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Preface

Special Issue of Molecules entitled “Food Processing and Its Impact on Phenolic and Other

Bioactive Constituents in Food – Second Edition”. Bioactive compounds, including phenolic

ingredients, have long been used as important constituents of a healthy diet. As a result, consumer

awareness about the important role of high-quality products rich in bioactive compounds—especially

phenolic compounds—in human nutrition, health, and prevention against diseases has increased.

Additionally, methods for food processing, regardless of the technology used, have a huge impact on

the quality of the final products. Therefore, the big challenges for scientists lie in the monitoring of

changes during food processing and the optimization of technology to achieve minimal degradation

of nutrients (including phenolic compounds). Thus, for this Special Issue, we published the latest

scientific news, insights, and advances in the field of food processing and its impact on bioactive

constituents in food, especially phenolic compounds. The information presented will certainly attract

considerable interest among a large group of our readers from different disciplines and research fields.

Sabina Lachowicz-Wiśniewska

Editor
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The Bioactive Profile, Nutritional Value, Health Benefits and
Agronomic Requirements of Cherry Silverberry
(Elaeagnus multiflora Thunb.): A Review
Anna Bieniek 1 , Sabina Lachowicz-Wiśniewska 2,3,* and Justyna Bojarska 4

1 Department of Agroecosystems and Horticulture, Faculty of Agriculture and Forestry, University of Warmia
and Mazury in Olsztyn, Prawocheńskiego 21 Street, 10-720 Olsztyn, Poland; anna.bieniek@uwm.edu.pl

2 Department of Food and Nutrition, Calisia University, Nowy Świat 4 Street, 62-800 Kalisz, Poland
3 Department of Horticulture, West Pomeranian University of Technology Szczecin, Słowackiego 17 Street,

71-434 Szczecin, Poland
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in Olsztyn, Cieszyński Sq. 1 Street, 10-726 Olsztyn, Poland; justyna.bojarska@uwm.edu.pl
* Correspondence: s.lachowicz-wisniewska@akademiakaliska.edu.pl or slachowiczwisniewska@zut.edu.pl

Abstract: The cherry silverberry (Elaeagnus multiflora Thunb.) is a lesser-known plant species with
high nutritional and therapeutic potential. Cherry silverberry contains numerous biologically active
compounds. The cherry silverberry is a shrub growing up to 3 m. Its drupe-like fruit is ellipsoidal,
up to 1 cm long, and set on stems. It is red in color, juicy, and sour, and its taste resembles that of
red currants. According to the literature, cherry silverberry fruit contains carbohydrates, organic
acids, and amino acids, as well as vitamin C, in addition to biominerals, polyphenols, flavonoids,
carotenoids, chlorophylls, and tocopherols, which contribute to its high nutritional value. New
biotypes of cherry silverberry cultivated in Poland can be used for the production of functional
foods and direct consumption. In China, the cherry silverberry, known as goumi, has been used as a
medicinal plant and a natural remedy for cough, diarrhea, itch, foul sores, and, even, cancer. This
review article summarizes the scant research findings on the nutritional and therapeutic benefits of
cherry silverberry.

Keywords: cherry elaeagnus; chemical composition; biologically active compounds; antioxidant
activity; cultivation

1. Introduction

Bioactive compounds are widespread in the vegetal world. They exert protective
effects on plants, as well as human and animal health. Bioactive substances can act as
natural antioxidants, whose presence in the body may help prevent a wide variety of
lifestyle diseases [1]. Plant species that are rich sources of bioactive substances have
been extensively researched around the world [2]. Particular attention has been paid to
lesser-known plant species such as kiwiberry, cornelian cherry, honeysuckle, hawthorn,
chokeberry, rowanberry, elderberry, medlar, bilberry, seabuckthorn, and silverberry, which
grow in different climatic zones and have been introduced to cultivation outside their
natural geographic ranges. Novel fruits and berries are increasingly being introduced
into local and global food systems [3,4]. Some of them can be eaten raw, while others
require processing [5,6]. Neglected and underutilized edible plant species can also boost
the livelihoods of small-scale farmers and local producers [7]. This group of plants includes
Elaeagnus multiflora Thunb. (Elaeagnaceae), also known as cherry silverberry, cherry elaeag-
nus, and goumi. The cherry silverberry belongs to the genus Elaeagnus L. and the family
Elaeagnaceae Juss., which also includes the more popular common seabuckthorn (Hippophaë
rhamnoides L.) [8–11]. According to the literature [12–19], E. multiflora fruit, which is suitable
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for direct consumption and processing, can be classified as a “superfood” due to its high
content of carotenoids, exogenous amino acids, macronutrients, micronutrients, unsatu-
rated fatty acids, and vitamin C. Fresh and processed silverberries are a valuable source of
lycopene, the most potent antioxidant among common carotenoids, which is renowned
for its anticarcinogenic effects [18–21]. The cherry silverberry is native to China, Korea,
and Japan [9]. In traditional Chinese medicine, the species is known as a phytosterol-rich
plant [20–24]. The fruit, leaves, and young branches of E. multiflora can be used as phenolic
antioxidant additives and dietary supplements [2,8,22,25–39] as well as natural remedies
for cough, diarrhea, gastrointestinal disorders, itch, cancer, and bone diseases [8,12,19].
Cherry silverberry seeds are used in dietary therapy and as a functional food for cancer
prevention [22,28]. According to Kim et al. [29], E. multiflora fruit extract can be applied as
a whitening functional cosmetic material, due to the suppression of melanin biosynthesis.
Cherry silverberries can be processed at home to prepare juice, compote, jam and jelly,
herbal tea, wine, soup, sauces, desserts, candies, pudding, ice-cream topping, fruit leather,
and other food products [2,9,11]. Today, this species is grown not only in China but also
in the eastern United States and in Europe, including Poland [8,21]. As demonstrated by
Bieniek et al. [9], the cherry silverberry thrives in the temperate climate of Poland, as it is
easy to cultivate and resistant to diseases.

Elaeagnus multiflora is a thorny shrub, growing up to 3 m (Figure 1). The leaves are
typical of the genus Elaeagnus—the upper part of the leaf blade is green, whereas its bottom
is silvery. Figure 2 presents the flowers and fruit with seeds of E. multiflora. The flowers are
solitary or in pairs in the leaf axils, fragrant, with a four-lobed pale-yellowish-white corolla
1.5 cm long; flowering occurs in mid-spring. Since silverberry flowers give off a strong
aroma, resembling that of cinnamon and vanilla, this plant can be used for flavoring cakes
and other desserts [9]. Its drupe-like fruit is ellipsoidal, up to 1 cm long, and set on stems.
It is red in color, juicy, and sour, while its taste resembles that of red currants. In Poland,
silverberries ripen at the end of June or at the beginning of July [2]. This species is currently
being introduced to Russia and the USA, while it has not yet been commercially produced
in Poland. Since the 1990s, research has been carried out at the Department of Horticulture,
University of Warmia and Mazury in Olsztyn (formerly: University of Agriculture and
Technology), to select the most suitable biotypes for cultivation in Poland [2,8,9,26,35–37].
According to Lachowicz et al. [2], the cherry silverberry biotypes grown in north-eastern
Poland constitute a highly interesting material and could be an excellent source of functional
foods. This species also deserves special attention as a fruit plant for organic cultivation.
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The aim of this article was to review the latest research findings regarding the
cherry silverberry.

2. Selection of Varieties and Cultivation Characteristics

The cherry silverberry has been cultivated as a fruit plant since 1974. The first variety
of the cherry silverberry, Sakhalinsky pervyi, was bred in the Far Eastern Research Institute
of Agriculture in Russia. In 1999, it was entered into the State Register of Breeding Achieve-
ments Approved for Use. Other varieties, including Moneron and Taisa (2002), Krilon
(2006), Shikotan (2009), Yuzhnyi (2009), Kunashi (2011), Cunai (2015), and Paramushir
(2016) were also registered in Russia (State Register of Breeding Achievements Approved
for Use, 2016) [9].

A collection of E. multiflora was created at the M.M. Gryshko National Botanical Gar-
den (NBG) of the National Academy of Sciences of Ukraine in Kyiv in 1980–1982. The
primary material (seeds from free pollination) was imported from Sakhalin (Sakhalin Sci-
entific Research Institute of Agriculture). At present, the E. multiflora collection includes
45 genotypes. Grygorieva et al. [22] analyzed the morphometric parameters of fruit in se-
lected genotypes of cherry silverberry grown in the “Forest-Steppe of Ukraine” geographic
plot in the M.M. Gryshko NBG. The results of this preliminary study have contributed to
increasing interest in E. multiflora cultivation among farmers, which can be followed by
the domestication and introduction of this species to the agricultural production system in
Ukraine and other countries.

In Poland, research into E. multiflora was initiated in 1995 at the Department of Horti-
culture, University of Agriculture and Technology (presently: University of Warmia and
Mazury in Olsztyn), when three-year-old plants were obtained from the Institute for Fruit
Growing in Samokhvalovitchy in Belarus. [9]. At present, experiments involving several
dozen seedlings are being carried out to select the optimal biotypes that could be grown in
Poland and other countries [2,8,35–37]. Lachowicz et al. [8] noted considerable differences
in the chemical composition and antioxidant activity of the E. multiflora varieties and bio-
types selected at the University of Warmia and Mazury in Olsztyn. Lachowicz et al. [36]
found that the fruit of biotypes Si1 and Si2 contained high concentrations of vitamin C,
linoleic acid, and α-linolenic acid. The fruit of biotypes Si5 and Si4 was characterized by
the highest content of glucose, fructose, and ash, whereas the fruit of biotypes Si0 and
Si3 contained the highest levels of the remaining fatty acids as palmitic, oleic, stearic, and
organic acids, exhibiting the highest antioxidant activity. Moreover, biotype Si0 had a
high content of total polyphenolics, organic acids, and palmitoleic acid, and demonstrated
higher antioxidant activity than the remaining biotypes. The above authors concluded that
new biotypes of cherry silverberry grown in north-eastern Poland are highly promising
and can be consumed raw or used in the production of functional foods.
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Elaeagnus multiflora varieties ‘Sweet Scarlet’ and ‘SSP’ (seedlings obtained from Austria)
can be purchased from Polish nurseries. ‘Sweet Scarlet’ is the earliest-maturing variety.
The fruit begins to ripen in the first half of June; the berries remain on the stems for four
weeks and, then, fall down. This variety has darker and sweeter fruit than other varieties.
‘Sweet Scarlet’ is an allogamous variety, which requires pollen from another variety for fruit
setting. ‘SSP’ is an autogamous variety, with a slower growth rate than ‘Sweet Scarlet’. The
fruit ripens at the beginning of July, and it has a sweet taste. Another E. multiflora variety is
‘Jahidka’, which produces much shorter shrubs (up to 1.5 m) and red oval fruit weighing
1–1.5 g that ripens in early July [31].

Elaeagnus multiflora is often confused with E. umbellata because both species have
similar leaves and flowers. However, E. umbellata produces round fruit with short petioles,
typically ripening in September [35].

Cultivation of Elaeagnus multiflora

The cherry silverberry has low nutritional requirements, and it thrives on dry, sandy,
and poor soils. However, the species requires large amounts of sunlight. Cherry silverberry
shrubs can grow in the same site for 25 years [9,40]. A symbiosis with nitrogen-fixing
actinomycetes makes the cherry silverberry a pioneer soil-fertilizing species [9,40].

In commercial plantations, cherry silverberry shrubs should be planted at 4 × 2 m
spacing, 5–8 cm deeper than in the seed bed (Figure 3). The species has similar fertilizer re-
quirements to currants and gooseberries. Elaeagnus multiflora is highly resistant to drought.
Due to its high-quality fruit, it is a promising fruit plant that can be recommended for or-
ganic cultivation. Most seedlings begin to bear fruit in the fourth year after planting [21,31].
According to Kołbasina [41], 5-year-old plants can yield 3–4 kg fruit per shrub, 10-year-old
plants up to 15 kg, and 20-year-old plants up to 30 kg. Cultivation conditions, as well as
climatic factors during the growing season, regardless of genetic factors, have a significant
effect on the yield and qualitative characteristics of fruit [9,21]. Elaeagnus multiflora can be
grown on a small scale and cultivated commercially with the use of combine harvesters [26].
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spacing, 5–8 cm deeper than in the seed bed (Figure 3). The species has similar fertilizer 
requirements to currants and gooseberries. Elaeagnus multiflora is highly resistant to 
drought. Due to its high-quality fruit, it is a promising fruit plant that can be recom-
mended for organic cultivation. Most seedlings begin to bear fruit in the fourth year after 
planting [21,31]. According to Kołbasina [41], 5-year-old plants can yield 3–4 kg fruit per 
shrub, 10-year-old plants up to 15 kg, and 20-year-old plants up to 30 kg. Cultivation con-
ditions, as well as climatic factors during the growing season, regardless of genetic factors, 
have a significant effect on the yield and qualitative characteristics of fruit [9,21]. Elaeagnus 
multiflora can be grown on a small scale and cultivated commercially with the use of com-
bine harvesters [26]. 
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Figure 3. Elaeagnus multiflora growing in the Experimental Garden of the University of Warmia and
Mazury in Olsztyn (north-eastern Poland).

3. Biologically Active Compounds in Elaeagnus multiflora Thunb.

Cherry silverberry fruit is abundant in bioactive components that are responsible for
its health-promoting properties [8,9]. These substances can be divided into primary and
secondary metabolites. Primary metabolites are a source of nutrients, energy, and structural
components in plants with limited bioactive properties, whereas secondary metabolites
are metabolic products in plants that deliver a wide range of health-promoting effects.
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Primary metabolites include, among others, carbohydrates, organic acids, and amino
acids. Secondary metabolites include, among others, vitamin C, biominerals, polyphenols,
flavonoids, carotenoids, chlorophylls, and tocopherols (Table 1) [42,43].

Table 1. The basic chemical composition of cherry silverberry fruit.

Components Contents Ref. Components Contents Ref.

Dry weight [%] 12.64–15.55 [9,44] Amino acids [mg/100 g FW] 89.68 [44]

Total saccharides [%] 5.34–6.30 [9] serine 13.93 [44]

Monosaccharides [%] 1.54–1.96 [9] phosphoethanolamine 13.93 [44]

Total free sugars [mg/100 g FW *] 781.44 [44] alanine 13.16 [44]
fructose 370.34 [44] β-alanine 13.16 [44]
glucose 401.96 [44] aspartic acid 4.62 [44]
sucrose 5.80 [44] phosphoserine 4.62 [44]
trehalose 3.34 [44] cystine 4.45 [44]

Crude protein [%] 1.29 [44] methionine 3.89 [44]

Soluble protein [g/100 g FW] 0.48 [44] phenylalanine 2.85 [44]

pH 3.29 [44] threonine 2.63 [44]

Crude ash [%] 0.46–0.62 [2,44] taurine 2.63 [44]

Biominerals [mg/100 g FW] 1353.70–1855.94 [17,44] tyrosine 2.17 [44]
potassium 1627.44 [44] leucine 1.41 [44]
magnesium 140.28 [44] isoleucine 1.16 [44]
sodium 56.70 [44] valine 1.12 [44]
calcium 14.70 [44] β-aminoisobutyric acid 1.12 [44]
iron 7.98 [44] α-aminoisobutyric acid 0.62 [44]
manganese 5.53 [44] ornithine 0.57 [44]
zinc 2.89 [44] glutamic acid 0.51 [44]
copper 0.10 [44] sarcosine 0.51 [44]

lithium 0.20 [44] Polyphenolic compounds
[mg/100 g DW] 417.02–1268.90 [2,8,37]

nickel 0.12 [44] phenolic acids 1.22–3.80 [2,8,37]

Lipids [g/100 g] 1.40 [1,9] flavonols 37.29–56.25 [2,8,37]
unsaturated fatty acids account [%], of which 48.70–54.50 [1,9] hydrolyzable tannins 3.07–10.60 [2,8,37]
α-linolenic acid [%] 17.50–20.80 [1,9] stilbenes 0.91–1.71 [2,8,37]
linolinic acid [%] 21.80–25.90 [1,9] polymeric procyanidins 861.36–1197.34 [2,8,37]

oleic acid [%] 19.30–22.70 [9] Carotenoids [mg/100 g DW] 40.09–170.00 [2,8,37]

Organic acids [g/100 g DW **], of which 18.48–34.11 [2,36] phytoene 0.93–0.97 [2,8,37]
malic acid account [%] 55–60 [2] lycopene 39.16–169.00 [2,8,37]
quinic account [%] 11–15 [2] β-carotene 0.21–0.31 [2,8,37]

tartaric acid account [%] 9–18 [2] Tocopherols [mg/100 g DW] 2.00–9.93 [37]

Vitamin C [mg/100 g] 4.22–562.72 [9,44] Chlorophylls [mg/100 g DW] 393.00 [2,37]

* FW, fresh weight; ** DW dry weight.

Sugars, organic acids, and their ratio can affect the sensory and chemical attributes of
the food matrix, including sweetness, microbiological stability, total acidity, pH, and overall
sensory acceptability [38]. Therefore, the palatability of cherry silverberry fruit, mainly its
sweet and sour taste, is determined by the content of sugars and organic acids. The average
content of organic acids in the fruit of E. multiflora Thunb. biotypes grown in Poland range
from 0.78% to 1.20% [9], or 18.48 to 34.11 g/100 g of dry weight (DW) [2,36], which implies
that cherry silverberries are abundant in these compounds. A liquid chromatography
analysis revealed the presence of seven organic acids in cherry silverberry fruit: malic,
quinic, tartaric, oxalic, citric, isocitric, and succinic acid. The predominant organic acids
were malic (55–60% of total organic acids), quinic (11–15%), and tartaric (9–18%) acids [2].
Kim et al. [44] identified four organic acids in cherry silverberry fruit and determined their
total content at 294.44 mg/100 g of fresh weight (FW). According to Mikulic-Petkovsek
et al. [45], citric and malic acids account for 30–95% of all organic acids in berries. Fruits
that are low in citric acid include cherry silverberry as well as chokeberry, rowanberry,
and eastern shadbush. Five organic acids with a total content of 167.8 g/100 g FW were
identified in cherry silverberry leaves. Malic acid was the predominant compound (66% of
total organic acids), followed by acetic (13.7%), citric (8.1%), lactic (6.3%), and succinic acid
(5.3%) [17].
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Another study demonstrated that cherry silverberry fruit contained 1.54–1.96% of
monosaccharides and 5.34–6.30% of total sugars on a fresh weight (FW) basis [9]. Total sugar
content was determined at 9.77 to 11.50 ◦ Brix by Hong et al. [46]. An analysis involving the
high-pressure liquid chromatography with refractive index detectors (HPLC-RI) method
revealed the presence of two sugars, fructose and glucose. Fructose accounted for around
57–59% and glucose for 41–43% of the total sugars in cherry silverberry fruit [2]. Kim
et al. [44] identified five free sugars with a total content of 781 mg/100 g FW in cherry
silverberry fruit. Fructose and glucose were the predominant sugars, whereas sucrose,
maltose, and trehalose were detected in trace amounts [44]. Cherry silverberry leaves were
found to contain five sugars: arabinose, fructose, glucose, maltose, and trehalose. Similar to
the fruit, the predominant sugar in the leaves was fructose (46.9% of total sugars), followed
by arabinose (27.2%) [17]. According to Mikulic-Petkovsek et al. [45], berries contain mainly
fructose and glucose, and fructose accounts for up to 75% of the total sugars. However,
some exceptions have been noted, such as kiwifruit, where sucrose represents 71.9% of the
total sugars [45].

The sugar–acid ratio denotes the relative content of sugars and acids, which are
responsible for the taste and aroma of fruit [45]. Sweet-tasting berries are not always rich in
sugar, and they may be low in organic acids, mainly malic acid [45,47]. The sugar–acid ratio
affects the perception of sweetness [48], and it ranges from 5.25 to 7.40 in cherry silverberry
fruit [16]. In a study by Mikulic-Petkovsek et al. [45], white gooseberries and red, black,
and white currants were the most acidic fruits with a sugar–acid ratio of around two. The
sweetest-tasting fruits were black mulberries, brambles, and goji berries, with a sugar–acid
ratio above 12.9 [45].

Vitamin C (ascorbic acid) is yet another bioactive substance that plays a very important
role in fruit. Vitamin C has antioxidant, anticarcinogenic, anti-inflammatory, and antis-
clerotic properties; it lowers blood glucose levels and reduces the risk of cardiovascular
diseases [49,50]. Cherry silverberries are abundant in vitamin C, although the content can
vary depending on variety, genotype, growing conditions, weather, and ripeness [9]. In
the work of Sakamura et al. [24], vitamin C concentration decreased in successive stages
of fruit ripening. In contrast, in Rubus sieboldi, Ribis nigrum, pears, peaches, and papayas,
the content of L-ascorbic acid increased with ripening [24]. In a study by Kim et al. [44],
cherry silverberries grown in Korea contained 131.35 mg/100 g FW of ascorbic acid and
431.37 mg/100 g FW of dehydroascorbic acid, and the total content of vitamin C was de-
termined at 562.72 mg/100 g FW. These results indicate that cherry silverberry fruit is
an excellent source of vitamin C. In a study conducted by Bieniek et al. [9], the concen-
tration of vitamin C in the fruit of cherry silverberry grown in Poland ranged from 4.22
to 7.70 mg/100 g FW. Vitamin C levels reached 15.8–33.1 mg/100 g in cherry silverberry
fruit grown in Ukraine [51] and 27.8 mg/100 g in the fruit grown in Pakistan [52]. In
other fruit, vitamin C concentrations were 30 mg/100 g in elderberries, 35–90 mg/100 g in
blackcurrants, and 16–32 mg/100 mg in raspberries [53].

Cherry silverberries are also abundant in biominerals, mainly potassium
(1627.44 mg/100 g FW), magnesium (140.28 mg/100 g FW), sodium (56.70 mg/100 g FW),
calcium (14.70 mg/100 g FW), iron (7.98 mg/100 g FW), manganese (5.53 mg/100 g FW),
zinc (2.89 mg/100 g FW), copper, lithium, and nickel (0.10–0.20 mg/100 g FW) [44]. Ac-
cording to Polish Standards [54], 100 g of cherry silverberry fruit provide approximately
65% of the recommended daily intake of potassium, 33–43% of magnesium, 53–79% of iron,
26–32% of zinc, and 240% of manganese, for healthy middle-aged adults [54]. Bal et al. [55]
found that seabuckthorn is also a rich source of potassium, whose content was determined
at 1012–1484 mg/100 g FW in fruit flesh and at 933–1342 mg/100 g FW in seeds. Cherry
silverberry leaves can be used as functional food additives [8], and they have been found
to contain 14 minerals with a total content of 1353.70 mg/100 g FW [17]. Similar to the
fruit, 100 g of cherry silverberry leaves provided 33% of the recommended daily intake of
potassium, 36% of calcium, 35–63% of iron, 22% of copper, 18–24% of magnesium, around
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250% of manganese, and around 180% of selenium [54]. Other elements, including Li, Na,
Al., Fe, Co, Ni, Cu, Zn, and Ge, were detected in trace amounts [17].

Free and bound amino acids and their derivatives are yet another important group of
biologically active compounds. According to Kim et al. [44], cherry silverberries are abun-
dant in amino acids, whose total content was determined at 89.68 mg/100 g FW. The content
of serine, alanine, phosphoethanolamine, and β-alanine exceeded 10 mg/100 g FW, whereas
aspartic acid, cystine, methionine, phosphoserine, threonine, glutamic acid, glycine, valine,
isoleucine, leucine, tyrosine, phenylalanine, taurine, sarcosine, α-aminoisobutyric acid,
β-aminoisobutiryc acid, and ornithine were detected at concentrations below 5 mg/100 g
FW. In turn, cherry silverberry leaves contained 7 essential amino acids, 10 non-essential
amino acids, and 11 amino acid derivatives, with a total content of 943 mg/100 g FW.
The following amino acids were identified at concentrations higher than 50 mg/100 FW:
threonine, valine, isoleucine, leucine, phenylalanine, glutamic acid, alanine, and tyrosine.
Lysine, aspartic acid, serine, cystine, histidine, proline, glycine, tyrosine, arginine, phos-
phoserine, sarcosine, α-aminoadipic acid, β-aminoisobutyric acid, y-aminoisobutyric acid,
and anserine were detected at concentrations below 20 mg/100 g FW. Trace amounts of
carnosine, β-alanine, cystathionine, and α-aminoisobutyric acid were also identified in
cherry silverberry leaves [17]. The content of amino acids was similar in medlar leaves, but
it was 10 times higher in ripe medlar fruit [56]. Amino acid concentrations in Saskatoon
berries were estimated at 490 mg/100 g [57]. According to Zhang et al. [58], the content of
free amino acids in fruits is determined mainly by ripeness, growing conditions, position
on a plant, genotype, and the applied analytical methods.

Cherry silverberries are abundant in bioactive components, with antioxidant prop-
erties that deliver numerous health benefits, including polyphenols and isoprenoids [8].
These compounds promote a healthy oxidant/antioxidant balance and lower the risk
of chronic non-infectious diseases, such as cardiovascular diseases, cancer, neurodegen-
erative disorders, diabetes, and obesity [59]. The total content of polyphenolic com-
pounds in E. multiflora fruit, expressed in gallic acid equivalents (GAE), was determined
at 280 mg/100 g FW by Kim et al. [44], at 12.21 mg% by Hong et al. [46], and at 568 mg
GAE/100 g DW by Lachowicz et al. [2]. Polyphenol concentrations are similar in seabuck-
thorn fruit, where they range from 128.66 to 407.48 mg GAE/100 g [60,61]. High-performance
liquid chromatography methods have been applied to assess the content and qualita-
tive composition of polyphenols in cherry silverberry fruit [8,13,37]. Total polyphenol
content was determined at 904.65–1268.90 mg/100 g DW in the fruit of the ‘Jahidka’
and ‘Sweet Scarlet’ varieties grown in Poland, after extraction with 30% ethanol [8];
353 mg/100 g FW in Korean-grown fruit, after extraction with 50% ethanol [13]; and
417.02–819.04 mg/100 g DW in the fruit of Polish-grown biotypes, after extraction with
30% ethanol [37]. According to Cho et al. [62], differences in polyphenol concentrations
may be attributed to variety, species, growing conditions, extraction methods, analyti-
cal methods, technological process, or the analyzed materials. Lee et al. [13] identified
13 polyphenolic compounds that were classified as flavan-3-ols (epigallocatechin, catechin,
epicatechin, epigallocatechin gallate, epicatechin gallate, catechin gallate) and phenolic
acids (gallic acid, protocatechuic acid, tannic acid, p-hydroxybenzoic acid, vanillic acid,
p-coumaric acid, ferulic acid). Epicatechin gallate was the dominant flavan-3-ol (66%),
whereas gallic acid and p-coumaric acid accounted for 26% and 23% of the total phenolic
acids, respectively [13]. Lachowicz-Wiśniewska et al. [2,37] identified 16 polyphenols in
the fruit of the cherry silverberry varieties ‘Jahidka’ and ‘Sweet Scarlet’, including one
phenolic acid, one hydrolysable tannin, one stilbene, and 13 flavanols, as well as polymeric
procyanidins. Polymeric procyanidins were the predominant compounds that accounted
for 66.0–95.0% of total polyphenols, as evidenced by a mildly astringent taste [63]. In
E. umbellata fruit, flavonols were the predominant polyphenols (78.8%) [64]. In E. multiflora
fruit, flavonols—quercetin derivatives, kaempferol, and isorhamnetin—accounted for 5%
of the total polyphenols, whereas the content of phenolic acids (sinapic acid derivatives)
was determined at 0.2%, hydrolyzable tannins (galloyl derivatives) at 0.3%, and stilbenes
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(glucosylphloretin derivatives) at 0.2%. Kaempferol-pentoside-rutinoside was the predomi-
nant flavonol [37]. In turn, cherry silverberry leaves were found to contain 38 polyphenolic
compounds, including three phenolic acids, 35 flavonols, and polymeric procyanidins.
Polymeric procyanidins were also dominant and accounted for around 81% of the total
polyphenols [2].

