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Jamun fruit, a member of the Myrtaceae family, is commercially grown in tropical and subtropical areas of the world for its fruits with sweet, sour,
and astringent luscious flesh. Seeds of jamun fruits are discarded as trash during the industrial processing of fruit pulp into beverages, jellies, jam,
vinegar, wine, and squash. These seeds are a potential source of bioactive compounds including hydrolysable tannins, phenolic acids, flavonoids, other
phenolics, terpenoids, phloroglucinol derivatives and saponins, which have been endorsed several biological activities, such as antidiabetic, anticancer,
anti-inflammatory, antioxidant, antimicrobial, antihyperlipidemic and antihypercholesterolemic, as well as cardioprotective, hepatoprotective and neu-
roprotective properties. High contents of carbohydrates, dietary fiber, minerals, and ascorbic acid have also been found in jamun seeds. However,
potential utilization of these seeds as innovative implements for health benefits has not yet been fully understood. We aim to compile scientific research
and recent advances on jamun seed nutritional profile, bioactive compounds composition, bioactive properties, and their potential as an ingredient

in functional food formulation.

INTRODUCTION

Jamun (Syzygium cumini or Syzygium jambolana or Euge-
nia jambolana or Eugenia cumini) is a polyembryonic species
of the Myrtaceae family grown for its fruit, timber, and or-
namental values. Jamun blossoms in both tropical and sub-
tropical regions and is mostly grown in deep loam and well-
-drained soils. Jamun, also known as Indian blackberry,
Malabar plum, Portuguese plum, Java plum, black plum, or
jambolan, is a native to the Indian subcontinent and spread
across Southeast Asia, Latin America, and Africa [de Sou-
sa Sabino et al., 2018]. India is ranked second, accounting
for around 15.4% of total global production, or 13.5 million
tonnes [ ]. Jamun
fruits are small, usually oval-shaped with a pink purple to
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blue black colour when completely ripe, with a subtly sweet,
astringent, and sour flavour, and a firm seed inside [Gajera
etal., 2018; de Sousa Sabino er al., 2018; un Din et al., 2020].
At fully ripen stage, jamun pulp contains sugars (glucose,
fructose), free amino acids, minerals (Na, K, Ca, Mn, Mg),
dietary fiber, ascorbic acid, B-carotene, organic acids [Gajera
et al., 2018; Seraglio ef al., 2018], phenolic compounds (an-
thocyanins, flavonols, ellagotannins and gallotannins) [Faria
etal.,2011; Lestario ef al., 2017], volatile compounds (frans-
-ocimene, cis-ocimene, B-myrcene, and o-terpineol), and fla-
vouring compounds (dihydrocarvyl acetate, geranyl butyrate,
and terpinyl valerate) [Vijayanand ez al., 2001].

Because jamun fruits are highly perishable in nature,
most of them are processed. Jam, jelly, vinegar, wine, squash,
and non-fermented ready-to-drink beverages are some

Submitted: 17 March 2022
Accepted: 2 August 2022
Published on-line: 2 September 2022

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
@ © 2022 Author(s). This is an open access article licensed under the Creative Commons Attribution-NonCommercial-NoDerivs License
(

).


http://creativecommons.org/licenses/by-nc-nd/3.0/
http://journal.pan.olsztyn.pl
https://orcid.org/0000-0003-3549-0284
https://orcid.org/0000-0002-7725-9294
https://orcid.org/0000-0001-9731-0045
mailto:r.amarowicz@pan.olsztyn.pl
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/myrtaceae
https://www.agrifarming.in/jamun-farming

212

Pol. J. Food Nutr. Sci., 2022, 72(3), 211-228

of the traditional jamun fruit products [de Sousa Sabino
et al., 2018]. Moreover, the fruit pulp can be dried and used
as a food colorant and as a nutritious and health-promoting
additive for pasta, ice cream, efc. [Lestario ef al., 2017; Pang-
hal et al., 2019; Shelke ez al., 2020; Singh et al., 2019]. How-
ever, since only the pulp is used in the processing of the jamun
fruit, the rest generate the waste. Seeds are the main post-
-processing waste product. Their amount is large, because
they constitute 10-47% of the total weight of the fruit [Ben-
herlal & Arumughan, 2007; Gajera et al., 2018; un Din et al.,
2020]. The generated waste causes problem for the industry
and for the environment, but on the other hand, it has become
a challenge for scientists. Jamun fruit waste has the poten-
tial to become a valuable by-product and open up avenues
for the scientific and research community to assist industry
and farmers in generating revenue. Jamun seeds have been
utilized to treat diabetes and digestive problems in Ayurveda
since ancient times. Currently, the health-promoting proper-
ties of jamun seeds are being confirmed and many bioactive
compounds responsible for it, including phenolics, terpe-
noids, phloroglucinol derivatives and saponins, were iden-
tified [Liu ef al., 2017a,b, 2018; Martin et al., 1998; Omar
et al., 2012; Thiyagarajan et al., 2016]. Intensive research
on biological potential is ongoing and the seed extracts, ex-
tract fractions and isolated compounds are being tested for
antidiabetic, antioxidant, anti-inflammatory, anticancer, an-
timicrobial, cardioprotective, hepatoprotective, and neuro-
protective properties. Moreover, the jamun seeds have been
found to contain nutrients. They are rich in carbohydrates,
dietary fiber, ascorbic acid, and some minerals [Benherlal
& Arumughan, 2007; Ghosh et al., 2017; Kaur ef al., 2011].
The nutritional and phytochemical profiles of jamun seeds re-
vealed that they could be a novel source for pharmaceutical
and food industries. This review mainly discusses the nutri-
ents and phytochemicals of jamun seeds and recent research
into their bioactive potential in the context of the possibility
of using this jamun fruit processing by-product in the func-
tional food formulation.

NUTRITIONAL PROFILE OF JAMUN SEEDS

Proximate analysis indicated that moisture content of ja-
mun fruit seeds ranged from 12.45 to 52.4 g/100 g and yielded
crude protein, total lipids, total carbohydrates, and ash con-
tents as 4.7-8.2 g/100 g, 0.35-1.28 g/100 g, 70.9-91.0 g/100 g,
and 2.0-22.3 g/100 g on a dry matter (dm) basis, respectively
[Benherlal & Arumughan, 2007; Ghosh et al., 2017; Indrayan
etal., 2005].

Carbohydrates

Carbohydrates are the main nutrient of the jamun seeds
[Benherlal & Arumughan, 2007; Ghosh et al., 2017; Indrayan
et al., 2005]. Among digestible carbohydrates, which provide
the energy needed to support various metabolic processes
in the human body, starch dominates with the content ranging
from 23 g/100 g to 60 g/100 g dm of seed [Benherlal & Aru-
mughan, 2007; Gajera et al., 2018]. The content of total solu-
ble sugars is negligible — 0.1-1.4 g/100 g [Gajera et al., 2018;
Ghosh et al., 2017]. Moreover, jamun seeds were recognized

as the rich source of dietary fiber [Kaur ez al., 2011], which
together with lignin constituted non-digestible carbohydrates
and represented nutritionally important, health-promoting
food ingredient. The content of total dietary fiber of jamun
seeds was evaluated at 27.7 g/100 g and the fraction of insol-
uble dietary fiber was significantly greater than that of the sol-
uble dietary fiber (24.9 g/100 g and 2.8 g/100 g, respectively)
[Kaur ef al., 2011]. In turn, Pandey & Khan [2002] found
water-soluble gums as the main fraction of non-digestible
carbohydrates of jamun seeds with the content of 40 g/100 g
of fresh matter, fm (moisture content of 5.9 g/100 g). The sec-
ond non-digestible seed carbohydrate fraction was water-
-insoluble neutral detergent fiber (15 g/100 g fm) containing
cellulose (6.9 g/100 g fm), hemicellulose (5.9 g/100 g fm),
lignin (1.0 g/100 g fm), cutin (0.76 g/100 g fm), and silica
(0.44 g/100 g fm). The profile of dietary fiber may determine
its health benefits. As recently discussed in a review article
by Cronin et al. [2021], the different type of dietary fiber can
modulate the gut microbiota composition in various ways
and thus alter the short chain fatty acid production and glu-
cose and lipid metabolism which, if it is abnormal, is associ-
ated with a risk of chronic diseases.

Recently, many polysaccharides with biological activity, in-
cluding antioxidant activity, and a-amylase and a-glucosidase
inhibitory properties, have been isolated from various parts
of plants [Deng et al., 2020; Oh & Yoon, 2018; Tan et al.,
2021]. Concerning the jamun seeds, Al-Dhabi & Ponmuru-
gan [2020] isolated the water-soluble polysaccharide frac-
tion free of reducing sugar, uronic acid, and starch. However,
the biological activity of these polysaccharides has not been
analysed.

Proteins

Proteins constitute up to 8% of jamun seed dm [Benherlal
& Arumughan, 2007; Indrayan et al., 2005], although some
literature reports indicate a much higher protein content —
19.96 g/100 g fm [Santos et al., 2020]. In addition to crude
protein, free amino acids were reported in S. cumini seeds with
the content 0f4.84-9.90 mg/100 g [Gajeraer al., 2018], but their
profile has not been analysed. Recently, Binita et al. [2014] at-
tempted to determine the protein profile of jamun seeds using
two-dimensional gel electrophoresis (2D-PAGE) and matrix-
-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF/MS) and identified 15 functional pro-
teins including lactoferrin, chitinasel, sulphate transporter like
protein, pectate lyases, p-tubulin, ABC transporter, phosphate
binding protein, 1-aminocyclopropane-1-carboxylate oxidase,
G protein coupled receptor, ADP-glucose pyrophosphorylase,
and glutamate-ammonia ligase adenylyltransferase, which
are important in plant defense mechanisms, metabolism,
and transport of inorganic salts. Nevertheless, the jamun seed
proteins are still very poorly understood and, to the best of our
knowledge, there is a lack of data on their nutritional value,
amino acid composition, digestibility, and possible use as
food. More research is needed in this area.

Lipids

The total lipid content of jamun seed is low (below
1.5 g/100 g) [Benherlal & Arumughan, 2007; Ghosh et al.,
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20171, nevertheless fatty acid composition of lipids is healthy
balanced. The saturated fatty acids (SFA) account for 50%
and unsaturated fatty acids (UFA) including monounsaturated
fatty acids and polyunsaturated fatty acids for 14% and 36%
of total fatty acids, respectively [Bhaskar et al., 2021]. Among
SFA, lauric acid (12:0; 2.8%), myristic acid (16:0; 31.7%), pal-
mitic acid (16:0; 4.7%), and stearic acid (18:0; 6.5%) were deter-
mined. Oleic acid (18:1 n-9; 32.2%), linoleic (18:2 n-6; 16.1%),
and epoxy and cyclopropenoid fatty acids, such as malvalic
(1.2%), sterculic (1.8%), and vernolic (1.3%) acids, were also
found in the fatty acid profile of jamun seed oil [Daulatabad
etal., 1988]. In turn, Bhaskar et al. [2021] identified a few meth-
yl esters of SFA (myristic acid, pentadecanoic acid, and hep-
tadecanoic acid) and methyl esters of UFA (7,10,13-hexadeca-
trienoic acid, 8,11-octadecadienoic acid, 7,10-hexadecadienoic
acid and 6,9,12,15-docosatetraenoic acid), together with fatty
acid relevant compounds (3,7,11,15-tetramethyl-2-hexadecen-
-1-ol, docosyl acetate, 1-eicosene and 1,4-eicosadiene) in ja-
mun seed oil using the GC-MS analysis. A low content of lip-
ids and a high content of dietary fiber make the nutritional
value of jamun seed low, raching only 267 kcal/100 g [Indrayan
et al., 2005], which can be considered nutritionally beneficial
in the context of the current global problem of overweight
and obesity in humans.

Micronutrients

Jamun seed contains ascorbic acid and a high amount
of minerals, making it an attractive product for nutritionists
[Ghosh et al., 2017; Indrayan et al., 2005].

Concerning the mineral composition of jamun seeds,
Ravi et al. [2004a] found 9 dietary macro- and microele-
ments. The dominant ones were manganese, potassium,
iron, and chromium. Calcium and copper were determined
in trace amounts, and sodium, zinc, and magnesium were de-
tected with moderate levels. A similar qualitative profile was
reported by Ghosh ef al. [2017], although the ratios between
the elements were different and the decreasing content was
found for the following minerals: potassium (606 mg/100 g),
calcium (136 mg/100 g), magnesium (112 mg/100 g), sodium
(43.9mg/100 g),iron (4.20 mg/100 g), copper (2.13 mg/100 g),
chromium (1.40 mg/100 g), zinc (0.46 mg/100 g), and man-
ganese (0.40 mg/100 g). The differences in the mineral com-
position may be due to different environmental conditions
during plant growth and their soil-climate adaptation, vari-
etal differences as well as harvest time [Granado-Rodriguez
etal.,2021; Moussa et al., 2020]. Seraglio et al. [2018] found
that the ripening process directly affected the contents of min-
erals of S. cumini fruit pulp and ripe fruits had significantly
higher contents of potassium and calcium compared to these
in intermediate ripe stage. It can be assumed that a similar
phenomenon also applies to seeds, but this issue needs more
extensive research.

Among vitamins and pro-vitamins, only ascorbic acid was
determined in jamun seeds [Gajera ef al., 2018; Ghosh et al.,
2017]. Its content ranged from 90 mg/100 g to 137 mg/100 g
for different genotypes and was higher compared to that
in fruit pulp of each genotype [Gajera ef al., 2018]. A slightly
lower content of ascorbic acid of jamun seeds was reported
by Ghosh et al. [2017], which was 49.8 mg/100 g.

Although B-carotene along with other carotenoids has been
determined in jamun fruit pulp [Faria e al., 2011], its pres-
ence (and other fat-soluble vitamins) has not been confirmed
in seeds. Gupta & Agrawal [1970] identified only B-sitosterol
in the unsaponifiable fraction of the jamun seed oil.

PHYTOCHEMICALS OF JAMUN SEEDS

Jamun seeds contain a variety of phytochemicals belong-
ing to phenolic compounds, terpenes and terpenoids, sterols
and saponins. The profile of these bioactive compounds of
S. cumini seeds is summarised in

Phenolic compounds

Phenolic compounds are the most frequently recognised
in jamum seeds and they are the most widely represented
group of bioactive compounds ( ). The total pheno-
lic content (TPC) has been determined as 55.54 mg gallic
acid equivalents (GAE)/g dm of jamun seeds and 22.59 mg
GAE/g fresh seeds at a moisture content of 62.25 g/100 g
[Balyan & Sarkar, 2017; Shrikanta ef al., 2015]. Lower TPC
(26.9 mg GAE/g dried powdered seeds) was found by Aqil
etal. [2012]. In turn, Mahindrakar & Rathod [2020a, 2020b]
and Bajpai et al. [2005] reported higher values ranging from
79.89 to 108.7 mg GAE/ g dry seeds. Regarding jamun seed
extracts, TPC of an aqueous extract of dried seed powder ob-
tained under optimal extraction conditions (49.2°C, 89.4 min,
and liquid-to-solid ratio 51.6:1, mL/g) with a yield 17.3% was
415 mg/g dried extract [Balyan & Sarkar, 2017]. This value
was consistent with TPCs recorded for methanolic fractions
obtained from seeds of various S. cumini genotypes (361.16—
-496.26 mg/g extract), which were, in turn, 6.0-9.8 times
higher than those determined for fruit pulps from the same
genotypes [Gajera et al., 2017].

Phenolic acids, flavonoids (flavones, flavan-3-ols, flavo-
nols, flavanonols and dihydrochalcones), stilbenoids, cou-
marins, lignans, hydrolysable tannins, and phloroglucinol
derivatives are present in the profile of the phenolic com-
pounds of jamun seeds ( ). Among them, two phe-
nolic acids (gallic and ellagic acids), their simple derivatives
and their polymeric forms (gallotannins and ellagitannins,
respectively) are most often qualified and quantified [Bajpai
et al.,2005; Balyan & Sarkar, 2017; Bhatia & Bajaj, 1975; Liu
et al., 2018; Omar et al., 2012; Sawant et al., 2015]. It was
found that tannic acid (gallotannin), gallic acid, and ellagic
acid constituted 45.4%, 21.9% and 8.65% of the phenolic
compounds of S. cumini seed aqueous extract, respectively
[Balyan & Sarka, 2017]. The content of gallic acid was deter-
mined over a wide range from 0.65 to 6.24 mg/g dm of seeds
and 90.8 mg/g extract, and the content of ellagic acid was re-
ported as 0.038 mg/g dm and 36 mg/g extract [Bajpai et al.,
2005; Balyan & Sarka, 2017; Shrikanta et al., 2015]. The use
of liquid chromatography with tandem mass spectrometry
(LC-MS/MS) and nuclear magnetic resonance (NMR) spec-
troscopy techniques has allowed to identify 9 gallotannins
and 17 ellagitannins and other ellagic acid derivatives of ja-
mun seeds [Bhatia & Bajaj, 1975; Elhawary et al., 2022; Liu
etal., 2018; Omar et al., 2012; Sawant et al., 2015]. It is well
known that hydrolysable tannins have a strong antioxidant
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TABLE 1. Bioactive compounds identified in jamun seeds.

TABLE 1 - continued

Class Compound Reference Class Compound Reference
of compounds of compounds
Protocatechuic acid Elhawary et al. Balyan & Sarkar,
[2022] (+)-Catechin [2017]; Gajera
Shrikanta er al. etal. [2017]; Abdin
p-Coumaric acid [2015]; Balyan etal. [2019]
& Sarkar [2017] )
Balyan & Sarkar Flavan-3-ols Shrlkar.lta etal.
[2017]; Gajera et al. (0)-Epicatechin [2015]; Balyan
Caffeic acid [2017]; Abdin et al. & Sarkar [2017];
[2019]; Elhawary Abdin et al. [2019]
etal. [2022]
o . . Elhawary et al.
Ferulic acid Gajera et al. [2017]; (-)-Epigallocatechin [2022]
Chlorogenic acid Abdin et al. [2019] —
. - Swertisin Omar et al. [2012]
Bhatia & Bajaj .
[1975]; Bajpai et al. Flavones Schaftoside )
[2005]; Omar et al. Apigenin 6,8-di-C-p- Liuer al. [2018]
[2012]; Sawant -D-glucopyranoside
etal. [2015]; - Balyan & Sarkar
Shrikanta et al. Tannic acid [2017]
Phenolic acids Gallic acid [2015]; Ba]yan _ . L
& Sarkar [2017]; 1-Galloyl glucose Bhatia & Bajaj
Gajera et dl. 6-Galloyl glucose [1975]
[2017]; Liu et al. 1.6-Digallovl ol
[2018]; Abdin ef al. | 2 ] Tlga 1c1)y 1g TCOSC
[2019]: Elhawary -<b-Inigatioyl glucose Elhawary et al.
et al. [2022] Gallotannins 1,2.3,6-Tetragalloyl glucose [2022]
Syringic acid Liueral. [2018] 1,2,3,4,6-Pentagalloyl
S-Hydroxyveratric acid glucose
Bhatia & Bajaj Omar et al.
[1975]; Bajpai et al. Valoneic acid dil [2012]; Sawant
[2005]7 Aqll etal aloneic acl 1lactone etal [2015]’ Liu
[2012]; Omar et al. etal [2018]
[2012]; Sawant .
Ellagic acid etal. [2015]; Jamutannin A and B Omaret al. [2012]
Balyan &Sarkar Bhatia & Bajaj
(2017]; Gajera et al. Corilagin [1975]; Elhawary
[2017]; Liu et al. etal. [2022]
[2018]; Elhawary Elhawar
. yet al.
et gl. [2022] Eugeniin [2022]
Stilbenoids Resveratrol Shrﬂ[(;g {as]e tal. 3,6-Hexahydroxydiphenoyl
: — glucose Bhatia & Bajaj
Bhatia & Bajaj 4,6-Hexahydroxydiphenoyl [1975]
[1975]; Bajpai et al. glucose
[2005]; Sharma Omar et al. [2012];
. etal. [2008b]; Iso-oenothein C . ’ ’
Quercetin Jadeja et al. [2012]; . . Liueral. [2018]
Balyan & Sarkar, ornusin
’ O tal. 2012
[2017]; Elhawary Phyllanthusiin E mar et al. | ]
et al. [2022] Sawant ef al.
Sharma et al. o Rubuphenol [2015]; Liu
Rutin [2008b]; Jadeja Ellagitannins etal. [2018]
etal.[2012] 3“4 ellagic acid Eschweilenol A and C
erivatives R,
H | Myricetin Liuer al. [2018] Tergallic acid dilactone
avonols i aci
Myricetin 3-O-glucoside Ellagic acid .
S 4-O-xylopyranoside
My'r1c1tr1'n 3’-O-Methyl ellagic acid
Syringetin Elhawary et al. 4-O-xylopyranoside Liu et al. [2018]
Syringetin 3-0-glucoside [2022] 3-0-Methyl ellagic acid-4"-
Laricitrin -0-a-L-rhamnopyranoside
Quercitrin Ellagic acid-4-O-B-p-
. -glucopyranoside
Bajpai et al. S
[2005]; Jadeja ef al. Decarboxy ellagic acid
Kaempferol [2012]; Abdin et al. 3.3 4 Tri-O-methyl Bhatia & Bajaj
[2019]; Elhawary : ’e“ag oy Y [1975]; Liu
etal. [2022] etal [2018]
. o Elhawary et al. 3,3’-Di-O-methyl Bhatia & Bajaj
Flavanonols Dihydromyricetin [2022] ellagic acid [1975]
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TABLE 1 - continued

Class Compound Reference
of compounds
Coumarins Brevifolin carboxylic acid Omaret al. [2012]
Dihydrochalcones Phloridzin Liuetal [2018]
Medioresinol 4”-0-B-
-glucoside
(+)-Pinoresinol
0-p-gl id
Lignans p-glucoside Martin et al. [1998]
(+)-Syringaresinol
0O-B-glucoside
Dihydrodehydrodiconiferyl
alcohol 4”-0-B-glucoside
. A
Phloroglucinol Jamunones A-O Liu et al. [2017b)
derivatives Spiralisone C
a-Pinene
Monoterpenes B-Pinene Scharf et al. [2016]
Limonene
Scharf et al.
Monoterpenoids y-Terpineol [2016]; Elhawary
etal. [2022]
a-Copaene
E-Caryophyllene
. a-Humulene
Sesquiterpenes ) Scharfer al. [2016]
3-Cadinene
a-Selinene

Germacrene D

Jambolanins A—K
Sootepdienone
Gibberodione
Orientalol E
Guaianediol
Junipediol
Cryptomeridiol
Litseachromolaevanes A
(4R)-4-Hydroxy-1,10-seco-
muurol-5-ene-1,10-dione
(8R,9R)-Isocaryolane-
-8,9-diol
Caryolandiol
Clovane-2B,90-diol

Sesquiterpenoids

Caryophyllenyl alcohol
Caryophyllene oxide
Caryophylla-4(12),
8(13)-dien-5-ol

Liuet al. [2017a]

Scharf et al. [2016]

Norses-

quiterpenoids Jambolanes A and B

Liueral [2017a]

Actinidic acid
Oleanolic acid
Ursolic acid
Corosolic acid
Arjunolic acid
Asiatic acid

Triterpenoids

Liu et al. [2017a]

Maslinic acid Sawant et al. [2015]
L Elhawary et al.
Betulinic acid (2022]
. . . Thiyagarajan
Saponins Vitalboside A etal. [2016]
Sterols B-Sitosterol Gupta & Agrawal

[1970]

and antibacterial activities [Karamac, 2009; Puljula ef al.,
2020]. They can also affect the functioning of the digestive
tract [Zary-Sikorska et al., 2021]. In the case of jamun seeds,
it was found that the ellagitannin-rich fraction of these seeds
inhibited canonical Wnt signaling pathway in a human 293T
cell line, suggesting its potential against colon carcinogenesis
[Sharma et al., 2010]. Moreover, the in vitro antioxidant activ-
ity of the jamun seed fraction containing ellagitannins and el-
lagic acid was reported and it was higher than that of the pulp
with anthocyanins as the main component [Aqil ef al., 2012].

Among phenolic acids, apart from ellagic and gallic ac-
ids, also p-cumaric, caffeic, ferulic and chlorogenic acids were
quantified in seeds of the same S. cumini genotypes and their
contents were 14.06, 1.02-4.73, 1.50-8.21 and 0.89-6.80 ug/g
seed, respectively [Gajera et al., 2017; Shrikanta et al., 2015].
The presence of protocatechuic acid, syringic acid, and 5-hy-
droxyveratric acid was confirmed in the studies by Liu ez al.
[2018] and Elhawary et al. [2022].

Flavonoids are another class of phenolic compounds that
are commonly distributed in plants. In jamun seeds, myric-
etin and its derivatives have been most widely represented
including myricetin glycosides (myricetin 3-O-glucoside),
O-methylated forms (syringetin, syringetin 3-O-glucoside,
laricitrin), and dihydroxy derivatives (dihydromyricetin)
[Elhawary et al., 2022; Liu et al., 2018]. In turn, (-)-epicat-
echin (129.20 ug/g dm), quercetin (98 ug/g dm), kaempferol
(59 ng/g dm) and (+)-catechin (5.36-16.80 ug/g seed) were
reported as the most abundant among flavonoids [Bajpai
et al., 2005; Gajera et al., 2017; Shrikanta et al., 2015]. Ac-
cording to Sharma et al. [2008a,b] and Jadeja et al. [2012],
rutin, quercetin and kaempferol present in standardized
flavonoid-rich extracts of jamun seeds were responsible for
their diverse bioactivity. The hypoglycemic and hypolipid-
emic effects and anti-atherogenic potential of such extracts
were found. Flavone C-glycosides (swertisin, schaftoside
and apigenin 6,8-di-C-B-p-glucopyranoside), that are limited
in natural sources, have also been identified in jamun seeds
[Liuetal., 2018; Omar et al., 2012]. Interestingly, jamun seeds
do not contain the anthocyanins that are present in the pulp
of the fruits [Aqil et al., 2012; Benherlal & Arumughan, 2007].
Lestario er al. [2017] reported that the content of pulp an-
thocyanins increased, but contents of flavonols, gallotannins,
and ellagitannins decreased by 60%, 35%, and 11%, respec-
tively, throughout fruit maturation. However, it has not been
studied so far whether the seed phenolic profile changed dur-
ing fruit ripening.

Other phenolic compounds detected in jamun seeds in-
clude stilbenoids (resveratrol), coumarins (brevifolin carbox-
ylic acid), lignans (medioresinol 4”-O-B-glucoside, (+)-pin-
oresinol O-B-glucoside, (+)-syringaresinol O-B-glucoside,
and dihydrodehydrodiconiferyl alcohol 47-O-B-glucoside)
and phloroglucinol derivatives (jamunones A-O and spiral-
isone C) [Liu et al., 2017b; Martin et al., 1998; Omar et al.,
2012; Shrikanta et al., 2015]. Among them, only resveratrol
was quantified at the level of 34.87 ug/g dm [Shrikanta et al.,
2015]. In the mentioned publication, the authors suggested
that resveratrol contributed significantly to the antioxidant
capacity of jamun seeds. In turn, phloroglucinol derivatives
of jamun seeds inhibited protein tyrosine phosphatase 1B
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activity [Liu et al., 2017a] and can therefore be considered as
anti-diabetes and anti-obesity agents. The bioactivity of ja-
mun seed coumarins and lignans has not been determined
so far.

Terpenes and terpenoids

Forty-five terpenes and terpenoids classified as mono-
terpenes, monoterpenoids, sesquiterpenes, sesquiterpenoids,
norsesquiterpenoids and triterpenoids have been identi-
fied in jamun seeds [Elhawary et al., 2022; Liu et al., 2017a;
Sawant et al., 2015; Scharf et al., 2016]. The names of these
compounds are listed in

Scharf er al. [2016] reported that two sesquiterpene
hydrocarbons (E-caryophyllene and o-humulene) were
the major compounds of essential oil of fresh jamun seeds
and their contents were 42.5% and 22.2% of the total es-
sential oil, respectively. However, both the total essential
oil content of the seeds and the essential oil profile changed
during seed storage. The hydrodistillation yield decreased
from 0.11% (w/w) for fresh seeds to 0.06% (w/w) for seeds
after two-month storage. A successive decrease in the per-
centage of sesquiterpene hydrocarbons (from 74.1 to 21.0%
after four months storage) and monoterpenes (from 7.8 to
1.3%), and an increase in the contribution of oxidized ses-
quiterpenes (from 12.3 to 70.5%) were noted in the profile
of compounds. The major compounds of fresh seeds were
partially oxidized to mainly caryophyllene oxide and humu-
lene epoxide during storage.

Some of the jamun seed sesqutierepenoids were found to
be biologically active [Liu e al., 2017b]. Among twelve iso-
lated sesqutierepenoids, a mixture of jambolanins D and E
as well as sootepdienone, guaianediol, cryptomeridiol, (4R)-
-4-hydroxy-1,10-seco-muurol-5-ene-1,10-dione, caryolan-
diol, and clovane-2p,9a-diol exhibited antimicrobial activ-
ity against Staphylococcus aureus. On the other hand, these
compounds did not inhibit the proliferation of Escherichia
coli and Candida albicans at the concentration 100 pg/disk.
In turn, Sawant ef al. [2015] did not detect the aldose re-
ductase (AR) inhibitory activity and protein tyrosine phos-
phatase 1B (PTP1B) inhibitory activity of maslinic acid iso-
lated from jamun seeds when tested at concentration up to
100 wg/mL.

Other phytochemicals

Vitalboside A, a pentacyclic triterpene glycoside (sapo-
nin), was identified by NMR techniques and isolated using
chromatographic methods from jamun seeds [Thiyagarajan
et al., 2016]. The content of vitalboside A in the methano-
lic extract of jamun seeds was 0.8% (w/w). The antidiabetic
and anti-adipogenic activities of the isolated compound
were shown.

Another bioactive phytochemical detected in S. cumini
seeds is B-sitosterol. It was identified in the unsaponifiable
fraction of the jamun seed oil [Gupta & Agrawal, 1970]. Pres-
ence of sterol with an unidentified structure in the Sephadex
LH-20 fraction of the ethanolic jamun seed extract was re-
ported by Sharma et al. [2011a,b]. This fraction exhibited
hypolipidemic and antidiabetic activity in alloxan-induced
mildly diabetic and severely diabetic rabbits.

EXTRACTION, PURIFICATION AND ISOLATION
OF JAMUN SEED BIOACTIVE COMPOUNDS

Extraction is the first and most important step in the re-
covery of biological molecules from plant material. The sol-
vent extraction with pure or aqueous methanol, ethanol
and acetone was most commonly used to extract phenolics
from jamun seeds [Liu et al., 2018; Elhawary ef al., 2022;
Sawant et al., 2015; Shrikanta et al., 2015]. Aqueous acetone
was used in the first step of isolation of jamun seed sesquiter-
penoids and phloroglucinol derivatives [Liu ef al., 2017a,b],
and water to recover polysaccharides with potential bioactiv-
ity [Al-Dhabi & Ponmurugan, 2020]. In the last-mentioned
study, microwave treatment during extraction was success-
fully applied to increase extraction yield. In turn, ultrasonic-
-assisted extraction (UAE) was used to most effectively extract
S. cumini seed phenolics [Mahindrakar & Rathod, 2020a].
Authors compared UAE with conventional, stirred batch ex-
traction, and found that contents of (+)-catechin, gallic acid,
total phenolic and total flavonoid as well as antioxidant activ-
ity (DPPH assay) were 3.6, 1.5, 1.3, 1.4 and 1.2 times higher,
respectively, for the extract obtained by UAE. Both extractions
were carried out under optimal conditions, which were as fol-
lows for UAE: 12 min of extraction time, 35°C of temperature,
1:15 of solid material to solvent ratio, 125 W of power, and
60% of duty cycle. The stirred batch extraction required longer
extraction time, higher solvent volume and higher temperature
than UAE by 8.8, 1.3 and 1.4 times, respectively. Abdin ef al.
[2019] used the response surface methodology (RSM) for op-
timization UAE of jamun seeds in terms of maximizing total
phenolic content and for the inhibition of a-amylase and pan-
creatic lipase. The effects of extraction time (10-90 min),
ethanol concentration (10-90%, v/v), and solvent to solid ma-
terial ratio (10-70 mL/g) were investigated and the optimal
UAE conditions were found as 59.8 min — extraction time,
63.1% (v/v) — ethanol concentration, and 43.8 mL/g — solvent
to solid material ratio. The RSM was also applied to opti-
mize the microwave-assisted extraction of polysaccharides
from jamun seeds [Al-Dhabi & Ponmurugan, 2020]. Four-
-factor, five-step central composite rotary experimental design
allowed to state that microwave power of 515 W, pH of 3.2,
extraction time of 3.1 min, and solid material to solvent ratio
of 1:15 g/mL were the most efficient conditions for the recov-
ery of polysaccharides.

Fractionation of the crude extracts is a common step
in the isolation of phytochemicals. Various techniques are
used to obtain fractions rich in specific class of compounds,
the most common are chromatographic separations. Howev-
er, fractionation is often preceded by re-extraction of the crude
extract with solvents of different polarities. Such a path was
followed by Sawant et al. [2015], who partitioned methanolic
extract of jamun seeds using water, ethyl acetate, and n-buta-
nol sequentially to find AR and PTP1B inhibitory active com-
pounds. The most active ethyl acetate extract was then puri-
fied by a multi-step column chromatography (with silica gel,
Diaion HP-20 and Sephadex LH-20) until the compounds
(valoneic acid dilactone, ellagic acid, and rubuphenol) re-
sponsible for the activity could be isolated by means of pre-
parative high-performance liquid chromatography (HPLC).
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Partition of the methanolic extract of jamun seeds with ethyl
acetate and n-butanol was deployed to enable isolation of hy-
drolysable tannins [Omar et al., 2012]. In the next step, the
n-butanol extract was separated by medium pressure liquid
chromatography to five fractions and each of them was used
to isolate pure compounds using different systems of column
chromatography and semipreparative HPLC. In turn, sesqui-
terpenoids were isolated from a 70% (v/v) aqueous acetone
extract of jamun seeds, which was partitioned with ethyl
acetate and water, and thereafter an ethyl acetate part was
fractionated by a combination of MCI gel CHP-20P, silica
gel, and Sephadex LH-20 column chromatography, as well
as semipreparative HPLC [Liu ef al., 2017a]. Phloroglucinol
derivatives and saponin (vitalboside A) were isolated from ja-
mun seeds by similar techniques, by re-extracting the crude
extract and then fractionating it using various chromato-
graphic methods [Liu ez al., 2017b; Thiyagarajan et al., 2016].
Another technique was harnessed by Jasmine et al. [2010]
who loaded the crude methanolic extract into the silica gel
column, from which the compounds were eluted with a gra-
dient system of solvents of increasing polarity. In this way,
five fractions were obtained and one of them was active
against drug-resistant bacteria. Silica gel (60-120 mesh) col-
umn chromatography with 95% ethanol as a mobile phase
and Sepahex LH-20 column chromatography with methanol
were applied by Sharma et al. [2011a,b] to separate fractions
rich in bioactive compounds directly from jamun seed metha-
nolic crude extract.

Filtration techniques are another way to purify crude ex-
tracts. In the case of jamun seeds, an aqueous extract was sub-
jected to integrated cross flow ultrafiltration (UF) and nano-
filtration (NF) [Balyan & Sarkar, 2016]. These membrane
processes allowed to clarify the extract and concentrate
the phenolic compounds, respectively. UF with a membrane
with molecular weight cutoff of 100 kDa under low pressures
(below 450 kPa) recovered 65% of total phenolic content, in-
creased DPPH radical scavenging activity from 75.5 to 90.2%,
and enhanced the purity by 1.35 times. Furthermore, NF with
250 Da membrane of UF-clarified permeate resulted in about
three-fold concentration of phenolic compounds.

BIOLOGICAL ACTIVITIES OF JAMUN SEED
EXTRACT

A range of pharmacological properties is possessed
by various extracts of jamun which include antidiabetic, an-
tihyperlipidemic, antihypercholesterolemic, anticancer, car-
dioprotective, hepatoprotective, neuroprotective, anti-inflam-
matory, antioxidant, and antimicrobial activities ( ), as
established by scientific studies.

Antidiabetic activity

The antidiabetic effect of many natural products
is based on the inhibition of a-amylase and a-glucosidase
activities, which slow down starch digestion contributing
to the reduction in blood glucose level [Alam ef al., 2019;
Lee & Yoon, 2022]. The extracts of seeds of black jamun
landraces inhibited a-amylase activity in the range of 59.1-
-90.6% [Gajera et al., 2017]. The water extract obtained

from jamun seed kernels showed inhibitory activity against
a-amylase and a-glucosidase characterized by IC,  values
of 9.03 and 7.13 pg/mL, respectively [Mahindrakar & Ra-
thod, 2020b]. The same authors, using a three-phase parti-
tioning extraction, reported IC of 9.33 ug/mL for a-amylase
and 7.55 pug/mL for a-glucosidase [Mahindrakar & Rath-
od, 2021]. In turn, Abdin et al. [2019] determined 87.66%
a-amylase inhibitory activity of the fraction of jamun seed
aqueous ethanol extract containing (+)-catechin, (-)-epi-
catechin, kaempferol, gallic, chlorogenic, caffeic, and fe-
rulic acids as main phenolics and tested at a concentration
of 640 ug/mL. Shinde et al. [2008] evaluated inhibitory activ-
ity of jamun seed extracts against microbial (Saccharomyces
cerevisiae and Bacillus stearothermophilus, in vitro), and mam-
malian (in vivo on Goto-Kakizaki rat intestine, administra-
tion of 250 mg/kg body weight) a-glucosidase. Both acetone
and 70% ethanol extracts exhibited inhibitory activity against
enzyme of all three sources. Three hydrolysable tannins isolat-
ed from jamun seeds were the strong a-glucosidase inhibitors
[Omarer al., 2012]. Their IC, values were as follows: 8.2 uM
(iso-oenothein C), 12.2 uM (cornusin B), and 75.1 uM (oeno-
thein C). Liu ef al. [2018] reported strong a-glucosidase in-
hibitory activity of phenolic compounds isolated from jamun
seeds and elucidated using modern spectroscopic methods.
Among 21 isolated compounds, eight (mainly ellagitannins
and ellagic acid derivatives) inhibited a-glucosidase better
than acarbose — a clinical drug. Tergalic acid dilactone was
found as the strongest inhibitor with the IC, value of 5 uM.

In the diabetic state, hyperglycemia increases glucose
metabolism via the polyol pathway [Alam ef al., 2019]. Al-
dose reductase (AR) catalyzes the conversion of glucose to
sorbitol. This polyol, generated at high levels, cannot diffuse
across cell membranes and either accumulates or is con-
verted to fructose. In turn, protein tyrosine phosphatase Bl
(PTPI1B) is a negative regulator of the insulin signaling path-
way and is associated with risk of both type 1 and 2 diabe-
tes [Alam er al., 2019]. Gallic acid, valoneic acid dilactone,
rubuphenol, and ellagic acid separated from jamun seeds
were found to inhibit AR with IC,; values of 0.77, 0.075,
0.165, and 0.12pg/mL, while valoneic acid dilactone, rubu-
phenol, and ellagic acid inhibited PTP1B with IC,; values
of 9.37, 28.14, and 25.96 ug/mL, respectively [Sawant et al.,
2015]. Fourteen phloroglucinol derivatives isolated from ja-
mun seeds inhibited PTP1B activity. The values of IC,  were
in the range of 0.42-3.2 uM. The strongest inhibitory activity
possessed jamunone E (C,H, O,) with 2,5,7-trihydroxy-2,3-
-dihydrochromone moiety [Liu et al. 2017b].

Several in vivo studies showed the antidiabetic activity
of jamun seeds, their extracts and phytochemicals. Study re-
vealed that jamun seed extract preferably improves various
biochemical actions, such as glucose tolerance and glucose
uptake, maintains glucose homeostasis in diabetic animals,
and exhibits benefits in restoring B-cells [Sharma er al,
2008a]. Addition of defatted jamun seeds as well as water-
-soluble fiber isolated from this material to the diet of dia-
betic rats exerted a hypoglycemic effect [Pandey & Khan,
2002]. The ethanolic extract of phenolic compounds obtained
from jamun seeds reduced significantly the blood glucose
level in rats [Yadav et al., 2010]. The authors reported 41%
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and 44% of the mentioned reduction after oral administra-
tion of the extract. For the aqueous extract, the ability for
blood glucose reduction was lower — 26% and 27% after
1 and 2 h, respectively. In the experiment with streptozoto-
cin-diabetic rats (15 days, addition of 500 and 1000 mg
of powdered jamun seeds per kg body weight to the rat diet)
caused positive changes in diabetes markers. Fasting blood
glucose was reduced by 75 and 122 mg/dL (in diabetic con-
trol it increased by 34 mg/dL). The value of post-treatment
fasting and peak blood glucose 38 and 36 mg/dL was much
lower than that in diabetic control (78 mg/dL). The positive
changes in liver glycogen were reported; involving a decrease
by 50 and 52 mg/g of liver in experimental group, and 90 mg/g
of liver in normal control [Sridhar ef al., 2005]. The decreased
levels of blood glucose and increased glucose tolerance were
found due to administration of jamun seed kernels (100 mg/kg
body weight) to streptozotocin-induced diabetic rats [Ravi
et al., 2004b]. In the same experiment, a decrease in the liv-
er glycogen content was observed. It is worth emphasizing
that no hypoglycemic effect was shown when powdered seed
coat was used as a dietary ingredient. Ravi ef al. [2003] re-
ported that the activities of important enzymes for carbohy-
drate metabolism were returned almost to the normal levels
due to administration of jamun seed kernels to diabetic rats.
In the study of Raza ef al. [2017], an aqueous ethanolic ex-
tract of jamun seeds caused glucose reduction by 14.36%
and increased blood insulin level by 7.24% in hyperglycemic
rats. Findings of Sharma et al. [2011b] also showed positive
properties of jamun seeds including their significant effect on
decreasing blood glucose level. The fraction isolated from
the crude extract using Sephadex LH-20 column chromatog-
raphy possessed potent antihyperglycemic activity in experi-
ments with alloxan-induced diabetic rabbits. Phytochemicals
present in jamun seeds have a beneficial effect on hypogly-
caemic activity by stimulating the glucose uptake (GLUT 4)
by skeletal muscle cells [Syama et al., 2018].

A long-run human study conducted for | year on 99 pa-
tients with type 2 diabetes mellitus who poorly controlled
blood sugar level and were administered S. cumini seed pow-
der at a dose of 10 g/day showed decrease in fasting plas-
ma glucose and postprandial blood sugar, thus indicating
the beneficial role of jamun seed powder in controlling type
2 diabetes mellitus [Sidana et al., 2017]. The study also con-
firmed the pharmaceutical value of S. cumini as a regional,
traditional medicine for diabetes management.

Antihyperlipidemic and antihypercholesterolemic activity

The presence of several bioactive compounds in jamun
seeds helps to regulate the blood lipid profile. Oral infusion
of an alcoholic jamun seed extract (100 mg/kg body weight)
in diabetic rats resulted in a significant reduction in serum lip-
ids [Prince et al., 2004]. The jamun seed extract also decreased
the total serum cholesterol to high-density lipoprotein (HDL)
cholesterol ratio, serum low-density lipoprotein (LDL) cho-
lesterol level and 3-hydroxy-3-methyl-glutaryl-coenzyme A
(HMG-CoA) reductase activity in alloxan-induced diabetic
rabbits and streptozotocin-induced diabetic rats [Sharma
et al., 2003; 2011a,b; Sridhar et al., 2005]. The plasma lipo-
protein cholesterol (HDL-, LDL-, and VLDL-C) and fatty

acid composition were altered in streptozotocin-induced
diabetic rats when administered the ethanolic jamun seed ex-
tract [Ravi et al., 2005]. In the experiment of Ulla et al [2017],
the supplementation of the rats high-carbohydrate and high-
fat diet with jamun seed powder for 56 days (2.5%, w/w, of diet)
reduced white adipose tissue (WAT) weights, and plasma
lipids, such as total cholesterol, triglyceride, LDL and HDL
cholesterol concentration. In experiments of Sharma er al.
[2017], diabetic rats were treated with a water jamun seed ex-
tract (200 and 400 mg/(kgxday)). The authors observed de-
creased serum levels of total cholesterol (by 39.9 and 44.2%,
respectively), triglycerides (by 43.1 and 46.7%, respectively),
and LDL-cholesterol (by 28.3 and 32.9%, respectively) com-
pared with diabetic control group. Due to addition of extracts
to rat diet, the concentration of HDL-cholesterol increased
by 14.6 and 20.2%, respectively.

