/MS experiments along with their reten-
tion times (7,), the accurately detected mass of each saponin
and the MS/MS fragment ions, and the bibliographic refer-
ences used in the identification process.

Based on the analysis of the MS? spectra, it could be con-
cluded that Swiss chard saponins are derivatives of several
different aglycones: oleanolic acid (m/z 455), hederagenin
(m/z 471), gypsogenin (m/z 469), akebonoic acid (m/z 439),
and serjanic acid (11/z 499) ( ). Except for serjanic acid,
the remaining sapogenins were previously identified in the red
beet and sugar beet [Mikolajczyk-Bator er al., 2016a,b;
Mroczek et al., 2012, 2019; Murakami et al., 1999; Spdérna-
-Kucab et al., 2020; Yoshikawa et al., 1995, 1996, 1998]. Nev-
ertheless, all detected aglycones, including highly oxidized
serjanic and akebonoic acids, were previously found in gly-
coside forms of other representatives of the Amaranthaceae
family. Specifically, serjanic acid derivatives were detected
in Chenopodium quinoa |Gémez-Caravaca et al., 2011], while
akebonoic acid was categorized as an aglycone of saponins
in Chenopodium quiona [Goémez-Caravaca et al., 2011],
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FIGURE 1. UHPLC-CAD chromatogram of saponin fractions from leaves of Swiss chard (Beta vulgaris L.) cultivars Rhubarb (a), Bulls Blood (b),
Perpetual Spinach (c), and White Silver (d).
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TABLE 1. Spectral characteristic of saponins detected by UHPLC-QTOF-MS/MS in Swiss chard leaves and their tentative identification.

Precursor [sotopic Primary product
Nr (rrilizn) ion Cfag rcrlrlllilt;d (Errrcr)lr) fit ions Tentative identification Reference
(mf2)° PP (mSigma) (m/z)
925 [M-Hex-H]~
o . Mroczek et al. [2012];
793 [M-Hex-Pen-H] -, Hex-Hex-Pen-UrA-oleanolic o ’
1 84 10874914 C,H,O, 48 21.8 731 [M-Hex-CO_-hPen-HJ -, acid Mlekto‘tzalq(é}(l)li—gz;tor
455 [M-Hex-Hex-Pen-UrA-H]~ ’
835 [M-Act-C,H,O,-H]",
793 [M-Act-Hex-H] -, . Yoshikawa et al. [1998];
290 1175019 CHO, 48 728 T3l [MActhHenCOH)-,  ActTevtievUioleanolic gy oricsvk Baior
631 [M-Act-Hex-Hex-H]~ etal. [2016b]
455 [M-Act-Hex-Hex-UrA-H]~
835 [M-C,H,O.-H]",
793 [M-Act-H] -, Act-Hex-UrA-oleanolic .
3 117 9554489 C,H, 0, 57 16.3 631 [M-Act-Hex-H]-. acid Yoshikawa et al. [1996]
455 [M-Act-Hex-UrA-H]~
717 [IM-C,H,0O.-H]-, -
4 125 8373891 CHO, 44 24 675[M-CHO-CHO-H, Act-Ur-serjanic
499 [M-C,H,0.-C,H,0-UrA-H]-
745 [M-Hex-H,0-H]~, Pen-Hex-UrA-oleanolic Yoshikawa et al. [1996];
5 129 9254391 C,H,0, 5.1 57.9 569 [M-Hex-CO,-hPen-H]-, acid Mikotajczyk-Bator
551 [M-Hex-CO,-H,0-hPen-H]~ etal. [2016a]
647 [M-Diox-H]-, . .
6 168 8073795 C,H,0, 3.8 17.5 471 [M-Diox-UrA-H]- Diox-UrA-hederagenin
689 [M-C,H,0,-H]", Yoshikawa et al. [1998];
7 176 809.3954 C,H,O, 14 15.8 647 [M-C,H,0.-C,H,O-H]", Act-UrA-hederagenin Mikotajczyk-Bator
471 [M-C,H,0,-C,H,0-UrA-H]~ etal. [2016a]
647 [M-Pen-H] -, TTeA_ . Mikofajczyk-Bator
8 187 7793845 C,H,O, 19 47.7 471 [M-Pen-UrA-H]- Pen-UrA-hederagenin et al. [2016a]
763 [M-dAct-H]-, .
9 191 9254779 C,H0, 25 182 569 [M-dAct-HexA-HJ-, Act-Pen-Urkoleanolic - wroczek et al. 20121
631 [M-dAct-Pen-H]~
793 [M-Pen-H] -,
745 [M-Hex-H,O-H] -, Pen-Hex-UrA-oleanolic
10 20.1 9254419 C,H, O, 22 17.6 731 [M—UrA—HiO—H]’, acid Mroczek et al. [2012]
455 [M-Pen-Hex-UrA-H] -
) 627 [M- C,H,0,-C,H,0-H-H]-, : : . Mikotajczyk-Bator
11 209 807.3815 C, H,O, 0.8 9.0 469 [M—C3ﬁ465—5C2ﬁ26—UrA—H]‘ Act-UrA-gypsogenin etal. [2016a]
689 [M-C,H,0,-H]~, Yoshikawa et al. [1998];
12215 8093945 C,H,O, 25 15.9 647 [M-C,H,0,-C,H,O-H]", Act-UrA-hederagenin Mikotajczyk-Bator
471 [M-C,H,0,-C,H,0-UrA-H]~ etal. [2016a]
B . Mroczek et al. [2012];
631 [M-Pen-H]-, Pen-UrA-oleanolic O ) ’
13 21.7 7634267 C,H,O, 1.0 18.3 455 [M-Pen-UrA-H]- acid Mikotajczyk-Bator
etal. [2016a]
657 [M-C,H,0,-H]", . oo
14 196 7773683 C,H.O. 26 434 615 [M-CHO.-CHOHH, AC"Urﬁ';EebO“O‘C Nle‘fg}al[gzoylkﬁfi‘]‘“
439 [M-C,H,0,-C, H,0-UrA-H]~ : ’
673 [M-C,H,0.-H]-, . Yoshikawa et al. [1998],
IS 225 7934007 C,H,0. LI 94 631 [MCHO-CHOHI. Act-Urh-oleanolic Mikolajczyk-Bator
455 [M-C,H,0.-C,H,0-UrA-H]~ et al. [2016b]
. B . . Yoshikawa et al. [1996],
16 229 7913838 C,H,0, 27 57 631 IM-Diox-H], Diox-UrA-oleanolic Mikolajczyk-Bator

455 [M-Diox-UrA-H]~

acid

et al. [2016b]

Act — acetal substituent, aAct — deoxyactetal, Diox — dioxolane substituent Hex — hexose, hHex — hydrated hexose, Pen — pentose, UrA — uronic acid.
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CHO

OH
Oleanolic acid Hederagenin Gypsogenin
Molecular Formula: C, H,,0, Molecular Formula: C, H,.0, Molecular Formula: C, H,.0,
[M-H]-= 455.352 [M-HJ"= 471.347 [M-H] = 470.694

Serjanic acid

Molecular Formula: C, H,,0,

[M-H]= 499.342

Akebonoeic acid
Molecular Formula: C,H,,0,
[M-H]= 439.321

FIGURE 2. Chemical structures of saponin aglycones present in the leaves of Swiss chard (B. vulgaris L.).

Amaranthus hypochondriacus [Kohda et al., 19911, and Pfaffia
glomerata [Nakamura et al., 2010].

Specifically, the majority of the saponins in the leaves con-
tained oleanolic acid as an aglycone, including 5 (Rhubarb),
4 (Bulls Blood), 5 (Perpetual Spinach), and 6 (White Silver)
in each cultivar. The number of hederagenin derivatives was
3 (Rhubarb), 1 (Bulls Blood), 3 (Perpetual Spinach), and
2 (White Silver). Only one gypsogenin derivative was detected
in cv. Rhubarb, Bulls Blood, and Perpetual Spinach. Serjanic
acid was present in the structure of one saponin of cv. Rhubarb
and akebonoic acid in one compound of cv. Perpetual Spinach.

The differences in triterpene saponins’ chemical structures
are due to various aglycones, the saccharide units’ composi-
tion, and the varied linkages of sugar moieties. The saccharide
moieties detected in saponins from Swiss chard cultivars were
composed of uronic acid (UrA), pentose (Pen), and hexose
(Hex). However, different monosaccharide epimers cannot
be differentiated using mass spectrometric data alone. Similar-
ly, the determination of the number of sugar chains and their
composition usually needs additional analytical steps.

Additionally, acetal (Act)- and dioxolane (Diox)-type di-
carboxylic acids linked to the sugar moieties were detected
in Swiss chard leaves. Acetal and dioxolane-type substituents
were previously detected in sugar beet and red beet saponins
and were linked by 152 (Glc—GlcA), 1-3 (Xyl->GlcA),
and 3—3 (Act—GlcA) glycosidic bonds [Mikofajczyk-Bator
et al., 2016a; Murakami ef al., 1999; Yoshikawa ef al., 1995,
1996, 1998]. Moreover, an acetal type substituent was de-
scribed in the saponin isolated from the Chenopodium album
plant [Mroczek, 2015]. The presence of this type of residues
in a carbohydrate chain, presumed to be derived by oxidative
degradation of pentose and hexose units, seems to be unique
for Amaranthaceae saponins.

The structures of 16 saponins of Swiss chard leaves tenta-
tively proposed based on the detailed fragmentation patterns
are shown in , Whereas selected fragmentation spectra
are presented in

The compound with the smallest molecular mass detected
in all saponin fractions was 13 (z,=21.7 min), which exhibited
a deprotonated ion at m/z 763.4016. The fragmentation pat-
tern of this compound indicated the presence of pentose (prod-
uct ion at m/z 631 [M-132-H]") and uronic acid (product
ion at m/z 455 [M-132-176-H]") in the structure. According
to data found in the literature, in triterpene saponins, uronic
acid is typically attached to the C-3 hydroxyl group of the agly-
cone [Mikofajczyk-Bator ef al., 2016b]. However, based on the
MS/MS data alone, it is impossible to reliably detect whether
hexuronic acid is attached to C-3 hydroxyl or C-28 carbonyl
of the aglycone. Nevertheless, the C-3 linkage of hexuronic acid
is also evident from the known structures of various Beta vul-
garis saponins, such as betavulgarosides ( ). Therefore,
this compound and other saponins described in this study are
presumably derivatives of C-3 glucuronides of the ascribed tri-
terpene acids. Furthermore, an analogous sugar chain consist-
ing of pentose and uronic acid also occurred in the glycoside
of hederagenin 8 (7,=18.7 min), which was present in all culti-
vars except Bulls Blood. Such a derivative of hederagenin was
not described in Befa vulgaris plants before.

The MS? spectrum of saponin 15 (£,=22.5 min), which
was present in all cultivars and exhibited a deprotonated pre-
cursor ion at m/z 793.4016, yielded product ions at m/z 673
[M-120-H]- and m/z 631 [M-120-42-H]-, which indicated
the presence of an acetal moiety composed of tartaraldehyde
and glycolic acid in the oleanolic glucuronide structure. Ad-
ditionally, a substituent having such a structure was also
present in the sugar chain of the derivatives of serjanic acid
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FIGURE 3. MS/MS spectra of compounds 4, 6, 7, 9, 10, 11, 14, and 15 detected in leaves of Swiss chard (B. vuigaris L.) cultivars, tentatively
identified as saponins.
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FIGURE 4. Chemical structures of betavulgarosides I-X [adopted from Murakami ez al., 1999; Yoshikawa ez al., 1995, 1996, 1998].

4 (1,=12.5 min, detected only in the Rhubarb cultivar), gyp-
sogenin derivative 11 (7,=20.9 min, present in all cultivars ex-
cept White Silver), akebonoic acid derivative 14 (¢,=19.6 min,
present only in Perpetual Spinach), hederagenin derivative 7
(r,=17.6 min, which was present in all cultivars except Rhu-
barb), and 12 (7,=21.5 min, was present only in Rhubarb).
It should be noted that the acetal group described in this study
has also been identified in saponins of sugar beet and red beet

roots [Mikotajczyk-Bator et al., 2016a,b; Mroczek et al., 2019;
Yoshikawa et al., 1995, 1996]. For saponin 3, fragmentation
of the precursor ion at m/z 955.4512 led to product ions at
m/z 835, 793, and 631, resulting in an abundant aglycone
ion at m/z 455 due to the loss of the acetal moiety, hexose,
and uronic acid. According to the MS/MS spectra, saponin
3 is a triglycoside of oleanolic acid differing from compound
15 by the presence of additional hexose.
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Another unusual substituent found in the Beta vulgaris
species is dioxolane [Mikotajczyk-Bator et al., 2016a; Mu-
rakami et al., 1999; Yoshikawa et al., 1995, 1996, 1998].
In Swiss chard leaves, this moiety was present in saponins 6
(t,_16.8 min) and 16 (t,= 22.9 min). The MS/MS fragmen-
tation of both saponins showed some similarity. Concerning
saponin 16 with the precursor [M-H]- ion at m/z 791.3859,
MS/MS data showed the loss of 160 Da, forming a fragment
at m/z 631, followed by the loss of an uronic acid residue.
The formation of the 160 Da fragment was due to the cleav-
age of the dioxolane substituent. Similarly, the fragmentation
of the deprotonated ion of saponin 6 at 807.3795 m/z clearly
showed the loss of a dioxolane substituent (160 Da). As for sa-
ponin 16, it showed a fragment at m/z 455, which is character-
istic of oleanolic acid, and the fragmentation of 6 had shown
a fragment ion at m/z 471, which corresponds to a heder-
agenin aglycone. Saponin 16 was previously detected in sugar
beet [Yoshikawa ez al., 1996] and red beet [Mikofajczyk-Bator
et al., 2016a], while saponin 6 was detected in Beta vulgaris
for the first time.

Saponins 9 (¢,=19.1 min) and 10 (¢,=20.1 min) were
identified with similarity in the appearance of peaks exhibiting
pseudomolecular ions [M-H]-at m/z 925.4439 and 925.4761.
Saponin 10 showed fragments formed at m/z 745 [M-Hex—
-H,0-HJ-, 569 [M-Hex-CO,-hPen-H]-, m/z 551 [M-Hex-
-CO,-H,0-hPen-H]- and m/z 455 [M-Hex-CO,-H,0-
~hPen-H-UrA-H]-, which were due to the loss of hexose,
pentose and, uronic acid from the oleanolic acid derivative.
For saponin 9, fragmentation of the precursor ion led to prod-
uct ions at m/z 763, 569, and 631, resulting in an abundant
aglycone ion at m/z 455 due to the loss of the deoxy-acetal
moiety, pentose, and uronic acid. According to the MS/MS
spectra, saponin 9 was a triglycoside of oleanolic acid dif-
fering from compound 11 by the presence of acetal instead
of hexose.

The fragmentation of compound 1 (7,=8.4 min), differ-
ing from compound 10 by 162 Da, resulted in the formation
of product ions at m/z 925 [M-Hex-H]~, m/z 793 [M-Hex-
—Pen-H]-, and m/z 455 [M-Hex-Hex-Pen-UrA-H]- cor-
responding to the loss of two hexose, pentose, and uronic
acid units. The sugar chain based on sugar moieties ap-
pears similar to that of the saponin with the same molecular
mass described in the red beet roots [Mroczek et al., 2012;
Mikotajczyk-Bator et al., 2016a].

The MS/MS spectrum of saponin 2 (¢,=9.1min) showed
fragment ions at m/z 835, 925, 631, and 455 [M-162-HJ,
indicating the loss of an acetal moiety, two glucose units,
and uronic acid, respectively. Therefore, based on this data,
it can be speculated that saponin 2 has the same structure as
betavulgaroside V present in the sugar beet [Yoshikawa ef al.,
1998]. As described in the literature, betavulgaroside V is an
oleanolic acid bidesmoside with a branched carbohydrate
chain composed of glucose, an acetal substituent, and gluc-
uronic acid attached to the C-3 hydroxyl group of the agly-
cone and another glucose attached in the C-28 position
[Yoshikawa et al., 1998].

Triterpenoid saponins were detected in Beta vulgaris
for the first time by the Yoshikawa and Murakami teams
and named betavulgarosides ( ). The structures

of these substances were determined by spectral meth-
ods and by chemical correlation [Yoshikawa et al., 1995,
1996, 1998]. Among the substances tentatively identified
in the present study, compounds 6, 3, 15, 2, 12, and 1 have
the same summary formulae and, based on MS/MS data,
also similar structural features as betavulgarosides II, III, 1V,
V, VII, and IX, respectively. It cannot be excluded that these
betavulgarosides are present in Swiss chard plants; however,
this needs to be confirmed in additional analyses. Never-
theless, the structural similarity between the saponins from
Swiss chard leaf and the sugar beet is in line with what could
be expected considering both plants’ close affinity — they are
derived from a common ancestor — the wild beet [Biancardi
etal. 2016].

Quantitative analysis

Because of structural features of dioxolane- and acetal-
-type substituents, B. vulgaris saponins are relatively difficult
to separate using reversed-phase chromatography. The cal-
culations of pKa for carboxylic groups of a dioxolane sub-
stituent carried out using Perkin-Elmer ChemDraw software
(v. 19.1) indicate that the lowest acidic pKa is at 2.05.
In the typical conditions used in LC-MS, the addition of 0.1%
formic acid decreases the mobile phase’s pH to approximately
2.7. This value is not low enough to suppress the dissociation
of all carboxylic groups and results in very broad and often
overlapping chromatographic peaks of dioxolane deriva-
tives. Such difficulties were never reported in the literature
addressing the B. vulgaris saponins, and they were, appar-
ently, not perceived as a problem in the previously published
qualitative and qualitative analyses of B. vulgaris saponins
[Mikotajczyk-Bator et al., 2016a; Mroczek et al., 2012, 2019].
However, chromatograms presented in all these studies (for
example, see , peaks 27-32 in Mikofajczyk-Bator
et al. [2016a]) clearly demonstrate that resolving these issues
is crucial for any reliable quantitative method (peak broad-
ening results in increased detection limits) and that good
separation of the analytes is often critical for many detection
methods, including mass spectrometric detection. Various
approaches can yield improved chromatographic resolution
and peak shape for dioxolane- and acetal-containing sapo-
nins. A recent LC-MS quantitative study of saponins from
roots of Achyranthes sp., including betavulgarosides, used
an ion-pairing reagent, dihexylammonium acetate (DHAA),
to increase chromatographic resolution [Kawahara et al.,
2016]. While this approach enabled significant improve-
ment of the chromatographic resolution and excellent peak
shapes, from our experience, DHAA is a relatively challenging
to purge persistent contaminant of chromatographic systems
that severely affects the performance and sensitivity during
the positive-mode electrospray ionization analyses. For this
reason, mobile phases containing DHAA may only be suit-
able for dedicated LC-MS systems.

Another possibility for improving the chromatography
of betavulgarosides and related compounds is the acidifica-
tion of the mobile phase. To this end, an acid with lower pKa
(for example, trifluoroacetic acid — TFA) or a much higher
formic acid concentration must be used. Our study used
the latter approach with 0.5% (v/v) formic acid, even though
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it required a decrease in capillary voltage to prevent exces-
sive capillary current and arcing. The alternative application
of 0.05% (v/v) TFA as a mobile phase additive was also tested
(data not shown). However, it offered a better chromato-
graphic resolution at the cost of significant signal suppres-
sion in the negative electrospray mode, to the point where
obtaining high-quality MS/MS spectra, a crucial component
of the proposed method, became impossible.

The method we propose uses two detectors to collect qual-
itative and quantitative data on Swiss chard saponins. This
approach allows correlating the identification and relative
quantification of constituents in complex mixtures of botanical
origin [Baker ef al., 2018]. It can, by no means, replace classic
LC-MS assays based on the individual reference standards.
Instead, it can be considered as a viable alternative to the total
saponin content (TSC) measurement carried out using other
methodologies, such as the spectrophotometric assay [Le
etal.,2018], the macro lens-coupled smartphone assay [Ledn-
-Roqueetal.,2019], or the UHPLC-UV assay [Wuet al., 2019].
In turn, the approach we propose offers more reliable quanti-
tation of individual saponin peaks (thus avoiding false-positive
signals of spectrophotometric and foam-formation methods)
as well as detection that is not dependent on the particular
structural features of the investigated analytes. Structure-de-
pendent detection is the weak point of the UHPLC-UV-QTOF
method [Wu et al., 2019], which is very similar to our meth-
odology in general concept and application. However, it uses
a calibration compound with a specific structure and a specific
number of chromophores contributing to the absorbance at
210 nm used for quantitation. Any structural deviation result-
ing in a different number of chromophores (for example, an
additional carboxyl group due to esterification) will change
the molar absorbance coefficient and invalidate calibration for
that specific compound. Similarly, saponins without chromo-
phores, such as selected steroidal saponins or pseudoginsen-
oside F11, will produce no signal at all. Non-specific absor-
bance at 210 nm also restricts the choice of mobile phases for
chromatography, practically excluding those with higher UV
cut-off, such as methanol or acetone.

The CAD we applied in this study is considered a univer-
sal detector. However, like with all aerosol evaporative detec-
tors, its response varies as a function of mobile phase com-
position [Hutchinson et al., 2010]. Thus, in an ideal isocratic
separation, all the analytes at the same concentration should
produce identical responses. However, in gradient elution,
the higher is the percentage of the organic solvent, the higher
signal will be obtained for the analytes. Besides the isocratic
elution, which is often not feasible for very complex samples,
there are two ways of correcting this discrepancy. One pos-
sibility is to provide the detector with a constant mobile phase
concentration throughout the analysis, utilizing the second-
ary pump running the reverse gradient through a separate,
identical column. Both columns’ outflows are mixed before
the detector, providing the constant concentration of the mo-
bile phase [Baker et al., 2018; Gorecki et al., 2006]. While
relatively simple in application and providing nearly perfect
results [Baker et al., 2018], this approach requires additional,
careful equipment set up and uses significant volumes of sol-
vents. As an alternative, the so-called 3-D calibration can

TABLE 2. Details of the UHPLC-CAD/QTOF-MS/MS method validation.

Parameter Medicoside G Soyasaponin Bb

Range [uM] 5-35 5-35

Regression equation (n=9) y = 0.065x+ 0.185 y = 0.076x+ 0.261

R 0.995 0.992
LOD [uM] 2.4 (1.8 ug/g DW) 3.6 (3.4 ug/g DW)
LOQ [uM] 1.3 10.69
Intra-day precision peak area ratio RSD% (n=5)
7.5uM 1.0 25
32.5uM 0.8 2.4

Intra-day accuracy % (n=>5)

7.5uM 91.9 (76.5)* 105.7 (92.8)*

32.5uM 96.6 (80.3)* 102.0 (116.2)*
Inter-day precision peak area ratio RSD% (n=10)

7.5uM 5.1 6.7

32.5uM 44 5.6
Inter-day accuracy % (n=10)

7.5 uM 93.4 90.3

32.5uM 91.6 99.4

* Cross-calibration result, LOD — Limit of Detection, LOQ - Limit
of Quantitation, RSD - relative standard deviation, DW- dry weight.

compensate for signal changes during the elution [Hutchin-
sonetal.,2010].

We applied a slight modification of the latter approach.
Using two calibration standards, medicoside G and soyasa-
ponin Bb, eluting at two different 7, in the gradient (5.6 min
and 21.8 min, respectively), we obtained a set of calibrations
applicable to estimate several analytes eluting between these
two points. Furthermore, elution during the separation was
switched to isocratic with 55% acetonitrile at 22 min. There-
fore the concentration of compounds eluting after that time
could be estimated using soyasaponin Bb calibration with ac-
ceptable accuracy. Cross-calibration, estimation of medico-
side G with soyasaponin Bb curve, and vice versa produced er-
rors generally not exceeding 25% ( ), which in our view
were acceptable. Our method’s main disadvantage is the rela-
tively narrow linear dynamic range, slightly under one order
of magnitude. However, the obtained limits of detection were
at acceptable levels of approx. 1-3 ug/g DW.

Nevertheless, the method’s main limitation is that the de-
tector’s response is determined based on a single calibrant,
which might lead to errors if the detector’s response to the an-
alyte is significantly different from the response toward the cal-
ibrant. Furthermore, because CAD is a 1D detector, it is diffi-
cult to assess the purity of integrated peaks in co-elution cases,
although this can be aided by analyzing the corresponding MS
signals. Needless to say, the method cannot be applied directly
to raw extracts and requires some clean-up and fractionation
before the UHPLC-CAD/QTOF-MS/MS analysis.
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TABLE 3. The contents of individual and total saponins in Swiss chard
(B. vulgaris L.) cultivars (ug/g DW).

No | Rhubarb | Bulls Blood Pg;‘}?ff;gﬁl White Silver
| nd nd 602085  2.95+0.39
> nd 19.83+2.71 nd nd

30 17202237 525+1206 18.18+139  12.9+1.26"
4 468087 nd nd nd

5 nd nd 18884388  5.47+2.92
6 1101=1.90° nd  26.69+2.34 nd

7 590x097  499+026> 3.10£03%  346+1.10%
8 18.17030° nd 19592990 3244027
9 30.57+448 63114397 29.61+2.52  34.58=2.200
10 nd 17.71=1.26 nd nd

11 3195051 2694028 6.26+1.01° nd

12 10.57=1.46 nd nd nd

13 954026 23.04=1600 52.57+329  586+1.13
14 nd nd  17.44=221 nd

15 777626220 4239+421c 178922436 57.07+2.96%
16 13.52+1.67 nd nd nd
TOTAL 20211 159.18 397.09 12553

Values are expressed as the means + standard deviations of three inde-
pendent samples. Results in rows not sharing a common letter are sig-
nificantly different (p<0.05); nd — not detected. The numbers (1-16) cor-
respond to the numbers of compounds named in Table 1.

The developed method was then applied to quantify 16 in-
dividual saponins present in the leaves of Swiss chard culti-
vars. The quantitative data revealed differences in saponins’
content thereof ( ). Specifically, relatively the high con-
tent of individual saponins was in the Perpetual Spinach cul-
tivar’s leaves, with a total content of 397.09 ng/mg DW. This
content was approximately 2 and 2.5 times higher than that
in cv. Rhubarb and White Silver leaves and approximately
three times higher than in cv. Bulls Blood leaves.

All cultivars contained relatively large amounts of sapo-
nin 15, which predominated in leaves of cultivars Rhubarb,
Perpetual Spinach, and White Silver, accounting for 37, 45,
and 46% of total saponin content, respectively. Moreover, sa-
ponin 15 was the second most abundant saponin in the Bulls
Blood cultivar (27% of total saponin content). Saponin 9 was
predominant in the Bulls Blood cultivar (40% of total saponin
content) and was the second most abundant saponin in leaves
of Rhubarb, Perpetual Spinach, and White Silver (15, 16,
and 27% of total saponin contents, respectively). The signifi-
cant accumulation of these two specific triterpene saponins
suggests their biological function, but further research is nec-
essary to resolve this issue.

The quantitative analysis of saponins in Swiss chard leaves
showed significant differences between their contents in dif-
ferent cultivars. Our previous study demonstrated divergences

in the saponin content in leaves of different red beet cultivars
[Mroczek et al., 2019]. In contrast to Swiss chard cultivars,
showing strong divergences in saponin profiles, red beet leaves
of all analyzed cultivars contained the same number of saponin,
although in different proportions. The selection of new variet-
ies of Swiss chard, aiming at improving such crop features like
pest resistance, storage stability of the collected plant material,
taste, or the content of betalains, influences possibly the content
of saponins in different plant varieties indirectly or directly, e.g.,
the antimicrobial activities of Swiss chard saponins can deter-
mine its resistance. The different saponin content can also im-
pact the nutraceutical effects of these widely consumed plants.
However, extensive studies are required to assess their biological
bioactivity and beneficial health properties.

CONCLUSIONS

The UHPLC-CAD/QTOF-MS/MS method has been estab-
lished for the simultaneous qualitative and quantitative analyses
of saponins in Swiss chard leaves. For the qualitative analysis,
a total of 16 compounds were tentatively characterized in dif-
ferent Swiss chard cultivars based on MS data and MS/MS
fragmentation patterns. In turn, for the quantitative analysis, all
saponins detected in plant material were separated and simul-
taneously determined. The results show that various cultivars
differ in the total content of saponins, yet the major compounds
are common for all tested cultivars. Specific composition pat-
terns and content of individual saponins may also reflect their
function, as saponins’ biological activity is often associated with
specific chemical constituents. However, further studies are re-
quired to provide the total structures of Swiss chard saponins
and to elucidate their biological properties within the frame
of structure-function relationship studies.

To the best of our knowledge, this work presents the first
study of saponins in the Swiss chard plant. The data obtained
indicate that Swiss chard is a vital source of these bioactive
phytochemicals. As the relative distribution and composition
of saponins vary between different cultivars, the developed
method allows a complete analysis of Swiss chard saponins
and can be of great significance for future investigations
and applications. Furthermore, this analytical approach could
be validated to determine and quantitate saponins in different
Amaranthaceae family species.
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This work aimed to examine the rheological properties and structural features of newly developed gluten-free doughs with maize (M), field bean
(FB), maize-filed bean (MFB), and maize-field bean improved with hydrothermally-treated maize (IMFB), and compare them with soft wheat (SW)
dough as a control. The relationships between viscoelastic characteristics, pasting properties of dough, and structure of non-gluten proteins analyzed
using FT-Raman spectroscopy were investigated. All gluten-free doughs showed significantly higher values of the elastic modulus than SW dough.
The low values of tan 8 for doughs of M, MFB, and IMFB formulas indicated strong contribution of the solid character in their structural formation
as compared to SW and FB doughs. Protein backbone of maize and maize-based doughs was characterized by the absence of pseudo-B-sheet structure
and a high content of B-sheet accompanied with a low content of antiparallel-B-sheet. According to principal component analysis (PCA), a strong
relationship was found between protein secondary structure, tan 3, gelatinization temperature, and between aromatic amino-acid chains, peak viscosity,
and breakdown. The mechanism of non-gluten protein network establishment was based on the formation of $-sheet and a-helix structure. The study
results indicate the significant involvement of trans-gauche-gauche (TGG) and trans-gauche-trans (TGT) disulfide bridges in the formation of the non-
-gluten protein matrix rather that gauche-gauche-gauche (GGG) conformation. PCA analysis showed that the water absorption of the starch granules
increased with the greater exposition of the tyrosyl residues.

INTRODUCTION

Obtaining gluten-free bread (GFB) of superior quality
is a technological challenge. Gluten is considered as a key com-
ponent imparting wheat dough its unique properties in baked
goods. It is composed of gliadins and glutenins — two proteins
that contribute to the bread dough viscosity and elasticity [Barak
et al., 2014; Belton, 1999]. According to Singh & MacRitchie
[2001], gluten structure develops and becomes apparent when
the wheat flour is hydrated and subjected to the energy of mixing.

* Corresponding Author:
(A. Sujak)

It is defined as a viscoelastic mass capable of forming structures
that retain gases allowing dough to expand and become soft,
light, and palatable after baking [Khatkar & Schofield, 2007].

The inability of gluten-free (GF) flour to form viscoelastic
dough after kneading with water, makes production of GFB
technologically difficult. The study of the mechanisms of de-
velopment of the structure of gluten-free bread dough with
or without improvement is thus the key to the understanding
and controlling the functionality of components, and it brings
up possible solutions to improve GF product quality.

Submitted: 9 February 2021
Accepted: 14 April 2021
Published on-line: 5 May 2021

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
|®®@@ © 2021 Author(s). This is an open access article licensed under the Creative Commons Attribution-NonCommercial-NoDerivs License

( ).


http://journal.pan.olsztyn.pl
http://creativecommons.org/licenses/by-nc-nd/3.0/
https://orcid.org/0000-0001-5616-3827
https://orcid.org/0000-0001-8618-2092
https://orcid.org/0000-0002-2251-4307
https://orcid.org/0000-0002-6870-1060
https://orcid.org/0000-0001-5981-6109
mailto:agnieszka.sujak@up.poznan.pl

162

Pol. J. Food Nutr. Sci., 2021, 71(2), 161-175

FT-IR and FT-Raman spectroscopy has been used in sev-
eral studies to determine the dough structure development
and to investigate the gluten-protein quality and structure re-
lationships [Nawrocka et al., 2016b; Pourfarzad et al., 2015;
Sivam et al., 2013; Wang et al., 2015]. Our recent study [Fe-
touhi er al., 2019] on the viscoelastic behavior of rice-field
bean gluten-free dough using FT-IR concluded that the low
viscoelastic quality of this type of GF dough is due to the dif-
ferent secondary structures developed by non-gluten as com-
pared to gluten proteins. Accordingly, in non-gluten proteins,
B-sheet content increased, albeit with the absence of B-turn
structures. The reorganization of starch molecules also had
an effect on the quality of GFB doughs. Moreover, a relation-
ship between the structure of proteins and starch and the vis-
coelastic behavior of rice-field bean dough was clearly indi-
cated. As rice and rice-field bean preparations showed low
kneading quality, we started to search for other formulas.

In this context, our work aimed to study the structural fea-
tures of newly developed types of GF dough based on maize-
-field bean formulas through examining correlations between
rheological properties and structure of non-gluten proteins.
Maize (M) and field bean (FB) flours were chosen in order to
obtain a balanced composition of blended amino acid in GF
bread. As the conformation of the S-S bridges plays a major
role in the functional properties of gluten dough, the disulfide
bridge regions were analyzed in GF doughs and compared
with soft wheat dough. FT-Raman spectroscopy has not yet
been adapted in GF dough investigation to identify the rela-
tionship between structural mechanisms and quality of GF
bread dough development.

MATERIALS AND METHODS

Raw materials

Soft wheat (SW) flour (Triticum aestivum) (Mtyn Piaski,
Piaski, Poland) was purchased locally. Maize (Zea mays L.)
(Alicampo Company, Del Viso, Buenos Aires, Argentina)
and field bean (Vicia faba L.) (Al-behera, Tanta, Egypt) seeds
were purchased from the Algerian market. The seeds were
ground using an MG E3 grinder (UMA Rouiba, Ar_Ruwajba,
Algeria) and sieved to obtain flours with a particle size less
than 200 um. Sodium chloride was purchased from Sigma
Aldrich (Poznafi, Poland). Distilled water was used for dough
preparation (Hydrolab, Straszyn, Poland). The chemical com-
position of raw materials was evaluated according to Ameri-
can Association of Cereal Chemists (AACC) [1995] methods:
AACC 46-10 for protein, AACC 30-10 for fat, and AACC
08-01 for ash content. Total dietary fiber was determined
based on the Association of Official Analytical Chemists
(AOAC) 993.21 procedure [AOAC, 2000]. Proximate com-
position of raw materials was: SW - protein 12.25 g/100 g,
fat 0.98 g/100 g, ash 0.55 g/100 g, dietary fiber 1.30 g/100 g;
M - protein 5.13 g/100 g, fat 1.41 g/100 g, ash 0.45 g/100 g,
dietary fiber 2.00 g/100 g; and FB — protein 23.91 g/100 g,
fat 3.91 g/100 g, ash 7.82 g/100 g, dietary fiber 9.33 g/100 g.

Dough preparation
All tested doughs were prepared using a Farinograph-E
(model 81101142, Brabender, Germany) equipped with

a 50 g mixer. Here, 50 g of SW or gluten-free flours (M, FB,
and maize-field bean (MFB) formula) and aqueous solution
of sodium chloride (2%, w/w) were kneaded for 20 min with
an appropriate amount of distilled water determined accord-
ing to the Farinograph optimal conditions (500 FU). MFB
formula was obtained by mixing 33.34% of FB flour with
66.66% of M flour in order to obtain a balanced composition
of blended amino acids [Benatallah et al., 2012]. An improved
maize-field bean (IMFB) formula was prepared according to
the procedure described by Bourekoua et al. [2016], where
a portion of 6.9 g of maize flour was mixed with 34.5 mL
of distilled water and heated to 65°C with continuous stirring.
The obtained gel was stored at 4°C for 24 h and then added to
a mixture of 16.67 g of field bean and 26.43 g of maize flours.
Water amounts added to each sample, as well as dough water
absorption (WA) are presented in . All doughs were
allowed to rest for 20 min at room temperature before oscil-
latory tests. Samples for FT-Raman analysis and pasting pro-
prieties determination were lyophilized for 24 h (0.04 mbar,
-50°C). After freeze-drying, they were ground to powder
in a laboratory grinder (MK100S, Katowice, Poland).