Isoprenoids, including carotenoids, chlorophylls, and tocopherols, are indirectly
responsible for the color, taste, and aroma of fruits. Cherry silverberry fruit contains
carotenoids, whereas chlorophylls have been identified in leaves. Carotenoids are highly
biologically active compounds that boost immunity and prevent inflammations caused
by excessive formation of reactive oxygen species (ROS) [65–68]. Chlorophylls stimu-
late intestinal peristalsis, lower blood pressure, and decrease the risk of anemia [65,67];
plants can hardly bear to live without chlorophyll. Lachowicz et al. [2,37] were the first
research team to examine the content as well as the qualitative and quantitative composition
of carotenoids and chlorophylls in cherry silverberry fruit [2,37]. Isoprenoid concentra-
tions ranged from 95.69 to 170 mg/100 g DW in the fruit of Polish-grown biotypes, and
from 40.09 to 97.15 mg/100 g DW in the fruit of the ‘Sweet Scarlet’ and ‘Jahidka’ varieties.
The content of carotenoids ranged from 66.20 to 71.26 mg/100 g DW, and the content of
chlorophyll ranged from 1634 to 1694 mg/100 g DW in the ‘Sweet Scarlet’ and ‘Jahidka’
varieties, whereas in the analyzed biotypes, carotenoid concentration was determined at
81 mg/100 g DW and chlorophyll concentration at 393 mg/100 g DW [2,37]. The carotenoid
content of seabuckthorn fruit, which belongs to the same family as the cherry silverberry,
ranged from 10 to 120 mg/100 g FW [69]. Sixteen carotenoid compounds were identi-
fied in cherry silverberry fruit, including eight lycopene derivatives, α- and β-carotene
(provitamin A), their two derivatives, lutein, two violaxanthins, and neoxanthin [2,37].
Lycopene delivers numerous health benefits [70], and it was the dominant carotenoid (80%)
in cherry silverberry fruit. The remaining carotenoids also have health-promoting prop-
erties [66,67,71]. Phytoene is a valuable, but rarely identified, carotenoid. This colorless
compound is characterized by high dietary bioavailability, and recent research has shown
that phytoene exhibits high levels of biological activity and exerts protective effects on the
skin [66]. Seabuckthorn berries are more abundant in β-carotene (0.9–18 mg/100 g FW)
than fruits and vegetables that are regarded as the richest sources of this compound [72].
Cherry silverberry fruit contains even more β-carotene (37–42 mg/100 g DW) [2]. Sig-
nificant differences in carotenoid levels in the analyzed fruits could be related to numer-
ous factors, such as climate, genotype, and agrotechnology [66,67,71]. The fruit of the
studied cherry silverberry biotypes also contained α-tocopherol at 3.31–7.07 mg/100 mg
DW. In turn, the content of α-tocopherol in cherry silverberry seeds ranged from 2.0 to
3.3 mg/100 g DW [37]. α-tocopherol and its derivatives, known as vitamin E, are powerful
antioxidants that delay cell aging [41]. In a study by Piłat et al. [72], tocopherol levels in
seabuckthorn berries ranged from 3.35 to 6.27 mg/100 g FW, and α-tocopherol was the
predominant compound that accounted for 62–67% of the total tocopherols [73].

4. Health-Promoting Properties of Elaeagnus multiflora Thunb.

For thousands of years, plants have been used to treat various human and animal
diseases [74,75]. Plants of the family Elaeagnaceae have gained popularity in recent years
due to their exceptional chemical composition as well as health benefits. Seabuckthorn
(Hippophaë rhamnoides L.) is the most researched representative of this family. Its berries
contain more than 190 bioactive compounds, and it is considered a wonder of nature. The
cherry silverberry is referred to as a “wonder berry” in the Far East [31,35]. Not only the
fruit, but also other plant parts such as flowers, leaves, roots, and stems have been utilized
in traditional medicine. Scientific studies have confirmed the antioxidant [13,25,76–80],
anti-inflammatory [13,30,33,34], antiproliferative [12,32,81], anticancer [12,81,82], antimi-
crobial [19], antidiabetic [31,37,80] anti-fatigue [83], and alleviating [82] properties of
E. multiflora.
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Jung et al. [83] examined the effect of Elaeagnus multiflora fruits (EFM) on fatigue and
exercise performance in BALB/c mice. These results suggest that EMF can be utilized as an
efficacious natural resource for its anti-fatigue effects. Subsequent studies Jung et al. [83]
conducted on aging male rats suggest that Elaeagnus multiflora and Cynanchum wilfordii can
be effectively used to alleviate testosterone deficiency syndrome (TDS).

4.1. Antioxidant Activity

High antioxidant activity has become a topic of numerous studies [76]. The consump-
tion of food that is rich in antioxidants reduces the risk of developing chronic diseases
and oxidative stress [77,78]. The development of chronic, autoimmune, neurodegener-
ative, and metabolic diseases, as well as cancer, is positively correlated with oxidative
stress [79]. Phenolics, as metabolites, possess antioxidant activity and can protect the body
from damage caused by free-radical-induced oxidative stress (ROS) [24]. Oxidative stress,
that is, the imbalance of antioxidants and prooxidants in favor of prooxidants, is caused by
high levels of reactive ROS. In free radical processes, ROS react with cellular components,
which leads to their modification and damage. A study investigating the total phenolics
from different parts of E. multiflora from Gilgit-Baltistan (Pakistan) [25] revealed that this
plant species is a good candidate for a natural antioxidant. It contains nutritional and
functional material in its fruit, leaves, and young branches, and is able to repair damage
caused to cells by ROS [25]. The results of the cited study indicate that the concentrations
of phenolics in medicinal plant species vary across different plant parts and are affected
by the nature of solvents. Lee et al. [13] demonstrated that the 50% ethanol extract of
E. multiflora fruit displayed the highest antioxidant activities in ABTS•+ (2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) and DPPH• (1,1-diphenyl-2-picrylhydrazyl) radical
scavenging and power-reducing assays. The cited authors suggested that this extract
may be used as a natural source for food supplements and pharmaceuticals, due to its
strong biological activities and high phytochemical content. According to Ismail et al. [25],
E. multiflora is rich in bioactive phenolic compounds, which should be isolated for further
investigations.

According to Lizardo et al. [80], extracts of cherry silverberry fruits fermented by
pure cultures of Lactobacillus plantarum KCTC 33131 and L. casei KCTC 13086 exhibited
favorable physicochemical properties and enhanced phytochemical content, antioxidant
properties (DPPH radical scavenging activity, reducing power, superoxide dismutase-like
property and hydrogen peroxide scavenging activity), and α-glucosidase and tyrosinase
enzyme inhibitory activity, as compared with unfermented fruits. Despite a decrease in the
specific phenolic acid contents among the fermented samples, the cherry silverberry fruit,
fermented by mixed cultures of Lactobacillus plantarum and L. casei, contained superior total
polyphenols and total individual flavonoid contents in comparison with fruits fermented
by single cultures and unfermented ones

4.2. Antimicrobial Properties of Elaeagnus

Microbes (such as bacteria, fungi, and viruses) are the major causative agents of infec-
tious diseases, which pose threats to public health [74,75]. The search for plants with an-
timicrobial activity has gained importance in recent years, due to a growing concern about
the increasing rates of infections caused by antibiotic-resistant microorganisms [84–89].
Several plant-derived products, such as essential oils and extracts, have been used as
traditional antiseptics and have been reported to possess moderate to significant levels of
antimicrobial properties. Extracts from plants of the genus Elaeagnus were found to be more
active against Gram-positive than Gram-negative bacteria [74,90,91]. The antimicrobial
activities of selected Elaeagnus species, namely E. angustifolia [92–94], E. macrophylla [95],
E. mollis [58,96], E. kologa [97], E. umbellate [19,98,99], E. maritime, E. submacrophylla [100],
and E. indica [74,101], have also been documented. In the work of Ismail et al. [25] and
Nikolaeva et al. [102], epigallocatechin from Elaeagnus galabra has been recognized as an
antibacterial agent. According to Zargari [103], the leaves and fruit of E. angustifolia and
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E. multiflora exhibit antipyretic activity. Bacterial and fungal strains that are inhibited
by E. multiflora extracts should be analyzed and characterized in more detail. Mubasher
et al. [99] studied the antibacterial activity of E. umbellate, which is often confused with
E. multiflora due to similarities in leaf and fruit morphology. The objective of their study
was to evaluate the biological activity of E. umbellata extracts against standard microbial
strains as well as multi-drug-resistant bacteria isolated from hospitals. Flowers, leaves, and
berries were extracted in different solvents and were tested for their antibacterial activ-
ity by the disc diffusion method on selected organisms, such as the methicillin-resistant
Staphylococcus aureus (S. aureus), multi-drug resistant Pseudomonas aeruginosa (P. aeruginosa),
and enterohemorrhagic Escherichia coli (E. coli). Most of the extracts displayed broad-
spectrum activity, since Gram-positive bacteria, including S. aureus and B. subtilis, as well
as Gram-negative bacteria, including E. coli and P. aeruginosa, were inhibited. Srinivasan
et al. [74] demonstrated that the leaf extracts of E. indica possess potent antimicrobial ac-
tivities. They exerted varied inhibitory effects on the tested microbes. Most polar extracts
exhibited strong antimicrobial activities [74,101]. The extracts of E. umbellata [104] and
E. indica exerted greater inhibitory effects on bacteria than fungi. According to Piłat and
Zadernowski [72], seabuckthorn leaves contain compounds that inhibit the growth of
microorganisms such as Bacillus cereus, Pseudomonas aeruginosa, Staphylococcus aureus, and
Enterococcus faecalis [105]. Moreover, seabuckthorn seed oil exhibits antibacterial activity
against Escherichia coli [106].

The above findings indicate that E. multiflora can be used in the treatment of infec-
tious diseases. The antimicrobial efficacy of various Elaeganus species has already been
documented, but further research is needed to identify all of their bioactive compounds [19].

4.3. Antidiabetic Activity

Type 2 diabetes impairs insulin synthesis by the pancreas, thereby leading to hy-
perglycemia. The absorption of simple sugars should be controlled by the inhibitors of
enzymes responsible for sugar hydrolysis in the gastrointestinal tract. In turn, obesity
and lipid absorption are controlled by pancreatic lipase inhibitors [37,107,108]. Therefore,
the antidiabetic activity of E. multiflora fruit parts was measured as the inhibitory activity
against α-amylase, α-glucosidase, and pancreatic lipase [37]. The authors of the cited study
tested six new biotypes of goumi, which were selected in the Experimental Garden of the
University of Warmia and Mazury in Olsztyn (north-eastern Poland). The inhibitory activ-
ity against α-amylase and α-glucosidase in the fruit skin and pulp of E. multiflora reached
24.6 and 32.3 IC50 (mg/mL) on average, respectively, whereas the inhibitory activity against
pancreatic lipase was 74.9 IC50 (mg/mL) on average, implying that the antidiabetic activity
of the fruit skin and pulp was three-fold stronger than the antidiabetic activity of seeds and
leaves. The highest inhibition of the tested enzymes was noted for the fruit skin and pulp
of biotype Si5 (17.0 and 23.7 mg/mL against α-amylase and α-glucosidase, respectively),
whereas obesity was most effectively controlled by the fruit skin and pulp of biotype Si4
(69.0 mg/mL against pancreatic lipase). The antidiabetic activity of E. multiflora fruit skin
and pulp was similar to that noted for the extract of E. umbellata [107]. Lee et al. [13] found
that the 50% ethanol extract of E. multiflora fruit has potent α-glucosidase inhibitory activity
and could be an effective antidiabetic agent. α-glucosidase inhibitors can be used in the
treatment of many diseases such as diabetes, cancer, and HIV [13,109–111], which has
contributed to the increasing popularity of cherry silverberry. In a study by Lachowicz
et al. [37], the fruit skin and pulp of E. multiflora exhibited the strongest antidiabetic proper-
ties because their components migrate to juice during pressing. Cherry silverberry juice can
be used to produce a functional powdered additive. Furthermore, sugars can be removed
from the juice to enhance its antidiabetic effect.

4.4. Anticancer Activity

In developed countries, cancer has emerged as the leading cause of premature death.
Therefore, effective cancer prevention strategies are being sought. The results of epidemi-
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ologic studies have prompted food manufacturers to incorporate plant raw materials
containing anticarcinogenic substances in their products [112]. This group of compounds
includes lycopene, whose anticarcinogenic properties are associated with its high antioxi-
dant activity. Cherry silverberry fruit is a valuable source of lycopene, which appears to be
the most potent antioxidant among common carotenoids, known for its anticarcinogenic
effects [14–19]. Studies involving cell lines, animals, and human subjects have shown
that dietary lycopene can decrease the risk and growth of prostate cancer, ovarian cancer,
cervical cancer, breast cancer, esophageal cancer, liver cancer, gallbladder cancer, brain
tumors, and cardiovascular disease [109–117], as well as tumors of the upper respiratory
tract [118].

Cancer is a disease in which some of the body’s cells grow uncontrollably and spread
to other parts of the body. The anticancer activity of E. multiflora has been confirmed by
experiments, with in vitro as well as in vivo models. The mechanisms underlying tumor-
suppressing properties, including the ability to remove ROS, interfere with cell division,
and modulate the signal transduction pathway, are being investigated [2].

Lee et al. [12] examined the potential of cherry silverberry as a cancer-preventive agent
through regulating inflammatory signals, including cyclooxygenase-2 (COX-2) and Akt.
Extracts from the seeds and flesh of E. multiflora berries were obtained, and COX-2 and Akt
activities were analyzed in cherry-silverberry-extract-treated HT-29 colon cancer cells. The
study revealed that the analyzed seed extracts reduced cell viability at concentrations above
1600 mg/mL, and, effectively, reduced COX-2 and p-Akt expression. Both seed and flesh
extracts inhibited cell growth and induced apoptosis in HT-29 cells. Lee et al. [30] confirmed
that cherry silverberry extracts effectively scavenged 1,1-diphenyl-2-picrylhydrazyl (DPPH)
radical in vitro, reduced nitric oxide production in LPS-treated macrophages, and inhibited
cell proliferation in MCF7, Hela, and SNU-639 cancer cells. According to Lee et al. [12], fur-
ther research is needed to elucidate the exact molecular mechanism, by which E. multiflora
fruit induced apoptosis in colon cancer cells.

Several epidemiological studies [15] have suggested the presence of a positive cor-
relation between inflammation and cancer, in particular a strong association between
inflammatory bowel disease and a higher incidence rate of colon cancer. Oh and Lee [32]
demonstrated that cherry silverberry seeds, in contrast to its flesh, are believed to exert a
possible anticancer effect. Elaeagnus multiflora seeds are considered to be a candidate for an
anticancer functional food in preventive nutrition programs.

Lizardo et al. [81] explored the possibility of adding value to an underutilized fruit,
cherry silverberry, through the process of fermentation, which makes it a potential source
of functional food and an ingredient for the prevention of colorectal cancer.

5. Conclusions

Similar to seabuckthorn, E. multiflora has many potential applications in human nu-
trition, food technology as an ingredient of functional food, cosmetics (including skin
cosmetics), and pharmaceuticals as a component of nutraceuticals, medicine, manufacture,
and animal nutrition. Cherry silverberry is a promising fruit plant, which perfectly matches
the current trends in horticulture by promoting the cultivation of plants with edible fruit
that is attractive to both consumers and food producers, on account of its high nutritional
value, medicinal properties, and biological activity. Plant species that can be grown without
chemicals and constitute rich sources of bioactive substances have attracted considerable
interest from researchers worldwide. The identified bioactive compounds can be used
to design new functional foods with specific properties. They are found not only in the
fruit but also in other plant parts such as the bark, leaves, flowers, and seeds. The seeds
are considered to be a candidate for an anticancer functional food in preventive nutrition
programs. Nowadays, a healthy lifestyle is gaining increasing popularity, therefore, the
health-promoting potential of plants should be further explored.
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22, 285–290. (In Polish)

22. Grygorieva, O.; Klymenko, S.; Ilinska, A.; Brindza, J. Variation of fruits morphometric parameters of Elaeagnus multiflora Thunb.,
germplasm collection. Potravin. Slovak J. Food Sci. 2018, 12, 527–532. [CrossRef]

23. You, Y.H.; Kim, K.B.; An Ch, S.; Kim, J.H.; Song, S.D. Geographical Distribution and Soil Characteristics of Elaeagnus Plants in
Korea. Korean J. Ecol. 1994, 17, 159–170.

24. Sakamura, F.; Suga, T. Changes in chemical components of ripening oleaster fruits. Phytochemistry 1987, 26, 2481–2484. [CrossRef]
25. Ismail, M.; Hussain, M.; Mahar, S.; Iqbal, S. Investigation on Total Phenolic Contents of Elaeagnus Multiflora. Asian J. Chemstry

2015, 27, 4587–4590. [CrossRef]
26. Bieniek, A.; Lachowicz, S. Oliwnik wielokwiatowy—Alternatywa dla produkcji ekologicznej. In Proceedings of the Conference

materials X FairFruit and Vegetable Industry of TSW, Warsaw Expo, Nadarzyn, Poland, 15–16 January 2020. (In Polish)
27. Shin, S.R.; Hong, J.Y.; Yoon, K.Y. Antioxidant properties and total phenolic contents of cherry Elaeagnus (Elaeagnus multiflora

Thunb.) leaf extracts. Food Sci. Biotechnol. 2008, 17, 608–612.
28. Kim, S.A.; Oh, S.I.; Lee, M.S. Antioxidative and cytotoxic effects of solvent fractions from Elaeagnus multiflora. Korean J. Food Nutr.

2007, 20, 134–142.
29. Kim, S.T.; Kim, S.W.; Ha, J.; Gal, S.W. Elaeagnus multiflora fruit extract inhibits melanin biosynthesis via regulation of tyrosinase

gene on translational level. Res. J. Biotechnol. 2014, 9, 1–6.
30. Lee, Y.S.; Chang, Z.Q.; Oh, B.C.; Park, S.C.; Shin, S.R.; Kim, N.W. Antioxidant activity, anti-inflammatory activity, and whitening

effects of extracts of Elaeagnus multiflora Thunb. J. Med. Food 2007, 10, 126–133. [CrossRef]
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Abstract: Triterpenoids are a group of secondary plant metabolites, with a remarkable pharmaco-
logical potential, occurring in the cuticular waxes of the aerial parts of plants. The aim of this study
was to analyze triterpenoid variability in the fruits and leaves of three apple cultivars during the
growing season and gain new insights into their health-promoting properties and fate during juice
and purée production. The identification and quantification of the compounds of interest were
conducted using gas chromatography coupled with mass spectrometry. The waxes of both matrices
contained similar analytes; however, their quantitative patterns varied: triterpenic acids prevailed in
the fruits, while higher contents of steroids and esterified forms were observed in the leaves. The
total triterpenoid content per unit area was stable during the growing season; the percentage of
esters increased in the later phases of growth. Antioxidative and anti-inflammatory properties were
evaluated with a series of in vitro assays. Triterpenoids were found to be the main anti-inflammatory
compounds in the apples, while their impact on antioxidant capacity was minor. The apples were
processed on a lab scale to obtain juices and purées. The apple purée and cloudy juice contained only
some of the triterpenoids present in the raw fruit, while the clear juices were virtually free of those
lipophilic compounds.

Keywords: antioxidants; cuticular waxes; cyclooxygenases; GC-MS; Golden Delicious; Ligol; Malus
domestica; phytosterols; Redkroft; triterpenes; ursolic acid

1. Introduction

The cuticle is a complex hydrophobic layer covering the non-woody aerial parts
of plants, which has been developed through evolution to allow plants to survive in a
terrestrial environment and endure its challenges. Consequently, the cuticle’s main function
is to act as a barrier to transpirational loss of water, although it is also responsible for
protecting the plant against pests and pathogens, screening UV-B radiation, and defining
organ boundaries during development [1]. The typical composition of cuticles includes a
macromolecular scaffold of linked cutin and a variety of lipids that are collectively termed
waxes. The chemical composition of the waxes shows great variability between species,
but also among the organs of the same plant, development stages, and environmental
conditions [2–4]. The primary constituents of waxes are very long chain fatty acids (typically
C20-C34) and their derivatives, which are responsible for the mechanical and waterproof
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properties of cuticles. In addition to these, cuticles often contain secondary metabolites, the
most important of which are triterpenoids [1,5].

The term “triterpenoids” is used to describe the group of plant metabolites synthetized
from a common intermediate, 2,3-oxidosqualene. Its cyclization and rearrangement lead to
the formation of two groups of metabolites: sterols (containing a tetracyclic scaffold and
a side chain) and triterpenes (containing a pentacyclic scaffold), while further enzymatic
modifications result in the occurrence of more than 20,000 different structures found in
nature [6]. Triterpenes from the oleane, ursane, and lupane families are the most common
constituents of cuticular waxes [7]. They have important ecological and agronomical
significance connected with resistance against pests and pathogens; additionally, their
impact on consumer health is considered very promising [3,6]. Ursolic acid, which is widely
recognized as being the most abundant of the triterpenoids present in apples, exhibits a
wide array of pharmacological activities. The features of ursolic acid include anti-cancer
potential, antioxidative and anti-inflammatory properties, protection of internal organs
against chemically induced damage, and anti-microbial potential directly connected with
the acid’s role in plants’ defense system [8]. Plant sterols (phytosterols) can also be found in
plant cuticles, although, unlike triterpenes, they are ubiquitous in plant cells since they are
responsible for the stabilization of cellular membranes. Dietary phytosterols are important
agents in the prevention and treatment of hypercholesterolemia, and in a wider context,
they have a significant impact on the absorption of fat-soluble diet components [9]. Plant
peels can also contain other groups of secondary metabolites, such as anthocyanins and
lycopene, which are responsible for coloration, although their presence was not investigated
in this study.

Apples are among the most widely produced and consumed fruits worldwide, with
approximately 80 million tons harvested each year [10]. They are the most important fruit
considering the total revenue of their sale, while the cultivation, trade, and processing of
apples provide maintenance to thousands of people around the world [11]. In addition to
their nutritional value and economic significance, apples are also a rich source of secondary
metabolites with bioactive potential, which are claimed to have a beneficial impact on
health [12,13]. Thus far, the majority of the research has been focused on apple polyphenols,
which include, inter alia, chlorogenic acid, catechin, epicatechin, phloridzin, and procyani-
dins [14]. The polyphenol levels are considered the main quality parameter in studies
evaluating apples’ nutraceutical composition and improvement possibilities [15]. In recent
years, an increasing number of publications have reported the content and properties of
the lipophilic compounds present in the cuticular waxes of apples. The majority of the data
in the literature [16–20] show that the typical triterpenoid pattern of apple peel includes
ursolic acid as the dominant compound, followed by oleanolic acid; however, many contra-
dictory results have been published over the years, which justifies further investigation.
Additionally, the formation of triterpenoid esters with various compound groups (fatty
acids, carbohydrates, phenolic acids) has also been reported [21–24], but these compounds
are often overlooked during analysis.

The aim of this work was to analyze the triterpenoid content in cuticular waxes en-
compassing the fruits and leaves of apples and its changes during the growing season.
The experiments included both free and esterified forms of triterpenic acids, neutral triter-
penes, and sterols in three apple cultivars from the same origin. This paper broadens the
knowledge on the presence of triterpenoids in apples and, according to the authors’ best
knowledge, is the first work that investigates the content of these compounds in apple
leaves. Furthermore, the focus was placed on the biological activities of the triterpenoids.
Their antioxidative and anti-inflammatory properties were analyzed in vitro, including
their stability during processing.
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2. Results
2.1. Identification of Triterpenoids

As stated below, the analyses of triterpenoids were conducted using GC-FID-MS.
Three methods of analyte identification were applied simultaneously: use of analytical
standards, examination of GC-MS spectra, and comparison of the results to samples of
known composition from earlier studies. Meanwhile, a qualitative analysis was performed
using an FID. Figure 1 presents the structures of the quantified compounds. Some of the
compounds shown were not detected in the samples.
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Figure 1. Triterpenoids quantified in apple fruits and leaves.

2.2. Triterpenoids in the Fruit

The cuticular waxes of all cultivars were dominated by ursolic acid and oleanolic
acid. The content of minor triterpenic acids varied between the cultivars: ‘Redkroft’
contained only betulinic acid, ‘Ligol’ contained small amounts of pomolic acid, and ‘Golden
Delicious’ contained betulinic acid as well as a wide spectrum of hydroxylated acids from
the oleane and ursane families. Intermediates of triterpenic acid biosynthesis were detected
at lower levels. The triterpenoid content was roughly constant, with slightly higher levels
at the beginning of the growing season. Esterified forms of the triterpenes were detected
at significant levels on the last two collection dates. Despite the lower content of free
forms than ursolic acid, esters of oleanolic acid were more abundant in all cultivars. The
phytosterol content was stable during the growing season and did not vary significantly
between the cultivars. β-sitosterol was the most abundant compound from this group, with
an approximately 90% share. Figure 2 presents the changes in the total triterpenoid content
during the growing season, while Table 1 shows numerical data on the content of the most
abundant constituents of the waxes in the last stage of development. Additionally, Table S1
in the Supporting Information presents all of the obtained data.
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Figure 2. The changes in the triterpenoid content in fruits per unit area during the growth of three
apple cultivars. Numbers on the horizontal axis denote the collection dates.

Table 1. The content of selected triterpenoids in apple fruits in the last stage of development. Data in
Roman script represent unbounded analytes, while data in italic script correspond to their esterified
forms. Letters represent the statistical significance of the differences between cultivars (Tukey test,
α = 0.05).