Parveen et al. [2020] demonstrated antihyperlipidemic ef-
fect of jamun seeds in a human study. The supplementation
of the diet of patients diagnosed with prediabetes with jamun
seed capsulated powder (4.5 g/day) significantly improved
the level of total cholesterol and LDL-cholesterol from 266 to
216 mg/dL and from 189 to 139 mg/dL, respectively.

Anticancer activity

Jamun seed extract exhibited protection in albino mice
against peroxidative damage contributing to skin cancer [Par-
mar et al., 2010]. The oral intake of extracts (125 mg/kg body
weight) reduced tumor burden, number of papilloma cells
and their size. In experiments of Arun er al. [2011], the ja-
mun seed extract administered orally (500-1500 mg/kg body
weight) to mice before the exposure to genotoxic carcinogens
(7,12-dimethylbenz(a)anthracene and urethane) prevented
the breakage of pPBR322 DNA, significantly reduced the chro-
mosomal aberrations in metaphase, and reduced the forma-
tion of micronuclei in polychromatic erythrocytes.

Among in vitro studies, Yadav et al. [2011] examined
the cytotoxic activity of the jamun seed extract by MTS as-
say on various cancer cell lines. The results were expressed
as IC, values (the concentration of the extract inhibiting
cell proliferation up to 50% of the negative control). With
IC,, of 49 ug/mL, A2780 (ovarian cancer) cell line was found
to be most sensitive while non-small-cell lung carcinoma
(H460) proved to be the least sensitive (IC,, 165 ug/mL).
A very low IC,; value (0.06-0.08 ug/mL) was shown by fla-
vopiridol (positive control) on all the cell lines. The induction
of apoptosis in human hepatoma cells (HepG2) by the ja-
mun seed extract was reported by Prakash & Devaraj [2019].
In this study, the use of different extract concentrations (10,
20, and 40 ug/mL) decreased the mitochondrial potential
as well as down-regulated a hepatocyte nuclear factor-la
(HFN-1a). It was confirmed by western blotting. In turn, Aqil
et al. [2012] used an MMT assay to evaluate the effect of ja-
mun seed extracts (crude and hydrolyzed) on cancer cell vi-
ability. Both extracts exhibited strong antiproliferative activity
against human non-small-cell lung cancer A549. The activity
of the crude and hydrolyzed extract, expressed as IC,, reached
the value of 64 and 38 ug/mL, respectively. The methanolic
extract of jamun seeds exhibited cytotoxic activity against co-
lon cancer cell line (HCT-116), with IC, value of 1.24 ug/mL
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[Elhawary et al., 2022]. According to molecular docking
study, myricetin 3-glucoside, myricitrin, reynoutrin, and quer-
citrin present in the extract were most potential ligands within
a protein active site (FIH-1).

Cardio- and hepatoprotective properties

The methanolic jamun seed extract administered to mice
at the dose of 200 mg/kg body weight revealed the protective
and recovery ability on cardiac tissue due to its capability to
decrease myocardial necrosis biomarkers such as aspartate
aminotransferase (AST), alanine transaminase (ALT), uric
acid, creatine phosphokinase (CPK), and lactate dehydroge-
nase (LDH) [Nabhid et al., 2017]. Atale et al. [2013] reported
reduction in size of myocyte, lower generation of reactive
oxygen species (ROS), and lower accumulation of collagen
in response to the administration of the jamun seed extract.
According to the study of Devkar et al [2012], jamun seeds
are potential cardioprotective agents due to a higher content
of phenolic compounds, can reduce intracellular oxidative
stress, preventing depletion of cellular antioxidants and im-
proving cell viability. The mentioned research investigated hy-
drogen peroxide-induced cytotoxicity in HIC2 cells.

Hepatoprotective effect of the methanolic seed extract
was reported when administered at doses of 100, 200 and
400 mg/kg to Wistar albino rats treated with carbon tetrachlo-
ride dosages. The extract significantly reversed the elevated
marker enzymes (glutamic oxaloacetic transaminase (GOT),
glutamic pyruvic transaminase (GPT), alkaline phosphatase
(ALP), acid phosphatase (ACP) and bilirubin), which were
comparable even with those of the Liv.52®-treated group.
The dose of 400 mg/kg body weight was highly effective
against the hepatotoxicity caused by carbon tetrachloride
[Sisodia & Bhatnakar, 2009]. Likewise, the methanolic ja-
mun seed extract when administered at a dose of 200 mg/kg
body weight to diabetic rats, exhibited hepatoprotective effect
by significantly increasing the protein concentration, ALT,
AST, ALP and bilirubin levels, and reducing enhanced liver
enzymes even more than in the rats treated with the gliclazide
(25 mg/kg) [Nahid et al., 2017].

Neuroprotective properties

The therapeutic potential of dipeptidyl peptidase-4
(DPP-4) inhibitors in the treatment of Alzheimer’s disease
(AD) was confirmed in experimental studies [Holscher, 2010].
Because phenolic compounds are known as DPP-4 inhibi-
tors, Kosaraju ef al. [2017] tested the neuroprotective effect
of the jamun seed extract against the streptozotocin-induced
AD in a rat model. The administration of jamun seed extract at
doses of 200 and 400 mg/kg decreased amyloid load, tau phos-
phorylation and inflammation in the brain. Levels of tumor ne-
crosis factor a (TNF-a) and interleukin-1p (IL-1p) in the hip-
pocampus of rats from group treated with jamun seed extract
was reduced when compared with a negative control group.

The antiamnestic effect of the jamun seed methanolic ex-
tract was evaluated in a rat model by Alikatte et al. [2012].
The extract administration (200 and 400 mg/kg) exerted
positive effects on short-term or working memory and re-
versed cognitive impairments in rats. In brains of rats treat-
ed with extracts, the level of lipid peroxidation was lower

and the activities of superoxide dismutase and catalase higher
than in the control group. The authors reported also suppres-
sion of acetylcholinesterase activity in experimental groups.

Anti-inflammatory activity

Due to the occurrence of several bioactive compounds,
jamun seed powder or its extract can act as an anti-inflamma-
tory agent, decreasing both acute and chronic inflammation.
It was confirmed by several in vivo studies. Bioactive com-
pounds of ethyl acetate and methanol extracts of jamun seeds
orally administered to Wistar rats with carrageenan-induced
paw edema (200 and 400 mg/kg body weight) elicited anti-
-inflammatory effect [Kumar ez al., 2008]. Chaudhuri et al.
[1990] used the chloroform fraction of jamun seed in a lower
dose (100 mg/kg body weight) and also reported the inhibi-
tion of carrageenan-induced paw edema in rats. The inhibi-
tion of migration of leucocytes into the pleural fluid was noted.
In addition, the authors observed the reduction of the weight
of cotton pellet-induced granuloma.

The study of Atale er al. [2021] demonstrated the anti-
-inflammatory effect of the jamun seed extract in rats with
high-glucose-induced  heart-derived H9C2  cardiomyo-
blasts. The bioactive compounds present in the extract
prevented glucose-induced cardiac stress, gelatinase activ-
ity in H9C2 cardiomyocytes, gelatinase-B expression and
NF-«xB nuclear translocation in these cells. The docking stud-
ies confirmed a strong interaction between jamun seed pheno-
lic compounds and gelatinase-B.

The results of a study by Bellé ef al. [2013] indicated that
the jamun seed extract can act as an inhibitor of the DPP-4
and adenosine deaminase (ADA) in human lymphocytes. Prob-
ably, the bioactive compounds present in extract may interact
with DPP-ADA complex and modify the purinergic signaling.

Antioxidant activity

The antioxidant potential of jamun seeds was analyzed
by several in vitro methods, using various techniques for the ex-
traction of bioactive compounds. The phenolics (gallic acid,
ellagic acid, ferulic acid, (+)-catechin, and quercetin) of seeds
originated from underutilized indigenous black jamun land-
races found in the Gir forest region of India showed signifi-
cant antiradical activity against DPPH" [Gajera et al., 2017].
The DPPH" scavenging activity of extracts of jamun kernel
powder obtained using an ultrasonic-assisted aqueous extrac-
tion, regular water extraction, and a three-phase partitioning
extraction was determined by Mahindrakar & Rathod [2020a,b;
2021]. The concentration of the antioxidant causing 50% radi-
cal scavenging (SC,) was 10.59, 12.97, and 12.15 ug/mL,
respectively. Much higher SC,  values of 105.3, 153.8,
and 501.6 ug/mL were found for ABTS**, DPPH" and hy-
droxyl radical, respectively, by Abdin e al. [2019] who deter-
mined radical scavenging activity of the chromatographically
(D101 resin) purified jamun seed aqueous ethanol extract.
In turn, Shrikanta ez al. [2015] reported a very low SC, value
of 0.40 mg/mL for DPPH" scavenging activity of 80% (v/v)
ethanol extract. The extract was also tested in the assay based
on the reduction of Mo(VI) to Mo(V) and its total antioxidant
capacity was determined at 3.33 mmol GAE/g extract. Phe-
nolic compounds isolated from jamun seeds with the highest
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DPPH" scavenging activity were ellagitannins and ellagic acid
derivatives (SC,, values in the range of 25.0-87.2 uM) [Liu
et al., 2018]. The same compounds also strongly inhibited
ROS generation in the RAW264.7 macrophages.

Aqil et al. [2012] investigated antioxidant activity
of the crude and hydrolyzed extracts of jamun seeds as ferric-
reducing antioxidant power (FRAP), oxygen radical absor-
bance capacity (ORAC), and using antiradical assays (DPPH
and ABTS). In the DPPH assay, the crude and hydrolyzed
extracts exhibited SC, of 16.3 and 19.8 ug/mL, respectively.
For both extracts, results of the ABTS assay were the same -
SC,,of 4.6 ug/mL. Results of FRAP were expressed by the con-
centration inducing 50% reduction of the ferric iron, which
amounted to 23.6 ug/mL (crude extract) and 24.7 ug/mL
(hydrolyzed extract). Both extracts were characterized
by the same ORAC value — 3.379 mmol Trolox equivalents/g.

The in vivo experiment carried out by Bitencourt et al.
[2017] demonstrated the antioxidant potential of the ja-
mun seed extract. Candida albicans-infected diabetic rats
were treated for three weeks with an aqueous seed extract
and the same extract in the form of nanoparticles with a daily
dose of 100 mg/kg. The crude extract and its nanoparticle
form were able to decrease levels of thiobarbituric acid reac-
tive substances (TBARS) in serum, kidney, liver, and pancreas
of the treated groups when compared to control animals.

Antimicrobial activity

According to Bag et al. [2012], the extract of jamun seeds
exhibited the antibacterial potential against multidrug-resis-
tant human bacterial pathogens. The possibility of applying
the jamun seed extract as a novel antimicrobial agent was
confirmed by means of the agar well diffusion and microbroth
dilution assays. Jasmine et al. [2010] found that the crude ex-
tracts of jamun seeds could act against isolated p-lactamase-
-producing drug-resistant bacteria. The zone of inhibition
was in the range of 14-21 mm and a minimum inhibitory con-
centration (MIC) was in the range of 31.75-62.5 ug/mL. Ac-
cording to the authors, saponins present in the extract were
the active phytochemicals. Eight sesquiterpenoids isolated
from jamun seeds were active (100 pg/disk) against S. aureus.
However, the same compounds at the same concentration
caused no effect against E. coli and C. albicans [Liu et al.,
2017a]. According to Santos et al. [2020], phenolic extracts
of jamun seeds were activite against Aeromonas hydrophila,
Chromobacterium violaceum, E. coli, Pseudomonas aerugi-
nosa, Salmonella enterica serovar Typhimurium, Serratia
marcescens, Listeria monocytogenes, and S. aureus. The stron-
gest antimicrobial activity was reported in the case of S. au-
reus. The extract used inhibited also violacein production by
C. violaceum. Inhibition of E. coli, S. aureus, and P aeruginosa
growth by a fraction isolated from the ethanol extract of ja-
mun seed was also reported by Yadav ez al. [2011]. The zones
of inhibition in agar cup-plate assay were 20, 17 and 11 mm,
respectively. Yadav e al. [2017], using an agar well diffusion
assay, demonstrated the antimicrobial activity of the jamun
seed extract against Bacillus subtilis. The minimum inhibi-
tory concentration of the methanolic extract was 0.3 mg/mL.
The results of flow cytometry showed that antimicrobial
activity of compounds present in the extract was related to

the induction of membrane permeability in bacterial cells.
According to docking analysis, among bioactive compounds
of the jamun seed extract, lupeol showed the highest bind-
ing energy with pp-carboxypeptidase and rp-carboxypep-
tidase from B. subtilis, and stigmasterol and betasitosterol
showed the highest binding energy for class D p-lactamase
and B-lactamase.

The research conducted by Chandrasekaran & Venkatesa-
lu [2004] showed antifungal activity of bioactive compounds
extracted from jamun seeds using water and methanol.
Extracts were active against such dermatophytic fungi as
Candida albicans, Tricophyton rubrum, T. mentagrophytes, Mi-
crosporum gypseum, and Aspergillus niger.

APPLICATION OF JAMUN SEEDS AND THEIR
EXTRACT IN THE FOOD INDUSTRY

Jamun seed powder and its infusion are traditionally used
in the treatment of diabetes and ulcers. Currently, the applica-
tion of these seeds to prepare herbal formulations is gaining
popularity worldwide. Raza ef al. [2017] recommended the ja-
mun seed powder as a health-promoting additive to foods due
to its antihyperglycemic properties. However, its use in the pro-
duction of bread, pasta or cookies still requires researches
of product safety and quality, and processes conditions optimi-
zation. In the case of infusions/extracts, their low storage stabil-
ity is disadvantageous. Modern techniques, such as ultrafiltra-
tion and nanofiltration, show promise in solving this problem
[Balyan & Sarkar, 2018]. The cited study estimated parameters
of the first-order kinetic model to fit the changes of total phe-
nolic contents and total flavonoid contents of UF and NF frac-
tions of the jamun seed aqueous extract during storage. These
parameters can be useful for designing appropriate storage
conditions for industrial scale-up of the process. Another pos-
sibility of increasing the stability of the jamun seed extract was
proposed by Peixoto & Freitas [2013]. The authors spray-dried
the aqueous extract using silicon dioxide and cassava starch as
carriers. The obtained powder had low hygroscopicity at 43%
relative humidity and was characterized by adequate flowability
and compactability. Moreover, the antihyperglycemic and anti-
oxidant properties of the spray-dried extract were comparable
to those of the lyophilized one.

Whole jamun-based functional confection (WJFC) con-
taining 2% of the jamun seed powder was produced and in-
vestigated by Sehwag & Das [2016] and Sehwag et al. [2018].
WIJFC was characterized by a high content of dietary fiber
and a low calorific value. It could be applied as a natural pre-
biotic, antioxidant or antidiabetic preparation. WJIFC as an
inhibitor of a-amylase activity helped in maintaining a low
blood glucose level.

The study of VenuGopal & Anu-Appaiah [2017] investi-
gated effects of, the addition of jamun seeds during produc-
tion of wines from jamun fruits. The seeds added to wine
increased the content of phenolic compounds at the begin-
ning of fermentation. However, the content of phenolics
reduced throughout aging. The presence of phenolic com-
pounds and polysaccharides originating from seeds influ-
enced wine browning. In turn, Singh & Kocher [2020] used
response surface methodology to optimize the parameters
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of the fermentation of S. cumini fruits with seed power sup-
plementation. Phenolics (specially tannins) of seeds were
responsible for stabilizing sensory attributes and antioxidant
potential of stored wines.

Abdin et al. [2022] used the jamun seed extract as a com-
ponent of the edible sodium alginate/gum Arabic films. Such
a product, featuring appropriate physicochemical properties,
can serve as a good source of antioxidant compounds and can
be used in modern food packaging.

CONCLUSION AND FUTURE PROSPECTIVE
DIRECTIONS

According to the review, the seed of the jamun fruit has
a richly-varied composition of bioactive compounds, includ-
ing terpenoids, phenolic compounds and saponins with high
contents of gallic acid, ellagic acid and hydrolysable tannins.
These compounds are responsible for the extensive biological
activities of jamun seeds and their extracts. Jamun seeds ap-
pear to be a low-cost source of a natural antidiabetic agent,
although their antioxidant, anti-inflammatory antimicrobial
potential is becoming more and more appreciated. As mod-
ern techniques for the extraction, separation and purification
of jamun seeds bioactives are developed, it seems that pow-
der, extracts and fractions may soon be harnessed in the pro-
duction of functional foods and nutraceuticals intended for
people at risk of diabetes, cancer, cardiovascular, hepatic
and neurodegenerative diseases, and bacterial and microbial
infections. Nevertheless, more research is needed to elucidate
the molecular mechanisms of the of health-beneficial activi-
ties of jamun seed compounds. The biological activity of sa-
ponins and lignans from jamun seeds, and the bioavailability
of bioactive compounds are still poorly understood. In ad-
dition, the nutritional value of jamun seeds seems to be still
little known, especially in terms of proteins, their amino acid
composition and biological value. Clinical trials of jamun
seed-based goods on humans, taking into account all safe-
ty concerns, will increase the value of jamun seeds for use
in the food and non-food industries.
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The metabolism of chromium (Cr), calcium (Ca), phosphorus (P), iron (Fe), copper (Cu), and zinc (Zn) is interconnected, and their deficiency
or excessive accumulation may lead to various disturbances, including anemia and diabetes. The current research was undertaken to determine
whether low-fat or high-fat diets with the Cr(III) addition in the form of picolinate (CrPic) or nanoparticles (CrNPs) have an interactive effect on
the retention and accumulation of this element in organs and the content of P, Ca, Fe, Cu and Zn in the blood plasma of rats. The experiment was
performed using 48 outbred male Wistar rats fed a low-fat or high-fat semi-purified rat diet with dietary addition of chromium at a dose of 0.3 mg/kg
body weight. The obtained results point to the paramount importance of the dietary Cr form on the excretion pattern of this microelement. It has
been found that CrNPs were to a greater extent excreted from the rat’s body via urine and feces in comparison to CrPic, as indicated by the val-
ues of the Cr retention index (44.4 vs. 65.9%, respectively). The additional dietary Cr, irrespective of its form and diet type, was not accumulated
in the analyzed internal organs, i.e. brain, spleen, kidneys, liver, thigh bone, and thigh muscle. It should be stressed that dietary CrPic, unlike CrNPs,
added to the high-fat diet adversely reduced plasma concentration of vital minerals in comparison to the levels observed in rats fed the low-fat diet,
i.e. Zn (60.5vs. 69.9 uM), Cu (13.6 vs. 15.7 uM), and P (1.12 vs. 1.30 uM). In turn, the CrNPs, but not CrPic, added to the high-fat diet decreased

plasma Fe level (1.41 vs. 2.43 uM).

INTRODUCTION

The available literature provides ample evidence that
trivalent chromium (Cr(III)) is an important micromineral
actively involved in the metabolic fate of carbohydrates, lip-
ids, and proteins [Dworzafnski ef al., 2020, 2021; Inang et al.,
2006; Ognik et al., 2021; Sahin et al., 2011; Suksomboon
etal., 2014; Tuzcu et al., 2011]. On the other hand, there are
many unanswered questions about Cr(III) supplementation
as there are also articles questioning its importance [Stearns,
2000]. Chromium’s advantage is that its safety was confirmed
by no detrimental health consequences of dietary inclusion
of trivalent Cr in animal experiments [Pechova & Pavlata,
2007]. In the released opinion of the European Food Safety
Authority (EFSA), Cr(II) should not be considered as an
essential nutrient [EFSA, 2014], but it is currently deemed
a stock supplementary ingredient.

* Corresponding Author:

E-mail: (J. Juskiewicz)

The intestinal tract is the main route of Cr(II) entering
the internal tissues. In rodents, its most active absorption
processes occur in the jejunum; while its absorption is less
effective in the ileum and duodenum [Pechova & Pavlata,
2007]. Chromium is absorbed from the intestine to a little
extent, with the absorption rate ranging from 0.4% to 2.0%.
The retention rate of Cr from inorganic and organic species
has been reported at less than 3% for the former and ten times
higher for the latter [Lyons, 1994]. It should be stressed that
the literature in vivo data describing the Cr accumulation
in internal tissues and organs is relatively scarce [Anderson
etal., 1996; Changet al., 1992; Lindemann ef al., 2008; Sahin
etal.,2001; Staniek et al., 2013].

High blood insulin level was shown as a diminishing fac-
tor in regard to Cr cycled in the body as chromium is incorpo-
rated to insulin-dependent cells via the low molecular weight
chromium-binding substance (LMWCr) [Davis, 1997].
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Krdl et al. [2014] found that the administration of a high-
-fat diet caused elevated insulin levels in rat serum, regard-
less of Cr dietary application (applied doses of 10 or 50 mg
Cr propionate per kg diet). It is worth noting that hepatic Cr
accumulation may be enhanced under conditions of insulin-
related disturbances. Studies on Cr distribution in rat tissues
have demonstrated its highest content in the kidneys [Prescha
etal.,2014]. Previous studies addressing the impact of dietary
Cr on tissue levels of other mineral components have shown
a significant interaction of Cr with Fe [Anderson et al., 1996;
Lindemann ef al., 2008; Yoshida et al., 2010]. Dietary Cr(III)
has been reported to affect the metabolism of other macro-
and micro-elements, for instance increased Zn level and di-
minished that of Cu [Vlizlo ef al., 2014]. The maintenance
of the right, balanced physiological status of trace minerals,
i.e. Fe, Zn, Cu, and Cr, seems to be of paramount importance.
Undoubtedly, the metabolic fate of Fe, Cr, Cu, and Zn is mu-
tually dependent and the body’s mineral status and may great-
ly affect the occurrence of several physiological and metabolic
disturbances, e.g. diabetes, anemia, or insulin-resistance.

The current research was undertaken to determine wheth-
er low-fat or high-fat diets with the addition of Cr in the form
of chromium picolinate or nanoparticles have an interac-
tive effect on the retention and accumulation of this element
in organs and the contents of other minerals (P, Ca, Fe, Cu
and Zn) in the blood plasma of rats.

MATERIAL AND METHODS

Chromium used in experiments

Chromium in the two forms was used as the additive to
rat diets: chromium nanoparticles (CrNPs) and chromium
picolinate (CrPic). CrNPs powder (with spherical morpholo-
gy) was characterized by high purity (999 g/kg), large surface
area (6-8 m?/g), bulk density of 0.15 g/mL, and true density
of 8.9 g/mL and was acquired in SkySpring Nanomaterials
Inc. (Houston, TX, USA). CrPic was purchased in Merck Co.
(Darmstadt, Germany). Its purity was also high, >980 g/kg.

Animals

The experiment was performed using 48 outbred male
Wistar rats (Cmdb:Wi CMDB) fed a low-fat or high-fat
semi-purified rat diet (LFD and HFD, respectively) with
dietary addition of chromium nanoparticles or chromium
picolinate. The study schema consisted of two periods, i.e.
initial and experimental, each of 9 weeks. During the ini-
tial 9-wk period, the rats aged 6-wk were fed a HFD. After
the initial period, the high-fat rats were randomly divided into
4 groups with n=12 per group and fed, for the subsequent
9-wk, the following dietary treatments: the LFD-CrPic group
was fed a standard low-fat diet supplemented with chromium
picolinate; the LFD-CrNPs group — a standard low-fat diet
supplemented with chromium nanoparticles; the HFD-CrPic
group — a high-fat diet supplemented with chromium pico-
linate; and the HFD-CrNPs group — a high-fat diet supple-
mented with nanoparticle chromium ( ). The rats were
administered chromium in a daily dose of 0.3 mg/kg of body
weight (BW proposed by the EFSA NDA Panel [2014] as
a highly safe dose without any harmful side-effects. In order

TABLE 1. Composition of low-fat diet (LFD) and high-fat diet (HFD)
with chromium picolinate (CrPic) and chromium nanoparticles (CrNPs)
used in the experiment (g/kg).

| LFD-CrPic |HFD—CrPic | LFD-CrNPs | HFD-CrNPs

Casein' 148 148 148 148
-Dlt/iethionine 2 2 2 2
Cellulose? 80 30 80 30
Chloride 2 2 2 2
Cholesterol 3 3 3 3
Vitamin mix® 10 10 10 10
Mineral mix* 35 35 35 35
Maize starch® 640 520 640 520
Rapeseed oil EéO (With 80 (With 80 (with 80 (with
r-Pic)® Cr-Pic)° Cr-NP)¢ Cr-NP)°
Lard 0 170 0 170

!Casein preparation: crude protein 89.7 g/100 g, crude fat 0.3 g/100 g, ash
2.0 g/100 g, and water 8.0 g/100 g.

%a-Cellulose (SIGMA, Poznan, Poland), main source of dietary fibre.
SAIN-93G-VM [Reeves, 1997], mix (g/kg): 3.0 nicotinic acid, 1.6 Ca pan-
tothenate, 0.7 pyridoxine-HCI, 0.6 thiamine-HCI, 0.6 riboflavin, 0.2 folic
acid, 0.02 biotin, 2.5 vitamin B, (cyanocobalamin, 0.1% in mannitol),
15.0 vitamin E (all-rac-a-tocopheryl acetate, 500 1U/g), 0.8 vitamin A
(all-trans-retinyl palmitate, 500,000 IU/g), 0.25 vitamin D, (cholecalcif-
erol, 400,000 IU/g), 0.075 vitamin K| (phylloquinone), 974.655 powdered
sucrose.

“Mineral mix, mix (g/kg): 357 calcium carbonate anhydrous, 196 di-
potassium phosphate, 70.78 potassium citrate, 74 sodium chloride,
46.6 potassium sulfate, 24 magnesium oxide, 18 microelement mixture,
213.62 starch (to 1 kg). Microelement mixture, mix (g/kg): 31 iron (IID
citrate (16.7% Fe), 4.5 zinc carbonate (56% Zn), 23.4 manganese (1D
carbonate (44.4% Mn), copper carbonate (55.5% Cu), 0.04 potassium
iodide, citric acid to 100 g.

SMaize starch preparation: crude protein 0.6 g/100 g, crude fat 0.9 g/100 g,
ash 0.2 g/100 g, total dietary fibre 0 g/100 g, and water 8.8 g/100 g.

5The dosage of CrPic or CrNPs: 0.3 mg/kg body weight.

to maintain a safe and comparable regimen while preparing
the diets, both sources of Cr were added along with rapeseed
oil and not in the mineral mix.

The in vivo protocol including all manipulations planned
to be performed on living rats was in compliance with
regulations and ordinances in force in Poland, and Direc-
tive 2010/63/EU for animal use in research and education.
The application for conducting in vivo experiment was accept-
ed by the National Ethics Committee for Animal Experiments
(Approval No. 73/2021).

Throughout the study, all animals were kept individually
in stainless steel cages in an animal laboratory room with prop-
er for the rodents inside temperature (22=1°C), relative hu-
midity 60+5%, a 12-h day-night regimen, and an air exchange
rate of 15 changes per 60 min. The rats were thoroughly scru-
tinized by the well-trained staff and the veterinarian towards
a proper behaviour and health status. All humane endpoints
in animal research mentioned in Directive 2010/63/EU
were tailored strictly in the present study. The superordinate
and the veterinarian were informed daily in the case of any
sign of rat distress or pain. For 18 weeks (9-wk of the initial
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and 9-wk of the experimental period), the animals were pro-
vided with free access to tap water and daily amount of semi-
purified diets in order to keep the experimental dosage
of additional dietary chromium. The diets constructed from
well-known ingredients were stored at 4°C in plastic tubes for
food and perishables during all the feeding period. The ex-
perimental dietary treatments for rats were constructed ac-
cording to the rules described by Reeves [1997] and ap-
proved by the American Institute of Nutrition. The diets were
based on casein as the main protein source, rapeseed oil as
a fat source (oil was coupled with lard in the high-fat diets),
and maize starch as a carbohydrate source. The experimental
calculations and analyses of biological animal material were
performed individually for each rat.

On day 28, the rats were relocated to the balance cages
in order to conduct the Cr balance trial which enabled calcu-
lations of the Cr digestibility and retention (utilization) coef-
ficients. The construction of the cages (TECNIPLAST S.p.A.,
Buguggiate, Italy) facilitates an exact collection of feces
and urine excreted by an animal. The balance test consisted
of a preliminary period lasting 10 days as well as a relevant bal-
ance S-day period during which all excreted feces and urinated
liquid were collected to special tubes kept then in the fridge
environment. During the relevant balance days, the amounts
of ingested diets and drank water were also recorded for each
rat. All collected samples, i.e. fecal, urinal, dietary, and water
ones, were analyzed for Cr content as described below.

The Cr digestibility was expressed as a percentage
of the mineral ingested:

__ Crintake — Cr excreted in feces
- Crintake

Cr digestibility (%) x 100 (1

The Cr retention (utilization) was calculated as follows:

Crintake — Cr excreted in feces and urine
Cr intake

Cr retention (%) = x 100 2)

During the entire feeding experiment, the rats were indi-
vidually monitored for body weight and diet consumed. Be-
fore the termination of the rats, they were deprived of feed for
12 h but still had full access to tap water. On termination day,
the animals were anesthetized with the mixture of ketamine
(Ke) and xylazine (X) in 0.9% NaCl (Ke, 100 mg/kg BW; X,
10 mg/kg BW) according to the anaesthesia and euthanasia
guidelines for laboratory rodents. The unconscious (a pain-
less state) rats were then laparotomized, and their blood
was collected from caudal vena cava into heparinized tubes
in order to obtain blood plasma via centrifugation (350xg,
10 min, 4°C). Plasma samples were kept frozen at —70°C un-
til assayed. After blood collection, the rats were euthanized
by cervical dislocation in order to confirm the death. The se-
lected internal organs and tissues (liver, kidneys, brain, spleen,
thigh muscle, thigh bones) were cut off, weighed if needed,
frozen in liquid nitrogen (-196°C), and stored in the low-tem-
perature freezers at —70°C.

Mineral analysis

The concentration of minerals (Cr, P, Ca, Mg, Fe,
Cu, and Zn) in the blood plasma samples (0.25 mL) and
Cr content in feces, urine, water, diet, and tissue samples

(0.5g,0.25mL, 0.25 mL, 0.5 g and 0.5 g, respectively) were
determined by flame atomic absorption spectrometry (FAAS)
with the aid of a Perkin-Elmer M 5000 atomic absorption
spectrometer coupled with an HGA 500 graphite furnace
(PerkinElmer Life and Analytical Sciences Co., Shelton, CT,
USA). The furnace program was applied to Cr determination
in diets, feces, and tissues with a wavelength of 357.9 nm,
drying at 110°C, ashing at 1200°C, atomization and cleaning
at 2700°C. In the case of the remaining minerals, the micro-
wave oven (Milestone MLS 1200 MEGA, Milestone, Italy)
digestion with HNO, was applied at three subsequent periods
(5 min each) with the heating power of 210, 420, and 560 W,
respectively. The FAAS instrument setting and conditions fol-
lowed the manufacturers’ recommendations. The calibration
procedure was done with the aid of the Certipure multi-ele-
ment standard solution (Merck KGaA, Darmstadt, Germa-
ny). The air-acetylene oxidizing flame was used in the FAAS
procedure, whereas a D, lamp was used for background cor-
rections in the case of Cr, Ca, Fe and Zn determination.

Statistical analysis

In tables, the results are presented as means with standard
error of the mean (SEM), the latter calculated as standard
deviations (SD) divided by square root of the number of rats
(n=48). The two-way ANOVA was applied in order to assess
p-values for the two main effects, namely the dietary Cr form
(Cr; CrPic and CrNPs) and the diet type (D; LFD and HFD)
as well as for the occurrence of a significant interaction be-
tween the two main factors (CrxD). In the case of a signifi-
cant CrxD interaction (p<0.05), the post-hoc Duncan’s test
was applied to assess statistical differences among all four
experimental groups. The two-way ANOVA requires the nor-
mal distribution of samples, so the data were checked for
normality via the Shapiro-Wilk test. The STATISTICA ver.
12.0 software (StatSoft Corp., Krakow, Poland) was used
in the analysis.

RESULTS AND DISCUSSION

Long-term use of an ill-balanced diet leads to many meta-
bolic disorders, including obesity, caused by chronic con-
sumption of a diet rich in saturated fats [Nascimento ef al.,
2013; Orhan et al., 2019; Zary-Sikorska ef al., 2021]. An in-
creased level of dietary fat may additionally disturb the min-
eral homeostasis in the body [Meli et al., 2013; Qi et al., 2020;
Stepniowska ef al., 2022]. The present research showed that
the total level of Cr in the HFD was higher than in the LFD,
regardless of Cr form (p<0.001; ). In turn, the calcu-
lated intake of Cr during the balance test was higher in rats fed
the HFD supplemented with CrNPs than in those fed the LFD
(see the significant CrxD interaction). The aforementioned
results may be partly ascribed to the formation of adducts
composed of Cr nanoparticles and high levels of saturated
fatty acids in the HFD treatment [Muller et al., 2017]. Irre-
spective of diet type, higher urinary Cr excretion was noted
when dietary chromium was in the CrNPs form in comparison
to that added as CrPic (p=0.001). Two-way ANOVA showed
the CrxD interaction also for fecal Cr excretion (p<0.001),
total Cr excretion (p<0.001), Cr digestibility (p<0.001),
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TABLE 2. Chromium excretion patterns in the digestibility and retention test in rats fed experimental diets.

Cr content Crintake from | Excretion of Cr Excretion of Cr | Total Cr excretion | Cr digestibility | Cr retention
of diet (mg/kg) | diet (mg/5d) | infeces (mg/5d) | in urine (mg/5 d) (mg/5 d) (%) (%)
LFD-CrPic 5.55 0.475% 0.097 0.011 0.108° 79.6¢ 71.2¢
HFD-CrPic 6.60 0.513¢ 0.224¢ 0.009 0.233¢ 56.3° 54.50
LFD-CrNPs 5.30 0.442° 0.260° 0.015 0.276¢ 40.9¢ 37.5¢
HFD-CrNPs 6.90 0.498¢ 0.227¢ 0.012 0.239 53.6° 51.3°
SEM 0.22 0.017 0.012 0.001 0.012 2.6 2.2
Diet type (D)
LFD 4.16° 0.351 0.138 0.011 0.150 59.0 55.3
HFD 5.60° 0.422 0.174 0.008 0.182 60.9 59.0
Cr addition (Cr)
Cr-Pic 6.08 0.494 0.160 0.010° 0.170 67.9 65.9
Cr-NPs 6.10 0.470 0.244 0.014 0.257 473 44.4
p-Value

D effect <0.001 <0.001 0.008 0.078 0.016 0.542 0.254
Cr effect 0.101 <0.001 <0.001 0.001 <0.001 <0.001 <0.001
CrxD interaction 0.102 <0.001 <0.001 0.924 <0.001 <0.001 <0.001

The LED-CrPic group was fed a standard low-fat diet with supplementation of chromium picolinate; the HFD-CrPic group was subjected to a high-fat
diet with chromium picolinate supplementation; the LFD-CrNPs group was fed a standard low-fat diet with supplementation of chromium nanopar-
ticles; the HFD-CrNPs group was fed a high-fat diet with nanoparticle chromium supplementation. The amount of chromium administered to each rat
was 0.3 mg/kg body weight. SEM, standard error of the mean (n=48). **Mean values within a column with unlike superscript letters differ significantly
(p<0.05); differences among the groups (LFD-CrPic, HFD-CrPic, LED-CrNPs, HFD-CrNPs) are indicated with superscripts only in the case of a sta-
tistically significant interaction CrxD (p<0.05). The Cr intake from the diet was the same as total Cr intake (tap water provided to rats contained

no Cr).

and Cr retention (p<0.001). The nature of the CrxD interac-
tion for fecal and total Cr excretion was in significantly lower
amounts of Cr removed from the body, mainly via the fecal
route, in the rats administered LFD-CrPic as compared to
the remaining three dietary treatments (p<0.05 vs. HFD-
-CrPic, LFD-CrNPs, and HFD-CrNPs). The CrxD interac-
tion showed that the highest percentage of Cr digestibility
and retention indices followed the dietary treatments with
LFD-CrPic, while the lowest values of these indices were
noted in the rats fed LFD-CrNPs (in both cases p<0.05 vs.
all other groups). It has been reported that Cr nanoparticles
are better absorbed from the gastrointestinal tract than their
organic counterparts [Stepniowska er al., 2022]. Indeed,
in the present study, CrNPs were well absorbed in the intes-
tine but at the same time that Cr form was not efficiently
retained in the body’s tissues and organs, as indicated by con-
siderably diminished Cr retention (utilization) percentage.
That process was clearly depicted under the standard low-fat
dietary treatment by the highest and lowest retention values
for CrPic and CrNPs, respectively. The addition of chromium
in the form of CrPic to the high-fat diet resulted in decreased
digestibility and retention of Cr in the rats, which corrobo-
rates our previous findings on the effect of dietary high-fat en-
vironment on the mineral utilization in the body [Stgpniowska
et al., 2022]. Chromium picolinate has been shown to exhibit
hydrophobic properties and, therefore, to be easily absorbed
from the gastrointestinal tract in comparison to other forms

of Cr, nicotinate or chloride, available in popular mineral
supplements [DiSilvestro & Dy, 2007]. Moreover, it has
been found relatively stable in human gastric juice for over
three hours, requiring a high concentration of acid (0.1 M)
to break the bonds between Cr and picolinic acid [Lamson &
Plaza, 2002]. The relatively high stability of chromium pico-
linate may also partly explain the lesser excretion of dietary
CrPic from the rat’s body as compared to the novel dietary
form of chromium, i.e. CrNPs. In the present experiment, re-
gardless of diet type, a greater urinal Cr excretion followed
the dietary treatment with CrNPs vs. rats administered dietary
CrPic ( ). Wang et al. [2012], who administered Cr
in the form of CrPic or CrNPs at a dietary dose of 200 ug/kg
to pigs, did not observe different fecal and urinal excretion
pattern between those two forms of chromium. In turn,
Stepniowska et al. [2022] noted a similar amount of chro-
mium excreted with urine in rats fed diets supplemented with
different chromium forms, i.e. picolinate, chromium-methio-
nine, and as nanoparticles. At the same time, the rats fed diets
with Cr nanoparticles excreted considerably more Cr in com-
parison to the animals subjected to dietary treatments with
chromium picolinate or chromium-methionine.

The dietary treatments tested, i.e. HFD or LFD with
the addition of Cr in the form of CrNPs or CrPic, did not
differ among each other with respect to the Cr accumulation
in the brain, spleen, kidney, liver, bones, and muscle of rats
( ). Jamal et al. [1991] observed that Cr was easily
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TABLE 3. Chromium content in selected tissues of rats fed experimental diets (ug/g).

Brain Spleen Kidney Liver Bones Muscle
LFD-CrPic 0.133 0.563 1.03 0.438 0.311 0.169
HFD-CrPic 0.131 0.560 1.03 0.448 0.310 0.166
LFD-CrNPs 0.133 0.564 1.03 0.439 0.313 0.168
HFD-CrNPs 0.130 0.562 1.04 0.439 0.311 0.169
SEM 0.001 0.002 0.004 0.002 0.001 0.001
Diet type (D)
LFD 0.132 0.564 1.03 0.440 0.312 0.169
HFD 0.130 0.560 1.03 0.443 0.310 0.167
Cr addition (Cr)
Cr-Pic 0.132 0.561 1.03 0.443 0.310 0.167
Cr-NPs 0.131 0.563 1.03 0.439 0.312 0.169
p-Value
D effect 0.219 0.376 0.870 0.540 0.106 0.331
Cr effect 0.950 0.938 0.917 0.718 0.499 0.670
CrxD interaction 0.938 0.965 0.525 0.584 0.491 0.235

The LED-CrPic group was fed a standard low-fat diet with supplementation of chromium picolinate; the HFD-CrPic group was subjected to a high-fat
diet with chromium picolinate supplementation; the LFD-CrNPs group was fed a standard low-fat diet with supplementation of chromium nanopar-

ticles; the HFD-CrNPs group was fed a high-fat diet with nanoparticle chromium supplementation. The amount of chromium administered to each rat

was 0.3 mg/kg body weight. SEM, standard error of the mean (n=48).

accumulated in the kidneys of chickens fed diets containing
potassium chromate. In our previous study on Wistar rats
subjected to dietary treatments with nano-copper, those small
nanoparticles were accumulated in the brain tissue, while such
aneffect was notobserved in the case of CuCO, added to amin-
eral mixture [Ognik er al., 2020]. An interesting observation
was made by Staniek [2019] in female rats fed diets contain-
ing low (1 mg/kg), medium (50 mg/kg) and high (500 mg/kg)
contents of chromium(IIl) without (recommended level
45 mg/kg) or with dietary excess (180 mg/kg) of iron. The au-
thor scrutinized the effects of the aforementioned treatments
on Cu and Zn status in laboratory animals and found de-
creased Zn contents in the liver, spleen, and kidneys followed
Cr(II) addition, especially when Cr(III) was provided at
higher dosages. It was quite surprising that there was no in-
teraction between the dietary chromium and the excessive
supply of iron on the Cu and Zn status in the rat organism.
The two-way ANOVA showed that, irrespective of the dietary
additional Cr form, the HFD treatment resulted in a de-
crease in blood plasma Ca concentration (p<0.05 vs. LFD;

). A significant CrxD interaction was observed with
respect to the plasma levels of Zn (p=0.008), Cu (p=0.001),
P (p=0.024), and Fe (p=0.014). In the case of plasma Zn,
Cu, and P concentrations, the nature of the interaction was
that the LFD-CrPic group excelled significantly the HFD-
-CrPic one and such differences were not observed between
both dietary CrNPs counterparts. Apart from the afore-
mentioned differences between LFD-CrPic and HFD-CrPic
groups, the latter animals had additionally a significantly

lower plasma Cu level than both CrNPs groups and a lower
plasma P level than the LFD-CrNPs rats. The CrxD effect
showed the lowest plasma Fe concentration in the rats admin-
istered HFD-CrNPs in comparison to all other groups.

It has been reported that different dietary doses and forms
of additional chromium may further affect the retention
and tissue distribution of other macro- and microelements
[Changet al., 1992; Dogukan et al., 2009; Staniek et al., 2013].
It should be noted that those effects of dietary chromium might
be modulated by the ingested diet type. Indeed, in the present
study, the HFD considerably diminished the plasma Ca level
compared to LFD. It has been reported that long-term con-
sumption of diets dense in energy derived from fats resulted
in reduced gastrointestinal Ca absorption by creating hardly
soluble Ca soaps in the intestinal contents [Wang et al., 2016].
In addition, the ingestion of a high-fat diet may reduce the ex-
pression of genes related to calcium transport, i.e. calbindin-
-DIK, plasma membrane calcium ATPase (PMCA1b), Na-Ca
exchanger [Xiao et al., 2010]. High-fat diets, which are typical-
ly high in saturated fatty acids, have been shown to negatively
affect bone mineral density in growing rats [Macriet al., 2012].
McCarty [1995] observed that depressed excretion of cal-
cium and hydroxyproline in older (postmenopausal) wom-
en followed the supplementary consumption of chromium
in the form of picolinate and that this effect might be the cause
for elevated bone resorption processes in those patients.
The body’s calcium management is closely related to the me-
tabolism of phosphorus. The present experiment showed that
blood plasma P concentration was substantially (p<0.05)
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TABLE 4. Concentration of selected minerals in blood plasma of rats fed experimental diets.