Rheological proprieties

Small strain oscillatory test

The oscillatory test was done to estimate the differences
in the viscoelastic behavior of non-gluten doughs in compari-
son with control SW dough. The measurements were conduct-
ed using a Rheo-Stress 300 rheometer (Karlsruhe, Germany)
equipped with parallel plates of 5 cm in diameter with the ad-
justed gap of 2 mm. After the resting time (20 min), dough was
placed between the plates, the excess of dough was removed,
and it was then subjected to scanning at 20°C with a frequency
sweep ranging between 0.1-10 Hz and low strain value (0.1%)
in order to keep the examined dough in a linear viscoelastic re-
gion determined via strain sweep tests performed at 1 Hz fre-
quency according to Lazaridou et al. [2007]. The storage (G’)
modulus, loss (G”) modulus, and the loss tangent (tan ) were
recorded. For each type of dough, the test was done in duplicate.

Pasting properties

Measurements were performed according to Dib et al.
[2018], using a microvisco-amylograph (Brabender OHG,
Duisburg, Germany) operated under constant conditions
of speed (250 rpm) and sensitivity (235 cmxg). Freeze-dried
dough powders (10 g) and an appropriate amount of distilled
water (corrected to compensate of 14% moisture) were mixed
and continuously stirred for 5 min to obtain a homogeneous
dispersion. The sample was heated from 30°C up to 93°C, held
at 93°C for 5 min, cooled from 93°C to 50°C, and held at 50°C
for 1 min. The heating/cooling rate was 7.5°C/min. The esti-
mated proprieties were: gelatinization temperature (GT, °C),
initial viscosity (IV, mPa-s), peak viscosity (PV, mPa-s), final
viscosity (FV, mPa-s), breakdown (BD, mPa-s), and setback
(SB, mPa-s). For each sample, the test was repeated twice.

FT-Raman analysis and data manipulation
Raman spectra were acquired using the FT-Raman mod-
ule (NXR FT Raman) of a Nicolet 6700 FT-IR bench with
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TABLE 1. Water added, water absorption characteristics of doughs at 500 FU, and rheological parameters (G’, G and tan 8) of doughs in the linear
viscoelastic domain (strain 0.1%) at 1 Hz frequency.

Doush Water* WA G’ G~ tan &

8 (mL/50 g) (%) (Pa) (Pa) )
SW 259 52.5+0.2¢ 32,490+689¢ 14,780309° 0.449+0.0092
M 40.5 79.6+0.22 71,720+6083* 15,705+1562° 0.218+0.003¢
FB 22.8 45.6+0.2¢ 58,010=1213% 26,350£551¢ 0.454+0.0092
MFB 29.5 58.0+0.2° 50,320+£3783¢ 14,100=658° 0.280=0.002°
IMFB 19.5 38.2+0.2¢ 96,420+20,195* 24,802+5356* 0.256+0.001¢

*+0.1 mL/50 g; SW - soft wheat, M — maize, FB - field bean, MFB — maize-field bean formula, IMFB — improved maize-field bean formula, WA — water
absorption, G’ - storage modulus; G” - loss modulus; tan § — loss tangent. *< — different letters in columns indicate significant differences at a=0.05.

an InGaAs detector and CaF, beam splitter (Thermo Scien-
tific, Madison, WI, USA). Samples were placed in stainless
cubes and illuminated by means of a Nd:YAG excitation
laser operating at 1064 nm. The maximum laser power was
1 W. In a single measurement, the spectra were recorded over
the range of 3500-150 cm™! and each resulting spectrum was
given an average of 200 scans at 8 cm! of resolution. The an-
alyzed spectra were averaged over the five registered spectra.
Spectral data from sample scans were baseline-corrected us-
ing OMNIC software (version 8.2, Thermo Fischer Scientific
Inc., Madison, WI, USA). Amide I band (1590-1720 cm™),
the S-S region (490-540 cm™), aromatic amino acids envi-
ronment: ratio of tyrosine doublet (I(8§50 cm™)/I(830 cm™))
and tryptophan band (I(760 cm™)) were analyzed. To elimi-
nate the effect of starch absorbance from the S-S region,
starch spectra corresponding to each type of dough were col-
lected and subtracted from dough spectra in the region 450-
-550 cm! as follows: first starch band and that of the dough
sample were peak normalized at maximum starch absorbance
(479 cm™), then the normalized band of starch was subtracted
from the dough sample. Here, the S-S region (490-540 cm™)
band was baseline-corrected, surface normalized, and ana-
lyzed in order to estimate the structural conformation of di-
sulfide bridges participating in the gluten-free protein net-
work. The second derivatives of the amide I band and the S-S
region were calculated using a five-point two-degree poly-
nomial function in order to separate the overlapping bands
and to identify the constituents of protein secondary struc-
ture and disulfide bridges conformation. In undertaking this,
baseline-corrected and surface-normalized amide I bands
and the S-S region were deconvoluted with Gaussian curves
using ORIGIN software (version 8.0724 PRO, Origin Lab
Corporation, Northampton, MA, USA). Differences in spec-
tra were also calculated in order to confirm deconvolution
results. The quality of the band deconvolution was indicated
by R?>>0.99, solution convergence, and y>< 0.001. The rela-
tive composition of amide I band secondary protein struc-
tures and types of structural conformation in the S-S region
were expressed as percentage of the area of the fitted region
manifested as a relative area of components centered at spe-
cific wavenumbers [Nawrocka et al., 2016b]. Amide I second-
ary structures: aggregates (AGR), pseudo B-sheet (PB-sh),
B-sheet (B-sh), a-helix (a-hx), B-turn (B-trn), and antiparallel

B-sheet (AB-sh), as well as disulfide conformations: gauche-
-gauche-gauche (GGQG), trans-gauche-gauche (TGGQG),
and trans-gauche-trans (TGT) were assigned according to
Nawrocka et al. [2016b] and Gomez et al. [2013]. To study
the behavior of hydrophobic interactions inside the aro-
matic amino acids environment, the ratio R of the intensities
of I(850 cm™)/I(830 cm™) characteristic of tyrosine doublet,
and I - the intensity 1(760 cm™') characteristic of tryptophan
band, were calculated.

Statistical analysis

The analysis of variance ANOVA and significant differ-
ences test (Tukey HSD test) were done to find differences
between the rheological behavior of tested doughs and to
estimate the effect of maize-field bean dough improvement.
Principal component analysis (PCA) was used to highlight
the relationships between viscoelastic behavior, pasting pro-
prieties, and protein structure to explain the rheological be-
havior of GF doughs versus SW dough. Both statistical tests
were carried out using XLSTAT software (version 2009.1.01,
Addinsoft, USA) at a confidence level of 0=0.05. Results were
expressed as means =+ standard deviations.

Correlations between rheological and structural param-
eters were checked by calculation of Pearson’s coefficients
(r). The following interpretation was assumed: |r|>0.8 — very
strong correlation, |r|>0.7 strong correlation.

RESULTS AND DISCUSSION

Rheological proprieties

The rheological properties were determined in order to ex-
plain the structural features of the non-gluten doughs in com-
parison with dough made of soft wheat (control).

Viscoelastic behavior

Dough viscoelastic behavior was tested by ascertaining
storage modulus (G’), loss modulus (G”), and loss tangent
(tan 3) as a function of frequency in the linear viscoelastic
region ( ). These three rheological properties show
the nature of the food matrix. G’ (elastic or storage modu-
lus) relates to the material’s ability to store energy elastically
and G” (viscous or loss modulus) is related to the material’s
ability to dissipate stress through heat. Loss tangent (tan 8)
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is the ratio of G” to G’ which provides information on the rel-
ative contribution of viscous properties to elastic properties
of the network [Tunick, 2011]. To compare the viscoelastic be-
havior of the different dough types, analysis of variance was
conducted between G’, G”, and tan & at 1 Hz of frequency.
The results are summarized in

All GF doughs had higher storage modulus than SW
dough (p<0.05). These results were similar to those of Si-
varamakrishnan et al. [2004] who reported higher storage
modulus of GF rice-based doughs when compared with stan-
dard SW dough. FB supplementation of maize flour, however,
significantly reduced the storage modulus from 71,720 Pa
for M dough, to 50,320 Pa for the MFB formula. Treat-
ing maize hydrothermally as in the IMFB formula resulted
in a significant increase in the solid character of GF dough
compared to MFB dough. As stated by Lazaridou et al.
[2007], the strengthening of GF dough by partly gelatinized
ingredients improved elasticity and decreased extensibility as
compared to SW dough. Here, the elasticity of GF doughs
is directly related to the level of structuralization of the dough
matrix and the value of G’ increases with increasing level
of structuralization. Both Lazaridou ef al. [2007], and He &
Hoseney [1992] showed that the presence of interactions be-
tween the proteins and other components of dough was mani-
fested by low values of G’. This may indicate the low ability

tan &

1ITITI| T T

1
Frequency (Hz)

FIGURE 1. Rheological parameters (G’ - storage modulus, G” — loss
modulus, tan & - loss tangent) of doughs of soft wheat (SW), maize (M),
field bean (FB), maize-filed bean (MFB) formula and improved MFB
formula (IMFB) as a function of frequency.

of non-gluten proteins to interact with other dough constitu-
ents, in comparison with gluten proteins, and might explain
the low elasticity characterizing GF doughs.

The results of variance analysis showed insignificant dif-
ferences between the loss modulus G” of SW, M, and MFB
doughs ( ). Field bean flour supplementation
of maize did not affect the viscous behavior of maize dough.
FB and IMFB formula doughs gave G” values significantly
higher than that of control SW. Moreover, the hydrothermal
treatment resulted in the significant increase of the viscous
modulus of IMFB formula dough, and this dough behaved
similarly to high-protein FB dough.

The FB dough alone had a similar value of tan & to SW
dough ( ) [Dus & Kokini, 1990]. The low value of tan §
registered for M dough indicates the strong contribution
of the solid character in its structural formation. FB flour
supplementation of M flour significantly increased the tan &
value, which indicates that the cereal-legume formulation
is characterized by an improved GF dough viscous behavior
induced by reducing the solid-state contribution during its
formation. This could be explained by the decreased matrix
structuralization and indicates that the FB proteins had de-
veloped weaker chemical bonds with other constituents than
between themselves. The hydrothermal treatment of the part
of maize flour resulted in a significant decrease of tan & value
of IMFB dough (1.09 times lower than that of MFB dough).
Moreover, the addition of hydrothermally-treated maize flour
to the GF bread recipe reduced the GF dough viscosity — as
confirmed via the pasting characteristics of IMFB formula
dough. The hydrothermally-treated maize flour may have
acted as a binder of the dough matrix, improving its elastic
component [Dib et al.,2018].

Pasting proprieties

During dough formation, starch acts as an inert filler
in the dough’s continuous protein matrix [Hfivna, 2018].
A dough rheological behavior is significantly affected
by the specific properties of starch granules present on its
surface [Larsson & Eliasson, 1997]. Pasting properties
of the studied doughs are presented in . As indicated,
GT and IV values of all the tested doughs were similar. Here,
SW and M doughs had the highest values of PV and BD,
followed by the MFB formula and the improved IMFB
doughs. FB dough showed the lowest PV and BD, indicating
the highest stability of its paste due to a high protein con-
tent and the ability to absorb and hold water during heating.
Ragaee & Abdel-Aal [2006] suggested that high PV and BD
values were related to the degree of starch granule swelling
during heating. Here, the greater swelling capacity, the higher
the PV values, hence, SW and M dough starch granules had
a higher swelling capacity than the other doughs. These results
are similar to the finding reported by Ragaee & Abdel-Aal
[2006] who found that SW flour gave high PV and BD values
as compared to whole grain meals of durum wheat, barley,
and sorghum.

During cooling, the viscosities of all doughs increased to
an FV ( ), indicating the formation of a gel structure
due to re-association between starch molecules. The high
SB value is an indicator of the retrogradation and reordering
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TABLE 2. Pasting characteristics of wheat and gluten-free doughs.

Dough §T IY PY FV BD S]'S
(°C) (mPa-s) (mPa-s) (mPa-s) (mPa-s) (mPa-s)
SW 73.5+2.2¢ 14.5+0.7* 223.5+13.4 333.0%12.7° 80.0=6.1¢ 186.5+6.4°
M 74.5%0.12 13.5%2.1¢ 213.5+14.82 385.5+24.72 31.0+2.8° 206.5+14.8*
FB 72.5%0.32 13.0x1.4¢ 117.5£4.9¢ 185.0£8.5¢ 2.5+0.74 78.0+4.2¢
MFB 74.8=0.1¢ 14.0=0.0 166.0+5.6 276.0=7.1¢ 26.0+2.8° 141.5+4.9°
IMFB 74.4=0.1° 14.0+0.1° 146.0+2.8¢ 245.0+5.6¢ 18.0=0.1¢ 122.0+83.0°

SW - soft wheat, M — maize, FB - field bean, MFB — maize-field bean formula, IMFB — improved maize-field bean formula, GT - gelatinization tem-
perature, IV —initial viscosity, PV — peak viscosity, FV — final viscosity, BD — breakdown, SB — setback. *- different letters in columns indicate significant

differences at a=0.05.

of starch molecules attributable to syneresis [Ragaece & Ab-
del-Aal, 2006]. Accordingly, starch molecules of SW and M
doughs with high SB values (186.5 and 206.5 mPa-s, respec-
tively) induced high retrogradation rates. In contrast, FB
dough with a low SB value (78.0 mPa-s) ( ) generated
the lowest retrogradation rates due to having the lowest starch
content.

Pasting properties of GF doughs were significantly affect-
ed by legume flour supplementation of maize. This brought
about insignificant differences between MFB and IMFB
doughs and significant differences to that of SW. Maize
flour hydrothermal treatment in the IMFB dough resulted
in a slight lowering of pasting parameter values compared
to the MFB formula. This could be due to the alteration
of the treated maize flour’s pasting properties because of par-
tial starch gelatinization resulting in bond formation between
the chains of the amorphous region in starch molecules, as
well as alteration of crystallinity induced by hydrothermal
treatment, and thus by the starch retrogradation that oc-
curred after cooling [Zavareze & Guerra Dias, 2011]. Similar
results were found by Dib ef al. [2018] who studied the effect
of hydrothermally-treated corn flour addition on the quality
of corn/field bean gluten-free pasta.

Structure of dough proteins

Secondary structure of proteins involved in dough matrix
development
Raman spectroscopic protein structure analysis was based
on the following vibrational modes: amide A (NH stretch-
ing ~3500 cm™), amide B (NH stretching ~3100 cm™),
and amide I to VII (I: 1600-1700 cm-!, II: 1480-1580 cm™,
II: 1230-1300 c¢cm’!, IV: 625-770 cm”, V: 640-800 cm,
VI 540-600 cm!, VII: ~200 cm™) [Rygula e al., 2013].
The amide I band is usually used to estimate the type and
the percentage of protein secondary structure in gluten matri-
ces [Sivam et al., 2013].
shows the curve-fitted amide I bands (1590-
—-1720 cm™). Peak numbers and position used in the curve
fitting of each type of dough were determined according to
results indicated by the second derivative ( ). Distri-
bution of secondary structures of doughs protein, calculat-
ed by deconvolution of FT-Raman spectra of the examined

doughs is summarized in . The content of secondary
structures of proteins for all doughs was evaluated by analysis
of amide I differential spectra between GF and SW doughs
( ) and between various gluten-free doughs ( ).
Here, amide I bands of maize and maize-based doughs
showed a different shape in comparison with that of SW
and FB doughs. This could indicate differences in the type
and distribution of protein secondary structures ( ).
All amide I bands demonstrated a high absorbance around
~1655 cm™. This revealed that the secondary structure in-
volved in the formation of the tested doughs was dominated
by a-helix conformation [Sivam et al., 2013].
Deconvolution of the amide I band of SW dough (

) showed that the distribution of its secondary struc-
tures quantitative was predominated by a-helix (43%), fol-
lowed by antiparallel B-sheet (18%), B-turn (15%), B-sheet
(11%), pseudo B-sheet (6%), and finally the aggregates (7%)
( ). A previous study carried out by Nawrocka et al.
[2015] uncovered differences in the secondary structure
of native gluten proteins corresponding to a-helices (60%)
and antiparallel B-sheet (8%) content, as compared to the re-
sults obtained in our study where a relatively small fraction
of pseudo B-sheet structure was found. The absence of ran-
dom coil structure was also noted in this study. In contrast,
Gomez et al. [2013] showed the participation of the random
coil structure in the structuring of the native gluten backbone.
The a-helix structure was also predominant in this study.

The deconvolution of amide I band of maize dough
( ) revealed that its protein backbone was main-
ly formed by a-helix (46%) at levels close to that of SW
dough [Pelton, 2000]. Aggregates (21% found at 1602 cm™")
and B-sheets (19% at 1629 and 1639 cm™') followed
a-helix in the maintaining of maize dough protein net-
works ( ). These two structures were, respectively,
3.0 and 1.7 times more abundant than in SW. Fractions
of antiparallel B-sheet (8%), followed by B-turn structure
(6%) were lower than in control SW dough, and pseudo
B-sheet structures were not evident. The FT-IR spectroscop-
ic work of Mejia et al. [2007] on the secondary structure
of viscoelastic polymers of maize a-zein and wheat gluten
proteins showed that the native structure of maize a-zein
was mainly composed of a-helices (~68%). Similar results
were reported by Matsushima ez al. [1997].
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FIGURE 2. Deconvoluted Raman spectra in the area representing amide I band (1590- 1720 cm™) of doughs: (A) soft wheat, SW, (B) maize, M,
(O field bean, FB, (D) maize-filed bean, MFB, formula, (E) improved MFB formula, IMFB. Solid line - fitted curve, open circles — original data.

The secondary structure of FB dough ( ) con-
sisted of the dominant a-helix structure at 37% (1.16 times
lower than that in SW dough), 24% of antiparallel B-sheet (at
1685 cm™), and 21% of B-turn (1671 cm™) (1.33 and 1.4 times
higher than in SW control dough). Although an increase was
observed in the case of FB antiparallel B-sheet, no statistical
differences were found between FB and SW. Amounts of ag-
gregates (5%), pseudo B-sheet (4%), and B-sheet (9%) were
close to that of the control dough ( ). FT-IR spectros-
copy of field bean dough showed the dominance of the a-helix
structure (45%) in the formation of its protein network [Fe-
touhi et al., 2019].

The deconvolution of the amide I band of MFB dough
( ) indicated that the replacement of 1/3 of the
M flour with FB led to a decrease in the aggregate fraction
from 21 to 11%. Furthermore, antiparallel B-sheet (1687 cm™)
and B-turn (1673 cm™') content increased, respectively, from
8 to 13% and from 6 to 14% as compared with M dough
( ). SW dough showed lower values of B-sheet than
MBF and IMBF but comparable amounts of B-turn. Simi-
lar values of a-helix and B-sheet and pseudo B-sheet fractions
were found in M, MBE and IMBF doughs which differed sig-
nificantly from FB and SW dough. Thus, the effect of maize
structural composition seems to be important in this analysis.
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By comparing the curve fitting results of the IMFB dough
amide I band ( ) with the formula without improver
and with SW, it is noticeable that the incorporation of hydro-
thermally-treated maize flour in the GF bread formula caused
a slight increase in the amount of antiparallel p-sheet struc-
ture (1687 cm™) from 13 to 15% (no statistical differences)
and a slight decrease in the content of B-turn (12%-1672 cm™)
approaching SW dough. No significant changes were noted
for aggregates, B-sheet, and a-helix ( ). This effect was
comparable to that of SW dough, but lower than that for
M dough. The addition of hydrothermally-treated maize flour
had no effect on the type of the secondary structure of dough.

Aromatic amino-acids chains

The behavior of the side groups is often used in confor-
mational studies of proteins. In addition to cysteine, tyrosine
and tryptophan residues were also involved in maintaining
the dough protein backbone [Wieser, 2007].

The R ratio of the doublet intensity of tyrosine is a di-
rect measure of the negative charge state of phenolic oxygen
and that of the tyrosine environment. Overman et al. [1994]
suggested that R was sensitive to the hydrogen bonding state
of a phenoxyl tyrosine mixture. This can be interpreted as fol-
lows: if R=0.30, the OH proton functions as donor of a strong
hydrogen bond; at R=2.5, the OH oxygen functions as an
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FIGURE 4. Raman differential spectra in amide I region between (A) maize, M; (B) field bean, FB; (C) maize-field bean, MFB, formula;
and (D) improved MFB formula, IMFB, doughs and soft wheat, SW, dough.

acceptor of a strong hydrogen bond, while R=1.25 if the OH
group functions as a donor and an acceptor, as for solvent-
-exposed tyrosine. Herrero [2008] demonstrated that the ty-
rosine residue OH group behaved as an acceptor in a strong
H-bond when R was higher than 2.5 and as H-bond donor
when R was lower than 0.3. The R value is also a good indi-
cator of the location of the tyrosyl group exposed or buried
within the protein structure [Ferrer et al., 2011]. When the in-
tensity [ at 850 cm™' is higher than that at 830 cm’!, tyrosyl resi-
dues are exposed and act as a positive charge, facilitating local
repulsion between protein molecules and inducing a change
in the tertiary protein structure. If I at 850 cm is smaller than
that 830 cm!, this indicates that the tyrosyl groups are bur-
ied in the protein backbone and that these groups participate
in protein folding by inter- and intra-molecular hydrogen
bonds [Wang et al., 2017; Herrero, 2008].

The ratio of I(850 cm™)/I(830 cm™!) values (R) calculat-
ed for the tested doughs ( ) was >2.5 for SW (3.41),
M (2.79), and IMFB formula (2.52) doughs. In the case
of MFB dough, the ratio approximated 2.5. Only FB dough
had an R ratio between 2.5 and 0.3 (2.37). These results

indicate that for all dough types, the tyrosyl residues were
exposed and acted as a positive charge facilitating local re-
pulsion between the protein molecules responsible for tertiary
protein structure changes. The SW sample showed the highest
R value in this study (R>2.5), indicating that tyrosyl residues
in wheat dough behave as an exposed acceptor in a strong
H-bond. This value was higher than those reported by Naw-
rocka et al. [2016b] and Ferrer ez al. [2011] for gluten proteins
(0.88 and 1.29, respectively). This difference could be due
to the different character of molecular interactions triggered
by the presence of various amounts of protein in raw materi-
als applied in GF dough formulations that favor the exposi-
tion of tyrosine residues at protein structure surfaces.

All gluten-free doughs demonstrated lower R ratio values
than the SW dough. The highest value was observed for maize
dough, while the lowest one for field bean dough ( ).
These results indicate that the tyrosine OH groups of gluten-
-free doughs, except for the protein-rich field bean doughs,
behaved as acceptors in a strong H-bond. At the same time,
the OH groups of tyrosine residues in field bean dough be-
haved as both proton donors and acceptors.
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TABLE 3. Distribution of secondary structures of doughs protein calculated by deconvolution of FT-Raman spectra in the amide I region and aromatic
amino acids (tyrosine and tryptophan) structure of doughs. Values calculated on the basis of 5 averaged spectra consisting of 200 scans. The quality

of band deconvolution was indicated by R*>0.99, solution convergence and y2 were <0.001.

Sample AGR PB-sh B-sh a-hx B-trn AB-sh R I
(%) (%) (%) (%) (%) (%) 1(850)/1(830) (760)
SW ™ 6 11° 43° 15° 18 3410 0.37°
M 212 ov 192 46° 6° 8 2.79° 0.44
FB 5¢ 4 9¢ 37 218 24 2.37¢ 0.60°
MFB 11° ov 17 45% 14° 130 2.46° 0.60°
IMFB 100 ov 192 440 12° 15° 2.520¢ 0.60°

SW - soft wheat, M — maize, FB - field bean, MFB — maize-field bean formula, IMFB — improved maize-field bean formula, AGR - aggregates,
PB-sh — pseudo B-sheet, B-sh — B-sheet, a-hx — a-helix, B-trn — B-turn, AB-sh — antiparallel B-sheet. Deconvolution granted accuracy higher than = 1%,
R -ratio of the doublet intensity of tyrosine, I — spectrum intensity characteristic of the tryptophan band. Ratios are taken from a spectrum resulting
from an average of 5 spectra containing 200 scans at 8§ cm™! of resolution. < — different letters in column indicate significant differences at a=0.05.
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The tryptophan band with the maximum at 760 cm™ is used
to indicate the strength of H-bonding and the hydrophobicity
of indole ring environments [Linlaud et al., 2011]. The in-
crease in its intensity indicates the ‘buriedness’ of trypto-
phan residues inside protein molecules, whereas the decrease
shows the release of these residues from the hydrophobic
zone and their contribution in the formation of disordered
protein structures [Nawrocka ez al., 2015].

We found that the tryptophan band 1(760) intensity shown
by the SW dough (0.37) was higher compared to the gluten
protein (0.087 or 0.167) presented by Nawrocka et al. [2015,
2016a]. FB, MFB, and IMFB formula doughs had similar
1(760) intensities (0.60) ( ), which were significantly
higher (p<0.05) than that of SW by 1.62 times and in-
significantly higher (p=0.05) than that of M dough (0.44)

by 1.36 times. This difference indicates that supplementing
maize flour with field bean and the hydrothermal treatment
of part of the maize flour in GF bread dough increased tryp-
tophan residue buriedness inside the protein backbone.

Disulfide bridges conformation

In bread-dough-making, disulfide bridges participate
in the formation and development of the protein network,
especially the tertiary structure [Wieser, 2007]. Gomez et al.
[2013] and Ferrer et al. [2011] stated that the S-S bridge con-
formation played a major role in the functional properties
of gluten dough. Thus, we analyzed the disulfide bridge region
in GF doughs and compared them with that of SW dough. Di-
sulfide bridge conformation distribution is shown in
while reveals the deconvoluted S-S dough regions.

’
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TABLE 4. Distribution of disulfide bridge conformations of the tested
doughs with positions of band maxima (in cm™) in brackets. Values
calculated on the basis of 5 averaged spectra consisting of 200 scans.
The quality of band deconvolution was indicated by R>>0.99, solution
convergence and y2 was <0.001.

Dough GGG(%) TGG(%) TGT(%)

SW 512 (496-504) 350 (515) 14°(532-544)
M 28¢(493-501) 512 (516-521) 212 (535-540)
FB 41°(496-504) 360 (515) 207 (532-543)
MFB 512 (493-501) 36" (517-521) 13" (535-547)
IMFB 45% (494-502) 41 (516-521) 14" (534-547)

SW - soft wheat, M — maize, FB - field bean, MFB - maize-field bean
formula, IMFB - improved maize-field bean formula, GGG - gauche-
-gauche-gauche, TGG - trans-gauche-gauche, TGT - trans-gauche-trans.
*c—different letters in column indicate significant differences at a=0.05.

The analysis of the S-S bond conformation of the control
SW dough showed the predominance of the GGG conforma-
tion (51%), followed by TGG (35%) ( ). Nawrocka ez al.
[2015] made the same observation and demonstrated the pre-
dominance of these two types of conformations in the for-
mation of a gluten network. Moreover, Gémez et al. [2013]
analyzed the effect of fiber addition on gluten quality and dem-
onstrated that the S-S bridge structure of the gluten network
was predominated by GGG and TGT structures and lacked
TGG conformation. The predominance of the GGG confor-
mation indicates that the SW dough protein network is more
structurally stable [Nawrocka et al., 2016b].

When comparing the gluten-free doughs with the con-
trol, we noted that only the M dough differed significantly
in the percentage distribution of the S-S bridge conformations
and that it was characterized by a predominance of the TGG
conformation (1.5 times higher than of SW). However, a small
amount of GGG fraction (1.8 times lower than of SW)
and TGT (1.5 times higher than of SW) conformations was
observed as well. Nawrocka e al. [2016b] believed those results
indicate that the maize dough protein network is characterized
by less stable disulfide bridges. Moreover, the lower protein
content in maize could explain the fragility of the M dough
protein network when compared to SW dough.

The other types of doughs showed disulfide bridge con-
formation distribution close in type to SW dough, which was
characterized by a predominance of the GGG conformation,
followed by TGG, then TGT - but with different fraction
ratios.

The quantitative distribution of the three types of confor-
mations in FB dough was similar to SW control dough. When
comparing distribution percentages of the three forms of S-S
bridges, we observed that the fractions of TGG (36%) were
similar while TGT (20%) conformations were higher than
that of the control, but the GGG conformations (41%) were
lower ( ). These results suggest that during FB dough
protein network development, the formation of the GGT
and TGT conformations was in detriment of GGG confor-
mation, which, in turn, could explain the less stable structure
of the field bean dough (beyond its greater protein content).

The conformation of MFB dough S-S bridges was closer
to that obtained for the SW control: GGG (51 close to 53%),
TGG (36 close to 35%), and TGT (13 close to 14%), respec-
tively ( ). Therefore, the substitution of maize flour with
field bean improved the S-S bridges distribution, and promoted
the formation of more stable structures. The addition of hydro-
thermally-treated maize flour to the IMFB dough only slightly
affected the distribution of disulfide bridge conformation.
Relationship between structural properties and
rheological behavior of gluten-free bread doughs

The poor quality of the GF dough and its low rheological
behavior could be due to the structural mechanisms of non-
-gluten protein network dough development. Thus, using PCA,
we studied the relationships between the rheological param-
eters, the types of secondary structures, aromatic amino-acid
environment properties, and disulfide bridge conformations.

PCA clearly resolved data into four principal components,
which explained 49.21 (PC1), 30.31 (PC2), 15.75 (PC3),
and 4.72% (PC4) of the variation. The results obtained for
components PC1 and PC2 were retained because they ac-
counted for 79.52% of the total variance. PC scores and load-
ings of PC1 against PC2 are shown in . The corre-
lation matrix between rheological and structural parameters
of the tested doughs is presented in

The predominance of the first principal component (PC1)
was defined by the B-turn content because this parameter
showed a high correlation with this factor (r=0.970) and di-
vided the plane vertically ( ). The second principal
component (PC2) was defined by the BD parameter (r=0.923)
and divided the plane horizontally. As seen in the PCA scores
( ), PC1 shows a great variability. Being on the positive
side of PC1, FB and IMFB doughs were seen to have similar
properties to those of SW. This indicates that they had similar
properties dependent on B-turn content. Moreover, the applica-
tion of hydrothermally-treated maize flour in the IMFB formu-
la affected B-turn structure content. Regarding the PC2 axis as
defined by BD, all gluten-free doughs were located in the nega-
tive side, hence demonstrating that the differences in the rheo-
logical behavior between SW and GF doughs were highly relat-
ed to the pasting properties (BD) rather than to the viscoelastic
properties as indicated by G” and G”.

WA was considered as a mixing parameter and a factor that
affected dough structure during its formation. It was strongly
positively correlated with AGR (r=0.846) and strongly nega-
tively correlated with Ap-sheet content (r=-0.721) ( ).
This indicates that the high water absorption of GF dough
promotes the formation of aggregates to the detriment
of Ap-sheet fabrication. This suggestion is confirmed by
the strong negative correlation between AGR and AB-sheet
content. Here, a strong negative correlation was found be-
tween WA and AGR amount, indicating that differences do
exist between mechanisms of gluten and non-gluten protein
network development.

The storage modulus G’ was influenced only by PB-sheet
amount (r=-0.712). This indicates that the stiff and rigid skel-
eton of non-gluten doughs is due to the low capacity of GF
doughs to form this kind of the secondary structure during
matrix development.
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characteristic of the tryptophan band.

Tan & was strongly and positively correlated with
the amounts of Pp-sheet (r=0.947), AB-sheet (r=0.885),
and B-turn (r=0.837), while a strong negative correlation
was observed between AGR (r=-0.817), B-sheet (r=-0.983),
and a-helix (r=-0.794) content ( ). Fetouhi et al. [2019]
observed similar correlations between tan  and the amounts
of B-turn, B-sheet, and a-helix for GF doughs based on a rice-
-field bean formula. They explained that these results were due
to the great tendency of gluten-free ingredients to form a-helix
and p-sheet structures, hence strongly promoting protein
structuralization. This is in direct relationship with low values
of tan & and the high inflexibility and rigidness displayed dur-
ing gluten-free dough formation. In our study, low tan & values
of GF doughs could have occurred due to the low capacity
of non-gluten proteins to form Pp-sheet structures (positive
correlation) where these types of structures may participate
in the formation of B-sheet structuring (negative correlation).
The positive correlation between tan & and AB-sheet (r=0.885)
and B-turn content (r=0.837) and the strong negative correla-
tion between AB-sheet and a-helix (r=-0.940) content dem-
onstrate that the mechanism of non-gluten protein network
formation is based on the formation of B-sheet and a-helix
structures, hence, not only to the detriment of B-turn, but also
at the expense of the AB-sheet structure.

We noted the effect of the disulfide bridge conformational
changes on the rheological behavior of gluten. According to
the PCA score ( ) and correlation matrix ( ),
the correlation between GGG and TGG (r=-0.946) and TGT
(r=-0.818) content was strongly negative. This indicates
the more intense participation of TGG and TGT disulfide
bridges in the formation of the non-gluten protein matrix
rather than the GGG conformation that was noted in the case
of gluten proteins [Nawrocka ez al., 2015].

No direct relationship between the S-S bridges conforma-
tion and rheological behavior of GF doughs was observed
based on the PCA plot ( ) or correlation matrix. We
presume that disulfide bridge conformation indirectly partici-
pated in the rheological behavior because this affected the type
of secondary structure forming the non-gluten protein ma-
trix. The strong positive correlation observed between TGG
content and AGR (r=0.924) was accompanied by a negative
correlation with AB-sheet (r=-0.751) and B-turn (r=-0.852).
GGG conformation was also negatively correlated with AGR
structure content (r=-0.813) ( ). All these results indi-
cate the low tendency of non-gluten proteins to form p-turn
and AB-sheet structures, and the high capacity of these types
of proteins to form the AGR structures that are promoted
by the high participation of the TGG disulfide bridges confor-
mation that is characteristic for non-gluten dough matrices.
This effect could explain the indirect participation of the S-S
bridges conformation in the low viscoelastic behavior of glu-
ten-free doughs. By analyzing analogous relationships, Naw-
rocka et al. [2015] formulated similar suggestions as ob-
tained in our work, where the increase in the number of TGG
and TGT conformations and a decrease in GGG conforma-
tion promoted the aggregation and folding of gluten proteins.

The effects of the structural aspect of non-gluten proteins
on the pasting propertics of GF doughs are presented in

and . PCA analysis showed a high positive
correlation between GT and B-sheet (r=0.913) and a-helix
(r=0.940) values, and a negative relation with AB-sheet
(r=-0.882) content. PV value was also negatively correlat-
ed with the tryptophan content as indicated by I(760 cm™)
standards. This indicates that the PV value may be af-
fected by the degree of buriedness of tryptophan residues.
However, the BD parameter was positively correlated with
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TABLE 5. Correlation matrix (Pearsons’ coefficients r) between mixing parameter, pasting properties, viscoelastic characteristics and structure fractions

of proteins of the tested doughs.