Content
(µg cm−2) ‘Golden Delicious’ ‘Ligol’ ‘Redkroft’

Ursolic acid
466.2 ± 24.0 c 581.0 ± 14.2 b 630.4 ± 11.0 a
13.1 ± 6.4 b 12.1 ± 2.8 b 31.5 ± 3.1 a

Oleanolic acid
166.1 ± 13.2 c 317.8 ± 19.8 b 476.1 ± 7.7 a
39.4 ± 2.0 b 38.1 ± 5.4 b 63.1 ± 3.4 a

Betulinic acid
30.2 ± 4.1 b nd 52.1 ± 7.1 a
1.4 ± 0.7 a nd 4.3 ± 2.0 a

Pomolic acid
49.4 ± 5.7 a 10.2 ± 2.5 b nd

4.1 ± 2.4 nd nd

Corosolic acid
10.2 ± 1.5 nd nd
1.1 ± 0.4 nd nd

α-amyrin 9.0 ± 0.7 a 8.2 ± 0.5 ab 6.3 ± 0.5 b
nd nd nd

Uvaol
4.1 ± 0.7 a 5.1 ± 0.8 a 5.3 ± 0.6 a

nd nd nd

β-amyrin 7.1 ± 0.9 a 5.0 ± 1.1 ab 3.3 ± 0.2 b
nd nd nd

Erythrodiol 3.2 ± 0.5 a 2.1 ± 0.3 a 2.9 ± 0.2 a
nd nd nd

β-sitosterol
35.2 ± 1.6 a 33.3 ± 1.0 a 37.4 ± 1.9 a
1.4 ± 0.3 a 1.7 ± 0.4 a 1.4 ± 0.4 a

Campesterol 1.4 ± 0.2 a 1.0 ± 0.1 a 1.2 ± 0.2 a
nd nd nd

nd—not detected (≤0.2 µg cm−2).

2.3. Triterpenoids in the Leaves

The cuticular waxes of the apple leaves contained the same analytes as those of the
fruits; however, their levels were different. Ursolic acid and oleanolic acid were the most
abundant triterpenic acids, although their content was almost an order of magnitude lower.
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The content of other triterpenic acids and neutral triterpenes decreased proportionally. The
degree of esterification was much higher than in the fruits; additionally, esters were detected
during the entire growing season. The phytosterol levels were stable and approximately
25% higher than in the fruits. The total triterpenoid content increased at the beginning of
the season and was maintained in the later stages. Figure 3 presents the changes in the total
triterpenoid content during the growing season, while Table 2 shows numerical data on the
content of the most abundant constituents of the waxes in the last stage of development.
Additionally, Table S2 in the Supporting Information presents all of the obtained data.

Molecules 2023, 28, x FOR PEER REVIEW 5 of 16 
 

 

2.3. Triterpenoids in the Leaves 

The cuticular waxes of the apple leaves contained the same analytes as those of the 

fruits; however, their levels were different. Ursolic acid and oleanolic acid were the most 

abundant triterpenic acids, although their content was almost an order of magnitude 

lower. The content of other triterpenic acids and neutral triterpenes decreased proportion-

ally. The degree of esterification was much higher than in the fruits; additionally, esters 

were detected during the entire growing season. The phytosterol levels were stable and 

approximately 25% higher than in the fruits. The total triterpenoid content increased at 

the beginning of the season and was maintained in the later stages. Figure 3 presents the 

changes in the total triterpenoid content during the growing season, while Table 2 shows 

numerical data on the content of the most abundant constituents of the waxes in the last 

stage of development. Additionally, Table S2 in the Supporting Information presents all 

of the obtained data. 

 

Figure 3. The changes in the triterpenoid content in leaves per unit area during the growth of three 

apple cultivars. Numbers on the horizontal axis denote the collection dates (details in Table 5). 

Table 2. The content of selected triterpenoids in apple leaves in the last stage of development. Data 

in Roman script represent unbounded analytes, while data in italic script correspond to their ester-

ified forms. Letters represent the statistical significance of the differences between cultivars (Tukey 

test, α = 0.05). 

Content 

(μg cm−2) 
‘Golden Delicious’ ‘Ligol’ ‘Redkroft’ 

Ursolic acid 
61.2 ± 4.1 a 71.9 ± 5.0 a 57.3 ± 3.2 a 

12.1 ± 1.4 b 13.9 ± 1.2 ab 18.3 ± 1.9 a 

Oleanolic acid 
24.0 ± 2.0 b 43.4 ± 1.6 a 46.5 ± 2.4 a 

18.4 ± 1.2 b 12.1 ± 0.9 c 31.5 ± 0.7 a 

Betulinic acid 
1.6 ± 0.2 b nd 8.2 ± 1.4 a 

nd nd 0.9 ± 0.4 

Pomolic acid 
1.4 ± 0.2 a 0.7 ± 0.0 b nd 

0.5 ± 0.2 nd nd 

Corosolic acid nd nd nd 

Figure 3. The changes in the triterpenoid content in leaves per unit area during the growth of three
apple cultivars. Numbers on the horizontal axis denote the collection dates.

Table 2. The content of selected triterpenoids in apple leaves in the last stage of development. Data in
Roman script represent unbounded analytes, while data in italic script correspond to their esterified
forms. Letters represent the statistical significance of the differences between cultivars (Tukey test,
α = 0.05).

Content
(µg cm−2) ‘Golden Delicious’ ‘Ligol’ ‘Redkroft’

Ursolic acid
61.2 ± 4.1 a 71.9 ± 5.0 a 57.3 ± 3.2 a
12.1 ± 1.4 b 13.9 ± 1.2 ab 18.3 ± 1.9 a

Oleanolic acid
24.0 ± 2.0 b 43.4 ± 1.6 a 46.5 ± 2.4 a
18.4 ± 1.2 b 12.1 ± 0.9 c 31.5 ± 0.7 a

Betulinic acid
1.6 ± 0.2 b nd 8.2 ± 1.4 a

nd nd 0.9 ± 0.4

Pomolic acid
1.4 ± 0.2 a 0.7 ± 0.0 b nd
0.5 ± 0.2 nd nd

Corosolic acid
nd nd nd
nd nd nd

α-amyrin 4.1 ± 0.6 ab 5.2 ± 0.3 a 3.7 ± 0.5 b
0.6 ± 0.2 a 0.8 ± 0.0 a 0.5 ± 0.2 a

Uvaol
2.1 ± 0.4 a 1.7 ± 0.3 a 1.9 ± 0.3 a

nd nd nd

β-amyrin 2.0 ± 0.2 b 4.9 ± 0.7 a 2.6 ± 0.4 b
nd 0.6 ± 0.1 nd

Erythrodiol 1.1 ± 0.3 ab 1.4 ± 0.2 a 0.8 ± 0.0 b
nd nd nd

β-sitosterol 45.8 ± 1.6 a 48.3 ± 2.1 a 44.7 ± 1.3 a
2.6 ± 0.4 a 3.4 ± 0.5 a 2.5 ± 0.2 a

Campesterol 1.7 ± 0.4 a 1.2 ± 0.2 a 1.0 ± 0.3 a
nd nd nd

nd—not detected (≤0.2 µg cm−2).
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2.4. Antioxidative and Anti-Inflammatory Properties of Triterpenoids

Three main triterpenoids of the apples as well as two phenolic compounds char-
acteristic of these fruits were subjected to a series of analyses in order to evaluate their
antioxidative and anti-inflammatory properties. Table 3 summarizes the IC50 values ob-
tained for the pure compounds. Figure 4 compares the activities exhibited by apple extracts
with the theoretical activity of their triterpenoid constituents.

Table 3. Antioxidative and anti-inflammatory properties of the main triterpenoids and phenolic
compounds found in the apples. The results are expressed per dry mass. All results are presented as
IC50 expressed in mg L−1.

Test Ursolic
Acid

Oleanolic
Acid

β-
Sitosterol

Chlorogenic
Acid Phloridzin Apple

Extract

ABTS•+ 163 ± 8 155 ± 7 130 ± 4 23 ± 2 34 ± 4 140 ± 8

DPPH• 94 ± 3 96 ± 5 88 ± 5 21 ± 3 23 ± 3 82 ± 9

COX-1 52 ± 4 104 ± 6 542 ± 6 1047 ± 73 960 ± 61 205 ± 12

COX-2 31 ± 3 73 ± 7 382 ± 4 612 ± 31 644 ± 38 144 ± 10

5-LOX 717 ± 43 641 ± 22 1740 ± 52 >5000 >5000 2084 ± 301Molecules 2023, 28, x FOR PEER REVIEW 7 of 16 
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Figure 4. The contribution of the triterpenoids to the total antioxidative and anti-inflammatory
activities of apple extracts. The activity of the apple extracts was compared with the theoretical
activity of their selected constituents.

2.5. Impact of Processing on Triterpenoid Content

The ‘Golden Delicious’ apples were subjected to lab-scale processing in order to evalu-
ate the changes in the triterpenoid content during purée and juice production. Additionally,
commercial samples of apple-based products were bought and analyzed. A summary of
the results is presented in Table 4.
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Table 4. Content of the main triterpenoids in apple products from laboratory processing (triplicate
production process) and commercial sale (ten distinct products per category). The results are ex-
pressed per wet mass. Letters represent the statistical significance of the differences between groups
(Tukey test, α = 0.05).

Content
(mg L−1) or (mg kg−1) Ursolic Acid Oleanolic Acid β-Sitosterol

Apple 56.1 ± 3.1 a 24.1 ± 1.3 a 80.5 ± 3.1 a

Purée
(laboratory) 19.6 ± 2.1 b 8.0 ± 1.1 c 53.6 ± 4.2 b

Cloudy juice
(laboratory) 6.2 ± 0.9 c 2.8 ± 0.4 d 17.0 ± 2.9 d

Clear juice
(laboratory) <0.1 d <0.1 e <0.1 e

Purée
(commercial) 22.3 ± 3.9 b 15.2 ± 4.0 b 34.1 ± 11.1 c

Cloudy juice
(commercial) 4.1 ± 2.0 c 2.3 ± 0.5 d 14.1 ± 5. d

Clear juice
(commercial) <0.1 d <0.1 e <0.1 e

3. Discussion
3.1. Triterpenoids in the Fruit

The literature provides numerous publications dealing with the triterpenoid content
in apples, including the analysis of the whole fruit, its selected parts, and processed apples;
however, the results are often contradictory and difficult to compare due to the method of
their presentation.

The typical triterpenic acid pattern was reported by Andre et al. in their study
investigating 109 apple cultivars. They quantified the content of three triterpenic acids and
found ursolic acid to be the most prevalent (median content in the peel of 1.32 mg g−1),
followed by oleanolic acid (0.45 mg g−1) and betulinic acid (44 µg g−1). All cultivars
except one showed a similar acid content profile: ursolic > oleanolic > betulinic, whilst the
waxes of the ‘Merton Russet’ cultivar were dominated by betulinic acid [16]. Subsequent
publications by these authors confirmed the findings, but also reported the presence of trans-
and cis-caffeates of triterpenic acids in the apple cuticular waxes. These compounds were
present in all the fruits tested; however, their content was significantly higher in russetted
cultivars [21,25]. Similar results were obtained by other research teams. Butkevičiūte et al.
analyzed the triterpenic acid content in six apple cultivars. In the peel, they found ursolic
acid at levels of 4.03–6.43 mg g−1, oleanolic acid at 0.95–1.24 mg g−1, corosolic acid at
0.22–0.83 mg g−1, and betulinic acid at 39–83 µg g−1 (all expressed per dry weight),
while the flesh contained only trace amounts of triterpenic acids [18]. Dashbaldan and
colleagues reported the composition of cuticular waxes of the ‘Antonovka’ cultivar. The
observed patterns were dominated by ursolic and oleanolic acid, while the minor triterpenic
compounds included betulinic acid, corosolic acid, and oxo derivatives of ursolic and
oleanolic acid [26]. Woźniak et al. analyzed the triterpene content in dried apple pomace
obtained from an industrial plant and thus containing a mixture of cultivars. They found
ursolic acid to be the most abundant (7.13 mg g−1), followed by oleanolic acid (1.59 mg g−1),
pomolic acid (0.87 mg g−1), and neutral terpenoids at levels not exceeding 0.1 mg g−1 [27].
Considering the findings of Sut et al., the uniformity of the results can be connected with
the common heritage of contemporary cultivars. The authors analyzed the phenolics and
triterpenic acids in old Italian apple cultivars. Whereas commercial cultivars exhibited
typical UA-dominated profiles with a total content in the dried peel of 10–50 mg g−1, the
ancient varieties had a higher total content (25–70 mg g−1) and different qualitative and
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quantitative patterns: UA and OA were minor constituents, while large amounts of pomolic
acid, maslinic acid, corosolic acid, and cuneataol were found [28]. The results obtained in
our study are consistent with the data in the literature for commercial apple cultivars.

The aforementioned results refer to the mass of the peel, which, since it is mechanically
removed, may differ between the studies and, therefore, is not the optimal method for
expressing the triterpenoid content. Instead, we decided to express it per amount of area,
in line with other authors. The series of papers by Lv and co-workers investigated the
impact of cultivation and storage parameters on the content of terpenic compounds in
apples. The first paper stated that cold storage does not affect triterpenoid levels [29],
and the second reported that the cultivar and sun exposure can affect the triterpenoid
content [30], while the last showed the impact of the root stock and harvest time [31]. The
ursolic acid content varied slightly between the fruits; however, it was typically in the
range of 250–600 µg cm−2, while oleanolic acid was at levels of 50–80 µg cm−2. Ju and
Bramladge reported an increase in the content of all constituents of the cuticular waxes
after ethylene treatment of ‘Delicious’ apples; the reported ursolic acid levels were in the
range of 60–250 µg cm−2 [32]. The ursolic acid levels per area of fruit were also provided
by Frighetto et al. in a paper focusing on the isolation of this compound. The authors
analyzed four cultivars, obtaining a content of 210–820 µg cm−2 [33]. Significantly lower
levels of ursolic and oleanolic acid in the ‘Florina’ and ‘Prima’ cultivars were reported by
Leide et al., with 50 µg cm−2 and 5 µg cm−2, respectively [19]. The levels of ursolic acid
(466–708 µg cm−2) and oleanolic acid (166–541 µg cm−2) presented in Table 1 are similar to
those found in the aforementioned reports. The absence of literature on the levels of minor
wax constituents makes a comparison impossible.

The literature includes studies implementing high-resolution mass spectrometry to
identify the minor triterpenoid constituents of apple waxes. McGhie and colleagues
detected 43 triterpenic acids and their derivatives in the peel of seven apple cultivars.
In addition to monohydroxy acids (such as ursolic acid), di- and trihydroxy acids, oxo
derivatives, and coumaric acid esters were also found; the results, however, were expressed
only in relation to the total peak area [23]. Poirier et al. analyzed the content and partitioning
of terpenoids in ‘Granny Smith’ apple cuticular waxes. In addition to the typical acidic
and neutral triterpenes, the authors also found fatty acid esters of ursolic acid, uvaol,
and α-amyrin. Remarkably, the first two were located mainly in the wax, while the
latter was accumulated in the peel. The authors did not provide quantitative data on the
content of the compounds in the samples [24]. Our study included an analysis of over
20 triterpenoids in free and esterified forms. An exact identification of the esters was not
possible; however, due to the analytical approach, all bounded forms were quantified
regardless of their chemical character. The presence of esterified forms of triterpenic acids
and neutral triterpenes in apple waxes was confirmed.

It should be noted that contradictory results also appear in some papers. Bars-Cortina et al.
analyzed phytochemicals in the flesh and peel of white- and red-fleshed apples. The peel con-
tained ursolic (132–326 mg kg−1), hydroxyursolic (42–83 mg kg−1), euscaphic (9–127 mg kg−1),
maslinic (13–30 mg kg−1), and betulinic (2–29 mg kg−1) acid; however, oleanolic acid was not
reported in any of the nine cultivars [17]. Wildner and co-authors reported the ursolic and
betulinic acid content in five apple cultivars from southern Brazil, but they did not present
any data on oleanolic acid [20]. He and Liu investigated the constituents of the peel of ‘Red
Delicious’ apples. They presented only low levels of neutral triterpenes and terpenic acid
esters, while neither ursolic nor oleanolic acid was reported [22]. The discrepancies could be
the result of focusing the analyses on particular compounds and therefore neglecting others.
Misidentifications are possible as the compounds from the ursane and oleane groups create
pairs of corresponding isomers.

The data in the literature on the sterol content in apples typically describe β-sitosterol-
dominated patterns. The amount of this compound in fresh apples is in the range of
79–157 µg g−1 [34–37], while in pomace, it is 1147 µg g−1 [27]. Campesterol is typically
the second most abundant sterol, although its levels are more than an order of magnitude
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lower [35,36]. The pattern of sterols in our samples was similar to the findings in the
literature; however, the amounts expressed per weight of sample were much lower. Sterols
are ubiquitous in cells, while our protocol only included an extraction of those present in the
peel. Poirier and co-workers performed an in-depth analysis of the content and partitioning
of steroids in ‘Granny Smith’ apple cuticular waxes. They found that, in addition to free
sterols, acyl esters, glycosides, and acyl ester glycosides are also present. Most of these
compounds were located in the peel rather than in the waxes. The authors did not provide
quantitative data on the content of the compounds in the samples [24]. The results obtained
in our study agree with the findings in the literature.

A few other teams reported changes in the triterpenoid content in other fruits. Dash-
baldan and co-workers investigated the triterpenoid content in three phenological stages
of the development of four edible berry species (Vaccinium myrtillus, Vaccinium vitis-ideae,
Arbutus unedo, and Lonicera caerulea). The most abundant triterpenoids in their waxes were
ursolic acid, oleanolic acid, α-amyrin, and β-sitosterol. Unfortunately, the results were
expressed only in relation to the total mass of the extracted waxes. Nevertheless, the content
of the majority of the analytes was constant during their development [38]. Salvador and
colleagues focused their work on the phytochemicals of three elderberry (Sambucus nigra L.)
cultivars. The cuticular waxes of all the cultivars were dominated by ursolic acid, which
accounted for approx. 70% of the total content. The reported triterpenoid content decreased
during the season; however, the results were only expressed as the dry mass of the fruit
and, while the mass/area ratio changed during the growth of the fruit, are hard to compare
with other findings [39].

3.2. Triterpenoids in the Leaves

According to our best knowledge, the literature contains only one report on the triter-
penoid content in apple leaves. Bringe et al. analyzed adaxial (upper) surfaces and reported
that the content of ursolic acid and oleanolic acid was in the range of 177–390 ng cm−2 and
20–97 ng cm−2, respectively [40]. The levels observed in our study were a few orders of
magnitude higher. A more similar triterpenoid content was reported by Jetter et al., who
analyzed the composition of cuticular waxes of Prunus laurocerasus leaves. The experiments
showed a difference in the triterpenoid content between the abaxial (15 µg cm−2) and
adaxial surfaces (5 µg cm−2). The publication reported the limited usability of mechanical
methods of collecting surface wax for the analysis of triterpenoids, as they are present in
the intracuticular part of the waxes [41].

Two publications by Pensec and colleagues investigated the cuticular waxes of grapes.
The first one reported that oleanolic acid was the dominant compound in the fruit waxes of
six cultivars. The changes in the composition of the waxes were also analyzed: a decrease
in the triterpenoid content per gram of wax was reported; however, no recalculation
considering fruit area was conducted [42]. The second publication focused on leaves and,
surprisingly, reported a different pattern: the waxes were rich in lupeol and taraxeol, while
oleanolic acid was one of the minor constituents [43]. In our study, the observed qualitative
patterns were similar, but the levels of particular compounds differed between the fruits
and the leaves.

3.3. Antioxidative and Anti-Inflammatory Properties of Triterpenoids

Three main triterpenes as well as two phenolic compounds typically found in apples
were subjected to a series of assays to evaluate their potential health-promoting proper-
ties. The antioxidative capacity was evaluated via quantification of ABTS•+ and DPPH•

scavenging in simple chemical tests. Triterpenoids were inferior antioxidants compared to
phenolic compounds; the assays showed that 4–7 times higher mass concentrations should
be used to obtain a similar scavenging effect. The high antioxidative potential of phenolic
compounds is a result of their structure; multiple double bonds as well as oxidation-prone
hydroxyl and carbon groups allow them to accept several electrons per molecule [44,45].
The analyzed triterpenoids have a sole double bond; therefore, their potential in such
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tests is limited. Reports on antioxidative properties observed in vivo can be found in the
literature [46–49], although the activity should be attributed to altered cell metabolism
rather than a simple chemical reaction.

On the other hand, all three tests evaluating anti-inflammatory features showed a
higher potential of triterpenes compared to phenolic compounds. The obtained IC50
values are similar to the literature findings [50–52], although their levels vary significantly
between enzymes. Inhibition of cyclooxygenases can be considered promising, especially
considering the COX-2/COX-1 ratio [53]. The high IC50 values for 5-LOX inhibition suggest
that it could be impossible to obtain therapeutic concentrations in in vivo models without
triggering cytotoxicity.

The contribution of triterpenoids to the overall antioxidative potential was minor. As
stated before, phenolic compounds can be considered as the main antioxidants in apples,
prevailing in both content and potential. Simultaneously, it was observed that triterpenic
acids play a pivotal role in the inhibition of all of the tested pro-inflammatory enzymes,
being responsible for up to 90% of the total activity. These findings should be considered as
especially important since terpenes are often overlooked by food scientists and nutritionists
investigating apples and apple-based products.

3.4. Impact of Processing on Triterpenoid Content

The levels of triterpenoids in the juices and purées were significantly lower than in
the raw apples used for their production. In the case of ursolic and oleanolic acid, their
content in the purée was approx. 3 times lower, while in the cloudy juice, their content was
approx. 10 times lower. The content of β-sitosterol in the above products was 67% and 21%
of the content in the apples, respectively. The contents of triterpenoids in the commercial
products were similar to their laboratory equivalents; however, distinctions in the raw
material and processing led to higher variance in the results for the commercial products.
Meanwhile, in the clear juices, the levels of all analytes were below the limit of detection.
These results are consistent with the literature; the presence of triterpenic acids is usually
attributed to dried fruits and pomace, while their levels in juices are negligible [27,54]. The
observed phenomena can be explained considering the low polarity of the triterpenoids.
Their mass transfer from initial placement is insignificant; therefore, their content can be
connected with the amount of apple tissue in products. Triterpenic acids are present mainly
in the peel, the majority of which is discarded during processing; meanwhile, sterols are
abundant in all cells, which results in higher retention in products.

The commercial products were subjected to thermal processing as part of their produc-
tion. During the conventional pasteurization process, samples are kept at the temperature
of 90–95 ◦C for 15–20 min, while newer applications are heading towards decreasing
temperatures and process durations to limit the impact of heat on the sensory quality of
the product and its bioactive compounds. For comparison, a significant rate of sitosterol
oxidation is observed above 150 ◦C [55], while ursolic and oleanolic acids are even more
stable in degradative processes occurring above 200 ◦C [56]. Therefore, it can be assumed
that, in this case, temperature is not a significant factor.

The combination of the data levels of triterpenoids in various apple-based products
and their anti-inflammatory properties can be used to draw another conclusion: the health
benefits from the consumption of cloudy juices and purées will be superior to those from
the consumption of clear juices. This supports earlier works highlighting the impact of
fiber components in shaping the health-promoting activity of apple products [57,58].

4. Materials and Methods
4.1. Material

Three apple (Malus domestica Borkh.) cultivars varying in fruit peel coloration were
selected for the experiment: ‘Golden Delicious’ (yellow), ‘Ligol’ (yellow with red blush),
and ‘Redkroft’ (red). The plant material was collected in the experimental orchard of
the National Institute of Horticulture Research in Dąbrowice (51◦55′ N, 20◦06′ E) during
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the 2017 growing season. The fruits and leaves were picked randomly from one tree per
cultivar at regular intervals from April to September (eight times in total); Table 5 presents
the dates when the material was collected. At least three fruits and six leaves were collected
on each date to ensure that the samples were representative. The material collected was
weighed, measured, and frozen at −18 ◦C prior to extraction. The Supporting Information
presents the method of estimating the surface area [59].

Table 5. The dates of sample collection. The pluses and minuses denote whether the material was
available on that day.

Term 1 2 3 4 5 6 7 8

Date 21 April 12 May 2 June 27 June 19 July 14 August 8
September

29
September

Fruits - - + + + + + +
Leaves + + + + + + + -

The ‘Golden Delicious’ apples used during the processing and in vitro antioxidative
and anti-inflammatory tests were bought in a supermarket in Warsaw, Poland. The apples
were processed using lab-scale methods. A Miniprimer 9 blender (Braun, Kronberg im
Taunus, Germany) was used for purée preparation, and a Robot Coupe J80 Ultra (Robot
Coupe, Vincennes, France) was used for juice pressing, while the clear juice was obtained
via centrifugation and subsequent filtration. Additionally, ten samples of each product,
namely, clear juice, cloudy juice, and purée, were acquired from a local market in Warsaw.

4.2. Chemicals and Standards

The analytical standards of ursolic acid, oleanolic acid, betulinic acid, β-sitosterol,
cholesteryl acetate, chlorogenic acid, and phloridzin were acquired from Merck (Darmstadt,
Germany), while the standard of ursolic acid methyl ester was obtained from Carl Roth
(Karlsruhe, Germany). Analytical-grade pyridine was acquired from Honeywell (Charlotte,
NC, USA), while N, O-bis(trimethylsilyl)trifluoroacetamide with trimethylchlorosilane
(BSTFA + 1% TMCS), p-anisaldehyde, and toluene were bought from Merck. Potassium
hydroxide, acetic acid, sulfuric acid, and HPLC-grade methanol and chloroform were
acquired from POCh (Gliwice, Poland). Hydrogen for chromatographic analysis was
produced in situ by a Balston Hydrogen Generator (Parker Hannifin, Cleveland, OH, USA);
other compressed gases were supplied by a local vendor.

4.3. Analysis of Triterpenoid Content

The multistep analytical procedure was conducted using an approach described by
Pensec et al. [42]. The minor modifications that were implemented are described and
justified in the descriptions of the individual stages.

The fruits and leaves were submerged in chloroform and stirred gently for 60 s. The
amount of chloroform was selected to ensure at least 1 mL of solvent per square centimeter
of fruit/leaf area. The extracts obtained were evaporated to dryness under reduced pressure
using a Rotavapor R-300 vacuum dryer (Büchi, Flawil, Switzerland).

Part of the extracts obtained was subjected to alkaline hydrolysis using a protocol
described by Woźniak et al. [60]. The reaction mixture was prepared by dissolving 0.75 g
of potassium hydroxide in 1 mL of water, adding 4 mL of methanol, and dissolving the
extract in 5 mL of toluene. The reaction was conducted for 60 min at 90 ◦C. The organic
phase was collected, while the aqueous phase was re-extracted three times with toluene.
The organic fractions were merged and evaporated to dryness. The original method
included the separation of low polarity esters and their subsequent saponification and
analysis [42]. The presence of hydrophobic fatty acid esters in the apple waxes is reported
in the data in the literature [24]; however, reports describing the presence of esters of higher
polarity, including esters of coumaric and caffeic acid, are also available [21–23]. Therefore,
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the selected approach allowed for the quantification of a wider array of terpenoid and
triterpene derivatives.

The obtained extracts (both raw and hydrolyzed) were fractionated using preparative
thin-layer chromatography (TLC). The samples were applied to TLC silica gel 60 glass plates
(10 cm × 20 cm) (Merck, Darmstadt, Germany) and developed in a chloroform/methanol
(97:3, v/v) mixture. The analytical standards of oleanolic acid and β-sitosterol were used to
localize fractions containing triterpenic acids (RF 0.2–0.3) and steroids and neutral triter-
penes (RF 0.3–0.9), respectively. Due to safety concerns, the standards were visualized by
spraying them with an anisaldehyde sulfuric acid reagent (recipe reported in the Support-
ing Information) and heating [61], instead of the use of 50% sulfuric acid described in the
original method. Zones of the plate coating containing the desired fractions were scraped,
and, subsequently, the analytes were rinsed with chloroform/methanol (2:1, v/v).