Zn (uM) Cu (uM) Mg (mM) Ca (mM) P (mM) Fe (uM)
LFD-CrPic 69.9 15.72 0.549 2.26 1.30 2.732
HFD-CrPic 60.5° 13.6° 0.558 231 1.12° 2.86*
LFD-CrNPs 65.1%® 16.0* 0.604 232 1.35 2432
HED-CrNPs 64.4® 16.2¢ 0.561 2.17 117 1.41°
SEM 12 0.6 0.007 0.03 0.02 0.11

Diet type (D)
LFD 63.7 16.9 0.563 2330 1.26 2.83
HFD 63.1 18.6 0.550 2210 1.16 2.19
Cr addition (Cr)
Cr-Pic 65.2 14.7 0.554 2.29 1.21 2.80
Cr-NPs 64.8 16.1 0.583 2.25 1.26 1.92
p-Value

D effect 0.785 0.085 0.364 0.026 0.024 <0.001
Cr effect 0.136 <0.001 0.121 0.825 0.249 <0.001
CrxD interaction 0.008 0.001 0.298 0.064 0.024 0.014

The LED-CrPic group was fed a standard low-fat diet with supplementation of chromium picolinate; the HFD-CrPic group was subjected to a high-fat
diet with chromium picolinate supplementation; the LFD-CrNPs group was fed a standard low-fat diet with supplementation of chromium nanopar-
ticles; the HFD-CrNPs group was fed a high-fat diet with nanoparticle chromium supplementation. The amount of chromium administered to each rat
was 0.3 mg/kg body weight. SEM, standard error of the mean (2=48).**Mean values within a column with unlike superscript letters differ significantly
(p<0.05); differences among the groups (LFD-CrPic, HFD-CrPic, LED-CrNPs, HFD-CrNPs) are indicated with superscripts only in the case of a sta-

tistically significant interaction CrxD (p<0.05).

decreased in the rats fed the high-fat diet supplemented with
CrPic as compared not only to the rats fed the LFD-CrPic but
also to those administered LED-CrNPs. Our recent research
on growing rats revealed blood depletion of Ca, P, Mg, and Zn
under the treatment with a diet rich in saturated fats (lard)
[Stepniowska er al., 2022]. Interestingly, among three sources
of additional chromium (chromium picolinate, chromium
methionine, chromium nanoparticles) analyzed in that study,
the greatest depletion effect of blood P concentration was
upon Cr picolinate and the lowest one (insignificant compared
to the control non-supplemented group) when the chromium-
methionine was applied. The aforementioned effect should
be ascribed to the lower consumption of a high-energy diet
and elevated P fecal excretion in rats fed HFD [Stgpniowska
etal., 2022]. Nevertheless, additional research is needed in or-
der to explain the exact mechanism of that phenomenon. Our
previous work on growing chickens revealed that Cr picolinate
added to a diet at 3 mg/kg, but not at 6 mg/kg dietary dose,
significantly reduced blood plasma P concentration as com-
pared to the control non-supplemented group [Stepniowska
etal., 2020].

It has been reported that, when ingested, minerals (Cr
and Fe) contest over transferrin as a transport protein
in the metabolic pathways [Quarles et al., 2010]. A study
by Sun et al. [1999] showed that the form of dietary Cr
seemed to be of paramount importance in its final effects
on Fe metabolism. In that study, the dietary addition of
[Cr,0(0,CCH,CH,)(H,0),]* had no effect on the hepatic

content of Fe in rats, while the dietary LMWCr did other-
wise and caused a drop in liver Fe content. The mutual ac-
tion of Cr and Fe in the body as well as their metabolism
might be affected by different agents, e.g. the physiological
state of tested animals as well as the physical and chemical
structure of Cr added to a diet. In our research, a consider-
able decrease in blood plasma Fe concentration followed
the dietary application of CrNPs to HFD, and that effect was
noted compared to all other three dietary treatments. It is well
known that the blood Fe concentration largely depends on its
absorption rate in the duodenum and that this element is ab-
sorbed into enterocytes mainly by divalent metal transporter |
(DMT1) [Szaboet al., 2021]. According to Jiang et al. [2018],
DMTT levels might be reduced significantly in the duodenum
of rats following the feeding regimen on diets rich in saturat-
ed fats, pointing at DMT1 as the factor reducing duodenal
iron absorption. In our very recent work, the rats receiving
dietary chromium nanoparticles had a higher iron blood con-
centration compared to the animals administered chromium
in the picolinate form, irrespective of low- or high-fat dietary
regimen [St¢pniowska et al., 2022]. The difference in Fe blood
concentration in relation to the present work was probably due
to the fact that the rats in the previous study were younger
and not subjected to the preliminary high-fat dietary feed-
ing period. In addition, in the present study, a higher dietary
intake of Cr was reported in the rats from the HFD-CrNPs
group than in those from the LFD-CrNPs group ( ).
Iron and chromium(II) share the transportation route to
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the tissues vig a similar vehicle, namely transferrin protein
consisting of two C and N lobes. The binding of Fe(IID) to
the former lobe is about 20 times higher than to the latter one.
Denget al. [2016] observed that Cr(I1I) distrained two Fe(III)
binding sites of apotransferrin. It may be speculated that
in the case of relatively high dietary supplementation of Cr, as
in the present experiment, the binding sites for Fe in transpor-
tation and gripping proteins might be taken by chromium. Such
possibilities of the diminishing effects of dietary chromium on
the potency of transferrin and apotransferrin to capture Fe(IIT)
have been proposed by other authors [Quarles et al., 2011;
Staniek & Krejpcio, 2017; Vincent & Love, 2012]. Considering
blood Ca concentration, its chronically low level is considered
as a potent detrimental factor leading to impeded muscle con-
tractility [Moe, 2005], while a decreased Fe pool in the body
may impair the redox status and erythropoiesis intensification
[Robach et al., 2007]. The available literature shows some dis-
crepancies with regard to mutual iron and chromium competi-
tion, like in the case of transporting proteins [Quarles et al.,
2010, 2011; Vincent & Love 2012] or possible synergistic effect
of those minerals against anemia [Angelova ef al., 2014]. But
there is no doubt that the level of iron in the internal tissues,
including blood, plays the main/important role in the meta-
bolic fate of other trace elements, e.g. Zn and Cu. Our research
showed that feeding rats with the HFD-CrPic compared to
LFD-CrPic resulted in decreased levels of Cu and Zn in their
blood plasma and that this effect was not dependent on the
Fe blood concentration ( ). According to de Luis ef al.
[2013], obese patients suffer serum zinc depletion in compari-
son to the consumers with normal BW mass. A recent study on
mild-diabetic rats showed that dietary addition of chromium
(0.75 mg/kg BW) as Cr(IlI)-glycinate or Cr(III)-picolinate re-
dressed the Cu/Zn balance in blood and selected tissues, i.e.
kidneys and heart [Krol et al., 2020].

Experiments conducted on laboratory animals with undis-
turbed [Anderson et al., 1996; Chang et al., 1992; Zha et al.,
2007] and disturbed metabolism [Krol & Krejpcio, 2010] have
shown that kidneys are very sensitive organs to Cr dietary sup-
plementation. In the present study, there were no side-effects
in kidneys followed the dietary treatments with 0.3 mg/kg BW
of Cr in the form of picolinate or nanoparticles ( ).
It should be stressed that a simple comparison between dif-
ferent research could lead to invalid conclusions, and thus
a deep insight in the subject must be done before the final
claim would be drawn. It is not possible to determine the ac-
tual metabolic action of dietary chromium without consid-
ering differences in Cr administration time, dose, and form,
and health condition in consumers (animals and humans).
It should be noted that our study found no interactive effect
of feeding rats with a low-fat or high-fat diet with the addi-
tion of CrPic or CrNPs chromium at a dose of 0.3 mg/kg BW
on the accumulation of this element in internal organs.
The results achieved with other type of nanoparticles pre-
sented by our research team showed that, in comparison to
the commonly used CuCO,, dietary copper nanoparticles to
a greater extent were absorbed from the rat intestine, heavily
accumulated in the brain tissue, and at the higher dose (6.5 vs.
3.25 mg/kg) caused damages to the rat liver [Cholewinska
et al., 2018]. There is no doubt that more research is needed

regarding dietary nanoparticle use in humans and caution
is suggested when providing to public pros about a “new
promising” source of trace elements in our diet.

CONCLUSIONS

Irrespective of the diet type, i.e. high-fat or low-fat, an
enhanced excretion of chromium from the rat’s body fol-
lowed the dietary addition of CrNPs as compared to CrPic.
It is worth noting that both sources of additional dietary chro-
mium did not cause its accumulation in the analyzed inter-
nal organs, e.g. brain, spleen, liver, thigh bone, and kidneys.
It should be stressed that both CrPic and CrNPs negatively
modulated the mineral status of blood plasma when added
to the high-fat diet, namely: the dietary CrPic reduced Zn, Cu
and P concentrations while CrNPs diminished plasma Fe level.
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Kale (Brassica oleracea L. var. acephala DC) is a leafy green vegetable which belongs to the Brassicaceae family, one of the most commonly culti-
vated and consumed edible plants. The aim of this study was to investigate the potential adverse effects and antioxidant properties of freeze-dried kale
leaves in 90-day dietary experiment on Wistar rats. The kale leaf powder was added to a diet at levels: 10, 30, and 60 g/kg feed. The standard blood
biochemical and hematological markers, antioxidant enzyme activities, level of lipid peroxidation, reduced glutathione content, and damage to DNA
in the liver were measured. Antioxidant potential in serum was measured and expressed as Trolox equivalents antioxidant capacity (TEAC). The kale
leaf phytochemicals, i.e., glucosinolates, phenolic acids and flavonols, were quantified. Major glucosinolates were glucoiberin (164.6 mg/100 g d.w.)
and glucobrassicin (130.6 mg/100 g d.w.), whereas kaempferol (159.1 mg/100 g d.w.), quercetin (119.6 mg/100 g d.w.), and sinapic acid (73.8 mg/100 g
d.w.) dominated among phenolics. The lowest dose of kale leaves augmented the activity of catalase by 34% in males and by 44% in females. The high-
est applied dose increased activities of glutathione reductase by 31%, superoxide dismutase by 27%, and glutathione S-transferase by 24% in males
only. Kale administration did not affect the activities of glutathione peroxidase and paraoxonase 1, glutathione concentration, lipid peroxidation
level, and the level of DNA damage in the liver and the whole blood leukocytes. TEAC increased upon all doses of kale leaves by 30-90% in males
and by 40-90% in females. The diet with kale did not affect blood biochemical and hematological markers. Results confirm no adverse effects of dried
kale leaves used in model rat’s diet up to 60 g/kg for 90 days. The changes in hepatic antioxidant enzymes and plasma TEAC suggest beneficial effect

of kale leaves on the antioxidant status in rats. Interestingly, these changes were more pronounced in male versus female animals.

INTRODUCTION

Nutrient- and non-nutrient phytochemical diet compo-
nents of diverse chemical structures and ways of action con-
tribute to health preservation, e.g. antioxidants are capable
of preventing and/or attenuating inflammation-dependent
pathological conditions (cardiovascular and neurodegener-
ative diseases, cancer, and aging impairments) [Pizzinoet al.,
2017; Zhanget al., 2015] and glucosinolates are particularly
active in the prevention of breast cancer [Soundararajan
& Kim, 2018]. The contribution of edible phytochemicals to
human wellbeing resulted in the development of the concept
of functional foods, which are dietary products with the ad-
ditional function apart from their basic nutritional value
and which exert a beneficial effect on human health [Ar-
onson, 2017]. Kale (Brassica oleracea L. var acephala DC),
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which is examined in the current study, belongs to the group
of Brassica vegetables. These edible plants exert chemopre-
ventive activity, resulting primarily from the content of glu-
cosinolates (GLS), including aliphatic (e.g., glucoiberin,
glucoraphanin) and indolic (e.g., glucobrassicin) GLS found
in various proportions [Samec ez al., 2019]. The absorption,
bioavailability, and biological activity of these organic sul-
fur derivatives depend on the initial stage of metabolism,
namely hydrolysis with myrosinase (B-thioglucosidase) [Ya-
gishita e al., 2019]. As a result of this breakdown, a variety
of products appear, among which isothiocyanates (sulfora-
phane and phenethyl isothiocyanate) and indoles (indole-
-3-carbinol and 3,3’-diindolylmethane) have been studied
for their chemopreventive potential [Soundararajan & Kim,
2018]. Various products of GLS hydrolysis have been found
to affect diverse pathways: they induce drug-metabolizing
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enzymes [James ef al., 2012]; induce apoptosis by the p53,
bax, and bcl-2 signaling pathways [Soundararajan & Kim,
2018]; and reduce transcription and increase degradation
of an estrogen receptor or arrest the breast cancer cell cycle
[Cheng et al., 2019].

Next to GLS, phenolics of diverse structures are compo-
nents of kale, where flavonoids including kaempferol and its
derivatives are dominant [Schmidt ez al., 2010]. The majority
of reports have demonstrated that dietary polyphenols protect
the body against the effects of reactive oxygen species (ROS)
and exert anticarcinogenic, anti-inflammatory, hepatoprotec-
tive, atheroprotective, and neuroprotective effect, as well as
maintain gut microbiota homeostasis [Qu ez al., 2018]. How-
ever, there are data presenting adverse, pro-oxidant and toxic
effects of high doses/concentrations of phenolics used in di-
verse experimental models, e.g. green tea polyphenols have
been implicated in inducing hepatotoxicity, carcinogenesis
and nephrotoxicity in animals. Moreover, some flavonoids
(e.g. quercetin or kaempferol) could be converted into geno-
toxic derivatives [Qu ef al., 2018]. Sakr et al. [2013] described
a genotoxic effect caused by grapefruit juice polyphenols
in rats. Also isolated flavonoids, such as silymarin, myricetin,
quercetin, kaempferol, rutin, and kaempferol 3-rutinoside,
appeared genotoxic to human lymphocytes and sperm [An-
derson et al., 1997]. Hence, before the development of func-
tional foods or supplements, safe levels of intake should
be established.

The number of in vivo biological studies of kale is very lim-
ited. Its antioxidant and anticarcinogenic activities have been
proved in in vitro experiments [Samec et al., 2019]. Beneficial
effects of kale on gastric ulcer and inflammatory bowel dis-
ease have been demonstrated in rodents which might be as-
sociated with its antimicrobial activity against Helicobacter py-
lori. Moreover, kale suppressed cognitive decline in a mouse
model of accelerated senescence. It has been found in inter-
vention study that kale consumption reduced the risk of coro-
nary disease in men. Drinking kale leaf juice for 24 months
resulted in bone mass stabilization in postmenopausal wom-
en. Inhibition of acetylcholinesterase might suggest that kale
seeds can be used in therapy of neurodegenerative diseases
[Samec et al., 2019].

Health-beneficial properties of kale have been widely
investigated, but its potential adverse effects have not been
studied because it is considered a safe food. No data referring
to the long-term ingestion of kale preparations in a natural
food matrix were found in the available literature. Therefore,
the aim of this study was to assess the antioxidant and poten-
tial adverse effects of 90-day dietary administration of freeze-
-dried kale leaves to rats.

MATERIALS AND METHODS

Chemicals

The normal melting point agarose for comet assay was
Prona Plus Agarose (Madrid, Spain). Triton X-100 was ob-
tained from PS PARK Scientific Ltd. (Northampton, Great
Britain). Sodium acetate was from Chempur (Pickary Slaskie,
Poland), whereas glucotropacolin was purchased at Roth
(Karlsruhe, Germany). Other chemicals were from Sigma

Aldrich Chemie GmbH (Steinheim, Germany) and Polish
Chemical Reagents Company (Gliwice, Poland). Reagents
for the determinations of blood biochemical markers were
purchased from Biosystems (Barcelona, Spain).

Materials

Leaves of kale (Brassica oleracea L. var. acephala DC)
of Reflex F1 variety were obtained from the Organic Horticul-
tural Farm in Pamiatkowo near Poznaf, Poland. Freeze-dried
kale leaves were prepared and analyzed at the Institute of Food
Technology of Plant Origin, Poznafi University of Life Sci-
ences, Poznan, Poland. The raw material was washed, shred-
ded into pieces, and deep frozen at -50°C. The freeze-drying
process was performed at Celico S.A. company (Poznad,
Poland) in a tunnel continuous freeze dryer with a separate
freezing chamber and ice condensers. The following freeze-
-drying parameters were applied: pressure of 0.03 mbar, drying
temperature of 5°C (shelf temperature), forced drying (con-
duction drying) temperature of 30°C, freezing chamber tem-
perature of —50°C, and total drying time of 30 h. Freeze-dried
kale was packed in plastic bags (OPA/PE), vacuum-sealed
(A-300, Multivac, Wolfertschwenden, Germany), and stored
at 6°C until use. The freeze-dried kale powder was added to
the certified laboratory feed (Labofeed H, ISO 22 000, Ani-
mal Fodder Producer Morawski, Kcynia, Poland), thoroughly
mixed with the feed to produce pellets with freeze-dried kale
leaf levels: 10, 30, and 60 g/kg feed.

Analysis of kale leaf phytochemicals

In order to determine the phenolic compound compo-
sition, 2 g of freeze-dried kale leaves were extracted with
70% (w/v) methanol (50 mL) at room temperature by sequen-
tially homogenization (Ultra Turrax T-25 homogenizer, IKA-
-WERKER, Staufen, Germany), shaking for 15 min (Water
Bath Shaker 357, Elpan, S.C., Lubawa, Poland), and cen-
trifugation for 30 min at 4,000xg (MPW-351R centrifuge,
MPW, Warsaw, Poland). The procedure was performed twice.
The supernatants were combined and vacuum-evaporated
at 40°C (Biichi R-205, BUCHI Labortechnik, Flawil, Swit-
zerland). The volume of the aqueous residue was adjusted
to 25 mL in water [Vallejo et al., 2002]. The phenolic analy-
sis was performed by an Agilent Technologies 1200 rapid
resolution liquid chromatography (RRLC) system equipped
with a 1260 diode-array detector and a Zorbax SB-CI18
(4.6x150 mm, 5 um) column (Agilent Technologies, San-
ta Clara, CA, USA). Briefly, the mobile phase consisted of
6% (v/v) acetic acid in 2 M sodium acetate (solvent A)
and 100% acetonitrile (solvent B), which were used
in the following gradient program: 0-15% B for 15 min,
15-30% B for 10 min, 30-50% B for 5 min and 50-100% B
for 5 min. The flow rate of the mobile phase was 1 mL/min
and the total run time was 40 min [Tsao & Yang, 2003].
The phenolic compounds were detected based on the maxi-
mum wavelength of UV-Vis absorption, i.e., hydroxycin-
namic acid derivatives at 320 nm and flavanols at 360 nm.
Chlorogenic acid, quercetin, and kaempferol were used as
external standards. The calibration curve of each standard
was used for its quantification. The results were expressed
in mg/100 g dry weight (d.w).
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Prior to the analysis of glucosinolates, the kale leaf powder
was supplemented with glucotropaeolin as an internal stan-
dard, extracted with methanol, and the procedure followed
the steps described in the official method ISO 9167-1:1992.
Glucosinolate separation was carried out with the same
LC Agilent Technologies equipment and chromatographic
column which were mentioned above to determine phenolic
compounds. The total running time of separation was 30 min
and the mobile phase was used in the gradient system which
was changed as follows: 100% A (water)/0% B (acetonitrile
in water, 20:80, v/v) for 1 min, then to 100% B over 22 min
and isocratically 100% B over 5 min, after which the column
was equilibrated at 100% A for 2 min. Absorbance was read out
at 229 nm. The peaks were identified by comparison with data
obtained from the literature [Verkerk ez al., 2001]. The quantity
of GLS was determined based on the internal standard (gluco-
tropaeolin) and expressed as mg/100 g d.w.

Trolox equivalent antioxidant capacity (TEAC) of kale
leaves was evaluated based on 2,2’-azino-bis-(3-cthylben-
zothiazoline-6-sulphonic acid radical cation (ABTS'")
scavenging activity of extract, which was determined ac-
cording to Re er al. [1999] method. The ABTS** was pro-
duced by reacting 7 mM ABTS water solution with 2 mM
potassium persulphate. The 70% (w/v) methanol extract
of leaves prepared as described above (50 wL) was added to
5 mL of the ABTS"* solution, which was then incubated at
30°C for 6 min, and afterward absorption was measured at
734 nm. The results were expressed as TEAC of kale leaves
based on the calibration curve plotted for Trolox and shown
as pmol Trolox/100 g d.w.

In order to determine the ascorbic acid content,
the freeze-dried powdered leaves (2 g) were homogenized
with metaphosphoric acid (10 g/L) using an Ultra Turrax
T-25 homogenizer (IKA-WERKER), then the suspension
was shaken (Water Bath Shaker 357, Elpan, S.C. ) and cen-
trifuged at 4,000xg (MPW-351R centrifuge). The proce-
dure was performed twice. The supernatants were combined
and an aliquot of 1 mL was transferred to a volumetric flask.
Then, 1 mL of a dithiothreitol solution (50 g/L) was added
and the mixture was adjusted to 10 mL with metaphospho-
ric acid. This solution was analyzed using an LC Agilent
Technologies 1200 RRLC system, equipped with a Zorbax
SB-C18 column (4.6x 150 mm, 5 um; Agilent Technologies).
To elute the ascorbic acid, a mobile phase with a flow rate
of 0.7 mL/min in a gradient system of methanol (solvent A)
and 5 mM KH,PO, at pH 2.6 (solvent B) was used according
to the following program: linear increment from 5% A to 22%
over 6 min, then a return to the initial conditions over 9 min.
The eluate was detected using a DAD set to 245 nm [Kurilich
etal.,1999]. The ascorbic acid was identified by comparing its
retention time with that of standard.

Animals

Wistar rats used in the current study were bred at the Breed-
ing Facility of the Department of Toxicology, Poznan Univer-
sity of Medical Sciences, Poznafi, Poland. Male (184+47 g)
and female (135+22 g) rats were housed in polycarbonate
cages (30x20x25 cm; 4<rats/cage) containing hardwood
chip bedding and kept in a 12-h light/dark cycle at an average

temperature and humidity of 21°C and 50%, respectively
and in the controlled circulation of air. Animals had unlimited
access to food and drinking water.

Experimental design

Thirty-two male and thirty-two female rats were divided
randomly, each sex, into 4 groups, 8 animals each: controls
and rats given pellets containing kale leaves (10, 30, 60 g/kg
feed). The experiment lasted 90 days. The animals were moni-
tored throughout the experiment for changes in their health
status. Their body weight was recorded once a week and feed
intake was measured daily. The daily dose levels (g/kg b.w.)
were calculated using the nominal content of preparation test-
ed in the diet, the mean daily feed consumption, and the body
weight for a week. The calculated mean daily intake of kale
leaves was 0.38+0.04, 1.10+0.16, and 2.19%0.23 g/kg b.w.,
respectively.

On the 91st day of the experiment, rats were anesthe-
tized with ketamine and xylazine (100/7.5 mg/kg b.w., i.p.),
and the blood was withdrawn from the heart to obtain
samples for comet assay and aliquots for plasma and serum
separation. The livers were excised, a needle was inserted
to the portal vein and ice-cold 1.15% KCI was injected until
the liver had blanched. The portions of the liver were dissect-
ed and stored at —80°C for the determination of biochemical
markers. Comet assay in the liver was performed in a portion
of the tissue shortly after collection.

The animal experiment followed the animals welfare
regulation according to EU Directive 201/63/EU, and was
approved by the Local Ethics Committee for Animal Experi-
mentation in Poznan, Poland (protocol No 28/2012).

Blood biochemical markers

Biochemical markers assayed in serum included alanine
aminotransferase, aspartate aminotransferase, alkaline phos-
phatase, total protein, total cholesterol, chloride, inorganic
phosphorus, glucose, creatinine, blood urea, potassium, sodi-
um, and calcium. The markers were determined using a chemis-
try analyzer XL 300 (Erba Diagnostics, Mannheim, Germany).

Hematological markers were determined using an auto-
mated hematology analyzer Cell-Dyn 3700 (Abbott Labora-
tories, Chicago, IL, USA) and included: red blood cells count,
white blood cells count, and differential leukocyte count (neu-
trophils, lymphocytes, monocytes, eosinophils, and baso-
phils), hemoglobin concentration, and platelet count.

Parameters of antioxidant status

In the liver, cytosol superoxide dismutase (SOD) activity
was measured on the basis of the inhibition of spontaneous
epinephrine oxidation, catalase (CAT) assay was based on
monitoring the rate of hydrogen peroxide reduction, gluta-
thione peroxidase (GPx) activity was determined with hydro-
gen peroxide as a substrate, the rate of NADPH depletion at
340 nm was a measure of the enzyme activity, whereas glu-
tathione reductase (GR) activity was analyzed by measuring
NADPH oxidation with oxidized glutathione as a substrate.

In the liver homogenate, the measurement of thiobarbitu-
ric acid reactive substances (TBARS) was used to assay lipid
peroxidation, and Ellman’s reagent was applied to determine
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reduced glutathione (GSH) content. The above-mentioned
methods were described in detail in our previous article by Jo-
dynis-Liebert e al. [2009].

Glutathione-S-transferase (GST) assay in the liver cyto-
sol was based on the reaction of the reduced glutathione with
1-chloro-2,4-dinitrobenzene (CDNB) [Krajka-Kuzniak ef al.,
2011]. Protein concentrations in the liver cytosol and homog-
enate were determined by the routine method with phenolic
reagent using bovine serum albumin as the standard. Para-
oxonase-1 (PON-1) in rat serum was analyzed with phenyl-
acetate as a substrate, and the rate of generated phenol was
measured at 270 nm [Kumru ef al., 2004]. Antioxidant po-
tential was measured in the rat plasma using the ABTS assay
and expressed as TEAC [Re et al., 1999].

Statistical analysis

The mean values and standard deviations (SD) were cal-
culated separately for males and females. One-way analysis
of variance (ANOVA) followed by the Student-Newman-
-Keuls test for multiple comparisons was used (GraphPad
InStat software, San Diego, CA, USA), and p<0.05 was con-
sidered the limit of significance.

RESULTS AND DISCUSSION

Kale has been recently gaining interest as a crop of a great
nutritional value and health-promoting properties result-
ing from its components, mainly glucosinolates, phenolics,
and vitamins. Kale is represented by numerous botanical
varieties which differ in chemical composition depending on
the cultivar, growing region, agricultural practices employed,
and geo-climatic conditions [Sarikamis ez al., 2008; Satheesh
& Workneh Fanta, 2020].

Results of the quantification of glucosinolates in the freeze-
-dried kale leaves are presented in . Total GLS content
in kale leaves was 487.1 mg/100 g d.w. Aliphatic GLS account-
ed for 60.8%, and indolic GSL for 39.1% of total GLS, which
is consistent with literature data [Cieslik ef al., 2007; Korus
et al., 2014]. Glucoiberin, glucoraphanin, and synigrin were
found as major aliphatic glucosinolates of fresh kale juice,
while glucobrassicin prevailed in the group of indolic GLS
[Korus et al., 2014; Sasaki et al., 2012; Velasco et al., 2007].
Our data corroborate these findings ( ): the major GLS
turned out to be glucoiberin (164.6 mg/100 g d.w.). The kale
leaves were also rich in glucoraphanin (73.8 mg/100 g d.w.)
and glucobrassicin (130.6 mg/100g d.w.), the precursor mol-
ecules of the biosynthesis of sulforaphane and indole-3-car-
binol, respectively, which are known for their anticarcinogenic
and antioxidant potential [Cheng ef al., 2019; Fuentes et al.,
2015; Satheesh & Workneh Fanta, 2020; Soundararajan
& Kim, 2018]. The effect of cultivation condition on kale
GLS composition was presented in the report of Sarikamig
et al. [2008], which showed that the content of glucobras-
sicin, the major indolic GLS, in kale grown in Turkey de-
pended on the year of cultivation (range from 2094.56 to
2184.05 mg/100 g d.w.), and that aliphatic glucoraphanin
and glucoiberin were present in minor quantities, i.e. 32.42 to
37.45 mg/100 g d.w. and 8.87 to 120.6 mg/100 g d.w., re-
spectively. The authors have suggested that temporarily high

TABLE 1. The content of glucosinolates in freeze-dried kale leaves.

Glucosinolates Content (mg/100 g d.w.)
Glucoiberin 164.6x2.2
Progoitrin 17.9+0.6
Aliphatic Sinigrin 29.1+0.1
Glucoraphanin 73.8+1.2
Gluconapin 10.9+0.0
4-Hydroxyglucobrassicin 31.2+0.8
Glucobrassicin 130.6x2.9
Indolic
4-Methoxyglucobrassicin 12.4=0.6
Neoglucobrassicin 16.6=0.1
Sum of glucosinolates 487.1x 8.5

Results are presented as mean=standard deviation (n=6); d.w.— dry weight.

temperatures during the cultivation period boosted up the in-
dole GLS synthesis.

Phenolic compounds of kale leaves are represented
by various phenolic acids and flavonols, including querce-
tin and kaempferol, that have been extensively examined
for their strong biological activities and health effects [Qu
et al., 2018; Satheesh & Workneh Fanta, 2020]. The pheno-
lic profile of the freeze-dried kale leaves used in our study
is shown in . Contents of kaempferol and quercetin
were 159.1 and 119.6 mg/100 g d.w., respectively. Satheesh
& Workneh Fanta [2020] presented a review of data where
kaempferol content ranged from 537 to 343 mg/100 g d.w.
and that of quercetin from 272 mg/100 g d.w. to 319 mg/100 g
d.w. in kale leaves, which was higher than the results ob-
tained in our study. However, our values and these cited data
show that kaempferol was the major flavonoid of kale leaves.
In turn, Schmidt ef al. [2010] identified a total of 71 flavonoid
glycosides of kale by high-performance liquid chromatogra-
phy/mass spectrometry and among them kaempferol glyco-
sides (32 compounds) were found to prevail.

The content of ascorbic acid in freeze-dried kale leaves
equaled 319.3=6.1 mg/100 g d.w. Literature data demonstrate
that vitamin C content in kale has been quantified in the range
of 62-969 mg/100 g and that it is higher than in other salad
vegetables [Satheesh & Workneh Fanta, 2020]. The recom-
mended daily allowance (RDA) value is 90-120 mg/day [Aly
etal., 2010].

The TEAC of kale leaves was 9241 +5.2 umol Trolox/100 g
d.w. This value was higher than that quantified by other au-
thors for fresh kale leaves, namely: 1175-3620 umol of Tro-
lox/100 g d.w. [Samec et al., 2018].

It is known that in some circumstances, certain phenolics
can paradoxically behave as pro-oxidants [Qu et al., 2018].
Hence, we examined the effects of freeze-dried kale leaves
on parameters of the antioxidant status in rats. The impact
exerted by kale leaves administration on the activity of anti-
oxidant enzymes is presented in . The activity of SOD
was increased by 27% only upon the intake of the highest dose
of kale leaves in males, whereas in other groups of animals,
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TABLE 2. The content of phenolic compounds in freeze-dried kale leaves.

Phenolic compound Content (mg/100 g d.w.)
Caffeoyloquinic acid 493x2.2
Ferulic acid 21.4=0.6
Caffeic acid 22.7x0.2
Sinapic acid 73.8+0.9
Other hydroxycinnamic acids 5.920.03
Quercetin 119.6+1.3
Kaempferol 159.1+2.1
Sum of phenolic compounds 451.8%+7.3

Results are presented as mean=standard deviation (n=6); d.w. — dry weight.

no significant differences were found in comparison to con-
trols. The activity of CAT was raised in males and females
receiving the lowest dose of kale leaves, by 34% and 44%, re-
spectively. The activity of GPx was changed in none of the ex-
perimental groups. There was no response of GR to the intake
of kale leaves except for the 31% increase in the highest-dose
males. A 24% increase in the GST activity was found in males
receiving the highest dose, whereas no changes were observed
in female rats. Our results indicate that changes in the antiox-
idant enzymes activities occurred in single groups of animals
treated with kale leaves. The only consistency was observed
in the response of SOD, GR, and GST, whose activities were
elevated in males administered the highest dose.

The increase in the activity of enzymes involved in GSH
metabolism, GR and GST, is in contrast with literature data
and our previous observations. It has been found that multiple

flavonoids can inhibit the activity of isolated GR [Gtiller
et al., 2021]. A decrease in the GR activity was observed
in rat hepatocytes cultured with delphinidin, (—)epicatechin,
kaempferol, quercetin, luteolin, naringenin, and apigenin
[Galvez et al., 1995]. Breinholt and co-workers reported on
the GR activity diminishment in the liver of rats treated with
flavonoids (quercetin and genistein) [Breinholt ez al., 1999].
A decrease in the GR activity was also noticed in our previous
similarly designed experiment, where Wistar rats were ad-
ministered feed containing freeze-dried chokeberry juice rich
in anthocyanins and proanthocyanidins for 90 days [Jodynis-
-Liebert et al., 2009]. GST is a phase II enzyme that de-
toxifies xenobiotics and potential carcinogens by conjuga-
tion with glutathione and, as such, modulates the cellular
response to the exposure to electrophiles and oxidants
[Krajka-KuZniak er al., 2011]. BouSova & Skalova [2012]
reported on the inhibition of the purified enzyme by multiple
flavonoids. Similarly, a decrease in GST activity has been
found in rats fed a diet enriched in quercetin and (+)-cat-
echin [Wiegand ef al., 2009].

The impact of glucosinolates on antioxidant enzymes
in animals was studied by Vang et al. [1995], who treated rats
for one week with broccoli cultivated at various fertilizer con-
centrations. Their experiment proved that even a short period
of cruciferous vegetable administration upregulated SOD,
GR, and GPx in the liver, kidney, and colon. Hence, it could
be suggested that the inducing effect of glucosinolates present
in kale on antioxidant enzymes prevails over inhibiting the ac-
tion of kale phenolic compounds.

In our study, kale administration to rats caused a mod-
est increase in the GST activity only in the highest-dose
male group ( ). However, in the experiment reported
by Krajka-Kuzniak et al. [2011], after 30 days of cabbage juice

TABLE 3. Antioxidant enzyme activities in the liver and serum of rats fed a diet with freeze-dried kale leaves for 90 days.

Content of kale leaves in feed (g/kg)

Parameter Sex
0 10 30 60

Superoxide dismutase M 26.0+1.9 292452 21.9+3.4 33.0+2.4% [127%]
(SOD) (U/mg protein) F 25.4+4.1 30.6=4.6 27.3+42 30.1+2.4

M 4.72+0.76 6.33+1.13* [134%] 5.53+0.91 6.01+0.75
Catalase (CAT) (U/mg protein)

F 3.20+0.42 4.610.43* [144%] 3.20+0.38 3.36+0.51
Glutathione peroxidase M 627+59 630+86 595+72 771+100
(GPx) (nmol NADPH /
(minxmg protein)) F 92067 1048117 854+89 965=71
Glutathione reductase M 68.9+8.3 69.7+7.1 62.1x£7.7 89.9x6.7* [131%]
(GR) (nmol NADPH/
(minxmg protein)) F 54.6+8.5 63.1x7.7 55.5+58 66.1+6.8
Glutathione S-transferase (GST) M 58965 610+53 584+58 729+57% [124%]
(nmol CDNB/(minxmg protein)) F 486+27 504+57 457+32 51731
Paraoxonase | (PON-1) M 55.7+5.5 55.5+6.7 55.4+4.8 59.1+5.8
in serum (U/mL) F 66.8+2.1 66.2+3.8 61.7+6.2 63.1+8.7

Results are presented as mean=+standard deviation of 8 values corresponding to 8 animals, in each gender group, each value being the mean of qua-
druplicate assays; NADPH - nicotinamide adenine dinucleotide phosphate equivalent; CDNB-1-chloro-2,4-dinitrobenzene equivalent; M — males;

F - females; *p<0.05 for statistical difference vs. control.
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TABLE 4. Oxidative stress parameters in the liver and whole blood leukocytes of rats fed a diet with freeze-dried kale leaves for 90 days.

Content of kale leaves in feed (g/kg)

Parameter Sex

0 10 30 60
TBARS (nmol MDA/mg M 17.6+1.8 14.6+4.6 15.8+4.5 19.2+2.8
protein) F 16.4+2.3 20.7+5.2 152+1.8 14.6+0.8
Reduced glutathione M 5.22+0.81 5.13+0.88 4.98+0.82 5.17%+0.96
(umol/g liver) F 3.72+0.55 3.40+0.89 2.8120.55% [ 24%] 3.5620.60
DNA damage in hepatocytes M 73+5 71=10 71£6 147
(arbitrary points) F 68=8 69+7 698 70=10
DNA damage in the whole M 70+9 72+8 69=+7 68=7
blood leukocytes

Results are presented as mean=standard deviation of 8 values corresponding to 8 animals, in each gender group, each value being the mean of quadru-
plicate assays; TBARS - thiobarbituric acid reactive substances; MDA — malondialdehyde equivalent; M — males; F — females; *p <0.05 for statistical

difference vs. control.

administration to rats, a distinct rise in the enzyme activity
was found, which corroborates the capability of glucosino-
lates and their derivatives to induce the enzyme. Accordingly,
after a 21-day administration of sprout extract of Tuscan
black cabbage to Sprague-Dawley rats, a significant induc-
tion of GST was only noticed when enzymatic decomposi-
tion of GLS to isothiocyanates occurred [Melega et al., 2013].
Thus, the differences in the impact of various Brassica prod-
ucts on the GST activity might result from the technology
of juice/extract preparation, conservation of myrosinase func-
tion, and different composition of phytochemicals. Moreover,
another reason for these discrepancies may be attributable to
various doses applied and experiment duration.

PON-1 is a calcium-dependent enzyme synthesized
in the liver and released into plasma, where it associates with
high density lipoproteins (HDL). It protects low density li-
poproteins (LDL) and HDL molecules against oxidation
through breaking up ester bonds in phospholipid peroxides
and thus is considered an anti-atherogenic factor. PON-1
strongly depends on the exogenous conditions: (dietary) an-
tioxidants strengthen, whereas toxic xenobiotics diminish its
protective activity [Lou-Bonafonte et al., 2015]. In our experi-
ment, the administration of kale leaves to male and female
rats did not affect PON-1 activity ( ).

Effects of the kale leaves intake on oxidative stress param-
eters in rats are presented in . Freeze-dried kale leaves
did not affect the TBARS level, an index of lipid peroxidation.
The concentration of reduced glutathione was diminished
by 24% in females receiving kale leaves in the dose of 30 g/kg
feed. In other experimental groups, no changes were observed
in comparison to results from related controls.

We included the comet assay in the set of parameters
tested because there are some reports referring to the DNA-
damaging properties of phenolic compounds. The comet as-
say detects strand breaks resulting from oxidative DNA damage
and is a common method of genotoxicity testing. Lesions ap-
pear at sites of oxidized purines and pyrimidines. Background
radiation and basal levels of ROS in aerobic organisms con-
tribute to endogenous, steady-state DNA damage [Mgller

et al., 2004]. In our experiment, no significant changes were
found in the extent of DNA damage, both in blood leukocytes
and in the liver, in rats consuming kale-enriched feed ( ).
However, the report of Sakr e al. [2013] describes an increase
in the genotoxicity range measured by the comet assay in blood
lymphocytes of rats treated for five weeks with a grapefruit juice
which is a rich source of flavonoids and other phenolics. Isolat-
ed flavonoids, including silymarin, myricetin, quercetin, kaemp-
ferol, rutin, and kaempferol 3-rutinoside, incubated with human
lymphocytes, and sperm cells appeared genotoxic. Neverthe-
less, in combination with the food mutagens, these compounds
showed protective effects since DNA damage was reduced
in the lymphocytes [Anderson et al., 1997]. On the other hand,
Magller ef al. [2004] showed that in a 3-week controlled parallel
intervention study with volunteers consuming blackcurrant juice
or anthocyanin-enriched drink, there were no differences be-
tween controls and treated participants in DNA damage mark-
ers. The authors concluded that even ingestion of large amounts
of dietary antioxidants did not decrease the steady-state levels
of oxidative DNA damage and suggested that protective effect
might be only observed in subjects exposed to the oxidative
stress. Similarly, no effect on the steady-state DNA damage was
found when human lymphocytes were incubated with the Brus-
sels sprout extract containing glucosinolates, whereas this ex-
tract provided protection against DNA strand breaks in cells
exposed to hydrogen peroxide [Zhu & Loft, 2001].
The effect of freeze-dried kale leaves on the antioxidant
potential measured in rat plasma as TEAC is presented in
. TEAC values in rats consuming feed with freeze-
-dried kale leaves revealed a statistically significant increase
compared to the control group value. However, the dose-
-response relationship was different in both sexes. Whereas
in males, the highest TEAC was found in the group fed with
60 gofkale/kg of feed, in females, inversely, the highest TEAC
was observed in the lowest dose group. In males, statisti-
cally significant differences were observed between 10 g/kg
and 30 g/kg dose-group vs. 60 g/kg dose-group. In fe-
males, such differences were found between all dose-groups
(p<0.05).
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FIGURE 1. Trolox equivalent antioxidant capacity (TEAC) of plasma
of rats fed kale leaves. Each column represents mean=standard devia-
tion of § values corresponding to 8 animals, each value being the mean
of quadruplicate assays. *p<0.05 for statistical difference vs. control;
#p<0.05 for male vs. female group; different letters over the bar mean
statistically significant differences (p<0.05) between dose-groups within
each sex.

It has been shown that female rats have a higher basal
level of antioxidant capacity in tissues than males [Katalinic
et al., 2005]. This difference is due to various factors, for
example, higher activities of some antioxidant enzymes,
and greater levels of endogenous antioxidants in females
or the protective effect of estrogen [Massafra ef al., 2000;
Tiidus et al., 1999; Yamamoto et al., 2002]. Our findings
might suggest that this difference is enhanced by the inges-
tion of natural antioxidants present in kale leaves; however,
only in a limited range of doses because the response to
the highest dose was much weaker. The observed increase
in TEAC values correlates with the results of the antioxidant
status analysis in humans consuming Brassica rapa L. [Gul
et al., 2013]. A relatively high level of TEAC was probably
due to the specificity of the preparation production: a low
temperature applied for drying kale leaves prevented the loss
of antioxidants, including vitamin C and phenolics [Korus
& Lisiewska, 2011].

There were no statistically significant differences in the fi-
nal body weight and mean feed intake between controls and rats
administered freeze-dried kale leaves (data not shown).

In contrast, some differences were found in the hemato-
logical and biochemical markers between control and treated
rats (Tables S1 and S2 in Supplementary Materials). The ob-
served changes were not comprehensive, occurred in single
groups of animals or in one sex only, and were not dose-relat-
ed. The majority of these changes were not extensive.

The highest daily dose of kale leaves tested on animals,
2.16 g/kg b.w., which was safe, corresponds approximately to
a daily freeze-dried kale portion of 153.3 g for an individual
of 70 kg b.w. This amount is much higher than a likely in-
take of kale leaves in an everyday human diet or in dietary
supplements.

The presented results reflect the response of animals
to chemically diverse active ingredients present in the feed.
It must be herein underlined that the antioxidant phyto-
chemicals of foods are poorly absorbed in the intestine, rap-
idly metabolized by the intestinal flora, and excreted. Their
absorption may be affected by fiber content, accelerating

the intestinal passage, as well as modulation of specific
transport mechanisms. Bioavailability, stability, and me-
tabolism of these phytochemicals might be some of the key
factors regulating their influence on the antioxidant status
[Pizzino et al., 2017; Zhang et al., 2015]. The observed ef-
fects might also be affected by in vivo interactions of active
substances with the nutritional matrix. Thus, the antioxidant
effects found in plasma and/or tissues might depend mostly
on the stimulating impact of these compounds on the en-
dogenous systems of antioxidant defense [Phan et al., 2018].
Further studies, including the impact of active phytochemi-
cals on other physiological functions and disease prevention
in animals and humans, are necessary to elucidate the in-
volved mechanisms.

CONCLUSIONS

Results of the current study confirm the safety of a diet
enriched in freeze-dried kale leaves applied for 90 days to rat
males and females. No toxicologically relevant changes were
found in hematological and biochemical markers. The tested
material did not enhance the hepatic level of lipid peroxida-
tion and the basic range of DNA damage in the liver and leu-
kocytes. Antioxidant defense system of rats treated with kale
leaves was fortified as evidenced by the increase in hepatic ac-
tivities of catalase, superoxide dismutase, glutathione reduc-
tase, and glutathione S-transferase as well as by the enhanced
antioxidant potential in plasma.

SUPPLEMENTARY MATERIALS

Supplementary data related to this article can be found
at

. Table S1: Biochemical parameters in blood of rats
fed diet with kale leaves for 90 days. Table S2: Hematology
parameters in rats fed diet with kale leaves for 90 days.

RESEARCH FUNDING

This work was supported by the UE Project POIG
01.01.02-00-061/09 Bioactive Food.

CONFLICT OF INTEREST
The authors declare that they have no conflict of interest.
INSTITUTIONAL REVIEW BOARD STATEMENT
The animal experiment followed the animal welfare reg-
ulation according to EU Directive 201/63/EU, and was ap-
proved by the Local Ethics Committee for Animal Experi-
mentation (protocol No 28/2012).
ORCID IDs
R. Biegafnska-Marecik

E. Ignatowicz
J. Jodynis-Liebert


http://journal.pan.olsztyn.pl/Effects-of-Long-Term-Dietary-Administration-of-Kale-Brassica-oleracea-L-var-acephala,152434,0,2.html
http://journal.pan.olsztyn.pl/Effects-of-Long-Term-Dietary-Administration-of-Kale-Brassica-oleracea-L-var-acephala,152434,0,2.html
http://journal.pan.olsztyn.pl/Effects-of-Long-Term-Dietary-Administration-of-Kale-Brassica-oleracea-L-var-acephala,152434,0,2.html
https://orcid.org/0000-0002-3734-4806
https://orcid.org/0000-0002-8128-0408
https://orcid.org/0000-0002-5008-4877

246

Pol. J. Food Nutr. Sci., 2022, 72(3), 239-247

M. Kujawska
K. Papierska

REFERENCES

10.