Variables| WA| G | G” |tan6| GT | v | PV | FV | BD | SB |AGR|P[3—sh| B-sh

a-hx | B-trn | AB-sh | GGG | TGG | TGT | R

G -0.173

G” -0.676 0.559

tand -0.444 -0.658 0.228

GT 0.375 0.333 -0.545 -0.875

v -0.122 -0.288 -0.568 -0.030 0.458

PV 0.646 -0.403 -0.828 -0.151 0.367 0.594

FvV 0.806 -0.178 -0.795 -0.417 0.518 0.416 0.947

BD 0.190 -0.618 -0.679 0.269 0.096 0.804 0.848 0.637

SB 0.749 -0.227 -0.816 -0.364 0.510 0.504 0.973 0.994 0.711

AGR 0.846 0.346 -0.451 -0.817 0.651 -0.085 0.508 0.757 -0.016 0.691

PB-sh -0.283 -0.712 0.037 0.947 -0.780 0.155 0.154 -0.126 0.530 -0.066 -0.658

B-sh 0.351 0.662 -0.242 -0.983 0.913 0.187 0.203 0.434 -0.159 0.398 0.759 -0.905

a-hx 0.536 0.194 -0.692 -0.794 0.940 0.558 0.652 0.769 0.359 0.767 0.744 -0.600 0.844

B-trn -0.681 -0.394 0.487 0.837 -0.772 -0.235 -0.625 -0.819 -0.195 -0.783 -0.930 0.621 -0.847 -0.888

AB-sh -0.721 -0.300 0.611 0.885 -0.882 -0.251 -0.580 -0.782 -0.146 -0.745 -0.922 0.714 -0.879 -0.940 0.958

GGG -0.687 -0.449 -0.021 0.516 -0.133 0.526 -0.219 -0.470 0.269 -0.383 -0.813 0.413 -0.419 -0.248 0.650 0.534

TGG 0.693 0.545 -0.122 -0.728 0.423 -0.275 0.347 0.608 -0.158 0.532 0.924 -0.582 0.670 0.529 -0.852 -0.75/ -0.946

TGT 0.485 0.154 0.268 0.002 -0.416 -0.823 -0.068 0.097 -0.390 0.012 0.389 0.000 -0.141 -0.318 -0.112 -0.002 -0.818 0.587

R 0.221 -0.554 -0.563 0.314 -0.039 0.676 0.851 0.653 0.970 0.7/7 0.022 0.596 -0.215 0.267 -0.213 -0.102 0.106 -0.040 -0.193
I -0.499 0.497 0.602 -0.186 0.028 -0.452 -0.914 -0.798 -0.865 -0.829 -0.280 -0.484 0.136 -0.310 0.377 0.255 0211 -0.235 -0.111 -0.940

WA — water absorption, G’ - storage modulus; G” - loss modulus; tan 8 — loss tangent, GT — gelatinization temperature, IV — initial viscosity, PV — peak
viscosity, FV — final viscosity, BD — breakdown, SB — setback, AGR - aggregates, PB-sh — pseudo B-sheet, p-sh — B-sheet, a-hx — a-helix, p-trn — p-turn,
ApB-sh — antiparallel -sheet, GGG - gauche-gauche-gauche, TGG - trans-gauche-gauche, TGT - trans-gauche-trans, R — ratio of the doublet intensity
of tyrosine, I — spectrum intensity characteristic of the tryptophan band. In bold: very strong correlations 1>0.8; in Italics: strong correlations r>0.7.

the R ratio (r=0.970), indicating the effect of tyrosyl residues
on the swelling capacity of starch granules during heating
and the distribution of starch granules in the protein matrix.
This relationship suggests that if more tyrosyl residues are ex-
posed, the swelling capacity of starch granules increases.

CONCLUSIONS

This study contributed to understanding the develop-
ment mechanism of gluten-free GF doughs by examining
protein structural features. The solid behavior that charac-
terized GF dough was due to the absence of Pp-sheet sec-
ondary structure. We demonstrated that the protein network
of gluten-free MFB dough matrix was principally devel-
oped by the production of B-sheet and a-helix structures. At
the same time, a decrease of B-turn and Ap-sheet secondary
structures was observed, greatly affecting the viscoelastic
behaviour of the examined doughs. PCA also showed that
the water absorption of the starch granules increased when
more tyrosyl residues were exposed. Moreover, we noted that
the TGG disulfide bridge conformation strongly participated

in GF protein network development and promoted the high
structuralization that contributed to the low bread-making
quality of GF components. In addition, strong correlations
were observed between pasting properties and structural
composition of the tested GF doughs as compared to gluten
SW dough. Finally, an improved IMFB formula with the ad-
dition of a fraction of hydrothermally-treated maize flour
showed relatively good structural properties as compared to
other doughs tested.
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Epidemiological studies reported an inverse association between the consumption of legumes and the incidence of age-related diseases. This trend
could be attributed to the presence of antioxidant compounds, especially phenolic and flavonoid compounds. In this paper, five pea (Pisum sativum L.)
and twelve chickpea (Cicer arietinum L.) accessions, having different characteristics and geographical origin, were characterised in terms of antioxidant
activity, as well as macro- and micro-nutrient composition. The antioxidant activity has been evaluated using both DPPH (2,2-diphenyl-1-picrylhydra-
zyl) and ABTS (2,2’-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) radical scavenging capacity assays. Chickpea and pea accessions showed a dif-
ferent behaviour in the presence of these different radicals. Chickpea accessions were characterised by significantly higher DPPH" scavenging activity,
while peas showed a significantly higher value of antioxidant activity evaluated using the ABTS assay. Pea accessions had the highest content of total
phenolic compounds, Zn, and Cu. A positive correlation was found between some minerals, such as Zn, Cu and P, and the ABTS"* scavenging activity.
Black and brown chickpea accessions showed significantly higher contents of anthocyanins, Mn, Mg, and Ca, which were positively correlated with
the antioxidant activity assessed with the DPPH assay. Despite the dataset investigated in our study included a limited number of accessions, it was
possible to highlight the influence of the chemical composition on the antioxidant activity due to the high phenotypic diversity found between the ac-

cessions, emphasising the importance of selecting the antioxidant activity assay according to the matrix to be evaluated.

INTRODUCTION

The demand for grain legume-based food is expected to
increase in developing countries, as a consequence of the de-
mographic growth, but also in the developed countries, given
their contribution to a healthy diet and food safety. The in-
creased awareness of risks associated with excessive con-
sumption of animal proteins [Daryanto et al., 2015] and with
fat accumulation due to the high intake of energy-dense foods
poor in micronutrients and bioactive compounds also plays
a determinant role in prompting legume consumption.

In addition, greater cultivation and consumption of food le-
gumes has high priority to increase the sustainability of agricul-
ture in terms of soil fertility, greenhouse gas emissions, energy
efficiency, pollution, and crop diversity [Annicchiarico, 2017].

* Corresponding Author: Fax: +39 080 5443467,
e-mail: (Prof. C. Summo)

Chickpea (Cicer arietinum L.) is the third grain legume spe-
cies cultivated worldwide [FAOSTAT data, 2018]. It has been
shown that the two commercial types of chickpea, i.e. kabuli, with
large seeds and beige coat, and desi, with small seeds and dark-
-coloured, fall in different genetic clusters [De Giovanni ef al.,
2017]. Furthermore, a black-pigmented chickpea type (Apulian
black) traditionally cultivated in Apulia (Southern Italy), dis-
played peculiar phenotypic and genetic features [Pavan er al.,
2017]. From a nutritional point of view, chickpeas are character-
ised by high dietary fibre and lipid content [Jukanti e al., 2012].
The lipid fraction, in particular for the coloured types such
as desi and Apulian black type, has a high content of essential
unsaturated fatty acids [Summo et al., 2019a,b] which elicit
beneficial effects on human health [Jukanti et al., 2012].

Pea (Pisum sativum L.) is the fourth grain legume culti-
vated worldwide [FAOSTAT data, 2018], grown for both
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human nutrition and livestock feeding. Studies on pea genetic
diversity highlighted clear differentiation between the pea wild
progenitor, P sativum subsp. elatius, and the main pea culti-
vated subspecies (P, sativium subsp. sativum). Within P, sativum
subsp. sativum, geographical patterns of variation were iden-
tified, as landraces from the Mediterranean area, the Cau-
casus, Ethiopia, and Central Asia exhibited peculiar genetic
features [Smykal et al., 2012].

As other legumes, pea (Pisum sativum L.) and chickpea
(Cicer arietinum L.) are characterised by low levels of lip-
ids and high contents of proteins, complex carbohydrates,
B group vitamins, and minerals. They represent a good source
of minerals, such as iron, zinc, calcium, magnesium, potassi-
um, sulphur, and selenium [Ashokkumar et al., 2015] and ca-
rotenoids, such as pB-carotene [Ashokkumar et al., 2015].

Both pea and chickpea have been studied for agronomic
[Fotiadis et al., 2019], genetic [Pavan et al., 20171, and nutri-
tional features [Summo et al., 2019a]. Furthermore, they have
been proposed as functional ingredients of bakery products,
such as bread and cakes [Millar ez al., 2019; Pasqualone et al.,
2019al, as well as ready-to-eat foods, such as purée and burg-
ers [Summo et al., 2016, 2019c¢].

Moreover, epidemiological studies reported an inverse
association between the consumption of legumes and the in-
cidence of age-related diseases [Kris-Etherton ef al., 2002].
The beneficial effect of legumes on health could be attrib-
uted to their content of phenolics and flavonoids [Fidrianny
et al., 2016], which are the most active antioxidant com-
pounds in foods [Dudonne et al., 2009]. Furthermore, anti-
oxidant defences rely heavily on minerals in the diet, such as
Fe, Mn, Cu, Zn, and Mg [Evans & Halliwell, 2001]. Dietary
antioxidant compounds can stimulate cellular defences
and help prevent oxidative damage [Dudonne ef al., 2009].
There are numerous published methods measuring the in vi-
tro total antioxidant capacity. They can be classified in hy-
drogen atom transfer (HAT) or electron transfer (ET) based
assays. The ET-based assays include the total phenols assay
by Folin-Ciocalteu reagent, DPPH (2,2-diphenyl-1-picryl-
hydrazyl) and ABTS (2,2’-azino-bis (3-ethylbenzthiazoline-
-6-sulfonic acid) radical scavenging capacity assays [Huang
et al., 2005]. Both DPPH" and ABTS"* can be used to pre-
dict the antioxidant activity of vegetables, fruits, pulses,
and food products [Fidrianny et al., 2016; Yao et al., 2013].
The principal aim of this study was to evaluate the antioxi-
dant activity of chickpea and pea accessions by using two
different radical scavenging capacity assays, such as DPPH
and ABTS. Furthermore, proximate composition, contents
of minerals, phenolic compounds, carotenoids, anthocya-
nins, and phytates of whole meal flour from the same acces-
sions of chickpea and pea were determined. Finally, correla-
tions between both antioxidant activities and legume flour
composition were defined.

MATERIAL AND METHODS

Plant material and flour preparation

Twelve chickpea and five pea accessions were consid-
ered in this study, selected from the ex situ repositories
of the United States Department of Agriculture (USDA),

TABLE 1. Chickpea (Cicer arietinum L.) and pea (Pisum sativum L.) ac-
cessions analysed.

Legume | | Type | Seed size |Seed colour| Origin
PI1292006 KC Small Beige Jordan
PI339154* KC Large Beige Turkey
PI357648* KC  Small  Beige _Miirtzlif‘e‘gm
PIS18255% DC Small Brown  Afghanistan
PI251514* DC Small Black Iran
Chickpea  pri40293* DC  Small  Brown Tran
(Cicer
arietinum L.) P1358934* DC  Small Black Iran
PI533683* DC Large Black Spain
W610046* DC Large Black Bulgaria
110694  AB Large Black Italy
MG_13* AB Large Black Italy
MG_ 17" AB Large Black Italy
1G116297 Medium  Green Turkey
RORI12 Large Green Italy
}();zum 1G52442 Medium -pgrrg:g{e g Svia
sattn 1) 1G134828 Medium —pi(grrszgge g Georgia
1G51520 Medium pgfg:gte o Ethiopia

KC - kabuli chickpea, DC - desi chickpea, and AB — Apulian black
chickpea.

*The chickpea accessions are part of a wide collection already character-
ised, whose data repository is in Summo e al. [2019a].

the Department of Plant, Soil and Food Science of the Uni-
versity of Bari, Italy (DiSSPA), and the Institute of Biosci-
ences and Bioresources of the Italian National Research
Council (CNR-IBBR) ( ). For each, type, country
of origin, and phenotypic traits (seed size and colour) were
indicated. Chickpea accessions encompassed the three ge-
netic clusters previously identified, corresponding to the desi,
kabuli, and Apulian black types [Pavan et al., 2017]. Genetic
diversity of pea germplasm was ensured by selecting one
accession referable to the wild progenitor P sativum subsp.
elatius collected in Syria, and four P. sativum subsp. sativum
accessions originating from the Mediterranean area (Italy
and Turkey), the Caucasus (Georgia), and Ethiopia. Among
them, the Italian landrace ROR12 was reportedly resistant
to the parasitic weed Orobanche crenata [Pavan et al., 2016].
All plants were grown in the experimental farm “P. Martuc-
ci” of the University of Bari “Aldo Moro”, Italy (41°01°22.1”
N, 16°54°21.0” E) during the growing season 2017-2018.
They were harvested according to a randomised complete
block design with two replicates, each replicate being formed
by 30 individual plants. After harvesting at crop maturity,
chickpea and pea seeds were milled (ETA mill, Vercella
Giuseppe, Mercenasco, Italy) and sieved at 0.6 mm.
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Preparation of extracts and determination of
the antioxidant activity

Antioxidant activity was determined using both DPPH
and ABTS radical (DPPH" and ABTS"+) scavenging capacity
assays. The determinations were performed for an aqueous-
-methanol extract (20/80, v/v) prepared as reported by Summo
et al. [2019b]. The DPPH radical scavenging capacity assay
was carried out following the procedure described in Pasqua-
lone et al. [2015]. The ABTS assay was performed according
to Difonzo ef al. [2017]. The antioxidant activity values were
expressed as umol of Trolox equivalent per g of dry matter
(d.m.) of seeds. Each analysis was done in triplicate.

Determination of nutritional composition and bioactive
compounds in flours

Proteins (total nitrogen X 5.7), lipids, ashes, total dietary
fibre, and moisture of the flours were determined according
to the Association of Official Analytical Chemists (AOAC)
methods 979.09, 945.38 F, 923.03, 991.43 and 925.10, respec-
tively [AOAC, 2006]. Lipid content was determined. Carbo-
hydrate content was calculated by difference.

Total carotenoid content was assessed using the method
reported by Pasqualone ef al. [2013] and was expressed as
mg of B-carotene equivalent per kg of seed d.m.

Total anthocyanin content was determined as described
by Pasqualone e al. [2015] and was expressed as mg of cyani-
din 3-O-glucoside equivalent per kg of seed d.m.

Total phenolic compound (TPC) content was assessed
as described by Summo et al. [2019b] using the extracts pre-
pared as previously reported in section Preparation of extracts
and determination of the antioxidant activity. The content of to-
tal phenolic compounds was expressed as mg of ferulic acid
equivalent per g of seed d.m., considering a calibration curve
prepared with ferulic acid at different concentrations.

Total phytate content was measured according to
the method reported in Summo ef al. [2019b].

Determination of minerals in flours

The determination of minerals in flours was performed
by digesting using a microwave oven (CEM 6, Mars, CEM
Corporation, Matthews, United States). Briefly, 0.5 g of each
sample was weighed into a Teflon vessel, and 7 mL of HNO,
(65%) and 1 mL of H,O, (30%) were added [Rybicka &
Gliszczynska-Swiglo, 2017]. After cooling, digests were diluted
to 50 mL with demineralised water (Hydrolab System, Wiglina,
Poland) and kept at 4°C until spectroscopic determinations.
Three digests were prepared for each sample. Spectroscopic
determinations of minerals were performed using atomic emis-
sion spectroscopy and the method described in detail by Ozbek
& Akman [2016]. Analytical wavelengths for minerals were:
213.9 nm for Zn, 324.8 nm for Cu, 372.0 nm for Fe, 403.1 nm
for Mn, 616.2 nm for Ca, 404.4 nm for K, and 589.0 nm for
Na. The spectroscopic analysis was performed using two in-
dependent standard curves with a range from 0.05 to 1 ug/mL
for microelements, 0.05 to 5 ug/mL for Na, and from 10 to
100 pwg/mL for other macroelements. Due to the high limit
of quantification (LOQ) of phosphorus in atomic spectros-
copy, its content was determined using the spectrophotomet-
ric molybdenum blue method adopted for multiple analysis

using 48-microwell plates and microplate spectrophotometer
(BioTek PowerWave XS2, Biokom, Warsaw, Poland) [Murphy
& Riley, 1962]. Briefly, 0.16 mL of the sample, then 0.08 L
of 5% ammonium molybdate, 0.08 L of 0.5% hydroquinone,
and 0.08 uL of 20% sodium sulphite were added to the well.
The plate was shaken and left for 30 min in the dark; the ab-
sorbance was measured at 823 nm.

Statistical analysis

Data were subjected to one-way ANOVA followed
by Tukey’s HSD test, considering both the differences between
the species (chickpea vs. pea) and those among the acces-
sions. Significant differences among the values of all recorded
variables were determined at p<0.05 by the XLStat software
(Addinsoft SARL, New York, NY, USA). Correlation analysis
was performed by the same software.

RESULTS AND DISCUSSION

Antioxidant activity evaluation

The antioxidant activity has been evaluated using two
different radical scavenging capacity assays, namely DPPH
and ABTS, and expressed as pmol Trolox/g of dry matter
( ). A different activity was observed between chick-
pea and pea accessions depending on the assay. Chickpea ac-
cessions were characterised by a significantly higher DPPH*
scavenging activity, while peas showed a significantly high-
er value of antioxidant activity when the ABTS assay was
performed. The same trend has been reported by other re-
searchers in green bean (Phaseolus radiates L.) and peanut
(Arachis hypogaea L.) extracts [Fidrianny et al., 2016]. This
result could be linked to the different chemical composition
that characterised the two different legume species analysed.
In fact, it has been shown that different phenolic compounds
are responsible for quenching different free radicals [Xu et al.,
2016]. In order to explain the different antioxidant activi-
ties between chickpea and pea species, correlations between
in vitro radical scavenging capacity and compositional fea-
tures of legume accessions were investigated.
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FIGURE 1. Mean values, standard deviation and results of the statistical
analysis of antioxidant activity of chickpea and pea accessions assessed us-
ing both DPPH and ABTS radical scavenging assays. Different small letters
indicate significant differences between the species (p<0.05) for the type
of antioxidant activity method used (n=12 for chickpeas and n=>5 for peas).
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TABLE 2. Proximate composition and content of bioactive compounds in the chickpea (Cicer arietinum L.) and pea (Pisum sativum L.) accessions

analysed.
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MG _13 AB 20.29 3.36 3.37 54.32 18.67 1.08 34.21 121.99 14.97

MG _17 AB 17.31 4.42 2.69 59.86 15.72 0.82 41.26 79.16 9.66

110694 AB 22.71 3.35 3.90 52.84 17.20 0.96 42.76 119.00 11.36

PI339154 KC 18.11 2.86 3.45 66.36 9.21 0.92 27.76 25.78 11.86

P1292006 KC 20.34 4.16 3.64 60.60 11.26 0.69 29.46 32.45 14.72

Chicknea® PI357648 KC 21.38 4.47 3.48 62.73 7.94 0.81 22.76 27.45 10.35

ickpea™

P PI518255 DC 17.80 2.83 3.75 45.81 29.82 0.71 46.85 4437 15.29
PI251514 DC 19.17 3.71 3.70 51.08 22.35 0.79 41.61 159.62 13.96

P1140293 DC 19.32 2.80 3.47 49.39 25.03 1.08 26.01 46.52 11.79

PI358934 DC 17.30 3.90 3.48 55.36 19.95 0.76 37.03 155.79 15.44

PI1533683 DC 20.19 3.35 3.70 52.70 20.06 1.04 42.27 115.40 11.02

W610046 DC 25.92 3.41 3.65 48.87 18.15 0.83 48.92 103.23 11.95
Mean 19.98% 3.55 3524 54.997 17.95% 0,878 36.74* 85.90" 12.70
DS 2.50 0.59 0.30 6.20 6.37 0.14 859 49.63 2.06
1G116297 26.82 1.68 2.89 50.95 17.66 1.12 25.03 33.36 13.23

RORI12 24.42 1.52 3.32 58.07 12.67 1.22 16.72 19.26 10.71

Pea 1G52442 27.76 1.63 3.68 47.84 19.09 1.10 59.39 78.30 14.78
1G134828 26.75 2.06 3.45 53.69 14.04 1.05 33.59 72.63 13.99

1G51520 26.02 1.30 3.49 55.56 13.63 1.03 23.56 35.92 16.09
Mean 26.36" 1.64% 3.36* 53.204 15.42» 1.io» 31.66* 47.894 13.76*
DS 1.25 0.28 0.30 3.98 2.79 0.07 16.62 26.03 2.01

KC - kabuli chickpea, DC - desi chickpea, and AB — Apulian black chickpea.

Different letters indicate significant differences between the species at p<0.05. *The chickpea accessions are part of a wide collection already charac-

terised, whose data repository is in Summo et al. [2019a].

Nutritional composition and bioactive compound content
reports proximate composition and content of bio-
active compounds of chickpea and pea accessions examined
in this study. Significant differences (p<0.05) between the two
species were found for protein, lipid, and carbohydrate con-
tents. Chickpea showed a significantly higher lipid content
and significantly lower protein and carbohydrate contents
than pea. No significant differences (p>0.05) between species
emerged for total dietary fibre content, possibly due to the high
variability observed among the accessions within the species.
Data on the chemical composition and bioactive com-
pound content of a collection of chickpea accessions, in-
cluding the twelve ones tested in this study, were reported
and discussed in our previous work [Summo et al., 2019b].
Considering the data on the pea accessions ( ),
a large variation was currently observed among the pea ac-
cessions, especially for bioactive compounds. In particular,
the accession ROR12 showed the highest value of total

phenolic compounds (1.22 mg ferulic acid/g d.m.). The ob-
served mean value of total phenolic compounds was higher
than the levels obtained by Zia-Ul-Haq et al. [2013], who
reported 0.99 mg/g as a maximum value of total pheno-
lic compounds detected in the cultivar Climax. Notably,
ata high concentration, antioxidants can act as pro-oxidants
by reacting with molecular oxygen [Sotler e al., 2019]. Due
to the high metabolic rate, reactive oxygen species (ROS)
generation is incredibly high in transformed cells [Perillo
et al., 2020].

The total carotenoid content also varied considerably
among pea accessions, ranging from 16.72 mg B-carotene/kg
d.m. in the accession ROR12 to 59.39 mg B-carotene/kg d.m.
in the 1G52442. Ashokkumar et al. [2015], examining a col-
lection of 94 pea genotypes, found a carotenoid content
in pea ranging from 10 to 27 ug/g in accessions with green
cotyledons, and from 5 to 17 ug/g in accessions with yellow
cotyledons.
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TABLE 3. Mineral composition of the chickpea (Cicer arietinum L.) and pea (Pisum sativum L.) accessions analysed.

R - -

o0 o o0 o0 o o0 o0 o o0

z E E E E E E E E E

F | B | 2| 32| 22| 52| 22| 2| 2| 2 .8

MG_13 AB 4.46 1.03 4.22 248 176.49 194.69 898.45 4.89 405.82

MG_17 AB 2.81 0.29 3.78 4.78 153.95 290.81 756.18 2.89 297.10

110694 AB 2.65 0.37 4.26 3.63 184.57 219.68  1055.07 7.00 42591

PI339154 KC 2.80 0.43 2.95 3.40 173.57 146.50  1159.11 7.53 456.10

PI1292006 KC 2.80 0.31 3.52 3.07 168.78 211.94  1009.69 9.09 406.16

PI357648 KC 2.49 0.23 2.73 3.26 160.20 174.71 957.08 9.99 386.94

Chickpea

PI518255 DC 3.05 0.36 422 432 179.79 431.83 1034.08 15.48 419.95

PI251514 DC 2.15 0.25 4.11 3.66 183.79 334.91 1027.31 39.36 394.75

P1140293 DC 238 0.20 3.20 3.84 188.73 279.21 984.70 19.91 386.19

PI1358934 DC 225 0.22 3.44 4.34 190.05 376.76  1005.02 16.69 364.63

PI533683 DC 235 0.23 3.68 4.03 179.16 305.03 980.09 1.83 395.08

W610046 DC 1.99 0.21 3.25 3.32 175.69 210.17  1007.91 2.11 395.15
Mean 2.68" 0.34% 3.61° 3.68* 176.22%  264.69*  989.56* 11.40n 394.48A
DS 0.64 0.23 0.52 0.63 10.92 86.70 95.99 10.59 38.37
1G116297 3.74 0.87 4.00 0.96 157.63 117.07 884.55 3.14 474.17

RORI2 3.16 0.56 3.69 1.12 153.90 90.96 937.62 5.02 412.93

Pea 1G52442 4.39 0.84 5.23 1.07 177.15 119.61 996.19 297 543.83
1G134828 4.08 0.72 4.66 0.99 163.56 97.07 979.05 3.15 503.97

1G51520 2.56 0.70 3.87 1.02 166.99 129.17 971.88 1.64 421.20

Mean 3584 0.74* 4.29A 1.03% 163.85%  110.78%  953.86* 3.18* 471.224
DS 0.73 0.12 0.64 0.06 9.01 16.10 44.21 1.21 55.35

KC - kabuli chickpea, DC - desi chickpea, and AB — Apulian black chickpea. Different letters indicate significant differences between the species at p<0.05.

The total anthocyanin content varied from 19.26 mg cy-
anidin 3-O-glucoside/kg d.m. in the non-pigmented pea ac-
cession ROR12 to 78.30 mg cyanidin 3-O-glucoside/kg d.m
in the pigmented accession pea 1G52442. Notably, antho-
cyanin content was highly variable even within pigmented
accessions with the minimum value (23.56 mg cyanidin
3-0-glucoside/kg d.m) displayed by the accession IG 51520.

Legumes contain non-nutritional factors, such as phy-
tates, that can reduce the bioavailability of some compounds
or inhibit the enzymes necessary for their digestion [Shi et al.,
2018]. As reported in , no significant differences were
observed between the two species, although considerable
variation was found among the individual accessions. Pea ac-
cessions under the study showed a higher content of phytic
acid than green and yellow peas studied by other research-
ers. Millar et al. [2019] reported that phytic acid content
was 543.41 mg/100 g in the green pea and 574.14 mg/100 g
in the yellow one was 574.14 mg/100g [Millar et al., 2019].

Phytic acid is the principal storage form of phosphorus
in seeds; this compound and its salts are capable of forming
complexes with minerals, such as Ca, Cu, Mg, Fe, and Zn,
thereby having a negative effect on their gastrointestinal ab-
sorption [Shier al., 2018].

Mineral composition

Potassium (K) was the most abundant mineral found
in both chickpeas and peas ( ), without significant dif-
ferences between them. Instead, significant differences were
observed for other minerals such as zinc (Zn), copper (Cu),
iron (Fe), manganese (Mn), magnesium (Mg), calcium (Ca),
and phosphorus (P) (»p<0.05). Chickpeas had the high-
est contents of Mn, Mg, and Ca. Magnesium and calcium
contents in chickpeas were higher than those (mean values
of 1402 and 1040 ng/g, respectively) reported in Vandemark
et al. [2018], but similar to those reported by Kaya et al.
[2018]. Peas had significantly higher Zn, Cu, Fe, and P values
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TABLE 4. Correlation table (correlation coefficient — 7 values) between the in vitro antioxidant activity (DPPH and ABTS assays) and chemical com-

pound contents determined in the pulse accessions.

|Pr|L|A|C|DF|TPC|TC|TA|PH|ZH|CU|Fe|Mn|Mg|Ca|K|Na|P

DPPH -0.53 0.58 -0.04 -0.14 034 -031 0.66 0.64

ABTS 0.73 -0.79 -0.46 -0.02 -026 0.59 -0.50 -0.43

0.13
0.01 0.59 0.61

-0.11 -0.13 0.14 0.64 045 053 -020 0.04 -0.48

039 -0.86 -0.59 -0.68 -0.26 -0.31 0.70

Pr - Proteins; L - Lipids; A — Ashes; C — Carbohydrates; DF — Dietary fibers; TPC — Total phenolic compounds; TC - Total carotenoids; TA — Total
anthocyanins; PH — Phytates; r values in bold indicate a significant correlation (p<0.05).

than chickpeas. The values found in our study agree with
Wang & Daun [2004], who reported a range of 2.50-5.20,
0.40-0.90, 4.30-7.90, and 270.30-950.50 mg/100 g for Zn,
Cu, Fe, and P, respectively.

At the intraspecific level, Apulian black and some desi
chickpea accessions showed a high Fe content, with the highest
value observed in the accession 110694 (4.26 mg/100 g d.m.).
In contrast, kabuli chickpeas were characterised by a low Fe
content, with the lowest value found in the accession PI1357648
(2.73 mg/100 g d.m.). In accordance with the previous study
of Jukanti et al. [2012], DC accessions showed the highest
Ca content (mean value 322.99 mg/100 g d.m.), followed
by AC (mean value 235.36 mg/100 g d.m.) and kabuli (mean
value 177.72 mg/100 g d.m.). The DC accession PI518255 dis-
played the highest Ca content (431.83 mg/100 g d.m.), which
was found to be far from the mean value shown for chick-
peas (264.69 mg/100 g d.m.). The AB variety MG_13 had
the highest Zn and Cu levels (4.26 and 1.03 mg/100 g d.m.,
respectively).

Peas were characterised by a low variability among dif-
ferent accessions. However, the pigmented variety 1G51520
had the highest content of Ca (129.17 mg/100 g d.m.), which
was higher than the maximum value (106.90 mg/100 g)
reported by Wang & Daun [2004].

Correlations between antioxidant activity and flour
composition

Correlations between in vitro radical scavenging capacity
and compositional features of legume accessions are reported
in the

A positive correlation was observed between the total
phenolic content and ABTS*+ scavenging activity (r=0.59;
p<0.05). On the contrary, a negative, but not significant
(p>0.05) correlation was observed between ABTS assay re-
sults and contents of both carotenoids and anthocyanins.
Considering the same compounds, an inverse trend was found
for DPPH" scavenging activity. Bioactive compounds, such as
phenolics, carotenoids, and anthocyanins, are recognised as
antioxidants. Thus, they can prevent or reduce lipid peroxi-
dation and scavenge free oxygen radicals through their high
antioxidant activities [Ashokkumar et al., 2015]. Moreover,
phenolic compounds exhibit anti-tumoral, anti-inflammatory,
and anti-allergic properties while anthocyanins are impor-
tant due to their anti-carcinogenic properties and the ability
to limit the incidence of hepatic steatosis and cardiovascular
diseases, to control obesity, and to mitigate diabetes [Her-
nandez-Velazquez et al., 2020]. Interestingly a significant as-
sociation has been found between the total flavonoid intake

and a high level of magnesium, paralleled by a reduction
of the metabolic syndrome [Jin et al., 2020].

By contrast, several flavonoids, known for their anti-
oxidant features, were proved, instead, to act as prooxidants
and mutagenic factors in the in vitro studies [Rahal et al.,
2014]. A study conducted to determine the potential of grape
pomace extracts as a source of natural antioxidants reported
a positive correlation between ABTS** scavenging capacity
and total phenolic contents, as well as with the total flavo-
noid contents [Xu et al., 2016]. Yao et al. [2013] confirmed
these results in black mung beans, where a significant posi-
tive correlation was found between bound phenolic acids
and ABTS"+ scavenging activity (r=0.941; p<0.01). Flavo-
noids and tannins have a relevant influence on the ABTS anti-
oxidant activity, while anthocyanin compounds give a greater
contribution to the antioxidant capacity measured by DPPH
test, as shown by Xu et al. [2016] in pomace extracts. Further-
more, a negative correlation between ABTS+ scavenging ac-
tivity and B-carotene was reported by Thaipong e al. [2006]
for methanol extracts from guava fruit. Considering the nutri-
tional composition, the ABTS data showed a positive correla-
tion with protein content (r=0.73; p<0.01), whereas the same
data were negatively correlated with lipid content (r=-0.79;
p<0.01) ( ). As previously reported by other research-
ers in leguminous seeds [Grela et al., 2017], a positive correla-
tion was found between DPPH* scavenging activity and lipid
contents (r=0.58; p<0.05). Grela et al. [2017] have report-
ed a high correlation between DPPH* scavenging activity
and unsaturated fatty acid contents, especially polyunsaturat-
ed ones, in several legumes, namely lupines, peas, chickpeas,
lentils, grass peas, and common beans. In contrast, no cor-
relation between fatty acids and DPPH" scavenging activity
in 20 Canadian lentils cultivars was reported by Zhang et al.
[2014]. Usually, the number of unsaturated bonds in the fatty
acids induces an exponential increase in the susceptibility to
oxidation. Therefore, the content of the individual double
bonds of fatty acids may not be directly related in a linear
way to the antioxidant activity. The positive correlation be-
tween the antioxidant activity (measured by DPPH test)
and lipid content found in our study may suggest that other
compounds have a significant influence on the resistance
to oxidation of fatty acids [Grela et al., 2017]. For instance,
as mentioned above, carotenoids, anthocyanins, and phenolic
compounds can contribute to the increase in the antioxidant
potential.

A significant negative correlation was found between
ABTS*+ scavenging activity and Mn (r=-0.86; p<0.01),
Mg (r=-0.59; p<0.05) and Ca (r=-0.68; p<0.01), whereas
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the correlation was positive for Zn (r=0.59; p<0.05), Cu
(r=0.61; p<0.05) and P (r=0.70; p<0.01). No significant
correlation between DPPH" scavenging activity and mineral
compounds was found, except for Mn (r=0.64; p<0.05). De-
spite the large amount of information available in scientific
literature on mineral content of legumes, to the best of our
knowledge, there are no reports on the direct correlation be-
tween mineral content and antioxidant activity. However, sev-
eral studies suggested that an imbalance of minerals would
change the content of polyphenols and flavonoids [Grela
et al., 2017; Sulaiman et al., 2011]. This behaviour may
explain the positive correlation found for the content of Mn
and DPPH" scavenging activity. In fact, Mn is involved
in activating enzymes that enhance the biosynthesis of fla-
vonoids [Gordon, 2007]. A significant correlation between
Mn content and DPPH" scavenging activity was reported
by Sulaiman ef al. [2011] in banana (Musa sp.) fresh pulps
and peels. Furthermore, Zn-deficient or Zn-excess conditions
cause changes in the antioxidant enzyme activities, as shown
in bean plants by Prabhu Inbaraj & Muthuchelian [2011].
Tewari et al. [2006] reported, instead, an increase in the activ-
ity of the antioxidative enzyme superoxide dismutase (SOD)
in mulberry (Morus rubra L.) Mg-deficient plants, suggesting
an inverse relationship between Mg and antioxidant activity.
Other researchers reported a significant correlation between
the total flavonoid content and minerals due to the chelating
role of polyphenols, especially condensed tannins [Rehecho
et al., 2011]. Therefore, these compounds may prevent or de-
lay metal-catalised initiation and decomposition of lipid hy-
droperoxides. Rehecho et al. [2011] reported significant cor-
relations between the total flavonoid content and minerals,
such as K, Zn, Cu, Ca, and Mg in verbena extracts.

CONCLUSION

Chickpea and pea accessions showed a different anti-
radical activity against DPPH* and ABTS**. In particular,
chickpea accessions were characterised by significantly
higher DPPH" scavenging activity, while pea showed a signif-
icantly a higher value of antioxidant activity evaluated using
the ABTS assay.

Pea accessions had the highest content of total phenolic
compounds, Zn and Cu. A positive correlation was found be-
tween some minerals, such as Zn, Cu and P, and the ABTS**
scavenging activity found. Black and brown chickpea accessions
showed a significantly higher content of anthocyanins, Mn, Mg
and Ca, which were positively correlated with the antioxidant
activity assessed by the DPPH assay. Therefore, the high phe-
nolic content found in pea accessions was linked to the higher
ABTS"* scavenging capacity, while chickpeas, especially Apu-
lian black and desi types, having high carotenoid and anthocy-
anin contents, were able to quench the DPPH radical.

Furthermore, the content of minerals and their com-
position may influence the antioxidant activity, especially
ABTS"* scavenging. Indeed, a significant negative correla-
tion was found between ABTS** scavenging activity and Mn,
Mg, and Ca, whereas the correlation was positive for Zn, Cu,
and P.

Despite the dataset investigated in our study included
a limited number of accessions, it was possible to highlight
the influence of the chemical composition on the antioxi-
dant activity due to the high phenotypic diversity found be-
tween the accessions, emphasising the importance of select-
ing the antioxidant activity assay according to the matrix to
be evaluated.
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Beneficial effects of aronia phenolics are determined by their interactions with dietary fibers, such as p-glucan. The aim of this research was to
study interactions between aronia phenolics and B-glucan by investigating the adsorption process. Phenolic compounds were extracted from aronia,
analyzed using high-performance liquid chromatography, and adsorbed onto B-glucan at pH 1.5. The adsorption data were modeled by using Lang-
muir, Dubinin-Radushkevich, and Hill isotherms with a novel non-linear regression developed especially for adsorption isotherms. Aronia phenolics
adsorbed onto B-glucan in amounts 31-250 mg/g (individual anthocyanins), 44-123 mg/g (individual flavonols), and 51 mg/g (neochlorogenic acid).
The correlation between adsorption capacities and phenolic content was high (r=0.94), which suggested that the adsorption might be concentration
dependent. Modeling with a novel non-linear regression allowed more precise determination of adsorption isotherm parameters. Furthermore, there
was a correlation between maximum adsorption capacities predicted by models and measured adsorption capacities (r?=0.76, r’=0.81 and r*=0.34 for
Langmuir, Dubinin-Radushevich, Hill isotherms, respectively). The suggested bonds involved in interactions are non-covalent bonds (H bonds, Van
der Waals forces). Principal component analysis showed that anthocyanins, flavonols, and phenolic acids could differently behave in the adsorption
process, which could be due to differences in the chemical structures (ionic nature of anthocyanins, nonionic nature of flavonols and phenolic acids at
low pH). In conclusion, aronia phenolics interacted with p-glucan by adsorbing onto its surface, and the novel modeling developed by our team was

helpful in the interpretation of this process. Interactions should be further studied due to their importance for the beneficial effects of aronia.