The fractions containing triterpenic acids were subjected to derivatization prior to the
chromatographic analysis. The silylation protocol presented by Sánchez Ávila et al. [62]
was used, instead of the original derivatization method utilizing diazomethane, which can
be hazardous. An amount of 1 mL of the sample was placed in a 1.5 mL reaction tube and
evaporated under a gentle stream of nitrogen. Afterwards, 600 µL of pyridine and 300 µL
of BSTFA + 1% TMCS were added, and the tube was heated at 80 ◦C for 2 h.

Quantitative analyses of the samples were conducted using a Varian 430-GC gas chro-
matograph with a built-in flame ionization detector (FID) and CP-8400 autosampler (Var-
ian, Palo Alto, CA, USA). The separations were conducted using a DB-5, 30 m × 0.25 mm,
0.25 µm column (Agilent Technologies, Palo Alto, CA, USA) that was eluted with helium at
a flowrate of 1.0 mL min−1. Samples (2.5 µL) were injected using a 1:10 split ratio and an
injector temperature of 280 ◦C. Silylated triterpenic acids were analyzed under isothermal
conditions at 280 ◦C for 60 min, while steroids and neutral triterpenes were analyzed using
a temperature program: initial temperature of 160 ◦C for 2 min, which was increased at
5 ◦C min−1 to a final temperature of 280 ◦C that was held for a further 44 min. The detector
was kept at a temperature of 300 ◦C, while the gas flows were 25 mL min−1 of N2, 30 mL
min−1 of H2, and 300 mL min−1 of air. An internal standard (cholesteryl acetate) was
added to each sample prior to the analysis.

The identification of the analytes was performed based on a comparison of their
retention times with the standards. The five-point calibration curves showed good linearity
in the tested range; the LOQ value for all analytes was set to 0.2 µg cm−2. Additionally,
selected samples were subjected to GC-MS analysis, and the obtained mass spectra were
compared with the data in the literature. The GC-MS analyses were conducted using an
Agilent 7890A gas chromatograph and 5975C mass spectrometric detector (both Agilent
Technologies). The separation parameters were the same as those described above for the
GC-FID analysis; the mass spectrometer worked with an energy of ionization of 70 eV and
an m/z range of 33–500.

4.4. Antioxidative and Anti-Inflammatory Properties

The selected peel extracts as well as the standards of triterpenic compounds were ana-
lyzed for their antioxidative and anti-inflammatory properties. Due to their hydrophobic
character, the samples were dissolved in dimethyl sulfoxide (DMSO). The content of DMSO
in the reaction media in all the tests described below was 1% for all the tested samples as
well as the controls.

The scavenging activity against ABTS•+ was measured with a protocol described by
Re et al. [63]. A solution of 7 mM of ABTS and 2.45 mM of potassium persulfate was
used for the generation of radical cations. After overnight incubation in darkness, the
solution was diluted with ethanol to obtain an absorbance of approx. 0.7 at 734 nm. Then,
25 µL samples were mixed with 2.5 mL of ABTS•+ solution and incubated for 6 min. The
scavenging of ABTS•+ molecules was measured spectrophotometrically at 734 nm. Trolox
was chosen as a reference antioxidant.
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A method described by Yen and Chen was used to determine the activity against
DPPH• [64]. Briefly, 0.1 mL samples were mixed with 2 mL of DPPH• solution (1 mM)
and incubated at room temperature for 30 min. The scavenging of DPPH• radicals was
quantified spectrophotometrically at 517 nm. Trolox was chosen as a reference antioxidant.

The anti-inflammatory activity was evaluated using commercial kits for three enzymes
of biological activity: cyclooxygenases 1 and 2 (COX-1 and COX-2) and 5-lipoxygenase
(5-LOX), according to the instructions of the producers. Inhibition of the cyclooxygenases
was measured using kits from Cayman Chemicals (Ann Arbor, MI, USA; items 701070
and 701080, respectively), while 5-LOX inhibition was measured using a kit from abcam
(Cambridge, UK; item no. ab284521).

4.5. Statistics

Three independent samples were analyzed for each of the matrices. The data were
analyzed using Statistica 7.1 software (StatSoft, Tulsa, OK, USA). ANOVA with a post hoc
Tukey test at α = 0.05 was used to determine the statistical significance of the differences.

Supplementary Materials: The following Supporting Information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28062584/s1. Table S1. Content of triterpenoids in
apple fruit. Only compounds detected in at least one sample were listed. All data in µg/cm2. nd—not
detected (≤0.2 µg/cm2) Table S2. Content of triterpenoids in apple leaves. Only compounds detected
in at least one sample were listed. All data in µg/cm2. nd—not detected (≤0.2 µg/cm2).
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Abstract: The bitter taste of M. charantia fruit limits its consumption, although the health benefits
are well known. The thermal drying process is considered as an alternative method to reduce
the bitterness. However, processing studies have rarely investigated physiochemical changes in
fruit stages. The antioxidant activities and physiochemical properties of various fruit stages were
investigated using different thermal treatments. The color of the thermally treated fruit varied
depending on the temperature. When heat-treated for 3 days, the samples from the 30 ◦C and
90 ◦C treatments turned brown, while the color of the 60 ◦C sample did not change significantly.
The antioxidant activities were increased in the thermally processed samples in a temperature-
dependent manner, with an increase in phenolic compounds. In the 90 ◦C samples, the 2,2-diphenyl-
1-picrylhydrazyl radical scavenging activity presented a 6.8-fold higher level than that of nonthermal
treatment in mature yellow fruit (S3), whereas the activity showed about a 3.1-fold higher level in
immature green (S1) and mature green (S2) fruits. Regardless of the stages, the carotenoid content
tended to decrease with increasing temperature. In terms of antioxidant activities, these results
suggested that mature yellow fruit is better for consumption using thermal processing.

Keywords: antioxidant; bitter gourd; carotenoid; fruit stage; polyphenol; thermal processing

1. Introduction

Momordica charantia, commonly known as bitter gourd, belongs to the Cucurbitaceae
family and contains pharmaceuticals that are employed in traditional Asian medicines. The
fruit of M. charantia is widely cultivated in tropical and subtropical climates, such as India,
China, and Thailand for vegetables and medicinal usage [1]. The fruit are widely used with
not only fresh salad and juice but also pre-boiling, drying, stir-frying, and frying to reduce
their bitter flavor [2]. In addition, M. charantia has been used as a source of medicine to treat
cough-, liver heating-, anthelmintic-, and diabetes-related diseases [3–5]. In particular, its
fruit contains health-beneficial bioactive compounds such as charantin and it is particularly
attractive for use in food and pharmaceuticals. In addition, it contains plenty of vitamin
C, phenolic acids, and carotenoids, which have been considered antioxidants in food
ingredients [6].

Despite these health advantages, its consumption has been limited due to a strong
bitter taste, especially in raw fruit. Therefore, numerous attempts are being performed to
reduce the taste while maintaining the health benefits. Heat treatments such as baking,
roasting, and pressure cooking are known to reduce bitterness [7]. It is known that saponins,
including momodicoside F, which contribute to the bitter taste in M. charantia, are also
reduced by heat treatment [8]. Furthermore, hot-air drying is one of the most commonly
employed heat treatments that alters not only the physical properties (such as hardness)
but also the chemical properties (such as polyphenol decomposition) of food materials.
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Heat treatment increases taste preferences by promoting nonenzymatic reactions in food
or inducing a change in flavor components [6–13]. Heat treatment can cause an increase
in phenolic compounds and antioxidant activity in various fruit crops such as citrus,
persimmon peel, and eggplant fruit [10,14,15]. On the other hands, phenolic compounds
and antioxidant activity were decreased by heating in some crops such as olive, persimmon
flesh, and plum [10,16,17]. According to Choi et al. [18], M. charantia fruit roasted at 200 ◦C
for 15 min showed similar antioxidant activity compared to the unroasted sample, but the
flavan-3-ol and phenolic acid contents were about 1.4 times higher. Furthermore, Ng and
Kuppusamy [19] found that heat treatments such as microwave heating and boiling were
effective in increasing the antioxidant activity of M. charantia extract. Several studies have
focused on the biological activities and variations in bioactive compounds during different
thermal processing methods; however, current scientific information does not explain how
these changes in the fruit occur at different hot-air drying temperatures.

M. charantia changes morphological and physicochemical characteristics depending
on the growth stage. The fruit turns yellow as it ripens and the bitterness of the fruit
decreases and the sweetness increases at this stage [20,21]. However, the fruit shows signs
of decay and splitting, including cracking or bursting, causing it to be impossible for
consumption as fresh fruit. Therefore, M. charantia is usually used in its mature green
skin stage. Phenolic compounds can be increased or decreased depending on the crops,
maturity, and processing methods. It was reported that the phenolic content decreased as
the olive fruit matured, while it increased as soybean seed matured [9,22]. Moreover, the
total phenolic content decreased during thermal processing in the flesh of persimmon fruit
with the decrease in antioxidant activity, while it increased in the peel [10]. In a previous
study, it was discovered that the polyphenolic compounds and antioxidant capacities of
M. charantia were altered at various maturity stages [23,24]. It is reported that several
phenolic compounds increased as M. charantia fruit matures [20,24]. Moreover, certain
studies have shown the comparison between mature and immature fruits or leaves in
different cultivars [25,26]; however, thermal processing at the different stages has not been
studied in terms of the processing and antioxidant effects.

Therefore, the present study aimed to investigate the changes in antioxidant activities,
phenolic compounds, carotenoids, and chlorophylls according to thermal treatments in the
growth stage of M. charantia fruit. Furthermore, we have analyzed the major antioxidants
using Pearson correlation coefficiency analysis between antioxidant activities and the
active compounds.

2. Results
2.1. Changes of Color during Thermal Process

Figure 1 shows the morphological characteristics of M. charantia with different maturity
stages, presenting stage 1 (S1) as immature green fruit about 15 days after fertilization
(DAF), stage 2 (S2) as mature green fruit at about 25 DAF, and stage 3 (S3) as mature yellow
fruit at about 30 DAF. The treatments for each temperature at different stages were heat
treated for 3 days and the freeze-dried samples were used as control. In the nonthermal
process, the S1 and S2 fruits presented a light green color, while the fruits turned greenish
yellow after 90 ◦C temperature treatment. S3 was yellow in nonthermal conditions and
turned dark brown after 90 ◦C temperature treatment. The fruits dried at 60 ◦C in all
stages showed a lighter color than those in the 30 ◦C and 90 ◦C temperature treatments.
Figure 1C presents the CIE-Lab color values of these samples. The L* values of M. charantia
in all stages were similar at temperatures below 60 ◦C. Furthermore, the L* value of S3
fruit decreased and was lower than that of S1 and S2 at 90 ◦C. The increasing a* value
representing the color varied from greenness to redness. The increased a* values were
observed as the drying temperature was enhanced regardless of the growth stages. The
values of S3 ranged from 7.2 to 19.1 and were higher than those of S1 and S2 at all drying
temperatures. The increasing b* value representing the color varied from blueness to
yellowness. The b* values were maintained regardless of drying temperatures in S1 and S2.
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However, without heat treatment, the value in S3 was higher than that in S1 and S2 but
decreased as the drying temperature increased.
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Figure 1. Morphological characteristics of M. charantia (A) cross section at the central part of M. cha-
rantia, (B) visual color, and (C) their CIE L*, (D) a*, and (E) b* values of M. charantia (ground powder)
at different stages after thermal processing for 3 days. FD indicates freeze dry. S1, S2, and S3 indicate
immature green fruit about 15 days after fertilization (DAF), mature green fruit about 25 DAF, and
mature yellow fruit about 30 DAF.

2.2. Radical Scavenging Activities and Reducing Power

In Figure 2, the changes in antioxidant activity in M. charantia dried at different tem-
peratures were evaluated using 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) radical scavenging activities and ferric-
reducing antioxidant power (FRAP). In all growth stages of M. charantia, the radical scav-
enging activities and reducing power increased as the drying temperature increased and
were significantly higher in the 90 ◦C heat-treated fruit than other treatments.
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Figure 2. Radical scavenging activity of (A) DPPH and (B) ABTS and (C) reducing power 
evaluated using FRAP assay according to drying temperature of different maturities of M. 
charantia fruit. Different letters within each maturity stage indicate significant differences 
according to Tukey’s studentized test at p < 0.05. 

Figure 2. Radical scavenging activity of (A) DPPH and (B) ABTS and (C) reducing power evaluated
using FRAP assay according to drying temperature of different maturities of M. charantia fruit.
Different letters within each maturity stage indicate significant differences according to Tukey’s
studentized test at p < 0.05.

Similar variation patterns in the DPPH radical scavenging activity were observed
between S1 and S2 after thermal treatments, whereas S3 showed distinct differences com-
pared to the earlier stages. The DPPH radical scavenging activity of the 90 ◦C heat-treated
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sample in S3 was 6.8-fold higher than that of the freeze-dried (FD) sample, whereas it was
2.7- and 2.9-fold higher in S1 and S2, respectively. The changes of antioxidant activities of
M. charantia at different stages showed a positive temperature-dependent increase in the
ABTS radical scavenging activity and FRAP. Similar to DPPH radical scavenging activity,
the 90 ◦C heat-treated S3 exhibited higher ABTS radical scavenging activity than the early
stages. However, the FRAP did not show a clear difference between each maturity stage
according to the temperature, in contrast to the radical scavenging assays.

2.3. Phenolic Contents

Figure 3A shows the effects of thermal processing on total phenolic content (TPC) in M.
charantia. In nonthermal treatment, the TPC was 4.1, 4.9, and 5.6 mg gallic acid equivalent
(GE)·g−1 dry weight (DW) in S1, S2, and S3, respectively. The TPC increased as the drying
temperature increased, regardless of the stages after thermal treatment. In comparison to
FD, the TPC increased with temperature in 60 ◦C and 90 ◦C heat-treated fruit, regardless of
their stages. The higher total phenolic contents were exhibited at 90 ◦C heat-treated fruit in
each stage, with 11.8 mg GE·g−1 DW in S1, 13.7 mg GE·g−1 DW in S2, and 25.3 mg GE·g−1

DW in S3.
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Figure 3. Changes of total phenolic content (A) in thermal processing of M. charantia. (B) Chro-
matograms of phenolic compounds in (B) freeze-dried (FD) and (C) 90 ◦C heat-treated S3 detected at
280 nm using HPLC analysis.

In the HPLC chromatogram, seven distinct peaks, which are potential phenolic com-
pounds, in high temperature-treated M. charantia were detected at 280 nm. The relative
content of each compound among the thermal treatments was calculated on the bases of
the total peak area in FD of S1 (Table 1). Furthermore, regardless of maturity, peaks 1 and 2
were major substances in FD. These contents increased significantly after high-temperature
treatments. In the S3 samples, the contents of peaks 1 and 2 increased up to 30 ◦C and 60 ◦C
and then decreased at higher temperatures. Interestingly, the content of peak 3 showed
variations in patterns at the different growth stages. In samples of S1 and S3, the content
slightly decreased at 30 ◦C and then increased with elevation in the drying temperature.
The peak 3 contents of dried fruit at 90 ◦C were about twice as high as those of FD. Peaks
4–7 were not observed in FD M. charantia regardless of stages. However, the content of each
compound continuously increased in M. charantia as the drying temperature increased,
resulting in from 5 to 120 times higher content in the 90 ◦C heat-treated fruit compared to
that in the FD at each stage.
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2.4. Changes of Carotenoids and Chlorophylls

Table 2 shows the changes in the carotenoid and chlorophyll content of different
maturities of M. charantia during thermal processing. Here, nine carotenoids and two
chlorophylls were determined. In the nonthermal-treated fruit, the total content of the
carotenoids increased as the fruit stage progressed. After thermal treatment, the total
content of all stages of the fruits decreased continuously with the increasing drying tem-
peratures. Three patterns were roughly observed after heat treatment for each carotenoid
content variation. In all stages, the contents of carotenoid ester 1 and lutein decreased con-
stantly with the increasing drying temperature in all stages, except carotenoid ester 1 did
not exist in S3. The content of carotenoid ester 2 decreased as the growth stage progressed
but was maintained with relatively small variation during thermal treatment. Regardless
of the thermal treatment, carotenoids esters 3–7 and β-carotene were rarely or not detected
in S1 and S2. Notably, these compounds were found in relatively large amounts in the
FD of S3. However, at temperatures above 60 ◦C, the patterns demonstrated that each
compound decomposed similarly. In the FD-treated fruit, the total chlorophyll content
decreased with increasing fruit maturity stages. Moreover, no chlorophyll was found at the
mature yellow stage in the fruit. After thermal treatment, the total chlorophyll content in S1
and S2 significantly decreased as the drying temperature increased. The content variation
of chlorophyll a and b are responsible for the observed results.

2.5. Correlation between Antioxidant Activities and Physiochemicals

Figure 4 shows the correlation between antioxidant activities and phenolic compounds,
carotenoids, and chlorophylls. Overall, the antioxidant activities showed positive correla-
tions with phenolics, whereas the antioxidant activities were negatively correlated with
either carotenoids or chlorophylls. Furthermore, DPPH, ABTS, and FRAP activities showed
a high correlation with TPC, exhibiting high correlation values (r) of 0.77, 0.72, and 0.70, re-
spectively. These activities showed a significant correlation (r > 0.6, p < 0.05) with candidate
phenolics 4–6, which significantly increased in the 90 ◦C heat-treated fruits.
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Figure 4. Correlation coefficients between antioxidant activities and phytochemicals in heat-
processed M. charantia. TPC: total phenolic content; P1–P7: candidate phenolic compound 1–7; TCC: 
total carotenoid content; Ca1–Ca7: carotenoid ester 1–7; Lut: lutein; β-ca: β-carotene; TChl: total 
chlorophylls; Chl b: chlorophyll b; and Chl a: chlorophyll a. Asterisks indicate significance (* p < 
0.05; ** p < 0.01) using Pearson’s correlation analysis. 

3. Discussion 
Color is an important indicator for judging fruit quality [27,28]. During ripening, the 

color of M. charantia is determined by the quality and quantity of natural pigments, such 
as the greenish contribution of chlorophylls and the yellowish contribution of carotenoids. 
According to current studies, the decrease in chlorophylls and the increases in carotenoids 
in M. charantia fruit during maturity strongly support the color variation patterns with 
low lightless and high redness with yellowness in mature yellow fruit than early stages. 
Color has also become an index to evaluate the quality of the processing, as pigment 
compounds can be decomposed or oxidized. The pigment changes during thermal 
processing are significantly affected by many factors, such as methods, time, and 
temperature [27,29]. In our results, the color of the hot-air-dried fruit was obviously 
different from that of the freeze-dried (Figure 1). The degradation of pigment compounds 
after thermal processing in M. charantia, regardless of the stages, should be responsible for 
these phenomena. On the other hand, it was found that browning occurred in all stages 
of the fruit treated at 90 °C, accompanied by mature yellow fruit treated at 30 °C. Similar 
results were reported in persimmon by Lim and Eom [10]. These are tentatively assumed 
to be the results of enzymatic and nonenzymatic browning. At a relatively low 
temperature (30 °C), the enzymatic browning occurs actively, causing discoloration. The 
moisture of the fruits dried fast and the enzyme was destructed at a relatively high 
temperature (90 °C). Nonenzymatic browning such as caramelization and the Maillard 
reaction probably happened due to the presence of amino acids and sugars in fruit at high 
temperatures [10]. Thus, it is important to determine the appropriated drying temperature 
to ensure the color quality of the fruit. 

The significantly Increased antioxidant activities were shown in M. charantia after 
thermal processing, regardless of the fruit stages. The greater antioxidant activities were 
exhibited at higher drying temperatures (Figure 2). Interestingly, the changes in 
antioxidant activity of M. charantia at different growth stages showed different responses 
to heat treatment. Furthermore, for radical scavenging assays, more increased antioxidant 

Figure 4. Correlation coefficients between antioxidant activities and phytochemicals in heat-processed
M. charantia. TPC: total phenolic content; P1–P7: candidate phenolic compound 1–7; TCC: total
carotenoid content; Ca1–Ca7: carotenoid ester 1–7; Lut: lutein; β-ca: β-carotene; TChl: total chloro-
phylls; Chl b: chlorophyll b; and Chl a: chlorophyll a. Asterisks indicate significance (* p < 0.05;
** p < 0.01) using Pearson’s correlation analysis.
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3. Discussion

Color is an important indicator for judging fruit quality [27,28]. During ripening, the
color of M. charantia is determined by the quality and quantity of natural pigments, such as
the greenish contribution of chlorophylls and the yellowish contribution of carotenoids.
According to current studies, the decrease in chlorophylls and the increases in carotenoids
in M. charantia fruit during maturity strongly support the color variation patterns with low
lightless and high redness with yellowness in mature yellow fruit than early stages. Color
has also become an index to evaluate the quality of the processing, as pigment compounds
can be decomposed or oxidized. The pigment changes during thermal processing are
significantly affected by many factors, such as methods, time, and temperature [27,29]. In
our results, the color of the hot-air-dried fruit was obviously different from that of the
freeze-dried (Figure 1). The degradation of pigment compounds after thermal processing
in M. charantia, regardless of the stages, should be responsible for these phenomena. On
the other hand, it was found that browning occurred in all stages of the fruit treated at
90 ◦C, accompanied by mature yellow fruit treated at 30 ◦C. Similar results were reported
in persimmon by Lim and Eom [10]. These are tentatively assumed to be the results of
enzymatic and nonenzymatic browning. At a relatively low temperature (30 ◦C), the
enzymatic browning occurs actively, causing discoloration. The moisture of the fruits dried
fast and the enzyme was destructed at a relatively high temperature (90 ◦C). Nonenzymatic
browning such as caramelization and the Maillard reaction probably happened due to the
presence of amino acids and sugars in fruit at high temperatures [10]. Thus, it is important
to determine the appropriated drying temperature to ensure the color quality of the fruit.

The significantly Increased antioxidant activities were shown in M. charantia after
thermal processing, regardless of the fruit stages. The greater antioxidant activities were
exhibited at higher drying temperatures (Figure 2). Interestingly, the changes in antioxidant
activity of M. charantia at different growth stages showed different responses to heat
treatment. Furthermore, for radical scavenging assays, more increased antioxidant activities
were observed in high-temperature-treated fully matured fruit than in the earlier stages.
The DPPH radical scavenging activity of the 90 ◦C heat-treated S3 was found to be 6.8-fold
higher than that of the FD sample, while it was 2.7- and 2.9-fold higher in S1 and S2,
respectively (Figure 2). However, the reducing power of the fruit did not show a clear
difference between each maturity stage according to the temperature. Here, it is important
to point out the characteristics of different antioxidant reactions among the colorimetric
antioxidant assays. The DPPH assay tends to react with the hydrophobic compounds,
the ABTS assay tends to screen both lipophilic and hydrophilic compounds, and the
FRAP assay presents nonspecific properties [30,31]. The difference in antioxidant activity
variation patterns among the three assays suggested that thermal processing induced the
release of hydrophobic compounds and an increase in lipophilic compounds more than
hydrophilic compounds.

The increase in antioxidant activities might be due to the variation of polyphenols
in the matrix after thermal processing. The polyphenols are important antioxidant con-
tributors [10–13] and the significantly increased total phenolic content in the thermally
treated M. charantia can support the increased antioxidant activities, which were evaluated
using three different assays (Figures 2 and 3). A chromatogram at 280 nm is widely used to
study the polyphenols because the absorption at this wavelength is suitable for detecting a
large number of such compounds [32]. Based on the lambda max of the peaks at 280 nm
in our data and the phenolic acid profiling of M. charantia from a previous report [24], the
peaks we detected are considered to be phenolic compounds. The change of each phenolic
compound from the heat treatment showed a significantly different pattern (Table 1). Our
results demonstrated that peaks 4–6 were significantly increased by heat at all maturities,
contributing to antioxidant activity. Although these peaks were increased by heat regard-
less of maturity, the increased levels were highest in S3, showing a strong correlation with
the antioxidant activity. The quantitative increase may result from the thermal conversion
of insoluble phenolic compounds into soluble form [33]. According to Horax et al. [24],
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several phenolic compounds were increased after the 60 ◦C oven-drying of M. charantia
fruits, where the increased phenolics differed depending on the part of the fruit; mainly, the
increased phenolics were gallic acid and catechin in the flesh, while they were gentisic acid
and epicatechin in the inner tissue. It has been reported that food processing, such as heat
treatment, can lead to polyphenol degradation from cellular structures, increasing phenolic
compounds [33,34]. Thermal processing can also result in an enhanced extract ratio of
the polyphenols. High-temperature treatment may have caused the decomposition of
high-molecular phenolics into low-molecular phenolic compounds such as gallic acid and
epicatechin [33,34]. Thus, our results connote that mature yellow fruits contain relatively
more high-molecular phenolics or that low molecular phenolics are easily degraded in
mature fruit.

Carotenoids are also known to exhibit antioxidant activity [35,36]. Previous studies
found that carotenoid variation accumulates during M. charantia maturation [37,38] and
that several carotenoids only existed in the mature yellow stage [39]. These results are
consistent with our finding that five carotenoids are generated only in S3 of M. charantia
(Table 2). Regardless of the fruit growth stage, the content of carotenoids decreases with
higher processing temperatures. The destruction of these carotenoids is similar to the
results of previous studies showing that carotenoids are decomposed by the oxidation of
oxygen at high temperatures [23]. Interestingly, although carotenoids are known to be
heat-sensitive compounds, carotenoid ester 2, which maintained a relatively high content
despite heat treatment, was observed during heat treatment. This may be due to the
different thermal stabilities according to the structure of the carotenoid [40,41].

The correlation coefficiency analysis suggested a high positive correlation between the
antioxidant activities and phenolics but no or negative correlation between the antioxidant
activities and carotenoids or chlorophylls. For individual candidate phenolic compounsd
detected at 280 nm, peaks 4 and 5 showed a significant positive correlation with three
antioxidant activity assays. Similarly, phenolic compounds in M. charantia have previously
been studied as potential antioxidants [42,43]. Although thermal treatment has a negative
effect on carotenoid preservation during M. charantia fruit processing, our results suggest
that the maturity of the fruit and heating temperature are critical factors enhancing phenolic
compounds and antioxidant activity.

4. Materials and Methods
4.1. Plant Materials

The M. charantia plants were cultivated in the greenhouse of Kyung Hee university
(Yongin si, Republic of Korea). These plants were planted in horticultural soil (Baroker,
Seoulbio Co., Eumseong, Republic of Korea) mixed with perlite (GFC. Co., Ltd. Hongseong,
Republic of Korea) on 10 May 2021. The fruits of the M. charantia were harvested at three
different maturity stages: S1, immature green with undeveloped seeds (15.52 ± 0.61 cm
of length); S2, mature green with fully developed seeds (23.14 ± 1.10 cm of length); S3,
mature yellow with red ripe seeds (26.54 ± 0.64 cm of length). We randomly harvested
20 individuals in the growth stage from 15 plants three times in July and August 2021. The
experiment was carried out with a total of four repetitions with 5 objects as one repetition.