1.

. Aly, N, El-Gendy, K., Mahmoud, F, El-Sebae, A K. (2010). Pro-

tective effect of vitamin C against chlorpyrifos oxidative stress
in male mice. Pesticide Biochemistry and Physiology, 97(1), 7-12.

. Anderson, D., Dobrzyfiska, M., Yu, TW. (1997). Modulating ef-

fects of silymarin and myricetin on food mutagens and doxorubi-
cin in assays with different genetic endpoints. Journal of Environ-
mental Pathology, Toxicology and Oncology, 16, 313-327.

. Aronson, J.K. (2017). Defining ‘nutraceuticals’ neither nutri-

tious nor pharmaceutical: defining ‘nutraceuticals.” British Jour-
nal of Clinical Pharmacology, 83(1), SI, 8-19.

. Bousova, ., Skélova, L. (2012). Inhibition and induction of glu-

tathione S-transferases by flavonoids: possible pharmacological
and toxicological consequences. Drug Metabolism Reviews, 44(4),
267-286.

. Breinholt, V., Lauridsen, S.T., Dragsted, L.O. (1999). Differential

effects of dietary flavonoids on drug metabolizing and antioxi-
dant enzymes in female rat. Xenobiotica, 29(12), 1227-1240.

. Cheng, A.C., Shen, C.J., Hung, CM., Hsu, Y.C. (2019). Sul-

foraphane decrease of SERTADI1 expression triggers G1/S arrest
in breast cancer cells. Journal of Medicinal Food, 22(5), 444-450.

. Cieslik, E., Leszczynska, T., Filipiak-Florkiewicz, A., Sikora, E.,

Pisulewski, PM. (2007). Effects of some technological processes
on glucosinolate contents in cruciferous vegetables. Food Chem-
istry, 105(3), 976-981.

. Fuentes, E, Paredes-Gonzalez, X., Kong, A.N.T. (2015). Dietary

glucosinolates sulforaphane, phenethyl isothiocyanate, indole-
-3-carbinol/3,3’-diindolylmethane: antioxidative stress/inflam-
mation, Nrf2, epigenetics/epigenomics and in vivo cancer che-
mopreventive efficacy. Current Pharmacology Reports, 1,179-196.

. Galvez, J., Cruz, J.P. de la, Zarzuelo, A., Cuesta, ES. de la

(1995). Flavonoid inhibition of enzymic and nonenzymic lipid
peroxidation in rat liver differs from its influence on the glutathi-
one-related enzymes. Pharmacology, 51(2), 127-133.

Gul, S., Ahmed, S., Gul, H., Shad, K.F, Zia-Ul-Haq, M., Ba-
diu, D. (2013). The antioxidant potential of Brassica rapa L. on
glutathione peroxidase, superoxide dismutase enzymes and to-
tal antioxidant status. Revista Romana de Medicina de Laborator,
21(2), 161-169.

Gller, P, Karaman, M., Giiller, U., Aksoy, M., Kiifrevioglu, Ol
(2021). A study on the effects of inhibition mechanism of cur-
cumin, quercetin, and resveratrol on human glutathione reduc-
tase through in vitro and in silico approaches. Journal of Biomo-
lecular Structure and Dynamics, 39(5), 1744-1753.

20.

21.

22.

. ISO 9167-1:1992 Rapeseed and rapeseed meals — Determina-

tion of glucosinolates content — Method using high-performance
liquid chromatography [accessed on 28 February 2022].

. James, D., Devaraj, S., Bellur, P, Lakkanna, S., Vicini, J., Boddupal-

li, S. (2012). Novel concepts of broccoli sulforaphanes and disease:
induction of phase li antioxidant and detoxification enzymes by en-
hanced-glucoraphanin broccoli. Nutrition Reviews, 70(11), 654-665.

. Jodynis-Liebert, J., Adamska, T., Ewertowska, M., Bylka, W.,

Mattawska, 1. (2009). Aquilegia vulgaris extract attenuates carbon
tetrachloride-induced liver fibrosis in rats. Experimental and Tox-
icologic Pathology, 61(5), 443-451.

. Katalinic, V., Modun, D., Music, 1., Boban, M. (2005). Gender

differences in antioxidant capacity of rat tissues determined
by 2,2’-azinobis (3-ethylbenzothiazoline 6-sulfonate; ABTS)
and ferric reducing antioxidant power (FRAP) assays. Compara-
tive Biochemistry and Physiology Part C: Toxicology and Pharma-
cology, 140(1), 47-52.

. Korus, A., Lisiewska, Z. (2011). Effect of preliminary process-

ing and method of preservation on the content of selected anti-
oxidative compounds in kale (Brassica oleracea L. var. acephala)
leaves. Food Chemistry, 129(1), 149-154.

. Korus, A., Stupski, J., Gebczyniski, P., Banas, A. (2014). Effect

of preliminary processing and method of preservation on the con-
tent of glucosinolates in kale (Brassica oleracea L. var. aceph-
ala) leaves. LWT — Food Science and Technology, 59(2), Part 1,
1003-1008.

. Krajka-Kuzniak, V., Szaefer, H., Bartoszek, A., Baer-Dubowska,

W. (2011). Modulation of rat hepatic and kidney phase II en-
zymes by cabbage juices: comparison with the effects of indole-
-3-carbinol and phenethyl isothiocyanate. British Journal of Nu-
trition, 105(6), 816-826.

. Kumru, S., Aydin, S., Gursu, M.E, Ozcan, Z., 2004. Changes

of serum paraoxonase (an HDL-cholesterol-associated lipophil-
ic antioxidant) and arylesterase activities in severe preeclamptic
women. European Journal of Obstetrics and Gynecology and Re-
productive Biology, 114(2), 177-18]1.

Kurilich, A.C., Tsau, G.J., Brown, A., Howard, L., Klein, B.P, Jef-
fery, E.H., Kushad, M., Wallig, M.A., Juvik, J.A. (1999). Carotene,
tocopherol, and ascorbate contents in subspecies of Brassica olera-
cea. Journal of Agricultural and Food Chemistry, 47(4), 1576-1581.

Lou-Bonafonte, J.M., Gabas-Rivera, C., Navarro, M.A., Osada, J.
(2015). PON1 and mediterranean diet. Nutrients, 7(6), 4068-4092.

Massafra, C., Gioia, D., De Felice, C., Picciolini, E., De Leo, V.,
Bonifazi, M., Bernabei, A. (2000). Effects of estrogens and an-
drogens on erythrocyte antioxidant superoxide dismutase, cata-
lase and glutathione peroxidase activities during the menstrual
cycle. Journal of Endocrinology, 167(3), 447-452.


https://orcid.org/0000-0002-5306-9904
https://orcid.org/0000-0002-5301-7944
https://doi.org/10.1016/j.pestbp.2009.11.007
https://doi.org/10.1016/j.pestbp.2009.11.007
https://doi.org/10.1111/bcp.12935
https://doi.org/10.1111/bcp.12935
https://doi.org/10.3109/03602532.2012.713969
https://doi.org/10.3109/03602532.2012.713969
https://doi.org/10.1080/004982599237903
https://doi.org/10.1080/004982599237903
https://doi.org/10.1089/jmf.2018.4195
https://doi.org/10.1089/jmf.2018.4195
https://doi.org/10.1016/j.foodchem.2007.04.047
https://doi.org/10.1016/j.foodchem.2007.04.047
https://doi.org/10.1007/s40495-015-0017-y
https://doi.org/10.1007/s40495-015-0017-y
https://doi.org/10.1159/000139325
https://doi.org/10.1159/000139325
https://doi.org/10.2478/rrlm-2013-0008
https://doi.org/10.2478/rrlm-2013-0008
https://doi.org/10.1080/07391102.2020.1738962
https://doi.org/10.1080/07391102.2020.1738962
https://doi.org/10.1111/j.1753-4887.2012.00532.x
https://doi.org/10.1111/j.1753-4887.2012.00532.x
https://doi.org/10.1016/j.etp.2008.10.007
https://doi.org/10.1016/j.etp.2008.10.007
https://doi.org/10.1016/j.cca.2005.01.005
https://doi.org/10.1016/j.cca.2005.01.005
https://doi.org/10.1016/j.foodchem.2011.04.048
https://doi.org/10.1016/j.foodchem.2011.04.048
https://doi.org/10.1016/j.lwt.2014.06.030
https://doi.org/10.1016/j.lwt.2014.06.030
https://doi.org/10.1017/S0007114510004526
https://doi.org/10.1017/S0007114510004526
https://doi.org/10.1016/j.ejogrb.2003.10.023
https://doi.org/10.1016/j.ejogrb.2003.10.023
https://doi.org/10.1021/jf9810158
https://doi.org/10.1021/jf9810158
https://doi.org/10.3390/nu7064068
https://doi.org/10.3390/nu7064068
https://doi.org/10.1677/joe.0.1670447
https://doi.org/10.1677/joe.0.1670447

K. Papierska et al.

247

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Melega, S., Canistro, D., Pagnotta, E., lori, R., Sapone, A.,
Paolini, M. (2013). Effect of sprout extract from Tuscan black
cabbage on xenobiotic-metabolizing and antioxidant enzymes
in rat liver. Mutation Research/Genetic Toxicology and Environ-
mental Mutagenesis, 751(1), 45-51.

Mgller, P., Loft, S., Alfthan, G., Freese, R. (2004). Oxidative
DNA damage in circulating mononuclear blood cells after inges-
tion of blackcurrant juice or anthocyanin-rich drink. Mutation Re-
search/Fundamental and Molecular Mechanisms of Mutagenesis,
Nutrition and Carcinogenesis, 551(1-2), 119-126.

Phan, M.A.T., Paterson, J., Bucknall, M., Arcot, J. (2018). Inter-
actions between phytochemicals from fruits and vegetables: Ef-
fects on bioactivities and bioavailability. Critical Reviews in Food
Science and Nutrition, 58(8), 1310-1329.

Pizzino, G., Irrera, N., Cucinotta, M., Pallio, G., Mannino, E,
Arcoraci, V., Squadrito, E, Altavilla, D., Bitto, A. (2017). Oxida-
tive stress: harms and benefits for human health. Oxidative Medi-
cine and Cellular Longevity, 2017, 8416763.

Qu, G., Chen, J., Guo, X. (2018). The beneficial and deleteri-
ous role of dietary polyphenols on chronic degenerative diseases
by regulating gene expression. BioScience Trends, 12(6), 526-536.

Re, R., Pellegrini, N., Proteggente, A., Pannala, A., Yang, M.,
Rice-Evans, C. (1999). Antioxidant activity applying an im-
proved ABTS radical cation decolorization assay. Free Radical
Biology and Medicine, 26(9-10), 1231-1237.

Sakr, S.A., Zoil, M.E., El-shafey, S.S. (2013). Ameliorative effect
of grapefruit juice on amiodarone-induced cytogenetic and tes-
ticular damage in albino rats. Asian Pacific Journal of Tropical
Biomedicine, 3(7), 573-579.

Samec, D., Utli¢, B., Salopek-Sondi, B. (2019). Kale (Brassica
oleracea var. acephala) as a superfood: review of the scientific
evidence behind the statement. Critical Reviews in Food Science
and Nutrition, 59(15).

Sarikamis, G., Balkaya, A., Yanmaz, R. (2008). Glucosinolates
in kale genotypes from the Blacksea region of Turkey. Biotechnol-
ogy and Biotechnological Equipment, 22(4), 942-946.

Sasaki, K., Neyazaki, M., Shindo, K., Ogawa, T., Momose, M.
(2012). Quantitative profiling of glucosinolates by LC-MS anal-
ysis reveals several cultivars of cabbage and kale as promising
sources of sulforaphane. Journal of Chromatography B: Analytical
Technologies in the Biomedical and Life Sciences, 903, 171-176.

Satheesh, N., Workneh Fanta, S. (2020). Kale: Review on nu-
tritional composition, bio-active compounds, anti-nutritional
factors, health beneficial properties and value-added products.
Cogent Food and Agriculture, 6(1), art. no. 1811048.

Schmidt, S., Zietz, M., Schreiner, M., Rohn, S, Kroh, L.W. Krum-
bein, A. (2010). Identification of complex, naturally occurring
flavonoid glycosides in kale (Brassica oleracea var. sabellica)

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

by high-performance liquid chromatography diode-array de-
tection/electrospray ionization multi-stage mass spectrometry.
Rapid Communications. Mass Spectrometry, 24(14), 2009-2022.

Soundararajan, P, Kim, J.S. (2018). Anti-carcinogenic glucosin-
olates in cruciferous vegetables and their antagonistic effects on
prevention of cancers. Molecules, 23(11), art. no. 2983.

Tiidus, PM., Bombardier, E., Hidiroglou, N., Madere, R. (1999).
Gender and exercise influence on tissue antioxidant vitamin status
in rats. Journal of Nutritional Science and Vitaminology, 45(6), 701-710.

Tsao, R., Yang, R. (2003). Optimization of a new mobile phase to
know the complex and real polyphenolic composition: towards
a total phenolic index using high-performance liquid chromatog-
raphy. Journal of Chromatography A, 1018(1), 29-40.

Vallejo, F, Tomas-Barberan, FA., Garcia-Viguera, C. (2002). Po-
tential bioactive compounds in health promotion from broccoli
cultivars grown in Spain. Journal of the Science of Food and Agri-
culture, 82(11), 1293-1297.

Vang, O., Rasmussen, B.F, Sgrensen, H., Clausen, J., Andersen,
0. (1995). Effects of dietary broccoli on antioxidant enzymes.
Clinical Chemistry, 41(12), 1910-1911.

Velasco, P, Cartea, M.E., Gonzalez, C., Vilar, M., Ordas, A.
(2007). Factors affecting the glucosinolate content of kale (Bras-

sica oleracea acephala Group). Journal of Agricultural and Food
Chemistry, 55(3), 955-962.

Verkerk, R., Dekker, M., Jongen, WM.E (2001). Post-harvest
increase of indolyl glucosinolates in response to chopping
and storage of Brassica vegetables. Journal of the Science of Food
and Agriculture, 81(9), SI, 953-958.

Wiegand, H., Boesch-Saadatmandi, C., Regos, 1., Treutter, D.,
Wolffram, S., Rimbach, G. (2009). Effects of quercetin and cate-
chin on hepatic glutathione-S transferase (GST), NAD(P)H qui-
none oxidoreductase 1 (NQO1), and antioxidant enzyme activity
levels in rats. Nutrition and Cancer, 61(5), 717-722.

Yagishita, Y., Fahey, J.W., Dinkova-Kostova, A.T., Kensler, T.W.
(2019). Broccoli or sulforaphane: is it the source or dose that
matters? Molecules, 24(19), art. no. 3593.

Yamamoto, T., Ohkuwa, T, Itoh, H., Sato, Y., Naoi, M. (2002).
Effect of gender differences and voluntary exercise on antioxi-
dant capacity in rats. Comparative Biochemistry and Physiology
Part C: Toxicology and Pharmacology, 132(4), 437-444.

Zhang,Y.-J.,Gan,RY.,Li,S., Zhou, Y., Li,AN.,Xu, D.P, Li, H.B.
(2015). Antioxidant phytochemicals for the prevention and treat-
ment of chronic diseases. Molecules, 20(12), 21138-21156.

Zhu, C.Y., Loft, S. (2001). Effects of Brussels sprouts extracts
on hydrogen peroxide-induced DNA strand breaks in human
lymphocytes. Food and Chemical Toxicology, 39(12), 1191-1197.


https://doi.org/10.1016/j.mrgentox.2012.10.013
https://doi.org/10.1016/j.mrgentox.2012.10.013
https://doi.org/10.1016/j.mrfmmm.2004.02.020
https://doi.org/10.1016/j.mrfmmm.2004.02.020
https://doi.org/10.1080/10408398.2016.1254595
https://doi.org/10.1080/10408398.2016.1254595
https://doi.org/10.1155/2017/8416763
https://doi.org/10.1155/2017/8416763
https://doi.org/10.5582/bst.2018.01172
https://doi.org/10.5582/bst.2018.01172
https://doi.org/10.1016/S0891-5849(98)00315-3
https://doi.org/10.1016/S0891-5849(98)00315-3
https://doi.org/10.1016/S2221-1691(13)60116-1
https://doi.org/10.1080/10408398.2018.1454400
https://doi.org/10.1080/10408398.2018.1454400
https://doi.org/10.1080/13102818.2008.10817584
https://doi.org/10.1080/13102818.2008.10817584
https://doi.org/10.1016/j.jchromb.2012.07.017
https://doi.org/10.1016/j.jchromb.2012.07.017
https://doi.org/10.1080/23311932.2020.1811048
https://doi.org/10.1080/23311932.2020.1811048
https://doi.org/10.1002/rcm.4605
https://doi.org/10.1002/rcm.4605
https://doi.org/10.3390/molecules23112983
https://doi.org/10.3390/molecules23112983
https://doi.org/10.3177/jnsv.45.701
https://doi.org/10.3177/jnsv.45.701
https://doi.org/10.1016/j.chroma.2003.08.034
https://doi.org/10.1016/j.chroma.2003.08.034
https://doi.org/10.1002/jsfa.1183
https://doi.org/10.1002/jsfa.1183
https://doi.org/10.1093/clinchem/41.12.1910
https://doi.org/10.1093/clinchem/41.12.1910
https://doi.org/10.1021/jf0624897
https://doi.org/10.1021/jf0624897
https://doi.org/10.1002/jsfa.854
https://doi.org/10.1002/jsfa.854
https://doi.org/10.1080/01635580902825621
https://doi.org/10.1080/01635580902825621
https://doi.org/10.3390/molecules24193593
https://doi.org/10.3390/molecules24193593
https://doi.org/10.1016/S1532-0456(02)00097-2
https://doi.org/10.1016/S1532-0456(02)00097-2
https://doi.org/10.3390/molecules201219753
https://doi.org/10.3390/molecules201219753
https://doi.org/10.1016/S0278-6915(01)00061-8
https://doi.org/10.1016/S0278-6915(01)00061-8




OJ‘
3 Pol. J. Food Nutr. Sci., 2022, Vol. 72, No. 3, pp. 249-261
A On-line ISSN: 2083-6007
Q
<
,$

Print ISSN: 1230-0322
DOI: 10.31883/pjfns/151566

o
o"
Ssayaps ¥

Original article
Section: Food Technology

Modification in Physicochemical, Structural and Digestive Properties of Potato Starch
During Heat-Moisture Treatment Combined with Microwave Pre- and Post-Treatment
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The objective of this study was to investigate the effects of modification by heat-moisture treatment (HMT) combined with microwave pre-
and post-treatment (MW) on the physicochemical, structural and digestive properties of potato starch. The light microscopy, scanning electron micros-
copy (SEM), Fourier transform infrared spectroscopy (FT-IR) and X-ray diffraction (XRD) were used to determine the structural properties of starch.
FT-IR and XRD spectra implied that MW and HMT destroyed the double helices and crystalline structure of potato starch. The relative crystallinity
of modified starch granules (15.17-18.17%) was lower than that of native starch (19.39%). In the case of physicochemical properties, the modified
starches had higher pasting temperature (68.8-93.0°C) and setback viscosity (807-3168 cP), but lower peak viscosity (1315-3662 cP) and breakdown
viscosity (17.3-78.3 cP) than that of native potato starch, which were 68.5°C, 496 cP, 6598 cP and 2526 cP, respectively. The HMT and MW modifica-
tions significantly increased the content of slowly digestible starch and resistant starch. The resistant starch content of starch obtained by HMT com-
bined with MW post-treatment was significantly higher than that of starch obtained by HMT combined with MW pre-treatment and single HMT. These
results may promote good understanding of the effects of HMT combined with MW pre- and post-treatment on physicochemical properties and digest-

ibility of potato starch, and wide utilization of microwave and heat-moisture techniques in starch modification.

INTRODUCTION

As the fourth largest crop in world production after
corn, rice and wheat, potato is the largest non-cereal food
crop widely cultivated around the world, containing about
75% starch by dry weight [Santos ef al., 2016; Zhang ef al.,
2017]. Potato starch has larger particle size, higher swelling
capacity, transparency and viscosity than rice starch or maize
starch [Cao & Gao, 2020; Singh et al., 2016], and it is widely
used as food thickener, stabilizer or carrier for bioactive com-
pounds in food and industrial products [Singh ez al., 2003].

However, the properties of low shear, heat sensitivity
and easy retrogradation of native potato starch limit its use
in some industrial fields [Singh et al., 2004]. Therefore, in or-
der to overcome the shortcomings and achieve desired prop-
erties, starch can be modified by physical, chemical and enzy-
matic methods [Colussia ef al., 2020; Gatkowska & Juszczak,
2019; Zhang et al., 2019]. Heat-moisture treatment (HMT)
is currently the most studied physical modification method
of starch, in which starch granules are treated at high tem-
perature (90-120°C) with certain moisture content (10-35%)
for certain time (15 min—16 h) [Wang et al., 2016; Zavareze
& Dias, 2011]. Samples are stored in an airtight container

* Corresponding Author:
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before HMT to keep moisture at a constant level. The in-
creased pressure of the sealed environment generated by heat-
ing is conducive to increase thermal energy, which is con-
stantly transformed into kinetic energy through the motion
of water molecules. This leads to massive segmental move-
ments and the glassy state of amorphous regions of starch
can be shifted to a more flexible state, thus HMT makes
it possible to control the movement of molecules at high tem-
peratures, monitoring the water concentration [Schafranski
et al., 2021; Wang et al., 2021]. HMT alters the interactions
of polymer chains in starch by destroying crystalline and heli-
cal structures. The structure of starch chains within the amor-
phous and crystalline granules is reorganized during heat-
moisture treatment, resulting in expansion of starch granules,
changes in crystallinity, leaching of amylose, and changes
in other properties such as gelatinization, retrogradation
and thermal stability [Arns et al., 2015; Chung et al., 2010;
Taner al.,2017]. HMT also could partially convert rapidly di-
gested starch (RDS) into slowly digested starch (SDS) and/or
resistant starch (RS), resulting in increased content of SDS
and/or RS [Uzizerimana et al., 2021]. SDS and RS could in-
terfere with suppressing metabolic diseases due to relatively
low glycemic response, thus SDS and RS consumption could
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present health benefits [Wang et al., 2017]. Starch modified
by HMT can be used in sauces, candies, canned food, pasta
and other foods, as well as an ingredient to increase SDS
and RS content [Kaur & Singh, 2019].

Microwave is an electromagnetic radiation in the frequen-
cy ranging from 300 MHz to 300 GHz. During microwave
treatment (MW), electromagnetic energy is converted into
heat energy by triggering high-frequency movement of mol-
ecules [Singh et al., 2012]. MW becomes another appeal-
ing physical modification method of starch for its uniform
heating, high heating rates and environmental protection
[Brasoveanu & Nemtanu, 2014]. Many investigations have
evidenced that microwave irradiation can change morphol-
ogy, alter molecular structure, rearrange the structural order
and crystalline regions of starch, which consequently affects
its physicochemical properties, such as absorption ability,
swelling power, gelatinization, retrogradation and digestabli-
ty [Chen et al., 2021a; Kumar et al., 2020; Wang et al., 2019].

The effects of single HMT and MW on functionalities
and structural properties of starch have been investigated
by many researchers as reviewed by Schafranski et al. [2021]
and Oyeyinka et al. [2021]. However, the mechanism of dual
modification combined with HMT and MW is far from being
fully understood. Therefore, the purpose of this research was
to evaluate the effects of HMT assisted by MW pre- and post-
-treatment on the morphological, physicochemical and in vi-
tro digestion properties of potato starch. This research pre-
sented a comprehensive understanding of the effects of HMT
and MW bi-directional modifications on functional and di-
gestibility properties of starch, as well as the related mech-
anism, which would provide a useful theoretical basis for
further studies on improving the application of microwave
technology in starch modification.

MATERIALS AND METHODS

Potato starch extraction

Potato tubers of Favorita variety sold locally in Hezhou
city (Guangxi, China) were selected as raw materials, and na-
tive potato starch was extracted according to the procedure
described by Deka & Sit [2016]. Potato tubers were washed,
peeled and cut into cubes before being ground by a high-
-speed laboratory blender (Joyoung, JYL-C19V, Joyoung
Company Limited, Jinan, Shandong, China) for 3 min.
The slurry was mixed with distilled water (1:10, v/v), and then
was filtered with multiple-layer absorbent gauze. The filtered
slurry was kept for 4-5 h for sedimentation, then the liquid
was poured off, distilled water was added to wash the sedi-
ment, and the above process was repeated several times un-
til the liquid was clarified. The final sediment was laid flat
in a tray and dried in a hot-air oven (DH411C, Yamato, To-
kyo, Japan) at 45°C for 24 h. The dried starch was pulver-
ized with a universal pulverizer (FW100, Tianjin City Taisite
Instrument Co., Ltd., Tianjin, China) and passed through
an 80-mesh sieve to obtain native potato starch. Native po-
tato starch was kept in airtight polyethylene bags for further
analysis. The composition of potato starch was determined as
following: total starch 82.38=0.87 g/100 g dry matter (d.m.),
lipid 0.12=0.07 g/100 g d.m., protein 0.35=0.10 g/100 g d.m.,

moisture 10.83+0.18 g/100 g. Total starch was determined
using the Megazyme starch assay kit based on AOAC Interna-
tional 996.11 method [AOAC, 2005]. The GB 5009.6-2016,
GB 5009.5-2016 and GB 5009.3-2016 methods of China
National Standard for Food Safety [China National Stan-
dard for Food Safety, 2016] were used to determine content
of lipid, protein and moisture, respectively.

Heat-moisture treatment of starch

The heat-moisture treatment (HMT) of native potato
starch was carried out according to the procedure described
by Deng et al. [2021a, b]. The moisture content of native po-
tato starch was measured before HMT. Then, 70 g of four par-
allel native potato starch samples were weighed into different
500-mL Duran laboratory bottles, and a certain amount of ul-
trapure water was added into each bottle to adjust the mois-
ture content to 25 g/100 g. The mixtures were equilibrated
at 25°C for 24 h to achieve moisture balance. When equili-
bration had finished, the samples were subjected to HMT at
90°C for 1.5 h, 4 h, 8 h and 12 h, respectively, in a DH411C
hot-air oven. After HMT, the treated starch samples were
dried at 45°C for 24 h using the same hot-air oven, so that
the starch moisture was less than 12 g/100 g. The dried potato
starch was intermittently pulverized for 50 s (pulverized for
5 s, stopped for 5 s to avoid too high temperature of starch
caused by pulverization) using an FW100 pulverizer (Tianjin
City Taisite Instrument Co., Ltd.). The pulverized starch was
sieved through an 80-mesh sieve, then hermetically packaged
in polyethylene bags, and stored in a glass desiccator for fur-
ther studies. According to the duration of HMT, the prepared
dry starch powder samples were named as HMT1.5, HMT4,
HMTS8 and HMT12, respectively.

Microwave treatment of starch

The moisture content of native potato starch was ad-
justed to 25 g/100 g as described above and the starch mix-
ture was equilibrated at 25°C for 24 h. So prepared starch
was subjected to MW according to the previous research
method described by Deng et al. [2021Db]. Briefly, the mois-
ture-balanced starch was placed flat into a lab dish (18 cm
in diameter), covered with microwave-specific plastic wrap,
and 10 holes were evenly pierced with toothpicks. Then,
the lab dish with starch was placed in a microwave oven
(G80F20CN2L-B8(RO), Guangdong Galanz Microwave
Appliance Manufacturing Co., LTD, Foshan, Guangdong,
China) for 5 min at 400 W power (increasing the power or
time of microwave heating will cause the starch granules
to burn). The treated starch samples were dried and stored
according to the method mentioned above in single
HMT. The prepared starches were named MWS.

Dual modification of starch

Potato starch modifications by HMT in combination with
microwave pre-treatment (MW-HMT) and by HMT in com-
bination with microwave post-treatment (HMT-MW) were
performed [Denger al., 2021b]. Briefly, the moisture-balanced
MWS samples (25 g/100 g) were subjected to HMT at 90°C
for 1.5h,4h, 8 hand 12 h, next, dried and stored according to
the procedure described above for single HMT. The prepared
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starches were named as MW-HMT 1.5, MW-HMT4, MW-
-HMT8 and MW-HMTI12, respectively. To obtain HMT-
-MW starches, the moisture content of HMTI1.5, HMT4,
HMTS8 and HMT 12 samples was adjusted to 25 g/100 g. Af-
ter equilibration at 25°C for 24 h, the starch mixtures were
subjected to MW according to the description above for
single MW. The starch samples were dried and named as
HMT1.5-MW, HMT4-MW, HMT8-MW and HMT12-MW,
respectively.

Scanning electron microscopy (SEM)

An SU8100 scanning electron microscope (Hitachi Ltd.,
Tokyo, Japan) was used at an acceleration voltage of 2.0 KV
to observe the microstructure of starch granules. The dried
starch samples were deposited on the specimen holder by us-
ing double-sided adhesive tape and sputter-coated with gold.

Light microscopy

A small amount of each starch sample was placed on a mi-
croscope slide with 1-2 drops of glycerol with a distilled water
mixture (1:1, v/») to disperse the starch evenly, then the starch
was covered with coverslip and placed on the objective table
of the microscope (BX53, Olympus Corporation, Tokyo, Ja-
pan). The normal light microscopic images and polarized
light microscopic images of starch samples were observed
and captured under normal light mode and polarized light
mode, respectively, with the magnification of x400.

Determination of pasting properties

A rapid visco-analyzer (RVA Starch Master2, Perten
Instruments, Stockholm, Sweden) was used to evaluate
the pasting and paste properties of the starch according to
the methods described by Sui ez al. [2015] with slight modifi-
cations. A 2.5-g portion of each starch (corrected to moisture
content of 14 g/100 g) was mixed with 25 mL of distilled water
and kept in the test slot of the equipment. The temperature
gradient was as follows: equalization at 50°C for 1 min, in-
creased from 50°C to 95°C within 3.75 min and maintaining
at 95°C for 2.5 min, and then decreased to 50°C in 3.75 min
and maintaining at 50°C for 2 min.

Determination of swelling power and solubility

Swelling power and solubility of starch samples were
determined in triplicate according to the method of Guo
et al. [2015]. A 0.60 g portion (dry basis) of starch sample
was placed into a pre-weighed 50-mL centrifuge tube with
30 mL of distilled water. The starch was completely dis-
persed in the distilled water by oscillating with a turbine mixer
(XW-80A, Haimen Kylin-Bell Lab Instruments Co., Ltd.,
Haimen, Jiangsu, China) for 5 s. After that, all the centri-
fuge tubes with starch samples were placed in a water bath
oscillator with the speed of 200 rpm for 30 min at 55, 65,
75, 85, and 95°C. The samples were cooled to room tempera-
ture before being centrifuged at 2150xg for 20 min with an
L550 centrifuge (Hunan Xiangyi Laboratory Instrument De-
velopment Ltd. Co., Changsha, Hunan, China). The super-
natants were poured into pre-weighed aluminum specimen
boxes and dried to a constant weight in a DH411C hot-air
oven at 105°C, while sediments were immediately weighed.

The swelling power (SP, g/g, on dry weight basis) and solubil-
ity (S, %) were calculated as follows:
Weight of dried supernatant (1)

- _ 1
Solubility (5) Weight of dried starch sample x 100

Swelling power (SP) =
_ Weight of sediment ()
Weight of dried starch sample (1 - SOlubilit%OO)

Fourier transform infrared spectroscopy (FI-IR) analysis

The starch samples were placed directly on to sampling
unit of an FT-IR spectrophotometer (Spectrum, Perkin Elmer,
Waltham, MA, USA) to determine the FT-IR spectra with
a scanning spectral range from 4000 cm™ to 400 cm™! at 25°C.

X-Ray diffraction analysis

X-Ray diffraction (XRD) analysis of starch samples was
carried out by an X-ray diffractometer (Rigaku Ultima IV,
Ultima IVTM, Tokyo, Japan) equipped with a goniometer at
40 kV (target voltage) and 40 mA (tube current). The mea-
surement diffraction angle (20) ranged from 4° to 40° at
a scanning rate of 4°/min with a step size of 0.02°. MDI Jade 6
software was used to calculate the relative crystallinity (%)
of each starch sample according to the following equation:

Relative crystallinity =

Area of crystalline peaks
- , x 100 3)
Total area of crystalline and amorphous peaks

In vitro digestibility analysis

The contents of rapidly digested starch (RDS, starch which
was digested within the first 20 min), slowly digested starch
(SDS, starch which was digested between 20 and 120 min)
and resistant starch (RS, the residual starch which was digest-
ed after 120 min) in native potato starch and treated starch
were determined according to the method previously de-
scribed by Han ez al. [2021] with some modifications. In brief,
200 mg of starch samples with 10 mL of a sodium acetate buf-
fer solution (0.1 M, pH 5.2) were added to a flask and heated
in boiling water for 30 min to completely gelatinize starch. Af-
terwards, tubes were cooled in a water bath at 37°C and incu-
bated for 30 min with 160 rpm shaking. Then, the enzyme solu-
tion of 5 mL of a-amylase from porcine pancreas (300 U/mL,
Shanghai Yuanye Bio-Technology Co., Ltd, Shanghai, China)
and2mLofamyloglucosidasefromAspergillusniger (225U/mL,
Shanghai Yuanye Bio-Technology Co., Ltd) were added to
each sample tube, and incubation was continued in a water
bath at 37°C with 190 rpm shaking. Then, 1 mL of the di-
gestion solution was pipetted into a test tube with 20 mL
of anhydrous alcohol to stop the enzyme reaction at intervals
of 20 and 120 min, and then centrifuged at 2810xg for 10 min
in an L550 centrifuge. The released glucose concentration
in the supernatant was measured with the glucose oxidase/
peroxidase (GOPOD) assay kit (Megazyme, International
Ltd. Co., Wicklow, Ireland). The glucose content multiplied
by a factor of 0.9 was used to calculate the percentage of hy-
drolyzed starch and the following formulas were used to cal-
culate the contents of RDS (%), SDS (%), and RS (%):
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RDS = G20 x 0.9/TS @)
SDS = (G120-G20) x 0.9/TS (5)
RS =100 — RDS — SDS (6)

where: G20 and G120 are the glucose contents after 20 min
and 120 min of hydrolysis, respectively; TS is the total starch
content of each sample.

Statistical analysis

All the measurements were performed three times unless
otherwise stated, and the data were recorded as means=+ stan-
dard deviation (SD). One-way analysis of variance (one-way
ANOVA) with post-hoc Duncan’s test was performed by Data
Processing System (7.05 for Windows, Hangzhou Ruifeng
Info-technology Co., Hangzhou, Zhejiang, China). Differ-
ences were considered significant at p <0.05. Microsoft Office
Excel 365 (Microsoft Corp., Redmond, WA, USA) and Origin
Pro 8 (OriginLab Corp., Northampton, MA, USA) were used
to report the data.

RESULTS AND DISCUSSION

Morphological properties

The surface structural characteristics of native potato
starch and modified potato starch samples observed by SEM
are presented in . The native potato starch granules
showed oval or spherical-like shape with no obvious fissures
and grooves on the smooth surface. This result was consistent
with previous findings reported by Xu ez al. [2018]. Although
there were no noteworthy changes in the structure of starch
after the MW, HMT and dual MW and HMT, the surface
of treated starch granules became rougher with a different de-
gree of pitting and indentation compared with native starch
( ). Similar results were obtained for millet starch
and rice starch modified by MW and HMT, respectively [Li
etal., 2019a; Wang et al., 2018]. Dual MW and HMT modifi-
cation made the surface of starch granules rougher with more
serious depressions or scallops than single MW or HMT mod-
ification, especially in the case of the double modified starch
granules via HMT assisted by MW pre-treatment ( ).

For HMT-treated starch, the changes on starch granules
surface can be attributed to the partial gelatinization caused
by pressure and thermal energy, consequently leading to in-
consistent swelling and/or aggregation/fusion of starch par-
ticles and rough surface, or even to concavities on the gran-
ules surface [Wang ef al., 2018]. For MW-treated starch,
the surface roughness and deformation were mainly related
to the penetration of microwave energy. When the microwave
energy was high enough, the molecular chains that consti-
tuted the starch granule structure would break, enventually
resulting in pore formation and possible collapse in starch
granules [Chen et al., 2021b].

Light microscopy

The micrographs of native potato starch and modified po-
tato starch granules observed under normal light microscopy
are shown in and the micrographs of all the starch

samples observed under polarized light microscopy are shown
in . The normal light microscopy image of native
starch ( ) exhibited hilum structure with smooth sur-
face, while all treated starch granules showed obvious hollow
structure at hilum. The hilum is located in the amorphous
zone with relatively fragile structure [Li ez al., 2020]. Due to
this fragile structure, coupled with partial swelling and dis-
ruption of starch granules caused by the MW, HMT and dual
modification, the large hollow structure appeared at the umbi-
licus section of starch granules ( ). Because of the pen-
etration of microwave irradiation, single MW modification
had greater effects on hollow structure at the hilum of starch
granules than single HMT. Compared with single modified
starch, this phenomenon was more obvious in double modi-
fied starch, especially in the HMT starch pretreated by MW.
Although the polarized light microscopy of native potato
starch granules ( ) and all the modified starches showed
a typical Maltese cross with black polarization cross or bire-
fringence, the contour of the Maltese cross of all the modified
starches became distorted and fuzzy after MW, HMT and dual
modification, and the black zone in the center of the cross be-
came relatively larger than that of native potato starch. These
results were similar to those from the previous research of HMT

MW-1 IM?

FIGURE 1. Scanning electron microscopy (SEM) micrographs (x 1000)
of native (NS) and modified potato starches: MWS: single microwave
treatment; MW-HMT: heat-moisture treatment combined with micro-
wave pre-treatment; HMT-MW: heat-moisture treatment combined
with microwave post-treatment; 1.5, 4, 8, 12 mean the heating duration
of HMT (h).
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lily starch [Liet al., 2020]. Thermal and microwave energy gen-
erated by HMT and MW might induce changes in radial orien-
tation of double helices and amylopectin chains, and eventually
changed intensity of birefringence [Ji & Yu, 2018].

Pasting properties

The pasting properties of native and modified potato starch
are listed in and the rapid viscosity analysis (RVA)
pasting profiles are illustrated in . The RVA pasting
profiles and the pasting properties of potato starch were sig-
nificantly changed by single MW, single HMT and HMT com-
bined with MW pre- and post-treatment. The peak viscosity
of native potato starch was 6598 cP, which was higher than
that of all the treated starch samples. The pasting tempera-
ture of native potato starch was 68.5°C, which was significant-
ly increased to 73.5-93.0°C after MW and HMT except for
the MWS (68.8°C) and the HMT1.5 (71.0°C). Higher past-
ing temperature indicated interactions between starch chains
enhanced by MW and HMT, and more energy was required
to destroy the enhanced starch structure during gelatinization
process. All the MW-treated starch samples and HMT-treated
starch samples showed lower peak viscosity, holding viscos-
ity and breakdown viscosity than that of native potato starch.

FIGURE 2. Normal light micrographs (x400) of native (NS) and modi-
fied potato starches: MWS: single microwave treatment; MW-HMT:
heat-moisture treatment combined with microwave pre-treatment; HMT-
-MW: heat-moisture treatment combined with microwave post-treatment;
1.5, 4, 8, 12 mean the heating duration of HMT (h). The arrows illustrate
the treated starch granules showing obvious hollow structure at hilum.

Similar results were reported for HMT mango kernel starch
and MW millet starch [Bharti ef al., 2019; Li ef al., 2019a].
The decrease in peak viscosity of the sample may be attributed
to the recombination and rearrangement in starch granules
after MW, HMT, MW-HMT and HMT-MW, which limited
the leaching of starch components from granules into the me-
dium, consequently resulting in a decreased peak viscosity.
Reduction in holding viscosity representing starch degrada-
tion upon application of high temperature and shear, indi-
cated a decrease in peak viscosity [Kaur & Singh, 2019; Li
et al., 2019a]. The low breakdown viscosity indicated high
thermal stability, resistance development against shear exerted
from heating and lower deterioration tendency [Kumar ez al.,
2020]. Compared with native potato starch setback viscosity
(496 cP), all the treated starch samples had higher setback vis-
cosity ranging from 807 to 3168 cP, with the highest values
noted for HMT1.5-MW and HMT 1.5, and the lowest one for
MW-HMT12 ( ). Additionally, the duration of HMT af-
fected the pasting properties. The peak viscosity, hold viscosity
and final viscosity of HMT modified starch decreased succes-
sively with the extension of HMT duration. Moreover, HMT
combined with MW pre- and post-treatment resulted in lower
peak viscosity than that of starch modified by single MW or
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FIGURE 3. Polarized light micrographs (x400) of native (NS) and mod-
ified potato starches: MWS: single microwave treatment; MW-HMT:
heat-moisture treatment combined with microwave pre-treatment; HMT-
-MW: heat-moisture treatment combined with microwave post-treatment;
1.5, 4, 8, 12 mean the heating duration of HMT (h). The arrows illustrate
the treated starch granules showing obvious hollow structure at hilum.
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TABLE 1. Pasting properties of native and modified potato starches.

Pastin Peak viscosity Hold viscosity Final viscosity | Breakdown viscosity Setback viscosity

Starch &

temperature (°C) (cP) (cP) (cP) (cP) (cP)
NS 68.5=0.2" 6598+732 4072+25° 4567+37¢ 2526472 49612
MWS 68.8=0.1" 3662+27° 3597=x31° 6644132 65.7+3.5% 3047x420
MW-HMTL.5 80.8+1.5% 2145%9¢ 2090+9¢ 4559 +88¢ 54.31.5bde 2439+39¢
MW-HMT4 88.50=1.0° 1591£22¢ 1548 +18¢ 3027+£56° 42,343 8edet 1479+40¢
MW-HMTS8 92.9+2.0° 13396k 1309+2% 2290+26" 30.3x£6.4¢ 985+50"
MW-HMT12 93.0x0.6* 1315+18F 1256+19! 206418 58.3x1.5b 807+4i
HMTL.5 71.0=0.4¢ 3522+8¢ 3443 +11¢ 6553 +88 78.3%3.5° 311079
HMT4 80.5=5.6% 2173 +58¢ 2111+56¢ 4528 +150¢ 61.7x2.1b 2417+98¢
HMTS 76.5%1.5¢ 1582+21¢ 1545+18¢ 3019+14¢ 38.0+5.6% 1474=17¢
HMTI12 76.8=0.4% 1433 2N 1416=16' 2573+ 23¢ 17.3x14.6' 1157+27¢
HMT1.5-MW 73.5+2.74% 2591+244 2516=23¢ 5684910 753£2.1° 31681022
HMT4-MW 81.9£5.3% 185416 1799+ 15" 3696484 55.0=£2.0bed 1936504
HMT8-MW 75.5%2.0% 1475+58" 1457+36¢ 2803397 55.0£8.9bede 1345+67"
HMTI12-MW 82.4x3.7° 139281 137313 2465+9¢ 18.7=11.6 1092+22¢

All values are the mean of triplicate determinations+ standard deviation. The means within the same column with different letters are significantly dif-
ferent (p<0.05). NS: native potato starch; MWS: single microwave treatment; HMT: heat-moisture treatment; MW: microwave treatment; MW-HMT:
heat-moisture treatment combined with microwave pre-treatment; HMT-MW: heat-moisture treatment combined with microwave post-treatment; 1.5,

4,8, 12 mean the heating duration of HMT (h).

single HMT. Starch modified by HMT combined with MW
pre-treatment had lower peak viscosity, hold viscosity and fi-
nal viscosity than the starch modified by HMT combined with
MW post-treatment or the starch modified by single HMT, in-
dicating that MW-HMT starch had lower resistance to heat
and shear than HMT-MW starch or HMT starch.

The swelling power of native and modified potato starches
is shown in and the solubility of native and modified
potato starches is shown in . With an increase in test
temperature, the swelling power of native starch and modified
starches increased. The modified starch showed lower swell-
ing power than native starch when the test temperature was
65°C, 75°C and 85°C, while opposite results were obtained
at 95°C, and the MWS sample showed the highest swelling
power (21.58%) at 95°C. MWS had the higher swelling power
than MW-HMT modified starch at the same test temperature;

Swelling power and solubility
Differences in cohesive force within starch granules can
be characterized by differences in swelling and solubility.
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FIGURE 4. Rapid viscosity analysis pasting profiles of native (NS) and modified potato starches: MWS: single microwave treatment; MW-HMT: heat-
-moisture treatment combined with microwave pre-treatment; HMT-MW: heat-moisture treatment combined with microwave post-treatment; 1.5, 4,
8, 12 mean the heating duration of HMT (h).
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TABLE 2. Swelling power of the native and modified potato starches.