INTRODUCTION

Aronia (Aronia melanocarpa) (also called chokeberry)
is a fruit with a high content of phenolics belonging to dif-
ferent phenolic subgroups: anthocyanins, flavonols, phenolic
acids, and flavan-3-ols [Denev et al., 2019; Sidor et al., 2019].
Due to these large contents, potential positive bioactivities
of aronia phenolics have been investigated, including their
beneficial effects on hypertension, diabetes, and hypercholes-
terolemia [Sidor et al., 2019]. Aronia phenolics might reduce
the risk of a metabolic syndrome development [Sidor et al.,
2019] and inhibit the activity of pancreatic lipase, which can
be helpful in obesity prevention [Sosnowska er al, 2018].
Due to these beneficial effects, aronia phenolics are still being
investigated.

Phenolic compounds can interact with carbohydrates,
proteins or lipids from food in the digestive tract [Jakobek,
2015], and this interaction can lead to many effects, one
of which is the influence on the amount of phenolics acces-
sible for absorption in the digestive tract (bioaccessibility)
[Palafox-Carlos et al., 2011; Renard et al., 2017; Saura-Ca-
lixto, 2011]. Moreover, certain food components, like dietary

* Corresponding Author:

e-mail: (L. Jakobek)

fibers, which are indigestible in the small intestine and ferment
in the large intestine, can interact with phenolics, which might
result in the “carrying” of these compounds to the lower parts
of the digestive tract. Herein, phenolics might be released
and elicit their beneficial activities [Palafox-Carlos et al.,
2011]. Since dietary fibers have the potential to “carry” bioac-
tive components through the digestive tract, they have already
been investigated as delivery systems for various phenolics
[Tang et al., 2020]. Due to the importance of phenolic-dietary
fiber interactions, they are still being investigated.
Interactions between phenolic compounds and dietary fi-
bers can be investigated in vitro through the study of the ad-
sorption process, during which a substance from a gas or liquid
is being adsorbed onto an adsorbent. The amount of the sub-
stance adsorbed can be compared to the amount of the sub-
stance non-adsorbed, and their relationship is called an adsorp-
tion isotherm [Foo & Hameed, 2010; Limousin et al., 2007].
The data in adsorption isotherm graphs can be modeled with
various equations, some of which are Langmuir, Freundlich,
Dubinin-Radushkevich, or Hill adsorption isotherms [Al-Gh-
outi & Da’ana 2020; Foo & Hameed 2010; Limousin ef al.,
2007]. The approach to study interactions between phenolic
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compounds and dietary fibers through the adsorption process
has been applied previously for phenolics and cellulose [Liu
et al., 2017], phenolics and starch nanoparticles [Liu et al,
2016], or phenolics and cell wall constituents [Le Bourvellec
et al., 2004; Le Bourvellec & Renard, 2005].

B-Glucans are soluble dietary fibers found in cereals like
oats or barley with many potentially positive effects on human
health [Makela et al., 2020]. Since they show beneficial effects
and they are dietary fibers, B-glucans are good candidates
for interacting with phenolics and carrying them through
the digestive tract, as proved successful with various bioac-
tive compounds [De Smet et al., 2013; Hwang et al., 2018;
Lee et al., 2019; Li & Cheung, 2019]. Hence, the interactions
of B-glucans with phenolic compounds have attracted interest
to know the fate of these compounds in the digestive tract
after their interactions, and, in particular, whether the phe-
nolics are carried to the lower parts of the digestive tract
by B-glucans where they might show beneficial effects. Inter-
actions between B-glucan and tea phenolics [Gao et al., 2012;
Wu et al., 2011a,b] or apple phenolics [Jakobek e al., 2020a]
have been studied via the adsorption process. But, to the best
of our knowledge, there have been no studies of the interac-
tions between aronia phenolics and B-glucan through ad-
sorption. Many studies have shown that aronia has a very
high content of phenolics, especially anthocyanins [Denev
et al,, 2019; Sidor et al., 2019], which differentiates it from
other fruit and raises the possibility of their different behav-
ior in the adsorption/interaction with B-glucan. Furthermore,
since aronia shows the already-mentioned potential beneficial
effects [Sidor e al., 2019; Sosnowska et al., 2018], as well
as lowers blood pressure [Hellstrom et al., 2010] and reduces
plasma cholesterol [Kim ef al., 2013], this fruit offers a high
potential for being used as a dietary supplement. This makes
it important to know the effects of aronia on the human
health. But much remains unknown about the fate of aronia
phenolics in the digestive tract. The investigation of interac-
tions between aronia phenolics and dietary fibers (B-glucan)
can contribute to the knowledge in one part of this landscape
of unknowns — the possible bonding of aronia phenolics to
fibers, and the potential of B-glucan for carrying the aronia
phenolics through the digestive tract.

The aim of this study was to investigate interactions be-
tween aronia phenolics and B-glucan from barley through
the adsorption process. Aronia phenolics were extracted
and analyzed with reversed-phase high-performance liquid
chromatography (RP-HPLC). After conducting the adsorp-
tion process between aronia phenolics and B-glucan, the ad-
sorption data were modelled with adsorption isotherm equa-
tions (Langmuir, Dubinin-Radushkevich, and Hill) using
a novel, improved non-linear regression, a process developed
by our team to fit and to interpret adsorption isotherms with
more precision.

MATERIALS AND METHODS

Chemicals

Potassium chloride was purchased from Gram mol (Za-
greb, Croatia), hydrochloric acid from Carlo Erba (Val-de-
Reuil, France), B-p-glucan from barley, chlorogenic acid,

quercetin 3-glucoside, quercetin 3-rutinoside from Sigma-
-Aldrich (St. Louis, MO, USA), and cyanidin 3-galactoside
chloride, cyanidin 3-glucoside chloride, quercetin 3-O-galac-
toside from Extrasynthese (Genay, France). Orto-phosphoric
acid (85% HPLC-grade), methanol, and acetonitrile (HPLC
grade) were from Fluka (Buchs, Switzerland), J.T. Baker (Gli-
wice, Poland), and Fisher Scientific (Loughborough, UK),
respectively.

Samples

Aronia berries (around | kg) were harvested from a lo-
cal producer in the town of Orahovica, Croatia, and frozen
at -18°C. Around 300 g of aronia were grinded and homog-
enized with a stick blender. Then, 0.2 g of homogenized
aronia were weighed into a plastic tube, 1.5 mL of 80% (v/v)
methanol in water was added, the sample was vortexed, ex-
tracted for 15 min (ultrasonic water bath) (RK 100, Ber-
lin, Germany), and then centrifuged for 10 min at 6739 xg
(Eppendorf, Hamburg, Germany). The extract was pipet-
ted into a separate plastic tube. The residue was extract-
ed one more time with the same procedure using 0.5 mL
of 80% (v/v) methanol. The two extracts were then com-
bined to get a measured final volume of the extract of about
2 mL. The same procedure was repeated to get a second
parallel extract of aronia. Extracts were filtered through
a PTFE syringe filter with 0.45 um pores and then analyzed
on the HPLC system two times to determine the content
of phenolics before adsorption (n=4).

Adsorption

A B-glucan solution (190 mg/L) was prepared by dissolv-
ing B-glucan in distilled water heated at 80°C. Since anthocya-
nins make a high portion of total aronia phenolics and they
are stable at low pH, a pH 1.5 was chosen for the adsorption
process. This enabled us to correctly determine anthocya-
nins in the adsorption process. Also, a low pH corresponds
to the part of the digestive process. In accordance to this
fact, a solution of pH 1.5 was prepared from HCI and KCI
solutions (0.1 M) to be used in the adsorption process. For
the adsorption experiment, the reaction solution contained
B-glucan (15 mg/L), an aliquot of aronia extract (50 mL),
and the rest of the volume to the total volume of 1 mL was
a buffer solution at pH 1.5. The mass ratio of total phenolics
of the aronia extract to B-glucan was 4 mg/l1 mg. The ves-
sel with the reaction solution was then placed onto a shaker
for 3 h, at room temperature. After adsorption, the reaction
solution was centrifuged for 10 min at 6739xg (Eppendorf,
Hamburg, Germany). An aliquot of 500 mL was taken, fil-
tered through a PTFE syringe filter 0.45 um, and injected into
the HPLC system for the determination of un-adsorbed phe-
nolics (c, in mg/L). The ¢, value was also recalculated in mg.
Adsorption capacity (g,) (mg of phenolics adsorbed onto
g of B-glucan) was calculated, by the following equation
which is a rearrangement of the expression of the conserva-
tion of mass (the amount adsorbed plus the amount not ad-
sorbed equals the initial amount of phenolics):

_ (co—=Cce)Vm

e YaVa

(D
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where: ¢ is the initial phenolic concentration in the reaction
solution (mg/L), c, is the phenolic concentration in the re-
action solution after adsorption or un-adsorbed phenolics
(mg/L), V_ is the total volume of a reaction solution (L),
v, is the B-glucan concentration (g/L), and V_ is the volume
of added B-glucan in a reaction solution (L). The modeling
of the adsorption process with adsorption isotherm equations
requires the data from adsorption at varying mass ratios of to-
tal phenolics from aronia to B-glucan. That is why the adsorp-
tion was performed using five various volumes of aronia extract
aliquots in the range of 50 to 150 mL (mass ratio of total phe-
nolics from aronia/B-glucan ranged from 4/1 to 9/1 mg/mg).
Adsorption experiment was performed once with each
of the two prepared aronia extracts, and un-adsorbed pheno-
lics were determined two times (n=4).

RP-HPLC analysis

Aronia phenolics before and after adsorption were ana-
lyzed by using an 1260 Infinity II HPLC system (Agilent
Technology, Santa Clara, CA, USA) with a quaternary pump,
a photodiode array (PDA) detector, a vialsampler, a Poroshell
120 EC C-18 column (4.6 x 100 mm, 2.7 mm) with a Poroshell
120 EC-C18 4.6 mm guard-column. Phenolic compounds
were separated by using 0.5% (v») H,PO, (mobile phase A),
and 100% acetonitrile (mobile phase B) with the following
gradient: 5% B 0 min, 11% B 5 min, 15% B 7.5 min, 17.5%
B 17.5 min, 20% B 20 min, 30% B 30 min, 70% B 32 min,
70% B 34 min, 5% B 36 min, 5% B 38 min. The flow rate was
set to 0.8 mL/min. Stock solutions of anthocyanin standards
were prepared in 0.1% HCI in methanol. Flavonol and phe-
nolic acid stock solutions were prepared in 100% methanol.
Five dilutions of standards (10 to 100 mg/L) were analyzed
to plot calibration curves (r> 0.9939 to 0.9995), which were
used to quantify phenolics. Limits of detection (LOD)
and limits of quantification (LOQ) were as follows: cyani-
din 3-glucoside (0.24 and 0.74 mg/L), cyanidin 3-galactoside
(0.22 and 0.68 mg/L), chlorogenic acid (0.95 and 2.88 mg/L),
quercetin 3-glucoside (0.25 and 0.74 mg/L), quercetin 3-ru-
tinoside (0.32 and 0.97 mg/L), and quercetin 3-galactoside
(0.10 and 0.32 mg/L). Precision expressed as the coefficient
of variation was between 3.3 and 18.8%. Identification was
done by comparing UV-Vis spectrum and retention times
of phenolic standards with those of peaks on the chromato-
gram of the aronia extract. Additionally, extracts were spiked
with phenolic standards to confirm the identification. Neo-
chlorogenic acid, cyandin 3-arabinoside, and cyanidin 3-xylo-
side were tentatively identified with the help of literature data
[Sosnowska er al., 2018] and quantified by using the cali-
bration curve of chlorogenic acid and cyanidin 3-glucoside.
The content of individual phenolics was expressed in mg per
kg of aronia fresh weight (FW).

Adsorption isotherms

Experimental data ¢, and ¢, were modeled with Lang-
muir, Dubinin-Radushkevich, and Hill isotherm equations
explained further in the text:

_ qmKrce
1+Kp.ce

qe (Langmuir isotherm) 2)

d. = qsexp(—pLe?) (Dubinin-Radushkevich isotherm)  (3)

= % Hillisoth 4
Qe = Kprc (Hill isotherm) 4

The improved non-linear regression was used for
modeling. The code for improved non-linear regression
was written in the R programming language by our group
and used for data modeling in our recent papers [Jakobek
et al., 2020a,b].

Statistical analysis

The contents of phenolics in aronia were based on two
parallel extracts, each measured twice (n=4). Adsorption ex-
periment was done once with each of the two aronia extracts.
Un-adsorbed phenolics after the adsorption were measured
twice (n=4), and two mean values of un-adsorbed phenolics
were created. Modeling of the adsorption data mean values
(g, and c¢,) was conducted by using the R program. The stan-
dard error (SE) was calculated:

2
(Z?:l (Qemeasured — Qe,model) )
SE = (5)

(n—a)

where:q, | ea@0d g, 4 are the measured g_and the g, calcu-
lated by the model, respectively, 7 is the total number of data
points, and a is the number of parameters of the model. Prin-
cipal component analysis, analysis of variance, and post-hoc
Tukey test were used to find differences between the results
using Minitab (Minitab LLC., State College, PA, USA).

RESULTS AND DISCUSSION

Phenolic profile of aronia

Eight phenolic compounds were separated and tentative-
ly identified in the aronia extracts ( , ). Four
of them were anthocyanins (cyanidin 3-galactoside, cyanidin
3-glucoside, cyanidin 3-arabinoside, and cyanidin 3-xyloside),
three were flavonols (quercetin 3-rutinoside, quercetin 3-ga-
lactoside, and quercetin 3-glucoside), and one was phenolic
acid (neochlorogenic acid). Anthocyanins showed their max-
ima in the UV-Vis spectrum at 280 and 516 to 518 nm, which
is typical of anthocyanins. Three flavonols showed their max-
ima in the UV-Vis spectrum at 254-266 nm and 354-356 nm,
a typical spectrum of flavonols. Neochlorogenic acid had an
UV-Vis maximum at 320 nm. The UV-Vis spectra agree with
those of authentic standards and with those from literature
[Sosnowska ef al., 2018]. Anthocyanins, flavonols, and phe-
nolic acids were present in the total contents of 5905, 1707,
and 550 mg/kg FW ( ), which are similar to literature
data [Denev et al., 2019].

Adsorption

The adsorption was conducted first with 50 mL of aronia
extract, and the adsorption capacities of individual pheno-
lics (4, ,.auree) @T€ Shown in . Cyanidin 3-galactoside
and cyanidin 3-arabinoside adsorbed in significantly higher
amounts than cyanidin 3-xyloside and cyanidin 3-glucoside
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TABLE 1. Contents of individual phenolics in aronia and maxima
of UV-Vis spectra (A__) of identified compounds.

‘max

Phenolics Content P
(mg/kg FW) (nm)
Anthocyanins
Cyanidin 3-galactoside 35254702 280, 516
Cyanidin 3-glucoside 210=0¢ 280, 516
Cyanidin 3-arabinoside* 1838+261° 280, 516
Cyanidin 3-xyloside* 33219 280, 518
Total 5905=750
Flavonols
Quercetin 3-rutinoside 878+148¢ 266, 356
Quercetin 3-galactoside 473+84¢ 254,354
Quercetin 3-glucoside 356+60¢ 254,356
Total 1707292
Phenolic acids
Neochlorogenic acid* 550=75¢ 320

TOTAL 81621117

Analysis of variance showed that not all means (n=4) were equal
(p=0.000). Tukey pairwise comparisons were done at a significance level
of 0.05. Means that do not share a letter are significantly different. * ten-
tatively identified. FW-fresh weight.

(250, 175, 51, and 31 mg/g, respectively). In the flavonol
subgroup, quercetin 3-rutinoside showed a higher adsorp-
tion capacity in comparison to galactoside and glucoside
of quercetin (123, 53 and 44 mg/g, respectively) but those
differences were not statistically significant. Neochlorogenic
acid adsorbed in the amount 51 mg/g. The adsorption ca-
pacities of phenolics agree with literature data. Namely, phe-
nolics extracted from tea adsorbed onto B-glucan from 0.7 to
40 mg/g, and a mixture of pure standards of phenolics from
tea from 156 to 405 mg/g [Gao et al., 2012]. At different pH
values, tea phenolic compounds were adsorbed by B-glucan
up to 116 mg/g [Wu ef al, 2011a]. Phenolic compounds
adsorb onto cellulose too. Cyanidin 3-glucoside, ferulic
acid, and catechin adsorbed onto cellulose up to 215, 56,
and 102 mg/g, respectively [Phan et al., 2016]. Various phe-
nolics (cyanidin 3-glucoside, catechin, ferulic acid, chloro-
genic acid, and gallic acid) adsorbed onto cellulose up to
600 mg/g [Phan et al., 2015]. Similar amounts of phenolics
were adsorbed by cell wall material (cyanidin 3-glucoside,
ferulic acid, and catechin around 600, 150, and 400 mg/g,
respectively [Phan ef al, 2017]). Furthermore, individual
phenolics adsorbed onto B-glucan in higher amounts if they
were present in the extract in a higher content, which is vis-
ible in the diagram ¢, . vs individual phenolics content
(mg/kg FW) ( ). The correlation was high (r2=0.94).
Accordingly, it can be suggested that the adsorption was
concentration dependent. Phenolic compounds present
in higher concentrations in the environment around p-glucan
(cyanidin 3-galactoside and cyanidin 3-arabonoside) were

280 nm _ 360 nm
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FIGURE 1. The chromatogram of aronia extract scaned at 280 and 360 nm
with identified phenolics. Peak assignment 1* — neochlorogenic acid,
2 - cyanidin 3-galactoside, 3 — cyanidin 3-glucoside, 4* — cyanidin 3-ara-
binoside, 5* - cyanidin 3-xyloside, 6 — quercetin 3-rutinoside, 7 — quer-
cetin 3-galactoside, 8 — quercetin 3-glucoside (* — tentatively identified).
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FIGURE 2. The adsorption capacity of individual aronia phenolics onto
B-glucan, ¢, (mass ratio of total aronia phenolics to B-glucan — 4/1) at
pH 1.5. Analysis of variance showed that not all means were equal
(p = 0.001). Tukey pairwise comparisons were done at a significance level
of 0.05. Means that do not share a letter are significantly different.
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FIGURE 3. The correlation between the adsorption capacities of in-
dividual phenolics, ¢, (mg/g B-glucan), and their content in the aronia
extract (mg/kg of fresh weight (FW)). The data for g, were obtained
in the adsorption experiment with mass ratio of total aronia phenolics to
B-glucan - 4/1, at pH 1.5.
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adsorbed by B-glucan in higher amounts, and those present
in lower concentrations (cyanidin 3-xyloside, cyanidin 3-glu-
coside, flavonols, and neochlorogenic acid) were adsorbed
in lower amounts. This agrees with the study of Phan ef al.
[2015] who investigated the adsorption of various phenolics
onto cellulose and suggested that the adsorption capacity
depended on the available phenolic molecules in the aque-
ous solution.

Adsorption isotherms

The adsorption experiment was conducted with several
different initial concentrations of the aronia extract, which
enabled determining more ¢, .. for each phenolic com-
pound. Those values were modelled in the g, vs ¢, diagrams
with equations of Langmuir, Dubinin-Radushkevich, and Hill
isotherms. The novel, improved non-linear regression was
used for modeling. The improved modelling can be explained
by first understanding how ¢, ..., values behave in g, vs ¢,
diagram. If there are multiple values of ¢_, ..., for one ini-
tial phenolic concentration, those multiple g, ..., values will
lie on a diagonal line in the ¢, vs ¢, diagram. This is due to
the mass balance equation (Eq. 1) as explained in our previ-
ous paper [Jakobek et al., 2020b]. With a naive use of tradi-
tional non-linear regression, the g, ., is fitted to g ..., to
minimize the squares of vertical error, associated with a pre-
sumption of a model value of ¢, matching its measured value.
In contrast, for the improved non-linear modelling, the novelty
is that the ¢ is fitted together with its corresponding c, on

e,model

the diagonal line, where the g, . . values are positioned with
their corresponding ¢, .- This is the proper statistical mod-
eling that recognizes that both ¢, and ¢, are measured values
in response to the initial amounts with exact negative correla-
tion in their measurements due to the mass balance. We used
this improved way of non-linear regression in our recent pa-
per [Jakobek et al., 2020a]. An example of data modelled with
the improved regression is shown in . In the model-
ling of g, ... data for cyanidin 3-arabinsoide, an improved
non-linear regression gave a predicted ¢, ., (special curve
point) on a diagonal line where ¢, . data are positioned
( ). It can be seen that the improved modeling differs
from that of customary modeling that fits the data in a stan-
dard way on the vertical line. Namely, the improved modeling
gave lower standard errors (SE) in comparison to standard
modelling. Indeed, the improved non-linear regression mod-
eled the data in a better way, with lower SE. Lower SE allowed
us to suggest that the improved non-linear regression ensures
better prediction of adsorption isotherm parameters and, there-
fore, a more precise description of the adsorption process.

Langmuir isotherm

The Langmuir isotherm describes a monolayer adsorp-
tion onto the surface of an adsorbent. The sites on the ad-
sorbent where the adsorption takes place are limited, iden-
tical and energetically independent [Limousin et al., 2007].
The Langmuir equation is described by already mentioned
equation (Eq. 2).

Langmuir Dubinin-Radushkevich
8 | sE standard fit 79 8 | SEstandard fit 86
SE improved fit 73 . SE improved fit 81 .
o _ 7 \
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FIGURE 4. Modeling of adsorption capacity, g, (mg/g of B-glucan), vs un-adsorbed amount of cyanidin 3-arabinoside, ¢, (mg), by using the novel
non-linear regression in R programing language. Curves were obtained for standard fit of measured values (black curve), standard fit of measured mean

values (red curve), and a novel improved fit (blue curve). SE; standard error.
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TABLE 2. Parameters of Langmuir, Dubinin-Radushkevich, and Hill adsorption isotherms obtained by the improved non-linear modeling of adsorbed

phenolics from aronia onto B-glucan.

Langmuir Dubinin-Radushkevich Hill
Phenolics q. K, Sk q. E c, SE q. . K SE
(mg/g) | (1/mg) (mg/g) | (J/mol) | (mg) (mg/g) " (mg)
Anthocyanins
Cyanidin 3-galactoside 356 193 105.0 309 8760 0.0600 104.0 554 0.10 0.0052 5.2
Cyanidin 3-glucoside 100 979 13.7 79 1816 0.0025 14.9 100 1.89 0.0012 0.1
Cyanidin 3-arabinoside 350 147 73.1 269 3248 0.0250 81.2 350 1.14 0.0073 0.2
Cyanidin 3-xyloside 238 353 33.4 190 4889 0.0190 2.7 614 0.66 0.0252 2.6
Flavonols
Quercetin 3-rutinoside 200 181 31.8 232 2313 0.0250 23 200 2.73 0.0073 0.2
Quercetin 3-galactoside 80 263 12.9 99 3049 0.0260 24 80 2.02 0.0047 0.2
Quercetin 3-glucoside 50 509 10.3 40 2086 0.0070 11.3 50 1.78 0.0029 0.2
Phenolic acids
Neochlorogenic acid 98 157 15.6 98 1107 0.0165 1.9 80 6.68 0.0088 0.1

SE — standard error; g is the Langmuir apparent maximum adsorption capacity of p-glucan (mg/g of B-glucan); K is the Langmuir equilibration
constant of adsorption (1/mg); ¢,is the theoretical saturation capacity or the maximum adsorption capacity of B-glucan (mg/g of p-glucan); E'is the ad-
sorption mean free energy (J/mol); c_ is theoretical saturation concentration or solubility (mg) for the given volume of solution; ¢, is the Hill apparent
maximum adsorption capacity (mg/g of B-glucan), n, is the Hill cooperativity coefficient; and K is the Hill constant (mg).

_ qmKrce
1+Kp.ce

Ge (2)

where: ¢, is the phenolic amount in the reaction solution at
equilibrium (un-adsorbed phenolics) (mg); ¢, is the amount
of phenolic adsorbed per g of B-glucan at equilibrium (mg/g);
K is the Langmuir equilibration constant of adsorption (1/mg);
and ¢ _is the apparent maximum adsorption capacity
of B-glucan (mg/g) [Soto e al., 2011]. All ¢, and c_ for all phe-
nolics were modeled with the Langmuir equation using the im-
proved non-linear modelling. This enabled determining the pa-
rameters ¢ and K| ( ). The g represents the theoretical
maximum adsorption capacity of a compound predicted with
the model. The predicted ¢ of two anthocyanins, cyanidin
3-galactoside, and cyanidin 3-arabinoside were higher than
that of cyanidin 3-xyloside and cyandin 3-glucoside (356, 350,
238, and 100 mg/g, respectively). In the flavonol subgroup,
quercetin 3-rutinoside showed a higher predicted g than ga-
lactoside and glucoside of quercetin (200, 80, and 50 mg/g, re-
spectively). Neochlorogenic acid had a predicted ¢, 98 mg/g.
The predicted ¢, values are in accordance with g, . To
visualize this, shows the correlation between the pre-
dicted, theoretical ¢, and g, ... A correlation was found
between the measured values and those predicted by a model
with the coefficient of determination (r?) of 0.76.

Dubinin-Radushkevich isotherm

This isotherm describes an adsorption that takes place
on a heterogeneous surface of an adsorbent, and involves
a pore filling mechanism [Al-Ghouti & Da’ana, 2020]. It al-
lows distinguishing between bonds involved in the adsorption

(chemical or physical adsorption). The equation has already
been mentioned as Eq. 3 [Hu & Zhang, 2019]:

qe = gsexp(—pe?) 3)
The equation for the Polany potential (e) is:
e = RTin(2) (6)

By inclusion of this ¢ in Equation 3, the Dubinin-Radush-
kevich equation becomes:

4o = gsexp (—PRT*(In(2))?) (7)

where: ¢_is the theoretical saturation capacity or the maxi-
mum adsorption capacity of B-glucan (mg/g); f is a constant
related to the adsorption energy (mol%*/J?); ¢ is the Polany
potential (J/mol); R is the gas constant (8.314 J/mol K);
T is the temperature (K); and c_is theoretical saturation con-
centration or solubility (mg) for the given volume of solution
[Foo & Hameed, 2010; Hu & Zhang, 2019]. The experi-
mental data (g, and c) were modeled using Equation 7 with
the improved non-linear regression, and ¢, f, and c_ were de-
termined. The parameter g was used to calculate the adsorp-
tion mean free energy £ (J/mol) using Equation 8 [Foo &
Hameed, 2010]:

=L
E_W @®)
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Finally, g, E and c_ predicted with the model were re-
ported ( ). The g_ that represents the theoretical satu-
ration capacity of B-glucan showed the highest value for cy-
anidin 3-galactoside and cyanidin 3-arabionside, followed
by cyanidin 3-xyloside and cyanidin 3-glucoside (309, 269,
190, and 79 mg/g, respectively). In the flavonol subgroup,
the highest ¢ was determined for quercetin 3-rutinoside, fol-
lowed by quercetin 3-galactoside and quercetin 3-glucoside
(232, 99, and 40 mg/g, respectively). Neochlorogenic acid
had ¢g_of 98 mg/g. The ¢_values predicted by the model fol-
lowed the g, ..o ( ). Namely, the compound with
a higher g, . also had a higher fitted ¢ and vice versa.
This can be better seen in a diagram that shows g vs¢q, .
( ). A high correlation was found between g
andq, ... (F=0.81), which indicates an agreement between
the measured values and the predicted ones. Furthermore,
the parameter E predicted by the model, which represents
an apparent mean free energy of adsorption, was lower than
8,000 J/mol for most of the phenolics. This indicates a physi-
cal adsorption (physisorption) with the creation of non-cova-
lent bonds like H bonds and Van der Waals forces, and agrees
with earlier studies that suggested the physical adsorption be-
tween B-glucan and tea phenolics [Wu et al., 2011a,b], tannic
acid and B-glucan [Li et al., 2019], phenolics and cellulose
[Phan er al., 2016] and procyanidins and cell wall materials
[Le Bourvellec et al., 2004]. In our study, only cyanidin 3-ga-
lactoside had an E value higher than 8,000 J/mol.

Hill isotherm
The Hill isotherm describes an adsorption of different
species onto a homogenous adsorbent [Al-Ghouti & Da’ana,
20201, and allows suggesting whether the adsorption is co-
operative or non-cooperative [Al-Ghouti & Da’ana, 2020].
The already mentioned Hill isotherm equation (Eq. 4) is:
qu:H

Qo = oo @

Kp+c,H

where: ¢ _is the apparent maximum adsorption capac-
ity (mg/g), n, is the Hill cooperativity coefficient; and K, is
the Hill constant (mg™)) [Al-Ghouti & Da’ana, 2020]. In fit-
ting a Hill model, we find it to be numerically more stable to
represent the Hill constant in the form K, = K™. Expressed
in this form K is the half-max point (mg), corresponding to
the value of ¢, at which the Hill isotherm equation reaches half
of its maximum value. From a stable fit to K we can then find
K, from K" using the fitted cooperativity coefficient 7. All
. measurea Values were modeled with Hill equation, and param-
eters of the model were determined (g, 1, and K) ( ).
The parameter g which represents the predicted, theoretical
maximum adsorption capacity was highest for cyanidin 3-xylo-
side, cyanidin 3-galactoside, and cyanidin 3-arabinoside (614,
554, and 350 mg/g respectively), followed by cyanidin 3-glu-
coside (100 mg/g), in the anthocyanin subgroup. In the fla-
vonol subgroup, it was the highest for quercetin 3-rutinoside,
followed by quercetin 3-galactoside and quercetin 3-gluco-
side (200, 80, and 50 mg/g, respectively). Neochlorogenic
acid had a g_ of 80 mg/g. The correlation between predicted
q,and g . wasnotas high (r’=0.34) as for Langmuir
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FIGURE 5. The correlation between predicted ¢, from Langmuir (L),
q,, from Hill (H), ¢, from Dubinin-Radushkevich (DR), and ¢, ....u
(mg/g of B-glucan). ¢ is the Langmuir and Hill apparent maximum
adsorption capacity of B-glucan (mg/g of B-glucan), g, represents the
Dubinin-Radushkevich theoretical saturation capacity or the maximum
adsorption capacity of B-glucan (mg/g of p-glucan), ¢, . represents
measured value of adsorption capacity (mg/g of B-glucan).

and Dubinin-Radushkevich ( ). Hill’s parameter n,
describes a cooperative or non-cooperative bonding. When
ny > 1, the bonding could be a positively cooperative bond-
ing. In this case, when a molecule bonds to an adsorbent,
other molecules can bond more easily. If n,; < 1, the bond-
ing is a negatively cooperative bonding (already bonded mol-
ecule makes the bonding of other molecules more difficult).
If n, =1, the bonding is non-cooperative, where bonding
is independent of the molecules already bound to the adsor-
bent [Al-Ghouti & Da’ana, 2020]. The bonding could be pos-
itively cooperated (n,; > 1 for cyanidin 3-glucoside, cyanidin
3-arabinoside; rutinoside, galactoside and glucoside of quer-
cetin; neochlorogenic acid) but also negatively cooperated
(n,; < 1 for cyanidin 3-galactoside, cyanidin 3-xyloside).

Principal component analysis (PCA)

The results obtained were subjected to PCA. The adsorp-
tion capacity (¢, ..o the amount of phenolics in aronia,
n, and E, were chosen for PCA since they are important for
the description of the adsorption process ( ). The fol-
lowing clustering of phenolic compounds according to their
affiliation to a phenolic group can be suggested: anthocyanins,
flavonols, and phenolic acids. Additionally, while performing
PCA analysis, it became visible that n,; and E could be param-
eters that might have contributed to that difference and affect
the clustering. Indeed, the scatterplot of n,, vs E ( )
shows that phenolic compounds are different according to
n, and E, and could be clustered according to their affiliation
into a phenolic subgroup: flavonols, anthocyanins, and phe-
nolic acids. Anthocyanins showed lower 1, and higher £ than
flavonols and phenolic acids. In the anthocyanin subgroup, as
ny,; goes to lower values, from positive toward negative coop-
eration in bonding, £ becomes higher. Flavonols and phenolic
acids have higher n, for positive cooperation and lower E.

This behavior can be attributed to the chemical struc-
ture of phenolics. The aglycon in anthocyanin molecules
is cyanidin, to which different glycosides are attached at
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the C3 position of the C ring. At lower pH, as in our study
(pH 1.5), cyanidin aglycon is present in the form of a flavy-
lium cation which has an ionic nature. It has a positive charge
at the oxygen atom of the C ring. The aglycon in quercetin
derivatives is quercetin to which different glycosides are at-
tached at the C3 position of the C ring. Quercetin does not
have a charged atom. Furthermore, phenolic acid (neochloro-
genic acid) is an acid and it changes the structure according to
the pH value of the environment. At low pH (pH 1.5), the neo-
chlorogenic acid is in a protonated, nonionic form [Uranga
et al., 2016], similar to flavonols. The bonding of anthocya-
nins onto B-glucan might be positively and then negatively
cooperative, possibly due to the charged molecules. Namely,
anthocyanin molecules can bond onto B-glucan, and once
bonded (positive cooperation) they can repulse other mol-
ecules, which leads to more difficult bonding (a negative co-
operation). And the adsorption mean free energy becomes
higher. Flavonols and neochlorogenic acid are not charged at
low pH, and thus a cooperative bonding with higher n,, values
could be suggested.

CONCLUSION

The adsorption data can be modeled with a novel non-
linear regression and this new approach gave lower SE than
the standard non-linear modeling, with more precisely de-
termined isotherm parameters. The experiments and mod-
eling allowed us to suggest a description of the adsorp-
tion process. The bonds created between aronia phenolics
and B-glucan could involve both H bonds and Van der Waals
forces. H bonds could be created between OH groups of phe-
nolics and B-glucan. Once H bonds are created, phenolics
and B-glucan are closer, and Van der Waals attractive forces
mightadditionally connect those molecules, asit was reported
for the adsorption of tea phenolics onto B-glucan [Wu et al.,
2011a,b]. Furthermore, at pH 1.5 as in our study, the OH
groups of all phenolics and B-glucan are protonated (non-
ionic), which is a prerequisite for the formation of H bonds

[Li et al, 2019]. This fact also supports the formation
of H bonds.

Phenolics from aronia have different chemical structures
at pH 1.5. Those structural differences might have affected
the adsorption. Namely, flavonols and neochlorogenic acid are
in nonionic forms in comparison to ionic anthocyanins. After
the adsorption of all these phenolics, ionic anthocyanins might
have caused some repulsions, which hindered further bonding.

Since the adsorption was studied at low pH (1.5), it might
be suggested that aronia phenolics can interact with B-glucan
at the low pH of the digestive tract. That behavior might
be important for carrying phenolics through the digestive tract
by B-glucan. These findings need to be supported by addition-
al studies of adsorption at different pH values and using in vi-
tro simulated digestion processes. Furthermore, B-glucan has
already been studied as a delivery system for single strain DNA
[Hwang er al., 2018] or for doxorubicin molecules [Lee et al.,
2019]. That is why, it might be suggested that it has the poten-
tial to serve as a natural delivery system for aronia phenolics.
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The essential oil of celery (Apium graveolens) is characterized by exceptionally high content of alkylphthalides. The mentioned compounds exhibit
a number of biological effects (including hypotensive, lipid-lowering, neuroprotective, and cytotoxic) and are also responsible for distinctive aroma
of the plant. In the current work, parameters of conventional hydrodistillation (HD) and simultaneous distillation-extraction (SDE) were optimized
to obtain phthalide-enriched fractions of celery seeds. A positive correlation was shown between hydrodistillation time and improved essential oil
and phthalide yields. The 6-h HD of comminuted seeds yielded essential oil (2.9%) with a higher total phthalide content (51%), as compared to
the samples collected after 1.5-3.0 h, which gave 2.4-2.7% of oil containing 24.6-39.2% of total phthalides. The oil contained sedanenolide (36.7%),
3-n-butylphthalide (13.1%), and sedanolide (1.1%). A further increase in the total phthalide content was achieved by omitting the size reduction
step prior to hydrodistillation (68.8%) and utilization of the salting-out effect (84.3%). Enzyme pretreatment had a negligible effect on essential oil
and phthalide yields. The change of distillation mode from HD to SDE significantly increased the oil yield of whole seeds (from 2.8 to 5.8% for 6 h
processing) while maintaining its high phthalide content (62.5%), which translated to an increase in the total phthalide yield from 19.4 to 36.0 g/kg.