The fruits were washed with distilled water and dried using a paper towel. The fruit
samples were cross sectioned at a thickness of 1 cm. The skin, flesh, and inner tissues were
obtained and the seeds were removed (Figure 1A). The separated fruits were immediately
dried after each harvest without storage. Batches of the samples were freeze-dried in a
freeze dryer as a control group. For thermal processing, the samples were hot-air dried
using a dry machine (Koencon Co., Ltd., Hanam, Republic of Korea) until the water content
was <10% at 30, 60, and 90 ◦C for 3 days, respectively. The dried samples were pulverized
using a commercial mixer and sieved with a 100-mesh size.
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4.2. Color Measurement

The colors of the ground M. charantia samples were obtained by using a color ana-
lyzer (Lutron Electronics, Inc., Coopersburg, PA, USA). The acquired RGB values were
converted into L* (lightness), a* (greenness to redness), and b* (blueness to yellowness)
using OpenRGB v. 2.30.10125 software.

4.3. Sample Extraction
4.3.1. Preparation of Extract for the Determination of Antioxidant Activities, Total Phenolic
Content, and Content of Individual Phenolic Compound

The extraction method was performed as previously described methods [24,44] with
some modifications. The dried samples (50 mg) were immersed in 1 mL of 80% ethanol and
placed in a shaking incubator at 24 ◦C for 8 h after 1 h sonication. Later, the mixture was
centrifuged at 12,000× g for 10 min and the supernatant was collected for further analysis.

4.3.2. Preparation of Extract for Carotenoid and Chlorophyll Analysis

The extraction method was modified slightly from that described by Lim and Eom [10].
The ground sample was extracted with 350 µL of methanol and, later, 700 µL of chloroform
was added to it. After vortexing, 350 µL of 10% sodium chloride (NaCl) was added to
the mixture, which was then centrifuged at 8000× g for 5 min. The chloroform phase
was separated from the mixture in fresh tubes. Potassium hydroxide (350 µL, 1 N) was
added to the chloroform phase and the mixture was heated in the dark for 30 min. The
mixture was centrifuged after adding 10% NaCl and the chloroform phase was collected.
The collected phase was washed with additional 10% NaCl (700 µL) to remove the KOH.
The chloroform phase (500 µL) was centrifuged and 800 µL of ethyl acetate was added to
the collected phase. The final mixture was filtered using a 0.45 µm syringe filter (Futecs Co.,
Ltd., Daejeon, Republic of Korea) and the filtrate was used for carotenoid and chlorophyll
content analysis.

4.4. Colormetric Assays of Antioxidant Activities

The antioxidant assays of the M. charantia extract following thermal processing
were measured using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid (ABTS) radical scavenging activity assays. The an-
tioxidant assays were performed as described by the method of Lim and Eom [10] with
some modifications. For DPPH radical scavenging activity, the sample or standard (17 µL)
was mixed with 983 µL of DPPH solution. The absorbance of the mixture was measured
at 517 nm after the reaction in the dark for 30 min. The DPPH solution was adjusted
by 0.65 ± 0.02 in the absorbance value with 80% methanol at 517 nm. For ABTS radical
scavenging activity, 10 mM ABTS dissolved in DMSO was mixed in a 1:4 ratio with 8 mM
of 2,2′-Azobis (2-amidinopropane) dihydrochloride dissolved in 1X phosphate-buffered
saline (PBS). The mixture was heated at 70 ◦C for 40 min. The ABTS solution was filtered
using a 0.45 µm syringe filter and adjusted to a 0.65 ± 0.02 in absorbance value with 1X
PBS at 734 nm. The solution was added to the sample (20 µL) and measured at 734 nm
after a 10 min incubation at room temperature. The DPPH and ABTS radical scavenging
activities were expressed as milligrams of vitamin C equivalents (VCE) per gram of DW.

The ferric-reducing antioxidant power assay was performed as described by the
method of Lim and Eom [10] with minor modifications. A solution of 300 mM acetate
buffer (pH 3.6) was prepared by dissolving 3.1 g sodium acetate trihydrate and 16 mL
acetic acid in 1 L of distilled water. The 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) in 40 mM
hydrochloric acid were and 20 mM ferric chloride (FeCl3·6H2O) solution prepared. The
FRAP solution was prepared by mixing acetate buffer, TPTZ solution, and FeCl3·6H2O in a
10:1:1 ratio. The 950 µL of FRAP solution was added to 50 µL of sample extract and reacted
in the dark for 30 min. The absorbance of the mixture was measured at 593 nm. The FRAP
was expressed as milligrams VCE per gram DW.
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4.5. Measurement of Total Phenolic Content

The total phenolic content was determined in accordance with the Folin–Ciocalteu
method of Lim et al. [45] with some modifications. The sample extract (50 µL) was added
to 650 µL of distilled water. The 50 µL of Folin–Ciocalteu phenol reagent was immediately
added and mixed. After 6 min of incubation, 500 µL of 7% sodium carbonate (Na2CO3)
was added and reacted at room temperature for 90 min.

4.6. Determination of Individual Phenolic Compound

The 0.2 mL of the sample extract was diluted with 0.8 mL of 80% ethanol. The diluted
extract was filtered through a 0.45 µm syringe filter. The filtrate was analyzed using reverse-
phase HPLC (Waters 2695 Alliance HPLC; Bischoff, Leonberg, Germany) with a prontosil
column (120-5-C18-SH, 5 µm, 150 × 4.6 mm; Bischoff, Leonberg, Germany) as previously
described methods [18,24]. The mobile phase consisted of (A) water with 0.1% formic acid
and (B) acetonitrile. The gradient elution was as follows: 0–23 min, 1–20% B; 23–45 min,
20–60% B; 45–46 min, 60% B; 46–47 min, 60–1% B; and 47–49 min, 1% B. The flow rate of
the mobile phase was 1.0 mL·min−1 and the injection volume of the sample was 10 µL. The
peaks were detected at 280 nm using the Waters 996 photodiode array detector (Waters Inc.,
Milford, MA, USA).

4.7. Determination of Carotenoids

The saponified sample extract was used for the HPLC analysis. The analysis was
performed using Waters 2695 Alliance HPLC as in the previously described method [10].
The column used prontosil 120-5-C18-SH 5.0 µm (4.6 × 250 mm, Bischoff, Leonberg,
Germany). Mobile phase A consisted of 90% acetonitrile with 0.1% formic acid and mobile
phase B consisted of ethyl acetate with 0.1% formic acid. The gradient was as follows:
0–10 min, 0–60% B; 10–25 min, 60% B; 25–26 min, 60–0% B; and 26–27 min, 100% A. The
flow rate was 1.0 mL·min−1. The injection volume was 10 µL. The peaks were detected
at 445 nm using a Waters 996 photodiode array detector (Waters Inc., Milford, MA, USA).
The quantitative data of the carotenoid was expressed as relative content based on the total
carotenoid of the freeze-dried S1 sample. The chlorophyll data were expressed as relative
content of the total chlorophyll of freeze-dried S1 sample.

4.8. Statistical Analysis

All the samples were performed in three replicates and expressed as the mean and
standard error. The data were analyzed using SAS software (Enterprise Guide 7.1 version;
SAS Institute Inc., Cary, NC, USA). A one-way analysis of variance was performed to
assess the differences between the mean values using a Fisher’s least significant difference
(LSD) test. The significant differences among the experimental treatments were evaluated
using Tukey’s studentized test (HSD) at p < 0.05. The relationship between the antioxidant
activity and component contents under each treatment was analyzed using Pearson’s
correlation coefficients.

5. Conclusions

This study investigated the effect of thermal processing on the color, antioxidant
activities, phenolics, carotenoids, and chlorophylls in the growth stage of M. charantia
fruit. Thermal treatment led to distinct color changes in different maturities of M. charantia.
The changes from green to yellow in greenish fruits were caused by the degradation of
chlorophylls, whereas the changes from yellow to brown in mature fruit were caused by
two different reactions, indicating enzymatic browning by low-temperature dry processing
and nonenzymatic browning by high-temperature dry processing. After thermal treatment,
antioxidant activities increased in fruit with increasing drying temperatures, regardless of
the maturity stage of the fruit. The maturity of M. charantia affected the changes in radical
scavenging activity after heat treatment, whereas it had no effect on reducing power. Due
to the different mechanisms of each assay, these results are tentatively explained by the
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release of hydrophobic compounds and the increase in lipophilic compounds. The total
phenolic contents were also significantly increased in each maturity of M. charantia after
thermal treatment. Particularly, the highest content was observed in the 90 ◦C heat-treated
S3 fruit, which is extremely higher than the 90 ◦C heat-treated S1 and S2. These results may
be due to the significantly increased content of the candidate phenolic compounds 4, 5, and
6, which were detected at 280 nm using HPLC. However, after thermal processing, both
carotenoids and chlorophylls were significantly decreased. The correlation coefficiency
test between antioxidant activity and bioactive compounds suggested that the antioxidant
activities of M. charantia were mainly contributed to by phenolic compounds. Although
thermal processing induced the decrease in the carotenoid of M. charantia fruit, our results
suggest that the maturity of fruit and the processing temperature are the critical factors
enhancing phenolic compounds and antioxidant activity and that mature yellow fruit is
better for consumption after using thermal processing. Overall, these results suggest that
thermal processing at a high temperature can be usefully applied in industries of health
supplements and nutraceuticals of M. charantia fruit and provide an optimized harvesting
time and processing method for the development of functional foods.

Author Contributions: Conceptualization, S.H.E.; methodology, J.H.K., Y.J.L., and S.D.; software,
J.H.K. and Y.J.L.; validation, J.H.K. and S.H.E.; formal analysis, J.H.K., Y.J.L., T.J.P., and S.D.; in-
vestigation, J.H.K. and S.H.E.; resources, J.H.K.; data curation, J.H.K., Y.J.L., and S.D., and S.H.E.;
writing—original draft preparation, J.H.K., Y.J.L., and S.D.; writing—review and editing, S.H.E.;
visualization, J.H.K.; supervision, S.H.E.; funding acquisition, S.H.E. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by a National Research Foundation of Korea (NRF) grant,
which was funded by the Ministry of Science and ICT (MSIT) of Korea government (NRF-2022R1A2C
100769511).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All of the data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples are not available from the authors.

References
1. Subratty, A.; Gurib-Fakim, A.; Mahomoodally, F. Bitter melon: An exotic vegetable with medicinal values. Nutr. Food Sci. 2005,

35, 143–147. [CrossRef]
2. Wang, L.; Clardy, A.; Hui, D.; Gao, A.; Wu, Y. Antioxidant and antidiabetic properties of Chinese and Indian bitter melons

(Momordica charantia L.). Food Biosci. 2019, 29, 73–80. [CrossRef]
3. Boy, H.I.A.; Rutilla, A.J.H.; Santos, K.A.; Ty, A.M.T.; Yu, A.I.; Mahboob, T.; Tangpoong, J.; Nissapatorn, V. Recommended

Medicinal Plants as Source of Natural Products: A Review. DCM 2018, 1, 131–142. [CrossRef]
4. Leung, L.; Birtwhistle, R.; Kotecha, J.; Hannah, S.; Cuthbertson, S. Anti-diabetic and hypoglycaemic effects of Momordica charantia

(bitter melon): A mini review. Br. J. Nutr. 2009, 102, 1703–1708. [CrossRef] [PubMed]
5. Saeed, F.; Afzaal, M.; Niaz, B.; Arshad, M.U.; Tufail, T.; Hussain, M.B.; Javed, A. Bitter melon (Momordica charantia): A natural

healthy vegetable. Int. J. Food Prop. 2018, 21, 1270–1290. [CrossRef]
6. Hsieh, H.; Lin, J.; Chen, K.; Cheng, K.; Hsieh, C. Thermal treatment enhances the α-glucosidase inhibitory activity of bitter melon

( Momordica charantia ) by increasing the free form of phenolic compounds and the contents of Maillard reaction products. J. Food
Sci. 2021, 86, 3109–3121. [CrossRef]

7. Goldberg, E.; Grant, J.; Aliani, M.; Eskin, M.N.A. Methods for Removing Bitterness in Functional Foods and Nutraceuticals. In
Bitterness: Perception, Chemistry and Food Processing; John Wiley & Sons, Inc.: New York, NY, USA, 2017; pp. 209–237. [CrossRef]

8. Liu, Y.-J.; Lai, Y.-J.; Wang, R.; Lo, Y.-C.; Chiu, C.-H. The Effect of Thermal Processing on the Saponin Profiles of Momordica charantia
L. J. Food Qual. 2020, 2000, 8862020. [CrossRef]

9. Qu, S.; Kwon, S.J.; Duan, S.; Lim, Y.J.; Eom, S.H. Isoflavone changes in immature and mature soybeans by thermal processing.
Molecules 2021, 26, 7471. [CrossRef]

10. Lim, Y.J.; Eom, S.H. The different contributors to antioxidant activity in thermally dried flesh and peel of astringent persimmon
fruit. Antioxidants 2022, 11, 597. [CrossRef]

43



Molecules 2023, 28, 1500

11. Duan, S.C.; Kwon, S.J.; Eom, S.H. Effect of thermal processing on color, phenolic compounds, and antioxidant activity of faba
bean (Vicia faba L.) leaves and seeds. Antioxidants 2021, 10, 1207. [CrossRef]

12. Duan, S.; Kwon, S.J.; Gil, C.S.; Eom, S.H. Improving the antioxidant activity and flavor of faba (Vicia faba L.) leaves by domestic
cooking methods. Antioxidants 2022, 11, 931. [CrossRef] [PubMed]

13. Eom, S.H.; Park, H.J.; Seo, D.W.; Kim, W.W.; Cho, D.H. Stimulating effects of far-infrared ray radiation on the release of
antioxidative phenolics in grape berries. Food Sci. Biotechnol. 2009, 18, 362–366.

14. Xu, G.; Ye, X.; Chen, J.; Liu, D. Effect of Heat Treatment on the Phenolic Compounds and Antioxidant Capacity of Citrus Peel
Extract. J. Agric. Food Chem. 2007, 55, 330–335. [CrossRef] [PubMed]

15. Chumyam, A.; Whangchai, K.; Jungklang, J.; Faiyue, B.; Saengnil, K. Effects of heat treatments on antioxidant capacity and total
phenolic content of four cultivars of purple skin eggplants. Scienceasia 2013, 39, 246–251. [CrossRef]

16. Pérez-Nevado, F.; Cabrera-Bañegil, M.; Repilado, E.; Martillanes, S.; Martín-Vertedor, D. Effect of different baking treat-ments on
the acrylamide formation and phenolic compounds in Californian-style black olives. Food Control. 2018, 94, 22–29.
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Abstract: In general, food processing and its conditions affect nutrients, bioactive compounds, and
sensory characteristics of food products. This research aims to use a non-targeted metabolomics
approach based on UPLC-ESI-QTOF-MS to determine how fruit processing can affect the metabolic
profile of fruits and, through a comprehensive metabolic analysis, identify possible markers to assess
their degree of processing. The present study uses a real case from the food industry to evaluate
markers of the processing of strawberry and apple purees industrially elaborated with different pro-
cessing techniques and conditions. The results from the multivariate analysis revealed that samples
were grouped according to the type of processing, evidencing changes in their metabolic profiles
and an apparent temperature-dependent effect. These metabolic profiles showed changes according
to the relevance of thermal conditions but also according to the exclusively cold treatment, in the
case of strawberry puree, and the pressure treatment, in the case of apple puree. After data analysis,
seven metabolites were identified and proposed as processing markers: pyroglutamic acid, pteroyl-
D-glutamic acid, 2-hydroxy-5-methoxy benzoic acid, and 2-hydroxybenzoic acid β-D-glucoside in
strawberry and di-hydroxycinnamic acid glucuronide, caffeic acid and lysoPE(18:3(9Z,12Z,15Z)/0:0)
in apple purees. The use of these markers may potentially help to objectively measure the degree of
food processing and help to clarify the controversial narrative on ultra-processed foods.

Keywords: untargeted metabolomics; markers; food processing; processing degree

1. Introduction

Food processing refers to different unit operations that modify foodstuff chemically
and physically to extend its shelf life and ensure food quality and safety [1]. Some tra-
ditional unit operations used in the fruit industry include peeling, chopping, crushing,
sieving, and thermal treatments [2]. Many studies have determined how different process-
ing techniques and conditions affect some sensitive nutrients (e.g., vitamins) and bioactive
compounds, as well as the quality characteristics of fruit products [3,4].

Industries must ensure the supply of fresh fruits to manufacture fruit products through-
out the year. However, sometimes fruits are processed in advance to be used as raw
materials due to the difficulty of local production or fruits (fresh) not available in all sea-
sons. Overall, thermal treatment is the most used processing technology to produce fruit
products such as purees, jams, juices, concentrates, and baby foods [1]. Nevertheless, in
light of an increasing demand of consumers towards minimally processed and health-
ier products [5], non-thermal technologies such as high-pressure processing (HPP), cold
atmospheric plasma, and pulsed electric fields, among others, have been developed [6].
It has been shown that the degree of processing in thermal and non-thermal processing
techniques affects the stability of polyphenols in fruit products [3]. However, the degree
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of processing has not been fully assessed yet, as many authors categorize the degree of
processing according to the number of ingredients in a food product or to the extent and
purpose of food processing, and not based on the process itself [7–9].

Therefore, defining the degree of processing of the fruit products will help assess the
preservation level of the phenolic compounds and the quality characteristics of the final
product (e.g., fruit juices, fruit purees, jams). This represents a significant challenge for in-
dustries and consumers. A potential strategy would be to study the overall metabolic profile
of the final product, which could be affected by the degree of processing. Metabolomics-
based approaches have been demonstrated to be a powerful tool for identifying changes in
food metabolic profiles due to processing [10]. In particular, untargeted metabolomics has
been used to study modifications after minimal processing and storage of meat, fruit, and
vegetable products [11–13]. A previous study examining how processing (thermal pasteur-
ization, pulsed electric field, and high-pressure processing) influences the quality attributes
of cloudy apple juice using a targeted and non-targeted metabolomics approach revealed
that heat treatment resulted in brighter color together with increased stability of cloudiness
in the juice, mainly as a result of inactivation of polyphenol oxidase, peroxidase and pectin
methylesterase. However, this heat treatment reduced most of the volatile compounds,
principally esters, and induced the formation of off-odor compounds [14]. In addition,
Utpott et al.’s [10] review recently reported changes in the metabolic profile due to thermal
treatments, drying technologies, fermentation, and chemical and enzymatic treatments.
However, the elucidation of potential markers is challenging [15]. Therefore, there is a need
for research that examines the influence of thermal and non-thermal processing techniques
on the metabolites of fruit products to determine common processing markers to provide
helpful information to consumers, industries, and governmental food regulators.

This study will focus on strawberries and apples, two of the most used fruits in the
food industry, not only because of their pleasant flavor and sensory characteristics but
also due to the presence of bioactive compounds to which their potential health benefits
are attributed [16]. The aim is to determine potential markers of food processing in straw-
berries and apples subjected to different industrial processing techniques, as previously
described [17], to produce purees using an untargeted metabolomics approach.

2. Results
2.1. Multivariate Model Analysis
2.1.1. Multivariate Model Analysis of Strawberry

The pre-processing operations gave a data matrix from the full dataset based on 4554 entities
(ions that present the necessary features to be a metabolite) for negative mode. In the PCA analysis,
the first two principal components (PC1 and PC2) explained 65.3% of the total variability in the
negative mode (Figure 1a). Samples were grouped according to the processing technique (Fresh
strawberries (FS), No heat treatment (NT), mild heat treatment (MT), standard thermal treatment,
vacuum concentration (VC)), evidencing changes in their metabolic profiles. The calculated
PLS-DA model, based on 15 samples, described 96.8% of the variance (R2 = 0.968) according to
the cross-validation prediction of Q2 = 0.612 (Figure 1b) in negative polarity. The discrimination
models showed significant differences between FS and VC, but not very high discrimination
across the cold-crushing processing samples NT and MT, which showed similar metabolic profiles
(Figure 1b). The summarized variance explained by component 1 classified the variables’ thermal
treatment effect, whereas component 2 classified the variables’ cold crushing effect. These results
showed how the temperature variation affected the discrimination of samples. Samples were
classified along component 1 according to the relevance of the thermal treatment (FS-NT/MT-
ST-VC). On the other hand, the samples subjected to cold crushing processing (NT and MT)
were classified together in the model and separated by component 2 from fresh samples (FS)
and the hot crushing processing samples (ST and VC). The results show the sample metabolome
variability according to the temperature used during the processing stages.
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Figure 1. PCA and PLS-DA model plots. Strawberry: (a) PCA plot, (b) PLS-DA plot. Apple: (c) PCA
plot, (d) PLS-DA plot. Strawberry samples: Fresh strawberries (FS), No heat treatment (NT), mild heat
treatment (MT), standard thermal treatment (ST), vacuum concentration (VC). Apple samples: Fresh
apple (FA), high-pressure processing (HPP), mild heat treatment (MT), standard thermal treatment
(ST), reprocessed mild heat treatment (RP.MT), reprocessed standard thermal treatment (RP.ST).

2.1.2. Multivariate Model Analysis of Apple

For negative mode, the pre-processing procedures gave a data matrix from the full
dataset based on 2551. PC1 and PC2 explained 62.3% of the variance in the negative mode
(Figure 1c). The global trend of the data variation in the PCA plots describes a clear sample
grouping affected by processing treatment [Fresh apple (FA), High-pressure processing
(HPP), mild heat treatment (MT), standard thermal treatment (ST), reprocessed mild heat
treatment (RP.MT), reprocessed standard thermal treatment (RP.ST), with no significant
outliers. The PCA model showed accurate technical reproducibility. The calculated PLS-DA
model based on 18 samples described 98.8% of the variation (R2 = 0.988) according to the
cross-validation prediction of Q2 = 0.911 for negative polarity (Figure 1d). The summarized
variance explained by component 1 exclusively classified the variables’ thermal treatment
effect, whereas that component 2 classified the variables’ cold crushing effect. These results
showed how the cold-crushing treatment could differentiate the metabolome of these
samples, similar to HPP, MT, and RP.MT treatments.
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In summary, the variance explained by component 1 discriminated the fresh product,
in both study cases, from the treatments mainly affected by the temperature observed in
apple puree, while component 2 grouped the metabolomes affected by cold crushing.

2.2. Metabolites Trend and Markers Identification

After evaluating the multivariate model and the application of univariate operations,
a list of candidate markers was obtained.

Strawberry. The filtering and statistics layers resulted in 2902 entities in the negative
mode. According to the highest VIP value score (VIP > 1), the accuracy of the tentative
database identification, and the p-value, a final list of 1444 entities was obtained. Finally,
four entities were identified using accurate mass and MS/MS fragmentation pattern and,
in some cases, confirmed with authentic standards (Table 1): Pyroglutamic acid (1), Pteroyl-
D-glutamic acid (2), 2-hydroxy- 5-methoxy benzoic acid (3) and 2-hydroxybenzoic acid
β-D-glucoside (4).

Table 1. Metabolites identified and confirmed by MS/MS in strawberry and apple samples.

ID m/z Name Formula RT Polarity Regulation MS/MS Fragments

1 128.0344 Pyroglutamic acid * C5H7NO3 1.37 NEG UP 128.0338; 85.0287; 82.0285; 72.0091
2 472.1577 Pteroyl-D-glutamic acid a C20H23N7O7 3.70 NEG DOWN Unclear fragments

3 167.0339 2-hydroxy-5-methoxy benzoic acid C8H8O4 7.52 NEG UP 108.0217;109.0243;152.0109;123.0019;
167.0360

4 299.0766 2-hydroxybenzoic acid
beta-D-glucoside C13H16O8 2.16 NEG DOWN 137.0246; 179.0437; 299.0761

5 355.0666 Dihydroxycinnamic acid glucuronide C15H16O10 2.88 NEG UP 207.0297; 265.0358;
247.0250;193.0609;191.0555; 135.0488

6 179.0345 Caffeic acid * C9H8O4 5.78 NEG UP 135.0455; 134.0369
7 474.2621 LysoPE(18:3(9Z,12Z,15Z)/0:0) C23H42NO7P 25.01 NEG UP 474.2626; 277.2177; 214.0487; 152.9955

a Tentative identification; * Confirmed by an authentic standard; ID 1-4: detected in strawberry; ID 5-7: detected in
apple. MS/MS fragments compared with Metlin database, MassBank of North America (MoNA), and calculated
by CFM-ID spectrum prediction.

Only pteroyl-D-glutamic acid was not confirmed by MS/MS analysis due to the low
intensity of the fragments generated. However, the presence of pyroglutamic acid, the only
metabolite confirmed with an authentic standard, in the processing samples supports the
occurrence of compound 2 in fresh strawberries. We initially hypothesized that compound
3 with m/z 167.0339 and a fragmentation pattern corresponding to a hydroxy-methoxy
benzoic acid could be vanillic acid (4-hydroxy-3-methoxy benzoic acid), a metabolite
naturally found in fruits such as banana, mango, blueberry, blackberry and strawberry and
in processed products such as juice, wine, beer and cider [18]. However, its retention time
did not match that of an authentic standard. Among the other isomers, considering its
fragmentation pattern, this compound was tentatively identified as 2-hydroxy- 5-methoxy
benzoic acid (5-methoxysalicylic acid).

The area of these potential markers was compared among the different processing
treatments (Figure 2). Pyroglutamic acid (Figure 2a) showed an increasing trend mainly
correlated with thermal processing. It was practically absent in the fresh fruits, and its
presence was higher when increasing the temperature (thermal treatment) in the processing
(FS < NT < MT < ST < VC). On the contrary, pteroyl-D-glutamic acid (Figure 2b) showed
the opposite trend, a decrease in the area correlated with the thermal treatment applied
to the samples. 2-Hydroxy- 5-methoxy benzoic acid (5-Methoxysalicylic acid) (Figure 2c)
showed a similar trend to pyroglutamic acid, increasing with the processing intensity.
Still, in this case, the temperature and cold-crushing (NT) could affect. 2-Hydroxybenzoic
acid β-D-glucoside (Figure 2d) was a downregulated marker showing a decreasing trend
correlated with the thermal processing intensity. However, other processing parameters
applied during vacuum concentration (VC) apart from temperature could affect it.

Apple. After applying the pre-configured process layer to the apple products (see
above), a total of 1723 entities were found in negative mode. According to the highest
VIP value, p-value, and accuracy of the tentative database identification, a final list
of 767 candidates was obtained. Finally, three entities were identified in databases
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using their accurate mass and MS/MS fragmentation pattern, and they were proposed
as processing markers: di hydroxycinnamic acid glucuronide (5), caffeic acid (6), and
lysoPE(18:3(9Z,12Z,15Z)/0:0) (7) (Table 1). Caffeic acid was also confirmed with an
authentic standard. Compound 5 showed an MS/MS profile that matched the predicted
spectrum of a hydroxycinnamic acid glucuronide.
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Figure 2. Bar plot of the metabolites identified in strawberry puree across the processing sample
groups. X-axis: total abundance of the metabolite; Y-axis: treatment. (a) Pyroglutamic acid; (b)
Pteroyl-D-glutamic acid; (c) 4-hydroxy-3-methoxy benzoic acid; (d) 2-hydroxybenzoic acid β-D-
glucoside. Strawberry samples: Fresh strawberries (FS), No heat treatment (NT), mild heat treatment
(MT), standard thermal treatment, vacuum concentration (VC).