Swelling power (%)
Starch
55°C 65°C 75°C 85°C 95°C

NS 2.28+0.03" 12.13+0.79° 14.14=0.16* 17.10+0.122 13.29+0.57"
MWS 4.02+0.23* 12.94+0.19° 12.59+0.20¢ 15.74+0.26° 21.58+0.04
MW-HMT1.5 3.05x0.01° 11.20£0.17¢ 12.31+0.32«¢ 12.92+0.11d 16.37£0.14¢
MW-HMT4 2.84+0.05¢ 9.58=0.19¢ 11.65£0.55¢ 12.90+0.09% 14.27x0.14¢
MW-HMTS 2.63=0.07¢ 9.04=0.24% 10.56+0.16'" 11.27+0.23¢ 14.12+0.83¢
MW-HMT]12 2.52+0.02"% 8.69+0.23" 10.70+0.02" 11.19+0.12¢ 14.35+0.38
HMT1.5 2.46=0.10¢ 11.13%0.39« 13.28+0.64° 13.76=0.70° 18.27+0.31°
HMT4 2.48+0.06¢ 10.000.03¢ 12.36=0.19« 13.35+0.16% 16.36+0.09°
HMTS 2.47+0.04¢ 9.18=0.15% 11.56+0.03¢ 13.16x0.25% 15.53+0.25¢
HMT12 2.47+0.02¢ 8.85=0.30" 10.89+0.30 12.58+0.08" 15.20+0.18¢
HMT1.5-MW 2.79+0.00« 10.61+0.25¢ 11.84+0.31¢% 13.08+0.01% 18.340.03"
HMT4-MW 2.69=0.04¢ 9.95=0.11¢ 10.25+0.33¢ 12.85+0.20% 16.39+0.06°
HMT8-MW 2.42+0.02¢ 9.45=0.11¢ 10.04=0.13" 12.73+0.11¢ 16.810.40°
HMTI12-MW 2.41+0.08¢ 8.99+0.32¢n 9..95+0.09' 12.56=0.16f 16.56+0.20°

All values are the mean of triplicate determinations+ standard deviation. The means within the same column with different letters are significantly dif-
ferent (p<0.05). NS: native potato starch; MWS: single microwave treatment; HMT: heat-moisture treatment; MW: microwave treatment; MW-HMT:
heat-moisture treatment combined with microwave pre-treatment; HMT-MW: heat-moisture treatment combined with microwave post-treatment; 1.5,

4,8, 12 mean the heating duration of HMT (h).

TABLE 3. Solubility of native and modified potato starches.

Solubility (%)

Starch
55°C 65°C 75°C 85°C 95°C

NS 4.29+0.44° 4.69+0.31° 2.11+0.17 2.70=0.17 7.70+0.318
MWS 3.59+0.47° 3.24=0.21° 2.77+0.27 5.64=0.63 7.27+0.13¢
MW-HMT1.5 0.77+0.06¢ 3.29+0.07° 2.73%0.07 5.94+0.33 8.70=0.30"
MW-HMT4 1.53+0.15 3.18=0.11° 2.98=0.03 6.70=0.24¢ 9.94+0.37°
MW-HMTS 2.37+0.02¢ 3.09x0.06" 3.51=0.31" 7.29+0.19¢ 11.36+0.46
MW-HMT12 2.29+0.04¢ 3.02+0.04% 2.32+0.131 7.18+0.05% 13.54+0.02°
HMTL.S 2.40=0.08% 2.80=0.14« 5.63x0.15' 4.59+0.11¢ 7.35%0.30¢
HMT4 2.32+0.00¢ 3.08+0.18% 6.91+0.25¢ 4.70=0.15¢ 11.28+0.31°
HMTS 2.38=0.07% 2.65+0.11¢ 8.35+0.08" 5.86=0.09" 14.05+0.18°
HMTI12 2.66=0.11¢ 2.70+0.15¢ 6.14=0.31° 3.57=0.30 8.69+0.28"
HMT1.5-MW 3.75=0.17° 3.11x0.07" 3.01=0.131 7.14x0.47% 8.43x0.39"
HMT4-MW 2.94+0.06° 3.09x0.08" 4.42+0.12¢ 8.09+0.13¢ 10.53+0.36¢
HMT8-MW 1.63+0.12" 4.68+0.14% 7.64+0.21¢ 15.28+0.13° 13.69+0.14°
HMT12-MW 1.37+0.10" 4.94+0.342 15.66+0.39 34.83+0.33¢ 15.65+0.18¢

All values are the mean of triplicate determinations+ standard deviation. The means within the same column with different letters are significantly dif-
ferent (p<0.05). NS: native potato starch; MWS: single microwave treatment; HMT: heat-moisture treatment; MW: microwave treatment; MW-HMT:
heat-moisture treatment combined with microwave pre-treatment; HMT-MW: heat-moisture treatment combined with microwave post-treatment; 1.5,

4,8, 12 mean the heating duration of HMT (h).
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moreover, the swelling power of HMT modified starch (HMT,
MW-HMT and HMT-MW) generally decreased with the treat-
ment time when test temperature was the same. The decrease
in starch swelling power can be attributed to the enhancement
of molecular interactions between amylose and amylopectin,
and the amylose-lipid complexes formed during MW and HMT
[Hanet al., 2021]. Moreover, the swelling power of starch gran-
ules can also be affected by starch granules physical destruc-
tion, starch molecule rearrangement or/and starch chains re-
associations induced by MW and HMT [Liet al., 2019a].

The leaching of soluble molecules of starch granules, such
as amylose, sugars can be characterized by solubility. Modified
potato starch showed generally higher solubility than native
starch when the test temperature was >75°C, and the solubil-
ity of starch samples increased respectively with the increase
in test temperature from 75°C to 95°C ( ). This indi-
cates that temperature increase could induce the leaching
of amylose or sugars from starch granules. MW, HMT, HMT
combined with MW pre- and post-treatment could cause de-
polymerization of starch molecules, resulting in a higher ratio
of short chains which had greater tendency to hydration than
native starch molecules [Han ef al., 2021]. At the same test
temperature, the solubility of HMT and HMT-MW starch in-
creased with the length of heating time, which indicated that
long time heat-moisture treatment could enhance the molec-
ular depolymerization of starch. The MW, HMT and HMT
combined with MW pre- and post-treatment can cause
the weathering of starch granules, which consequently leads
to the improvement of solubility [Deka & Sit, 2016]. However,
high gelatinization temperature of modified starch could lead
to low solubility at low test temperature. The modified starch
had not been gelatinized at low temperature, and the soluble
substances cannot be leached out from the starch granules,
resulting in low solubility.

FT-IR analysis

FT-IR is used to monitor the appearance, type and the
strength of hydrogen bonds, which reflect the changes
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FIGURE 5. Fourier transform infrared spectroscopy spectra of na-
tive (NS) and modified starches: MWS: single microwave treatment;
MW-HMT: heat-moisture treatment combined with microwave pre-
-treatment; HMT-MW: heat-moisture treatment combined with micro-
wave post-treatment; 1.5, 4, 8, 12 mean the heating duration of HMT (h).

in starch molecule structure [Li et al., 2021]. The ratio of crys-
talline regions to amorphous regions of starch granules can
be indicated by the absorbance ratio of 1047/1022 cm~', while
the short-range order can be indicated by the absorbance ra-
tio of 1047/1035 cm™' [Zhang et al., 2021]. A higher absor-
bance ratio of 1047/1022 cm™' indicates larger crystalline
region and a higher absorbance ratio of 1047/1035 cm~" indi-
cates a higher short-range order of starch. The FT-IR spectra
of native potato starch and modified potato starch are shown
in and their corresponding absorbance ratios of
1047/1022 cm~" and 1047/1035 cm~! are summarized in
. As shown in , absorption peaks of characteristic

groups of all starch granules had similar position and shape,
indicating that there was no new absorption peak observed
in the spectra, which indicated that any of the modification
treatments (single MW, single HMT and HMT combined with
MW pre- and post-treatment) neither created new functional
groups nor altered the primary structure of the potato starch.

All modified starch granules had lower absorbance ratios
of 1047/1022 cm~! than that of native starch, and HMT com-
bined with MW pre- and post-treatment had stronger effects
on the decrease in the absorbance ratios than single MW or
single HMT. What is more, with the increase in HMT du-
ration, the ratios of 1047/1022 cm~' of single HMT starch
samples and HMT starch samples post-treated by MW de-
creased to different extents, while opposite results were ob-
served for HMT starch samples pre-treated by MW. The ra-
tios of 1047/1035 cm~! of all the starch samples had the same
variation trend as that of 1047/1022 cm~". These results indi-
cated that microwave irradiation and heat-moisture treatment
might have destroyed the double helix structure and crystal
region of starch granules [Li et al., 2019b]. Under different
treatment conditions, the changing trend of the ratios of
1047/1022 cm~' and 1047/1035 cm~' was consistent with
the changing trend of relative crystallinity analyzed by XRD
( ), which further confirmed that single MW, single
HMT and HMT combined with MW pre- and post- treat-
ment destroyed the crystal structure of potato starch.
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FIGURE 6. X-ray diffraction pattern of native (NS) and modified potato
starches. MWS: single microwave treatment; MW-HMT: heat-moisture
treatment combined with microwave pre-treatment; HMT-MW: heat-
-moisture treatment combined with microwave post-treatment; 1.5, 4, 8,
12 mean the heating duration of HMT (h).
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TABLE 4. Fourier transform infrared spectroscopy intensity ratios, relative crystallinity and digestibility properties of the native and modified potato

starches.

Starch 1047/1022 cm™! 1047/1035 cm™! crysgeli?rﬂx (%) RDS (%) Dlgesn:;l)nsy(i/:?pemes RS (%)
NS 1.0361+0.0001° 1.0083+0.0001¢ 19.39+0.04* 31.14=0.10° 55.17+0.17°% 13.69=+0.10"
MWS 1.0150+0.0001" 0.9992+0.0000¢ 15.35+0.07" 29.14x0.10% 55.90+0.37° 14.97+0.43%
MW-HMT1.5 1.0099+0.0001% 0.9965+0.0001 15.55+0.00" 28.91+0.10¢ 55.23+0.34% 15.860.38
MW-HMT4 1.0100=0.0002% 0.9957=+0.0000/ 15.65x0.02¢ 28.43x0.10e" 52.17+0.09¢ 19.40=0.16°
MW-HMTS 1.0180=0.0001" 0.9980+0.0002f 15.74+0.01¢ 27.66=0.60' 50.05+1.02 22.29+0.53¢
MW-HMT12 1.0176=0.0000¢ 0.9978+0.0001¢ 15.83+0.01° 28.54=0.10" 57.25+0.68 14.21x0.78
HMT1.5 1.0268+0.0000° 1.0008+0.0000¢ 18.17+0.04° 28.11=0.31" 57.87+0.35 14.020.38"
HMT4 1.0232+0.0002¢ 1.0002+0.0002¢ 15.80+0.06 29.41=0.10¢ 54.57+0.44¢ 16.020.42"
HMTS 1.0217+0.0000¢ 0.9992+0.0001¢ 15.60+0.02¢ 29.80+0.20¢ 47.36x0.93¢ 22.85+0.72¢
HMTI12 1.0206+0.0000¢ 0.9981+0.0001" 15.17x0.04 30.23+0.10° 47.33+1.20¢ 22.44%1.10¢
HMT1.5-MW 1.0235=0.0000¢ 1.00420.0000° 15.64+0.03¢ 29.52+0.10<¢ 51.43+0.01¢% 19.05+0.09
HMT4-MW 1.0205+0.0003¢ 1.0003+0.0000¢ 15.50+0.01¢ 28.16=0.10e" 50.75+1.37¢ 21.09+1.47¢
HMT8-MW 1.0135+0.0000! 0.9969+0.0000" 15.39+0.03" 28.88+0.26° 43.29+0.32" 27.83x0.47
HMTI12-MW 1.0130=0.0005 0.9957+0.0000 15.35+0.04" 29.12+0.10% 46.37+0.33¢ 24.50+0.37°

All values are the mean of triplicate determinations+ standard deviation. The means within the same column with different letters are significantly dif-
ferent (p<0.05). RDS: rapidly-digestible starch; SDS: slowly-digestible starch; RS: resistant starch; NS: native potato starch; MWS: single microwave
treatment; HMT: heat-moisture treatment; MW: microwave treatment; MW-HMT: heat-moisture treatment combined with microwave pre-treatment;
HMT-MW: heat-moisture treatment combined with microwave post-treatment; 1.5, 4, 8, 12 mean the heating duration of HMT (h).

X-Ray diffraction analysis

X-Ray diffraction (XRD) analysis is an important tech-
nique used to evaluate changes in starch structure. The pat-
terns of native starch and modified starch analyzed by XRD
are shown in and the corresponding relative crys-
tallinity was listed in . Native potato starch exhibited
a B-type of X-ray diffraction pattern, which was characterized
with a small peak at 5.6° 26, a peak at 17° 20, and a doublet at
22°20 and 24° 26 [Juansanget al., 2017; Liet al., 2020]. There
were some significant changes in the intensities of peaks be-
tween native potato starch and modified potato starch. Simi-
lar reduction in peak intensities of taro starch after HMT
and MW was observed by Deka & Sit [2016]. Significant
changes in the XRD patterns of all the modified starches
were observed ( ). The diffraction peak at 15° 20 of all
the MW-HMT starch and MWS became smooth, the diffrac-
tion peaks at 19.5° 26 gradually disappeared and the double
peaks at 22° 26 and 24° 26 merged into a broad peak. Similar
changes were observed between HMT and HMT-MW starch,
the diffraction peak at 19.5° 20, and the double peaks at
22°26 and 24° 26 gradually became smooth with the prolon-
gation of heat-moisture treatment time. These results indicate
that the X-ray diffraction of potato starch could be changed
from B-type to a mixture of A+B type after HMT or/and MW
modification. Similar results were obtained by Li e a/. [2020]
regarding lily starch modification by HMT. Thirty six water
molecules in a central channel of the B-unit cell vaporized
during the modification process of MW, HMT, MW-HMT
and HMT-MW, and then a pair of double helices moved into

the central channel which was originally occupied by the va-
porized water molecules, leading to the change of crystalline
orientation and destruction of crystalline regions, which even-
tually induced changes in the XRD pattern of potato starch
(B—A+B) [Gunaratne & Hoover, 2002; Li et al., 2020].

All modified potato starch granules had lower relative
crystallinity than that of native starch, which was 19.39%
( ). The relative crystallinity of MWS, MW-HMT1.5,
MW-HMT4, MW-HMTS8, MW-HMT12 was 15.35%, 15.55%,
15.65%, 15.74% and 15.83% respectively, which indicated that
the relative crystallinity of MW-HMT starch increased with
the prolongation of heat-moisture treatment time. Moreover,
HMT-MW starch had lower relative crystallinity than that
of the single HMT starch at the same heat moisture treatment
condition. The reduction of relative crystallinity of microwave-
-irradiated millet starch was also observed by Liez al. [2019a].
The source of starch and HMT conditions affected the chang-
es observed in starch crystallinity. The results of this research
showed that the effect of HMT on potato starch relative crys-
tallinity was consistent with the previous study on the effect
of HMT on that of normal maize starch and waxy maize starch
[Sui et al., 2015]. HMT disrupted the amylopectin crystal-
lites and induced the instability of the lamellar arrangement
of starch granules, which made the relative crystallinity of HMT
starch lower than that of native potato starch [Colussia ef al.,
2020]. The decrease in crystallinity of the MW starch attrib-
uted to the vibrational motion of the polar molecules induced
by the microwave radiation directly impacted the crystalline
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lamellae inside the granule and destroyed their radial crystal-
line structure [Palav & Seetharaman, 2006; Mollekopf et al.,
2011]. What is more, under the combined effect of thermal
energy, microwave radiation and moisture, irreversible dam-
age occurred in crystalline regions of starch granules, induc-
ing the growth of the amorphous or semi-crystalline regions,
and consequently reducing the relative crystallinity of starch
[Khunae et al., 2007].

In vitro digestibility

Based on the rate and degree of in vitro digestion, starch
is commonly classified into three categories: RDS, SDS
and RS, among which SDS and RS are considered to be ben-
eficial to human health [Xu ez al., 2019]. The contents of RDS,
SDS and RS in native potato starch were 32.14%, 55.17%
and 13.69%, respectively ( ), which were inconsistent
with the results of previous research reported by Wang ef al.
[2019] showing RDS, SDS and RS contents in native potato
starch at 22.5%, 12.8% and 64.7% respectively. The unusual
results of RDS, SDS and RS contents in native potato starch
might be attributed to the method of in vitro digestion. Gela-
tinized and non-gelatinized starch samples showed different
in vitro digestibility, which was confirmed by Ji & Yu [2018]
and by Piecyk & Domian [2021], while the results of Chen’s
[2020] research directly indicated that gelatinized and non-
-gelatinized potato starch showed different contents of RDS,
SDS and RS. The gelatinized starch showed higher RDS con-
tent than non-gelatinized starch for their granular structure had
been already disrupted during the cooking process and thus be-
came more susceptible to enzymatic hydrolysis [Liet al., 2020].

The RDS content of all modified potato starches was
significantly (p<0.5) lower than that of native potato starch,
while the RS content was generally higher ( ). When
the heating time of HMT was less than 12 h, the RS content
increased successively with the prolongation of heat-moisture
treatment time. Previous studies have reported that HMT
could increase the content of RS and the total content of SDS
and RS in maize starch [Sui er al., 2015] and sweet potato
starch [Trung et al., 20171, while MW also increased the con-
tent of RS and the total content of SDS and RS in Canna edulis
Ker starch [Zhang et al., 2010] and debranched mung-bean
starch [Huong er al., 2021]. Amylopectin in starch was partly
degraded, the hydrogen bonds between starch molecules were
broken, and the molecular chains in starch granules were
separated by microwave heating, all these resulting in swelling
and gelatinization of starch particles. HMT further rearranged
the molecular structures, transformed some RDS fractions
into SDS and/or RS fractions and increased the resistance
of starch to enzymatic hydrolysis [Li et al., 2018; Liu ef al.,
2019]. Furthermore, dual modification of HMT and MW
increased the total content of SDS and RS but decreased
the content of RDS in potato starch ( ). It was worth
mentioning that under the same HMT heating time, the RS
content of HMT-MW starch was higher than that of HMT
starch, e.g., the RS content of HMT1.5-MW (19.05%) was
higher than that of HMT1.5 (14.02%). Additionally, HMT-
-MW starch also had a higher RS content than that of MW-
-HMT starch under the same HMT heating time, e.g., the RS
content of HMT1.5-MW (19.05%) was higher than that

of MW-HMT1.5 (15.86%). All these results indicated that
dual starch modification via HMT and MW had greater ef-
fects on starch digestion than single MW or HMT, and the se-
quence of dual modification also affected starch digestibility.

CONCLUSIONS

HMT, MW and HMT combined with MW pre- and post-
-treatment had significant effects on the microstructure, crys-
talline and structural properties and digestibility of potato
starch. As can be observed from the scanning electron mi-
croscopy, normal light and polarized light microscopy, some
depressions or potholes appeared on the surface of starch
granules after modification, and the center of polarized
cross structure slowly expanded. Dual starch modification
via MW and HMT made the surface of its granules rough-
er and caused more serious depressions or scallops than
single modification with MW or HMT, especially in the case
of HMT-MW. All the treatments increased the pasting tem-
perature and setback viscosity but decreased peak viscosity
and breakdown viscosity of starch. Modified starch showed
lower swelling power than that of native starch when the test
temperature was 65-85°C, while opposite results were ob-
tained at 95°C. Modified starch samples showed higher solu-
bility than that of native starch when test temperature was
75-95°C. The FT-IR and XRD spectra implied that HMT
and MW destroyed the double helices and crystalline struc-
ture of potato starch. All treatments increased the content
of RS but reduced the content RDS of potato starch. Under
the same HMT heating duration, the RS content of starch
modified by HMT combined by with MW post-treatment
was significantly higher than that of starch modified by HMT
combined by MW pre-treatment and single HMT. The infor-
mation obtained in this paper might be beneficial to the indus-
trial applications of microwave and heat-moisture techniques
deployed to modify starch and eventually produce new starch
materials satisfying the potential consumer requirements.
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In this study, cassava starch oxidized by the electrolysis was used as an edible coating to improve the shelf life of banana fruits. The effects
of coating in solutions of electrolyzed starch with 1, 2 and 3% (w/v) gelatin and without gelatin addition on respiratory rate and biochemical properties
of banana during 8 days of storage at room temperature (75-80% relative humidity) were evaluated. The micrographs of scanning electron micros-
copy showed very thin coating layers (<25.2 mm) with continuous network topology and no cracks. During the storage period, a significant reduction
in respiration rate and weight loss of coated bananas compared to uncoated fruits was noted. Furthermore, the change in titratable acidity and contents
of soluble solids, total carbohydrates and reducing sugars of coated bananas were slower. Increasing the gelatin content in the coating had a beneficial
effect on delaying the ripening of bananas. The oxidized starch coating formulation with 3% (w/) of gelatin demonstrated the highest efficiency as
it delayed the respiratory peak 4 days more than in the uncoated bananas. This study results suggest that electrolyzed starch-gelatin coating could

be a potential material to extend the shelf life of fruits.

INTRODUCTION

In recent decades, postharvest technology has been de-
veloped, in which modified atmosphere packaging and cold
are widely exploited [Kudachikar er al, 2011; Le Nguyen
et al., 2020; Radziejewska-Kubzdela et al., 2007]. However,
packaging made of synthetic polymers is harmful to the envi-
ronment while the low temperature may cause chilling injury
symptoms on fruits [Salehi, 2020; Zsom et al., 2018]. Along
with customer interest in biodegradable and eco-friendly ma-
terials, the edible coating is a suitable alternative to increase
fruit shelf life, with the same effect as storage in a modified
atmosphere [Chiumarelli & Hubinger, 2014; Karaca et al.,
2014; Kokoszka & Lenart, 2007].

Cassava (Manihot esculenta C.) starch is commonly used
for fruit coating because it can be produced in large quan-
tities at a low cost. Additionally, it is safe for human con-
sumption and has a good gas barrier [Aguilar-Méndez et al.,
2008; Kim et al., 2015]. However, due to the retrogradation
mechanism and hydrophilicity property of starch, cassava
starch-based coating becomes brittle and has a less efficient
water vapor barrier [Cortés-Rodriguez et al., 2020; Kim et al.,
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2015]. Therefore, the electrolysis method is used to oxidize
cassava starch to improve the physical-mechanical properties
of the coating. By forming cross-linking, electrolyzed cassava
starch improves the water-oxygen barrier [Trinh & Dang,
2019]. The water solubility of electrolyzed cassava starch
is four times higher than that of the native cassava starch
[Trinh & Dang, 2019]. Moreover, the electrolysis method
also yields a higher water solubility of starch than other
modification methods, which is advantageous for coating ap-
plications since it prevents coating brittleness [Basiak ef al.,
2017; Trinh & Dang, 2019]. Furthermore, electrolyzed cas-
sava starch is whiter in comparison with native cassava starch
and the difference in color can be recognized by human eyes
[Trinh & Dang, 2019]. Along with being odorless and taste-
less, coating transparency is an important property that has
a direct influence on consumer decisions [Agarwal, 2021].
Importantly, the electrolysis method is cheap, safe and easy
to perform as chlorine can be easily washed out from cas-
sava starch, whereas other oxidation methods may present
residues of NaClO and H,0, in food, or use harmful reagents
such as (NH,),SO,, NaBrO,, and KMnO, [Pranoto er al,
2021; Trinh & Dang, 2019]. Gelatin is added to the polymer
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matrix as a reinforcement to improve the physical-mechani-
cal properties of coating [Podshivalov et al., 2020]. Gelatin
is a water-soluble material that is more stable in structure
and less moisture-sensitive than starch. Furthermore, the ad-
dition of glycerol and sorbitol is necessary to enhance flexibil-
ity and maintain the coating integrity [Al-Hassan & Norziah,
2012; Fakhouri et al., 2012]. In the starch-gelatin matrix, glyc-
erol and sorbitol can act as plasticizers as well as compatibil-
izers [Podshivalov et al., 2017].

Banana is a popular tropical fruit with an abundant world
production [FAO, 2021]. Bananas are typically collected be-
fore fully mature and stored at room temperature. However,
their shelf life is relatively short because the metabolism re-
lated to respiration and ethylene production still continues at
a rapid rate after harvest [Neelam et al., 2003]. There is cur-
rently a lack of studies evaluating the effectiveness of electro-
lyzed cassava starch coating in fruit preservation. Therefore,
the purpose of this research was to develop edible coatings
based on electrolyzed cassava starch, gelatin, and blends
of glycerol and sorbitol as plasticizers, in order to extend
the shelf life of banana during storage at 30£2°C (75-80%
relative humidity, RH). The effectiveness of electrolyzed coat-
ing was assessed by determining respiration rate, weight loss,
and contents of total soluble solids, organic acids, reducing
sugars, total carbohydrates, and starch.

MATERIALS AND METHODS

Materials

Banana (Musa acuminata L.) was purchased uniformly
without any physical damage. The ripeness of bananas was
selected at stage 2 based on the scale of Kader [2005]. Fruits
were bought at Thu Duc wholesale market, Ho Chi Minh,
Vietnam after 12-14 h harvesting.

Cassava starch powder was bought from Fococev Viet-
nam JointStock Company, Hochiminh, Vietnam (the pu-
rity was >98%, in dry basis). Gelatin (the purity was >99%)
and glycerol (the purity was >99%) were purchased from
Xilong Chemical Industry Incorporated Co. Ltd., Shantou,
China. Sorbitol (the purity was >99%) was obtained from
HiMedia Laboratories Pvt. Ltd. Mumbai, India.

Starch modification procedure

Starch oxidation was performed according to the meth-
od of Trinh & Dang [2019]. Cassava starch was added to
3.0% (w/v) NaCl solution to form a 10% suspension (wW/).
The reaction was carried out in an electrolysis tank at room
temperature for 60 min. After that, pH of the starch slurry
was adjusted to 7.0 by 1 M HCI. The starch slurry was then
washed by distilled water (5 times) and centrifuged (3000xg,
15 min). Finally, the starch precipitate was collected and dried
in a convection dryer (50°C, 48 h).

Edible coating preparation

Before coating, banana fruits were washed with a 0.01%
NaClO solution for 3 min to eliminate microorganisms on
the surface and drained at room temperature (30°C) [Hos-
sain & Igbal, 2016]. Fruits were randomly divided into five
sample groups (n=800). Bananas of four groups (G0-G3)

were coated with the solutions the preparation of which was
described below, and the fifth group was the control (bananas
without coating).

Oxidized cassava starch slurry (8.0%, w/v) was com-
pletely gelatinized at 95°C in 30 min. Gelatin was hydrated
(concentrations of 5%, 10% and 15%, w/v) for 1 h at room
temperature, then the gelation solutions were heated (70°C,
30 min). To obtain a gelatin-starch based coating solutions
(to coat G1, G2 and G3 samples, respectively), gelatinized
starch and gelatin solutions were mixed well in ratios 4:1 (/v),
thus the final concentration of gelatin in the coating solution
was 1%, 2% and 3% (w/v), respectively. Parallel, coating solu-
tion starch-base only (without gelatin) was prepared to coat
GO samples. Then, plasticizers (sorbitol and glycerol) were
added to all coating solutions to reach the final concentra-
tion of 1.0% (w/v) each. The coating solutions were cooled to
room temperature before use.

Banana coating and storage experiment

Banana fruits were washed with water and dried at room
temperature then dipped in the coating solution for 1 min.
The coated and control samples were stored at 30+2°C (75-
-80% RH). All samples were analyzed every day during 8 days
of storage.

Microscopic analysis of coating surface

Coating layer micrographs were taken using a scanning
electron microscope (SEM) to evaluate its microstructure,
homogeneity, and thickness. To prepare SEM images, fruits
from each treatment was randomly selected and imaged after
the coating had dried. JSM 5410 LV scanning electron micro-
scope JEOL Ltd., Tokyo, Japan) was used at 10 kV and mag-
nification of 1000x.

Respiration rate analysis

The respiration rate of banana fruit was determined
by the method of Bailey [1940] using a closed respirometer.
Glass containers were assembled following . Com-
pressed air, with a constant flow rate (3.5 L/min), was blown
throughout the system. Firstly, the air was passed through
two containers (#3, containing a saturated KOH solution,
300 mL/container) to completely remove CO,. Secondly,
the CO,-free air was dehumidified by passing through a con-
tainer (#4, containing 200 mL of H,SO,). Then, CO,-released
from the banana (in #5 container) was absorbed in two con-
tainers (#6, containing 300 mL of 0.2 M Ba(OH), with drops
of phenolphthalein as a color indicator). This measurement
proceeded for 60 min. The generated CO, was determined
by titrating the remaining Ba(OH), solution (10 mL) against
HCI, and respiration rate (mL CO,/(kg samplexh)) was cal-
culated by a formula:

30 X (3Vg — X Vp) X Cy X Mco,
2xmxdx1073 xt

Respiration rate =

where: V, - volume of 0.1 M HCI (mL) used for titration with-
out sample in #5 container, V. — volume of HCI (mL) used
for titration with sample in #5 container, C,, — concentration
of HCl solution(M), M_,, molecular weight of CO, (g/mol),
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m - mass of sample (g), d — density of CO, (kg/kL), t — time
of respiration measurement (h).

Weight loss determination

Banana weight loss was estimated during storage
by a 2-digit balance (CP2P-F, Sartorius Ltd., Getynga, Ger-
many). The weight loss (%) was calculated following a previ-
ous study [Soradech et al., 2017]:

Weight loss =M% X 100

where: W — weight of sample (g) at 0 day (day of stor-
age) and W, — weight of banana (g) taken on each interval
of storage.

Determination of soluble solid content and titratable
acidity

Soluble solid content (SSC) and titratable acidity (TA)
of bananas were determined during storage following meth-
ods described by Mehdi et al. [2011]. Banana fruit pulp (10 g)
and distilled water (40 mL) were blended well. The mixture
was then centrifuged at 5000xg for 5 min and then filtered
through a Whatman filter paper. After that, the supernatant
was measured by a refractometer (Atago Co., Ltd., Tokyo,
Japan) to determine SSC as degree Brix (°Bx). In addition,
the supernatant (5.0 mL) was titrated by 0.1 M NaOH with
drops of phenolphthalein as a color indicator to determine TA.
The result was expressed as g of malic acid equivalent per
100 g of banana pulp fresh weight (FW).

Determination of total carbohydrate and reducing sugar
contents

To determine contents of total carbohydrates and reduc-
ing sugars of stored bananas, banana pulp (2.0 g) was hydro-
lyzed by 2.5 M HCI (5.0 mL) for 3 h in a boiling water bath
and cooled to room temperature. The mixture was then neu-
tralized by Na,CO, until the effervescence ceases. Distilled
water was added to this mixture for making up to 100 mL,
and the mixture was centrifuged at 12,000 xg for 15 min. Total
carbohydrate content was determined by the phenol-sulfuric
acid method [DuBois ez al., 1956]. Absorbance readings were
taken at 490 nm using a spectrophotometer (Halo VIS-20,
Dynamica Scientific Ltd., UK). Glucose was used as a stan-
dard and total carbohydrate content was calculated using
a standard curve. Results were expressed as g glucose equiva-
lent per 100 g of banana pulp FW.

Reducing sugar content in supernatant was estimated us-
ing dinitrosalicylic acid (DNS) method [Horwitz, 1960]. Re-
sults were expressed in mg glucose/g banana pulp, based on
the fresh matter.

Starch content

The starch content of stored bananas was determined
by the iodine dipping method [Blankenship et al, 1993].
The cross-section of the banana was dyed with an iodine
solution (1% KI with 0.1% 1, in distilled water). The sample
was immersed in I/KI solution (5 mm of depth, 30 s). Then,
the color change (dark blue) was visually observed and scored

Air pump

|
Air =» ||

w
w
&

FIGURE 1. A closed respirometer for the respiration rate measurement.

Description of containers is provided in the “Respiration rate analysis
subsection” of the “Materials & Method” section.

[Thakur ez al., 2019]. The image of color change was estimat-
ed at the rate of black-blue point using the ImageJ software
(Wayne Rasband, National Institutes of Health, Bethesda,
MD, USA). The results were expressed as percentage ratio
(%) of black-blue area (starch) to cross-section area.

Statistical analysis

Each measurement was made for 20 banana fruits and was
repeated 3 times. Data were statistically analyzed by using
one-way analysis of variance (ANOVA). The significance level
at p<0.05 was used throughout the study. The results were
ranked according to Fisher’s least significant difference (LSD)
test using Statgraphics statistical analysis software version 15
(Statgraphics Technologies, Inc., The Plains, VA, US).

RESULTS AND DISCUSSION

Coating layers microstructure

The SEM micrographs of the coating layer of bananas
are presented in . The coating cross-section showed
that the GO sample had a dense and homogeneous polymer
network with no pores. The results indicated that the starch
granules were totally disrupted and well mixed with the plasti-
cizers in the polymer network during the heating process. This
structure promoted the barriers of gases and moisture [Chi-
umarelli & Hubinger, 2014]. Basiak e al. [2017] observed
that native starch-based films had a heterogeneous structure,
which resembled a fiber network. Avila-Martin et al. [2020]
also reported that the microstructure of achira starch-based
film presented the cracks in the structure. The differences
compared to electrolyzed starch coating layer in our study
could be explained by the attribution of plasticizers, which
formed strong bonds in the amorphous phase of starch due
to its less ordered structure. Thus, the integrity of the coat-
ing was maintained by preventing the formation of pores or
cracks [Basiak e al., 2018].

Furthermore, as it is shown in , adding gelatin
thickened the coating layer without causing phase separation.
The presence of phase separation and cracks in the struc-
ture was observed in gelatin-starch film and gelatin-glycerol
film [Al-Hassan & Norziah, 2012; De Carvalho & Grosso,
2004; Moreno et al, 2017]. The authors stated the hetero-
geneous structure of coating reduced its mechanical proper-
ties while increasing gas permeability. Interestingly, Acosta
et al. [2015] worked on gelatin-cassava starch film and they
observed the heterogeneous structures and fibrous regions.



266

Pol. J. Food Nutr. Sci., 2022, 72(3), 263-272

G3

FIGURE 2. Scanning electron micrographs of coating layers of bananas coated in solutions of electrolyzed cassava starch (G0) and electrolyzed cas-

sava starch with 1, 2 and 3% (w/v) gelatin (G1, G2 and G3, respectively).

Phase separation occurred even though the hydrophilic prop-
erties were similar. However, these results contrasted with
the homogeneous structure of electrolyzed cassava starch-
gelatin coating layer shown in . Thus, starch oxidation
by the electrolysis seems to be effective in enhancing the in-
teraction between starch with the gelatin and plasticizers.
Theoretically, coating thickness was an important param-
eter affecting the permeability [Cisneros-Zevallos & Krochta,
2006]. The average thickness of the GO sample was the lowest
(19.7 um) whilst G1, G2 and G3 samples were about 23.8,
25.0 and 25.2 um, respectively. The orientation of the starch
molecules as well as the compatibility of the polymers, could
explain the differences in thickness [Kumar ez al., 2019]. More-
over, the increase of gelatin content caused the increase in dry
mass and viscosity of the solution [Fakhouri ez al., 2015].

Respiration rate

Respiration rate was an important indicator of fruit shelf
life [Mehdi et al., 2011]. In climacteric fruits, the rapid in-
crease in the respiration rate along with a strong metabolism
was an indicator of the ripening process [Wills & John, 2016].

The respiration rate of the control sample reached its
peak on the 3 day of storage ( ). Interestingly, the use
of coatings consisting of GO, G1, G3, and G4 samples de-
layed the peak of respiration until the 5" 6" 6" and 7" day
of storage, respectively. This result was in agreement with
the SEM results ( ) showing the homogeneous struc-
ture of the coating layer, which limited gas dispersion [Khalil
et al, 2019]. GO sample delayed the respiration rate by up to
2 days compared to control sample ( ). This could
be explained by the formation of cross-linking in the coat-
ing layer that reduced the presence of free hydroxyl groups,
resulting in an improved gas barrier [Lawal ef al., 2005].

Besides, the addition of gelatin showed a benefit in reduc-
ing the ripening rate of bananas. According to Mohsen et al.
[2017], gelatin was a good barrier to oxygen transfer. This
could be explained by a crosslinking action and close pack-
ing of the components resulting from the mixing of starch-
-protein [Jagannath e al, 2003]. It could be a small per-
centage of the starch and protein in the amorphous phase
transformed to the crystalline phase, which was resistant to
oxygen transfer in the biopolymer [Shen e al., 2010]. Thus,
a coating made from electrolyzed cassava starch and gelatin
was strongly affected by the respiration rate of the banana.
In general, climacteric fruit started the ripening by a rapid
rise in respiration rate. However, when the amount of oxygen
in the atmosphere falls to 2%, the fermentation occurs instead
of respiration, causing unpleasant flavors and premature ag-
ing. Besides, the failure of fruit ripeness caused not only bad
flavor but also internal spoilage [Emragi e al., 2022]. This
phenomenon was not observed in our treated samples, indi-
cating that the coating kept appropriate low inner O, and high
CO, partial pressures for fruit preservation.

Weight loss

The weight loss is related to water evaporation combined
with the loss of water retention, resulting in the wrinkling
of fruit [Gol & Rao, 2014]. In addition, respiratory activ-
ity also contributed to the reduction in the fruit mass due to
the breakdown of sugars, such as glucose, into CO, and water
[Santi & Jung, 1992].

It was shown in that the treated samples had
lower weight loss than the control samples up to 5 days
of storage (p<0.05). Generally, the results claimed that
the coating reduced gas permeability in fruit surfaces, result-
ing in a reduction of respiration rate, which could account for
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the lower weight loss. This result is in agreement with the re-
search of Chiumarelli & Hubinger [2014], in which the edible
coatings could prevent fruits from dehydration due to their
moisture barrier. There was a significant difference (p<0.05)
in weight loss between the control and treated samples at
the beginning of storage, but the GO, G1 and G2 samples
showed no significant difference (p>0.05) with the control
samples from the 6" day of storage, although the values for
G3 still were significantly lower than for the control ( ).
The weight loss was lower by increasing the content of gelatin
in the coating formula and this result was in agreement with
Gol & Rao [2014] and Aguilar-Méndez et al. [2008]. Thereby,
this coating could reduce moisture loss and prolong the shelf
life of fruit.

Soluble solid content

The SSC of control, electrolyzed starch and electrolyzed
starch-gelatin coated banana fruits during storage is shown
in . The SSC increased along with fruit ripening.
It was probably due to respiration rate, degradation of poly-
saccharides, or water evaporation [Moreira et al., 2021]. After
8 days of storage, the SSC of the control sample was higer
compared with the coated samples ( ). Generally, SSC
of coated samples was lower than that of the control during
ripening because the hydrolysis of starches and carbohydrates
into soluble sugars was delayed [Dwivany et al., 2020].

A layer of coating on the surface of the fruit changed
the intrinsic atmosphere and concentration of O, and CO,.
In other words, the coating delayed the ripening reflected
by lower SSC of banana fruits. For the coated samples,
the SSC of the G3 sample was the lowest from the 4% day
of storage ( ). Obviously, the content of gelatin had
a significant impact on the SSC of the samples. SSC de-
creased when the amount of gelatin in the coating formula
increased. This result was in agreement with Moreira et al.
[2021], who reported gelatin-starch coated guavas had lower
SSC during storage than the control sample.

Titratable acidity
The organic acids were oxidized by the respiration process
in climacteric fruits. As a result, the TA was decreased during
storage time [Moreira ef al., 2021]. The results showed that
TA of the samples increased gradually until it reached the peak
and then sharply decreased with fruit maturation ( ).
Many organic acids such as malic (a principle acid), citric,
oxalic, and tartaric acids are present in banana fruit. Oxalic
acid caused astringent taste whilst malic and citric contributed
to the tartness of banana fruits [Seymour, 1993]. The content
of these acids decreased during ripening due to their use as
substrates for respiratory enzyme reactions [Seymour, 1993].
This phenomenon may have occurred in our experiment since
TA and respiration correlated significantly ( and
). The results agreed with the finding of Marquez
Cardozo et al. [2015] showing that TA was related to the re-
spiratory rate. Interestingly, the coating showed a reduction
in the respiration rate, therefore delaying the decline in acid-
ity. Furthermore, the higher the gelatin content in the coat-
ing solution was, the longer it took to reach the TA peak
and the lower the TA reduction of banana fruits ( ).

Respiration rate
(mL CO,/(kgxh)

Storage time (day)

= Control ®G0 =Gl = G2 mG3

FIGURE 3. Respiration rate of bananas coated in solutions of electro-
lyzed cassava starch (G0), electrolyzed cassava starch with 1, 2 and 3%
(w/v) gelatin (G1, G2 and G3, respectively) and uncoated fruits (control)
stored for 8 days. Different letters above bars on the same day of storage
indicate a statistically significant difference, p<0.05.

Weigh loss

Storage time (day)

= Control mGO0 =Gl =G2 mG3

FIGURE 4. Weight loss of bananas coated by dipping in solutions
of electrolyzed cassava starch (GO0), electrolyzed cassava starch with 1,
2 and 3% (w/v) gelatin (G1, G2 and G3, respectively) and uncoated fruits
(control) stored for 8 days. Different letters above bars on the same day
of storage indicate a statistically significant difference, p<0.05.

Soluble solid content

Storage time (day)
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FIGURE 5. Soluble solid content of bananas coated by dipping in solu-
tions of electrolyzed cassava starch (G0), electrolyzed cassava starch with
1, 2 and 3% (w/v) gelatin (G1, G2 and G3, respectively) and uncoated
fruits (control) stored for 8 days. Different letters above bars on the same
day of storage indicate a statistically significant difference, p<0.05.

If gelatin is added to the coating, it bonds together to form
a gelatin network, reduces the holes for air to pass through,
forms a denser polymeric matrix and increases the resistance
to gas permeability [Fakhouri ef al., 2012].
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FIGURE 7. Reducing sugar content of bananas coated by dipping in so-
lutions of electrolyzed cassava starch (G0), electrolyzed cassava starch
with 1, 2 and 3% (w/v) gelatin (G1, G2 and G3, respectively) and uncoat-
ed fruits (control) stored for 8 days. FW — fresh weight. Different letters
above bars on the same day of storage indicate a statistically significant
difference, p<0.05.
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FIGURE 8. Total carbohydrate content of bananas coated by dipping
in solutions of electrolyzed cassava starch (G0), electrolyzed cassava
starch with 1, 2 and 3% (w/v) gelatin (G1, G2 and G3, respectively)
and uncoated fruits (control) stored for 8 days. FW — fresh weight. Dif-
ferent letters above bars on the same day of storage indicate a statistically
significant difference, p<0.05.

Reducing sugar and total carbohydrate contents

After harvesting, reducing sugar content of unripe ba-
nana fruit was very low (0.3 mg glucose/g FW). How-
ever, the content of reducing sugar raised to 80-111 mg
glucose/g FW when the fruit ripened ( ). Reducing
sugars in ripened bananas were mainly glucose and fructose
[Maduwanthi & Marapana, 2017]. The activity of amylase
in banana led to the hydrolysis of starch into soluble sug-
ars. In this study, reducing sugar contents were ordered as:
control=G0=G1>G2>G3 after § day of storage. This re-
sult was due to the effect of the coating, which contributed to
the reduction of the respiration rate and ethylene production,
resulting in the starch hydrolysis taking place slowly [Thakur
et al, 2019]. Additionally, increasing the ratio of gelatin
in coating composition was beneficial in reducing the content
of reducing sugars and carbohydrates. This finding was sup-
ported by Gol & Rao [2014] study, which found that gela-
tin-based coatings were more effective at delaying ripening
and maintaining fruit quality.

Total carbohydrate content in all samples tended to de-
crease gradually during 8 days of storage ( ). The to-
tal carbohydrate contents at 8"-day storage were sorted as:
control<G0<G1=G2<G3. Interestingly, in this study, the
carbohydrate contents were negatively correlated to the max-
imal value of respiration rates. During ripening, starch and
pectin were degraded. Especially, starch was hydrolyzed to
simple sugars which are the main substrates for respiration
[Gol & Rao, 2014]. A rapid increase in the respiration rate
in banana fruits results from the loss of starch and sugar. Ac-
tually, the respiration process converted glucose into CO, gas
[Elhadi et al., 2019]. Thus, these phenomena were good expla-
nations for the loss of total carbohydrates in our study. This
result was consistent with the respiration rate results shown
in , where the coatings reduced the fruit respiratory
rate, and the effect was enhanced with the addition of gelatin.