INTRODUCTION

Celery (Apium graveolens L., Apiaceae) is a popular veg-
etable and aromatic medicinal plant. Its different variet-
ies provide petioles, roots, leaves, and fruits (which are uti-
lized as foods, spices, and medicinal raw materials [Salehi
et al., 2019; Turner et al., 2021]. A. graveolens owes its char-
acteristic flavor to the presence of an essential oil, com-
posed of terpenes, sesquiterpenes and phthalides [Kokot-
kiewicz & Luczkiewicz, 2016]. Celery fruits (commonly
referred to as ‘seeds’) are the major source of volatile oil
(2-3% on average), which finds use in food flavoring, perfum-
ery, and pharmaceutical industries [Kokotkiewicz & Lucz-
kiewicz, 2016; Malhotra, 2006; Sowbhagya, 2014]. The size
of celery oil market is substantial (50 tons/year), and large
amounts are produced in India, China, Europe, and United
States. India is the major producer of both celery seeds and cel-
ery oil, with annual production of 4000 and 25 tons, respec-
tively [Sowbhagya, 2014]. Alkylphthalides, represented by
3-n-butylphthalide, sedanenolide, and sedanolide, are function-
ally among the most important constituents of A. graveolens,
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determining its specific spicy aroma [Kurobayashi ez al., 2006;
Turner et al., 2021] and thus being crucial for flavoring prop-
erties of celery. A. graveolens oils with high phthalide and low
terpene content are preferred in the food industry because
of their improved organoleptic properties. A high content
of terpenes (up to 80% of limonene) renders celery oil unsuit-
able for culinary use, and thus high-terpene oils are usually de-
terpenated [Kokotkiewicz & Luczkiewicz, 2016]. Besides being
flavoring agents, phthalides were shown to exhibit a plethora
of biological activities [Sowbhagya & Srinivas, 2013]. For in-
stance, 3-n-butylphthalide is well-known for its neuroprotec-
tive properties; it is currently used for the treatment of ischemic
stroke and is also a promising therapeutic agent in Alzheimer’s
disease, vascular dementia, Parkinson’s disease, and amyo-
trophic lateral sclerosis [Huanger al., 2018; Salehi et al., 2019].
Sedanenolide (aka senkyunolide A) was demonstrated to pos-
sess antiatherogenic [Lei ef al., 2019], neuroprotective [Gong
et al., 2018], and cancer-preventive activities [Liu ef al., 2018].
Another phthalide constituent of celery, sedanolide, showed
a chemopreventive potential in mice [Zheng er al., 1993]
and human liver cancer cells [Hsieh ez al., 2015]. Apart from
that, phthalide constituents of celery were shown to exhibit
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antioxidant, larvicidal, nematicidal, and fungicidal activities
[Rozek et al., 2016].

Taking into account the flavoring and therapeutic prop-
erties of the above compounds, there is a good rationale
to develop phthalide-enriched celery products for the use
in nutraceutical and functional food industries [Sowbhagya,
2014]. Studies have shown that factors such as seed source,
hydrodistillation time, and sample pretreatment affect es-
sential oil yield and composition; however, these experiments
were either preliminary [Jain ef al., 2003] or did not focus
specifically on improving the phthalide content of the prod-
uct [Dabrowska et al., 2020; El-Beltagi et al., 2020; Sowb-
hagya et al.,, 2007, 2010; Zorga et al., 2020]. Sowbhagya
& Srinivas [2013] demonstrated that both fractional distil-
lation and liquid-liquid partitioning of celery essential oil can
be used to obtain fractions enriched with phthalides but this
approach requires an additional step following volatile oil
hydrodistillation. Other approaches, based on salting-out ef-
fects and simultaneous distillation-extraction, have so far not
been exploited, though data indicate that they could be useful
for the isolation of phthalides from plant materials [Bartsch
& Hammerschmidt, 1993; Chaintreau, 2001].

Given the available data, we assumed that distillation con-
ditions can be optimized to maximize the recovery of phthalides
from celery seeds. The aim of the present study was to develop
a simple, efficient method for the isolation of a phthalide-en-
riched fraction from celery seeds. With this in mind, a series
of experiments was designed to evaluate the influence of such
factors as seed comminution, extraction mode (standard hy-
drodistillation vs. simultaneous hydrodistillation-extraction),
process time, salting-out, and enzyme pretreatment, on the es-
sential oil yield and phthalide content. The presented work
is the first comprehensive report concerning the isolation
of celery oil with an improved phthalide content.

MATERIALS AND METHODS

Plant material

The fruits of celery (Apium graveolens 1.) were obtained
in 2017 from Just Ingredients, Riverside Court, Beaufort Park,
Chepstow, UK (country of origin: India; harvest date: 2017;
batch number: LE12530/17; expiry date: 06.2019). The iden-
tity of the material was confirmed by the quality certificate
provided, as well as by morpho-anatomical and phytochemi-
cal analysis conducted at the Department of Pharmacogno-
sy, Medical University of Gdafisk, Poland. The plant mate-
rial was stored in the dark in a hermetically-sealed container.
The experiments described in the study have been conducted
within one year since the material was acquired. The distilla-
tion products obtained in the course of the study were referred
to as ‘volatile oil’, ‘essential oil” or simply ‘oil’.

Both whole (WS) and ground seeds (GS) were used
in the study. The following sample preparation protocol was
applied for seed grinding: 15 g of fruits were weighed, fro-
zen using liquid nitrogen, and immediately ground to 0.2-
-0.63 mm size (15,000 rpm, 10 s; SM-450 grinder, Envisense,
Lublin, Poland). The comminuted material was immediately
transferred to a distillation flask and subjected to essential oil
isolation as described in ‘Essential oil isolation’ section.

The moisture content of seeds was determined by distil-
lation: The 7.5-g sample of seeds was ground as described
above, transferred to 1000-mL round flask, to which 200 mL
of chloroform were added. The material was then subjected to
3-h distillation using a Clevenger apparatus (see ‘Hydrodistil-
lation (HD) using Clevenger apparatus’ section for details).
The heating (EMEA3 stirred electromantle, Cole-Parmer,
Stone, UK; 750 rpm) was adjusted to provide a condensate
rate of 2 mL/min. The moisture content of celery seeds was
8.44=0.2% (v/w).

Reagents

Type 1 water was obtained using the Elix/Synergy system
(Millipore, Billerica, US-MA). The reagents and solvents
of analytical grade were from POCH, Gliwice, Poland (chlo-
roform, disodium diphosphate dihydrate); Sigma-Aldrich,
St. Louis, US-MO (acetic acid, anhydrous sodium sulfate,
almond B-glucosidase, citric acid, LC-MS grade methanol,
sodium chloride); Merck, Darmstadt, Germany (dichloro-
methane); and Fluka, Buchs, Switzerland (fungal pectinase).
The reference compounds were obtained from Santa Cruz
Biotechnology, Dallas, US-TX (3-n-butylphthalide, sedano-
lide, both >98%) and Chengdu Biopurify Phytochemicals,
Chengdu, China (sedanenolide, 98%).

Essential oil isolation

Hydrodistillation (HD) using Clevenger apparatus

For essential oil isolation, a 15-g sample of celery seeds
(whole or ground, as described in the ‘Plant material’ sec-
tion) was placed into a 1000-mL round flask; then 400 mL
of water were added, and the flask was connected to the Clev-
enger apparatus (Carl-Roth, Karlsruhe, Germany; apparatus
specification according to European Pharmacopoeia as pre-
sented by Bicchi [2000]). The mixture was brought to boil-
ing (approx. 100°C), and heating was adjusted to provide
a condensate rate of 2 mL/min (EMEAS3 stirred electroman-
tle, 750 rpm). The hydrodistillation was run for 1.5, 3.0, 4.5,
and 6.0 h, and each experiment was repeated at least in trip-
licate. When the process had been completed, the apparatus
was left to cool down for 30 min. The volatile oil content was
determined volumetrically and expressed as % (v/w). The es-
sential oil was collected, mixed with 100 mg of anhydrous
sodium sulfate, and stored in a sealed vial at 8°C for 24 h.
The dehydrated sample was moved to a clean vial and stored
at 8°C. Prior to the HPLC analysis, the essential oil samples
were diluted (1:1000, v/v) using LC-MS grade methanol.

Simultaneous distillation-extraction ~ (SDE)
-Nickerson apparatus

A 15-g sample of celery seeds (whole or ground, as de-
scribed in the ‘Plant material’ section) was placed in a 1000-mL
round flask, then 400 mL of water were added, and the flask
was connected to the Likens-Nickerson apparatus (Labit,
Stare Babice, Poland; apparatus specification according
to original design by Likens and Nickerson, as presented
by Chaintreau [2001]). Dichloromethane (50 mL) was used
as an extraction solvent, and the extract was collected into
a 100-mL heart-shaped flask. The heating (water: EMEA3

using Likens-
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stirred electromantle, 750 rpm; dichloromethane: non-stirred
electric mantle) was adjusted to provide a condensate rate
of 2 mL/min for both H,O and CH,Cl,. The process was run
for 1.5, 3.0, 4.5, and 6.0 h, and each experiment was repeated
atleast in triplicate. After the process had been over, the appa-
ratus was left to cool down for 30 min. Dichloromethane was
removed under reduced pressure (R-300 Rotavapor, Biichi,
Flawil, Switzerland) according to the distillation program:
0-5 min, 600 mbar; 5-8 min, 400 mbar; 8-9 min, 300 mbar;
and 9-10 min, 200 mbar. The volatile oil content was deter-
mined gravimetrically. In order to compare SDE results with
conventional HD, the obtained values were converted to %
(v/w) assuming the mean specific gravity of essential oil from
celery fruits as 0.89 (according to EOA specification [Sowb-
hagya et al., 2007]). After the solvent had been removed,
100 mg of anhydrous sodium sulfate was added to the re-
maining essential oil, and the sample was stored in a sealed
flask at 8°C for 24 h. The dehydrated sample was transferred
to a clean vial and stored at 8°C. Prior to the HPLC analysis,
the essential oil samples were diluted (1:1000, v/v) using LC-
MS grade methanol.

Evaluation of salting-out effect

In order to evaluate the effects of salting-out on the es-
sential oil yield and phthalide content, a series of experiments
analogous to those described in sections ‘Hydrodistillation
(HD) using Clevenger apparatus’ and ‘Simultaneous distilla-
tion-extraction (SDE) using Likens-Nickerson apparatus’ were
conducted. The experiments were run in the same manner
except that sodium chloride (20 g) was added to a distilla-
tion flask along with the plant material. The HD and SDE
processes employing the salting-out effect were run for 1.5,
3.0, 4.5, and 6.0 h, and each experiment was repeated at least
in triplicate.

Enzyme pretreatment

The experiments were conducted with ground seeds only.
To this end, 15 g of seeds were placed in a 1000-mL distil-
lation flask, to which 400 mL of 0.15 M phosphate-citrate
buffer (7.32 g disodium phosphate dihydrate + 3.73 g citric
acid + 400 mL water, pH=5.0) and 2.0 g of pectinase (0.5%,
w/v) or 0.1 g of B-glucosidase (0.025%, w/v) were added.
The flask with the mixture was placed on a magnetic stirrer
(750 rpm), incubated in the dark at 37°C for 24 h, and subse-
quently the mixture was subjected to hydrodistillation using
the Clevenger apparatus (as described in the ‘Hydrodistilla-
tion (HD) using Clevenger apparatus’ section). The processes
were run for 3.0 and 6.0 h, and each experiment was repeated
in triplicate.

LC-DAD-MS (ESI*) analyses

The HPLC system used consisted of SIL-20AC autosam-
pler (15°C), CTO-20AC column oven (30°C), two LC-20AD
solvent pumps, DGU-20A3 degasser, SPD-M20A diode array
detector (DAD), and 2010EV mass spectrometric (MS) de-
tector (all components from Shimadzu, Kyoto, Japan). Sepa-
rations were performed on Supelcosil LC-18 column (150
4.6 mm, 3 wm particle size, Sigma-Aldrich) at a flow rate
of 0.3 mL/min. The injection volume was 10 uL. The mobile

phase consisted of: A, 0.25% (v/v) acetic acid; and B, metha-
nol. The gradient program was as follows: 0-6 min, 32% B;
6-72 min, 32-85% B; 72-86 min, 85-100% B; 86104 min,
100% B; 104-110 min, 100-32% B; 110-114 min, 32% B;
114 min, stop. LC-DAD data were recorded over the range
of 190-800 nm. Mass spectrometric detection was performed
in a positive ion mode over the range of m/z 100-800 using
the scan acquisition mode. The following parameters of elec-
trospray ionisation were applied: desolvation temperature,
250°C; heating block temperature, 270°C; capillary volt-
age, 2000 V; nebulizing gas flow rate, 1.5 L/min; drying gas
flow rate, 15.0 L/min. The data were processed with the use
of LC-MS solution 3.40 software (Shimadzu).

Phthalide constituents of essential oil samples were iden-
tified based on co-chromatography with reference substances
and analysis of the recorded LC-DAD and LC-MS spectra.
The DAD was employed for quantitative analyses: sedaneno-
lide and 3-n-butylphthalide were quantified using the calibra-
tion curve of 3-n-butylphthalide based on the peak area at
280 nm, and sedanolide was quantified using the sedanolide
calibration curve based on the peak area at 210 nm.

Statistical analysis

Statistical analysis was performed with PQStat 1.8.0 soft-
ware (PQStat Software, Poznan, Poland). The data were pre-
sented as means = standard deviations. In the case of normal
data distribution and homogeneity of variance, the one-way
ANOVA followed by Fisher LSD post-hoc test, was applied.
Otherwise, the Kruskal-Wallis test followed by Dunn post-hoc
test, was used.

RESULTS AND DISCUSSION

The effect of distillation mode, process time, and seed
comminution on the essential oil yield and phthalide
content

In the first part of the study, essential oil samples
of ground celery seeds were obtained by conventional hy-
drodistillation using a standardized Clevenger-type appa-
ratus recommended by European Pharmacopoeia [Bicchi,
2000]. Previous studies have indicated that both the degree
of seed comminution and distillation time affect the celery
oil yield and composition [Jain ef al., 2003; Sowbhagya
et al., 2007]; however, the so far conducted experiments did
not focus specifically on improving the extraction efficiency
of A. graveolens volatiles. The work by Jain e al. [2003] can
be considered as preliminary since it did not include process
optimization and detailed analysis of phthalide fraction.
In turn, Sowbhagya et al. [2007] demonstrated that both
the amount of volatile oil and its phthalide content increased
in time during hydrodistillation. Nevertheless, the applied
distillation times (0.5-2.0 h) were relatively short consider-
ing low volatility of phthalides in steam [Ludwiczuk er al.,
2001; Mukhopadhyay, 2000]. Given the above, it was decid-
ed to extend the time of hydrodistillation to 6 h, which was
substantially longer than process times reported by Sowb-
hagya et al. [2007]. The samples were collected after 1.5, 3.0,
4.5, and 6.0 h, and results of essential oil yield determination
were presented in
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The experiment proved that majority of the oil was isolat-
ed during the first 1.5 h of the process, which is in agreement
with previous findings [Sowbhagya et al., 2007]. Nevertheless,
continued distillation resulted in a ca. 20% statistically signifi-
cant increase in the essential oil yield. The amounts obtained
after 1.5 h and 6.0 h were 2.44 and 2.94% (v/w), respectively.
More importantly, the extended hydrodistillation time result-
ed in the substantial enrichment of a phthalide fraction, which
confirmed our assumption that effective isolation of com-
pounds of this group requires longer processing of the plant
material. As shown in , there was a signifi-
cant (p<0.05) increase in contents of individual compounds
and total phthalides between 1.5 and 6.0 h of the process. Dur-
ing that time, sedanenolide content increased 2.3-fold (from
15.7 to 36.7%), 3-n-butylphthalide content increased 1.6-fold
(from 8.3 to 13.1%), and the percentage share of sedanolide
increased 1.8-fold (from 0.6 to 1.1%). Overall, there was a ca.
2-fold increase in the total phthalide content (from 24.6 to
51.0%, ), which translated to a 2.5-fold increase
in the total phthalide yield (from 6.0 to 15.0 g/kg, ).
Thus, it was demonstrated that phthalide-enriched oil of cel-
ery seeds can be obtained merely by extending the time of hy-
drodistillation beyond the 2.0-3.0 h employed in previous
studies [Sowbhagya et al., 2007, 2010]. Nevertheless, it has
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to be noted that the current study did not examine the effects
of distillation time on the contents of other essential oil con-
stituents present in celery (i.e., terpenes and sesquiterpenes).
Prolonged heating has been shown to affect the composi-
tion of volatile fractions of several aromatic plants [Venditti,
2020]. In the case of celery, thermal processing was shown to
affect its flavor; however, the reported changes were attributed
to the formation of thermally-generated compounds, but not
to changes in the phthalide fraction [Kokotkiewicz & Lucz-
kiewicz, 2016; Kurobayashi et al., 2006]. Thus, further studies
involving GC analysis and sensory evaluation are necessary
to examine the effects of prolonged distillation on the proper-
ties of celery oil.

Further steps in the study involved determination
of the effects of seed comminution on the essential oil yield
and phthalide content. The research by Sowbhagya et al. [2007]
demonstrated that employing seed flaking instead of full grind-
ing resulted in an improved essential oil yield and faster release
of phthalide constituents from the plant matrix. The milling
of celery seeds also had drawbacks, such as material overheat-
ing and clogging. In the current work, we strived to examine
whether essential oil can be efficiently isolated from whole
celery seeds. From the industrial perspective, omitting the size
reduction step would offer substantial benefits, saving both
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FIGURE 1. The yield of celery seed essential oil (EO), obtained under different distillation conditions: A — comparison of different distillation modes;
B - salting-out effects in HD; C - salting-out effects in SDE; D — effect of enzyme pretreatment. Abbreviations: HD, hydrodistillation; HD+S, salt-
assisted hydrodistillation; SDE, simultaneous distillation-extraction; SDE+S, salt-assisted distillation-extraction; HD+P, hydrodistillation preceded
by pectinase treatment; HD+G, hydrodistillation preceded by B-glucosidase treatment; GS, ground seeds; WS, whole seeds. Values represent means +
standard deviations. Different letters indicate significant difference at p<0.05.
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FIGURE 2. The contents and yields of phthalides in essential oil, obtained from whole and ground celery seeds using different modes and times
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time and energy required to isolate the oil. Celery seeds are
small in size (1-2 mm) and thus it was assumed that good
penetration of steam vapors through the plant matrix material
could be achieved without prior comminution of the material.
As presented in , the essential oil was released sub-
stantially slower from whole seeds, and the amount obtained
after 1.5 h hydrodistillation was roughly 60% of the yield
of comminuted seeds. However, the volatile oil yield recorded
after 6.0 h (2.83%) was comparable to that from the ground
plant material (2.94%). The differences in phthalide content
of volatile oil samples obtained from both types of plant mate-
rial were prominent. Regardless of process time, the amounts
of major phthalides (sedanenolide and 3-n-butylphthalide),
as well as the total phthalide content in essential oil from
whole seeds were significantly (p<0.05) higher (1.3-1.6-fold
increase) as compared to the ground seeds ( ). Se-
danolide was a minor phthalide constituent of the oil, and its
content was not significantly (p>0.05) affected by the grinding
process. The volatile oil obtained from whole seeds during
6-h hydrodistillation contained ca. 50% sedanenolide, 16.5%
3-n-butylphthalide, and 1.3% sedanolide ( ).
Also, whole celery seeds provided significantly (p<0.05)
higher total phthalide yields than the comminuted ones (19 vs.
15 g/kg, ). In the case of 1.5-h hydrodistillation, both
types of plant material provided essentially the same phthalide
yields, which was because the lower essential oil yield of whole
seeds ( ) was compensated by a higher content
of these compounds in the volatile fraction (

). Overall, the experiment proved the feasibility of omit-
ting the size reduction step prior to hydrodistillation of celery
seeds without compromising phthalide yield. Also, longer hy-
drodistillation times result in higher yields of essential oil with
a higher phthalide content: during the 6-h HD process, whole
celery seeds provided the same amount of oil as the commi-
nuted ones ( ), but with a higher phthalide content
( ).

Besides examining the effects of hydrodistillation time
and seed comminution on the celery oil yield and phthalide
content, the study employed simultaneous distillation-extrac-
tion as an alternative mode of volatile oil isolation. In the SDE
method, the distillate (consisting of water and essential oil
constituents) is continuously flushed with an organic sol-
vent, which extracts essential oil constituents. As compared to
conventional hydrodistillation, SDE offers some advantages,
including more efficient recovery of relatively polar and high-
-boiling constituents of essential oils, such as coumarin
and B-phenylethyl alcohol [Bartsch & Hammerschmidt, 1993;
Chaintreau, 2001]. Similarly to coumarin, alkylphthalides
are lactones, which makes them relatively polar components
of celery oil. Given the above, it was assumed that SDE could
prove effective in obtaining a phthalide-enriched fraction from
A. graveolens seeds. So far, SDE has only been employed to
isolate volatiles from roots and petioles of celery [MacLeod
& Ames, 1989; Van Wassenhove ef al., 1990], but the kinetics
of the process has not been studied. As compared to celery
seeds, the above materials contain only small amounts of vol-
atiles and thus are rarely exploited as a source of essential oil.

As presented in , regardless of process time
and the type of plant material used, the SDE extraction mode

provided roughly a 2-fold increase is the essential oil yield as
compared to HD. The release of volatiles from whole seeds
was slower, and 6 h distillation was required to obtain the es-
sential oil yield comparable (p>0.05) to the ground material
(6.1 and 5.8% for ground and whole seeds, respectively). As
shown in , the method of oil isolation af-
fected phthalide contents of the samples. The contents of 3-n-
-butylphthalide and sedanolide were lower in the SDE samples
obtained from both whole and ground seeds. On the contrary,
the contents of sedanenolide and total phthalides were mostly
unaffected by distillation mode. The exception were 6-h SDE
samples obtained from ground seeds, which contained signifi-
cantly (p<0.05) more sedanenolide (46.5%) than hydrodistilled
oil (36.8%). The above differences may be due to different polar-
ities of the examined phthalides, as well as the presence of non-
-phthalide constituents of the oil, which were not quantified
in the current work. Similarly to HD experiments, whole celery
seeds provided higher phthalide contents of the SDE samples,
but the differences between the two types of material were less
pronounced. After 6 h, the SDE samples obtained from whole
and ground seeds did not differ significantly (p>0.05) with re-
spect to individual and total phthalide contents

). The productivity of the SDE process, expressed as in-
dividual and total phthalide yields, was significantly (»<0.05)
higher as compared to the conventional hydrodistillation.
The highest values were obtained during 6-h processing of non-
-comminuted seeds ( ): the SDE procedure
yielded 29.3 g/kg of sedanenolide (2-fold increase), 6.0 g/kg of
3-n-butylphthalide (1.3-fold increase), 0.61 g/kg of sedano-
lide (1.65-fold increase), and 36.0 g/kg of total phthalides
(1.85-fold increase). The experiment has proved that SDE of-
fers superior performance in terms of essential oil isolation
from celery seeds. However, long (6 h) processing times should
be applied to maximize volatile oil and phthalide yields. As
in the case of conventional hydrodistillation, the size reduction
step can be omitted without sacrificing productivity. In fact,
seed comminution was shown to negatively affect the phthalide
content of celery oil, regardless of the isolation method (HD or
SDE). This is probably due to matrix effects, which are clearly
different for the processes conducted using ground or non-
-damaged seeds. As described by Chaintreau [2001], lipid-con-
taining matrices were shown to slow down the release of less
volatile constituents during hydrodistillation of the essential oil.
Our suggestion is that in the case of using whole celery seeds,
the lipids stored inside them were released to a lesser extent than
from the damaged matrix (i.e., ground seeds). Consequently,
the fats present in the seeds did not interfere with essential oil
constituents, thus facilitating recovery of phthalides. The exact
location of the volatiles might also play a role: essential oils
in Apiaceae fruits can be found in the mesocarp whereas fats
are stored deeper in the endosperm, and separated by the lay-
ers of testa. Given this, it seems that volatiles can be extracted
from cremocarps more easily than fixed oils.

The effect of salting-out on the essential oil yield and
phthalide content

Making use of the salting-out effect is simple, yet often
effective means of improving productivity of the hydrodistil-
lation process. The addition of salt to the distillation mixture
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can increase the concentration of certain volatiles in the va-
por phase, resulting in the improved essential oil yield [Naqvi
et al., 2002]. Salting-out can be employed in conventional
hydrodistillation [Filly et al., 2016; Naqvi et al., 2002; Sham-
spur et al., 2012] and SDE processes alike [Bartsch & Ham-
merschmidt, 1993; Chaintreau, 2001]. In particular, the pro-
cedure was shown to increase the recoveries of relatively polar
constituents of essential oils, such as coumarin and 2-phenyl-
-ethyl alcohol [Bartsch & Hammerschmidt, 1993; Chaintreau,
2001]. Given the similarities in the structures and physico-
-chemical properties of coumarin and phthalides, it was de-
cided to examine the effects of sodium chloride on the yield
and composition of A. graveolens essential oil obtained by hy-
drodistillation or simultaneous distillation-extraction. So far,
the effect of salting-out on the isolation of celery oil has not
been extensively studied, and only preliminary experiments
have been conducted in this respect [Jain et al., 2003]. Ac-
cording to the cited work, the addition of salt during hy-
drodistillation of celery seeds failed to increase the essential
oil yield and its phthalide content. However, the study can
be considered as preliminary because neither standard devia-
tions not statistical analysis of the data was provided [Jain
et al., 2003]. Given this, it was decided to investigate the ef-
fects of salting-out on the yield and composition of volatile
oil, isolated by HD or SDE from whole and ground celery
seeds. Sodium chloride was selected for the experiments as
the most commonly used salting-out agent, and its amount
was based on previous experiments [Filly et al., 2016; Jain
et al., 2003; Naqvi et al., 2002; Shamspur et al., 2012].
presents the yield of salt-assisted hydrodistil-
lation of celery oil. Regardless of the type of material used
and process time, the addition of salt exerted no significant
(p=0.05) effect on the essential oil yield. As far as phthalide
contents are concerned, salting-out did not significantly
(p>0.05) affect the composition of volatile fractions iso-
lated from comminuted seeds ( ). These
observations are in agreement with the results of Jain et al.
[2003] who reported no substantial effect of salt on the yield
and phthalide content of essential oil, obtained from ground
seeds during 3-h hydrodistillation. However, whole celery
seeds subjected to salt-assisted hydrodistillation yielded vola-
tile oil samples with significantly (p<0.05) elevated phthalide
contents ( ). The addition of salt clearly
facilitated phthalide release from the non-damaged seeds.
The observed effect was the most prominent in the 1.5-h pro-
cess and decreased with time. For 1.5-h hydrodistillation using
whole seeds, the salting-out resulted in a 1.85-fold increase
in sedanolide content (from 26.6 to 49.3%) and a 1.7-fold in-
crease in the total phthalide content (from 40.0 to 66.4%), as
compared to the process conducted without the use of salt.
After 6-h HD, the recorded increase in sedanenolide content
was 1.3-fold (from 50.7 to 65.4%), whereas the total phthalide
content increased 1.2-fold (from 68.8 to 84.3%, the highest
content reported in the study). These values translated to
significantly (p<0.05) higher yields of sedanenolide and to-
tal phthalides ( ). The contents and yields of
3-n-butylphthalide and sedanolide, on the other hand, were
affected to a lesser extent ( ). The differ-
ent effects of salting-out on the phthalide yield, observed for

comminuted and whole seeds, indicate that the matrix effects
(previously mentioned in the section ‘The effect of distillation
mode, process time, and seed comminution on the essential oil
yield and phthalide content’) modulate the influence of salt
on the release of these constituents from the plant mate-
rial. It seems that in the case of comminuted seeds, the posi-
tive effect of salting-out is diminished by the negative effect
of the fixed oils released from the plant matrix.

Similarly to conventional hydrodistillation, the yields
of celery oil obtained by SDE were largely unaffected
by salting-out ( ). After 6 h, there was only a small
(1.1-fold), yet significant (p<0.05) increase in the yield of es-
sential oil isolated from ground seeds. In terms of individ-
ual and total phthalide contents, there were no significant
(p=0.05) differences between salt-assisted SDE and the ref-
erence group ( ). The yields of individual
and total phthalides were also largely unaffected by salting-
-out. However, for the salt-assisted, 6-h SDE conducted with
whole seeds, there was a small, but significant (p<0.05) de-
crease in individual and total phthalide yields (

). Thus, the use of salt offers no benefits during SDE
of celery seeds. However, it has to be noted that even with-
out the positive effect of salting-out, SDE of whole seeds still
provides substantially higher phthalide yields (36.0 g/kg,

) than the salt-assisted HD of the same type of mate-
rial (23.2 g/kg, ).

The effect of enzyme pretreatment on the essential oil
yield and phthalide content
Enzyme pretreatment prior to hydrodistillation can in-
crease essential oil yields either by chemically damaging plant
tissues and thus facilitating the release of volatiles, or by re-
leasing volatile oil constituents form their glycoside forms.
Sowbhagya ef al. [2010] demonstrated that preincubation with
enzymes (including pectinase, cellulase, viscozyme, and prote-
ase) prior to steam distillation improved the essential oil yield
of celery seeds; however, they did not state whether the reported
values differed significantly (p<0.05) from the control group.
In the current study, celery seeds were pretreated with pectin-
ase and evaluated for the essential oil yield and phthalide con-
tent. Another enzyme employed in the study was p-glucosidase
which was used to check the presence of glucosidically-bound
phthalides in celery seeds. Phytochemical studies on fresh
stalk celery have shown that a small fraction of phthalides
is bound as glycosides and thus cannot be isolated by direct
hydrodistillation [Tang er al., 1990]. Due to their lactone na-
ture, phthalides can exist in the form of hydroxy acids, which
enables them to form chemical bounds with sugars. After
the glycoside bond is hydrolyzed, the aglycone undergoes
cyclization and forms the respective phthalide [Tang et al.,
1990]. Since celery seeds have so far not been investigated for
the presence of phthalide glucosides, it was decided to conduct
hydrodistillation experiments using the material pretreated
with B-glucosidase. The enzyme concentrations and experi-
mental protocols employed in the current work were based on
previous reports [Sgorbini et al., 2015; Sowbhagya et al., 2009;
Tanget al., 1990].
presents the yield of celery seed oil, ob-
tained from the enzyme-pretreated material during 3 or 6 h
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FIGURE 4. The contents and yields of phthalides in essential oil, obtained by salt-assisted distillation-extraction from whole and ground celery seeds:
p<0.05.

A - sedanenolide content; B — sedanenolide yield; C - 3-n-butylphthalide content; D - 3-n-butylphthalide yield; E — sedanolide content; F — sedanolide
yield; G - total phthalide content; H — total phthalide yield. Abbreviations: SDE, simultaneous distillation-extraction; SDE+S, salt-assisted distilla-
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FIGURE 6. Exemplary chromatogram (A=254 nm) of the phthalide fraction of Apium graveolens essential oil. Compounds: 1, sedanenolide;

2, 3-n-butylphthalide; and 3, sedanolide.

of hydrodistillation. Neither pectinase nor f-glucosidase
significantly (p>0.05) affected the essential oil yield. Individ-
ual and total phthalide contents of volatile oil samples ob-
tained from enzyme-incubated seeds, and the corresponding
phthalide yields, were not affected either ( ).

The results indicate that enzyme pretreatment is not a viable
means of increasing the phthalide yield of celery seeds. As com-
pared to conventional hydrodistillation, the procedure is more
costly and time-consuming, which does not translate to im-
proved productivity. Preincubation with B-glucosidase had no
effect on essential oil and phthalide yields, thus indicating that
similarly to aerial parts [Tang ez al., 19901, celery seeds either do
not contain or have only negligible amounts of phthalide glyco-
sides. However, since we did not directly analyze glucosidated
forms of phthalides, the results have to be confirmed by other
methods. It is also possible that the technique employed was
not sensitive enough to detect a minor increase in phthalide
content after pretreatment with B-glucosidase.

LC-DAD-MS (ESI*) analyses of essential oil samples

In the current work, the modified method by Li et al.
[2003] was adopted for qualitative and quantitative analy-
ses of phthalide constituents of A. graveolens essential
oil. The method was originally developed for the analysis
of active components of Ligusticum chuanxiong [Li et al.,
2003] enabling complete separation of several compounds
of the phthalide group. The analyses of essential oil samples
conducted in the present work revealed the presence of three
major alkylphthalide derivatives: sedanenolide (1, retention
time, t, = 39.66 min), 3-n-butylphthalide (2, t, = 41.11 min),
and sedanolide (3, t, = 47.74 min). An exemplary chromato-
gram and structures of the analyzed compounds are present-
ed in . The qualitative composition of the phthalide
fraction was the same in all samples, regardless of the distil-
lation method applied.

The LC-DAD-ESI-MS data of compounds 1, 2, and 3
is presented in . The UV spectra of phthalides re-
corded during LC-DAD analyses were consistent with previ-
ous reports [Li et al., 2003; Zhang X. et al., 2003; Zhang L.
etal.,2012; Zuo et al., 2011]. The UV spectrum of 1 showed
a distinctive maximum at 281 nm, whereas 2 had maxima
at 226 and 275 nm. Compound 3, bearing a single double
bond, was characterized by a single maximum at 209 nm.
The identity of phthalide constituents was further confirmed
by LC-MS experiments. The ESI-MS spectra of compounds
1, 2, and 3 showed the presence of pseudomolecular ions at
m/z 193, 191, and 195, respectively. A number of fragment
ions was also observed, which reflected the fragmentation

TABLE 1. Retention times (t,), absorption maxima of UV spectra (A ),
and LC-MS (ESI*) data of phthalide constituents of essential oil from
A. graveolens seeds.

tR ‘max 1 a
No (min) | () Observed ions (m/z) Compound

137 [IM+H-C H,l*,
175 [M+H-H,0[",
193 [M+H]",

215 [M+Nal*,

407 [2M +Na]*

135 [M+H-C H,l",
145 [M+H-H,0-COJ*,

226, 173 [M+H-H,0]",
275 191 [M+H]*,
213 [M+Nal*,

403 [2M+Nal*,
149 [M +H-H,0-COl",
177 [M+H-H,0]*,
195 [M+H]*,

217 [M+Nal*,

411 [2M+Na]*

@ major ions are presented in bold.

1 39.66 281 sedanenolide

2 41.11

3-n-butylphthalide

3 4774 209 sedanolide
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TABLE 2. Validation parameters for quantitative HPLC determination of phthalides in essential oil samples from A. graveolens fruits.

L | Regression | Correlation Linearity Intra-day Inter-day LOQ LOD Accuracy
Compound (nm) | equation® coefficient® (mg/mL)? precasion precision (mg/mL)* | (mg/mL)e | (% recovery )
(%RSD)" | (%RSD):
6
3-n-Butylphthalide 280 132X10° © 99999 9gx107-0.1 1.20 1.05 9.8x10°  32x10°  104.36 + 0.67
+2.30%10°
Sedanolide 20 19X 09999  42x10%-0.1 138 1.34 42x10%  14x10  105.99 + 0.97
+348x108 O : : : : : : 99£0.

a calculated using a series of standard dilutions for 10-point calibration curves — concentration (mg/mL) vs. peak area (mAu); *repeated analysis
of the same sample on the same day (n=6); “repeated analysis of the same sample on different days (n=6); ¢ levels corresponding to signal-to-noise
(S/N) ratio of 3 (n=3); ® levels corresponding to signal-to-noise (S/N) ratio of 10 (n=3); " estimated using the standard addition method at 3 different
enrichment levels (+60%, +75%, +120%, n=3+3+3); expressed as means =+ standard deviations. Abbreviations: RSD, relative standard deviation;

LOQ, limit of quantification; LOD, limit of detection.

pattern characteristic for benzofuranone compounds [Niu
et al., 2008]. This included the loss of butylene, as well as
dehydration and subsequent loss of carbonyl group. The for-
mation of dimers and sodium adducts was also observed.
The recorded spectra are in agreement with previous reports
[Liet al., 2003; Niu et al., 2008; Wang et al., 2018; Zhang X.
etal.,2003; Zhang L. et al., 2012; Zuo et al., 2011].