After a first look, it seemed that it could be caffeic acid glucuronide. Still, its experi-
mental fragmentation from 5 to 40 V produced the fragment at m/z 135 with low intensity,
while in the theoretical MS/MS spectra of caffeic acid glucuronide, this was the major
fragment. Accordingly, based on this evidence, it was impossible to specify the dihy-
droxycinnamic acid type or the glucuronide residue’s position. When the trend of these
markers in the different processed samples was evaluated, it was observed that all of them
(di-hydroxycinnamic acid glucuronide, caffeic acid, and lysoPE(18:3(9Z,12Z,15Z)/0:0))
were not detected in FA samples and were upregulated after processing. They showed an
increasing trend correlated with processing, mainly with the thermal treatment applied
to the samples (FA < MT < ST < RP.MT < RP.ST) (Figure 3). An exception was observed
with the HPP treatment, which showed higher intensity than MT and was similar to ST but
was subjected to lower thermal treatment. This behavior could be due to the high pressure
applied during treatment, which could also affect these compounds’ presence.
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(b) Caffeic acid; (c) LysoPE(18:3(9Z,12Z,15Z)/0:0). Apple samples: Fresh apple (FA), High-pressure
processing (HPP), mild heat treatment (MT), standard thermal treatment (ST), reprocessed mild heat
treatment (RP.MT), reprocessed standard thermal treatment (RP.ST).

3. Discussion

In the present study, untargeted metabolomics was successfully applied to identify
changes in the metabolic profiles of strawberry and apple purees subjected to different ther-
mal and non-thermal processing techniques [17]. Notably, multivariate analyses (PCA and
PLS-DA) evidenced a clear separation between the other fruits’ treatments, highlighting a
temperature-dependent effect. It was possible to discriminate each treatment based on its
metabolomic profiling. It became evident that the presence or absence of temperature used
during the crushing process is crucial in the change of the metabolomic profile of the final
product. Thus, in the case of strawberries and apples, purees produced with cold crushing
clustered together, while those extracted with heat treatment also formed a separate cluster.
The effect of thermal processing on the overall metabolome of different foods has been
previously reported using untargeted metabolomics approaches [10]. Previous studies
have reported changes in the composition of peanuts due to dry roasting [19], in tiger
nut milk caused by ultra-high temperature [20], and in black raspberry powder thermally
treated at 95 ◦C [13]. In another study, thermal treatment influenced the final metabolite
composition of vegetable purees differently depending on the blending and heating condi-
tions applied [4]. Different molecules were identified as variables to discriminate between
processed and fresh samples. Metabolites that increased or decreased along processing
treatment, mainly affected by the temperature, were found.

In the case of strawberries, we found that pteroyl-D-glutamic acid could be a marker of
non-processed fruits. Pteroyl-D-glutamic acid, the active metabolite of folic acid [21], is es-
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sential to prevent congenital malformations such as neural tube defects [22]. Folic acid and
its derivatives are present in meat products (chicken liver), leafy green vegetables (spinach,
parsley), grains (green beans, peas, chickpeas), and fruits (apple, orange, strawberry), with
concentrations ranging from 1 to 580 µg of folate/100 g fresh weight [23,24]. Due to process-
ing, a significant decrease in pteroyl-D-glutamic acid was observed in strawberries. These
folates have been reported to be sensitive to oxygen exposure, light intensity, and thermal
treatments [23]. Depending on the intensity of the processing conditions, folates could be
transformed into their less available derivatives, resulting in losses ranging from 10% to
80% [25]. The decrease in pteroyl D-glutamic acid came with an increase in pyroglutamic
acid, which was identified as an upregulated marker of processing in strawberry puree
(Figure 2a). These results suggest that the pteroyl-D-glutamic acid in fresh strawberries is
degraded with the temperature, releasing pteroic acid and glutamic acid. Then, glutamic
acid is converted into pyroglutamic acid due to the loss of a water molecule and internal
cyclization (Figure 4). Both metabolites, pteroic acid and glutamic, were not detected in
samples, most likely due to the further degradation of pteroic acid into other molecules
and the total conversion of glutamic acid to pyroglutamic acid. Transformation of glutamic
acid or glutamine to pyroglutamic acid has been previously reported through enzymatic or
non-enzymatic reactions [26,27]. Pyroglutamic acid formation after enzymatic reactions
have been registered in dairy, meat, and fermented products, whereas that produced after
non-enzymatic reactions, has been described for tomato puree and beer [28–30]. Prior
research has also found that levels of pyroglutamic acid in foods influence various sensory
attributes, such as metallic aroma and bitter taste [29,31]. In addition, evidence shows that
L-pyroglutamic acid induces the formation of lower-molecular-weight colored products
through non-enzymatic browning reactions [32]. Accordingly, accurately identifying this
compound with the authentic standard supports pyroglutamic acid as a good marker of
strawberry processing.
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Figure 4. Diagram of pyroglutamic acid production.

Conversely, 2-hydroxy-5-methoxy benzoic acid increased its intensity with thermal
processing. It was identified as an upregulated marker of processing in strawberry purees
according to the relevance of the thermal treatment, except for NT treatment containing
the cold treatment exclusively, which produced an increase. Our results suggest that the
thermal treatment may result in the release of 2-hydroxybenzoic (salicylic acid) from the
β-D-glucoside conjugate. Then this compound could undergo oxidation and methylation
reactions under thermal conditions. 2-Hydroxy-5-methoxy benzoic could also come from
the methylation of 2,5-dihydroxybenzoic acid, but this is unlikely as we did not detect this
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metabolite in fresh strawberries. The 2-hydroxybenzoic acid β-D-glucoside (also known
as glucosyl salicylate) was recognized as a downregulated processing marker according
to the relevance of the thermal treatment in strawberry purees (Figure 2d), except for VC
treatment where the vacuum applied increased its production specifically. Salicylic acid
(SA) and its derivatives (usually called salicylates) are naturally present in plants, where
they play an essential role in pathogen defense and the regulation of stress response [33].
Although there is no actual data about the presence of salicylic acid glucoside in fresh
foods and vegetables, the content of salicylates in different food products has been reported
in prior studies. For example, salicylic acid was present in free and conjugated forms
in fruits (2–3140 µg/100 g dry weight) and vegetables (1–2693 µg/100 g dry weight), as
well as in beverages, meat, dairy, and cereal products (2–1226 µg/100 g dry weight) [34].
Depending on the processing methods, different salicylate levels were observed between
fresh and processed products [34]. Cooking particularly impacted the salicylate content,
with vegetables boiled in water containing less salicylate than raw vegetables (beans,
broccoli, cauliflower).

In the case of apple puree, caffeic acid, di-hydroxycinnamic acid glucuronide, and
lysoPE(18:3(9Z,12Z,15Z)/0:0) were identified as upregulated markers of processing
(Figure 3e–g) according to the relevance of the thermal treatment, except for the HPP
treatment, which increased the metabolite profiles. The presence of caffeic acid, a hydrox-
ycinnamic acid commonly found in fruits, vegetables, and processed products such as
coffee, wine, and beer [32], was confirmed with an authentic standard. Caffeic acid, with
numerous potential biological activities, is the main contributor to the diet among the
hydroxycinnamic acids, with intakes ranging from 188 to 626 mg/day [32]. A negative
correlation between the chlorogenic acid degradation and the progressive increments in
caffeic acid, as a result of temperature, has been previously reported [33,34]. The increase
in caffeic acid with processing can most likely be explained by two factors: the release from
bound caffeic acid derivatives from plant structures due to the thermal processing and/or
the thermal inactivation of polyphenol oxidase that degrades caffeic acid in fresh apples
immediately after processing when thermal treatments are not applied.

Regarding di-hydroxycinnamic acid glucuronide, it has not been described in fresh
products or as a result of any processing technique. However, other fruits have reported
other glucuronides, such as kaempferol glucuronide and quercetin glucuronide [35]. In
these cases, however, the glucuronides were naturally present in the fruits and not induced
by processing (they are probably released better after thermal treatments). As mentioned
earlier, thermal processing may release caffeic acid or other di-hydroxycinnamic acids from
the tissue.

LysoPE(18:3(9Z,12Z,15Z)/0:0) (lysophosphatidylethanolamine) is a naturally present
lipid with regulatory effects in senescence and ripening, found in the extraplastidial mem-
branes of all plants and has been identified as a polar lipid in apple tissue and apple
callus [36,37]. The temperature may act as an abiotic stress that triggers lipid-dependent
signaling cascades [38]. Lysophospholipids are released from membrane phospholipids
after the damage of the plant tissues (wounding, cutting, and probably also by non-thermal
processing) through phospholipase activity. They are detected in the tissues immediately
after cutting, as in fresh-cut lettuce tissues [39]. These lysophospholipids are then quickly
metabolized by other enzymes of the jasmonate pathway (9-lipoxygenase, allene-oxide
synthase, and other enzymes) to produce jasmonic acid and trigger phenolic compound
biosynthesis to provide substrates for the development of tissue browning and tissue
wound repairing [39]. In apple tissues, LysoPE can be released by cutting and other dam-
ages during processing and its enzymatic conversion to other metabolites of the jasmonic
acid pathway can be prevented by the thermal treatments. This is why the LysoPE content
correlates with the processing intensity as thermal processing can inactivate the jasmonate
pathway enzymes and supports the occurrence of higher levels of lysophospholipids with
thermal treatments.
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The compounds identified in this study represent a good starting point as metabolites to
be examined by future research. The variation in the metabolites’ intensity identified in this
study is correlated with the degree of processing, in terms of thermal processing, except for
the exclusively cold treatment, in the case of strawberry puree, and the pressure treatment, in
the case of apple puree. This might contribute to detecting new processing markers, likely to
help various stakeholders. In particular, the food industry could use them to optimize the
degree of processing of food products. In contrast, academia or governments may use the
markers to classify foods based on the degree of processing, which is currently misclassified
following attributes not directly related to processing (e.g., NOVA classification system [40]).
Moreover, such insights could be used as criteria to measure the degree of food naturalness,
which is increasingly demanded by consumers [5,41].

4. Materials and Methods
4.1. Chemicals

Authentic standards of caffeic acid (purity > 96%), pyroglutamic acid (purity > 96%),
vanillic acid (purity > 96%), salicylic acid (purity > 96%) and gentisic acid (purity > 96%)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Methanol, acetic acid, acetoni-
trile, and water 0.1% (v/v) formic acid were from J.T. Baker (Deventer, The Netherlands),
and formic acid was obtained from Panreac (Barcelona, Spain). Ultrapure water was
obtained through the Milli-Q system (Millipore Corp., Bedford, MA, USA).

4.2. Processing of Strawberry and Apple Purees

This research involves the study of two fruit products, strawberry, and apple purees,
processed through different industrial processing techniques, as reported previously [17]
(Figure 5). A total of 15 tons of strawberries (Fragaria × ananassa) of cultivar Primoris
(Huelva, Spain) and 10 tons of apples (Malus domestica) of cultivar Golden Delicious
(Zaragoza, Spain) were harvested ripe and transported under refrigeration conditions to
the processing facility. The total amount of fruits was equally distributed to the different
industrial processing technologies used to obtain purees from strawberries and apples [17].
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Figure 5. Diagram of the industrial processing techniques employed to obtain strawberry (Fresh
strawberries (FS), No heat treatment (NT), mild heat treatment (MT), standard thermal treatment,
vacuum concentration (VC)) and apple (Fresh apple (FA), High-pressure processing (HPP), mild
heat treatment (MT), standard thermal treatment (ST), reprocessed mild heat treatment (RP.MT),
reprocessed standard thermal treatment (RP.ST)) purees. * Removal of peel and seeds.

In general, two extraction techniques were used to obtain the purees, cold crush-
ing, and hot crushing. Cold crushing was performed in a cold extraction line, including
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deaeration and enzymatic deactivation. Hot crushing was performed in a processing
line with a turbo extractor, hot deaerator, and pasteurizer. In the case of cold crush-
ing, fruits, seeds, stems, and skin were separated from the mash after the crushing. For
strawberries, the puree extracted by cold crushing was divided into two. One part was
subjected to a mild heat treatment of 90 ◦C/30 s, whereas the other did not receive any
additional heat treatment. However, for the puree extracted by hot crushing, entire straw-
berries were preheated (92 ◦C/4 min) and then crushed. The hot mash was deaerated
(92 ◦C/2 min) and pasteurized at 90 ◦C for 30 s resulting in a standard treated puree. Finally,
to produce vacuum-concentrated puree, ST puree was subjected to a vacuum concentration
(0.3–0.4 Bar) at 83 ◦C for 3.5 h. In the case of apples, the puree obtained after the cold
crushing was thermally deactivated (92 ◦C/2 min) and divided into two portions. One part
was packed and treated by high-pressure processing (6 bar, 4 ◦C/ 3 min), whereas the other
part was hot deaerated and pasteurized at 99 ◦C for 1 min, obtaining mildly treated puree.
To obtain the purée by standard thermal treatment, apples were chopped, pre-heated at
92 ◦C for 5 min, and hot crushed, to finally being refined, separating the skin and seeds
from the puree. The obtained puree was deaerated and pasteurized at 99 ◦C for 1 min.
To evaluate the effects of re-processing, samples of mild heat-treated puree and standard
thermal-treated apple puree stored at 24 ◦C for six months were subjected to an additional
thermal treatment of 90 ◦C for 11 min re-processed apple purees. In both studies, fresh
fruits were used as a control. After the different processing, samples of strawberry and
apple purees were taken. Their control samples were lyophilized to remove the moisture
and ground into powder using a dry bean blender to homogenize the sample.

4.3. Sample Preparation

Extractions for strawberry and apple samples were carried out as previously de-
scribed by Buendía et al., 2010 [42] and Jakobek et al., 2013 [43], respectively, with some
modifications focused on the extraction of as many compounds as possible for the un-
targeted analysis. A total of 50 mg of lyophilized samples was extracted with 1 mL of
methanol/water/acetic acid (70:29:1, v/v/v) for strawberries and methanol/water (70:30,
v/v) for apples. The samples were homogenized in a vortex for one minute and then
sonicated for 30 min at room temperature. Subsequently, these were centrifuged for 15 min
at 20,627× g at 12 ◦C. The resultant supernatant was filtered through a 0.22 µm PVDF filter
before UPLC-MS analysis. Three replicates for each condition were extracted and analyzed.

4.4. UPLC-ESI-QTOF-MS Analysis

Samples were analyzed using an Agilent 1290 Infinity LC system coupled to the
6550 Accurate-Mass Quadrupole time-of-flight (QTOF) (Agilent Technologies, Waldbronn,
Germany) using an electrospray interface (Jet Stream Technology). Chromatographic
separation was carried out on reversed-phase C18 column (3.0 × 100 mm, 2.1 µm particle
size) (ACE Excel, Scotland) at 30 ◦C, using as mobile phases water + 0.1% formic acid
(Phase A) and acetonitrile + 0.1% formic acid (Phase B) with a flow rate of 0.5 mL/min.
The following gradient was used: 0–7 min, 5–18% B; 7–17 min, 18–28% B; 17–22 min,
28–50% B, 22–27 min, 50–90% B, 27–29 min, whereafter the gradient comes back to the
initial conditions (5% B), which are maintained for 6 min. The injection volume was
5 µL. The optimal conditions of the electrospray interface were as follows: gas temperature
280 ◦C, drying gas 11 L/min, nebulizer 45 psi, sheath gas temperature 400 ◦C, and sheath
gas flow 12 L/min. Spectra were acquired in the m/z range 100–1100 in negative and
positive mode, and fragmentor voltage was 100 V. MS/MS product ion spectra were
collected at an m/z range of 50–1000 using a retention time window of 1 min, collision
energy of 10 and 20 eV and an acquisition rate of 4 spectra/s.

4.5. Untargeted Metabolomics Data Treatment

The data generated by UPLC-ESI-QTOF-MS metabolomics system were acquired in
profile mode. The raw data were exported to Profinder software (Agilent Technologies)
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for pre-processing procedures and to build the data matrix for further processing and data
treatment. Independent data matrixes were created to process and analyze strawberry
and apple samples separately for each negative and positive polarity. The data matrixes
were imported in parallel to the Metaboanalyst online platform and Mass Profiler Profes-
sional (MPP, Agilent Technologies). Data processing was performed before univariate and
multivariate analysis, including data log transformation and Pareto scaling [44].

Regarding multivariate analysis, the principal component analysis (PCA) and partial
least squares discriminant analysis (PLS-DA) models of the final data matrix were created
using the Metaboanalyst platform to describe the total variance of the full data set and figure
out the discriminations groups under data matrix criteria. The VIP (variable importance
in projection) score value (VIP > 1) obtained by the discriminant analysis was used for
candidate selection. After the multivariate analysis evaluation, univariate operations were
performed in MPP software. Data treatment through MPP software included filters by
frequency of the data matrix to reduce the sample variability within each study group
and the ANOVA statistics analysis (corrected p-value cut-off: 0.05; p-value computation:
Asymptotic; Multiple Testing Correction: Benjamini–Hochberg). The candidates must be
significant, at least between the extreme samples group (FS and VC in the case of strawberry;
FA and RP.MT or RP.ST in the case of apple puree). The VIP > 1 score and p-value were
used to create the candidate list for evaluating the processing treatment.

After the selection of the candidates, the authentic standards and the MS/MS spectra
data of those ions were used for metabolite confirmation. Metlin and MassBank of Noth
America (MoNA) databases were used for checking the tentative identification. In addition
to the databases, the competitive fragmentation modeling for metabolite identification
(CFM-ID) software was complementary to confirm the metabolites. The positive polarity
confirmed no metabolites by MS/MS spectra fragmentation or authentic standards. This
may be due to the limitation of the method for achieving good ionization results and the
unavailability of authentic standards. Despite this, the data acquired in positive polarity
were also uploaded to the data repository, and the experimental data in positive polarity
could be used in future investigations. The metabolomics data were deposited in the
Metabolights database (https://www.ebi.ac.uk/metabolights/reviewerf89c976a-d48f-4218
-9e57-64aa1cce52dd) (accessed on 5 May 2022).

5. Conclusions

Processing is a relevant and pervasive practice in the food industry that can affect the
composition and quality of foods. Untargeted metabolomics has been demonstrated to be a
valuable tool to visualize changes in the metabolic profile of strawberry and apple purees
subjected to different processing techniques in a real industry case. The study supposes a
promising source of candidates to be confirmed in further investigation and applied in new
treatments of the food industry in the future.

Several metabolites showed changes according to the relevance of thermal condi-
tions but also according to the exclusively cold treatment, in the case of strawberry
puree, and the pressure treatment, in the case of apple puree. These findings suggest
the possibility of studying the isolated impact of these variables. Seven of these com-
pounds were identified and were proposed as potentially powerful markers to evaluate
the processing degree of strawberry and apple puree products. The pyroglutamic acid,
pteroyl-D-glutamic acid, 2-hydroxy-5-methoxybenzoic acid, and 2-hydroxybenzoic acid
β-D-glucoside were identified in strawberry and di-hydroxycinnamic acid glucuronide,
caffeic acid and lysoPE(18:3(9Z,12Z,15Z)/0:0) in apple purees. The metabolites confirmed
as pyroglutamic acid in the case of strawberry puree and caffeic acid in the apple puree are
potential candidates to be validated in a specific protocol by the food industry due to the
availability of authentic standards. This study opens a new field for applying untargeted
metabolomics to find markers of processing produced in the food industry.
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Abstract: Chlorinated compounds are usually applied in vegetable sanitization, but there are con-
cerns about their application. Thus, this study aimed to evaluate ultrasound (50 kHz), acetic acid
(1000; 2000 mg/L), and peracetic acid (20 mg/L) and their combination as alternative treatments to
200 mg/L sodium dichloroisocyanurate. The overall microbial, physicochemical, and nutritional
quality of kale stored at 7 ◦C were assessed. The impact on Salmonella enterica Typhimurium was
verified by plate-counting and scanning electron microscopy. Ultrasound combined with peracetic
acid exhibited higher reductions in aerobic mesophiles, molds and yeasts, and coliforms at 35 ◦C
(2.6; 2.4; 2.6 log CFU/g, respectively). Microbial counts remained stable during storage. The highest
reduction in Salmonella occurred with the combination of ultrasound and acetic acid at 1000 mg/L
and acetic acid at 2000 mg/L (2.8; 3.8 log CFU/g, respectively). No synergistic effect was observed
with the combination of treatments. The cellular morphology of the pathogen altered after com-
binations of ultrasound and acetic acid at 2000 mg/L and peracetic acid. No changes in titratable
total acidity, mass loss, vitamin C, or total phenolic compounds occurred. Alternative treatments
presented equal to or greater efficacies than chlorinated compounds, so they could potentially be
used for the decontamination of kale.

Keywords: ultrasound; acetic acid; peracetic acid; disinfection; vegetables; ready-to-eat; food safety;
non-chlorine sanitizer; emerging technologies

1. Introduction

Fresh-cut or minimally processed vegetables are characterized as small portions that
are ready to eat (RTE) or to cook [1]. Consuming fresh leafy vegetables, such as lettuce,
spinach, cabbage, and kale, has certain benefits for human health [2,3], and the interest
in healthy and well-balanced diets has increased. This interest includes a higher demand
for foods such as RTE vegetables [1,4]. Kale is a leafy vegetable in the Brassica group that
contains many important nutrients, such as calcium, iron, and vitamins A, C, K, and B5,
and can be commercialized as an RTE vegetable. Vegetables are usually consumed as an
excellent source of phenolic compounds that are known for their antioxidant activity [5].

The main limitations of RTE products are related to the fact that they are much more
expensive than their conventional counterparts. In contrast, as an advantage, they often
do not require an additional preparation step before consumption. However, the lack of
a formal cooking or preparation step can cause concerns for consumers regarding the micro-
biological, sensorial, and nutritional qualities of the produce [6,7]. Additionally, the cases
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of foodborne disease outbreaks associated with the consumption of RTE leafy vegetables
contaminated with pathogens like Escherichia coli, Salmonella spp., and Listeria spp. have
increased over the years [8].

For that reason, cleaning and sanitization are crucial steps to guaranteeing the mi-
crobiological safety of RTE vegetables. Several compounds have been widely studied as
alternatives to chlorine-based cleaning products, which are the most used chemicals for
the sanitization of vegetables by the food industry [9]. Among the newly explored com-
pounds are organic acids, such as acetic acid (AA) and lactic acid (LA), and peracetic acid
(PAA), which have advantages over-chlorinated compounds when used as antimicrobial
agents [10–18]. Because sanitization with organic molecules does not generate toxic or
carcinogenic residues, AA and PAA can be used as alternative chlorinated compounds in
the ready-to-eat produce industry [11,16].

Some technologies, such as ultrasound (US), can be combined with chemical cleaners
or by themselves for fruit and vegetable decontamination post-harvest [3,12,17]. US is
described as sound waves above the human hearing limit that could be applied in several
industrial functions, such as food processing [19,20]. US is classified as a physical and
nonthermal technology that can prolong shelf life and reduce the microbial counts of heat-
sensitive foods to preserve the nutritional and sensorial characteristics of products [1,2,4].
The mechanisms of inactivation of microorganisms by US have been attributed to cav-
itation, reducing bacterial viability by weakening cell walls and facilitating access to
sanitizers [3,17].

Considering the hurdle theory, we hypothesize that US combined with organic acids
can generate a synergistic reduction in microorganisms and still preserve food quality. Some
studies have investigated the effect of sanitization with organic acids and US, isolated or
combined, on the microbiological and physicochemical quality of vegetables [10,11,13,18].
However, studies about the possible synergistic effects of US and organic acids compared
to chlorine compounds on the overall quality of RTE kale are still scarce.

Therefore, the present study investigated the microbiological and physicochemical
quality of fresh-cut kale subjected to sodium dichloroisocyanurate and alternative sani-
tization procedures. We aimed to verify four hypotheses in this study: (i) AA and PAA
would show similar or better effectiveness in the disinfection of fresh-cut kale than the
chlorine-based sanitizer; (ii) the combination of US with AA and PAA would improve the
chemical sanitizer’s efficiency; (iii) the treatments would contribute to the preservation of
physicochemical properties, and; (iv) the treatments proposed in this study would not have
a detrimental effect on bioactive compounds.

2. Material and Methods
2.1. Experimental Design, Obtaining Samples, and Sanitizing Procedure

The experiment was conducted in a completely randomized design, and three exper-
imental repetitions, with duplicates, were conducted for each sanitizing treatment. The
treatment conditions chosen were based on previous studies and literature.

Kale (Brassica oleracea var. acephala) was obtained from a local market, stored at
7 ◦C for a maximum of 24 h, and processed according to Figure 1. Any leaves that were
damaged and/or yellowish were discarded, and the rest were washed in tap water to
remove soil adhered to the leaf surface. The sanitization step consisted of the immersion
of 400 g of sliced kale in 4 L of sanitizing solution for 5 min at room temperature. The
effects of 1000 mg/L and 2000 mg/L acetic acid (Neon®, São Paulo, Brazil), 20 mg/L
peracetic acid (Nippon Chemical®, São Paulo, Brazil), and ultrasound (bath-type, 50 kHz,
150 W, model NI 1207, Nova Instruments®, São Paulo, Brazil) were evaluated. Moreover,
the combination of organic acids sanitizers with ultrasound was tested. The reference
treatment was a 200 mg/L sodium dichloroisocyanurate solution (Nippon Chemical®,
São Paulo, Brazil). The control vegetable sample was only washed in tap water and not
subjected to any sanitization procedure.

60



Molecules 2022, 27, 7019

Figure 1. Flowchart of obtaining and processing minimally processed (ready-to-eat) kale used in
this study.

2.2. Storage Time Study

After the sanitization procedures were carried out, the kale samples were packed in
polyethylene terephthalate containers and stored at 7 ± 1 ◦C. The assessment of sanitizers,
ultrasound, and their combination effects on natural microbiota and physicochemical
quality were evaluated immediately after sanitization and after 6 days of storage at 7 ± 1 ◦C,
as described in the following paragraphs. Salmonella populations intentionally inoculated
on kale surfaces were analyzed only after sanitizing treatments (first day).

2.3. Evaluation of the Efficiency of Sanitization in the Natural Microbiota

This step was performed according to the methodology of the American Public Health
Association (APHA) [21]. Kale samples (25 g), previously subjected to sanitizer treatments
but not inoculated with any pathogen, were homogenized with 225 mL of 0.1 % peptone
water in a stomacher (Marconi®, Piracicaba, São Paulo, Brazil) for 2 min at normal speed.
Appropriate decimal dilutions were prepared, and aliquots were transferred to specific
culture media for the determination of the counts of each microbial group. The plating of
the aliquots was performed in duplicates, and the results were expressed in colony-forming
units per gram (CFU/g). Mesophilic aerobic bacteria were plated on plate count agar
(Himedia®, Mumbai, India) and incubated at 35 ◦C for 48 h. Molds and yeasts were plated
on potato dextrose agar (Himedia®, Mumbai, India) and incubated at 25 ◦C for 7 days. Col-
iform counts were carried out at 35 ◦C using Petrifilm plates (3M®, Sant Paul, MN, USA),
incubated at 35 ◦C for 48 h, enumerating E. coli as blue colonies with gas and total coliforms
at 35 ◦C as red colonies with gas.