Starch content

The starch content of all banana samples was very high
during the first days of storage ( ). The persistence
of a blue/black coloration after dyed with an iodine solu-
tion in the coated fruit compared to the control indicates
delayed ripening. During the ripening, it sharply decreased
until no starch was detected in the fruit. The rate of starch
breakdown was much greater in control fruits (p<0.05) where
100% starch degradation was recorded at the end of day 6
(no blue/black color). However, at the same storage time,
the values were, 16.1%, 38.9%, 44.3%, 88.6% for GO, GI,
G2 and G3 sample, respectively. Interestingly, the coated sam-
ples (G1, G2, G3) still had the presence of starch in the ba-
nana pulp after 8 days of storage.

Most of the carbohydrates in unripe bananas were
in the form of starch, which was hydrolyzed into sucrose then
glucose and fructose during the short period of ripening [Gol
& Rao, 2014]. The conversion of starch into sucrose during rip-
ening was a complex process but the main pathway for starch
degradation was described by Terra et al. [1983]. Starch con-
tent was extremely high in unripe fruit. It was rapidly reduced
as a result of respiration, down to less than 1%. On the other
hand, sucrose gradually increased until reaching its peak.
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Data were shown as mean = standard deviation; different letters in the same row indicate a statistically significant difference, p<0.05.
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Moreover, the images showed that starch began to degrade
in the central core of banana pulp and toward the outside dur-
ing the ripening ( ). It could be observed that the initial
active enzyme area was not random due to the higher sensitiv-
ity of interior starch granule to degradation by enzyme [Terra
et al., 1983]. The breakdown of starch into sugar was more
clearly observed at the cross-section of banana fruit. This was
due to a sharp increase of ethylene on the pulp-peel interface
[Yun et al., 2019]. This finding demonstrated that the semi-
-anaerobic environment formed by surface coating decreased
the activity of starch degrading enzyme and the effectiveness
was enhanced with increasing concentration of gelatin.

CONCLUSION

In this study, the coating made from electrolyzed cassava
starch and gelatin was effective in delaying banana ripen-
ing. The coating formulation showed good resistance to gas
migration. The addition of gelatin in oxidized starch coating
enhanced its ability to diminish respiratory intensity. Overall,
the coating treatment with gelatin 3% (w/v) proved the most
effective when it could prolong shelf life more than 2 times
compared to the control sample. The electrolyzed cassava
starch-gelatin coating could be a potential material to increase
the shelf life of banana as well as other climacteric fruits.
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Pasta is a great vehicle for the incorporation of vegetable-derived ingredients to increase the consumption of the health-beneficial components
originating from vegetables. Notably, by-products of vegetable processing can also serve as a rich source of phytochemicals. An important step in pasta
processing is drying which can affect the content of bioactive compounds in pasta. This study aimed to evaluate the effect of drying on the nutritional
quality and cooking properties of durum wheat pasta fortified with broccoli leaves. Pasta enriched with broccoli leaf powder (BLP) at 2.5% (B2.5)
and 5% (BS), and control pasta without BLP (C), which differed in drying conditions: fresh pasta without drying (F), pasta dried at 50°C for 8 h (L),
and pasta dried at 80°C for 3 h (H) were formulated. The obtained pasta products were analysed for the cooking properties (optimal cooking time,
cooking loss, water absorption and swelling capacity); colour parameters; proximate composition; and contents of free amino acids (FAA), fatty
acids and sugars. BLP significantly improved the contents of ash by up to 35 g/100 g, FAA and fatty acids to up to 1298 nmol/g dry matter (DM)
and 16741 ug/g DM, respectively, without compromising the cooking quality of pasta. Drying had a significant effect on fatty acids, which content
in pasta processed at the highest temperature tested decreased. From the nutritional point of view, the low-temperature drying seems to be an interest-
ing method for pasta preparation, with the highest content of FAA, fatty acids, especially unsaturated ones, and the lowest content of sugar. However,

at the same time, the dried pasta products were characterised by greater cooking loss approximating 10%.

INTRODUCTION

The growing world’s population demands an increase
in the production of foodstuffs. The food industry generates
a huge amount of waste and by-products during processing,
which adversely impact the natural environment and whose
utilization boosts production costs. At the same time, very
often, the by-products from plant-derived food have a simi-
lar chemical composition to the edible parts and can still
be a valuable source of phytochemicals. Therefore, a growing
interest has been observed over the past few years in the utili-
zation and valorisation of by-products [Gomez-Garcia ef al.,
2021]. Recent studies have shown that many of the so-called
by-products of vegetable processing can be successfully de-
ployed to develop novel, functional food products due to
the high content of bioactive compounds [Dominguez-Perles
etal.,2011; Liu et al., 2018; Michalak-Majewska et al., 2020;
O’Sheaet al.,2012; Reguengo et al., 2022; Sedlar et al., 2020].
An interesting example of a by-product, which showed very
good nutraceutical potential in baked, gluten-free products,
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is the leaves of broccoli [Drabinska, 2022; Drabinska et al.,
2018; Krupa-Kozak et al., 2021]. The gluten-free sponge cake
and bread obtained in the aforementioned studies had im-
proved nutritional quality, antioxidant capacity, and a more
rich profile of bioactive compounds with their texture
and sensory properties remained uncompromised. Howev-
er, it is worth mentioning that these products were baked at
a high temperature, which could lead to thermal degradation
of phytochemicals.

In turn, pasta is not only willingly consumed worldwide
by consumers of all age categories across all social groups
[Nilusha et al., 2019], but is also an example of a food prod-
uct requiring milder temperatures during processing. Studies
have shown that pasta is a good vehicle for incorporating
potentially bioactive ingredients due to its capacity of main-
taining acceptable physical and sensory properties despite
the modification of its formula [Bruno et al., 2019; Nilusha
et al., 2019]. Moreover, considering the low consumption
of fruits and vegetables, especially in children, the incorpo-
ration of a vegetable-derived ingredient into the pasta could
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increase the intake of health-beneficial components originat-
ing from vegetables [Oliviero & Fogliano, 2016].

Durum wheat semolina is the most suitable material for
the preparation of top-quality pasta [Fuad & Prabhasankar,
20101, characterised by high firmness and chewiness, low
surface stickiness, and a bright and intense yellow colour.
The most desirable cooking properties of top-quality pasta
include a moderate water uptake at the optimal cooking time
(OCT) and a low cooking loss [Bustos et al., 2015; Cole,
1991]. Moreover, the nutritional properties of pasta have re-
cently spurred a growing interest mainly due to the develop-
ment of new, fortified products [Hoehnel ez al., 2020].

A pivotal stage in pasta production is drying which pro-
longs its shelf-life. Importantly, drying conditions signifi-
cantly affect the quality, cooking behaviour and sensory prop-
erties of the final product [Piwifiska et al., 2016]. Different
technologies of drying are applied and three main categories
can be distinguished: drying at low temperature (<60°C),
drying at high temperature (70-80°C) and drying at very
high temperature (>110°C) [Giannetti et al., 2021]. Higher
temperatures are in general applied as they ensure an im-
provement in pasta colour and firmness, lower cooking loss,
higher cooked weight and decreased stickiness [Anese et al.,
1999]. On the other hand, a higher temperature may result
in the degradation of bioactive compounds and consequently
reduction of the bioactive potential.

The effect of drying on the physical and aroma properties
of gluten-free [D’Amico et al., 2015] and durum wheat pasta
was well established [Giannetti er al., 2021; Piwinska et al.,
2016]. However, to the best of our knowledge, no studies have
been performed to evaluate the effect of drying on the nu-
tritional quality of the fortified pasta products. Therefore,
the aim of this study was to evaluate the effect of drying on
the nutritional quality and cooking properties of durum wheat
pasta fortified with broccoli leaves. Its results were expected
to help answer the arising question of whether the potential
improvement in the nutritional quality caused by phytochem-
ical-rich ingredients can be lost by drying.

MATERIALS AND METHODS

Broccoli leaf powder

Broccoli leaves were generously donated by GEMIX (Ol-
sztyn, Poland). Broccoli leaf powder (BLP) was prepared
from fresh, undamaged leaves of broccoli (Brassica oleracea
L. var. italica cv. Sebastian), which were blanched in hot water
for 1 min to inactivate enzymes, freeze-dried and ground into
powder. Details of BLP preparation can be found in our pre-
vious work [Drabinska et al., 2018].

Pasta preparation

Pasta formulation consisted of durum semolina flour,
olive oil, salt (all purchased in local stores in Olsztyn, Po-
land) and tap water. The formulations were enriched with
2.5% (B2.5), and 5% (B5) of BLP as an additional ingredient
to the optimal, control pasta formulation without BLP (C).
The compositions of all formulations are presented in Ta-
ble 1. To prepare the pasta, all ingredients were mixed for
5 min and then extruded through a penne-forming die in an

TABLE 1. Composition of control and fortified pasta products (g/100 g).

C B2.5 B5
Semolina 71.8 70.5 69.3
Water 25.1 24.7 243
Olive oil 2.7 2.6 2.6
Salt 0.4 0.4 0.3
BLP 0.0 1.8 35

C - control pasta; B2.5 - pasta fortified with 2.5% of broccoli leaf powder
(BLP); BS — pasta fortified with 5% of BLP.

electric pasta maker (Pastamatic 1581, Ariete, Florence,
Italy).

Three types of pasta were prepared for all formulations,
differing in drying method: (F) fresh pasta without drying,
(L) pasta dried at 50°C for 8 h, and (H) pasta dried at 80°C
for 3 h. The images of the obtained pasta products are shown
in Figure |, Pasta products were cooked for the optimal cook-
ing time (OCT) and then freeze-dried, ground into a fine
powder (particle size <0.60 mm) and stored in tightly closed
containers at —20°C until analyses.

Determination of cooking properties

The analysis of cooking loss (grams of solid material
in cooking water per 100 g of pasta as is), OCT, water ab-
sorption and swelling capacity were performed according to
the AACC approved method 66-50 [AACC, 2000].

Colour parameter analysis
The colour parameters of freeze-dried powders of BLP
and pasta samples were evaluated using a HunterLab ColorFlex

FIGURE 1. The images of experimental pasta products. F - fresh pasta;
L - pasta dried at low temperature (50°C, 8 h); H — pasta dried at high
temperature (80°C, 3 h); C - control pasta; B2.5 — pasta fortified with
2.5% of broccoli leaf powder (BLP); BS - pasta fortified with 5% of BLP.
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spectrophotometer (Hunter Associates Laboratory, Inc, Res-
ton, VA, USA). The colour was expressed in accordance with
the CIELab system and the parameters determined were: light-
ness: L* (0 (black) — 100 (white)) and chromatic components:
a* (-a* (greenness) — +a* (redness)) and b* (-b* (blueness) —
+b* (yellowness)). Each sample was measured in nine repli-
cates. Moreover, a total colour difference (AE) in response to
the F-C pasta was calculated using the following formula:

AE = JAL? + Aa*? + Ab*?

Proximate composition analysis

The proximate composition was established according to
the AOAC approved methods: moisture content was analysed
using the drying method (AOAC 925.10), protein content
was determined with the Kjeldahl method (AOAC 979.09),
and lipid content using Soxhlet extraction with hexane (AOAC
923.03); ash was determined using the gravimetric method
(AOAC 923.03). [AOAC, 2005].

Amino acid analysis

Free amino acid (FAA) composition was analysed us-
ing the method described by Drabifiska [2022]. Briefly, FAA
were extracted from approx. 100 mg of freeze-dried powder
with 3 mL of a 50% (v/») methanol solution. The mixture
was incubated for 20 min at 50°C with shaking at 500 rpm
using a MultiTherm shaker (Benchmark Scientific, Edison,
NJ, USA). Next, the mixture was centrifuged for 15 min at
11,200%g, and the supernatant was collected for analysis.
A portion of 100 uL of the extract was analysed using the EZ:
Faast™ kit for free amino acids (Phenomenex, Torrance, CA,
USA) according to the protocol provided by the manufactur-
er. FAA were analysed in an Agilent 7890A gas chromatograph
(GC) coupled with a 5975C mass selective detector (MSD)
and 7683B autoinjector (Agilent Technologies, Santa Clara,
CA, USA). The compounds were separated in a ZB-AAA EZ:
Faast™ capillary column provided by the manufacturer (10 m
x 0.25 mm, Phenomenex). The temperature gradient and GC
and MS settings were according to the producer’s protocol.
Identification and calculation of individual FAA were per-
formed using external standards provided by the manufac-
turer and normalised to the internal standard (norvaline).
The results were expressed as nmol/g dry matter (DM).

Fatty acid analysis

Fatty acid methyl esters (FAME) were obtained and deter-
mined using a standard procedure with transesterification with
sodium methylate (0.4 N methanolic solution). First, lipids
were isolated from BLP and pasta samples. To | g of the sam-
ple, 3 mL of n-hexane were added and the mixture was vortexed
vigorously and centrifuged for 15 min at 2268 xg. The super-
natant was collected and the extraction was performed three
times. The collected n-hexane layer was dried in the flow
of nitrogen. The remaining oil was then dissolved in 2 mL
of n-hexane containing C19:0 internal standards (1 mg/mL),
and 2 mL of derivatization agent were added. The mixture was
vortexed and left at room temperature for 20 min. Afterwards,
water was added and the upper n-hexane layer was collected

to the GC vial. FAME were analysed using Agilent Technolo-
gies 6890 GC with a flame ionisation detector (FID) (Agilent
Technologies). Separation of FAME was conducted in a Su-
pelcowax-10 column (30 m x 0.32 mm x 0.5 wm, Supelco,
Bellefonte, PA, USA) with hydrogen as a carrier gas with
the flow rate of 1.5 mL/min. The injection volume was 1 uL at
a split ratio of 50:1. The operating conditions were as follows:
initial oven temperature 170°C (2 min) followed by 2°C/min
increase to 230°C (held for 10 min). FAME were identified
by comparison with the commercial standard, FAME Mix
C4-C24 (Supelco, Bellefonte, PA), and quantified in response
to the internal standard. Results were expressed in ug/g DM.

Sugar analysis

The extraction of sugars was performed following
the method described by Wieczorek et al. [2022]. Approx. 1 g
of BLP and pasta samples was extracted with water for 20 min
at 60°C. Afterwards, the samples were centrifuged at 2268 xg
for 15 min. Supernatants were filtered through 0.45 um cel-
lulose acetate syringe filters (Lab Logistics Group GmbH,
Meckenheim, Germany) and the extracts were directly ana-
lysed by high-performance liquid chromatography (HPLC).

Analysis of individual sugars was performed using an Agi-
lent Technologies 1100 series HPLC system with a refractive
index detector (Agilent Technologies), isocratically with water
as a mobile phase at a flow rate of 0.6 mL/min at 80°C on
the Rezex RPM-Monosaccharide Pb*? 300x 7.8 mm column
(Phenomenex). Commercial standards of sugars purchased
in Sigma Aldrich (Steinheim, Switzerland) were used for
the identification and quantification of individual sugars.
The results were expressed in mg/g DM.

Statistical analysis

Pasta was prepared with one batch of 700 g for each pasta
type. All analyses were performed in triplicate unless differ-
ently stated, and the data are presented as mean = standard
deviation (SD). Differences between pasta samples were as-
sessed using one-way analysis of variance (ANOVA) with
the Fisher’s least significant difference (LSD) post-hoc test.
Moreover, two-way ANOVA was performed for contents
of FAA, fatty acids and sugars to assess the effect of BLP ad-
dition and drying temperature (D), and interactions thereof
(BLPxD) on the chemical composition of the experimental
pasta samples. The differences were considered significant
at p<0.05. All the statistical analyses were performed using
STATISTICA version 13.3 (TIBCO Software Inc., Palo Alto,
CA, USA) software.

RESULTS AND DISCUSSION

Cooking properties

Cooking properties are important drivers of the final
quality and acceptance of pasta. The ideal pasta should
feature high water absorption, low cooking loss and good
texture [Bruneel ef al., 2010]. The results of determinations
of the cooking properties of pasta with BLP dried under dif-
ferent conditions and control pasta (without BLP) are pre-
sented in . Drying significantly prolonged the cooking
time required to obtain al dente pasta. While in the F pasta,
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FIGURE 2. Cooking properties of the experimental pasta products. B2.5 — pasta fortified with 2.5% of broccoli leaf powder (BLP); BS — pasta fortified
with 5% of BLP; C - control pasta without BLP; F — fresh pasta; L —pasta dried at low temperature (50°C, 8 h); H — pasta dried at high temperature
(80°C, 3 h). Different letters above bars indicate a significant difference (p<0.05).

the addition of BLP did not affect much the OCT, it caused
differences in dried pasta samples. Interestingly, for L pasta,
the OCT was significantly longer with a higher percentage
of BLP, while an opposite phenomenon was observed for
H pasta. The OCT of F pasta was definitely shorter due to
a higher moisture content and faster rehydration compared to
the dried pasta [Piwinska ez al., 2016].

Cooking loss should not exceed 8% for good-quality pasta
[Piwifiska et al., 2016; Desai et al., 2018a]. All F pasta prod-
ucts were within this range ( ). The cooking losses were
greater after drying. The C and B2.5 pasta samples dried at
the highest temperature tested were on the edge of the accep-
tance; whereas the cooking loss determined for H-BS pasta
approximated 10%. The greatest cooking loss was noted for
L-B2.5 (10.55%) and L-B5 (10.31%). Similarly, Piwifiska et al.
[2016] reported that pasta dried for a longer time at a lower
temperature was characterised by the greatest cooking loss.

Irrespectively of the drying method applied and BLP ad-
dition, the water absorption determined for the L and H
samples was similar and much higher compared to F pasta
( ). The high-temperature drying is believed to result
in the best cooking quality of pasta, mainly due to the polymer-
isation of the protein network which entraps the starch gran-
ules and consequently reduces water absorption and prevents

starch leaching [Lamacchia et al., 2007]. Contrary, Bruneel
etal. [2010] reported the highest cooking quality for pasta dried
under mild conditions. The application of protein-rich ingredi-
ents was reported to increase cooking loss [Kaur ef al., 2013].
Raczyk et al. [2022] observed a high increase in the cooking
loss after pasta fortification with spirulina, which was ex-
plained by solubilization and washing out of the protein frac-
tion and gluten matrix weakening, which decreases the capacity
for entrapping swollen starch granules during boiling.

The swelling capacity was significantly affected by BLP
addition ( ). For F pasta, it was higher in the BLP-en-
riched products, irrespective of BLP percentage. For L pasta,
the highest swelling capacity was established for B2.5, which
was the opposite for H pasta. In turn, F pasta had a lower
swelling capacity compared to dried pasta products, likely due
to shorter OCT. After BLP addition and drying, a stronger
protein network might have been formed, which could have
resulted in hampered starch swelling and lower water uptake
[Piwinska et al., 2016].

Colour parameters

The colour of pasta is affected by the quality of semolina
and the addition of colour-containing ingredients [Piwifiska
et al., 2016]. The results of the colour parameters analysis
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TABLE 2. Colour parameters of experimental pasta products.

Pasta L* a* b* AE

F-C 87.51+0.01*  -0.12+0.01¢  14.05+0.02¢

F-B2.5 76.05x£0.03¢  -6.25+0.02"  28.14%0.03¢ 19.17
F-BS 67.61x0.02¢  -6.26x0.02"  31.48+0.02* 27.15
L-C 84.98+0.01>  -0.28+0.01*  14.56=x0.01f 3.90
L-B2.5 68.88+0.03"  -3.67x0.01¢  27.32+0.02¢ 12.92
L-B5 66.99£0.04  -5.66x0.012  28.69%0.03° 21.57
H-C 84.78+0.02¢  -0.25+0.01°  12.63%0.03" 1.88
H-B2.5 72.10£0.01¢  -4.23x0.02"  28.16+0.03¢ 15.38
H-B5 67.10£0.05"  -4.33x0.01c  29.52+0.03° 19.14

B2.5 - pasta fortified with 2.5% of broccoli leaf powder (BLP); BS — pasta
fortified with 5% of BLP; C - control pasta without BLP; F — fresh pasta;
L - pasta dried at low temperature (50°C, 8 h); H — pasta dried at high
temperature (80°C, 3 h). Different letters in superscript in the same col-
umn indicate a significant difference (p<0.05).

of pasta fortified with BLP and dried under different condi-
tions are presented in . The highest lightness (L*) value
was determined for F-C pasta, which was observed to decrease
in C pasta with an increasing drying temperature. In the case
of pasta fortified with BLP, the L pasta was the darkest. As
expected, the BLP-fortified pasta products were characterised
by the highest greenness (a*). Interestingly, for F and H pasta,
the difference between the 2.5% and 5% BLP was very small,
while for L pasta, the BS pasta was almost twice more green
compared to B2.5. The yellowness (b*) value was observed to
increase with an increasing BLP content in the formulation,
irrespective of the drying conditions. A change in colour pa-
rameters of pasta was also reported by other authors who for-
tified pasta products [Duda et al., 2019; Raczyk et al., 2022].
Notably, the difference in sample colour (AE) differed between
the drying methods ( ). As stated by Duda er al. [2019],
the difference in AE of more than 3 is noticed by the eye without
additional tools. The differences between F-C and H-C were
lower than 3, while the difference between F-C and L-C which
accounted for 3.90 could be perceived as noticeable. Similarly,
for B2.5 pasta, the difference between the F and H samples
was smaller as compared to L. The tendency was opposite at
the highest BLP content, and compared to F-BS, the H pasta
differed the most; however at the same time, the difference to
F-C was the smallest. The green colour of BLP is due to chloro-
phylls, detected in Brassica leaves in high amounts [Drabifiska
et al., 2021]. Notably, the loss of greenness was observed
in BS pasta products with the increasing drying temperature,
which can be explained by the thermal degradation of chlo-
rophylls. As reported by Van Loey et al. [1998] and Weemaes
et al. [1999], degradation of chlorophylls in broccoli occurs
when the temperature exceeds 50°C.

Proximate composition

The nutritional quality of pasta depends on the quality
of ingredients used for its production. Semolina is the main
component of pasta and is considered a relatively good source

of protein with a low amount of minerals and lipids [Fuad &
Prabhasankar, 2012; Pérez & Pérez, 2009]. Various ingredients,
such as fish products, vegetables and crickets, were incorpo-
rated to improve the nutritional quality of pasta [Desai et al.,
2018a; Duda et al., 2019; Michalak-Majewska et al., 2020].
BLP was previously characterised as a rich source of protein
and minerals [Drabifiska et al., 2018]. The proximate com-
position of cooked experimental pasta obtained in this study
is shown in Except for F pasta, the addition of BLP re-
sulted in the increased moisture content of cooked pasta com-
pared to C, which can be associated with the high hygroscopic
properties of freeze-dried BLP. The content of ash increased
with an increasing percentage of BLP in all pasta products.
However, as can be seen in , the ash content decreased
with increasing drying temperature. Similarly, Manthey & Hall
[2007] reported that H pasta had a lower ash content com-
pared to L. In our study, less pronounced changes were found
for protein, the highest content of which was detected in H-BS.
The insignificant changes in protein content can be explained
by a relatively high protein content in semolina itself. No clear
tendency was observed for lipid content in the analysed pasta
samples. The lowest lipid content was noted for F-C pasta
and the highest one for L-BS5 pasta. For Fand H pasta, the trend
was similar (with the highest content of lipids in B2.5), whereas
an opposite tendency was observed for L pasta. As summarised
in the meta-analysis, the changes in the proximate composition
of fortified pasta products vary depending on the type of addi-
tive and enrichment level [Mercier et al., 2016]. And although
the effect of drying on starch and protein digestibility and cook-
ing properties of pasta was extensively studied [Bresciani ez al.,
2022], the effect of drying on its proximate composition did not
gain much scientific attention to date.

Free amino acid profile

Wheat flours used for pasta preparation are a source
of protein in our diet. However, it has to be kept in mind that
wheat proteins are of low quality with unbalanced amino acid
composition, especially with lacking lysine and threonine [Fil-
ip & Vidrih, 2015; Hoehnel et al., 2020]. Therefore, there have
been many scientific attempts to incorporate the protein-rich
ingredient into pasta formulations [Duda ez al., 2019; Hoeh-
nel et al., 2020; Raczyk et al., 2022].

The contents of individual FAA in BLP and experimen-
tal pasta are presented in . BLP was found as a rich
source of FAA with 15 individual FAA. The major FAA in BLP
were aspartic and glutamic acids, alanine and glutamine fol-
lowed by serine, valine and threonine. A similar profile of FAA
in BLP was reported previously [Drabifiska, 2022]. In control
pasta, the presence of 11 FAA was detected, with dominant
asparagine, aspartic acid and alanine, which is in agreement
with the previous study with semolina-based pasta [Fois
et al., 2019]. The incorporation of BLP significantly affected
the content of FAA in experimental pasta products, which in-
creased upon all drying methods applied. Notably, threonine,
tyrosine and glutamic acid were detected only in the BLP-en-
riched pasta and surprisingly also in the L-C pasta. The sta-
tistical analysis showed that BLP percentage influenced
the total FAA content and the content of almost all individual
FAA, except leucine. A similar effect of BLP was reported
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FIGURE 3. Proximate composition of the experimental pasta products. B2.5 — pasta fortified with 2.5% of broccoli leaf powder (BLP); BS — pasta forti-
fied with 5% of BLP; C - control pasta without BLP; F - fresh pasta; L — pasta dried at low temperature (50°C, 8 h); H - pasta dried at high temperature
(80°C, 3 h). Different letters above bars indicate a significant difference (p<0.05).

by Drabifiska [2022] in BLP-fortified gluten-free sponge cake
muffins. Importantly, the semolina was previously reported to
be lacking in lysine [Raczyk et al., 2022]. In our study, lysine
was not detected in experimental pasta although the BLP con-
tained this amino acid. Maybe the incorporation of a higher
level of BLP could result in products with excellent nutritional
properties. Notably, the content of the second limiting ami-
no acid in wheat, threonine, increased with increasing BLP
fortification. After pasta enrichment with BLP, the content
of polar FAA (aspartic and glutamic acids) increased with an
increasing BLP content, which was suggested to increase pro-
tein solubility [Arise ef al., 2022].

The effect of drying on FAA content in pasta was much
less prominent. The significant effect of drying was detected
for alanine, valine, leucine, isoleucine, threonine, proline,
phenylalanine, tyrosine and glutamic acid as well as total FAA
( ). A previous study showed that higher temperatures
of drying negatively affected the content of lysine [Dexter
et al., 1984]. Although this amino acid was not reported in this
study; similarly to the results reported by Dexter et al. [1984],
a higher content of total FAA was found in L pasta compared
to H. In another study [Manthey & Hall, 20071, drying condi-
tions were considered as not influencing the content of indi-
vidual amino acids. However, similarly to our study, signifi-
cant changes were reported for valine and threonine.

The results of the two-way ANOVA showed that there was
a clear interaction between the BLP percentage and drying

temperature for individual compounds (leucine, isoleucine,
threonine, phenylalanine, tyrosine and glutamic acid) and to-
tal FAA ( ).

Fatty acid profile

Brassica vegetables are one of the most important crops for
the oil industry, mainly due to the high oil yield of rapeseed
[Sharafi et al., 2015]. Broccoli does not belong to oil crops;
however, also contains fatty acids. Leaves of broccoli were
found to have the highest compositional ratio of polyunsatu-
rated fatty acid (PUFAs) among all its aerial parts, with linolenic
(C18:3 n3), palmitic (C16:0) and linoleic (C18:2) acids being
the most dominant, accounting for around 80% of total fatty
acids [Bhandari et al., 2013]. In our study, the content of fatty
acids in BLP and experimental pasta products was evaluated
and respective results are presented in . Eleven fatty
acids were identified in BLP with y-linoleic acid (C18:3 n6)
and C16:0 being the major acids, followed by trans-heptadece-
noic acid (C17:1 trans), C18:2 and C18:3 n3, which is in agree-
ment with previous reports [Bhandari et al., 2013; Joon Lee
et al., 2009]. Similarly to other authors, PUFA were found to
dominate in the analysed BLP. The vast majority of fatty ac-
ids detected in experimental pasta products derived from ol-
ive oil used for pasta preparation. Nevertheless, also wheat
contains a small amount of lipids (around 3%) with a profile
of fatty acids consisting mainly of C18:2, C16:0, C18:1, C18:3,
stearic acid (C18:0) and palmitoleic acid (C16:1) [Narducci
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FIGURE 4. The summarized content of saturated (SFA), monounsaturated (MUFA) and polyunsaturated fatty acids (PUFA) in experimental pasta
products. B2.5 — pasta fortified with 2.5% of broccoli leaf powder (BLP); BS — pasta fortified with 5% of BLP; C - control pasta without BLP; F - fresh
pasta; L — pasta dried at low temperature (50°C, 8 h); H — pasta dried at high temperature (80°C, 3 h). Different letters above bars indicate a significant

difference (p<0.05), separately for SFA, MUFA and PUFA.

et al., 2019]. In control pasta, the presence of 11 fatty acids
was detected with oleic acid (C18:1 cis), C18:2 and C16:0 as
the major ones. The profile of fatty acids in control pasta
is in agreement with the fatty acid profile of olive oil [Sanchez-
-Rodriguez et al., 2019]. Although the percentage of BLP in-
corporation into pasta formulations was relatively low, changes
were noticed in the fatty acid profile. Significant effects were
detected for all fatty acids except for C18:1 cis. This resulted
in a significant effect of BLP percentage on the total fatty acid
content. Notably, in the fortified pasta products, hexadecadi-
enoic acid (C16:2), hexadecatrienoic acid (C16:3), C17:1 trans
and C18:3 n3 derived exclusively from BLP as they were not
detected in C pasta. Notably, the high consumption of cereal-
-based products, rich in 16 fatty acids is considered to be re-
sponsible for the imbalance in the 726 to the 3 ratio [Fradique
et al., 2013]. BLP contained 73 fatty acids, which was reflected
in the fatty acid profile of experimental pasta. C18:3 n3 was
detected even in the pasta made with the minimum percent-
age of BLP (B2.5), which contributed to an important reduc-
tion in the n6:13 ratio compared to C pasta. The consump-
tion of BLP-enriched pasta may contribute to n6:13 ratio
normalisation in the diet, which is particularly imbalanced
in the Western diet [Asefy ef al., 2021]. A summarised content
of saturated fatty acids (SFA), monounsaturated fatty acids
(MUFA) and PUFA is presented in . The incorporation
of BLP resulted in increased contents of all types of fatty ac-
ids. However, noteworthy increases in MUFA and PUFA were
noted in L pasta. It is of a particular importance considering

the recommendations of the European Food Safety Authority
(EFSA), who underlined the importance of increasing the daily
intake of PUFA [EFSA Panel on Dietetic Products, 2010]. An
increase in fatty acid content in fortified pasta was previously
reported by other authors; however, all these studies focused on
the fortification of pasta with fish products [Ainsa ef al., 2021;
Desai et al., 2018b; Monteiro et al., 2016].

The effect of drying on fatty acid contents could also
be noticed, especially in the case of C16:0 and palmitoleic
acid (C16:1 n7). The clear increasing trend of fatty acid con-
tent with increasing BLP percentage was observed only for
L pasta products, with L-B5 pasta having the highest content
of fatty acids among all analysed pasta products ( ).
At the same time, this pasta was characterised by the highest
proportion of MUFA and PUFA ( ). Unsaturated fatty
acids are particularly vulnerable to oxidation [Nawar, 1984],
which can explain the lower content of fatty acids in the
H pasta. In our study, the most thermally sensitive unsaturat-
ed fatty acids were C18:1 cis, C18:2 and C18:3 n6. Previously,
C18:3 n3 was found to be particularly thermolabile in pasta
fortified with flaxseed [Manthey et al., 2002], which was not
noted in our study. We observed an opposite phenomenon,
and C18:3 13 content was the highest in H pasta.

The results of the two-way ANOVA showed that there was
a clear interaction between the BLP percentage and drying
temperature for most individual fatty acids and total fatty ac-
ids ( ). The most significant interactions were noted for
C17:1 trans and C18:2.
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TABLE 5. Content of sugars in broccoli leaf powder (BLP) and experimental pasta products (mg/g dry matter).

Pasta Fructose Glucose Sucrose Stachyose Y Sugars
BLP 32.44+1.53 17.56+0.16 7.71+5.94 55.38+0.32 113.09+6.99
F-C 0.62+0.28¢ 0.81+0.21¢%¢ 18.05+1.06 5.36=0.25° 24.83x0.31%0
F-B2.5 1.04+0.08¢ 0.89+0.01¢de 18.52£0.512° 4.51%0.06 24.96x0.61¢
F-B5 1.67+0.23° 1.23x0.07°¢ 17.24+0.3420 4.60+0.21° 24.74x0.78
L-C 1.11+0.16¢ 1.32+0.06* 17.46+0.17+ 3.62+0.16° 23.50£0.37+0
L-B2.5 2.13+0.510 2.31%0.19° 17.03+0.66 3.14x0.05" 24.60+1.4280
L-B5 1.58=0.11b¢ 1.18=0.110¢d 16.43+0.88 3.98=0.11° 23.17x0.81%°
H-C 0.58=0.07¢ 0.97+0.520¢de 19.32+7.06" 3.91x0.08¢ 24.78+6.94
H-B2.5 1.24+0.27¢4 0.760.1¢ 16.26+0.98° 3.67+0.184¢ 21.94+1.2120
H-B5 1.20+0.10¢ 0.84+0.07%¢ 14.57+0.85 3.65+0.224¢ 20.26+1.06°
p-Value*
BLP addition effect <0.001* 0.033* 0.252 <0.001* 0.432
Drying (D) effect <0.001* <0.001* 0.615 <0.001* 0.169
BLPxD effect 0.006* <0.001* 0.668 <0.001* 0.559

B2.5 — pasta fortified with 2.5% of BLP; BS — pasta fortified with 5% of BLP; C — control pasta without BLP; F — fresh pasta; L - pasta dried at low
temperature (50°C, 8 h); H — pasta dried at high temperature (80°C, 3 h). Different letters in superscript in the same column indicate a significant
difference (p<0.05) based on post-hoc Fisher’s least significant difference (LSD) test. #*Two-way analysis of variance. *Significant effect (p<0.05).

Sugar profile

The main sugars detected in broccoli were glucose, fruc-
tose and sucrose, which are important contributors to its taste
[Rosa et al., 2001; Wieczorek et al., 2022]. The content of in-
dividual sugars in BLP and experimental pasta is presented
in . Four sugars were detected in BLP and experimen-
tal pasta, including fructose, glucose, sucrose and stachyose.
The main sugar in BLP was stachyose. Contrary, sucrose was
the main sugar in the experimental pasta products. The incor-
poration of BLP influenced the content of all sugars except for
sucrose, which was purely derived from semolina. The most
prominent effect of BLP addition was found for fructose;
however, the increasing trend with increasing BLP percentage
was observed only for F pasta. In the case of pasta products
dried at low temperature, B2.5 pasta had a significantly higher
content of fructose than BS. Similar tendencies were observed
for glucose in F and L. For H pasta, incorporation of BLP
resulted in insignificant changes in glucose content.

The effect of drying was found for fructose, glucose
and stachyose. The content of stachyose was significantly
lower in dried pasta compared to F An increasing trend
in glucose and fructose content was observed for F pasta
with increasing BLP percentage, while no clear trend could
be defined for dried pasta products. Notably, irrespective
of BLP percentage, the content of glucose and fructose was
higher in dried than in fresh pasta. It is in agreement with
a previous study, which also reported a small increase in con-
tents of these sugars [Gélinas et al., 2016]. The authors re-
ported also the difference in sucrose levels depending on dry-
ing temperature. In L products, sucrose content decreased,
while in H products it was observed to increase. A similar

tendency was observed also in our study, although statisti-
cal analysis did not highlight the effect of drying on sucrose
content. In H pasta, the highest content of sucrose corre-
sponded to the lowest content of glucose and fructose, which
can suggest that a higher temperature of drying can inhibit
sucrose hydrolysis. The lower content of sucrose observed
with a higher content of glucose and fructose in L pasta can
be explained by the most favourable conditions for possibly
the enzymatic reaction.

The results of the two-way ANOVA showed that there
was an interaction between the BLP percentage and drying
temperature for individual sugars and total sugars ( ).
The most significant interactions were noted for stachyose
and glucose.

CONCLUSIONS

This study presented a successful attempt of incorpo-
rating BLP into pasta formulations. BLP significantly im-
proved the contents of ash, FAA and fatty acids, without
compromising the cooking quality of pasta. Drying temper-
ature had a significant negative effect on the contents of fat-
ty acids, which were probably partly oxidised at the highest
temperature. From the nutritional point of view, the low-
temperature drying seems to be an interesting method for
pasta preparation, as the highest content of FAA, fatty ac-
ids, especially MUFA and PUFA, and the lowest sugar level
were found in these pasta products. However, at the same
time, dried pasta products were characterised by greater
cooking loss approximating 10%, which is higher than
the acceptable 8%.
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The effect of ultrasound treatment (UT) on a beverage from mango pulp and carrot juice with added turmeric powder on total soluble phenolic
content (TSP), total carotenoid content (TC) and antioxidant capacity (AOC) was evaluated. Response surface methodology (RSM) was applied to
obtain the optimal formulation of the beverage. The AOC was assigned as a response variable in addition to TSP and TC. Mathematical modeling
showed that the formulation with 35% (v/v) of mango pulp, 10% (v/v) of carrot juice, and 0.7% (w/»v) of turmeric powder, yielded the highest values
of TSP, TC, and AOC. The beverages were subjected to different ultrasound conditions with varying exposure times (ET), sonication amplitudes (SA),
and pulse cycles (PC) to obtain the highest values for response variables. Statistical modeling showed that a UT at 21 min ET, 100% SA, and 0.7 s PC,
increased TSP, Trolox equivalent antioxidant capacity (TEAC), and ferric reducing antioxidant power (FRAP) by 15.5%, 45.1%, and 15.9%, respectively.
Seven phenolic acids, three curcuminoids, five flavonoids, and a xanthonoid were identified in the beverages. The quantities of 3,4-dihydroxybenzoic
acid, gallic acid, chlorogenic acids, (+)-catechin, quercetin, kaempferol, (-)-gallocatechin gallate, and mangiferin were higher in the UT beverage

compared to the control, suggesting their release from cell-wall structures as a result of UT.

ABBREVIATIONS

UT, Ultrasound treatment; TSP, total soluble phenolic
content; TC, total carotenoid content; AOC, antioxidant ca-
pacity, RSM, response surface methodology; ET, exposure
time; SA, sonication amplitudes, PC, pulse cycles; TEAC,
Trolox equivalent antioxidant capacity; ABTS, 2,2’-azino-
-bis-(3-ethylbenzothiazoline-6-sulfonic acid), FRAP, ferric
reducing antioxidant power, TPTZ, 2,4,6-tripyridyl-s-triazine;
GAE, gallic acid equivalent; TE, Trolox equivalent.

INTRODUCTION
Several epidemiological studies have demonstrated the re-

lationship between consuming beverages from vegetable
sources and the prevention of diseases related to oxidative

* Corresponding Author:

E-mail: (G.A. Gonzalez-Aguilar)

stress, such as cardiovascular and neurodegenerative dis-
eases and some types of cancer [Fujiki ef al., 2017; Wu et al.,
2016; Zhou et al., 2015]. The main compounds to which
these effects are attributed are phenolics and carotenoids.
Consuming fruit and vegetable beverages can result in an in-
creased intake of these compounds. Blending different fruit
and vegetables increases the content and variety of bioactive
compounds in beverages [Manna et al., 2017]. Furthermore,
it has been reported that combining compounds of differ-
ent chemical characteristics, such as phenolic compounds
and carotenoids, can possibly enhance their antioxidant prop-
erties [Zhao et al., 2014]. To further maximize compound
diversity and enhance organoleptic characteristics of bever-
ages, the use of spices, like ginger or turmeric, and extracts
thereof in their preparation has been investigated [Bhardwaj
& Pandey, 2011]. In Mexico, mango and carrot are consumed
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by most of the population, consequently, their bioactive com-
pound profile has been studied. Pacheco-Ordaz et al. [2018]
established that mango contains chlorogenic acid, gallic
acid, vanillic acid, protocatechuic acid, a- and B-carotene,
lutein, and zeaxanthin. Flavonoids, like quercetin 3-isobutyr-
ate, quercetin 4’-O-B-p-glucopyranoside-3,7-dimethyl ether,
and quercetin, one gallotannin (theogallin) and 2 xanthones
(mangiferin and mangiferin isomer) have also been identi-
fied in mango pulp [Barron-Garcia ef al., 2022]. On the other
hand, B-carotene, apigenin, rutin, chlorogenic acid, and pro-
tocatechuic acid have been reported in carrots [Seregelj et al.,
2020]. Bisdemethoxycurcumin, demethoxycurcumin, cur-
cumin, (+)-catechin, quercetin, gallic acid, and p-coumaric
acid have been identified in turmeric [Pal ef al., 2020]. These
molecules are known for their health benefits, which are re-
lated to the activation of different intracellular signaling path-
ways, immunomodulation, and cardioprotective properties
[Palafox-Carlos et al., 2012]. Due to the reported properties
of mango and carrot, in conjunction with the trend of adding
spices to beverages, the use of powdered turmeric rhizomes
is proposed due to their anti-inflammatory and antimutagen-
ic properties [Deogade &Ghate, 2015].

Different investigations have been carried out where ul-
trasound treatments (UT) have been applied to fruits such
as Annona muricata [Aguilar-Hernandez et al., 2019, 2020;
Nolasco-Gonzilez et al., 2022]; juices like red and yellow
watermelon juice [Yikmis, 20201, black carrot juice [Hash-
eminya & Dehghannya, 2022], pear juice [Saceduddin et al.,
2016], Cape gooseberry juice [Ordoniez-Santos et al., 2017];
and beverages like grape-based beverage [Ahmad et al., 20201,
carrot and grape beverage [Nadeem et al., 2018], and mango-
-based beverage [Mercado-Mercado et al., 2018]. These stud-
ies reported significant increases of bioactive compounds,
like phenolics, carotenoids, anthocyanins or curcuminoids,
in sonicated samples, as compared to the control, suggesting
that UT is suitable to retain or enhance the content of bioac-
tive compounds present in juices or beverages.

The aim of this study was to optimize UT parameters,
like exposure time (ET), pulse cycle (PC) and sonication am-
plitude (SA), using response surface methodology (RSM),
to obtain a beverage from mango, carrot and turmeric with
the highest total soluble phenolic content (TSP), total carot-
enoid content (TC), and antioxidant capacity (AOC). Chang-
es to the profile of antioxidants in the beverages as a result
of UT were reported as well.

MATERIALS AND METHODS

Chemical and reagents

The Folin—-Ciocalteu reagent, 2,2’-azino-bis-(3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS), Trolox (6-hydroxy-
-2,3,7,8-tetramethylchroman-2-carboxylic acid), TPTZ (2,4,6-
-tripyridyl-s-triazine), ferulic acid, as well as high-performance
liquid chromatography (HPLC)-grade phenolic standards:
p-coumaric acid, (4)-catechin hydrate, gallic acid, querce-
tin dihydrate, 3-hydroxybenzoic acid, and chlorogenic acid,
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The rest of the reagents used were obtained from J.T. Baker
(Phillipsburg, NJ, USA). All solvents were of analytical grade.

Beverage preparation

Mango cv. Ataulfo and carrot cv. Early Gold, both
of commercial ripeness, were acquired from local suppliers
in Hermosillo, Mexico. Turmeric powder (food grade) was
purchased from Proquimercy enterprise (Jalisco, Mexico).
Mangoes and carrots were washed with tap water and dis-
infected with 0.05 mL/L sodium hypochlorite for 5 min.
Mango peel was manually removed using a stainless-steel
knife, and the flesh was cut into 3 mm cubes. Carrots were
cut into sections about 3 to 5 mm thick and were subject-
ed to a juice extraction process using a commercial juice
extractor (Moulinex model 140-1-03, Naucalpan, State
of Mexico, Mexico). Mango pulp, carrot juice, turmeric
powder, and purified water were mixed at a 35:10:0.7:54.3
(vv/w/v) ratio and blended using a commercial blender
(Oster®, Milwaukee, WI, USA). Beverage formulation was
based on previous experiments in the Laboratory of Antiox-
idants and Functional Foods, Center for Research in Food
and Development, A.C. (Hermosillo, Sonora, Mexico).
The contents of mango, carrots, and turmeric were based
in reference to the Codex Alimentarius [2005] for the prep-
aration of juices (>45% fruit content) and for turmeric
(<0.7%). Experiments were performed in triplicate (3 sepa-
rate beverages were made).