The identified phthalide derivatives have previously been
demonstrated to be major non-terpenoid constituents of cel-
ery volatile oil [Kokotkiewicz & Luczkiewicz, 2016; Sowbha-
gya, 2014; Turner ef al., 2021]. The compounds were quanti-
fied using LC-UV. Given the similarities in UV characteristics
of 1 and 2, quantitation of both these compounds was pos-
sible based on a series of dilutions of 3-n-butylphthalide. Se-
danolide (3) exhibited different UV-absorption characteristics
than | and 2, and as such was quantified using a separate
calibration curve. The validation parameters of compounds
used for quantitative studies are presented in

CONCLUSIONS

The study demonstrated that conventional hydrodistil-
lation and simultaneous distillation-extraction can be em-
ployed to obtain phthalide-enriched fractions of celery
seeds. Process optimization enabled maximizing essential
oil and phthalide yields. The experiments showed a clear
positive correlation between hydrodistillation time and im-
proved essential oil and phthalide yields. The 6-h hydrodis-
tillation of comminuted seeds yielded essential oil with a sig-
nificantly (p<0.05) higher phthalide content, as compared
to the samples collected after 1.5-3.0 h. The obtained sam-
ples contained mainly sedanenolide and 3-n-butylphthalide,
and a substantially lower amount of sedanolide. A further
increase in phthalide contents was achieved by omitting
the size reduction step prior to hydrodistillation and utiliz-
ing the salting-out effect. Enzyme pretreatment, on the other
hand, had a negligible effect on essential oil and phthalide
yields. The change of distillation mode from conventional
hydrodistillation to simultaneous distillation-extraction
significantly increased the essential oil yield while main-
taining its high phthalide content. The results of the study
are of practical importance and may be employed to pro-
duce celery oil with an exceptionally high phthalide content,
which can be used as a flavoring agent in the food indus-
try, or as a bioactive ingredient in nutraceutical products.

An important finding is that the isolation process of celery
oil can be simplified by omitting the size reduction step,
thus saving time and energy without compromising product
yield. However, it has to be noted that the current study fo-
cused solely on the phthalide content of celery oil. A more
comprehensive analysis of the obtained samples, including
GC and sensory evaluation, is needed in order to fully assess
the benefits of the developed distillation method.

The positive effects of salting-out encourage further ex-
periments in that field, aimed at the successive improvement
of the productivity of the distillation process. Such a study
would involve other types of salts, added to the distillation
mixture at different concentrations. Moreover, it appears that
the developed methods could be applied to other species.
Apart from celery, no comprehensive SDE studies have so far
been performed on other phthalide-bearing plants. However,
alkylphthalides are present in several members of Apiaceae,
including medicinal and/or flavoring plants such as Angelica
archangelica L., Angelica sinensis (Oliv.), Levisticum officinale
Koch., as well as representatives of the species Ligusticum
and Cnidium [Leonet al., 2017]. It would be particularly inter-
esting to examine how SDE affects the isolation of phthalides
of different polarities (including hydroxy-derivatives), which
can be found in the above species. The phthalide-enriched
fractions obtained from those plants could also gain interest
as potential flavoring and bioactive agents.
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Effect of Composition and Processing Conditions on Selected Properties of Potato-Based
Pellets and Microwave-Expanded Snacks Supplemented with Fresh Beetroot Pulp

Katarzyna Lisiecka' ©, Agnieszka Wajtowicz'*©, Agnieszka Sujak?

!Department of Thermal Technology and Food Process Engineering,
University of Life Sciences in Lublin, Gleboka 31, 20-612 Lublin, Poland
’Department of Biosystems Engineering,

University of Life Sciences in Poznan, Wojska Polskiego 50, 60-637 Poznari, Poland

Key words: extrusion-cooking, snack pellets, beetroot, microwave expansion, chemical composition, molecular structure

The aim of this study was to evaluate the influence of the addition of fresh beetroot pulp in amounts from 2.5 to 30.0 g/100 g, as well as variable
screw speeds (60, 80, 100 rpm) on the chemical composition, water absorption, water solubility index, density, expansion rate, and texture of potato-
based pellets and expanded snacks. Their protein and starch structure was analyzed using the Fourier-transformed infrared (FTIR) spectroscopy.
The snack pellets were made at a moisture content of 33 g/100 g of blends using a single-screw extruder equipped with a plasticizing unit having
a length-to-diameter ratio (L/D) of 18. Processing temperature ranged from 65 to 105°C. The ready-to-cat snacks were expanded using microwave
treatment (750 W, 40 s). Fresh vegetable pulp addition raised the protein content. The extrusion-cooking caused an increase in the content of insoluble
dietary fiber and water absorption index of the pellets. In contrast, the microwave treatment reduced values of these parameters in expanded products
and decreased the insoluble dietary fiber content of the expanded snacks. The addition of fresh beetroot pulp diminished the expansion ability and in-
creased the content of B-sheet proteins. Additionally, an increase in the content of B-turn and p-sheet protein fractions was observed at the expense
of random coil structure. This indicates that the protein structure underwent some form of ordering as the molecular interactions of the proteins
intensified. The highest fraction of B-structures and the smallest content of random coil were observed when 80 rpm was applied during processing.
It seems to be the most efficient screw speed in processing fresh beetroot pulp-supplemented snack pellets. Application of a fresh beetroot pulp as an
additive in microwave expanded snacks made it possible to obtain products with an increased amount of fiber and a reduced fat content as an attractive

and healthy alternative to deep-fried snacks.

INTRODUCTION

One of the most popular natural polysaccharides used
in snack manufacture is starch, being a carbohydrate made
of amylose and amylopectin fractions. Its botanical origin
determines the main changes in starch processing and qual-
ity of final products [Sakac et al., 2020]. Starches of vari-
ous biological origin differ in the degree of polymerization,
the amylose to amylopectin ratio, and molecular organization
of the crystalline regions of granules [Btaszczak ef al., 2005].
The knowledge of physicochemical, functional, and structural
properties of starch, such as gelatinization, retrogradation,
solubility, swelling power, water retention capacity, rheologi-
cal behavior, and pasting properties are very useful in snack
production [Sanchez-Gonzalez et al., 2019].

The Fourier-transformed infrared (FTIR) spectroscopy
is a universal analytical technique that can be applied to an-
alyze structural changes in processed materials [Kowalczuk
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& Pitucha, 2019]. However, it has not yet been employed
in the study of the properties of potato-based pellets or
snack foods.

Products processed by means of extrusion-cooking are
a significant element of the diet of people all over the world.
Generally, extruded snacks are the most attractive products
for children and young consumers. Therefore, very often,
the snacks are enriched with extra ingredients, such as fruits,
vegetables, herbs or other plant additives [Bhat et al., 2019;
Lisiecka & Wojtowicz, 2019]. Potato-based snack pellets are
the most popular snack items on the market, appearing in dif-
ferent shapes and flavors.

Extruded snack pellets need to be expanded in order to
obtained ready-to-eat (RTE) snacks. Among the typical ex-
pansion methods applied are deep oil frying, hot air puffing,
or microwave heating. Microwave treatment, as an alternative
method of pellet expansion, reduces fat content in RTE prod-
ucts as compared to conventional expansion by frying in deep
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oil [Lisiecka & Wdjtowicz, 2021]. It is also an easy and inex-
pensive process to execute either on an industrial scale or at
household conditions [Ruiz-Armenta ef al., 2019].

Beetroot is a very popular vegetable in Poland, mostly
consumed as cooked or baked or used as a soup ingredient.
Dry beetroot and beetroot extracts are added to many food
products as natural colorants, while other beneficial effects
of beetroots are attributable to their antiviral, antidiabetic, cy-
totoxic, and allelopathic properties [Mikotajczyk-Bator et al.,
2016]. Fresh beetroot pulp is valued for its natural purple col-
or and the high content of valuable nutritional components,
not degraded by the drying process. Fresh beetroots are avail-
able on the market all year round due to the use of controlled
atmosphere storage, which is an effective way to ensure an
appropriate quality and microbiological safety. When used
at home, beetroots are cleaned and cooked or baked without
any microbiological risk. Moreover, because the extrusion-
cooking is a high-temperature process, the processing by its
means can be used as a method of thermal sterilization.
As previously presented [Lisiecka & Wojtowicz, 2020], the use
of fresh vegetables can significantly reduce the water volume
needed in the technological process and the energy needed for
the drying process. Thus, the use of fresh vegetables as addi-
tives to this type of indirectly expanded snacks has many ad-
vantages. After drying, the pellets have a moisture content be-
low 11 g/100 g, which makes them stable and safe for storage.

This study aimed to examine the changes that take place
in RTE snacks after extrusion of pellets at various screw
speeds and following microwave expansion, with regard to
the effect of replacing potato starch with increasing amounts
of vegetable pulp. The novelty of this study lies in the use
of fresh beetroot pulp rather than dry powdered vegetables
to produce pellets, as in the case of most research performed
[Bhat et al., 2019; Ruiz-Armenta et al., 2019].

MATERIALS AND METHODS

Raw materials

Potato flakes, grits, and starch were donated by Pol-Foods
Sp. z 0. o. (Prostki, Poland). Fresh beetroot was bought at
a local market. The vegetables were washed with tap water,
drained with paper towels, and ground with a laboratory
knife mill LMN-100 TestChem (Radlin, Poland) with a sieve
with opens below 400 um. Next, after mixing with potato
components, the blends were sifted again before moistening
and processing.

Extrusion-cooking of snack pellets

The control blend composition was as follows: 25 g/100 g
of potato flakes, 25 g/100 g of potato grits, and 50 g/100 g
of potato starch. Other samples were fortified with the fresh
beetroot pulp at a range from 2.5 to 30.0 g/100 g by replac-
ing the respective amount of potato starch. The moisture
content was assessed through employing a standard refer-
ence American Association of Cereal Chemists 44-15.02
air-oven method (130°C, 1 h) [AACC, 1995] both for dry
components and for beetroot pulp after grinding. Calcu-
lation of water amount added was done in accordance to
the previous paper [Lisiecka & Wojtowicz, 2020] to reach

the moisture content of blends at 33 g/100 g (sum of water
content in all components by weight). Firstly, dry compo-
nents were mixed, then fresh pulp was added, mixed togeth-
er, and the proper amount of water was added to each blend.
During hydration, the components were mixed continuously
for about 15 min.

A single screw extruder type TS-45 (ZMCh Metalchem,
Gliwice, Poland) with a length-to-diameter ratio at L/D=18
of the plasticizing unit, with a screw of 3:1 compression ratio,
and with an intensive glycol cooling installation of the last
barrel section was employed to produce snack pellets. Dur-
ing processing, variable screw speeds were applied: 60, 80,
and 100 rpm. The temperature profile during processing was
set at 80°C in the dozing section, 105°C in the cooking sec-
tion, and 65°C in the cooling section.

Snack pellets were shaped as dough strips using
a 30x0.4 mm flat forming die and cut to approx. 30x30 mm
pieces. The pellets were subsequently dried in a laboratory
shelf dryer at 40°C for 10 h to their final moisture content
of 11 g/100 g. The extrudates produced were kept in tightly
closed foil packages before further testing.

Microwave expansion

Snack pellets were expanded by a treatment in a micro-
wave oven (AVM-914/WH Philips/Whirlpool, Sweden).
The optimum expansion conditions, i.e., microwave power
of 750 W and exposure time of 40 s, were selected experimen-
tally as treatment parameters. After expansion, the snacks
were cooled to ambient temperature and stored in plas-
tic bags before subsequent testing. Samples of both pellets
and snacks were ground (if needed) before tests in a labora-
tory grinder (LMN-100, TestChem, Poland) to a particle size
below 300 wm.

Water absorption index (WAI) and water solubility
index (WSI) of pellets and RTE snacks

Water absorption index (WAI) and water solubility index
(WSI) were determined according to the methods described
by Lisiecka et al. [2021] in triplicate. The ratio of the gel
weight to the dry sample weight was defined as WAI. The ra-
tio of the weight of dry solids in the supernatant to the weight
of the dry sample was derived as WSI.

Bulk density (BD) and volumetric expansion index
(VEI) of snacks

The bulk density (BD) was specified as the weight
of the sample divided by the occupied volume of the cylinder
[Han et al., 2018]. Volumetric expansion index (VEI) was cal-
culated as the ratio of the density of pellets and snacks after ex-
pansion. The measurements were performed in 5 replications.

Texture analysis of microwave-expanded snacks

The texture analysis was employed to determine selected
properties of snacks, including hardness (H), crispness (CR),
and fracturability (FR). It was conducted using a Kramer
shear cell by a compression test on single extrudates. During
the measurement, the head test speed was 100 mm/min. Tex-
ture measurements were performed in 5 replications [Alvarez
etal.,2020; Shah et al., 2017].
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FTIR analysis and data manipulation

FTIR spectroscopy was applied to check the protein
and starch structures in the examined pellets and in the RTE
microwave-expanded snacks. A Nicolet iS50 FTIR spectrometer
(Thermo Scientific, Waltham, MA, USA) equipped with a dia-
mond attenuated total reflectance attachment (GladiATR attach-
ment, PIKE Technologies, Madison, WI, USA) was employed to
collect spectra between 4000 and 400 cm™ at a 4 cm! resolution.
Before the FTIR measurements had been taken, ground samples
were dried under a vacuum for 3 h. To obtain an optimal sig-
nal-to-noise ratio, 128 scans were collected. Each spectra was
baseline-corrected using OMNIC software (version 8.2, Thermo
Fischer Scientific, Waltham, MA, USA). The analyzed spectra
were averaged over three registered spectra series. Spectral anal-
yses were carried out by employing GRAMS Al Spectral Note-
base (Thermo Fisher Scientific) [Pytlak ez al., 2020].

In order to separate the bands representing certain protein
structures in the amide I region and to allow identification
of the protein secondary structural constitutes, the second
derivative of the amide I band was calculated by applying
5-point, second-degree polynomial function. Following this,
the derivative spectra were smoothed via 11-point second-de-
gree polynomial Savitsky-Golay function according to Sea-
bourn ez al. [2008] and Susi & Byler [1983]. All amide I bands
were baseline corrected and area normalized.

To estimate the fraction of different types of secondary
structure, the amide I band (1590-1720 cm') was deconvolut-
ed with Gaussian curves using Grams 32 Al (version 9) soft-
ware (Galactic, Salem, NH, USA) as indicated by the second
derivative peak position identification. The quality of the band
deconvolution was indicated by the following parameters:
R2>0.99, solution converged, and ¥ <0.001. The composi-
tion of secondary protein structure participating in the amide
I band was expressed as a percentage of the area of the fitted
region denoted as a relative area of components centered at
specific wavenumbers [Bock & Damodaran, 2013]. The sec-
ondary structure assignment was based on absorption wave-
numbers as described previously [Fetouhi et al., 2019].

Amide I secondary structures: o-helix (1649-1659 c¢cm™),
B-sheet (1620-1644 cm™), B-turn (1660-1688 cm™), and ran-
dom coils (1510-1619 cm™) were assigned. Crystalline
and amorphous fractions of starch were studied by estimating
ratio R equal to the proportion of the intensities I (1047 cm™)/
1(1022 cm™) [Smits et al., 1998].

Chemical composition of pellets and RTE snacks

Based on the results of physical, textural, and structural
characteristics, the optimum products were selected to per-
form chemical components analysis. Protein (AACC 46-10),
fat (AACC 30-10), and ash (AACC 08-01) contents were
determined in triplicate [AACC, 1995]. Contents of soluble
and insoluble dietary fiber and its total content were dupli-
cate-tested by applying the Association of Official Agricul-
tural Chemists International 993.21 method [AOAC, 2000].
The final results were expressed on a wet basis.

Statistical analysis
The obtained results were subjected to statistical analy-
ses using Statistica 13.3 software (StatSoft, Tulsa, OK, USA).

Homogeneous groups were determined by ANOVA by using
Tukey post-hoc test at a=0.05. Moreover, principal compo-
nent analysis (PCA) was performed for the tested character-
istics of pellets and microwave-expanded snacks processed at
80 rpm as the optimum screw speed, by Statistica software.
Additionally, during the analysis of the main PCA compo-
nents, a correlation matrix was created between the examined
features and expressed as Persons’ coefficients.

RESULTS AND DISCUSSION

Physical properties of pellets and snacks

To prepare the expanded samples, the optimum micro-
wave conditions were checked experimentally by several tri-
als to avoid burning the pellets if the frequency or time were
too intensive or too low, and if not the whole pellet surface
was expanded uniformly. In our study, the microwave power
of 750 W and the treatment time of 40 s were selected based
on preliminary trials as the best conditions to avoid both
burning the samples or uncomplete expansion. Chen et al.
[2014] found that the drying time was significantly reduced
with the microwave power increase when vacuum micro-
wave drying was used to prepare fish crisps. But they also
pointed out that the higher power density would easily lead
to the burning of fish samples and to the deterioration of their
quality. The microwave power over 4 W/g led to the cooking
of samples, resulting in a significant deterioration of their
quality, therefore they selected this microwave power for fur-
ther study. In turn, Ruiz-Armenta ef al. [2019] manufactured
expanded snack products using a conventional microwave
oven with a power of 1,450 W and a frequency of 2,450 MHz
by selecting microwave heating for 20 s after testing differ-
ent heating times (16, 18, 20, 22, 24, 26, and 28 s). Given
the above findings, it can be concluded that the application
of a higher microwave power allows reducing heating time to
obtain properly expanded products. However, since the avail-
ability of microwave ovens with a power over 1000 W is lim-
ited, the conditions selected in our study make it possible to
obtain expanded fat-free snacks at household conditions.

Several physical properties were evaluated for the ex-
truded pellets and microwave-expanded snacks. The water
absorption index indicates the ability of the product com-
ponents to absorb and hold water [Lourenco ef al., 2016]
and measures the amount of gel which is formed by starch,
protein, and fiber after swelling in the presence of extra water
[Kaur et al., 2015]. During the extrusion-cooking, gelatiniza-
tion of starch and protein denaturation occur under appropri-
ate conditions. Gelatinized starch absorbs more water than
it does in its native state. However, the presence of proteins or
fibers in the extrudate composition may increase or decrease
the WAI due to their conformational and structural changes
affecting the hydrophilic/hydrophobic balance [Lourengo
etal. 2016].

According to our research, the WAI of the control potato
blend before extrusion was 3.71+0.04 g/g, whereas its WSI
was 1.28+0.47%. The WAI and WSI values of fresh beetroot
pulp-supplemented pellets and microwave-expanded snacks
are presented in . The WAI and the WSI of all extrud-
ed samples were higher in comparison to the control potato
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TABLE 1. Water absorption index (WAI) and water solubility index (WSI) of extruded pellets and microwave-expanded snacks supplemented with fresh

beetroot pulp.

Content of beetroot Screw speed WAI (g/g) WSI (%)

pulp (g/100 g) (rpm) P S P S
60 4.62+0.14¢ 5.28+0.03* 5.12+0.78° 7.05+1.57

0 80 6.83+0.69 5.35+0.20° 1.42+0.53¢ 5.75+1.23%
100 7.26x0.20 5.19+0.01* 3.12+0.53% 2.57+0.124
60 4.59+0.06° 4.58+0.17« 3.70+0.65° 4.24+0.58

2.5 80 6.20+0.09° 5.00+0.08 2.57+0.94 3.91+0.19«
100 6.00=0.11% 5.20+0.03¢ 2.75+0.18 2.27x0.30%
60 6.21+0.02° 4.73+0.03« 2.46+0.07" 3.96+0.58<

5.0 80 6.77+0.04 4.95+0.15% 448147 4.48=0.65%
100 7.32+0.08" 5.02+0.05% 6.49+2.93% 2.85+0.81%
60 7.10+0.11 4.77x0.26% 7.08+2.85% 4.20+0.19«

7.5 80 7.53x0.14 4.57+0.18« 2.04+1.55¢ 3.19£0.48
100 5.96+0.10% 5.38+0.032 5.02+1.29 3.34%0.51«
60 6.70=+0.08 4.38+0.07« 6.98+3.37® 2.85+(.58%

10.0 80 6.83+0.07 4.67+0.08« 8.63+2.93¢ 4.18+0.06%
100 6.94+0.03% 4.48+0.08« 4.74+0.85° 3.55+1.61%
60 5.69%0.05% 3.73+0.04¢ 6.21+0.31% 2.84+0.36%

20.0 80 6.01+0.14% 4.75+0.13« 5.79+0.62 4.35+1.46"
100 6.11+0.12% 4.98+0.01% 3.03+0.51° 2.14=0.12¢
60 5.92x0.07" 4.60+0.07« 3.88+1.81° 5.92+0.37®

30.0 80 7.16+0.60¢ 4.51+0.14« 6.27+1.10® 4.77+0.05%
100 7.03+0.23% 4.67x0.13« 4.03+0.27° 5.04+0.50%

P —extruded pellet, S — microwave-expanded snack. Values are presented as mean = standard deviation (n=3); ** means indicated with the same letters

in columns do not differ significantly at a=0.05.

blend before extrusion. In contrast, microwave expansion de-
creased the WAI of all samples compared to the correspond-
ing half-products (pellets), except for the control sample pro-
duced at 60 rpm. This could be due to the reactions between
proteins, amylose, and amylopectin, leading to WAI reduction
[Sharma et al., 2015].

The WSI is a very important parameter of extrusion-
-cooking intensity, and makes it possible to predict the mate-
rial behavior during further processing [Rashid et al., 2015].
In our research, the maximum WSI was determined at 8.63%
for the pellet with beetroot pulp at 10.0 g/100 g processed at
80 rpm and at 7.05% for the control potato snacks produced
at the lowest screw speed. The minimum WSI was obtained
for the control pellets extruded at 80 rpm (1.42%) and for
the microwave-expanded snacks containing 20.0 g/100 g
of fresh beetroot pulp processed at 100 rpm (2.14%).

Researchers who experimented with expanding corn
starch-based pellets supplemented with naranjita and milk
powder observed an increase in WSI after extrusion and af-
ter microwave treatment [Ruiz-Armenta er al., 2019].

They concluded that this was linked to the loss of the semi-
crystalline form of native starch granules after processing.
The bulk density (BD), volumetric expansion index (VEI),
and texture parameters of the microwave-expanded snacks are
presented in . The highest values of BD were recorded
at each additive level when the highest screw speed was ap-
plied during pellet processing, except for the 20 g/100 g addi-
tive level; however, the results obtained for this level did not
differ significantly from others. The highest BD values were
determined at 76.03 kg/m?3, 76.80 kg/m* and 76.36 kg/m? for
the snacks without additive and for the snack with 5.0 and 7.5
g/100 g additive content extruded at 100 rpm, respectively.
Nevertheless, the differences between the tested samples were
in most cases statistically insignificant (p>0.05). The lowest
bulk density was determined at 57.90 kg/m? for the snacks with
2.5 g/100 g of beetroot pulp extruded at 60 rpm. These snacks
also featured a high value of the volumetric expansion index,
but their hardness was surprisingly high. Moreover, the high-
est VEI value was recorded for the samples without the veg-
etable additive extruded at 100 rpm (6.17). The increasing
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TABLE 2. Selected physical and textural features of microwave-expanded snacks supplemented with fresh beetroot pulp.

Content of beetroot Screw speed BD H CR FR
pulp (/100 g) (rpm) (kg/m®) N) N Q)
60 71.45+5.15w%e 4.77+0.45b¢ 170.40+15.96:%¢ 10.47+1.50° 26.07+4.96¢
0 80 70.52+7.76%¢ 5.10+0.61%¢ 158.00+14.06<¢ 34.97+5.62¢ 37.58+6.76*
100 76.03+3.730 6.17+0.66* 195.40+19.17¢ 29.52+5.45% 36.30=6.12%
60 57.90+2.66¢ 5.34+0.14® 183.00+4.97 23.57%1.91%¢ 27.63+3.95%¢
2.5 80 67.84=1.81¢bd 5.04+0.540c 145.33£7.4]cbde 16.73+3.83% 27.63+7.11%¢
100 74.53£2.76%¢ 4.87£0.370e 160.00=6.98><¢ 14.58+3.27¢ 26.00+5.00%¢
60 63.40=1.67¢ 4.11£0.190f 156.00=10.10¢¢ 19.54=5.01% 26.40+5.37¢
5.0 80 71.31+0.930¢ 4.160.22bf 139.63+9.61! 14.48+3.21¢ 19.56+2.11¢
100 76.80+3.99 4.740.36b0f 108.33+2.49¢ 19.40+4.43 26.03+4.5]e
60 64.01+3.66%4 4.34£0.60bcdet 111.07+11.48 17.09+2.22% 19.17%£2.90¢
7.5 80 72.36+0.842¢ 4.630.1[becet 102.57+5.12" 18.73+1.50% 24.83+2.90%¢
100 76.36+3.15® 4.92 +().24bcde 130.87£3.78% 13.10+2.61° 13.82+3.26°
60 64.28+3.86%¢ 3.85+0.2]¢f 174.33£9.10¢ 16.85+5.05% 21.98+2.16%¢
10.0 80 63.09=2.04« 4.520.180f 159.00+11.58<¢ 15.62+2.85% 23.11+5.67%¢
100 72.20=0. 872 4.540.2[bedef 161.3314.52:bxd 21.22+5.82¢ 24.77+2.31%¢
60 64.39+(.793d 3.64+0.22¢f 174.67+9.84%¢ 24.00+4.46%¢ 27.43+4.773%¢
20.0 80 64.68+0.69:<¢ 4.290.25becet 169.339.88b: 19.40+2.76" 19.50+2.76°
100 61.89+0.59« 5.35+0.21® 173.33 53] 15.75+2.67 21.74+3.75%
60 64.60=1.65 3.79£0.224 107.93+10.82¢ 15.23+5.92¢ 15.77£5.60°
30.0 80 70.99+3.250e 3.47+0.10" 169.67+4.99:0< 18.70+5.02% 19.37+4.60°
100 72.52+4.18¢¢ 4.54£0.43bc0ef 135.67+8.22¢ 18.80=6.79™ 24.90+4.80¢

BD - bulk density; VEI — volumetric expansion index; H — hardness; CR - crispness; FR - fracturability. Values are presented as mean = standard
deviation (n=>5); * means indicated with the same letters in columns do not differ significantly at a=0.05.

amount of fresh vegetable pulp lowered the VEI values, but
at the same time lowered the hardness of the expanded snacks
with up to 10 g/100 g of the additive; however, the differences
were in most cases insignificant (p=>0.05). Further increasing
the content of fresh beetroot pulp resulted in still low BD but
lowered VEI, and after the microwave expansion the snacks
supplemented with 10.0 and 20.0 g/100 g became harder than
the samples with 5.0 or 7.5 g/100 g of beetroot pulp, probably
due to the increased fiber content in RTE products. Expanded
potato-based snacks should be characterized by low BD, sug-
gesting good expansion after the final treatment, but the ulti-
mate effect is directly connected with the expansion method
used. Lisiecka & Wojtowicz [2021] demonstrated low BD
of oil-fried snacks that ranged from 38.3 kg/m? for the control
snacks produced at 60 rpm to 64.0 kg/m? for the fresh beetroot
pulp-supplemented snacks. In most cases, BD of fried snacks
was lower than of the microwave-expanded ones ( ) due
to formation of an expanded internal structure with multiple
empty pores inside snacks as influenced by steam evapora-
tion during frying. Ruiz-Armenta et al. [2019] tested indirectly
expanded corn starch-based snacks prepared by microwaves
(1450 and 2450 W for 20 s) and found that the expansion rate

of RTE products ranged from 8.61 to 9.83, and their density
from 95.41 to 106.55 kg/m?, which is higher than in our re-
search. As reported by Lisiecka e al. [2021], after hot oil frying
of extruded pellets supplemented with Allium genus vegetables,
the bulk density of fried snacks varied from 38.3-56.2 kg/m’
for the control potato snacks, while the highest BD reached
87.2 kg/m? if 20.0 g/100 g of leek was used and 70.7 kg/m? if
7.5 g/100 g of onion was added. When analyzing fried snacks
made of composite flour prepared from barnyard millet, green
gram, fried gram, and ajwain seeds, Krishnaraj et al. [2019]
found that the water molecules were converted into steam
during the quick heating and that oil was filling empty spac-
es, which could lead to much higher bulk density of the fried
snacks compared to these treated with microwaves as low-fat
products. Thus, several benefits can be found when expand-
ing pellets with microwave heating, including both nutritional
benefits because of the low energy value of the product as well
as economic benefits for producers due its the low density.
The hardness of microwave-expanded snacks supplement-
ed with fresh beetroot pulp ranged from 102.57 N to 195.40 N
(for the snack with 7.5 g/100 g vegetable pulp in the recipe
processed at 80 rpm and for the control sample extruded
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at the maximum rotational speed of the extruder screw, re-
spectively). The snacks from the control sample extruded at
80 rpm had the highest values of crispness and fracturabil-
ity (34.97 N and 37.58 N), while the control snacks extruded
at 60 rpm featured the lowest values of crispness (10.47 N).
Moreover, the lowest fracturability was determined at 13.82 N
for the snacks with 7.5 g/100 g fresh beetroot pulp when ex-
truded at 100 rpm, but in most cases the results did not differ
significantly (p>0.05). The increasing level of beetroot pulp
in snacks, as well as the variable screw speed, ambiguously
affected their textural properties after microwaving, prob-
ably due to inhomogeneity in the pores inside the expanded
snacks structure that resulted the inconclusive texture profile
of RTE products. Nevertheless, the crispness and fracturabil-
ity of the supplemented snacks expanded by microwaves were
more similar than those of the control snacks.

FTIR spectra of pellets and snacks

Figures 1 and 2 show exemplary baseline-corrected and sur-
face-normalized FTIR spectra of pellets ( ) and mi-
crowaved snacks ( ) registered over the wavelengths
between 3900-450 cm!. There are six clear groups of bands
registered in the wavelength ranges between 3700-3000, 2950—
-2800, 1750-1500, 1500-1250, and 1200-900 cm" and several
peaks below 900 cm!, respectively. The first group of bands
contains the NH stretching vibration of amide A (3600-
-3450 cm™) overlapped with OH stretching vibration (bounded
water; 3550-3200 cm™). Another group represents the amide
B (3000-2600 cm™) bands overlapped with peaks representing
stretching vibrations of CH, and CH, groups (2950-2800 cm™).
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FIGURE 1. Baseline-corrected and surface-normalized FTIR spectra of pel-
lets over the wavelengths 3900450 cm™ (a), 1750-1500 cm™ (b), 1200~
-900 cm! (c). Black line: control potato pellets; Grey line: pellets with the ad-
dition of 10.0 g/100 g fresh beetroot pulp; Dotted line: pellets with the addi-
tion of 30.0 g/100 g fresh beetroot pulp.

The band between 1750 and 1500 cm' represents am-
ide I and amide II bands centered at 1640 cm (amide I)
and 1540 cm! (amide IT — conformationally sensitive) due
to CO carbonyl stretch with a minor contribution from out-
-of-plane CN stretching vibration, as well as NH bonding
and CH stretching of proteins, respectively. The band between
1350 cm™ and 1200 cm, characteristic of amide III region,
reveals NH in-plane bending coupled with C-N-stretching
and includes CH and NH deformation modes.

Furthermore, the spectral region of polysaccharides
(1200-900 cm™) is characteristic for backbone vibrations
of CO, CN, and CC groups (stretching modes), while
the peak at 994 cm! is sensitive to water content and starch
conformation [van Soest et al., 1995]. Finally, the low in-
tensity peaks in the spectral region below 900 cm belong
to CH out-of-plane bending (900-675 c¢cm), OH bend-
ing (770-650 cm™), and to NH, and H, wagging vibrations
(900-660 cm™). The collective analysis showed an increasing
proportion of water with the increasing fresh beetroot pulp
content in relation to polysaccharides and proteins in the case
of pellets and the opposite in the case of snacks. The analysis
of the region between 2950-2800 cm™! indicated a lower lipid
content in snacks compared to pellets. No major differences
were found related to different screw speeds.

Analysis of the amide I region

Processing variables dependence of the relative composi-
tion of protein secondary structures calculated on the basis
of deconvolution of FTIR spectra in the amide I region are

presented in and 3b show the B-sheet
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FIGURE 2. Baseline-corrected and surface-normalized FTIR spectra of mi-
crowave-expanded snacks over the wavelengths 3900-450 cm! (a), 1750~
-1500 cm™ (b), 1200-900 cm™! (¢). Black line: control potato pellets; Grey line:
pellets with the addition of 10.0 g/100 g fresh beetroot pulp; Dotted line: pel-
lets with the addition of 30.0 g/100 g fresh beetroot pulp.
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content of pellets and RTE snacks, respectively, while
the B-turn content of the pellets and expanded snacks is pre-
sented in and 3d, respectively. In addition, the ran-
dom coil content of the pellets and snacks evaluated by FTIR
analysis is shown in and 31, respectively.

As shown by the analysis of protein structure by de-
convolution of amide I band, B-sheet was the main protein
structure in the control sample, in the dried beetroot pulp,
as well as in the examined pellets and snacks. Protein frac-
tions in the control sample (not subjected to the extrusion

process) containing potato flakes, potato grits, and starch
had 8+0.07% of B-turn, 20+0.18% of a-helix, 55+0.50%
of B-sheet, and 17+0.16% of random coil structures. In con-
trast, dried beetroot protein contained 8=0.06% of p-turn, no
a-helix, 90+0.63% of p-sheet, and 1.7+0.01% of random coil
structures. No a-helix structure was found in the samples re-
gardless of screw rotation speed and additives — apart from
the pellets containing 30.0 g/100 g of fresh beetroot pulp pro-
cessed at 60 rpm where its content reached 13.6=0.01%. This
phenomenon can be attributable to the extrusion-cooking
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FIGURE 3. Processing variables dependence of relative composition of protein secondary structures calculated on the basis of deconvolution of FTIR

spectra in the amide I region: a) p-sheet content of pellets, (b) B-sheet content of snacks, (¢) B-turn content of pellets, (d) B-turn content of snacks,
(e) random coil content of pellets, (f) random coil content of snacks.
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process, which caused the disappearance of the a-helix struc-
ture. At this point, the extrusion process induced an ordering
of the protein molecular structure. It should, however, be not-
ed that strong interactions between neighboring a-helices can
also produce an increase in the absorption region characteris-
tic of the B-sheet structure.

The formed pellets contained between 8.2 and 16.4%
of B-turn, and no a-helix (apart from above-mentioned
sample), between 46.7 and 75.1% of B-sheet, as well as be-
tween 16.8 and 37.7% of random coil protein structures. In-
terestingly, the highest content of B-sheet was determined for
the samples characterized by a relatively high beetroot pulp
content (7.5 and 10.0 g/100 g) processed at all the applied
screw speeds. This was accompanied by the highest B-sheet
content (between 27.4% (60 rpm), 37.7% (80 rpm) and 35.9%
(100 rpm)). Generally, an increase in the content of B-turn
and B-sheet protein fractions was observed at the expense
of random coil structure, indicating that the protein struc-
ture underwent some form of ordering as the molecular in-
teractions in the proteins intensified. Therefore, the addition
of fresh beetroot pulp resulted in an increase in the p-sheet
structure content (the most stable protein structure). The pel-
lets produced at the screw speed of 80 rpm had the highest
content of B-sheet structure (from 46.7% to 75.5% in the con-
trol, and 61.5% on average in the pellets containing beetroot
pulp) as compared to 60 rpm (from 47.5% in the control to
68.4% in the sample containing 7.5 g/100 g of fresh beetroot
pulp; 58.2% on average in the pellets with beetroot pulp),
and 100 rpm (from 50.5% in the control to 73.3% in the sam-
ple containing 10.0 g/100 g of fresh beetroot pulp; 58.5%
on average in the pellets with beetroot pulp). Interestingly,
the pellets containing between 5.0 and 10.0 g/100 g of fresh
beetroot pulp had the highest fraction of this structure.