2.4. Inoculation of Salmonella enterica Typhimurium ATCC 14028 on Kale Surface

This experimental step was carried out separately from the natural contamination
evaluation and was performed according to previous studies [11,22], with some modifica-
tions. Suspensions of vegetative Salmonella enterica Typhimurium ATCC 14028 cells were
activated two consecutive times in 10 mL of brain heart infusion broth (BHI; Himedia®,
Mumbai, India) and incubated at 37 ◦C for 24 h until populations of 108 and 109 CFU/mL
were reached. Kale leaves (25 g) were cut into 3 cm × 3 cm pieces and placed in previously
sterilized plastic bags. Then, the inoculum (BHI inoculated with vegetative cells) was added
along with 225 mL of 0.1 % peptone water, and the plastic bags containing the inoculum
and the vegetable material were stirred gently for 5 min. The content was kept in static
contact with the cell suspension for 60 min at 24 ± 1 ◦C to promote higher cell adhesion to
the vegetable. After, the cell suspension was drained, and the kale contaminated with the
pathogen was subjected to the same sanitization treatments described before. After each
treatment, the samples were transferred to sterile plastic bags containing 0.1% peptone
water and then homogenized in a stomacher (Marconi®, Piracicaba, São Paulo, Brazil) for
2 min at normal speed. Finally, 1 mL of homogenized sample was used to prepare decimal
dilutions, and aliquots were plated on Hektoen agar (Himedia®, Mumbai, India). After
plating and incubation at 37 ◦C for 24 h, colony counting was performed.

61



Molecules 2022, 27, 7019

2.5. Scanning Electronic Microscopy after Inoculation of Salmonella enterica Typhimurium ATCC
14028 and Decontamination Procedures

Scanning electron microscopy was performed to confirm the adhesion of Salmonella
cells and the possible effect of their sanitization on the kale surface. First, the preparation
of samples for microscopic observation was conducted. Briefly, kale inoculated with
Salmonella Typhimurium ATCC 14028 strain and sanitized with different procedures
were cut into 1.0 cm × 1.0 cm pieces using a previously sterilized scalpel. Kale slices
were rinsed in 0.1 mol/L phosphate-buffered saline (PBS) at pH 6.8 to 7.2 to remove
residues from sanitizers and unbound cells. The fixation step consisted of treatment with
5% glutaraldehyde (Vetec®, São Paulo, Brazil) and 0.1 mol/L PBS buffer in a 1:1 ratio for
1 h at room temperature. Thereafter, the samples were washed 6 times in 0.1 mol/L PBS
buffer at pH 6.8 to 7.2, and each wash lasted for 10 min. The dehydration stage consisted
of serial treatments in 30, 50, 70, 80, and 95 ◦C Gay-Lussac (GL) ethanol for 10 min each
and three 15 min treatments in 100 ◦C GL ethanol. Samples were transferred to a critical
point dryer model AutoSamdri-815 A (Tousimins®, Rockville, MD, USA) to complete the
dehydration process. Finally, they were submitted to a Desk V sputter coater (Denton
Vacuum®, Cherry Hill, NJ, USA) for deposition of a thin layer of gold and then analyzed by
scanning electron microscopy (model JSM-6610, Scanning Electron Microscope® LV, JEOL,
Tokyo, Japan).

2.6. Physicochemical and Bioactive Compound Analysis

The total titratable acidity, pH, total soluble solids, and vitamin C content were deter-
mined according to the AOAC [23]. The total phenolic compounds were measured using
the Folin–Ciocalteu reagent (Sigma Aldrich®, St. Louis, MO, USA) [24]. The effect of sanitiz-
ing treatments on antioxidant capacity was evaluated using 1,1-diphenyl-2-picrylhydrazyl
(DPPH) (Sigma Aldrich®, St. Louis, MI, USA), according to Blois [25]. The percentage of
mass lost by each sample was determined according to Equation (1):

% Mass loss (t) =
[M0 − Mt]× 100

M0
(1)

where % Mass loss (t) is the mass lost after time t; M0 is the initial mass of the sample; and
Mt is the weight of the sample at time t.

These analyses identified possible changes in the quality of the vegetables after saniti-
zation treatments compared to non-sanitized samples (control). The samples used in this
series of tests were not inoculated with the pathogen.

2.7. Statistical Analysis

The efficiency of the sanitization treatments in changing the microbiological and
physicochemical characteristics was evaluated soon after sanitization and at the end of the
storage period using the paired t-test. For the evaluation of the treatments at the time point,
the data were analyzed by analysis of variance (ANOVA), and the means were compared
by Tukey’s test at 5% probability. All results were analyzed with the InfoStat Statistical
Software for students (version 2012, Cordoba National University, Cordoba, Argentina).

3. Results and Discussion
3.1. Effect of Sanitization Treatments on the Natural Contaminating Microbiota

The results of the entire discussion in this section are shown in Table 1. None of the
samples was naturally contaminated with E. coli. All applied treatments, except US 50 kHz,
significantly reduced the count of aerobic mesophiles (p ≤ 0.05). The sanitization treatments
that promoted the highest reductions in aerobic mesophile counts at day 1 compared to
sodium dichloroisocyanurate were US combined with 2000 mg/L AA (2.5 log CFU/g
reduction) and US combined with 20 mg/L PAA (2.6 log CFU/g reduction) (p ≤ 0.05).
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Table 1. Average and standard deviation of aerobic mesophilic bacteria, molds, yeasts, and coliforms
at 35 ◦C counts (log CFU/g) in kale samples after sanitization and over storage at 7 ◦C.

Treatment
Aerobic Mesophilic Bacteria Molds and Yeasts Coliforms at 35 ◦C

Day 1 Day 6 Day 1 Day 6 Day 1 Day 6

Non-sanitizer 6.8 ± 0.3 aA 8.4 ± 0.1 bA 5.4 ± 0.3 aA 5.5 ± 0.5 aA 3.8 ± 0.3 aA 2.00 ± 0.19 b

SDC 200 mg/L 5.4 ± 0.4 aBC 8.1 ± 0.3 bA 4.2 ± 0.3 aBC 4.5 ± 0.5 aAB 2.6 ± 0.2 B Nd
AA 1000 mg/L 5.0 ± 0.5 aBCD 7.7 ± 0.3 bA 3.6 ± 0.3 aBCD 4.0 ± 0.2 aAB 2.2 ± 0.3 BC Nd
AA 2000 mg/L 4.5 ± 0.5 aCD 5.8 ± 0.8 bAB 3.5 ± 0.2 aCD 3.9 ± 0.3 aAB 2.3 ± 0.3 B Nd
PAA 20 mg/L 5.0 ± 0.3 aBCD 6.7 ± 0.9 bAB 3.6 ± 0.3 aBCD 3.7 ± 0.3 aB 2.0 ± 0.5 BC Nd

US 50 kHz 5.7 ± 0.4 aAB 7.4 ± 0.6 bAB 4.4 ± 0.3 aB 4.5 ± 0.6 aAB 2.9 ± 0.6 AB Nd
US 50 kHz + AA 1000 mg/L 5.0 ± 0.2 aBCD 5.0 ± 0.8 aB 3.1 ± 0.3 aD 3.9 ± 0.5 aB 2.1 ± 0.2 BC Nd
US 50 kHz + AA 2000 mg/L 4.3 ± 0.4 aD 5.0 ± 0.6 aB 3.3 ± 0.2 aD 3.7 ± 0.3 aB 2.2 ± 0.2 BC Nd

US 50 kHz + PA 20 mg/L 4.2 ± 0.1 aD 4.6 ± 0.3 aB 3.0 ± 0.2 aD 3.4 ± 0.2 aB 1.2 ± 0.3 C Nd

Means on the same line followed for the same lowercase letter do not differentiate between each other (p > 0.05),
for each microorganism, in the Tukey test after three replications. Means in the same column followed for the
same capital letter do not differentiate between each other (p > 0.05) in the Tukey test after three replications.
SDC: sodium dichloroisocyanurate; AA: acetic acid; PAA: peracetic acid; US: ultrasound; Nd: not detected in the
smallest plated dilution (10−1).

US alone did not promote a statistically significant reduction in aerobic mesophiles
compared to non-sanitized kale samples (p > 0.05). Other studies have also shown that
US alone is less effective in microbial inactivation, but when applying US combined with
chemicals, the bactericidal effect increases [2,10,12,26]. Duarte et al. [2] verified that US
alone and US combined with benzalkonium chloride promoted reduction equal to 0.6 and
2.5 log CFU/g of mesophilic aerobic bacteria counts on purple cabbage, respectively.
Alvarenga et al. [26] verified that the application of ultrasound alone reduced the aerobic
mesophile count by 1.09 log CFU/g in strawberries. The limited efficiency of US treatment
isolated in the sanitization step of fruits and vegetables could be attributed to the capacity
of microorganisms to penetrate these foods, becoming inaccessible to sound waves and
the cavitation process produced by the equipment [7]. Furthermore, treatment conditions,
such as time, ultrasound equipment (frequency and potency), and the type and amount of
food treated, could impact sanitization efficiency [2].

Increasing the concentration of AA had a small impact on the reduction in aerobic
mesophilic bacteria, molds, yeasts, and coliforms at 35 ◦C. The results demonstrate that it
is still possible to produce microbiologically safe vegetables minimizing the concentration
of chemical sanitizers. Furthermore, the use of a lower concentration may be more viable
from an economic point of view. Similar results were described previously [11] after the
sanitization of arugula leaves with AA for aerobic mesophile counts. However, the authors
described an improvement in the reduction in molds and yeasts after the increase in organic
acid concentration.

In the present study, the treatments in which the organic acids were applied in isolation
or combined with US did not differ statistically (p > 0.05), indicating that there was no
incremental reduction in the counts of microorganisms. In this way, the combined treat-
ments had similar effects to the chemical treatments alone. Therefore, no synergistic effect
was observed on the first day when ultrasound was combined with AA and PAA for all
microorganism groups evaluated. However, treatments combining US with organic acids
produced samples with stable aerobic mesophile counts over the storage period, different
from what was observed for other treatments. These results indicate that treatments with
US and organic acids are able to prevent microbial multiplication during the storage period.

Concerning molds and yeasts, all the treatments applied provided significant reduc-
tions (p ≤ 0.05), and further reduction beyond what is achieved by sodium dichloroisocya-
nurate (p ≤ 0.05) was observed when US was applied in combination with both concentra-
tions of AA and PAA. On the sixth day of storage, kale samples that had been submitted
to the different sanitization treatments had a statistically significant number of molds
and yeasts.
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Some postharvest practices such as peeling and slicing can damage the vegetal tissue,
favors the release of cellular fluids, and provides water and nutrients to microorganisms’
growth [7]. Despite this fact, the counts on the sixth day of storage were statistically the
same as the counts determined one day after sanitization (p > 0.05). This result indicates
that there was no resumption of growth of this group of microorganisms during storage.

Cao et al. [27] achieved a reduction in molds and yeasts after the application of US
at 40 kHz for 10 min in strawberries. In the present study, five minutes of sanitization
was sufficient to reduce the counts of molds and yeasts of kale, and this result may be
associated with the use of US at a higher frequency (50 kHz). However, it is essential to
note that the effects of ultrasound depend, in addition to the treatment conditions applied
(e.g., temperature, the amplitude of the wave, time, and frequency), on the type, volume,
and composition of food being sanitized; its properties (e.g., surface roughness); and the
interactions between the surface and microorganisms [9,22].

For coliforms at 35 ◦C, US with PAA afforded a statistically superior reduction
(p ≤ 0.05) compared to treatment with sodium dichloroisocyanurate, 2000 mg/L AA, and
US alone (Table 1) on the first day of analysis. The reduction after the application of US
combined with PAA was 2.6 log CFU/g. On the other hand, the US and SDC 200 mg/L
promoted the lowest reductions, equal to 0.8 and 1.2 log CFU/g, respectively. On day 6,
no coliform at 35 ◦C was identified in the sanitized samples, even in the smallest plated
dilution (10−1). This result may suggest that the sanitization treatments caused irreparable
damage to the cells, and they could not remain throughout the storage time; that is, the
treatments were all effective in the inactivation of coliforms at 35 ◦C.

Leafy vegetable composition favors the presence and growth of many pathogenic
and non-pathogenic microorganisms, including bacteria, yeasts, and molds. Considering
the long distance between farms and commercialization, the procedures applied during
processing must guarantee the safety of the product [7].

In the present work, the reductions obtained for the natural microbial groups after san-
itization with organic acids were similar to or higher than those observed with conventional
chlorinated compound treatment.

Chlorinated compounds are oxidative disinfectants, and in contact with water, these
compounds mainly produce hypochlorous acid, but other reactive chlorine species as
well. These subproducts damage multiple cellular components of the cell, and this is
the mechanism of action [7]. However, chlorinated compounds generally have limited
antimicrobial action, and under typical conditions, their reduction values reach approxi-
mately 2 log CFU/g. Chlorinated compounds are widely used by the food industry, mainly
because they are inexpensive, but there are concerns related to the interaction with the
organic components of food and the formation of toxic and potentially carcinogenic tri-
halomethanes, which have the potential to cause skin irritation [9,28].

In contrast, PAA is an oxidative disinfectant, environmentally friendly, and effective in
inactivating aerobic and pathogenic bacteria and molds as well as yeasts at concentrations
even lower than those required for chlorinated solutions, without a report on cytotoxic
effects [7]. Moreover, PAA cannot be deactivated by enzymes such as catalase and peroxi-
dase [29], and it decomposes into nontoxic residues (AA and oxygen) [9]. Furthermore, its
concentration is comparatively stable in the presence of high organic loads because of its
slow reaction degree with organic matter in the wash water [16]. The antimicrobial effect of
PAA is related to the release of reactive oxygen species and DNA and lipid damage [9].

Organic acids are naturally occurring and generally recognized as safe (GRAS) com-
pounds. The mechanism of microbial inactivation is attributed to their pKa values since
these compounds are considered weak organic acids, and their bactericidal effect is higher
than strong organic acids. It occurs because they are more lipophilic, and it facilitates the
penetration in the bacterial cells, causing faster acidification of the interior, reducing the
pH, and inhibiting essential metabolic reactions [9].
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3.2. Inactivation of Salmonella enterica Typhimurium and Microscopic Visualization of Cells
Adhered to the Surface of Kale after Sanitization

The count of S. enterica Typhimurium cells on the non-sanitized kale samples was
6.3 ± 0.1 log CFU/g, indicating that this pathogenic bacterium can adhere to the surface
of kale. A point that needs to be addressed is that biofilm formation starts with micro-
bial adhesion to the plant. Bacteria that have flagella, for example, may show higher
swimming motility for surface colonization after adhesion. Salmonella spp. is a group of
bacteria capable of forming biofilms, and the presence of fimbriae in this group is crucial
to intensifying the degree of virulence of the pathogen after biofilm formation [7,30]. Fur-
thermore, pathogens produce some compounds such as polysaccharides (e.g., cellulose),
lipopolysaccharides, and colonic acid to colonize plant surfaces [7].

After the sanitization of kale, all treatments reduced the counts by significantly more
than 1.0 log CFU/g, and the average reduction in the pathogen in proposed treatments
varied between 1.6 and 3.8 log CFU/g (Figure 2). Furthermore, all alternative treatments
applied in contaminated samples reduced the pathogen equal to or higher than sodium
dichloroisocyanurate. In the present study, the application of 50 kHz US without any
chemical treatment caused a reduction that was statistically equal to treatments with
sodium dichloroisocyanurate, PAA, and AA without the US (p > 0.05). Different results
were observed by Lepaus et al. [11], who evaluated the efficacy of 200 mg/L sodium
dichloroisocyanurate and 200 mg/L sodium hypochlorite in the sanitization of strawberries,
cucumbers, and arugula leaves. The results demonstrated that chlorinated compounds
were less effective than organic acids and hydrogen peroxide in reducing natural microbiota
and Salmonella Enteritidis. São José and Vanetti [31] also observed that 200 mg/L sodium
dichloroisocyanurate did not inactivate Salmonella enterica Typhimurium inoculated in
cherry tomatoes. Alenyorege et al. [1] evaluated different conditions for fresh-cut Chinese
cabbage decontamination and observed that US (40 kHz, 125.45 W/L for 15 min) promoted
reduction equal to 5.6 and 4.7 log CFU/g for E. coli and L. innocua, respectively.

Figure 2. Decimal reductions in the count of Salmonella enterica Typhimurium ATCC 14028 (log CFU/g)
adhered to the surface of kale compared with the non-sanitized sample. Treatments (columns) with
the same letter do not differ significantly by Tukey’s test after three replications (p > 0.05). SDC:
sodium dichloroisocyanurate; AA: acetic acid; PAA: peracetic acid; US: ultrasound.
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In the present study, the treatments using US combined with AA at 2000 mg/L,
US combined with AA at 1000 mg/L, and US associated with PAA 20 mg/L afforded
reductions of 3.8, 2.8 log, and 2.5 CFU/g, respectively. Similar results are presented by
Rosário et al. [32], who observed that the US + peracetic acid occasioned a reduction of
2.1 log of CFU/g of Salmonella enterica subsp. enterica on strawberries.

However, in the present study, no synergic effect was observed in the combination of
US and organic acids on the Salmonella enterica Typhimurium inactivation. In contrast,
Turhan et al. [33] observed that organic acid treatment combined with US produced mainly
synergistic effects, and the highest value on the surface of lettuce was achieved when US and
citric acid for 30 min were applied. According to Mendoza et al. [7], using a single technique
is not sufficient for biofilm removal. Turhan et al. [33] mentioned that the combination
of ultrasound with other processes produces synergistic and antagonistic impacts against
pathogens. Ultraviolet light treatment (30 mW/cm2) combined with 80 mg/L of PAA,
a recommended commercial practice for cleaning fresh produce, achieved significantly
higher Salmonella spp. reduction in lettuce [16]. Rosário et al. [32] also observed that
adhered Salmonella enterica could efficiently be removed from the surface of strawberries
through the application of 40 mg/L PAA combined with 40 kHz US for 5 min. The intense
pressure generated during US treatment can contribute to the penetration of chemical
oxidants through the cell membrane, and the cavitation process can aid in the breakdown
of microorganisms, which culminates in higher efficiency of the sanitization treatment [34].

Microscopy was applied to confirm microbial adhesion and identify the morpholog-
ical appearance of the pathogen after the sanitization procedures. The adhesion of the
Salmonella cells and the effect of proposed treatments on the surface of kale were confirmed
by scanning electron microscopy (Figures 3 and 4).

In Figure 3, some characteristics were observed in the bacterial adhesion after saniti-
zation procedures and support the result described before for the Salmonella inactivation
study. Visually, treatments with sodium dichloroisocyanurate, AA 1000 mg/L, and 50 kHz
US appeared to have little impact on pathogen inactivation (Figure 3). Therefore, these
conditions could not efficiently remove the Salmonella cells adhered to the kale surface.
The survival of pathogenic microorganisms after sanitization treatments becomes a risk
to food safety. However, when the combination of US with AA 2000 mg/L and PAA was
applied, it was observed that these treatments reduced adherent Salmonella cells at the
same time that the cellular morphology of the pathogen was altered (Figure 4). These
results demonstrate the importance of properly evaluating and choosing the method that
will be used.

Li et al. [35], when applying US (55 ◦C; 3–15 min) in Staphylococcus aureus cells,
observed a great impact on the cell morphology, as well as leakage of cellular content, cell
wall disintegration, and plasma membranes. US promotes microbial inactivation, generates
membrane damage, disrupts the cell wall, and damages DNA [36]. Furthermore, the
collapse of cavitation bubbles can cause pore formation and partial disruption of cell walls
and cytoplasmic membranes [35].

Sanitizers that do not promote adequate inactivation of microorganisms on the surface
of vegetables allow the possibility of microbial growth during storage. Despite the reduction
in the number of natural microbiota cells, in the present study, the inability of some
sanitizers to effectively remove the pathogen adhered to the vegetable surface promotes
the possibility of cell survival and proliferation during storage. For future research, it is
recommended that an analysis is also carried out during storage.

The ability of pathogens to adhere to leaf epidermises and form biofilms are challenges
for many sanitization procedures and is thus detrimental to product safety. In addition,
intrinsic food parameters (e.g., roughness and hydrophobicity), microorganisms (e.g., pres-
ence of fimbriae, flagella, and pili) [37], and the interactions between them (e.g., the free
energy of hydrophobic interaction and free energy of adhesion of surfaces) can influence
the decontamination efficiency [22]. According to Pimentel-Filho et al. [38], surfaces are sus-
ceptible to biofilm formation, and the surface physiochemical aspects present an important
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function in bacterial adhesion. Hydrophobic interactions between cell surface and substrate
facilitate cells to surmount electrostatic repulsive forces and favor adhesion [39]. For this
reason, it is essential to study processes that are capable of eliminating microorganisms and
do not bring risks to consumer health and the environment.

Figure 3. Scanning electronic microscopy micrographs of kale samples intentionally contaminated
with S. Typhimurium cells ATCC 14028 and submitted to different sanitization treatments (Non
sanitizer, sodium dichloroisocyanurate; Acetic Acid 1000 mg/L; Acetic Acid 2000 mg/L, Peracetic
Acid 20 mg/L) for 5 min.
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Figure 4. Scanning electronic microscopy micrographs of kale samples intentionally contaminated
with S. Typhimurium cells ATCC 14028 and submitted to different sanitization treatments (Ultrasound
50 kHz, Ultrasound 50 kHz + Acetic Acid 1000 mg/L; Ultrasound 50 kHz + Acetic Acid 2000 mg/L;
Ultrasound 50 kHz+ Peracetic Acid 20 mg/L) for 5 min.

3.3. Impact of Sanitization Treatments on the Physicochemical and Nutritional Parameters

Decontamination treatments in fresh produce could affect food quality, and methods
should preserve characteristics at appropriate levels [33]. Regarding the physicochemical
parameters (Table 2), both concentrations of treatments with AA, alone or associated with
ultrasound, significantly reduced (p ≤ 0.05) the pH of the samples concerning non-sanitized
kale. However, the other treatments presented results statistically similar to the chlorinated
compound for this variable (p > 0.05). No statistical difference in pH values between
samples occurred between the first and sixth day of storage, except for the kale treated with
2000 mg/L of AA. Furthermore, this treatment, isolated and combined with ultrasound,
significantly increased (p ≤ 0.05) the titratable total acidity (TTA) values compared to the
non-sanitized kale sample on the first day of storage. Through to the sixth day, no variations
in TTA occurred.
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Table 2. Average and standard deviation of pH, total titratable acidity, and total soluble solids in kale
samples after sanitization and over storage at 7 ◦C.

Treatment
pH TTA (mg Citric Acid/100 mg) TSS (◦Brix)

Day 1 Day 6 Day 1 Day 6 Day 1 Day 6

Non-sanitizer 6.7 ± 0.3 aAB 6.8 ± 0.1 aA 0.1 ± 0.01 aC 0.08 ± 0.01 aB 7.5 ± 0.5 aA 6.1 ± 0.3 aA

SDC 200 mg/L 6.8 ± 0.2 aA 6.8 ± 0.2 aA 0.1 ± 0.01 aC 0.10 ± 0.01 aB 6.2 ± 0.4 aABC 6.2 ± 0.3 aA

AA 1000 mg/L 5.3 ± 0.1aBC 5.6 ± 0.4 aAB 0.4± 0.01 aABC 0.26 ± 0.02 aAB 4.9 ± 0.3 aBC 5.9 ± 0.3 aA

AA 2000 mg/L 5.0 ± 0.1 aC 4.7 ± 0.1 bB 0.5 ± 0.08 aA 0.49 ± 0.11 aA 5.7 ± 0.3 aBC 5.8 ± 0.1 aA

PAA 20 mg/L 6.8 ± 0.2 aAB 6.9 ± 0.2 aA 0.2 ± 0.02 aBC 0.10 ± 0.02 aB 6.1 ± 0.1 aABC 6.1 ± 0.5 aA

US 50 kHz 6.8 ± 0.2 aAB 7.0 ± 0.2 aA 0.1 ± 0.01 aC 0.14 ± 0.03 aB 6.9 ± 0.4 aAB 5.8 ± 0.4 aA

US 50 kHz + AA 1000 mg/L 5.8 ± 0.7 aABC 6.1 ± 0.8 aAB 0.3 ± 0.12 aABC 0.28 ± 0.10 aAB 5.4 ± 0.1 aBC 5.8 ± 0.2 aA

US 50 kHz + AA 2000 mg/L 5.1 ± 0.4 aC 4.9 ± 0.1 aB 0.4 ± 0.06 aAB 0.53 ± 0.07 aA 5.9 ± 0.2 aABC 6.4 ± 0.4 aA

US 50 kHz + PAA 20 mg/L 6.8 ± 0.2 aAB 6.9 ± 0.1 aA 0.1 ± 0.01 aC 0.13 ± 0.03 aB 5.6 ± 0.4 aBC 5.7 ± 0.6 aA

Means on the same line followed for the same lowercase letter do not differentiate between each other (p > 0.05)
in the Tukey test after three replications. Means in the same column followed for the same capital letter do not
differentiate between each other (p > 0.05) in the Tukey test after three replications. TTA: total titratable acidity;
SDC: sodium dichloroisocyanurate; AA: acetic acid; PAA: peracetic acid; US: ultrasound.

São José et al. [40] observed a decrease in pH values of watercress and parsley
treated with sodium dichloroisocyanurate (200 mg/L), hydrogen peroxide (5%), and PAA
(40 mg/L) after 10 min of treatment. However, the pH of strawberries decreased only
after sanitization with PAA. Similarly, another study demonstrated that strawberry and
cucumber samples were more resistant to the 5 min immersion sanitization method with
AA (1 and 2%), lactic acid (1 and 2%), and hydrogen peroxide (3%) than arugula leaves [18].

The changes in these parameters may indicate that the time of the procedure or the im-
mersion sanitization method for leafy vegetables may have contributed to the incorporation
of the sanitizing solution, reducing the pH value of the sample. Therefore, monitoring the
pH values after sanitization, as well as the conditions applied during the procedure (e.g.,
time, temperature, concentration), is very relevant because it avoids the fast deterioration
of the product during storage due to changes in the pH values after processing.

A statistically significant decrease (p ≤ 0.05) in the total soluble solids content occurred
after the application of both concentrations of AA, as well as the treatments combining
US with the organic acids. There was no variation in this parameter over the six days of
refrigerated storage.

In the present study, the mass loss over refrigerated storage was not significantly
affected by the applied treatments (p > 0.05), and the mean of samples was 1.56 ± 0.42 (data
not shown). This result indicates that these values were not enough to cause a significant
decline in product quality. Excessive water loss due to the transpiration of the vegetal
tissue can contribute to the loss of mass and lead to nutritional losses, wilting, and changes
in texture and aroma. According to Turhan et al. [33], US treatment can affect the firmness
of fruits and vegetables, and different results could be associated with the processing
conditions, food matrix, variety, maturity stage, intensity, and time of US.

No reduction in vitamin C content was observed in sanitized kale samples compared to
non-sanitized vegetables (p > 0.05) on the first (mean 51.8 ± 5.0 mg of ascorbic acid/100 g)
and last day (mean 47.9 ± 7.4 mg of ascorbic acid/100 g) of storage (Table 3).