Ultrasound treatment of beverage

UT was carried out according to the method of Wei et al.
[2014] with some modifications. An ultrasonic processor
(UP400S, Hielscher, Teltow, Germany) was used for soni-
cation. The beverage (50 mL) was processed at a constant
frequency of 24 kHz. Energy input was controlled by set-
ting the maximum amplitude at 175 um and acoustic power
density of 300 W/cm? of the sonicator probe (H7 Tip 7).
Constant temperature of 25°C was maintained by circulat-
ing cold water through a jacketed vessel. The probe was
immersed 2 cm into the beverage, and sonication started
immediately. Exposure time (ET, 10-30 min), sonication
amplitude (SA, 30-100%), and pulse cycles (PC, 0.4-0.8 s)
varied. PC values were equal to acoustic power time in s,
and the difference to | s as pause time (e.g., 0.6 s indicates
a power discharge of 0.6 s, and a pause of 0.4 s). Nine
treatments (T1 to T9) were performed immediately after
the beverage was prepared ( ). After UT, the beverages
were filtered through filter paper (Whatman No. 1) under
vacuum. In parallel, untreated beverages were also filtered.
The filtrate was collected in a flask and used for the deter-
mination of TSP, TC, and AOC. Beverage samples (control
and UT) were kept in sterilized airtight bottles and stored at
4°C until further analysis.

Experimental design

A fractional 3*! factorial design and RSM were used to
establish the optimum conditions for UT. Factors were con-
sidered at different levels to determine which combination
yielded the maximum TSP, TC, and AOC values. Exposure
time (X, min), pulse cycle (X,., s), and sonication ampli-
tude (X,,, %) were taken as design factors. The experimen-
tal design used, with three factors at three different levels:
X, (10, 20 or 30 min), X,,. (0.4, 0.6 or 0.8 s), and X, (30, 65
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TABLE 1. Levels of experimental design factors used to optimize ultrasound treatment of beverage from mango and carrot with added turmeric
and levels of response variables: total soluble phenolic content (TSP), total carotenoid content (TC), Trolox equivalent antioxidant capacity (TEAC),

and ferric reducing antioxidant power (FRAP).

Factor Response variable
e Xyr (min) Xoc (8) X5 (%) (mg giE/mL) (ug B—caroTtSne E/mL) (mm—g]E'?lgmL) (mmEF?g/mL)
Control - - - 5.21+0.11 26.78+1.19" 100.16=1.19" 0.59+0.03¢
T1 10 0.4 30 5.81+0.06" 42.87+1.03¢ 171.49+3.02¢ 0.68+0.00¢
T2 10 0.6 65 7.95+0.03% 42.09+1.93¢ 173.232.13¢ 0.83+0.04«
T3 10 0.8 100 8.04+0.09¢ 34.72+0.69¢ 173.85+1.22% 0.90+0.02°
T4 20 0.4 30 6.36+0.05" 43.25+1.66° 168.09+1.31¢ 0.62+0.03'
T5 20 0.6 65 6.17+0.04¢ 53.71=1.54 161.25x0.71¢ 0.77+0.03¢
T6 20 0.8 100 8.79+0.10* 30.21%0.04¢ 195.84= 2.09 0.87£0.01¢
T7 30 0.4 30 7.41+0.13¢ 34.00=1.97¢ 176.09+2.64° 0.64+0.02¢
T8 30 0.6 65 8.28+0.05" 48.87+2.47° 165.48+2.21° 0.82+0.01«
T9 30 0.8 100 8.43x0.02° 27.93+0.84 172.32+2.58¢ 0.97+0.02¢

Values are shown as mean =+ standard deviation of three independent experiments. X

«p €xposure time; X, pulse cycle; X,,, sonication amplitude;

GAE, gallic acid equivalents; TE, Trolox equivalents. Different letters in the same column indicate significant differences (p<0.05).

or 100%), is shown in . TSP (mg gallic acid equivalents
(GAE)/mL), TC (ug B-carotene equivalents/mL) and AOC
(mmol Trolox equivalents (TE)/mL) were defined as response
variables.

To predict the behavior of response variables, the second-
-order polynomial equation used in the response surface was
as described in equation (1) [Savasari et al., 2015; Yirsaw
etal., 2016]:

B B B
Y=Bo+> BiXit> Y By XitE (1)

itA i=A i=AA£i

where: Y is the predicted variable (TSP, TC or AOC),
X, represents coded values for the factors (X, X, and X,),
B, is a constant, B, is the main effect coefficient for each vari-
able, and B, is the interaction effect coefficient. Model adequa-
cy was evaluated using the F ratio. Lack of fit test was used to
determine significant interactions in the model and the coef-
ficient of determination (R? and R? adjusted) represented at
a 5% level of significance.

Optimization and validation of conditions

The numerical optimization technique was adapted to
optimize the process conditions to provide maximum TSP,
TC, and AOC. The nature of the optimal condition (peak
or saddle point response) was also evaluated by transform-
ing the developed regression model into the conical form,
and the values were computed using the statistical software
Statistica 8.0 (StatSoft Inc., Tulsa, OK, USA). The experi-
ment under optimal conditions was carried out in triplicate to
determine the validity of the optimized parameters. The aver-
age values of the experiments were compared with the pre-
dicted values of the optimized conditions to determine the ac-
curacy of the optimized conditions.

Extracts from the beverage preparation

An aliquot of 30 mL was taken from the beverages (control
and UT), lyophilized (Labconco, model 77520 Series, Kansas
City, KS, USA), and preserved at —20°C for future analyses.
Extraction was performed using methanol solutions (80%,
v/v). First, 1 g of the Iyophilized material was placed in a tube
and 20 mL of the solvent was added. Subsequently, it was
placed for 30 min in a sonicator (Bransonic, model 2510R-
DTH, Connecticut, CT, USA) and centrifuged at 18,407 xg
for 15 min at 4°C. The supernatant was recovered, the residue
was washed twice with 10 mL of the same methanolic solu-
tion and centrifuged again. The combined supernatants were
filtered through Whatman No. 1 paper and the volume of fil-
trate was adjusted to 30 mL with the 80% (v/v) methanolic so-
lution. The extracts were kept at —=35°C. They were later used
to determine TSP, TC, Trolox equivalent antioxidant capacity
(TEAC), and ferric reducing antioxidant power (FRAP).

Determination of total soluble phenolic content

The TSP was determined using the Folin-Ciocalteu meth-
od [Alvarez-Parrilla et al., 2011]. Briefly, 250 uL of the extract
or standard solutions were mixed with 1 mL of a sodium car-
bonate solution (75 g/L) and 1250 uL of the Folin-Ciocalteu
reagent (10%, v/v), and incubated for 30 min at 25°C. After
reaction, the mixtures were moved to a 96-well microplate
and absorbance was measured at 750 nm using a microplate
reader (Synergy HT, Bio-Tek, Winooski, VI, USA). The re-
sults were calculated using a gallic acid standard curve (from
0.02 to 0.4 mg/mL), and the content of total soluble phenolics
of beverage was expressed as mg of gallic acid equivalents per
mL of beverage (mg GAE/mL).

Determination of total carotenoid content
The TC was measured as reported by Davis et al. [2007].
One milliliter of beverage was added to 5 mL of a tert-butylated


https://www.sciencedirect.com/science/article/pii/S0048969718302079#bb0120
https://www.sciencedirect.com/science/article/pii/S0048969718302079#bb0170
https://www.sciencedirect.com/science/article/pii/S0048969718302079#bb0170
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hydroxytoluene solution in acetone (0.05%, w/v), 5 mL of 95%
(v/v) ethanol, and 10 mL of n-hexane. The mixture was stirred
at 180 rpm on an orbital shaker (ORBi-Shaker, Benchmark,
Menlo Park, CA, USA) for 15 min; then, 3 mL of distilled
water (5°C) were added to induce phase separation and re-
cover the hydrophobic phase in which carotenoids are dis-
solved. The collected phase was centrifuged at 18,407 xg for
15 min at 4°C and the absorbance of the supernatant was read
at 450 nm. TC was expressed as ug p-carotene equivalents
per mL of beverage (ug p-carotene E/mL) using the equation:

AxVx104
TC = L0

(A7’ em*Xw)

2)

where: TC is the content of total carotenoids, A is absor-
bance value, V is the recovered volume of the hydrophobic
phase, A% "is the specific absorbance of p-carotene (2500),
and w is sample weight (g).

Determination of antioxidant capacity

The AOC of beverages was evaluated as TEAC deter-
mined by the ABTS assay and as FRAP. The method of Re
et al. [1999] was used to carry out the ABTS assay. ABTS
(7 mM) was dissolved in a 2.45 mM potassium persulfate so-
lution and stored in the dark for 16 h to generate ABTS"*.
Prior to use, the ABTS** solution was diluted with a phos-
phate buffer to an absorbance of 0.70+0.02 at 734 nm.
The extract or a Trolox standard solution (20 wL) was mixed
with 255 uL of the ABTS"* solution and incubated (30°C for
7 min) in a 96-well microplate. The absorbance was measured
at 734 nm using a microplate reader (Synergy HT, Bio-Tek).
The Trolox curve from 0.05-1.00 mmol/g was used to cal-
culate the results, which were expressed as mmol of Trolox
equivalents per mL of beverage (mmol TE/mL).

The FRAP of beverages was determined according
to the Benzie & Strain [1996] method. The FRAP solu-
tion contained 10:1:1 (w»/»v) sodium acetate buffer (0.3 M,
pH 3.6), 10mM TPTZ, and 20 mM ferric chloride hexahydrate.
The solution was warmed to 37°C before mixing with the sam-
ples. For the reaction, 24 uL of the extract or Trolox standard
were added to a 96-well microplate and mixed with 180 uL
of a FRAP solution. Absorbance was measured at 595 nm af-
ter 30 min, a Trolox curve from 0.05-1.00 mmol/g was used to
calculate the results, which were expressed as mmol of Trolox
equivalents per mL of beverage (mmol TE/mL).

Phenolic profile analysis

The identification and quantification of phenolic com-
pounds was carried out using HPLC with a diode array de-
tector (DAD) and liquid chromatography-mass spectrometry
(LC-MS) techniques. An Agilent 1260 series HPLC system
(Agilent Technologies, Santa Clara, CA, USA) equipped
with a DAD was employed for HPLC-DAD. After filtration,
beverages were injected and separated using a Poroshell
120 EC-C18 column (4.6x150 mm, particle size 2.7 wm;
Agilent Technologies). Injection volume was 10 uL. Mobile
phase contained 0.1% (v/v) trifluoroacetic acid as a solvent A
and acetonitrile as a solvent B, and was applied as follows:
0 min, 5% B; 10 min, 23% B; 15 min, 50% B; 20 min, 50% B;

23 min, 100% B; 25 min, 100% B; 27 min, 5% B, 30 min, 5% B.
Flow rate was 0.4 mL/min. Detection was performed at
280-320 nm. In the case of curcuminoids, a range of 425-
-470 nm was used. For MS analysis, a 6120 Agilent Quadru-
pole LC/MS equipped with an electrospray ionization inter-
face was used in a negative ionization mode. Nitrogen at a flow
rate of 1.3 L/min was used as drying gas. Nebulizer pressure
was 40 psi, gas drying temperature was 350°C, and capillary
voltage was 3500 V. OpenLab CDS ChemStation Edition
software (Agilent Technologies) was used for data analysis.
The compounds were first detected using a single MS scan
in the 100-1100 m/z range, followed by a targeted search
based on the peaks showing major signals in the HPLC-DAD
chromatograms. Tentative identification of the compounds
was based on retention time (t,) of HPLC-DAD separation
and MS signal after comparison with the t, of the standard
and/or the literature data. The quantitative results were re-
ported as peak areas (arbitrary units).

Statistical analysis

Data are reported as mean =+ standard deviation (n=3).
One-way analysis of variance (ANOVA) and Tukey’s test were
used to examine the differences between samples (p<0.05).
All statistical analyses were done using the Statistica 8.0 soft-
ware (Statsoft, Tulsa, OK, USA).

RESULTS AND DISCUSSION

Effect of ultrasound treatment on total soluble phenolic
content

The TSP of ultrasound-treated (T1-T9) and untreated
beverages are shown in . The highest TSP was noted
for T6 (X, 20 min, X, 0.8 s, X, 100%), and the lowest TSP
was determined for T1 (X, 10 min, X, 0.4 s, X, 30%), which
were 8.79 and 5.81 mg GAE/mL, respectively. The highest
value for 100% X, was in line with the literature. Nadeem
et al. [2018] found that a sonication amplitude over 70% re-
sulted in the highest TSP when applied to a carrot/grape bev-
erage. Other authors reported similar relationship for differ-
ent products, like blueberry, lime and mango juice, treated at
high sonication amplitudes [Zou & Hou, 2017]. Statistically
significant effects (p<0.05) and the regression coefficient
of the experimental model (R?=0.995, ) suggest that
the model adequately describes the functional relationship
between the experimental factors and the response variable.

The determined TSP showed a high correlation with
the predicted value (R?> adjusted=0.993, ). The cor-
relation between predicted and experimental values suggests
that the use of RSM allowed to accurately and reliably deter-
mine the optimum UT conditions for this variable.

shows the effects of beverage UT on TSP,

which increased significantly at longer exposure time
and higher sonication amplitudes. Thus, the highest TSP
values were obtained when combining extended exposure
time and maximum sonication amplitudes. On the other
hand, X,,. was not a significant factor in the UT effect on
TSP. Martinez-Guerra & Gude [2016] described a similar
behavior of PC during the optimization of biodiesel pro-
duction by UAE. The use of PC and continuous sonication
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TABLE 2. Lineal and quadratic model equation coefficients and statisti-
cal parameters of experimental design for optimizing ultrasound treat-
ment of beverage from mango and carrot with added turmeric. Response
variables: total soluble phenolic content (TSP), total carotenoid content
(TC), Trolox equivalent antioxidant capacity (TEAC) and ferric reducing
antioxidant power (FRAP).

| TSP | TC | TEAC | FRAP
Intercept -13220F 81633 85.591F  0.747%
X, 2013%  -5803* 106343 -0.026™
Xy? 0.045% 0095 -0228  0.0005*
X, 0.820%  -2060*  4706™  0.005*
X, 0.006% 0017 -0.045*  -0.00002
XXy 0.089% 0307 -0.597*  0.00008
XX 0.001"*  -0.003*  0.006™ NSI
XX 0.002%  -0006*  0.014* NSI
XX, NSI 0.00005*  -0.0001%  NSI
R 0.995 0.975 0.965 0.972
R adjusted 0.993 0.965 0.950 0.960

*p<0.05; *p<0.001; NSI, no significant interaction between factors;
R?, regression coefficient; X, exposure time; X,,., pulse cycle; X, soni-
cation amplitude.

for similar reaction conditions were compared. About 87%
of biodiesel yield was obtained but was limited by the in-
crease in temperature and the extraction time.

It is well-known that UT enhances the release of pheno-
lics by collapsing the cell via cavitation in its surroundings
[Nadeem ef al., 2018]. Hence, higher amplitudes promote
cavitation, which results in the maximum release of pheno-
lic compounds [Maran & Priya, 2015]. In nature, phenolic
compounds are bound to cellulose, hemicellulose, and pectin,

g

D B 4L

which are part of the cell wall or are soluble in a vacuole. Cell
walls expand with the enlargement of pores in cell membranes
generated during the initial stages of cavitation, facilitating
the higher diffusivity of water into the cell. Prolonged expo-
sure of the sample to cavitation will lead to the collapse of cell
walls, which results in the maximum diffusion of cell contents
into the solvent, resulting in a higher extraction rate as the ul-
trasound amplitude increases [Maran & Priya, 2015].

Effect of ultrasound treatment on total carotenoid
content

The TC of beverages treated in different conditions (T1-
-T9) ranged from 27.93 to 53.71 ug B-carotene E/mL ( ).
The treatments with the highest TC were TS (X, 20 min,
Xpe 0.6 s, X, 65%) and T8 (X, 30 min, X, 0.6 s, X, 65%),
while the lowest TC was found for T6 (X, 20 min, X,. 0.8 s,
X, 100%) and T9 (X 30 min, X,,. 0.8 s, X, 100%). Lower val-
ues of X, (30% and 65%) resulted in a higher TC, e.g. X, of 30,
65, and 100% resulted in values of 42.87, 42.09, and 34.72 ug
B-carotene E/mL, respectively. For TC, a high regression co-
efficient (R?=0.975) and significant interactions (lack of fit,
p<0.05) with the predicted model were determined ( ).
The model showed that the significant parameters (p<0.05)
were X, and X,,, quadratic terms, linear-quadratic, and qua-
dratic interaction. The effect of treatment parameters on TC
was different to that on TSP, since applying high X, decreased
TC in the treated beverages ( ). This agrees with results
reported by Mercado-Mercado er al. [2018], where UT led to
decreased contents of lutein, B-carotene, and B-cryptoxanthin
in mango-based beverages. Likewise, ultrasound-treated gua-
va beverages showed a decrease in lycopene as ET and SA
increased [Campoli ef al., 2018]. The authors suggested that
the decrease in TC could be explained by the effects of cavitation
on their chemical structure, especially when dissolved in aque-
ous solutions [Campoli et al., 2018; Rojas et al., 2016]. High
sonication amplitudes generate a greater number of cavitations

B
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FIGURE 1. Response surface plots of optimization of ultrasound treatment of beverage from mango and carrot with added turmeric. Effect of expo-
sure time (X;.;) and sonication amplitude (X;,) on total soluble phenolic content (TSP) (A) and total carotenoid content (TC) (B).

Blue dots represent the experimental points. GAE, gallic acid equivalents.
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TABLE 3. Predicted and experimental values of total soluble phenolic
content (TSP), total carotenoid content (TC), Trolox equivalent antioxi-
dant capacity (TEAC) and ferric reducing antioxidant power (FRAP) for
optimized ultrasound treatment of beverage from mango and carrot with
added turmeric.

Parameter Predicted value | Experimental value
TSP (mg GAE/mL)* 8.81° 11.48+0.33
TEAC (mmol TE/mL)* 195.31¢ 199.38+5.10¢
FRAP (mmol TE/mL)* 0.87° 1.5+0.06
TC (ug B-carotene E/mL)** 53.918 52.86+1.23%

*For optimal ultrasound treatment parameters: 21 min of ultrasonication
time at 100% sonication amplitude and 0.7 s pulse cycle. **For optimal
ultrasound treatment parameters: 20 min of ultrasonication time at 65%
sonication amplitude and 0.6s pulse cycle. Different letters in the same
row indicate significant differences (p<0.05) between predicted and ex-
perimental values. GAE, gallic acid equivalent; TE, Trolox equivalent.

in the external environment, which then promote isomerization
and oxidation reactions by the action of hydrogen peroxide;
a highly reactive compound that is generated under UT condi-
tions [Sun ez al., 2017]. In contrast, treatments of medium X,
conditions (65%) with intermediate and prolonged extraction
times (20 or 30 min) showed the highest TC values ( ).
The conditions in this study that maximized TC agree with
the results reported by Jabbar et al. [2014] regarding the be-
havior of TC, lycopene, and B-carotene in carrot juice under
different ultrasound conditions. The authors reported that
when amplitudes of 70% were applied at 20 kHz, an increased
content of these compounds was observed. This behavior is at-
tributed to the fact that the sonication amplitude used does
not promote isomerization reactions or any others that alter
their molecular structure; consequently, the carotenoid content
increased by mechanical disruption of the cell wall.

(R W) AL

Effect of ultrasound treatment on antioxidant capacity

Figures 2A and 2B show the effects of UT on the AOC
of beverage. For both, TEAC and FRAP, the maximum val-
ues were found when the operating conditions were applied
at high X, (80-100%). This finding is consistent with the re-
sults shown in , which shows the highest TEAC for
the beverage sonicated with an amplitude of 100% for 20 min
(195.84 mmol TE/mL). On the other hand, the highest FRAP
was obtained at X, of 100% and X, of 30 min (0.97 mmol
TE/mL). In both cases, it is evident that exposure to 100%
ultrasound amplitudes favors the increase of antioxidant ca-
pacity in the beverages subjected to ultrasound treatment.
In the case of TEAC, the maximum values were obtained
with exposure times close to 20 min, while two maxima are
shown for FRAP, regardless of X, ( ). This indicates
that X, is the main parameter that governs AOC since both
show proportional variation.

For TEAC, optimum operating conditions were similar to
those reported by Yeoh & Ali et al. [2017], who applied UAE
for 15 min at 70% sonication amplitude to slices of fresh
pineapple, and found that these conditions yielded the high-
est values for this technique. Similarly, Ramirez-Moreno
et al. [2018] reported that the optimum conditions to in-
crease the AOC in blackberry juices were an exposure time
of 15 min with a sonication amplitude of 80%, values that
resemble those found in the present work. Regarding FRAP,
it has been reported that substantial increases were found us-
ing amplitudes between 40 and 80% [Chaikham ez al., 2016].
For example, an experiment performed on blackberry by-
products showed that both SA and ET had a positive effect
on AOC, as measured by FRAP [Romero & Yépez, 2014].
This can be explained by the fact that an increase in SA leads
to more damage to the cell wall, causing compounds with
antioxidant capacity to be released from the different cell
structures [Hossain et al., 2012].

\-‘»BL\U.\W\ adad

FIGURE 2. Response surface plots of optimization of ultrasound treated beverage from mango and carrot with added turmeric. Effect of exposure
time (X,;) and sonication amplitude (X;,) on Trolox equivalent antioxidant capacity (TEAC) (A) and ferric reducing antioxidant power (FRAP) (B).

Blue dots represent the experimental points. TE, Trolox equivalents.
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TABLE 4. Chromatographic and mass spectrometric data, and quantification expressed as peak areas (arbitrary units) of phenolics in the control

and the optimized ultrasound-treated (UT) beverages from mango and carrots with added turmeric.

Compound Quantity Retentign time [M_H]- m/z
Control beverage UT beverage (min)
Phenolic acids
p-Hydroxybenzoic acid 21,626+1,3992 6,041£1,347° 11.99 137
3.4-Dihydroxybenzoic acid 2,492£506° 7,221+487° 10.23 153
Gallic acid 14,956 +180° 17,359«157¢ 5.79 169
Vanillic acid 16,617+382° 4.861+839° 14.10 167
Chlorogenic acid 4,514,332+126,448° 13,933,197+259,247¢ 10.00 353
Ferulic acid 24415747 23,500+138 17.70 193
p-Coumaric acid 20,835+5,807 20,338+5,519¢ 17.85 163
Curcuminoids
Curcumin 71,302+11,628¢ 65,446+1,470 3.85 367
Demethoxycurcumin 232.359+32, 115 83,260+4,260° 423 337
Bisdemethoxycurcumin 112,036+14,0182 86,724+6911° 4.19 307
Flavonoids
(-)-Gallocatechin 116,369+12,069° 94,727+13,064° 4.58 305
(-)-Gallocatechin gallate 4,712+315° 7,403 4472 1.20 457
(4)-Catechin 531,674+4,627° 643,371+5,494 9.62 289
Kaempferol 6,683£729° 22,135+2,771° 21.37 285
Quercetin 20,197+4,384° 84,501+1,707* 20.63 301
Xanthonoids
Mangiferin 60,689+15,781° 80,078 +7,877* 14.21 421

Values are expressed as mean =+ standard deviation. Different letters in the same row denote significant differences (p<0.05).

Optimization of UT conditions and model validation

Optimization of UT conditions was performed by su-
perimposing the contour graphs obtained from each depen-
dent variable using the response surface. The present study
performed two optimizations, one based on TSP and AOC
(TEAC and FRAP) and the other based on TC. The predictive
model showed that the optimal conditions for TSP and AOC
were obtained by submitting the beverage to 21 min of ultra-
sonication at an amplitude and pulse of 100% and 0.7 s, re-
spectively. For TC, the optimum values were 20 min at 65%
amplitude and pulse of 0.6 s. The optimum values are shown
in . The most favorable UT conditions were applied
to the beverage to validate the proposed predictive model,
and to confirm if the experimental values obtained coincide
with those predicted by the mathematical model.

In the case of TSP and FRAP, it was found that the ex-
perimental values were higher than those predicted
by the mathematical model. This phenomenon could be ex-
plained by the presence of other antioxidants not considered
in the present work such as ascorbic acid or thiols, which were
capable to disrupt the results. Nevertheless, for TC and TEAC,
the predicted results matched with the experimental results

obtained at optimal UT conditions, which were validated
by the RSM model with a good correlation.

Identification of bioactive compounds by HPLC-DAD-MS

A total of 16 compounds (seven phenolic acids, three
curcuminoids, five flavonoids and a xanthonoid) were iden-
tified in the control, as well as in the optimized UT bever-
ages ( ). For phenolic acids, ultrasound treatment en-
hanced the quantity of 3,4-dihydroxybenzoic acid, gallic acid,
and chlorogenic acid in the beverage. No significant differences
were noted for the p-coumaric and ferulic acids between treated
and control beverages, while abundance of vanillic acid and p-
hydroxybenzoic acid decreased in the treated sample. Turmeric
was the source of three curcuminoids (curcumin, demethoxyc-
urcumin, and bisdemethoxycurcumin) detected in the control
and UT beverages ( ). A lower quantity of curcumin,
demethoxycurcumin, and bis-demethoxycurcumin was deter-
mined in the UT beverage, as compared to the control.

The five flavonoids in the UT beverage were found
in the following order of quantity: (+)-catechin > (-)-gallo-
catechin > quercetin > kaempferol > (-)-gallocatechin gal-
late ( ). Furthermore, their contents increased with UT,
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except for (-)-gallocatechin, which decreased. A higher man-
giferin quantity in the UT beverage than in control was also
noted. The phenolic profile of the beverages agrees with those
reported elsewhere for mango pulp, carrot juice, and turmeric.
Gallic acid, p-coumaric acid, ferulic acid, vanillic acid, querce-
tin, (-)-gallocatechin, kaempherol, and mangiferin have been
reported in mango pulp [Barron-Garcefa er al., 2020; Lee et al.,
2021; Quir6s-Sauceda et al., 2017]. The presence of chloro-
genic acid, (+)-catechin, p-coumaric acid, and ferulic acid was
determined in carrots [Formica-Oliveira et al., 2017; Jabbar
et al., 2015], while gallic acid, protocatechuic acid, (+)-cat-
echin, chlorogenic acid, (-)-epicatechin, ferulic acid, curcumin,
demethoxycurcumin, bisdemethoxycurcumin, and quercetin
have been reported in turmeric [Aliet al., 2014; Pal et al., 2020].

It is known that ultrasound induces acoustic cavitation
and the rupture of plant cells [Jing et al., 2015], which fa-
cilitates solvent penetration and increases the solubility
of the solutes. Conversely, it is also possible that ultrasound
treatment may degrade some compounds or promote reac-
tions between others, which may result in a decrease in their
content. Also, ruptured cells allow the release of various
compounds into the solvent, such as insoluble and cytosolic
substances, thereby limiting the solubility of the compounds
of interest [Zhao et al., 2007].

CONCLUSION

In the present study, an ultrasound treatment was applied
to increase contents of soluble phenolic compounds and ca-
rotenoids in a beverage from mango and carrot with added
turmeric, using response surface methodology to optimize
working parameters. Exposure time and sonication amplitude
were shown to affect the dependent variables, while pulse cycle
did not show any effect. Optimization and model validation
data showed that TEAC and TC were accurately predicted
by the model but TSP and FRAP were not. The data suggest
that an adequately optimized ultrasound treatment of a bever-
age can improve its TSP. Contents of most of the individual
phenolics of the beverage also increased in response to the op-
timized UT. Total carotenoid content changed by UT in a more
variable manner; it was generally increased by the treatments,
but with an evident decrease for more drastic conditions, such
as longer exposure time and higher sonication amplitude.
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Characteristic and Antimicrobial Resistance of Bacillus cereus Group Isolated from Food in Poland
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Bacillus cereus is a foodborne pathogen causing food safety issues due to the formation of difficult to eliminate spores and biofilms. The objective
of this study was to investigate the occurrence of B. cereus (conducted as part of monitoring in 2017-2018) and the presence of a toxin gene in strains
isolated from retail products (pastries/cakes; vegetables, spices, delicatessen products) in Poland, and to determine the susceptibility of these microor-
ganisms to different antimicrobial agents. A total of 267 B. cereus isolates from food products were examined, of which 95.51% were found positive for
the presence of at least one toxin gene, with the highest frequency of the nhe gene (91.39%). The hbl and cytK genes were detected in 53.56% and 44.19%
of B. cereus strains, respectively. The lowest frequency was found for the ces gene (2.62%). The susceptibility of B. cereus isolates to 16 antimicrobials
was investigated. Ampicillin and penicillin resistance was the most common resistance phenotype and was identified in 100% of the B. cereus isolates.
In addition, the tested isolates exhibited resistance to: amoxicillin-clavulanic acid (96.25%), cephalothin (67.79%), ceftriaxone (64.42%), rifampicin
(46.82%), trimethoprim-sulfamethoxazole (5.62%), quinupristin/dalfopristin (4.87%), chloramphenicol (3.75%), clindamycin (2.62%), teicoplanin
(1.87%), erythromycin (1.87%), ciprofloxacin (0.75%), imipenem (0.75%), tetracycline (0.37%), and gentamicin (0.37%). The study results contribute
to characterizing the diversity of B. cereus isolated from various food products in Poland and their impact on food safety and public health. This study

delivers practical information on antibiotic resistance and the frequency of toxin genes among strains isolated from food.

INTRODUCTION

Bacteria from the Bacillus cereus group (or Bacillus cereus
sensu lato) are aerobic or facultative anaerobic rod-shaped
Gram-positive, endospore forming bacteria widespread
in the environment [Drobniewski, 1993; MesselhduB3er & Eh-
ling-Schulz, 2018]. The group includes at least nine species:
B. cereus sensu stricto, B. thuringiensis, B. weihenstephanen-
sis, B. mycoides, B. pseudomycoides, B. anthracis, B. toyonen-
sis, B. widmanni, and B. cytotoxicus [Ehling-Schulz et al.,
2019]. The Bacillus species share similar rDNA, high degrees
of DNA-DNA relatedness and 16S-23S rDNA intergenic
spacers [Hansen er al., 2001; Priest ef al., 1994]. The high
prevalence of the B. cereus group in soil, air, and water, as well
as spore production pose problems in the food processing
industry [Faille et al., 2007; Rossi et al., 2018]. The primary
source of contamination is the soil which contains from 10?to
107 colony-forming units (CFU) of vegetative cells and spores
of B. cereus in 1 g [Raymond et al., 2010; Brillard et al., 2015].

The B. cereus group poses the risk of two types of gastro-
intestinal diseases — the diarrhoeal and the emetic syndrome
[Carlin ef al., 2006; Gdoura-Ben ef al., 2018; Rodrigo et al.,
2021]. The diarrhoeal syndrome is caused by enterotoxin
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haemolysin BL (Hbl), non-hemolytic (Nhl) and protein cy-
totoxin K (CytK) produced after ingestion of viable cells or
spores. The emetic syndrome is caused by cereulide produced
in food before ingestion. In the case of the diarrheal syn-
drome, B. cereus produces toxins in the gastrointestinal tract,
while in the case of the emetic toxin, the induction of disease
symptoms is related to the presence of a toxin produced
in food, and the presence of B. cereus cells is not required.
Hbl is a thermostable enterotoxin. Haemolysin consists
of three components: binding protein B (37 kDa) encoded
by the /blA, and lytic components: L1 (38 kDa) encoded
by hbIC and L2 (46 kDa) encoded by hbID [Ehling-Schulz
et al., 2006]. The non-haemolytic enterotoxin Nhe toxin com-
prises three components: NheA — 41 kDa, NheB — 39 kDa,
NheC - 105 kDa coded, respectively, by the nheA, nheB,
and nheC genes [Dietrich et al., 2021; Lindbéck et al., 2004].
Poisonings caused by B. cereus strains capable of produc-
ing Nhe and Hbl toxins are manifested by watery diarrhoea
and abdominal pain, which appear from 8 to 16 h after in-
gestion of contaminated food [Ehling-Schulz et al., 2019;
Schoeni & Wong, 2005]. Protein CytK (34 kDa) has the ca-
pability to form pores in lipid bilayers. Moreover, it has been
shown that CytK is highly toxic towards human intestinal
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epithelial cells and can be responsible for severe food poison-
ing and also for necrotic enteritis [Hardy ez al., 2001]. The di-
arrhoea syndrome is frequently associated with the con-
sumption of contaminated foods such as dairy products (e.g.
puddings, raw and pasteurized milk) [EFSA, 2016; Gdoura-
-Ben et al., 2018; Zhao et al., 20201, soups, meat products
[EFSA, 2016; Gdoura-Ben et al., 2018], stews [Borge et al.,
2001; Shah et al., 2019], sauces and vegetables [EFSA, 2016;
Gdoura-Ben ef al., 2018]. The other sources of these bacte-
ria include flour [EFSA, 2016; N'guessan et al., 2019], pasta
[EFSA, 2016; Gdoura-Ben et al., 2018; Juneja et al., 2019],
confectionery (cakes) [EFSA, 2016], seafood [EFSA, 2016;
Gdoura-Ben et al., 2018], herbs and spices [EFSA, 2016;
Gdoura-Ben et al., 2018].

The emetic form of food poisoning involving B. cereus
is the result of intoxication with emetic toxin (cereulide)
[Marxen et al., 2015]. Cereulide is one of the most resistant
(heat-stable and acid-resistant) enterotoxins that stays ac-
tive after being subjected to the temperature of 121°C for
90 minand atpH 2-11 for 2 h [Rajkoviceral., 2008; Rouzeau-
-Szynalski et al., 2020]. The amount of produced cereulide
is related to the conditions of microbial growth, pH, tem-
perature, and oxygen availability [Rouzeau-Szynalski et al.,
2020]. The optimal temperature for toxin formation is 21°C
[Berthold & Doroszkiewicz, 2009]. However, significant-
ly reduced cereulide production is observed at 8§-10°C
and above 35°C. The presence of oxygen in the environment
significantly increases the amount of toxin formed. Char-
acteristic symptoms of intoxication, i.e. nausea and vomit-
ing, are observed 30 min to 6 h after ingestion of toxin-
-contaminated foodstuffs [Ehling-Schulz et al., 2005; Glasset
etal., 2016]. Cereulide is found in food products, including
pasta, rice, milk, and dairy products [Rouzeau-Szynalski
et al., 2020]. Symptoms may persist for about 24 h [Liet al.,
2021]. They often resemble poisoning with staphylococcal
enterotoxin. Poisoning can lead to acute liver failure, hae-
molytic uremic syndrome, cerebral oedema or even death.
The vomiting dose is 0.02-1.28 ug cereulide. The toxic
dose for an adult human is 400-500 ug cereulide [Berthold
& Doroszkiewicz, 2009]. Symptoms persist for 6 to 24 h
after food intake, reminiscent of staphylococcal enterotoxin
poisoning.

Most cases of foodborne outbreaks caused by the B. cere-
us group have been associated with concentrations exceeding
10° CFU/g. However, there have been cases of emetic and diar-
rhoeal illness reporting levels of B. cereus (10° and 10° CFU/g)
[EFSA, 2016].

The objective of this study was to investigate the occur-
rence of B. cereus (conducted as part of monitoring in 2017~
-2018) and the presence of toxin genes in strains isolated from
retail products (pastries/cakes; vegetables, spices, delicates-
sen products), and to determine the susceptibility of these
microorganisms to different antimicrobial agents.

MATERIALS AND METHODS
Collection of samples and selection of isolates

The food samples were collected from 2004 to 2018 as
part of the official control and monitoring program in Poland.

The samples were examined at the microbiological laboratory
of Provincial Sanitary and Epidemiological Stations using
the method specified in PN EN ISO 7932:2005, accredited
by the Polish Centre of Accreditation. In short, 10 g of each
food sample was taken in an aseptic manner and homoge-
nized in 90 mL of buffered peptone water (BPW, Biomaxima,
Lublin, Poland). An aliquot of 0.1 mL of the initial suspen-
sion and further decimal dilution were transferred to mannitol
egg yolk polymyxin agar plates (MYP Agar, Oxoid, Basing-
stoke, United Kingdom). After incubation for 24 — 48 h at
30°C, typical colonies were counted and then subjected to
the haemolysis reaction test. In total, 267 B. cereus strains
analysed in this study were collected in the years: 2004 —
11 strains; 2005 - 3; 2006 - 15; 2007 - 17; 2008 — 12; 2009 - 7;
2010-9;2011-2;2012-15; 2013 - 24; 2014 - 15; 2016 - 3;
2017 - 57; 2018 - 77. Strains isolated from the following
food groups: heat-treated pastries, or non-heat-treated cream
(240), delicatessen products (24), vegetables (2), and spices
(1) (Supplementary Table S1), were sent to our laboratory,
i.e., the National Institute of Public Health NIH — National
Research Institute, for further studies. Strains were recovered
from —80°C brain heart infusion broth (BHI, Oxoid) with
20% glycerol (Merck, Darmstadt, Germany) into plate count
agar (PCA, Biomaxima) and stored at 4°C.

Extraction of DNA from B. cereus group strains

The genomic DNA was extracted from B. cereus cells us-
ing the Chelex-100 resin-based technique (Bio-Rad, Hercules,
CA, USA). Single colonies grown on plate count agar (PCA,
Bio-Rad) were suspended in 100 L of a 5% chelating resin
solution. Bacterial cells were suspended with the use of a ster-
ile loop in a Chelex solution, incubated at 99°C for 15 min.
Suspensions were cooled on ice for 2 min and centrifuged at
16,162xg at room temperature for 2-3 min. The DNA-con-
taining supernatant was used as a template for the molecular
analysis.

PCR AMPLIFICATION OF 16S rDNA

PCR amplification of 16S rDNA for the detection of B. ce-
reus strains was performed according to the procedure de-
scribed by Hansen et al. [2001] with modifications. The fol-
lowing oligonucleotides were used: 5’-TCG AAA TTG AAA
GGC GGC-3, 5°-GGT GCC AGC TTA TTC AAC-3” (Ge-
nomed, Warsaw, Poland). The final 25 uL of the PCR mix-
ture contained a 2.5 uL DreamTaq buffer (10x concentrat-
ed, Thermo Fisher Scientific, Waltham, MA, USA), 3.75 uL
of a dNTPs mix (2 mM, Thermo Fisher Scientific), 1 uL
of MgCl, (1.25 mM, Thermo Fisher Scientific), 1 uL of each
primer (10 uM), 0.25 uL of DreamTaq polymerase (1U,
Thermo Fisher Scientific), 1 uL of DNA and water for mo-
lecular biology tests (Bio-Rad). The PCR was performed un-
der the following conditions: 95°C-10 min, 30x (94°C-15's,
63°C-45 s, 72°C-2 min), 72°C-2 min. Amplified PCR prod-
ucts were analysed on 1.5% (w/v) agarose gel (Prona, Narew,
Poland) in a Tris-borate-ethylenediaminetetraacetic acid
(TBE) buffer (1x) containing 0.15 pg/mL of Midori Green
Advance DNA Stain (Genetics, Duren, Germany). Gels were
run at 120 V for 1 h and photographed with a digital camera.



J. Kowalska et al.

299

A GeneRuler™ 100 bp DNA Ladder (Thermo Fisher Scientif-
ic) was used as a molecular weight marker. The expected PCR
product size was 288 bp. Affiliation to the B. cereus group
by 16S rDNA amplification reaction was confirmed for all
the analysed strains.

B. cereus toxin identification using multiplex PCR

The PCR amplification of nhe, hbl, cytK and ces toxin
genes was carried out according to the procedure described
by Ehling-Schultz ef al. [2006] with modifications in primers
and MgCl, concentration. Primers synthesized by Genomed
(Poland) were used ( ). The final 25 uL reaction mixtures
contained 0.6 uL of a mix of oligonucleotide primers: cesR
(100 mM), cesF (100 mM), nheR (150 mM), nheF (150 mM),
cytKF (200 mM), cytKR (200 mM), hblF (500 mM), hbIR
(500 mM); 2.5 uL of a DreamTaq buffer (10x concentrated,
Thermo Fisher Scientific); 2.5 uL of a dNTP mix (2 mM,
Thermo Fisher Scientific); 1 uL of MgCl, (1.25 mM, Thermo
Fisher Scientific); 0.25 uL of the DreamTaq polymerase (5U,
Thermo Fisher Scientific); 1 uL of template DNA; and water
for molecular biology tests (Bio-Rad). Reaction conditions
were as follows: 95°C-15 min, 30x (95°C-30 s, 49°C-30 s,
72°C-1 min), 72°C-2 min. Amplified PCR products were ana-
lysed on 1.5% (w/v) agarose gel (Prona) in a TBE buffer (1 x)
containing 0.15 ug/mL of Midori Green Advance DNA Stain
(Genetics). A GeneRuler™ 1 kb DNA Ladder (Thermo Fisher
Scientific) and GeneRuler™ 100 bp DNA Ladder (Thermo
Fisher Scientific) were used as molecular weight markers.
Gels were run at 120 V for 1 h and photographed with a digi-
tal camera. The expected PCR products size was: ces 1271 bp,
hbl 1091 bp, nhe 766 bp, and ¢cytK 421 bp ( ).

Antimicrobial susceptibility testing

Antibiotic susceptibility was assessed using the disc dif-
fusion method. The test inoculum was prepared from colo-
nies grown on PCA plates (Biomerieux, Marcy-I'Etoile,
France) that had been incubated at 35°C for 18 h. Colonies
were suspended in a 0.9% saline solution (Polpharma, Staro-
gard Gdanski, Poland) to obtain a suspension equivalent
to the turbidity of a 0.5 McFarland standard. The cell sus-
pension was used to swab the surface of a Mueller-Hinton
agar plate (GRASO, Starogard Gdarski, Poland). Discs

with the following concentration of antibiotics (Oxoid) were
used: penicillin G (10U), ampicillin (10 pg), cephalothin
(30 pg), imipenem (10 pg), gentamicin (10 wpg), chloram-
phenicol (30 ng), erythromycin (15 ug), tetracycline (30 ug),
ciprofloxacin (5 ug), clindamycin (2 ug), sulfamethoxazole-
trimethoprim (25 ug), rifampin (5 pg), ceftriaxone (30 ug),
teicoplanin (30 ug), amoxicillin-clavulanic acid (30 ug),
and quinupristin/dalfopristin (15 ug). The inhibition zones
were measured after 20 h of incubation at 35°C. All strains
were classified as sensitive, of intermediate susceptibility
and resistant, following the recommendations for Staphylo-
coccus spp. in the Clinical and Laboratory Standards Institute
guideline M100-S22-2 [CLSI, 2012]. Staphylococcus aureus
ATCC 25923 was used for quality control.

RESULTS AND DISCUSSION

B. cereus is mainly isolated from dairy-based and flour-
based products. In Poland, the presence of the presumptive
B. cereus group is officially monitored mainly in 2 catego-
ries of food products: (a) confectionery products and prod-
ucts with uncooked cream, and (b) confectionery products
and products with heat-treated cream which are a milk-flour-
based product. The remaining reporting cases concern food
indicated in consumer notifications and potential sources re-
lated to the occurrence of food poisoning.

In the years 2017-2018, the microbiological laboratory
of Provincial Sanitary and Epidemiological Stations tested
a total of 21,200 food samples as part of a monitoring scheme
and isolated 598 presumptive B. cereus strains. The percent-
age of samples in which presumptive B. cereus occurred was
found to be low: 2.57% in the year 2017 and 3.07% in 2018.
A high level of milk-based desserts contamination with B. cere-
us of was determined in a study by Amin et al. [2018], i.e. 45%
of the 150 samples tested (pudding, custard, rice with milk).
What is more, research conducted by Organji et al. [2015]
showed a high percentage of contamination of raw milk. A to-
tal of 110 samples was screened for the presence of B. cereus
and 31.8% of the samples yielded Bacillus-like growth. Among
them, 54.28% of the samples were B. cereus-positive. In re-
cent years, other research has been conducted in Poland on
B. cereus prevalence in other food products. Berthold-Pluta

TABLE 1. Primers used in the multiplex PCR for the detection of virulence genes in Bacillus cereus group.