Our research indicated that the snacks contained less
random coil protein structure and a little bit more of B-turn
and B-sheet structure proteins, as compared to the not ex-
panded pellets. This outcome points to the additional re-
structurization of the protein backbone. The microwave-ex-
panded snacks contained between 12.6% and 14.4% of B-turn
proteins, no a-helix structures, as well as between 49.8%
and 67.7% of B-sheet and between 18.7 and 36.7% of random
coil structure proteins. The ranges of the fractions represent-
ing protein structures of the snacks were also narrower. This
result additionally indicates that microwave radiation result-
ed in greater protein stabilization. Although from the statis-
tical point of view it was not relevant, the highest fraction
of B-structures was found for 80 rpm of all the tested sam-
ples. The highest fraction of B-structures reached 66.8% for
the snack containing 7.5 g/100 g of beetroot pulp. Simultane-
ously, the smallest fraction of random coil was observed for
the above-mentioned screw speed. Such a result may be due
to a relatively long time of production/extrusion in the case
of 60 rpm and an increased temperature of the extrusion pro-
cess in the case of 100 rpm screw speed.

Finally, the highest fraction of B-structures and the smallest
content of random coil structure were determined when 80 rpm
was applied during processing, which proves it to be the most
efficient screw speed in the processing of fresh beetroot supple-
mented-snack pellets. Hence, these samples were subjected to

the chemical composition analysis to evaluate the nutritional
properties of snacks supplemented with fresh beetroot pulp.

Analysis of starch conformation

FTIR spectra in the region between 945 and 1195 cm™! can
be used to obtain information about starch structure [Meziani
etal.,2011]. This part of the spectra represents COH bending
and CH, related modes (1077, 1047, 1022, and 994 cm™) as
well as CO and C-C stretching modes (1150 cm™). In addi-
tion, a peak at 994 cm'! is sensitive to water content and starch
conformation [van Soest et al., 1995].

The absorbance intensity ratio (R) equal to I (1047 cm™)/
I (1022 cm™) is frequently used as an indicator of the orga-
nization of different types of starch components [Hernin-
dez-Uribe et al., 2010; Meziani et al., 2011; Smits et al.,
1998]. A high value of this ratio shows preponderance
of the crystalline conformation over the amorphous con-
formation. This in turn indicates that starch has a strong
tendency for retrogradation [Smits et al., 1998]. Addition-
ally, in the region of 950-1200 cm™ of FTIR spectra, starch
shows sensitivity to the polymer conformation and hydration
[Btaszczak et al., 2005]. In addition, the crystalline and amor-
phous zones of the starch are characterized by bands at
1047 cm™ and 1022 cm, respectively [Hernandez-Uribe
etal., 2010].

The absorbance intensity ratio (R) of the pellets and ex-
panded snacks supplemented with fresh beetroot pulp is pre-
sented in and b, respectively. As indicated, the R value
for the control blend before the extrusion-cooking was 0.68.
In the case of pellets, the minimum value of R (0.64) was
noted for the samples with 30.0 g/100 g of fresh beetroot
pulp in the recipe when extruded at 100 rpm. In contrast,
the maximum value (0.71) was determined for half-products
with 10.0 g/100 g of vegetable additive processed at the screw
speed of 80 rpm. After microwave treatment, the R value
of the snacks decreased when compared to the results before
expansion. The range of its values for the expanded snacks
was from 0.60 (the samples with 7.5 g/100 g of beetroot pro-
cessed at 60 rpm) to 0.65 (the control expanded snack ex-
truded at the screw speed of 80 rpm).

In analyzing gluten-free cake, Fetouhi er al. [2019] ob-
tained the R-ratio between 0.6 and 0.8 and concluded that its
high values indicated a high tendency of starch for retrogra-
dation [Fetouhier al., 2019].

Analysis of the absorbance intensity ratio (R) shows
a strong starch retrogradation ability for pellets as compared
to snacks, with the most pronounced effect demonstrated at
the screw speed of 80 rpm. This might have been due to a rel-
atively longer time of production/extrusion when a low screw
speed was applied and to an increased temperature of the ex-
trusion process if the 100 rpm was used due to high friction
and shear forces. On the other hand, starch of snacks showed
much lesser tendency for retrogradation, which was the most
visible at the screw speed of 60 rpm.

Chemical composition

Based on the results of physical, textural, and structural
characteristics, the extruded pellets and microwave-expand-
ed snacks processed at 80 rpm - chosen as the optimum
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screw speed — were tested for their chemical composition.
The control blend of potato components before extrusion
had a protein content of 4.72+0.22 g/100 g, a fat content
of 0.17=0.02 g/100 g, an ash content of 1.87+0.02 g/100 g,
an insoluble dietary fiber content of 2.19=0.14 g/100 g, a sol-
uble dietary fiber content of 3.75=0.15 g/100 g, and the to-
tal dietary fiber content at 5.94+0.16 g/100 g. The chemical
composition of the pellets and expanded snacks supplement-
ed with fresh beetroot pulp processed at 80 rpm is presented
in .

In the extruded pellets, supplementation with the fresh
beetroot pulp up to 10.0 g/100 g resulted in a lower protein
content as compared to the control blend before extrusion.
However, no significant (p>0.05) differences were observed
in the protein content of the extruded pellets supplemented with
0-10.0 g/100 g of the pulp. When the fresh beetroot pulp was
used at 20.0 and 30.0 g/100 g, the protein content was signifi-
cantly (p<0.05) higher ( ). Based on the PCA of the sam-
ples extruded at 80 rpm screw speed ( ), a negative
correlation was found between the protein content and the fat
content (vectors’ position on opposite sides of the layout
and a-angle <90°) in the pellets with Pearsons’ coefficient at
r=-0.57, while a positive correlation was noticed between
the protein content and contents of the remaining compo-
nents of the chemical composition (vectors’ position on
the same side of the layout), with the correlation coefficient
indicating a strong relation between protein content and ash
contents (r=0.98).

Among the snacks expanded by the microwave treat-
ment, there was an increase in protein content with the in-
creasing addition of fresh beetroot pulp. However, a signifi-
cant (p<0.05) difference as compared to the control sample
was determined only at 20.0 and 30.0 g/100 g of fortification
level. The PCA ( ) results showed a negative cor-
relation between the protein content in the expanded snacks
and the fat content and insoluble dietary fiber content due
to the positions of vectors for these features, as confirmed
also by Persons’ coefficients (r=-0.53 and r=-0.83, respec-
tively). Similarly to pellets, a positive correlation was shown
between the protein content and ash (r=0.97) and soluble

a)

M - (68
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dietary fiber (r=0.83) contents of the microwaved snacks.
No significant effects of the extrusion-cooking processing
variables or the addition of beetroot pulp on the fat content
of the pellets were noticed. However, a negative correlation
was found between the fat content and the soluble dietary fi-
ber (r=-0.80) and the total dietary fiber (r=-0.60) contents
in the pellets. In starch-rich extrudates in general, proteins act
as diluents and reduce expansion due to their ability to affect
water distribution in the matrix, and also because their mac-
romolecular structure and conformation affect the rheologi-
cal properties of extruded blends. Proteins also contribute to
the formation of extensive networking through covalent links
and electrostatic interactions that take place during the extru-
sion-cooking [Aguilar-Palazuelos ef al., 2012]. This explains
the negative correlation demonstrated between VEI and pro-
tein content in our study.

The microwave-expanded snacks with the addition
of a minimum of 5.0% fresh beetroot pulp contained signifi-
cantly (p<0.05) less fat than the control snacks. Additionally,
there was a significant correlation between contents of both
fiber fractions and the fat content in RTE snacks. The char-
acter of correlation was positive for the insoluble dietary fiber
(r=0.59) and negative for the soluble dietary fiber (r=-0.57).
The lower fat content in the expanded snacks could be due
to the formation of protein-starch-fat complexes during ther-
mal treatment both under extrusion-cooking and microwave
conditions. Therefore, it may be concluded that every ther-
mal treatment can successfully reduce fat content to produce
low-fat snacks. Ruiz-Armenta ez al. [2019] found a similar ten-
dency for lowering fat content in both pellets and microwave-
-expanded snacks, and the differences they observed were sig-
nificant (e.g., 1.50-2.47% for unprocessed material, 0.28-1.10%
for pellets, and 0.26-0.46% for RTE product). In turn, Lisiecka
& Wojtowicz [2021] found a much higher fat content in fried
snacks supplemented with beetroot pulp, ranging from 22.27 to
30.76 g/100 g, and concluded that fresh beetroot inclusion up
to 30.0 g/100 g only slightly affected the fat content in the final
puffs. Using the microwave treatment to expand snack pellets
allowed achieving low-fat snacks, which is a nutritionally ben-
eficial way to limit fat intake in the human diet.
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FIGURE 4. Absorbance intensity ratio R (-) of extruded pellets (a) and microwave-expanded snacks (b) supplemented with fresh beetroot pulp

and processed at various screw speeds.
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and/or skimmed milk powder, through 0.83 to 1.88% for pel-
lets, and t0 0.78 to 1.75% for expanded products depending on
the recipe variant. The high dietary fiber content of the snacks
supplemented with fresh beetroot pulp means that they could
be labelled as “high fiber products” according to the Euro-
pean Regulation (more than 6 g/100 g of fiber) [Regulation
(EC) No 1924/2006, 2006].

PCA results

and 5c present variables for pellets and snacks, re-
spectively (position of the load vectors in relation to the first two
principal components). The distance and location of the stud-
ied properties between each other indicates the type of corre-
lation between features (positive or negative — depending on

the position of vector in an adequate square on graph and a-angle
value). The position of vectors at the same part of the layout
and an a-angle below 90° indicate a positive correlation, where-
as opposite location of vectors indicate a negative correlation.
In addition, together with the PCA, a correlation matrix was
generated between the tested features showing the exact Pear-
sons’ correlation coefficients cited in the manuscript. Approxi-
mately 74% of all the variance in the pellets data was explained
by the first two principal components, PC1 (54.58%) and PC2
(19.14%). PC1 was strongly positively correlated with B-sheet
protein and fat contents and strongly negatively correlated with
random coil structure content, as well as with other components
of chemical composition. In addition, PC2 was strongly posi-
tively correlated with R ( ). After placing the samples
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FIGURE 5. Principal component analysis (PCA) of extruded pellets (a) and expanded snacks (b) processed at 80 rpm, as well as objects characteris-
tics of pellets (c) and snacks (d) in the space of the first two principal components (PC1 and PC2); 0-30.0 - content of fresh beetroot pulp (g/100 g).
WAL - water absorption index; WSI — water solubility index; BD — bulk density; VEI — volumetric expansion index; H — hardness; CR - crispness;
FR - fracturability; B-sheet — B-sheet content; B-turn — B-turn content; Random — random coil structure; R — absorbance intensity ratio; Protein — pro-
tein content; Fat — fat content; Ash — ash content; Insoluble fiber — insoluble dietary fiber content; Soluble fiber — soluble dietary fiber content; Total

fiber — total dietary fiber content.
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in the space of the first two components ( ), they dif-
fered from each other depending on beetroot pulp content.
Significant differences can be observed between the pellets with
20.0 g/100 g and higher fresh beetroot pulp contents and those
with lower pulp contents. From this plot, it can be concluded
that the first principal component describes the system variabil-
ity and determines the level of the additive in the pellets. In turn,
in RTE snacks analysis, the first principal component (PC1)
explained 43.01% of the total variance in the results and was
strongly positively correlated with protein, ash, and soluble fi-
ber contents as well as with random coil values, and negatively
with WAL, fat content, insoluble fiber content, R ratio values,
expansion index, and fracturability. What is more, the second
principal component (PC2) explained 24.50% of the total vari-
ance of the results and was strongly negatively correlated with
B-turn protein content, WSI, and hardness ( ). Plac-
ing the supplemented expanded snacks in the space of the ex-
amined principal component ( ) showed, in general,
increasing differences between the samples as the fresh beetroot
pulp amount increased, while some similarity was observed
for the samples with the beetroot pulp content ranging from
10.0 to 30.0 g/100 g. From this graph, it can be concluded that
the first principal component describes the system variability
and determines the parameter of the fresh beetroot pulp content
in the microwave-expanded snacks.

When assessing correlations of chemical composition
and physical properties of the pellets and snacks by the PCA,
it was shown that WAI of the pellets was negatively correlated
( ) with the content of soluble fiber, with a correla-
tion coefficient at r=-0.60. In our research, a negative correla-
tion was noticed between the WAI value and protein content
(r=-0.60), soluble dietary fiber content (r=-0.52), and ash
content (r=-0.55) of the snacks. In turn, a positive correla-
tion ( ) was noticed between the WAI and fat content
(r=0.79), insoluble dietary fiber content (r=0.66), and WSI
(r=0.62) of the snacks. Additionally, PCA and correlation co-
efficients calculated showed the WSI of pellets was positively
correlated ( ) with their contents of protein (r=0.65),
ash (r=0.67), soluble dietary fiber (r=0.73), and the to-
tal dietary fiber (r=0.56), and negatively correlated with
their fat content (r=-0.67). Our work confirmed the change
in the crystallization of starch after processing of both ex-
truded and microwaved samples as compared to native starch
granules ( , respectively).

PCA and correlation coefficients calculated for the snacks
showed that their bulk density was negatively correlated
( ) with their content of random coil protein frac-
tion (r=-0.87), and positively correlated with B-sheet pro-
tein fraction (r=0.93). While VEI was positively correlated
with WAI (r=0.68), fat content (r=0.76), insoluble dietary
fiber content (r=0.70), and fracturability (r=0.80). Addition-
ally, VEI was negatively correlated with contents of protein
(r=-0.86), ash (r=-0.80) and soluble dietary fiber (r=-0.69).
Hardness was only positively correlated with B-turn protein
fraction (r=0.80), WSI (r=0.67), protein content (r=0.64),
ash content (r=0.60), and soluble dietary fiber content
(r=0.70). Crispness was positively correlated with R-ratio
of starch (r=0.96), WAI (r=0.66), WSI (r=0.72), and frac-
turability (r=0.84), and negatively correlated with random

coil structure content (r=-0.63). Fracturability was negatively
correlated with protein content (r=-0.62) and positively cor-
related with R-ratio of starch (r=0.76), WAI (0.77), fat con-
tent (r=0.82), and insoluble dietary fiber content (r=0.59).
The structure analysis of pellets and expanded snacks
made by FTIR was also analyzed by PCA as the function
of two main variables and correlation coefficients calculated,
and was connected with the chemical composition as well
as physical properties of the tested samples. We noted that
the B-sheet content of pellet proteins was negatively corre-
lated with B-turn (r=-0.71), random coil (r=-0.98) protein
structure, the total protein content (r=-0.80), ash (r=-0.76),
insoluble, soluble and total dietary fiber (r=-0.62, r=-0.60,
and r=-0.69, respectively), while positively correlated with
fat content (with r=0.64) in semi-products ( ).
The B-sheet of microwave-expanded snack proteins was
only negatively correlated ( ) with the random coil
structure, with Pearsons’ correlation coefficients expressed
as r=-0.98 and with soluble dietary fiber content (r=-0.60),
and positively correlated with bulk density (r=0.92) and crisp-
ness (r=0.52). Moreover, the pellet protein B-turn fraction
was positively correlated with random coil structure (r=0.57),
protein content (r=0.72), and content of insoluble dietary fi-
ber (r=0.69), while the p-turn protein fraction of the micro-
waved snacks was positively correlated with WSI (r=0.72)
and soluble dietary fiber content (r=0.52), hardness (r=0.80)
and crispness (r=0.54) of snacks, and negatively correlated
with BD (r=-0.59). The pellet protein random coil structure
was correlated with all chemical components, but the stron-
gest correlation was found between random coil structure
and protein (r=0.75) and total dietary fiber (r=0.75) con-
tents. In the case of expanded snacks supplemented with fresh
beetroot pulp, random coil structure was positively correlated
only with soluble dietary fiber content (r=0.52) and nega-
tively with BD (r=-0.87), crispness (r=-0.63) and fractur-
ability (r=-0.58). In turn, the R ratio of pellets was positively
correlated with WSI (r=0.54) and negatively correlated with
insoluble dietary fiber content (r=-0.58). Moreover, the R
of the microwave-expanded snacks was positively correlated
with WAI (r=0.70), WSI (r=0.68), B-sheet protein fraction
(r=0.55), crispness (r=0.96), and fracturability (r=0.76), but
negatively with random coil structure content (r=-0.64).
Hence, the application of PCA provided an overall view
of the correlations between all the tested features of newly devel-
oped pellets and snacks supplemented with fresh beetroot pulp
and identified the main components important in quality analy-
sis of extruded pallets and microwave-expanded low-fat snacks.

CONCLUSIONS

Selected physical properties as well as texture and struc-
ture parameters were analyzed for both extruded snack pellets
and microwave-expanded snacks. The use of fresh beetroot
pulp in RTE snacks caused a reduction in their volumetric ex-
pansion due to increased contents of dietary fiber and protein
instead of starch. The addition of vegetable pulp also resulted
in the stabilization of the protein backbone structure, which
was expressed by a decrease in random coil structure and an
increase in B-turn protein fraction. Interestingly, the ranges
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of the fractions representing protein structures in the snacks were
narrower than those observed for the pellets by FTIR analysis.
This indicates that microwave treatment also resulted in great-
er protein stabilization. The highest content of B-structure
protein fraction and the smallest content of random coil was
observed if 80 rpm screw speed was applied during pellet pro-
cessing. In the microwave-expanded snacks supplemented with
beetroot, an increase in the fresh vegetable pulp addition raised
the protein content. Moreover, the addition of 5.0 g/100 g and
more of fresh beetroot pulp as a starch substitute significantly
reduced the fat content in the snacks compared to the potato
control sample. We found that the extrusion-cooking caused
an increase in the insoluble dietary fiber content and WAI
in the obtained pellets, but the microwave treatment reduced
the value of this parameter and increased insoluble dietary fiber
content in the final RTE snacks compared to the semi-products.
The highest fraction of p-structures and the smallest content
of random coil were observed when 80 rpm was applied during
processing, suggesting this screw speed to be the most efficient
in processing fresh beetroot pulp-supplemented snack pellets.
The use of a fresh beetroot pulp as an additive in microwave-
-expanded snacks made it possible to obtain products with an
increased amount of fiber and a reduced fat content as an at-
tractive and healthy alternative to deep-fried snacks. Moreover,
application of fresh beetroot in extruded products allows mini-
mizing the technological water and energy consumption due to
the omission of beetroot drying step.
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Pear (Pyrus communis L.) is consumed as fresh fruit, in numerous food products, and also used as a traditional remedy in various countries, includ-
ing Serbia. In search of bioactive compounds, six traditional pear varieties (‘Vidovaca’, ‘Lubenicarka’, ‘Karamanka’, ‘Jeribasma’, ‘Loncara’, ‘Takisa’)
and wild pear from Serbia were investigated and compared with a commercial variety (‘Williams Bartlett’). The aim of this study was to determine
the total phenolic and flavonoid contents, phenolic composition, antioxidant capacity, and antineurodegenerative activities of methanolic extracts
of peel, flesh, and mixed peel and flesh of pear fruits. Phenolic composition of extracts was determined with HPLC-DAD, while the antioxidant activ-
ity of extracts was evaluated by 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), and ferric-
-reducing antioxidant power (FRAP) assays. Bearing in mind that oxidative stress is closely linked to neurodegeneration, the antineurodegenerative
potential of the extracts was assessed by the inhibition of acetycholineserase (AChE) and tyrosinase (TYR) activities. The extracts of traditional
varieties, particularly peel extracts, had a high content of phenolics, as well as significant antioxidant and moderate antineurodegenerative potential,
compared to the commercial variety. The highest contents of total flavonoids and individual compounds, such as arbutin and chlorogenic acid, as well
as the strongest antioxidant and TYR inhibitory activities were reported for the “Takisa’ peel extract. The performed analyses have revealed that fruits
of traditional Serbian pear varieties are rich in bioactive components and could be used as functional food and for possible nutraceutical applications,
to prevent diseases induced by oxidative stress.

ABBREVIATIONS

TPC, total phenolic content; TFC, total flavonoid con-
tent; DPPH, 2,2-diphenyl-1-picrylhydrazyl;, ABTS, 2,2’-azi-
no-bis(3-ethylbenzothiazoline-6-sulfonic acid); FRAP,
ferric-reducing antioxidant power; BHA, 2(3)-tert-butyl-
-4-hydroxyanisole; BHT, 3,5-di-tert-butyl-4-hydroxytoluene;
TPTZ, 2,4,6-tripyridyl-s-triazine; L-DOPA, 3,4-dihydroxy-
-L-phenylalanine; AAE, ascorbic acid equivalents; DTNB,
5,5’-dithiobis(2-nitrobenzoic acid); AChE, acetylcholinester-
ase; TYR, tyrosinase; HPLC-DAD, high-performance liquid
chromatography with diode array detection.
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INTRODUCTION

Pear (Pyrus communis L.), belonging to the Rosaceae
family, is one of the most widespread fruits in the world.
It is the fifth most produced fruit worldwide, but, despite over
3000 pear cultivars, there are only a few dozen globally pro-
duced pear varieties [Brahem et al., 2017]. Because of their
desirable taste and good digestibility, pears are widely con-
sumed as fresh or dry fruits, juices, and numerous products.

The pear has been used as a traditional remedy in Chi-
na for more than 2000 years [Li ef al., 2012, 2014; Reiland
& Slavin, 2015], and also in Ancient Greece [Parle & Ar-
700, 2016]. Ethnobotanical surveys of the traditional use
of P communis L. fruit have shown similar usability of pear
for consumption and medicinal purposes (against hyperten-
sion, diabetes, high cholesterol, constipation, as uroseptic,
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antirheumatic, for body mass reduction) also in the Balkan
region [Daji¢-Stevanovi¢ et al., 2014; SaviC et al, 2019].
Several previous studies investigated fruits, their nutritional
components, and bioactivities of flesh and peel of differ-
ent pear varieties grown worldwide [Kolniak-Ostek, 2016;
Kolniak-Ostek et al., 2020; Li at al., 2014, 2016b; Liaudan-
skas et al., 2017; Oztiirk et al., 2015; Reiland & Slavin 2015;
Salta et al., 2010; Sharma et al., 2015]. Additionally, several
investigations proved that, besides fruit, each part of the pear
tree (leaves, bark, root) possesses phenolics with notable an-
tioxidant activities [Carbonaro ef al., 2002; Imeh & Khokhar,
2002], providing numerous health benefits [Kolniak-Ostek,
2016; Ozturk et al., 2015; Parle & Arzoo 2016].

The health-promoting, nutritional, and sensorial quality
of the pear fruit is influenced by the pear species and vari-
ety from which it originates. Chemical composition analyses
of pear fruits have demonstrated that they represent essential
sources of sugars, vitamins, amino acids, minerals, phenolics,
organic acids, and other chemical constituents important for
human nutrition and health boosting [Li et al., 2012, 2014;
Salta et al., 2010]. Phenolics in the pear fruit contribute to its
sensory quality and are strongly linked to many health ben-
efits and antioxidant activity [Brahem et al., 2017]. Phenolic
compounds are more concentrated in the peel of the fruit,
compared to flesh [Brahem et al., 2017; Li et al., 2014; Kol-
niak-Ostek, 2016].

The studies of chemical composition of pear fruit revealed
the presence of phenolics, such as arbutin, (-)-epicatechin,
quercitrin, isoquercitrin, kaempferol, astragalin, tannins, as well
as triterpenoids including friedelin, squalene, sterols, and sapo-
nins [Kaur & Arya, 2012; Kolniak-Ostek, 2016; Liaudanskas
et al., 2017; Sharma et al., 2015]. Phenolic acids (chlorogenic,
syringic, ferulic, and coumaric acids) [Lin & Harnly, 2008; Salta
et al., 2010; Sharma et al., 2015], organic acids (malic, citric,
and shikimic acids), as well as vitamins C and E were also de-
tected in pear fruits [Kolniak-Ostek, 2016; Oztiirk ez al., 2015].

Methanol is commonly used to extract phenolics from
fruit parts [Chel-Guerrero et al., 2018]. The chemical anal-
yses performed by Li e al. [2012] and Oztiirk et al. [2015]
revealed that methanolic extracts of pear fruit contained phe-
nolic compounds, such as chlorogenic acid, arbutin, (+)-cat-
echin, and (-)-epicatechin, followed by quercetin and rutin,
predominantly in the peel. In addition to a high content
of the phenolics, the peel is an excellent source of triterpe-
noids [Kolniak-Ostek, 2016; Li et al., 2014].

The phenolic compounds are well known for their antioxi-
dant activity. The antiviral activity of specific flavonoid groups,
such as flavanones, flavonols, and catechins, has also been
reported against various viral strains, as well as SARS-CoV
and MERS-CoV, which suggests that functional food has
a huge potential to strengthen the immune system and provide
treatment for the ongoing epidemic of COVID-19 [Adem et al,
2020]. Besides, phenolic compounds of various fruits can play
a beneficial therapeutic role in the treatment of oxidative stress-
-induced neurodegenerative disorders, such as Alzheimer’s dis-
ease and Parkinson’s disease [Wilson ez al., 2017].

The aim of the present study was to evaluate and compare
the total phenolic and flavonoid contents, the phenolic com-
position, as well as the antioxidant and antineurodegenerative

activities of methanolic extracts of peel, flesh, and mixed peel
and flesh of six traditional and rare pear varieties from Serbia
(‘Vidovaca’, ‘Lubenicarka’, ‘Karamanka’, Jeribasma’, ‘Loncara’,
and ‘Takisa’), and wild pear, and comparing them to one com-
mercial variety (‘Williams Bartlett’). Additionally, the correlations
were established between the content of phenolics and flavonoids
and bioactivities tested. The mentioned pear varieties have never
been studied before for chemical composition and bioactivities,
hence they were subjected to detailed analyses.

MATERIALS AND METHODS

Chemicals

Ascorbic acid, gallic acid, 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH"), 2,2-azino-bis(3-ethylbenzothiazoline-6-
-sulfonic acid) diammonium salt (ABTS), 2(3)-tert-butyl-
-4-hydroxyanisole (BHA), 3,5-di-tert-butyl-4-hydroxytoluene
(BHT), 2,4.,6-tripyridyl-s-triazine (TPTZ), potassium acetate
(C,H,KO,), potassium-persulfate (K,S,0,), dimethyl sulfox-
ide, aluminum nitrate nonahydrate (AI(NO,),x9H,0), Folin-
-Ciocalteu reagent, sodium acetate (CH,COONa), sodium
carbonate anhydrous (Na,CO,), iron(Ill) chloride (FeCl,),
iron(I) sulfate heptahydrate (FeSO,x7 H,0), sodium phos-
phate monobasic (NaH,PO,), sodium phosphate dibasic
(Na,HPO,), 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB),
acetylcholine iodide, acetylcholinesterase from Electrophorus
electricus (AChE), galanthamine hydrobromide from Lycoris
sp., tyrosinase from mushroom, kojic acid, 3,4-dihydroxy-
-L-phenylalanine (L-DOPA), rutin hydrate (94%, HPLC),
chlorogenic acid (95%, titration), hyperoside (97%, HPLC),
arbutin (96%, HPLC), isoquercitrin (90%, HPLC), procyani-
din B, (290%, HPLC) and procyanidin B, (>90%, HPLC),
formic acid (98-100%), and acetonitrile (99.8%) were pur-
chased from Sigma Aldrich (St. Louis, MO, USA). Other
used chemicals, such as ethanol, methanol, glacial acetic acid,
and hydrochloric acid, were purchased from Zorka Pharma,
Sabac (Serbia). Quercitrin (98.5%, HPLC) was purchased
from Extrasynthese (Genay, France). Water was deionized us-
ing a MilliQ system (Millipore, Bedford, MA, USA).

Plant material

Fruits of eight different pear varieties were analyzed in this
study ( ). Among them, six are traditional varieties
from organic production: ‘Vidovaca’, ‘LubeniCarka’, ‘Kara-
manka’, ‘Jeribasma’, ‘Takisa’, ‘Loncara’ (from the hoods
in central Serbia — Sumadija region), wild pear was collected
from southwest Serbia, while fruits of commercial variety “Wil-
liams Bartlett’ were purchased at a local market. Fruits were
sampled in 2016, at their optimal ripening stage recommend-
ed for consumption (from July till October). The collected
material was stored at -20°C until the extracts preparation.

The fruit sizes varied between varieties: from approxi-
mately 20-25 g (wild pear and ‘Takisa’); 30-50 g (‘Vidovaca’
and Lubenicarka); 120-220 g (‘Williams Bartlett’, ‘Karaman-
ka’, Jeribasma’) to 220-280 g (‘Loncara’). In the case of small-
er fruits (wild pear, “Takisa’, ‘Vidovac¢a’ and ‘Lubenicarka’),
4-10 fruits were used for the extraction; and in the case
of the larger ones (‘Williams Bartlett’, ‘Karamanka’, ‘Jeribas-
ma’, ‘Loncara’), 1-2 fruits were used.
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Preparation of extracts

Before extracts preparation, the frozen fruits were
peeled (skin thickness approx. 0.5 mm) for the peel sample,
and mashed in the jar. The mixed peel and flesh, and pure
flesh samples were cut into cubes (1 cm?®) and separately
homogenized using a laboratory blender (No. 8010ES, War-
ing® Laboratory Science, Torrington, CT, USA). The pear
extracts were prepared using methanol as followed: 10 g
of peel were extracted with 10 mL of methanol; 30 g of flesh
were extracted with 30 mL of methanol, and 30 g of peel
and flesh were extracted with 30 mL of methanol. The extrac-
tions of the material were performed three times, every 24 h
for 72 h at room temperature. The obtained liquid extracts
were mixed and filtered (Whatman No.1) and subsequently
concentrated under reduced pressure (rotavapor R-114, BU-
CHI Labortechnik AG, Flawil, Switzerland). Yields of crude
extracts were calculated and dry extracts were subsequently
stored at +4°C. Stock solutions were prepared in methanol
in a concentration of 1 mg/mL freshly before experiments.

Determination of total phenolic content

The total phenolic content of pear extracts was mea-
sured spectrophotometrically [Singleton & Rossi, 1965]
with slight modification. The reaction mixture containing
0.2 mL of the extract in concentration of 1 mg/mL, 1.0 mL of
10% Folin-Ciocalteu reagent, and 0.8 mL of 7.5% Na,CO, were
incubated for 2 h, at room temperature in the dark. Distilled
water was used as a blank, while control was prepared to con-
tain the distilled water instead of the sample. Absorbances
were recorded using a JENWAY 6305UV/Vis spectrophotom-
eter (Jenway® Equipment for Analysis, Staffordshire, UK)
at 740 nm. The phenolic content in extracts was determined
using gallic acid as a standard and presented as gallic acid
equivalents per gram of dry extract (mg GAE/g dry extract).

Takisa

Vidovaca Lubenicarka

Determination of total flavonoid content

Flavonoid contents of the samples were measured spec-
trophotometrically [Park er al., 1997] with slight modifica-
tion. The reaction mixture contained 1.0 mL of the pear
extract (in the concentration of 1 mg/mL), 0.1 mL of
10% AI(NO,),x9 H,0, 0.1 mL of I M CH,COOK, and 4.1 mL
of 80% ethanol. Control was prepared using 96% ethanol
instead of the extract, while 96% ethanol solution was used
as blank. Absorbances were measured at 415 nm (JENWAY
6305UV/Vis spectrophotometer) after incubation for 40 min
at room temperature. Sample flavonoid concentrations
(mg/mL) were calculated using the standard curve equation,
and expressed as quercetin equivalents per gram of dry extract
(mg QE/g dry extract) from three measurements.

HPLC analysis

Phenolic compounds in the extracts were determined
by comparing the retention times and absorption spectra
(200-400 nm) of unknown peaks with those of pure stan-
dards (arbutin, rutin, chlorogenic acid, isoquercitrin, quer-
citrin, hyperosid, procyanidin B,, procyanidin B,) injected
under the same conditions. The HPLC-DAD analysis was
performed on an Agilent 1200 Series HPLC system (Agilent
Technologies, Palo Alto, CA, USA) equipped with a Lichro-
spher® 100 RP 18e column (5 um, 250x4 mm, Agilent Tech-
nologies, Palo Alto, CA, USA). Mobile phase A was formic
acid in water (1%, v/v) and mobile phase B was acetonitrile.
The concentration of injected extracts varied from 1.5 to
55 mg/mL. The injection volume was 30 L, and flow rate
was 1 mL/min with the gradient program as follows: 5-15% B
0-5 min, 15-20% B 5-8 min, 20% B 8-12 min, 20-30% B
12-15 min, 30% B 15-17 min, 30-35% B 17-20 min, 35% B
20-22 min, 35-100% B 22-25 min. Stop time of the analysis
was 25 min. The column temperature was kept at 25°C during

. Jeribasma
Loncara

Karamanka Williams Bartlett

FIGURE 1. Traditional pear varieties (‘Vidovaca’, ‘Lubenicarka’, ‘Karamanka’, ‘Jeribasma’, ‘Takisa’, ‘Loncara’), commercial variety (‘Williams Bartlett’)

and wild pear.
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separation. The contents of individual phenolic compounds
were expressed as ug/g of dry extract. The samples were ana-
lyzed in triplicate [Savikin ez al., 2014].

Evaluation of antioxidant activity

DPPH assay

A slightly modified DPPH assay was employed [Blois,
1958] in order to evaluate free radical scavenging activity
of the pear extracts. The reaction mixture (2000 uL) con-
taining the pear extract and methanolic solution of DPPH*
(40 ug/mL) was incubated in the dark at room temperature
for 30 min. Ascorbic acid, BHA, and BHT were used as posi-
tive controls (tested at the concentrations from 1-20 ug/mL).
The absorbances were measured using JENWAY 6305UV/Vis
spectrophotometer at 517 nm. Methanol was used as a blank,
while control was prepared to contain methanol instead
of the pear extract/standard. DPPH" scavenging activity was
determined using the following formula:

DPPH" scavenging activity (%) = [(A-A)/A.l x100% (1)

where: A is absorbance of control and A is absorbance
of the reaction mixture. The results were presented as extract
concentration providing 50% inhibition of DPPH* (IC, value,
mg/mL).

ABTS assay

ABTS assay [Miller er al., 1993] with slight modifica-
tions was also employed to evaluate radical scavenging ac-
tivity of the pear extracts. ABTS** stock solution (7 mM)
in 2.46 mM potassium-persulfate was prepared 12 h before
experiment and stored at room temperature in the dark,
and then subsequently diluted by distilled water to ob-
tain a working solution which absorbance at 734 nm was
0.700=0.020. The reaction mixture consisted of 50 uL of ex-
tract (1 mg/mL) or methanolic solutions of BHA and BHT
standards (0.1 mg/mL) and 2000 uL of a working ABTS"*
solution. Distilled water was used as a blank, while control
contained distilled water instead of the sample. After incu-
bation (30 min at 30°C), absorbances were measured using
the JENWAY 6305UV/Vis spectrophotometer at 734 nm.
ABTS"* scavenging activity of the extracts was determined
using ascorbic acid and presented as ascorbic acid equiva-
lents (AAE) per gram of dry extract (mg AAE/g dry extract).

Ferric-reducing antioxidant power (FRAP) assay

In order to prepare FRAP reagent, sodium acetate buf-
fer (300 mM, pH 3.6), TPTZ (10 mM) in HCI (40 mM)
and FeCl,x6 H,0O (20 mM) were mixed in the proportion
of 10:1:1 (Wh/v) and subsequently heated to 37°C before us-
age as previously described [Benzie & Strain, 1996]. Pear
extracts (100 uL in concentration of 1 mg/mL) or positive
controls (ascorbic acid, BHA, and BHT) in the concentra-
tion of 0.1 mg/mL, were added to 3000 L of the FRAP re-
agent. After 4-min incubation at room temperature, absor-
bance of the reaction mixture was measured at 593 nm using
the JENWAY 6305UV/Vis spectrophotometer. Distilled water
was used as a blank, while control was prepared to contain

distilled water instead of the sample. FRAP values were cal-
culated using FeSO,x 7H,O standard curve and expressed as
wmol Fe (IT)/g dry extract.

Antineurodegenerative activity

In the present study, AChE- and TYR-inhibitory effects
of methanolic extracts of eight pear varieties were tested at
concentrations of 25 ug/mL, 50 ug/mL, and 100 pwg/mL.

Inhibition of acethylcholinesterase activity

Acethylcholinesterase (AChE) inhibition by the tested
pear extracts was determined specrophotometrically using
96-well plates [Ellman et al, 1961]. The reaction mixture
(S) was prepared to contain 140 uL of a sodium phosphate
buffer (0.1 M, pH 7.0), 20 uLL of DTNB, 20 uL of a sample-
-buffer solution, and 20 uL of an AChE solution (5 units/mL).
The commercial AChE inhibitor, galanthamine, was used
as a positive control. Control (C) contained sodium buffer
instead of the test sample, while blank (B) did not contain
AChE. The acetylthiocholine iodide solution (10 L) was
added after incubation (25°C, 15 min) to initiate the reaction.
Absorbances were measured at 412 nm using a Tecan Sunrise
SN microplate reader equipped with XFluor4 software (Tecan
Group Ltd., Ménnedorf, Switzerland). The recorded absor-
bances were used to calculate the percentage of inhibition
of AChE according to the formula:

AChE inhibition (%) = [C-(S-B)/C] x 100 2

Inhibition of tyrosinase activity

Inhibition of tyrosinase activity by the pear extracts was
assessed spectrophotometrically using 96-well microtiter
plates [Masuda er al, 2005]. The wells were designed as:
A (containing 120 uL of 0.1 M sodium phosphate buffer,
(pH 7) and 40 nL of tyrosinase (46 U/L)), B (containing only
phosphate buffer), C (containing 80 L of sodium phosphate
buffer, 40 uL of tyrosinase, and 40 nL of the pear extract),
and D (containing 120 pL of phosphate buffer and 40 uL
of the pear extract). Subsequently, 40 uL of L-DOPA was add-
ed and plates were incubated (30 min, 25°C). Absorbances
were measured at 475 nm using the Tecan Sunrise SN micro-
plate reader equipped with XFluor4 software. Kojic acid was
used as a positive control. The recorded absorbances were
used to calculate the percentage of inhibition of TYR accord-
ing to the formula:

TYR inhibition (%) = [(A-B)-(C-D)/(A-B)] x100% )

Statistical analysis

All measurements were performed in triplicate and pre-
sented as the mean+standard deviation. Analysis of variance
(one-way ANOVA) and Tukey’s post-hoc test were carried
out to test the significance of differences among mean val-
ues using PAST (PAleontological STatistics) 3.21. [Hammer
etal., 2001]. Pearson’s correlation coefficients were calculated
between the content of phenolic components and values ob-
tained from different bioactivity assays [Taylor, 1990].
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RESULTS AND DISCUSSION

Extraction yield, and total phenolic and flavonoid
contents of the pear extracts

Extraction yield of mixed flesh and peel extracts varied
from 7.63 to 13.5%, that of flesh extracts from 7.40 to 15.7%,
while that of peel extracts between 8.60 and 13.0% ( ).

Total phenolic content (TPC) and total flavonoid content
(TFC) of the methanolic extracts of peel, flesh, and mixed flesh
and peel samples were evaluated applying frequently used
colorimetric methods (Folin-Ciocalteu and AICI,, respec-
tively), which are described in literature in detail. The HPLC-
-DAD technique was subsequently employed for more precise
quantitative-qualitative analysis of phenolic compounds.

The TPC and TFC of fruit extracts of eight pear varieties
are presented in . The methanolic extracts obtained
from peel, flesh, and mixed flesh and peel showed significantly
(p<0.05) different TPC and TFC for all tested pear variet-
ies. Generally, the results showed that the traditional varieties
‘Loncara’ and ‘Takisa’ had the highest total phenolic contents,
while “Takisa” had the largest amount of total flavonoids.

TPC for the peel samples ranged from 10.7 to 272 mg
GAE/g dry extract for ‘Lubenicarka’ and ‘Loncara’ varieties,
respectively. The TPC of flesh varied from 3.10 mg GAE/g
dry extract (‘LubeniCarka’) to 198 mg GAE/g dry extract
(‘Lonc¢ara’). TPC of mixed flesh and peel extracts varied
from 6.21 to 250 mg GAE/g dry extract with extreme values
for the same varieties as for both peel and flesh. The high-
est values of TPC in flesh and peel separately, and mixed
flesh and peel were determined in the samples of traditional
‘Loncara’ and ‘Takisa’ varieties, while the lowest values —
in ‘Lubenicarka’ and ‘Vidovaca’. Comparing to the traditional
varieties, TPC of wild pear and ‘Williams Bartlett” displayed
the intermediate values. A wide range of variations of TPC
values was observed for the varieties analyzed in this study,
as it was reported for other pear varieties of different origin
[Kolniak-Ostek, 2016; Li et al., 2014].

Lower TPC of European pear fruit extract of 14.5 ug
GAE/g was achieved in the study of Sharma et al. [2015].
Abaci et al. [2016] investigated fruit of ten Turkish pear vari-
eties and concluded that peel (300.1 to 687.2 mg GAE/100 g)
had 2-3 times higher content of phenolic compounds than
flesh (112.6 to 230.5 mg GAE/100 g). Kolniak-Ostek [2016]
found that European pear peel (917.6 mg GAE/100 g dry
matter) had 4 times higher amount of phenolics than flesh
(2342 mg GAE/100 g dry matter). Li et al [2014] pre-
sented results of TPC determination in ten Chinese pear
varieties and showed it was higher in the peel (263.6 to
1121.5 mg GAE/100 g dry weight) than in the flesh. In our
study, peel was 2-3 times, or even 5 times richer in TPC
than flesh, ranging overall from 3.10 mg GAE/g dry extract
(flesh of ‘Lubenicarka’) to 272 mg GAE/g dry extract (peel
of ‘Loncara’). Imeh & Khohar [2002] reported the results
of TPC determination in fruits of four commercial pear va-
rieties (1795 to 2566 mg GAE/100 g dry weight), which dis-
played similar amounts as apple fruit of commercial varieties.

The TFC of eight pear peel extracts ranged from 2.52 to
9.94 mg QE/g dry extract with the lowest and the highest
values determined for “Vidovaca’ and ‘Takisa’, respectively.

TABLE 1. Extraction yield, total phenolic content (TPC), and total flavo-
noid content (TFC) of methanolic extracts of pear varieties.

. Frut | Yield The Tre
Variety ) o (mg GAE/g (mg QE/g
part %) dry extract) dry extract)
flesh+peel 12.3 16.4+0.5%¢ 2.54=0.10
Wild pear flesh 12.0 13.3+0.24 1.93+0.19+0
peel 9.00 27.3+0.4 4.82+0.30
flesh+peel 7.63 94.4+4.0vb 6.03+0.18*
Takisa flesh 7.40 79.5+2.1#0 3.21+0.20%2
peel 9.20 242 +6%0 9.94+0.19
flesh+peel 13.0 250=£7% 1.83+0.11>¢
Loncara flesh 8.40 19877 0.69+0.05%4
peel 10.9 272 4% 3.16+0.15%
flesh+peel 9.10 10.10.1% 1.36+0.07+¢
Jeribasma flesh 12.1 3.78+0.05%¢  1.2220.09%¢
peel 8.60 23.2£0.7%¢ 2.73%0.13xd
flesh+peel 11.1 6.56+0.33%¢  1.87=0.11%
Vidovaca flesh 15.7 5.39+0.06%¢  1.32+0.08
peel 12.7 14.4+0.1% 2.52+0.07
flesh+peel 13.5 6.21+0.09¢  2.69+0.16%°
Lubenicarka flesh 9.52 3.10+0.02%¢  1.72=0.01%°
peel 11.3 10.70.1%4 4.30+0.09+¢
flesh+peel 11.4 8.45x0.49%¢  (0.98x£0.03%d
Karamanka flesh 11.3 45102474 0.46=0.06%¢
peel 13.0 21.1£0.9%¢  2.98+0.19+¢
flesh+peel 9.40 10.10.1%¢ 1.07+0.83x¢
Williams flesh 107 3780054 0.70=0.00-
Bartlett
peel 10.9 23.2+0.7%¢ 2.57+0.10%¢

Within each pear variety, mean values with different superscript letters ®»
differ significantly; for each fruit part separately, mean values with differ-
ent superscript letters @9 differ significantly between varieties (one-way
ANOVA, Tukey’s post hoc; p<0.05). The superscript letters are assigned
to show values in the descending order, where ® and @ present the highest
values. GAE - gallic acid equivalents; QE — quercetin equivalents.

TFC of the flesh extracts ranged from 0.46 to 3.21 mg QE/g
dry extract for ‘Karamanka’ to ‘Takisa’, and that of the mixed
flesh and peel extracts ranged from 0.98 to 6.03 mg QE/g dry
extract with the extreme values noted for the same varieties.
Liet al. [2014] analyzed TFC of ten pear fruit extracts of Chi-
nese varieties and results showed that TFC was 6-20 times
higher in the peel (281.2 to 1682.7 mg rutin/100 g) than
in the flesh. In turn, Sharma et al. [2015] recorded 10.30 ug
catechin equivalents/mg in the sample of European pear fruit
extract. As many researchers reported, pears contain high
amounts of phenolics, including flavonoids, in the whole fruit,
flesh, and especially in the peel. Brahemer al. [2017] presented
the phenolic profile of peel and flesh crude extracts, and noted
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TABLE 2. Content of individual phenolics in methanolic extracts of pear varieties (ug/g dry extract).

Variety l;raurltt Arbutin Chl(;rc?genic Rutin Hyperoside | Isoquercitrin | Quercitrin Proc}]/; nidin PrOC}];aQnidin
flesh+peel 485204 22110 tr tr 20.7+5.05%  100=6% 950404 213107
Wild pear flesh 69531 61.2+4.8% tr tr 8.01+1.03%>  92.8+4.6v¢  972+58w 275+ 14x0
peel 555+29%  25.8+4.0% tr 38.4+2.1¢ 1257 264+13%¢ 258+10% 245110
flesh+peel 170862  11763=£63% tr 582076  12216=46 tr 671300 2065x62%
Takisa flesh 1157+44% 10795+49% tr tr 72.8£4.4% nd 476290 393170
peel 3749725 1614760~  104=6° 215=10 65721 tr 161470 276100
flesh+peel 11454 957390 tr tr 10.1=1.0%  77.6x3.0°  63.3x2.4%d  85.4+4.5%¢
Loncara flesh 100 Syede 89040+ tr tr 1.700.30%¢ tr 50.12.1% 1346
peel 767£21%0 1108440 84.9+4.0¢  118=6" 2169+ 275+11¢ 29613 57625
flesh+peel  17.6+1%¢ 2532140 242=+1.1 tr 3.55+0.21¢  264=12%  40.9+3.0¢  86.1%3.5%
Jeribasma flesh 12270 36.3+2.9x¢ tr tr tr 70.7+3.7+4  55.5%2.4%  93.3+4,0%
peel 60.9+2.9¢  80.1x3.7%¢  571+25° tr 93.8+3.4"  1778+48  T6.1x3.4<  175+6%
flesh+peel 175x6v  27.1=1.7% tr tr 36.3=1.0%  145+3% 37.0£152¢  25.1%1.1%¢
Vidovaca flesh 10457 37.522.0%¢ tr tr 215202174 192x7¥ nd 110£5%
peel 374144 30.2=1.1%  43.6=1.6° tr 134404 37612 40.7%2.2¢ 169£5%
flesh+peel  86.9+3.8%4  62.6+3.1¢ tr 0.10+0.03 1918 108 +4v¢ 101 +3¥¢ 52.0+1.3%
Lubenicarka flesh 141£5%¢ 64.42.9v¢ tr tr 14407 95.1x3.0%  105x4* 76.0%2.8v
peel 30813 88.4x4.0% tr 383=x1.9¢  80.7+£3.2%"  131=x5 1506+ 99.2+3.3x¢
flesh+peel  84.3x3.3v4 11665 tr tr 20.0=1.1¢ 2108 tr tr
Karamanka flesh 71.9£3.0%%  92.9+3.7%¢ tr nd tr 134620 tr tr
peel 247x8% 395+15%  367=13° tr 276=10° 829+36%° tr tr
flesh+peel 226x10v¢ 356+12v¢ tr tr 36.9%2.7¢ 266+10° tr tr
Dapams flesh 6442250 38.6+28+< r r ir r tr
artlett
peel 710210 883£22%¢  49.4+2.7¢ tr 81.0+3.2" 463+20¢ tr tr

Within each pear variety, mean values with different superscript letters *2 differ significantly; for each fruit part separately, mean values with different
superscript letters @ differ significantly between varieties (one-way ANOVA, Tukey’s post hoc; p<0.05). The superscript letters are assigned to show
values in the descending order, where ® and @ present the highest values. tr — traces, nd — not detected.

a higher phenolic content in the peel than in the flesh of pear
fruit. In the mentioned studies, the TPC and TFC were
measured predominantly in methanolic extracts, and var-
ied depending on species or variety and employed methods
of extraction.

The TPC and TFC values determined in the peel of all pear
varieties were higher than those found in the flesh and mixed
peel and flesh, which could be important data for the con-
sumption of the fruits, because the peel is often discarded, re-
sulting in the loss of valuable compounds [Abaci et al., 2016;
Kolniak-Ostek, 2016; Lin & Harnly, 2008; Oztiirk et al., 2015].

Phenolic composition of pear extracts

Determination of the qualitative and quantitative compo-
sition of phenolics of the extracts of eight pear varieties was
performed using the HPLC technique and the results are pre-
sented in . Among the eight pear varieties, chlorogenic

acid in the peel (25.8 to 16147 pg/g dry extract) and arbutin
in the peel (122 to 3748 ng/g dry extract) were the major com-
pounds, followed by quercitrin in the peel (131 to 1778 ug/g
dry extract), and isoquercitrin (3.55 to 12216 ug/g dry extract)
in the mixed flesh and peel extracts.

The peel of the most pear varieties had the higher content
of chlorogenic acid compared to flesh, such as those obtained
from ‘Takisa’, ‘Loncara’ and ‘Williams Bartlett’. In the previ-
ous study of eight Chinese pear varieties, chlorogenic acid
content in the whole fruits varied between 10.3 and 263.8 ug/g
[Li ef al., 2012], while in our study the range was notably
wider. Other varieties showed a high chlorogenic acid con-
tent in the peel; however, with the content differing among
the analyzed varieties [Li et al, 2014; Salta et al., 2010].
As a potential chemoprotective agent, chlorogenic acid has
been reported to elicit antioxidant, antitumor, and immune
system-enhancing effects [Li e al., 2014].



A. Savic et al.

231

The content of arbutin in the pear methanol extracts
varied, being predominantly higher in the peel compared
to the flesh (except for wild pear), ranging from 60.9 to
3749 ug/g dry extract of peel; from 64.4 to 1157 ug/g dry
extract of flesh; and from 17.6 to 1708 ug/g dry extract
of the mixed flesh and peel. The highest content of arbutin
was detected in ‘Takisa’ variety, while the lowest one in ‘Jeri-
basma’. In the previous studies, some pear varieties showed
arbutin contents 2 to 3 times higher in the peel than in the flesh
[Kolniak-Ostek, 2016; Li et al, 2014; Salta et al., 2010].
As the major phenolic compound found in the different parts
of plant and fruit, arbutin exhibits strong free radical scaveng-
ing properties. Additionally, it has been proved to elicit anti-
bacterial, anti-inflammatory, antitussive, and skin-whitening
effects and to be effective against urinary infections [Li et al.,
2014]. Dadgar et al. [2018] also demonstrated its ability to
reduce oxidative stress in Parkinson’s disease animal model.

In the present study, the contents of isoquercitrin, querci-
trin, procyanidin B,, and procyanidin B, differed depending on
the variety and a fruit part used, with higher values determined
in the peel. Quercitrin and isoquercitrin have been also identi-
fied in pears in some previous studies, which showed that their
content varied greatly among cultivars and within different tis-
sues [Liaudanskas et al., 2017]. Kaur & Arya [2012] identified
quercitrin and isoquercitrin in Pyrus communis, while in this
study, quercitrin was found in the highest amount in Jeri-
basma’ peel extract and isoquercitrin in mixed flesh and peel
extract of “Takisa’. Li er al. [2016a] compared the antioxidant
effects of quercitrin and isoquercitrin and concluded that iso-
quercitrin exhibited higher reactive oxygen species (ROS) scav-
enging activity than quercitrin, protecting mesenchymal stem
cells from ROS-induced oxidative damage. Jeong et al. [2017]
isolated five proanthocyanidins from Pyrus pyrifolia peel, while
in the current study procyanidin B, was detected in the notice-
ably high amount in mixed flesh and peel extract of ‘Takisa’.
Fruits of wild pear were the richest in procyanidin B,

Rutin and hyperoside were detected in traces in all pear
varieties. Some natural polyphenolics, such as rutin, have
been shown as potent inhibitors of COVID-19 main protease
(Mpro), which is considered a potential therapeutic drug tar-
get [Adem et al., 2020].

Variations in the content of phenolics among different
pear varieties were reported in the previous studies [Kol-
niak-Ostek et al., 2020; Li et al., 2014; Oztiirk et al., 2015].
The content of individual phenolic compounds in the extracts
varied widely among the tested varieties, which could be at-
tributed to the sampling locality, different pre- or post-harvest
conditions, or, as it was demonstrated for apple cultivars, ge-
netics can be supposed to play a major role causing very high
phenolic content variability [McClure e al., 2019]. Addition-
ally, the phenolics are not equally distributed in the fruit [Li
etal. 2014].

Recent research indicates that long-term polyphenol con-
sumption may play a vital role in promoting health through
the regulation of metabolism and protection against various
types of cancer, cardiovascular diseases, type 2 diabetes, gas-
trointestinal disorders, lung impairment, neurodegenerative
diseases, efc. These benefits could be explained by the “bio-
chemical scavenger theory”, which suggests that phenolic

compounds inactivate free radicals by forming stabilized
chemical complexes, thus preventing further adverse reac-
tions in the body [Cory et al., 2018].

The next step of the study was to investigate the anti-
oxidant activity of the extracts and their potential to inhibit
the enzymes involved in oxidative stress-induced neurodegen-
erative disorders.

Antioxidant activity of pear extracts

Three different assays: DPPH, ABTS and FRAP, were
used to achieve more complete evaluation of the antioxidant
activity of peel, flesh, and mixed peel and flesh fruit extracts.
The results are presented in . In terms of the scavenging
activity against DPPH", all pear fruit extracts showed strong
to low activity, depending on the variety. The DPPH"* scaveng-
ing activity was as follows: ‘Takisa’ > wild pear > ‘Loncara’
> ‘Vidovaca’ > ‘Jeribasma’ > ‘Lubeni¢arka’ >‘Karamanka’ >
‘Williams Bartlett’. The peel showed the highest DPPH" scav-
enging activity (IC values ranging from 0.37 to 5.50 mg/mL).
With some exceptions, methanolic extracts obtained from peel,
flesh, and mixed flesh and peel showed significantly different
IC,, values for all tested pear varieties ( ). The highest
antioxidant potential was determined in the peel of “Takisa’
(IC4,=0.37 mg/mL), followed by wild pear peel (IC, =
0.80 mg/mL), and ‘Loncara’ peel (IC,=1.56 mg/mL). In all
samples, the mixture of flesh and peel showed intermediate
activity (0.79 to 6.91 mg/mL), while flesh extracts showed
the lowest activity (3.71 to 22.39 mg/mL). Compared to BHA
and BHT standards and particularly ascorbic acid, the tested
pear extracts showed notably lower DPPH" scavenging activity.

Similar DPPH" scavenging activity to certain varieties
in this study, was reported for the pear fruit extracts of some
Chinese varieties [Li et al, 2012], ie. Xuehua pear fruit
(IC,;=0.59 mg/mL) and Nanguo pear fruit (IC;;=0.70 mg/mL).
The extract of apple shaped pear (P pyrifolia var. ping-
gouli) showed DPPH" scavenging activity expressed as
IC,,=38.30 mg/mL [Ma et al, 2012], which is lower than
the activity presented in this paper. Salta ef al. [2010] inves-
tigated the scavenging activity of ‘Rocha’ pear fruit extract
(IC,,=0.11 mg/mL) and also of a few commercial pear fruits,
and obtained significantly higher antiradical activity against
DPPH" compared to results found in this research. Results
of previous studies have indicated that pear fruit possesses
a strong DPPH" antiradical potential, and that peel has
a stronger antioxidant activity than flesh [Kolniak-Ostek,
2016; Liet al.,, 2012, 2014; Salta et al., 2010].

In the ABTS assay, the highest values were achieved for
the peel extracts (1.17 to 2.91 mg AAE/g dry extract); followed
by mixed flesh and peel extracts (0.44 to 2.09 mg AAE/g dry ex-
tract) and flesh (0.26 to 1.18 mg AAE/g dry extract). For most
of the tested pear varieties ( ), peel, flesh, and mixed flesh
and peel methanolic extracts showed significantly (p<0.05)
different antioxidant activities in the ABTS assay. The results
obtained using this assay showed that “Takisa’ and ‘Loncara’
extracts exhibited the highest antioxidant activity. Compared
to BHA and BHT standards, the tested extracts showed lower
activity ( ). High ABTS"* scavenging activity of the Eu-
ropean pear fruit methanolic extract (IC,;=15.90 mg) was
presented by Sharma et al. [2015].
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TABLE 3. Antioxidant activity of methanolic extracts of pear varieties.

a £ 2
Variety/ - 2 5| 2 2|3E 2
Standard 8 | 2228 | L2235 | 3852
E | 235 | B352 | 5848
= AZ23Ic | <2238 | EEa3
flesh+peel 2.85+0.19%¢  0.77=£0.05% 74319
Wild pear flesh 429+0.33  0.76=0.07* 61819+
peel 0.80£0.05+¢  1.10+=0.03*¢  880=+21x>
flesh+peel  0.79+0.05¢  1.54=0.09> 71112
Takisa flesh 3.85+0.23%  1.18x0.01**  606+8*
peel 0.37£0.032¢  2.91%0.10%  933+22xa
flesh+peel 2.90+0.16¢ 2.09+0.10%  739=x16%
Loncara flesh 3710145 1.65+0.32%2 6317
peel 1.56+0.12%¢¢  1.22+0.06* 88223
flesh+peel 3.28+0.03%¢  0.44=0.03+" 20610
Jeribasma flesh 3.710.07+¢  0.41x0.03%¢  190=+9%d
peel 2.72+0.09%  2.67x0.04x° 137+ 14
flesh+peel  6.91+0.25%  0.96=0.02»¢  409=13%¢
Vidovaca flesh 5.97x0.52%  0.59+0.03%¢  330=x8%°
peel 2.28+0.68¢  1.69x0.06%  647+2xd
flesh+peel  4.99+0.07*¢  0.95=0.04+¢ 3938
Lubenicarka flesh 5.00+0.02¢  1.00£0.06%>¢  248+10%¢
peel 3.55+0.07**  1.17x0.03¢  486+9x¢
flesh+peel 5.06+0.26%  1.18=0.06%  391=+8
Karamanka flesh 11.4x0.70  0.54+0.047«¢ 178224
peel 5.50=0.38%  2.52+0.03%  638=10%
flesh+peel 5.96+£0.40"° 1.21%£0.03% 4564w
Boams flsh  224=11w 02640044 22114
artlett
peel 4.57x1.09%  2.78+0.04x 645108
(IC,,, ng/mL)
BHT - 17.9+0.2 27.5%=0.2 4450=78
BHA - 13.8+0.4 28.2+0.1 584053
Ascorbic - 5.140.1 nt 181086
acid

Within each pear variety, mean values with different superscript letters *2
differ significantly; for each fruit part separately, mean values with differ-
ent superscript letters @ differ significantly between varieties (one-way
ANOVA, Tukey’s post hoc; p<0.05). The superscript letters are assigned
to show values in the descending order, where ® and @ present the highest
values. AAE — ascorbic acid equivalents, BHT - 3,5-di-tert-butyl-4-hy-
droxytoluene; BHA — 2(3)-tert-butyl-4-hydroxyanisole. nt — not tested.

Considering the FRAP assay results, the peel extracts
showed significantly higher values than flesh, and flesh
and peel ones. The FRAP values of the tested extracts were
lower than those of the tested standards ( ). The highest

FRAP value was determined for the ‘Takisa’ peel extract
(933 wmol Fe(Il)/g dry extract) followed by ‘Loncara’ peel ex-
tract (882 umol Fe(I)/g dry extract), and wild pear peel extract
(880 wmol Fe(IT)/g dry extract). With exception of Jeribasma’
extracts, all methanolic extracts obtained from peel, flesh,
and mixed flesh and peel of all other varieites tested showed
significantly different FRAP values ( ). The FRAP
of four commercial pears showed similar values to commer-
cial apple fruit varieties, and slightly higher ones compared
to those reported for peach and kiwi fruits [Imeh & Khokhar,
2012]. Kolniak-Ostek [2016] compared leaves, seeds, peel,
and pulp of the ‘Radana’ pear and obtained the highest FRAP
for leaves, probably because of the highest content of pheno-
lics in this plant part.

To the best of our knowledge, there are a few studies on
the ABTS and FRAP assays used to determine the antioxi-
dant activity of pear fruits. However, due to the differences
in the applied methods and presentation of results, it is dif-
ficult to directly compare our results with those obtained
in other studies [Kolniak-Ostek, 2016; Kolniak-Ostek et al.,
2020; Liaudanskas ef al., 2017; Sharma et al., 2015].

The highest antioxidant activity of ‘Takisa’, especially
of the outer part of the fruit, could be attributed to the highest
content of detected phenolics, particularly chlorogenic acid
which is known for its antioxidant potential [Li ez al., 2014].

Antineurodegenerative activity of pear extracts

The results of the evaluation of the antineurodegenerative
activities of pear extracts are presented in . The extracts
did not show enzyme inhibitory activity in the concentration-
dependent manner. Methanolic extracts obtained from peel,
flesh, and mixed flesh and peel of the pear varieties tested,
showed significantly different AChE- and TYR-inhibiting
activities ( ). No correlation was established between
inhibiting effects against both enzymes and fruit parts of all
varieties.

The AChE inhibition by the tested extracts, compared
to galanthamine (42.38 to 57.11%), was low to moder-
ate. The highest AChE inhibitory activity displayed mixed
flesh and peel extracts of ‘Loncara’ (40.4%) at 50 ug/mL
and ‘Takisa’ (39.5%) at 100 ug/mL. In some cases, the mixed
flesh and peel extracts (‘Takisa’, ‘Loncara’, ‘Vidovaca’)
showed higher AChE inhibitory activity than flesh or peel,
but in some cases the peel extract showed the highest activity
(wild pear).

The TYR inhibition by the studied extracts was lower
than the inhibition displayed by kojic acid (33.93 to 51.81%).
The highest inhibition of TYR activity exhibited ‘“Takisa’ peel
extract (32.8%) at the concentration of 50 ug/mL, which
is close to kojic acid at the same concentration.

Previous studies have shown the significant inhibition
of AChE and TYR by various fruit extracts [Szwajgier &
Borowiec, 2012; Savikin et al., 2018]. Antineurodegenera-
tive activity of 70% ethanolic extract of peel of Punica gra-
natum L. was studied by Savikin ef al. [2018], who obtained
the highest AChE inhibition of 33.46% at extract concentra-
tion of 100 ug/mL, which is moderate compared to galan-
thamine (57.11%), while TYR inhibitory activity of 78.46%
was higher than the inhibition ensured by kojic acid (51.81%).



A. Savic et al.

233

TABLE 4. Antineurodegenerative activities of methanolic extracts with different concentrations obtained from pear varieties.

Variety/ . AChE inhibition (%) TYR inhibition (%)
Standard ruit part
25 pg/mL 50 pg/mL 100 pg/mL 25 pg/mL 50 pug/mL 100 pg/mL
flesh+peel 21.8+0.7% 34.5+3.0%0 31.6%3.1x0 17.7+1.4v¢ 2123200 13.4+0.8%¢
Wild pear flesh 9.53+3.37+ 36.9x0.4x 12.5%0.8 17.8+2.1% 20.7x1.6%° 23.7x2.2%
peel 34.7+2.43x 38.9+1.4x 32.4+2.68 24.6+1.8% 27.4+2 1xb 19.4+1.8v
flesh+peel 30.1£2.7%@ 33.5+£3.2x0 39.5+2.4xa 27.8+1.0m2 28.2+2.5% 22.9+1 .8
Takisa flesh 26.3%£2.77x¢ 34.4+1.5% 28.4+1.5% 29242 7 23.7+2.3va® 21.1£2. 1%
peel 7.10x0.91»¢ 32.4+3.4x0 9.19+0.947¢ 22.3+2.95 32.8+0.7+ 24.6%2.8%
flesh+peel 31.5%3.1x 40.4%+0.9% 30.9+2.2x0 24.5+2. 1% 21.1£1.8% 26.5=1.0%
Loncara flesh 31.3+1.0%0 36.1x4.6% 35.7+4.5% 26.6+1.7% 27.0£1.9% 17.8£1.7%0¢
peel 29.4+0.4x0 36.4+3.2%0 30.2+3.3%%® 17.4+1.5% 21.8%0.8 20.1£2.1%
flesh+peel 7.66 =0.95%° 36.3x0.6% 10.3+1.7+4 22.8+1.6*° 25.0£2. 1% 17.4x2.7xb¢
Jeribasma flesh 7.34%0.69%¢ 7.92+1.0% 29.9+3.6% 21.1x1.8° 11.8%0.5%4 16.8+ 1. ]xwbe
peel 37.8+1.0% 35.6+2.6%° 24.0%0.1vbe 18.5+2.2x0 16.6+2. 1% 12.7+1.1¥
flesh+peel 27.7=1.8% 36.61.0% 24.9+0.3%¢ 14.9+1.9vd 20.7£3.0%0 20.2+0.6%°
Vidovaca flesh 8.47+0.4474 10.3+2.0%° 27.6+1.7%0 27.4%2 1% 27. 12244 21.7£2.2x%0
peel 12.6+0.3% 7.99+0.84%¢ 20.5=0.8¢ 11.9%1.7 15.0+2.3vde 23.9x2.0%
flesh+peel 35.0%0.8% 37514 24.2+0.8¢ 25.3+0.9%® 24.4x0. 7% 25.0%2.7x
Lubenicarka flesh 37.4=1.8% 36.62.0% 35.2+£3.3x 10.4=0.6%¢ 13.2+0.6% 16.5+0.7%0¢
peel 34.0+2 4xa0 28.8+£2.5% 28.7+1.8%¢ 20.4%2. 1y 13.71.0v¢ 8.56+1.00¢
flesh+peel 8.99+(.85%° 9.83+0.67¢ 12.3+1.5% 17.4%2.1%¢ 13.5+0.6%¢ 9.801.124
Karamanka flesh 9.57+0.31>¢ 10.7=1.10° 9.60=0.12%¢ 18.7£1.9x0 17.2£1.2%¢ 16.5+1.3xb
peel 30.6+0.6%° 34.5+1.2% 36.7x2.1x 19.4+0.7%% 25.61.0%% 14.8+0.8xb
flesh+peel 9.56+0.82%° 8.86£0.82¥¢ 20.1£2.5%¢ 10.6+0.96%¢ 13.0=1.9¢ 9.81+1.00%¢
Williams flesh 23.8+2.9% 343411 3941 1w 1512166 145+]2w 14.8+1.9+
Bartlett
peel 23.4x0.9x¢ 34.5+1.6%® 28.4+1.70b¢ 8.83=1.29x 18.5+1.9% 16.1x1.6%°
Galanthamine - 42.4=0.7 50.6=0.5 ST.1=1.7 - - -
Kojic acid - - - - 35.7£5.5 33.9x38 51.8%2.6

Within each pear variety, mean values with different superscript letters *# differ significantly; for each fruit part separately and each tested concen-
tration, mean values with different superscript letters @ differ significantly between varieties (one-way ANOVA, Tukey’s post hoc; p<0.05). The su-
perscript letters are assigned to show values in the descending order, where ® and @ present the highest values. GAE - gallic acid equivalents;

AChE - acetylcholinesterase; TYR — tyrosinase.

Szwajgier & Borowiec [2012] investigated anti-AChE activi-
ties of numerous fruits, and found significant activity of ex-
tracts of whole fruits, or juices. Peach juice (Prunus persica L.)
and wild strawberry fruit extract (Fragaria vesca L.) showed
the highest AChE inhibitory activity (6.10 eserine uM), fol-
lowed by apple juice varieties (Mallus domestica Borkh.)
(2.91 to 6.10 eserine uM), and plum extract (Prunus domes-
tica L.) (3.09 eserine uM). Their results proved that differ-
ent fruits can be promising sources of inhibitors of enzymes
implicated in neurodegeneration, potentially preventing Al-
zheimer’s and Parkinson’s diseases [Szwajgier & Borowiec,
2012; Savikin et al., 2018].

Correlation among TPC, TFC, and individual phenolic
compounds and bioactivity assays

As presented in , results of ABTS and FRAP as-
says were moderately correlated with TPC and TFC. Results
of those assays showed weak correlation to arbutin and chlo-
rogenic acid, while rutin and quercitrin and ABTS** scav-
enging activity were moderately correlated. A negative cor-
relation was determined between DPPH" scavenging activity
and TPC, TFC and phenolic constituents because of present-
ing results of DPPH assay using IC, values. The results ob-
tained by DPPH assay were moderately correlated to TPC,
TFC, and arbutin content. AChE inhibitory activity showed
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TABLE 5. Correlation coefficients (r) among total phenolic content
(TPC), total flavonoid content (TFC), and individual phenolic com-
pound contents and results of bioactivity assays.

o0

.8

Q
g ¥ | ZE o =
LB 5| B2 g e
SE5|psE | gB5| 22 | £
532|283 |858.| 25 | £2
TPC -0.36 0.39 0.52 0.34 0.46
TFC -0.50 0.44 0.43 0.30 0.54
Arbutin -0.36 0.36 0.29 0.17 0.53
Chlorogenic 530 030 006 016  0.53

acid

Rutin -0.13 0.61 0.35 0.18 0.04
Hyperoside -0.20 0.08 -0.07 0.09 0.28
Isoquercitrin -0.21 0.10 -0.06 0.09 0.30
Quercitrin -0.13 0.55 0.33 0.06 -0.13
Procyanidin B, -0.29 -0.16 0.26 0.33 0.23

Procyanidin B,  -0.34 0.08 0.08 0.18 0.36

According to Taylor (1990): r<0.35 weak correlation; 0.36<r<0.67 mod-
erate correlation; 0.68<r<1 strong correlation; AChE - acetylcholines-
terase; TYR - tyrosinase.

weak correlation to TPC, TFC, and individual components.
TYR inhibitory activity displayed moderate correlation to
TPC, TFC, arbutin and chlorogenic acid contents. In some
other studies of pear fruit extracts, peel-flesh phenolic con-
tent, peel phenolic content, and flesh phenolic content were
significantly correlated [Abaci er al., 2016]. Many research-
ers have found that antioxidant capacity of pear fruit ap-
pears to be strongly influenced by TPC and TFC, and highly
significant linear correlations were shown between phenolic
contents and antioxidant capacity [Abaci et al., 2016; Imeh
& Khohar, 2002; Kolniak-Ostek, 2016; Kolniak-Ostek et al.,
2020; Li et al., 2012, 2014; Ozturk et al., 2015; Salta et al.,
2010; Sharma et al., 2016].

CONCLUSION

This study evaluated phenolic composition, total phe-
nolic and flavonoid contents, and biological activities (anti-
oxidant and antineurodegenerative) of peel, flesh, and mixed
flesh and peel methanolic extracts of six traditional pear
varieties (‘Vidovaca’, ‘Lubenicarka’, ‘Karamanka’, ‘Jeribas-
ma’, “Takisa’, ‘Loncara’), one commercial variety (‘Williams
Bartlett’), and wild pear from Serbia. All varieties, as well
as wild pear, were analyzed for the first time from this per-
spective. Methanolic extracts of traditional pear fruit variet-
ies showed a high content of total phenolics and flavonoids,
significant antioxidant potential, and moderate antineurode-
generative activity. The significant level of phenolics and fla-
vonoids, and the highest antioxidant activity were shown
by ‘Takisa’, ‘Loncara’, and ‘Jeribasma’. Wild pear had aver-
age or high antioxidant activity, while commercial ‘Williams

Bartlett” displayed average or lower activities compared to
traditional pear varieties from Serbia.

This study revealed that the fruits of the investigated
traditional pears are rich in bioactive components and can
be used in nutrition, for possible medical applications,
and to prevent diseases induced by oxidative stress. The re-
sults are important to enhance their production as a signifi-
cant source of functional food and potential medicinal rem-
edy. Because of vulnerability of the gene pool, it is necessary
to preserve the traditional pear varieties, as a favorable way
to increase health benefits and agriculture sustainability.
In the food processing industry, it is essential to develop
technologies that will enable to process food, in order to
keep high nutritional quality, but, also to retain its functional
properties and biological activity. The COVID-19 pandemic
affects the whole food sector, including food safety, bioac-
tive food ingredients, food security, and sustainability. One
of the promising alternatives in post-pandemic world in-
cludes the development of nutritional and immune-boosting
plant-based products which could support the human health
[Galanakis ef al., 2021].
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