Targeted gene Primer name Sequence (5-3") Product size (bp)
hblF GTA AAT TAI GAT GAI CAATTTC
hbl 1091
hbIR AGA ATA GGC ATT CAT AGATT
nheF AAG CIG CTCTTC GIATTC
nhe 766
nheR ITI GTT GAA ATA AGC TGT GG
cytKF ACA GAT ATC GGI CAA AAT GC
otk 421
cytKR CAA GTI ACT TGA CCI GTT GC
cesF GGT GAC ACA TTA TCA TAT AAG GTG
ces 1271
cesR GTA AGC GAA CCT GTC RGRAAC AAC A
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et al. [2019] tested samples of herbs and spices, pasta, rice,
breakfast cereals, infant formulas, pasteurized milk, fresh acid
and acid/rennet cheeses, mould-ripened cheeses and ripen-
ing rennet cheeses. Test results of 585 samples showed that
38.8% were contaminated by B. cereus. Moreover, the study
carried out in Tunisia revealed a high level of food contami-
nation by B. cereus [Gdoura-Ben et al., 2018], where 27.8%
of the 687 food samples tested (spices, cereals, cooked food,
fresh-cut vegetables, canned, seafood, raw and cooked poultry
meats, pastry and dairy products) were found to be contami-
nated. When analysing 515 samples of dairy products, Proro-
gaet al [2019] found 26.8% of them to be contaminated with
B. cereus. Similar results were obtained by Kong ez a/. [2021].
In this study, the contamination rate in the collected samples
of meat and meat products was 26.37% (159/603). Our results
indicate a lower frequency of contamination of samples col-
lected as part of monitoring studies than the results obtained
by other authors. Monitoring studies in this area conducted
in Poland, due to the relatively high number of samples, are
one of the few studies conducted in the field of detecting pre-
sumptive B. cereus at such a large scale in the world. Data on
the occurrence of B. cereus in these areas is extremely limited.

The toxin gene profiles established with the use of a mul-
tiplex PCR were presented in . The nhe genes were
present in 244 of the 267 (91.39%) isolates. The /bl genes
were detected in 53.56% of the tested B. cereus strains, while
the presence of the cyzK gene was demonstrated in 44.19%.
The lowest occurrence was found for the ces gene. Among
the 267 isolates tested, the ces gene was found in 14 isolates
only (2.62%).1In 4.49% of the analysed B. cereus strains, no 1bl,
nhe, cytK, ces genes were found. Among the 267 tested strains,
all groups were present (A-G) and the following profiles were
identified: A (31.09%), B (0.37%), C (19.85%), D (8.99%),
E 2.25%), F (28.84%), and G (1.5%). In 2.62% of the ana-
lysed isolates, toxin profiles consistent with the above-men-
tioned classification [Ehling-Schultz e al., 2006] were not

TABLE 2. Toxin profile of Bacillus cereus isolated from retail food in Poland.

detected. With regard to the identified occurrence of two ad-
ditional new patterns, their classification was proposed as
group H (4bl) and group 1 (hb/, cytK). The new profile H was
identified for 1 strain isolated from pastries, while the I profile
was detected in 4 strains isolated from pastries and 1 strain
from vegetables.

Almost all the strains isolated from food and food-
-poisoning samples carried the nie genes, as was observed
in previous works, which is consistent with the results ob-
tained in our study [Hansen & Hendriksen, 2001]. The en-
terotoxigenic profiles of 51 B. cereus strains isolated from
food prove that the ¢ytK gene and hbl-nhe-cytK enterotoxin
genes (group A according to Ehling-Schultz et al. [2006] clas-
sification) were isolated among foodborne samples in 37%
of the strains [Guinebretiére & Broussolle, 2002]. A study
carried out in Germany also presented similar results — 91.2,
83.0, and 37.4% of the isolates were positive for the /bl,
nhe, and cytK toxins genes, respectively. The ces gene was
not detected [Fiedler et al., 2019]. The hbIACD gene clus-
ter was found in 39% of the B. cereus strains isolated from
ready-to-eat food in China, the nke (A, B, C) genes were
found in 89, 99, and 94% of the isolates, respectively, the cytK
gene — in 68% of strains, while only 7% of them were iden-
tified as carrying the cesB gene [Yu ef al., 2020]. According
to the toxin gene profile classification by Ehling-Schulz et al.
[2006], the majority of strains isolated from cucumbers, car-
rots, herbs, salad leaves, and ready-to-eat mixed salad leaves
(79 of 147; 53.7%) belong to the toxin gene profile C [Fiedler
etal.,2019]. In addition, about 25% were not defined as a tox-
in gene profile. The occurrence of other toxin gene profiles F
and G in the study was, respectively at 9%, and 3%. According
to the results for B. cereus strains isolated from milk powder
(130 isolates) and Ras-cheese (70 isolates), the nhe gene was
detected in all strains (both tested products) [Abdeen et al.,
2020]. For milk, cytK, hbl, ces genes were prevalent in 55.5%,
33.3%, and 22.2% of the strains, respectively. Whereas, to

Gene Source
Profile (number of isolates)
hbl nhe oK ces Pastries (240) ;?ggfl‘;ﬁs(szei‘) Vegetables () | Spices (1)

A 74 8 - 1
B 1
C 45 8
D 24
E 5 1
F 70 7
G 4

H* 1
Unclassified

I* 4 ) 5
None detected 12

*New classification groups; black boxes — gene presence. The source of strain isolation from food products and detailed results are described in Supple-

mentary Table 1.
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FIGURE 1. Susceptibility of Bacillus cereus stains isolated from food products to antimicrobials; A — number of intermediate strains, B — number of re-
sistant strains; P 10 (penicillin G, 10U), AMP 10 (ampicillin, 10 ug), KF 30 (cephalothin, 30 ug), IMP 10 (imipenem, 10 ng), CN 10 (gentamicin, 10 ug),
C 30 (chloramphenicol, 30 ug), E 15 (erythromycin, 15 ug), TE 30 (tetracycline, 30 ug), CIP 5 (ciprofloxacin, 5 ug), DA 2 (clindamycin, 2 ug), STX 25
(trimethoprim-sulfamethoxazole, 25 ug), RD 5 (rifampicin, 5 pg), CRO 30 (ceftriaxone, 30 ng), TEC 30 (teicoplanin, 30 ug), AMC 30 (amoxicillin-

-clavulanic acid, 30 pg), QD 15 (quinupristin/dalfopristine, 15 ug).

the best of our knowledge, there is no data in the literature
about B. cereus toxin profiles isolated from pastries or cakes.
The increase in drug resistance of strains isolated from
food, including bacteria from the B. cereus group also gives
rise to a serious problem. Antimicrobial resistance is a grow-
ing global threat that includes both human, animal and envi-
ronmental issues. In our study, we investigated the suscepti-
bility of B. cereus isolates to 16 antimicrobials. The antibiotic
susceptibility of strains is presented in . The conduct-
ed tests demonstrated the resistance of all analysed strains
to penicillin G (100%) and ampicillin (100%). In addition,
the tested isolates were resistant to: amoxicillin-clavulanic
acid (96.25%), cephalothin (67.79%), ceftriaxone (64.42%),
rifampicin (46.82%), trimethoprim-sulfamethoxazole
(5.62%), quinupristin/dalfopristin (4.87%), chloramphenicol
(3.75%), clindamycin (2.62%), teicoplanin (1.87%), eryth-
romycin (1.87%), ciprofloxacin (0.75%), imipenem (0.75%),
tetracycline (0.37%), and gentamicin (0.37%). The study con-
firmed intermediate susceptibility of the strains to: clindamy-
cin (40.82%), ceftriaxone (32.96%), rifampicin (31.46%),
quinupristin/dalfopristin (21.72%), cephalothin (20.22%), tei-
coplanin (12.36%), trimethoprim-sulfamethoxazole (9.36%),
erythromycin (7.87%), tetracycline (2.62%), chloramphenicol
(1.5%), ciprofloxacin (1.5%), and imipenem (0.37%).
According to the antibiotic susceptibility tests, most
of the B. cereus group strains isolated from food in Po-
land were resistant to B-lactam antibiotics including peni-
cillin ampicillin, and cephalothin, which is consistent with

previous studies on the antibiotic resistance of B. cereus
in food products [Gao et al., 2018; Gyorgy et al., 2021;
Yibar et al., 2017]. Yu et al. [2020] found that most isolates
were resistant to penicillin (99.7%), ampicillin (99.7%),
and amoxicillin-clavulanic (97.6%), which is compliant with
our results. Additionally, Yueral. [2020] revealed that strains
were resistant to rifampicin (83%), cephalothin (86.7%),
quinupristin/dalfopristin (19.57%), tetracycline (15.49%),
and trimethoprim-sulfamethoxazole (12.5%), while the re-
sults of our study indicate lower rates of resistance to these
antibiotics (rifampicin (46.82%), cephalothin (67.79%), qui-
nupristin/dalfopristin (4.87%), tetracycline (0.37%), and tri-
methoprim-sulfamethoxazole (5.62%). Most isolates were
sensitive to: gentamycin (97.6%), imipenem (99.7%), cipro-
floxacin (92.9%), chloramphenicol (94.6%), and teicoplanin
(81%). Isolates also showed intermediate resistance to qui-
nupristin (61.9%) and clindamycin (74.8%). In this study,
B. cereus strains showed similar susceptibility to the above-
-mentioned antibiotics. Owusu-Kwarteng et al. [2017] re-
ported resistance to penicillin (100%), amoxicillin (100%),
ampicillin (98%), trimethoprim/sulfamethoxazole (80% with
20% intermediate resistant strains), and susceptibility to
other antimicrobials such as chloramphenicol (99%), cipro-
floxacin (100%), clindamycin (100%), erythromycin (92%),
gentamicin (100%), quinupristin/dalfopristin (100%), ri-
fampin (100%), tetracycline (97%), and vancomycin (100%)
for B. cereus isolated from soil, milk or milk-based products.
Similarly to the previous study and our results, the isolates
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demonstrated 100% resistance to penicillin and were mostly
sensitive to gentamycin, imipenem, ciprofloxacin, erythro-
mycin, and chloramphenicol [Park er al., 2020]. The pre-
sented result is consistent with findings of other authors
demonstrating that B. cereus is susceptible to chlorampheni-
col, ciprofloxacin, erythromycin, gentamicin, and imipenem
[Al-Khatib et al., 2007; Zhao et al., 2020].

Bacteria from the B. cereus group, in addition to food poi-
soning, are sometimes associated with infections, including
among others, those of the central nervous system, bacter-
aemia, respiratory tract infections, and endocarditis [Bianco
etal, 2021; De Medts ez al., 2018; Ribeiro et al., 2022]. The in-
cidence for this type of infection is low, although the mortal-
ity rate is high. The spread of antimicrobial-resistant bacteria
in the environment is a major public health concern and is as-
sociated with increasing mortality and costs of treatment.
Therefore, it is important to assess the antimicrobial suscep-
tibility of bacteria isolated from food.

CONCLUSIONS

The obtained results contribute to characterizing the di-
versity of B. cereus isolated from various products and their
impact on food safety and public health. Our study revealed
that 95.51% of B. cereus strains isolated from food products
in Poland were positive for the presence of at least one or
more toxin genes, with the highest occurrence of the nhe
gene. Additionally, the tested strains were resistant to a wide
spectrum of antibiotics tested. Due to the high prevalence
of toxin genes and the occurrence of antibiotic resistance
among the isolates, continuous monitoring of presumptive
B. cereus is strongly recommended based on the ‘One Health’
approach in order to evaluate the risk posed to human health
by food consumption.
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Enantioselective HS-SPME-GC-MS for Authentication of Natural
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Demand for a reliable distinction of the strawberry flavour naturalness stood in the beginning of this research. An efficient chiral column with
CP-Chirasil-Dex CB stationary phase was involved in headspace solid-phase microextraction-gas chromatography-mass spectrometry analysis
of strawberry flavour in 6 strawberry cultivars, 7 samples of strawberry flavourings and 14 samples of strawberry syrups to evaluate the authenticity
of flavour naturalness and reveal adulteration. Enantiomeric ratios of 8 selected chiral volatiles (methyl 2-methylbutanoate, ethyl 2-methylbutano-
ate, 2-methylbutanoic acid, linalool, a-ionone, y-decalactone, y-undecalactone, §-dodecalactone) were evaluated. Seven chiral volatiles contributed
to the revelation of synthetic origin. y-Decalactone (enantiomeric ratios: 1000, 1000, 991, 991, 1000, and 991 in strawberries; 1000 in 3 natural
flavourings; 1000 in syrup with natural flavour) was the most contributive indicator of synthetic and natural strawberry flavour, followed by ethyl
2-methylbutanoate (enantiomeric ratios: 07100, 595, 595 in 3 natural flavourings, 0100 in syrup with natural flavour). The best chiral resolution was
observed for a-ionone (Rg>4). One syrup supposed to contain only natural strawberry flavouring was suspected to be adulterated regarding nearly
racemic ratios of its four crucial chiral volatiles. Investigation of enantiomeric ratios of the unique selection of chiral volatiles and strawberry samples
using the CP-Chirasil-Dex CB chiral column wider revealed possibilities for reliable recognition of strawberry flavour naturalness in complex matrices

and in food samples in general.

INTRODUCTION

In recent years, findings on different sensory properties
[Werkhoff et al., 1993] or different biological activities [da Silva
Rivas et al., 2012] of flavour compounds’ enantiomers have ap-
peared, as well as the studies demonstrating unlike enantiomer-
ic composition of natural and synthetic flavours [Ravid ef al.,
2010]. Therefore, some consumers can prefer products with
natural flavours and a credible flavour declaration on the label.
The expression ‘flavourings’ is usually found without any addi-
tional description on food products. The probability of the syn-
thetic origin in the case of ‘flavourings” declaration is high,
and even the declaration of natural flavouring can be mislead-
ing. Large assortment of strawberry products in local markets
as well as the effort of producers to reduce expenses are among
the factors that often lead to adulteration in the form of replac-
ing the natural flavour declared on the product package with
a synthetic one. The appropriate analytical testing to reveal fla-
vour origin can be therefore very helpful.

Regarding limited possibilities for authentication of straw-
berry flavour (e.g. stable isotope ratio mass spectrometry
which should be used as a set of values [Nitz ef al., 1991;

* Corresponding Author:

E-mail: (K. Priichova)

Schipilliti ef al., 2011] considering the overlapping isotopic
ranges for y-decalactone of synthetic and natural origin [Nitz
et al., 1991]), there is a crucial focus on the scope of pos-
sibilities in chiral gas chromatography (GC). To the best
of our knowledge, there is paucity of literature dealing with
the chiral GC for authentication of natural strawberry flavour
and the available works focus mainly on fruit ( ), while
even fewer studies have investigated synthetic strawberry fla-
vour in commercial products [Cagliero ef al., 2012; Kreck
et al., 2001; Nitz et al., 1991; Ravid et al., 2010; Schipilliti
et al.,2011]. In one study only [Kreck ez al., 2001], chiral GC
was used to authenticate strawberry flavour in syrup, a matrix
that is different and can be more complicated, and moreover,
just one syrup sample was researched therein. Besides that, to
the best of found knowledge, there is a lack of studies inves-
tigating a rather wide range of chiral volatiles in commercial
food products for the purposes of strawberry flavour authen-
tication, despite its crucial importance. Kreck et al. [2001]
investigated seven chiral volatiles, Cagliero et al. [2012] com-
pared four chiral volatiles in strawberry yogurt, Schipilliti
etal. [2011] two in yoghurt and candies, and Nitz et al. [1991]
detected six y-lactones in strawberry wines of which only two
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were functional. y-Decalactone was a substance investigated
wider than the others in strawberries ( ), but even this
substance has been rarely studied in the literature in commer-
cial products, just once in syrup and only in a single sample
[Kreck et al., 2001]. The urgent need for a reliable authenti-
cation of the natural and synthetic origin of strawberry fla-
vour by chiral gas chromatography-mass spectrometry (chiral
GC-MS) based on the results of a wider range of substances
as well as its application in strawberry syrups for revealing
their adulteration stood in the beginning of our research.

The condition for such a determination was to find a chi-
ral column allowing good separation of the enantiomers
of the investigated substances. Modified forms of cyclodex-
trin are gaining in popularity as the bases of chiral stationary
phases in GC enabling enantiomeric separation of almost all
classes of volatile chiral compounds, highly effective in the fla-
vour and fragrance field [Betzenbitcher et al., 2022; Cagliero
et al., 2015, 2017; Engel, 2020]. For a specific case — a mol-
ecule of permethylated B-cyclodextrin separating enantiomers
of selected flavours in GC - Lipkowitz’s group described
a lot of aspects of the separation mechanisms [Lipkowitz
et al., 1997a,b; 1998]. Instead of different number of bond-
ings (“three-point interaction model” — [Easson & Stedman,
1933; Fanali ef al., 2019]), the authors pointed out the same
interactions of both enantiomers but their greater or lesser
extent [Lipkowitz ef al., 1997b]. Simultaneously, the authors
concluded that permethylated B-cyclodextrin displayed its en-
hanced chiral discriminating capacity because of the spatial
congruence of its domain of greatest enantiodifferentiation,
found to be inside its macrocyclic cavity, with the analyte’s
preferred binding site [Lipkowitz et al., 1998]. Later, the ques-
tion arose, whether the formation of inclusion complexes
was really a prerequisite for enantiorecognition. On the one
hand, external complexes of selected enantiomers with
B-cyclodextrine derivatives were observed in some other sepa-
ration techniques, such as capillary electrophoresis [Servais
et al., 2012]; on the other hand, selected racemic compounds
were enantioseparated also on the acyclic analogue (‘acyclo-
dextrin’) of a specific B-cyclodextrin derivative in GC condi-
tions [Sicoli ef al., 2005, 2007]. However, the enantiosepara-
tion factors a of compounds separated on the acyclic form
were found mostly lower than those separated on their cyclic
counterpart. Moreover, there was no study for GC conditions
demonstrating the enantioseparations of similar compounds
on the acyclic analogue of permethylated B-cyclodextrin stud-
ied by Lipkowitz’s group. Current literature usually mentions
the formation of inclusion complexes [Betzenbichler et al.,
2022; Cagliero et al., 2015; Scriba, 2016; Uccello-Barreta
et al., 2010], but is more cautious about explaining the ori-
gins and mechanism of enantiorecognition, rather discussing
factors enhancing the recognition efficiency or contributing
to enantioselective process [Menestrina et al., 2018; Uccello-
-Barreta et al., 2010; Wu et al., 2022]. Anyway, even nowa-
days there are studies considering inclusion interactions as
a factor that can play an important role in enantioseparation
[Betzenbichler et al., 2022]. The need for more explicit clari-
fication of the enantioseparation mechanisms is often men-
tioned, as this would make it possible to prepare even a more
universal enantioselector [Cagliero ef al., 2015; Engel, 2020].

Therefore, testing the functionality of chiral selectors by their
direct application in the chromatographic analysis of real
samples is a significant support in the field of enantioselec-
tivity research. The CP-Chirasil-Dex CB column was chosen
for our investigation due to its possible efficiency in separat-
ing enantiomers of the investigated enantiomeric pairs, due
to the popularity of similar enantioseparating columns in rel-
evant literature [Betzenbichler et al., 2022; Cagliero et al.,
2017; de la Pennia Moreno et al., 2010; Schmalzing et al., 1992],
as well as because of the results achieved on B-cyclodextrin
phases in the analysis of strawberries ( ).

The knowledge about enantioselective recognition of syn-
thetic and natural strawberry flavour has been gathered since
the 20th century. Some volatiles provide specific distribu-
tion of enantiomers in their natural forms in different ma-
trices, as it is obvious from the study by Nitz et al. [1991],
providing several key findings. The authors assumed that
chiral substances with one of the enantiomers significantly
predominant in natural form, as they observed in the case
of y-decalactone and y-dodecalactone, should be suitable for
the evaluation of strawberry flavour naturalness, as they differ
sufficiently from the racemic enantiomeric ratio (racemate)
of their synthetic forms. At the same time, however, it de-
pended on the lactones involved. The study showed almost
pure R-enantiomer of y-decalactone and y-dodecalactone
in strawberries and its absolute predominance in strawberry
wines. In contrast, Nitz ef al. [1991] found nearly racemic
ratios of y-hexa- and y-heptalactone in strawberries and ra-
cemic y-decalactone in deep frozen raspberries. Similarly,
Bernreuther et al. [1991] noticed nearly racemic ratios for
d-octalactone in strawberries. Nitz et al. [1991] also discussed
the potential effect of processing, microbial fermentation,
and flavouring additives on the enantiomeric ratios, resulting
in racemization. The authors [Nitz ef al., 1991] noted that
R-enantiomer of y-decalactone observed in strawberry wines
might be present due to an additive of microbiological origin,
thus could not be reliably considered as a proof of natural
flavour content. The following research extended these con-
clusions. In the study by Ravid et al. [2010], the authors fo-
cused closer on y-decalactone in strawberries and strawberry
products and similarly concluded that (R)-(+)-y-decalactone
was typical for the natural flavour (the enantiomeric purity
ranged between 90 and 100% in 11 varieties of strawberries),
for the synthetic flavour the enantiomeric ratio was equivalent
to or close to the racemate. The authors highlighted the head-
space-solid phase microextraction (HS-SPME) technique
as the procedure without racemization. In turn, Kreck et al.
[2001] explored various strawberry varieties and strawberry
products to evaluate the influence of strawberry processing on
enantiomeric composition of investigated volatiles. The re-
sults provided pure enantiomers for (S)-methyl 2-methyl-
butanoate, (S)-ethyl 2-methylbutanoate, (R)-y-octalactone,
(R)-o-ionone, (R)-y-decalactone and (R)-y-dodecalactone
in strawberry flavour of natural origin, no racemization or
creation of artefacts during sample processing was docu-
mented. Enantiomeric ratios close to the racemates were re-
vealed in synthetic flavour. The authors explained that syn-
thetic compounds are often racemic due to their nonselective
chemical synthesis.
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This present study focuses on eight chiral substances. Si-
multaneously, to the best of our knowledge, it is the first study
focusing in detail on authentication of strawberry flavour
in syrups and applying the CP-chirasil-Dex CB chiral col-
umn for strawberry flavour authentication. It is also the first
study which compares enantiomeric ratios in 6 strawberry
cultivars, 9 strawberry flavourings, and 14 strawberry syrups
together in one research to evaluate functionality of the in-
vestigated chiral volatiles for authentication of strawberry
flavour in complex matrices with variable composition. Anal-
ysis of a rather wide range of chiral volatiles, large number
and unique selection of samples and the easily achievable
technique of HS-SPME GC-MS providing no racemization
[Ravid et al., 2010] in combination with the CP-chirasil-Dex
CB chiral column are expected to enable more reliable au-
thentication of strawberry flavour and extend the possibilities
to recognize synthetic or natural strawberry flavour in straw-
berry syrups and strawberry products.

MATERIALS AND METHODS

Samples

Strawberry cultivars of Viva (S1), Dart Select (S2), Ko-
rona (S3), Evie 2 (S4), Malvina (S5), and Elsanta (S6) were
purchased in the Czech Republic in local Prague markets;
7 strawberry flavourings (A to E where B, C, F were natural, see
Table S1 - supplementary materials) were obtained from Darm-
stadt, Germany; and 14 syrups with strawberry flavour (1-14,
syrup 1 and 3 with natural strawberry flavour, see Table S2 —
supplementary materials) were bought in the Czech Republic
in Prague shops. Strawberries were homogenized by T18 basic
ULTRA-TURAX (IKA® group, Staufen, Germany) and stored
for 6 months in a freezer at —24°C. Flavouring samples were
kept in originally closed packages and stored at 4°C in a fridge,
while syrups were kept at room temperature of 20°C.

Chemicals

Butylacetate (>98%), ethylbutyrate (>98%), hexanal (98%),
(E)-hex-2-enal (=95%), hexyl acetate (99%), 3-methylbutyl
acetate (>97%), (-)-linalool (95%) and (+)-y-decalactone
(=297%) were provided in analytical quality; the mixture of al-
kane standards C8-C20 (40 mg/L, in n-hexane) was of ana-
lytical standard grade. The substances were purchased from
Sigma Aldrich (St. Louis, Missouri, USA), subsidiary compa-
ny of Merck KGaA (Darmstadt, Germany). Sodium chloride
(p.a.) was obtained from Penta (Prague, Czech Republic).
Helium (purity 99.998%) was supplied by Linde Gas (Prague,
Czech Republic).

Sample preparation and isolation of volatiles
Preparation procedure and the main isolation steps (as
well as chromatographic conditions described later) were in-
spired by Schipilliti ez al. [2011] and adjusted to our conditions
of measurements. Approximately 2 g of each homogenized de-
frosted strawberry sample as well as 2 g of each syrup sample
were separately placed into vials (10 mL glass vial, Supelco,
Bellefonte, Pensylvania, USA) with 2 mL of saturated NaCl
solution. Two microlitres of each flavouring were mixed with
100 mL of NaCl solution (mixture of 20 g of NaCl and 100 mL

of distilled water), and 4 mL were placed into a vial. The mix-
ture of butyl acetate, ethyl butyrate, hexanal, (E)-hex-2-enal,
hexyl acetate, 3-methylbutyl acetate, linalool, y-decalactone
served as a quality control sample. One microliter of each sub-
stance was transferred by 1 uL microsyringe (Hamilton, Giar-
mata, Romania) into the same vessel containing 1 L of distilled
water. The mixture was ultrasonicated for 30 s, 10 times dilut-
ed with distilled water, the final concentrations of substances
were approximately in the range of 0.08-0.1 mg/L. Four mil-
lilitres were placed into a vial with 1.5 g of NaCl. The mixture
was always measured no later than 2-3 days after its prepara-
tion. In the case of alkane standards, 5 L of the mixture were
analysed immediately after being placed into vials, blanks were
prepared as 4 mL of distilled water. All vials with the analysed
solutions were sealed with 1.3 mm thick PTFE/silicone sep-
tum and 18 mm thread magnetic stainless steel screw cap (Su-
pelco). HS-SPME extraction of volatiles was performed with
50/30 um divinylbenzene/carboxen/polydimethylsiloxane fibre
(Supelco) and Autosampler Combi Pall (Agilent Technolo-
gies, Santa Clara, CA, USA). Samples were incubated for ex-
traction for 15 min at 50°C. Afterwards, the fibre was held for
15 min at the temperature of 50°C in the head space. Samples
were exposed to agitation (8 Hz) during both procedures, in-
cubation as well as extraction.

Analysis of volatiles

The gas chromatograph System 7890A coupled to an inert
mass selective detector with a triple-axis detector 5975C (Agi-
lent Technologies) was used. Enantiomeric separation was en-
abled by the CP-Chirasil-Dex CB chiral column (B-cyclodextrin
directly bonded to dimethylpolysiloxane) of 25 m x 250 um
x 0.25 um (Agilent Technologies) using helium as the carrier
gas at a flow rate of 0.82 mL/min. Volatile compounds were
thermally desorbed for 2 min at the temperature of 220°C
in the GC injector port. The sample was injected in a split
mode at the split ratio of 1:1. The GC oven initial tempera-
ture of 50°C was held for 2 min and subsequently increased
up to 200°C with a ramp rate of 2°C/min. The complete
analysis took 79 min. The mass spectrometer was operating
in the scan range (m/z) between 40 and 550 amu, temperature
of the ion source of 230°C and temperature of quadrupole
of 150°C. Identification of volatile compounds was per-
formed by comparing their mass spectra with Mass Spectral
Library NIST 11 (National Institute of Standards and Tech-
nology, Gaithersburg, MD, USA) included in GC-MS
data analysis software MSD ChemStation (version G1701EA
E.02.02.1431, Agilent Technologies). The order of identified
volatiles, their retention time (t,) and linear retention indices
(LRISs, calculation based on H. van den Dool and D. J. Kratz
equation [Zellner et al., 2008] using retention time of selected
alkane standards and eluted substances) were compared with
literature data ( ). Calculation of the chiral resolution
(Ry) was based on the equation (1).

R = [(ty, = . )I/[(W, + W))/2] (D
where: t,, and t,, are retention times of enantiomers 1
and 2 and W, and W, baseline widths of chromatographic
peaks of enantiomers 1 and 2.



K. Priichovd et al.

309

The (enantio)separation factor a has been calculated ac-
cording to the equation (2).

a=k/k, 2)

vyhere: k, = (t,, — te )/t
time.

Enantiomeric ratios (E ratio) were expressed based on
peak areas of enantiomers (R and S) as:

k, = (t,, — te,)/ty, and t,, is the dead

RO> ™2 T

E . =I[R/(R+S) x100] /{100 - [R/(R + S) x 100]} (3)

ratio
or

E .. = [S/(S + R) x 100] / {100 - [S/(S + R) x 1001} (4)

Two equivalent aliquots of each sample of strawberry
cultivar, flavouring and syrup were analysed. Reliability was
evaluated as part of the verification of the method as rela-
tive standard deviation (RSD) from at least 2 determinations
of the total area of the quality control sample during 1 series
of measurements (1.5-12.5% within all monitored series). Re-
peatability was calculated for the y-decalactone enantiomers
as RSD from two equivalent aliquots for all samples, in 64%
of cases it was 0-6% (in strawberries in 89% of cases), in 28%
it was 7-11%, and in 8% of cases (in flavours A, D, G) it was
up to 15%.

RESULTS AND DISCUSSION

The condition for authentication of strawberry flavour
was based on two main suppositions. The first one, the ef-
ficiency of the chiral column, was met. As can be seen in

, the enantiomers were well distinguishable thanks to
the CP-Chirasil-Dex CB stationary phase. 2-Methylbutanoic
acid, linalool, a-ionone, y-decalactone and y-undecalactone
achieved chiral resolution in the baseline level (except for
y-decalactone, all of them in all samples with their paired
enantiomers). The best resolution of enantiomers was ob-
tained for o-ionone (Rg>4), their least differentiation for
methyl 2-methylbutanoate. Elution order of these volatiles
was in agreement with their elution order on chiral columns
in studies by Williams et al. [2005] and Ravid et al. [2010]
with LRIs values very close to those reported in literature (see
t, and LRIs in and ). The second supposi-
tion — selection of volatiles having enantiomeric composition
in natural strawberry flavour different from the composition
in its synthetic form — achieved gratifying results. An absolute
predominance of one enantiomeric form was characteristic
for all positively detected investigated volatiles in our straw-
berries ( ; the results were comparable to those found
for strawberries, reported for each substance mostly in only
one or two studies so far, as can be seen in ). Moreover,
such predominance was observed even on our flavourings
of natural origin subjected to processing during production,
while the near-racemates in flavourings with the expected
synthetic origin were obtained ( ). It was an important
finding supporting reliable application of these volatiles for
authentication of strawberry flavour in syrups. Thanks to

the fulfilled suppositions, it was possible to focus on the au-
thentication of strawberry flavour in syrups. The exception
for linalool in strawberries reported in one study [de la Pena
Moreno et al., 2010] and shown in was supposed to
be due to processing to strawberry extract, as the racemiza-
tion during specific processing conditions was noticed for
this substance [Bernreuther & Schreier, 1991; Marchelli e al.,
1996] and created one more incentive to test this substance
in our samples and conditions.

As can be seen in , , and , the tested
samples of strawberries and flavourings were clearly poorer
involatile contents than syrup samples. Ethyl 2-methylbutano-
ate was missing in strawberries, methyl 2-methylbutanoate
and 2-methylbutanoicacid in strawberry flavourings, a-ionone,
y-undecalactone, &-dodecalactone in both. Single peak
predominance of ethyl-2-methylbutanoate and o-ionone
in strawberries was considered based on the study by Kreck
etal. [2001], which is - to the best of our knowledge — the only
source providing it in pure strawberries ( ). The defi-
cit of the substances could lie in the selection of cultivars.
The absolute predominance of one of the paired enantiomers
required for natural flavour as a condition enabling distin-
guishing the synthetic flavour [Nitz er al., 1991], was found
in the case of methyl 2-methylbutanoate, 2-methylbutanoic
acid and linalool (also called B-linalool) in strawberries
in which they were detected, and in the case of y-decalactone
even in all strawberries. Moreover, the condition was fulfilled
also for linalool, ethyl 2-methylbutanoate and y-decalactone
in the samples of strawberry flavourings declared as natural.
Pure R-peak of y-decalactone was again present in all of them
( , samples B, C, F), the effect of processing steps on
its enantiomeric ratio in the natural form was not noticeable
at all. Tt already highlighted the great ability of y-decalactone
to indicate the natural strawberry flavour. Slight differences
from 100% one-peak predominance observed for linalool
in strawberries S4, S5, and S6; and for y-decalactone in S3,
S4, and S6 could be caused by cultivar selection, for ethyl
2-methylbutanoate in naturally declared strawberry flavour-
ings C and F also by processing, the complication described
for several other chiral substances in literature [Nitz ef al.,
1991; Ravid et al., 2010]. Unfortunately, there is a lack
of comparable findings in literature to suppose other reasons
for negligible racemization (up to 5%) of ethyl 2-methylbu-
tanoate in flavourings or to consider the presence of its R-
enantiomer due to the material of different natural origin (up
to 5% allowed by legislation [Guidance Document, 2019]).
The reason for linalool’s enantiomeric reverse order (S>>R
with S eluted first) in strawberry cultivars S1 and S2 ( )
and in naturally declared strawberry flavourings B and F
( ), contrary to the order reported in literature (S>>R,
R eluted first, ), could be similar to the one discussed
in studies by Cagliero et al. [2017] and Mosandl et al. [1990].
Cagliero et al. [2017] mentioned that changes of elution or-
der of enantiomers from members of homologous series
on the same column could be related to the strength of in-
teractions between enantiomer and cyclodextrin stationary
phase; therefore, it was unreliable to correlate the absolute
configuration (R or S) with the elution order. Moreover, Mo-
sandl ef al. [1990] demonstrated changes in the elution order
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FIGURE 1. The enantiomeric separations on CP-Chirasil-Dex CB in selected syrups (methyl 2-methylbutanoate, ethyl 2-methylbutanoate, 2-methyl-
butanoic acid, a-ionone, y-decalactone, y-undecalactone, 3-dodecalactone) and in strawberry sample (linalool). R - chiral resolution.

of enantiomers in homologous series of selected volatiles di-
rectly on permethylated p-cyclodextrin phase. Possible influ-
ence of processing or addition of acidic additives on the en-
antiomeric ratios of linalool in strawberry products resulting
in enantiomeric size reverse order (R>>S, R eluted first) was
also conceivable. Anyhow, regarding literature discussing
such influence [Bernreuther & Schreier, 1991; Cagliero et al.,
2012; Marchelli et al., 1996; Nitz et al., 19911, including men-
tions of possible impact of acidic conditions on linalool [Ber-
nreuther & Schreier, 1991; Marchelli ef al., 1996], or alterna-
tively observing nearly racemic ratios of linalool in strawberry
extracts [de la Pena Moreno et al., 2010], the triggered ratio
changes did not lead to absolute predominance of opposite
enantiomer there; instead racemization or partial racemiza-
tion is rather discussed. A shift in retention time seemed as
an unlikely reason. Although slight shifts in retention times
were observed for some substances, in the case of linalool

the retention time values of each enantiomer were in a stable
range ( ). Therefore, both alternatives of R and S enan-
tiomeric order are considered in . Nearly racemic ra-
tios of dominant y-decalactone and ethyl 2-methylbutanoate
in the rest of flavourings indicated the presence of synthetic
flavours in accordance with our supposition. The coelution
of ethyl 3-methylbutanoate with ethyl 2-methylbutanoate
in strawberry flavourings of D, E, and G finally did not have
any significant impact on the possibility to distinguish between
natural and synthetic forms, as the ratios would be indica-
tive of synthetic flavour in both cases, with coverage by ethyl
3-methylbutanoate or without it. Based on visual estimation,
exclusion of ethyl 3-methylbutanoate from the second eluted
peak could lead to ratios close to the racemates.

By closer focusing on syrups ( ), it is evident that
the possibility to distinguish between synthetic and natu-
ral flavour for investigated chiral volatiles in syrups is more
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FIGURE 2. Chiral GC-MS spectrum of syrup 1 suspected of adulteration.

evaluable due to their higher presence and overall larger
spectrum of results than in the samples of strawberry flavour-
ings and strawberries. Exceptions were observed for methyl
2-methylbutanoate in syrup 9 and 12 and for linalool in syr-
ups 2, 5, 6,9, and 10. For these samples with strawberry fla-
vour not declared as 100% natural, only their dominant single
peaks were recorded. Accordingly, in addition to the declared
flavourings or strawberry flavouring indicating possible con-
tent of synthetic flavourings, the samples contained strawber-
ry fruit juice, a supposed source of natural strawberry flavour.
Therefore, the single peaks of linalool and methyl-2-meth-
ylbutanoate could be of natural origin, similar situation as
in the peach flavour mixture of synthetic and natural origin
in the study by Ravid er al. [2010]. For the named samples,
these two substances could not be included in the authentica-
tion of synthetic flavour. Thus, linalool did not contribute to
such authentication in any of the cases. Despite the suscep-
tibility of linalool to racemization under specific processing
conditions [Bernreuther & Schreier, 1991; Marchelli et al.,
1996], no racemates were observed in our conditions.

More contributive results were obtained for other crucial
substances in syrups. Ethyl 2-methylbutanoate was found
in syrup 3 as a single enantiomeric peak consistent with
the supposition for syrup’s natural flavour. No racemization
due to processing was observed. According to its label, syrup 1
should contain only strawberry flavouring of natural origin,
similarly to syrup 3. However, the enantiomeric ratio (31/69)
of ethyl 2-methylbutanoate indicated a very high probability
of synthetic flavour addition, even by considering the nearly
racemic ratios of other 3 chiral volatiles in this syrup including
y-decalactone (57/43) — see and ,and a range
of the enantiomeric ratios of ethyl 2-methylbutanoate in other
syrups without natural flavour declaration ( ). It could
be assumed that ethyl 2-methylbutanoate might be a useful
indicator for distinguishing between natural and synthetic fla-
vour. Coelution of S-enantiomer in five syrups ( ) was

similar to those observed in the flavourings with the same in-
significant impact as it was described above.

The problematic coelution was noticed for another moni-
tored volatile, namely the 2-methylbutanoic acid. Its second
eluted enantiomer coeluting with methyl salicylate (calculated
LRI 1213) in syrup samples 1, 2, and 8, with phenylethyl ac-
etate (calculated LRI 1212) in samples 9 and 12 or its first
eluted enantiomer with cyclohexasiloxane derivative (calculat-
ed LRI 1197) in syrup 4, were responsible for the impossibil-
ity to accurately determine its enantiomeric ratio in the named
syrups. The ability of the substance to distinguish between
natural and synthetic flavour was not judged in the case of fla-
vour deficit (syrup 3, syrup 6 with only one detected enantio-
mer instead of two expected). In the case of coelution in syrups
1 and 8, substances’ near racemates could be estimated after
visual recognition of the substances’ overlapped areas or from
extracted ion chromatograms, whereas only the latter was
possible in the case of syrups 2 and 12. For syrups 4 and 9,
the estimation was problematic due to the extensive overlap
with the enantiomer. In five syrups without observed coelu-
tions, ratios were similar to those of y-decalactone or ethyl
2-methylbutanoate, confirming potential for synthetic flavour
recognition. Enantiomeric reverse order observed among them
and among the extracted ion chromatograms of 2-methylbu-
tanoic acid in coeluting samples might have the same reason
as the one described for linalool in strawberry flavourings.

In the case of a-ionone, almost exact racemic ratios were
observed in syrups 5,9, 11 and 12 ( ). Moreover, results
of y-decalactone and ethyl 2-methylbutanoate in the same
syrups as well as the result of 3-dodecalactone in syrup 5 sup-
ported the supposition of synthetic flavour origin due to
the racemic ratios found. Despite the low content, the enan-
tiomeric separation of a-ionone was perfect ( ).

By closer focus on y-decalactone in syrups, benefits
of this substance for recognition of flavour origin are evident
even in this matrix. The substance was again present in all
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the samples tested ( ). Regarding pure R-enantiomer
found in syrup 3 declared with only natural strawberry fla-
vouring, the absolute predominance of R-enantiomer in our
( ) and previously analysed strawberries ( ), as
well as in strawberry flavourings of natural origin ( ),
processing steps did not seem to affect the enantiomeric ratio
of y-decalactone in its natural form, not even in the case of syr-
ups. However, other factors, as R-enantiomer of unwanted
microbial origin [Hidalgo ef al., 2013; Nitz et al., 1991; Rong
etal., 2017; Silva et al., 2021; Vandamme & Soetaert, 2002],
might be considered as a possibility of uncertainty. Nearly
racemic enantiomeric ratios in the samples were compara-
ble with the ratios of other investigated substances, namely
the ethyl 2-methylbutanoate, a-ionone, y-undecalactone,
d-dodecalactone, evaluable ratios of 2-methylbutanoic acid
and two ratios of methyl 2-methylbutanoate ( ). Find-
ings of nearly racemic ratios of y-decalactone in syrups con-
taining flavour of supposedly synthetic origin were similar
to those of flavourings of synthetic origin ( ) and they
are comparable with results of y-decalactone in synthetic
strawberry flavour of other previously analysed commercial
products [Kreck ef al., 2001; Ravid et al., 2010; Schipilliti
et al., 2011]. These findings document its unified character
in strawberry flavour. With regards to all results and conclu-
sions, y-decalactone seemed to be the most reliable indica-
tor of synthetic and natural strawberry flavour. Nevertheless,
the uncertainty had to be taken into consideration.

Nearly racemic ratios strengthening the supposition
of synthetic flavourings in syrups 8, 9, 12, and 13 were ob-
served also for y-undecalactone ( ). The single enantio-
mer in syrups 2 and 10 was supposed to be found due to full
coverage of the first enantiomer by larger peak of coeluting
nonadecane. Absence of y-undecalactone in syrup 3 assumed
to contain only natural flavour was in this case in accordance
with our expectations. With the exception of Bernreuther
et al. [1989], who demonstrated traces of y-undecalactone
in strawberries, the presence of this volatile in natural straw-
berry flavour was not discussed in other literature works deal-
ing with strawberry flavour authentication (probably due to
the awareness of the volatile’s absence), while in the same
works the substance’s racemates were related to synthetic fla-
vours of other fruits [Cagliero et al., 2012; Ravid et al., 2010].
Our observations could be explained as a potential of this
volatile to distinguish between synthetic and natural straw-
berry flavour. Nonetheless, more literature sources dedicated
to y-undecalactone enantiomers in natural strawberry flavour
exposed to various processing techniques in different matrices
could help clarify this issue more.

The last substance of interest was represented
by 8-dodecalactone. Enantiomeric pairs with ratios close to
the racemate were found in 6 samples including syrup 1 that
was declared as natural ( ). Regarding enantiomeric
ratio of 8-dodecalactone in the processed strawberry extract
(S-)30.1%/R(+)69.1%) [Bernreuther et al., 1991] and con-
centrated strawberry water phase (S(-)33%/R(+)67% -
S(-)36%/R(+)64%) [Krammer et al., 2006] known from lit-
erature as well as any information recorded for the tested
syrup 3, expected to contain natural flavouring in accordance
with information on the label, there was too little information

to consider the enantiomeric ratio in the natural form. Any-
how, the near-racemates of the substance in our other syrup
samples and consistency with observations for dominant
y-decalactone and ethyl-2-methyl butanoate, including syrup 1
declared with strawberry flavour of natural origin, were obvi-
ous ( ). Considering the whole complex of our results
on the investigated volatiles, the accusation of adulteration
was made in case of syrup 1.

Regarding the issue of coelutions, it is recommended
to implement a second GC column, if possible [Gomes da
Silva et al., 2008]. Anyway, the contained strawberry flavour
is often a complicated mixture of compounds with variable
composition, therefore the coelution in individual cases can
be observed in any conditions. Also in this regard, authentica-
tion based on the evaluation of a large number of functional
chiral volatiles is crucial.

CONCLUSIONS

The implemented CP-Chirasil-Dex CB chiral column si-
multaneously with adjusted measurement conditions enabled
determining enantiomeric ratios of the monitored chiral
volatiles in the studied strawberries, strawberry flavourings,
and syrups; and evaluating the strawberry flavour authenticity
with contribution of seven chiral volatiles. Especially due to
y-decalactone and ethyl 2-methylbutanoate, supported by ob-
servations on 2-methylbutanoic acid and y-dodecalactone,
it was possible to make accusation of adulteration concern-
ing one syrup sample. In the case of y-decalactone, results
were available for all tested samples and in all cases indi-
cated natural or synthetic form in accordance with the cor-
responding enantiomeric ratios. Ethyl 2-methylbutanoate was
similarly contributive, detected in all syrups and flavourings.
Racemates of a-ionone and y-undecalactone from positively
detected samples supported the observed results as well as
2-methylbutanoic acid in the case of evaluable values. Meth-
yl-2-methylbutanoate contributed to the evaluation in two
cases. The results found for strawberries, natural flavourings,
and one natural syrup gave evidence that there was no or
negligible racemization during processing in strawberry fla-
vour, which is an important condition for reliable authentica-
tion. However, for the practical purposes, it is recommended
to evaluate the strawberry flavour authenticity in syrups on
the basis of the enantiomeric ratios obtained for a rather wide
range of chiral volatiles considered for each syrup individu-
ally. The CP-Chirasil-Dex CB column was efficient in enan-
tiomeric separations (five of the eight volatiles investigated
achieved baseline resolution, while the resolution value was
even greater than 4 for a-ionone) and represents an easily ac-
cessible technique together with the method described above.
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