Different from this result, Wu et al. [41] observed that the contents of ascorbic acid
significantly decreased during 12 days of storage of bok choy treated with aqueous chlorine
dioxide in combination with US treatment. Vitamin C is considered the least stable of
all vitamins and can easily be destroyed during processing and storage, so it is a natural
indicator of the quality of food-processing techniques. Despite this fact, in the present
study, the vitamin C content was maintained in all the evaluated sanitization treatments.
This maintenance in ready-to-eat products is necessary since consumers are aware that
fresh and vitamin-rich products have health benefits.
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Table 3. Average and standard deviation of vitamin C (mg of ascorbic acid/100 g), phenolic com-
pounds (mg gallic acid equivalent/100 g), and antioxidant activity (%) in kale samples after sanitiza-
tion and storage at 7 ◦C.

Treatment
Vitamin C Total Phenolic Compounds Antioxidant Activity

Day 1 Day 6 Day 1 Day 6 Day 1 Day 6

No sanitizer 56.0 ± 4.0 aA 50.3 ± 6.9 aA 21.9 ± 2.8 aA 25.1 ± 3.2 aA 92.6 ± 6.4 aA 56.5 ± 11.9 bA

SD 200 mg/L 52.9 ± 2.9 aA 45.2 ± 2.0 aA 21.4 ± 1.2 aA 23.9 ± 4.6 aA 87.9 ± 5.2 aA 41.9 ± 7.7 bA

AA 1000 mg/L 51.5 ± 1.9 aA 41.4 ± 8.2 aA 19.4 ± 2.5 aA 24.1 ± 5.1 aA 84.6 ± 13.6 aA 29.3 ± 6.1 bA

AA 2000 mg/L 52.1 ± 4.3 aA 47.3 ± 4.7 aA 24.3 ± 0.7 aA 23.0 ± 5.5 aA 76.0 ± 7.5 aA 33.1 ± 3.3 bA

PAA 20 mg/L 48.5 ± 9.1 aA 48.2 ± 10.8 aA 22.5 ± 3.5 aA 20.1 ± 2.4 aA 89.9 ± 11.1 aA 40.1 ± 7.0 bA

US 50 kHz 48.3 ± 2.9 aA 46.5 ± 8.6 aA 20.2 ± 5.3 aA 23.0 ± 5.3 aA 96.9 ± 2.4 aA 40.9 ± 8.0 bA

US 50 kHz + AA 1000 mg/L 51.9 ± 3.5 aA 52.9 ± 6.6 aA 23.7 ± 1.9 aA 23.8 ± 5.1 aA 96.3 ± 3.3 aA 35.0 ± 6.5 bA

US 50 kHz + AA 2000 mg/L 56.3 ± 6.3 aA 53.6 ± 7.3 aA 21.1 ± 1.1 aA 25.7 ± 2.5 aA 96.0 ± 3.9 aA 33.8 ± 5.5 bA

US 50 kHz + PAA 20 mg/L 48.4 ± 10.5 aA 46.0 ± 11.1 aA 19.2 ± 1.4 aA 26.2 ± 6.9 aA 96.6 ± 2.1 aA 41.8 ± 5.6 bA

Means on the same line followed for the same lowercase letter do not differentiate between each other (p > 0.05) in
the Tukey test after three replications. Means in the same column followed for the same capital letter do not differ-
entiate between each other (p > 0.05) in the Tukey test after three replications. SDC: sodium dichloroisocyanurate;
AA: acetic acid; PAA: peracetic acid; US: ultrasound.

The sanitization treatments and storage time did not cause significant changes in the
level of total phenolic compounds in kale samples (p > 0.05) (Table 3). After sanitization
procedures, the mean value for this nutritional parameter was 21.5 ± 2.3 mg gallic acid
equivalent/100 g fresh sample. At the end of storage, the value was 23.9 ± 4.5 mg gallic
acid equivalent/100 g fresh sample. This result is considered positive because even the
application of chemical sanitizers in combination with US or on their own guaranteed that
the content of these bioactive compounds in kale was maintained.

The antioxidant activity of kale was preserved after sanitization without differences
between treatments (mean 90.8 ± 6.2%; p > 0.05), but during storage, it fell significantly
(p ≤ 0.05) in all treatments (mean 39.2 ± 6.8%) (Table 3). The most important goal of
sanitization is to reduce the number of pathogenic and spoilage microorganisms, but it is
crucial to maintain the physicochemical and nutritional properties of the food.

If the operating conditions are inadequate, the nutritional quality of vegetables may
be affected. Thus, it is important to adjust the time and sanitizer concentrations to obtain
a balance that results in decontamination. Therefore, the procedures applied in this study
and the packaging used were adequate to maintain the mass of the samples throughout the
storage period, as well as the vitamin C and bioactive compounds. Storage in a temperature
and humidity-controlled environment is recommended.

4. Conclusions

Considering the hypotheses tested in this study, we concluded that AA and PAA
are good alternatives to chlorine-based compounds for kale sanitization, as they obtained
a sanitizing effect similar or superior to these compounds in microbial reduction. How-
ever, no synergistic effect occurred after the combination of US and AA and PAA for all
microorganisms. Moreover, despite the reduction in pH by treatments with alternative
strategies, the treatments contributed to the preservation of the physicochemical and nu-
tritional properties of kale. Finally, we concluded that the proposed treatments have the
potential to be applied in the sanitization step of kale, but other methods, such as spraying
techniques, are recommended over immersion for this crop. Studies that evaluate different
conditions of treatment with ultrasound, concentrations of organic acids, and sanitization
time are suggested. Furthermore, further studies should be conducted to evaluate the
sensory quality of sanitized vegetables to verify if characteristics are retained at satisfactory
levels after the application of decontamination strategies.
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Abstract: In recent years there has been an extensive search for nature-based products with functional
potential. All structural parts of Physalis alkekengi (bladder cherry), including fruits, pulp, and
less-explored parts, such as seeds and peel, can be considered sources of functional macro- and
micronutrients, bioactive compounds, such as vitamins, minerals, polyphenols, and polyunsaturated
fatty acids, and dietetic fiber. The chemical composition of all fruit structural parts (seeds, peel, and
pulp) of two phenotypes of P. alkekengi were studied. The seeds were found to be a rich source of
oil, yielding 14–17%, with abundant amounts of unsaturated fatty acids (over 88%) and tocopherols,
or vitamin E (up to 5378 mg/kg dw; dry weight). The predominant fatty acid in the seed oils was
linoleic acid, followed by oleic acid. The seeds contained most of the fruit’s protein (16–19% dw)
and fiber (6–8% dw). The peel oil differed significantly from the seed oil in fatty acid and tocopherol
composition. Seed cakes, the waste after oil extraction, contained arginine and aspartic acid as the
main amino acids; valine, phenylalanine, threonine, and isoleucine were present in slightly higher
amounts than the other essential amino acids. They were also rich in key minerals, such as K, Mg,
Fe, and Zn. From the peel and pulp fractions were extracted fruit concretes, aromatic products
with specific fragrance profiles, of which volatile compositions (GC-MS) were identified. The major
volatiles in peel and pulp concretes were β-linalool, α-pinene, and γ-terpinene. The results from the
investigation substantiated the potential of all the studied fruit structures as new sources of bioactive
compounds that could be used as prospective sources in human and animal nutrition, while the
aroma-active compounds in the concretes supported the plant’s potential in perfumery and cosmetics.

Keywords: Physalis alkekengi; bladder cherry fruit; seeds; peel; pulp; oil; composition; bioactive
compounds; concretes

1. Introduction

Physalis alkekengi L. (family Solanaceae), also known as the Chinese lantern, Japanese
lantern, bladder cherry, winter cherry, and by many other common names, is a species
indigenous to Asia and Southern Europe, further naturalized worldwide [1,2]. Nowadays,
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the Chinese lantern is encountered as cultivated and ornamental varieties or as a wild-
growing plant in various climatic zones, from Central and Southern Europe to South and
Northeast Asia.

The species is the only one in the genus Physalis, which is found as wild populations in
Bulgaria, growing in different regions at altitudes up to 1200–1500 m [3,4]. The local name
of the species is ‘mekhunka’, and its preservation and use are regulated by the Medicinal
Plants Act [5]. Survey data [6] have documented a steady export of about 760 kg fresh
P. alkekengi fruit per year in the period 2001–2005. In Bulgaria, the Chinese lantern grows
as a perennial plant with widely spreading roots and a slightly branched or unbranched
stem with a height between 40 and 60 cm. The fruit ripen in August–September, presenting
as small, oval, brightly colored berries containing numerous tiny seeds, and completely
covered by the characteristic wide orange-red papery calyx (husk).

Despite its identification as a medicinal plant, there are practically no data from
investigations of P. alkekengi phytochemical composition in Bulgaria, nor from studies of
its biological activities or range of application. Ivanov et al. [7] reported that the fruits
contain red pigments, physalin, citric, malic and tartaric acids, vitamin C, and bitter
substances. The seeds alone can contain up to 25% of the oil [7]. According to numerous
studies on the species in its natural areas of distribution, over 100 bioactive metabolites
have been identified in the fruit and other aerial parts of the plant, including alkaloids,
nucleosides, peptides, terpenoids, megastigmanes, aliphatic derivatives, organic acids,
coumarins, sucrose esters, polysaccharides, and carotenoid derivatives [8–17].

The Chinese lantern has been recognized for centuries as a medicinal plant in the
traditional medical practices of many countries, due to its anti-inflammatory, antibacterial,
antiseptic, sedative, laxative, diuretic, hypoglycemic, spasmolytic, and other effects, as well
as for the relief of malaria and syphilis symptoms [1,18,19]. In Chinese medicine, P. alkekengi
(Physalis calyx seu Fructus) is a remedy for a number of diseases—from sore throat,
eczemas, and rheumatism to hepatitis, urinary disorders, and tumors [1,2,10,14,18]. In turn,
Bulgarian folk medicine recommends the use of fresh or dried fruit for the treatment of liver
diseases, combining hepatitis and ascites [3]. Dried fruits are also used as a painkiller for
kidney and bladder stones, inflammations of the urinary tract, and hemorrhoids. In topical
application, fresh juice or whole fruits relieve skin irritations, wounds, and inflammation. A
daily consumption of at least 10–15 fresh berries (or the equivalent 20 mL freshly squeezed
juice) is highly recommended [3].

P. alkekengi is also recognized as a functional food, being a rich source of valuable
nutrients—vitamins A and C, minerals, unsaturated fatty acids, phenolics, phytosterols,
and pectic substances [18,20–22]. It should be noted that only fully ripened berries are
suitable for consumption (unripe fruit and all aerial parts of the plant are toxic if swallowed),
having a juicy texture, fresh flavor, and a slightly bitter taste, which normally disappears
after fruit freezing.

There is relatively limited information about the cosmetic uses of P. alkekengi in the
form of aqueous, ethanolic, and other extracts from the fruit and calyces, which are in-
corporated in different cosmetic formulations, taking advantage of its beneficial effects
on the skin (protective, soothing, anti-ageing, anti-pigmentation, and other effects) [1,23].
Those and related investigations have supported the inclusion of P. alkekengi fruit and calyx
extracts (CAS No 90082-67-0) in the Cosmetic Ingredient Database (CosIng) of the European
Commission, in the category of cosmetic ingredients with skin conditioning functions [24].

To the best of our knowledge, there are not enough data on the distribution of phytonu-
trients and other chemical compounds among the structural parts of the fruit (peel, pulp,
and seeds), nor on the characteristics of P. alkekengi growing in different regions of Bulgaria.
The main objective of this study was therefore to provide a comparative assessment of the
chemical composition of the structural parts of the fruit in two Bulgarian phenotypes of
Physalis alkekengi L., thus supplementing the already existing knowledge about the species
and expanding its possible prospective use in nutrition and cosmetics.
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2. Materials and Methods
2.1. Plant Material

Two phenotypes of Physalis alkekengi found in Bulgaria were analyzed in this study.
Fully ripe fruits (about 150 pieces for each phenotype) were collected in August—September
2020 from wild plant populations in Central Southern Bulgaria (PA-SB phenotype; the
city of Plovdiv; 42◦14′26′′ N 24◦70′24′′ E), and North-Eastern Bulgaria (PA-NB phenotype;
near Ivanski village, Shumen region; 43◦07′24′′ N 27◦04′35′′ E). Species identification was
confirmed by the botanist at the Department of Botany, Plovdiv University, Bulgaria.

According to the objectives of the study, fresh fruits (Figure 1) were de-husked and
carefully divided into structural parts (seeds, peel, and pulp), that were analyzed individu-
ally or in mixture due to determination requirements.
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phenotype from North-Eastern Bulgaria. Photos by authors.

2.2. Basic Evaluation of Fresh Berries and Their Structural Parts

The proportion (%) of the structural fruit parts (peel, pulp, and seeds) in fresh berries
was obtained by gravimetrical determination of each element’s fresh weight (fw) (Mettler-
Toledo, Switzerland; precision ± 0.0001 g) for 100 randomly selected fruits. Seed absolute
weight (g) was obtained as mean by weighing of 1000 seeds on a precision balance (Mettler-
Toledo, Switzerland; precision ± 0.0001 g).

The moisture content of each fruit sample in the study (seeds, peel, and pulp) was
determined by drying in a laboratory drying oven (Robotika, Velingrad, Bulgaria) at
103 ± 2 ◦C to the constant weight [25]. The results from the chemical analyses in the study
were further re-calculated and presented on a dry weight (dw) basis.

In the first step of chemical analysis, the samples were analyzed in two structural
forms, as seed samples and peel/pulp samples.

Cellulose content (crude fiber) in the seed and peel/pulp samples was determined
by a slight modification of a method described earlier [26]. The hydrolysis of the plant
material (1.0 g) was carried out with 16.5 mL 80% CH3COOH and 1.5 mL concentrated
HNO3 for 1.5 h at 100 ◦C. The filtrated residue was dried at 103 ± 2 ◦C for 24 h, cooled in
a dessicator, and weighed for the quantitative determination of cellulose. The results are
presented on a dry weight basis.

Protein content in the seed and peel/pulp fractions was analyzed by the Kjeldahl
method [25] using an UDK 152 unit (Velp Scientifica Srl, Usmate Velate, Italy). The con-
version to protein content of the determined nitrogen content, present as ammonia in the
digested sample, was by the multiplication factor of 6.25.

Oil content in the seed and in the peel/pulp parts was determined after extraction
with n-hexane (Soxhlet, for 8 h), followed by evaporation of the solvent on a rotary vacuum
evaporator (at 40 ◦C) and under a stream of nitrogen [27].
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2.3. Determination of Fatty Acids in Seed and Peel Oils

In the second step of the analysis, the oils from the fruit seeds and peel were isolated
separately and then analyzed for the composition and content of the fatty acids and
tocopherols. The oil fractions from seeds and peel were obtained by extraction with
n-hexane, as described above [27].

Fatty acids in the extracted seed and peel oils were determined after transmethylation
with 2% H2SO4 in CH3OH at 50 ◦C [28,29]. The GC analysis was performed on a Hewlett
Packard 5890A unit, with a flame ionization detector (FID) (Santa Clara, CA, USA) and a
capillary Supelco 2560 column, 75 m × 0.25 mm × 18 µm (i.d.). The column temperature
increase was from 130 ◦C (4 min) to 240 ◦C (5 min) at 15 ◦C/min; injector/detector temper-
atures were 250 ◦C; the flow rate of the carrier gas (hydrogen) was 0.8 mL/min; the split
was 50:1. Fatty acid identification was completed by referring to the retention times of fatty
acid methyl esters (FAME) in a standard mixture of 37 components (Supelco, Bellefonte,
PA, USA).

2.4. Determination of Tocopherols in Seed and Peel Oils

Tocopherols were analyzed directly in the seed and peel oils, without saponification, by
HPLC method. A 2% solution of the respective oil in n-hexane was prepared, and 20 µL was
injected in the Merck-Hitachi unit (Merck, Darmstadt, Germany); column 250 mm × 4 mm
Nucleosil Si 50-5; fluorescent detector Merck-Hitachi F-1000 (Merck, Darmstadt, Germany).
The flow rate of the mobile phase (n-hexane: dioxan 96:4, v/v) was 1.0 mL/min; detector
excitation was at 295 nm, emission at 330 nm. Tocopherol identification was based on
comparison with reference standards (DL-α-, DL-β-, DL-γ- and DL-δ-tocopherols, 98% pu-
rity) [30].

2.5. Determination of Amino Acids in Seed Cakes

In the third step, the seed cakes remaining after seed oil extraction were analyzed for
the composition and content of amino acids and mineral elements.

Amino acids were detemined after hydrolysis of the seed cake material and completed
with 6 N HCl at 105 ◦C for 24 h in sealed glass ampules. Ampule content was then
evaporated at 40–50 ◦C under vacuum, and the residue was dissolved in 20 mM HCl
and filtered. The free amino acids resulting from protein hydrolysis were derivatized
using the AccQ-Fluor kit, WATO52880 (Waters Corporation, Milford, MA, USA). The
HPLC separation of the resulting AccQ-Fluor amino acid derivatives was performed
on an Elite LaChrome (Hitachi, Tokyo, Japan) unit, with a reverse phase C18 AccQ-Tag
(3.9 mm × 150 mm) column (at 37 ◦C). WATO52890 buffer (Waters Corporation, Milford,
MA, USA) and 60% acetonitrile were the eluting phases; the injected sample volume was
20 µL, heated to 55 ◦C. The unit was equipped with a diode array detector (DAD) (Hitachi,
Tokyo, Japan), and the detection was performed at the wavelength 254 nm.

2.6. Determination of Mineral Elements in Seed Cakes

Mineral elements in the seed cakes were determined after mineralization at 450 ◦C;
the resultant ash was first dissolved in concentrated HCl and then in 0.1 mol/L HNO3 [31].
The atomic absorption spectrometry (AAS) was performed on a Perkin Elmer/HGA 500 in-
strument (Norwalk, CT, USA). The detection wavelengths were: Na, 589.6 nm; K, 766.5 nm;
Mg, 285.2 nm; Ca, 317.0 nm; Zn, 213.9 nm; Cu, 324.7 nm; Fe, 238.3 nm; Mn, 257.6 nm; Pb,
283.3 nm; Cd, 228.8 nm; Cr, 357.9 nm. The elemental identification was completed by com-
parison with standard metal salt solutions, and the estimation of metal ion concentration
by using calibration curves (built for 1 µg/mL standard salt solutions).

2.7. Determination of Volatiles in Fruit Concretes

Finally, the fruit concretes were analyzed. These were obtained from P. alkekengi peel
and pulp as concentrated aromatic products, which are commonly used in perfumery
and cosmetics.
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In the obtainment of fruit concretes, the samples were subjected to a double extraction
with n-hexane, at a temperature of 40 ◦C and a solid-to-solvent ratio of 1:10 (w/v). The
duration of the first and second extraction was 60 min and 30 min, respectively. The ex-
tracts were then combined and concentrated on a rotary vacuum evaporator until complete
solvent removal at a temperature 40 ◦C. The yield of peel and pulp concretes was deter-
mined gravimetrically (%, w/w) and calculated on a dry weight basis. The initial moisture
content of the extracted plant materials was as follows: peel—53.85 ± 0.45% (PA-SB) and
49.73 ± 0.41% (PA-NB); pulp—79.43 ± 0.62% (PA-SB) and 82.99 ± 0.71% (PA-NB). The
color and appearance of the concretes were determined by visual assessment.

The GC analysis for the determination of the volatile composition of the obtained fruit
concretes was performed on an Agilent 7890A instrument (Agilent Technologies Inc., Santa
Clara, CA, USA), with the following parameters: HP-5ms column, 30 m × 250 mm × 0.25 µm
(i.d.); oven temperature increased at a rate of 5 ◦C/min from 35 ◦C (3 min) to 250 ◦C (3 min),
total run time 49 min; carrier gas (helium) at 1 mL/min constant rate; 30:1 split mode. The
GC-MS analysis employed an Agilent 5975C inert XL EI/CI mass selective detector (MSD)
(Agilent Technologies Inc., Santa Clara, CA, USA), under the same operational conditions
as in the GC analysis. Mass spectra acquisition was at 70 eV in electron impact (EI) mode;
MS scan was from 50 to 550 m/z. The ionization source temperature was 230 ◦C, and
the MS quad and the injector temperatures were 150 ◦C and 250 ◦C, respectively. Mass
spectra were read using the built-in toolkit of 2.64 AMDIS (Automated Mass Spectral
Deconvolution and Identification System; NIST, Gaithersburg, MD, USA) software. The
identification of volatiles was based on comparison of their retention (Kovats) indices (RI)
and MS fragmentation patterns with spectral library data [32,33]. Components were listed
in ascending order of the RI, calculated using a standard calibration mixture of n-alkanes
(C8–C40) in hexane, under the same operational conditions. Compound concentrations
were calculated as percentage of the total ion current (TIC), after normalization of the
recorded peak areas.

2.8. Statistics

All measurements in the study were performed in triplicate (n = 3), except for the
fruit parts proportion (n = 100). The results are presented as the mean value with the
corresponding standard deviation (SD). ANOVA and Tukey multiple comparison test were
used as statistical tools in the assessment of significant differences at p < 0.05.

3. Results and Discussion
3.1. Basic Evaluation of Fruit Structural Parts

The proportions of fruit structural parts (peel, seeds, and pulp, respectively) in the
analyzed fresh fruits of two P. alkekengi phenotypes (denoted as PA-SB and PA-NB) are
presented in Table 1. Fruit pulp accounted for about 70% of fresh fruit weight, while seeds
constituted about a quarter of the fruit weight, with no significant deviations between
the phenotypes. Seed dimensions varied, however, with seed absolute weight being
1.68 ± 0.01 g (mean of 1000 seeds results) for PA-SB phenotype, and 1.52 ± 0.01 g (per
1000 seeds) for PA-NB. The average number of seeds in a single berry was 195 ± 1.80 for
PA-SB, and 107 ± 0.90 for PA-NB phenotype.

Table 1. Proportion of fruit structural parts of two P. alkekengi phenotypes (PA-SB and PA-NB).

Fruit Part PA-SB (% fw) PA-NB (% fw)

Peel 4.99 ± 0.05 a 5.43 ± 0.05 a

Seeds 23.58 ± 0.18 b 26.15 ± 0.23 b

Pulp 71.43 ± 0.73 c 68.42 ± 0.64 c

Results: mean value ± standard deviation (n = 100). Different letters in the same row indicate significant
differences (p < 0.05).
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The basic macro component characteristics (cellulose, protein, oil) of the studied
fruit fractions (the isolated seeds and the combined peel/pulp fraction) are presented
in Table 2. The data indicate some differences between the phenotypes, with slightly
higher oil amounts in PA-NB, and higher cellulose and protein amounts in the PA-SB
phenotype. As seen from the data, the seeds were the primary site of oil accumulation
in the fruit, although the combined peel/pulp samples also had detectable amounts of
the oil fraction. The seeds of P. alkekengi were a sufficiently rich source of oil, yielding
14–17% oil, thus approximating the data for a related Physalis species, P. peruviana pomace
oil (19.3%) detected by Ramadan [34], as well as those for soybean oil (18%) [35], grapeseed
oil (8–20%) [36], or P. alkekengi seed oil [37].

Table 2. Macro component characteristics of fruit structural parts of two P. alkekengi phenotypes
(PA-SB and PA-NB).

Component
PA-SB PA-NB

Seeds (% dw) Peel/Pulp
(% dw) Seeds (% dw) Peel/Pulp

(% dw)

Cellulose 8.06 ± 0.07 d 1.44 ± 0.01 a 6.12 ± 0.05 c 2.15 ± 0.01 b

Protein 19.14 ± 0.14 d 2.51 ± 0.01 b 16.22 ± 0.12 c 1.94 ± 0.01 a

Oil 14.13 ± 0.12 c 1.27 ± 0.01 a 17.57 ± 0.15 d 1.81 ± 0.01 b

Results: mean value ± standard deviation (n = 3). Different letters in the same row indicate significant differences
(p < 0.05).

Similarly, the seeds contained most of the fruit’s protein and fiber. The cellulose
content was several times higher in the seeds (6–8% dw) than in the peel/pulp residues
(1.5–2% dw). The reported data were close to the cellulose contents detected in the whole
fruits of different cape gooseberry (P. peruviana) phenotypes measured by Petkova et al. [38],
as well as in different fruit and vegetable pomaces, such as apples and tomatoes [39].

3.2. Determination of Fatty Acids in Seed and Peel Oils

The significant oil yield from the seeds of P. alkekengi fruit was the reason for subjecting the
extracted seed oil to a more detailed analysis in order to reveal its micro component characteristics.

As seen in Table 2, the combined peel/pulp fraction was also associated with the
presence of oil fraction, although in a minor amount. The individual analysis of the two
fruit parts constituting the combined sample revealed that oil content in the pulp was
minimal (below 1% dw) in both phenotypes, while the peel contained 2.54 ± 0.02% and
2.05 ± 0.02% oil (dw) in the PA-NB and PA-SB phenotypes, respectively. Therefore, it was
considered interesting to identify the composition of the peel fraction oil, as well, in view
of a more complete insight into the composition of P. alkekengi fruits.

The results regarding the fatty acid composition of the seed and peel oils of the two
phenotypes are presented in Table 3, and an example of the obtained FAME chromatograms
is shown in Figure 2. The data proved significant variations in the number and distribution
of the identified fatty acids in the seed and peel oils, while the differences between the
phenotypes were less pronounced.

The fatty acid composition of P. alkekengi seed oil was dominated by unsaturated fatty
acids in a ratio of about 7:1 to saturated ones; this was the same for both phenotypes.
The ratio between polyunsaturated and monounsaturated fatty acids was also favorable
and comparable for the phenotypes, being about 5:1. The proportions of unsaturated and
saturated fatty acids, however, were reversed and much more unfavorable in the peel oils,
being 32:68 in PA-SB and 44:56 in PA-NB, respectively.

The predominant fatty acid in the seed oils was linoleic acid (73.67% in PA-SB and
74.43% in PA-NB), followed by oleic and palmitic acids, while the major fatty acids in peel
oils were palmitic (57.88% in PA-SB and 36.21% in PA-NB) and oleic (24.02% in PA-SB and
30.08% in PA-NB) acids.
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Table 3. Fatty acid composition of seed and peel oils of two P. alkekengi phenotypes (PA-SB and
PA-NB).

Fatty Acid
PA-SB PA-NB

Seeds
(% dw)

Peel
(% dw)

Seeds
(% dw)

Peel
(% dw)

C10:0 Capric nd 1 nd 0.10 ± 0.0 a 0.09 ± 0.0 a

C11:0 Undecylic nd 0.33 ± 0.0 b nd 0.17 ± 0.0 a

C12:0 Lauric nd 1.08 ± 0.0 a nd 1.11 ± 0.01 a

C13:0 Tridecylic nd 0.09 ± 0.0 a nd 0.42 ± 0.0 b

C14:0 Myristic nd 3.89 ± 0.01 b 0.11 ± 0.0 a 5.01 ± 0.02 c

C14:1 Myristoleic nd nd nd 0.82 ± 0.0 a

C15:0 Pentadecylic 0.21 ± 0.0 a nd nd 4.44 ± 0.01 b

C16:0 Palmitic 11.28 ± 0.10 b 57.88 ± 0.42 d 10.49 ± 0.10 a 36.21 ± 0.29 c

C16:1 Palmitoleic 0.12 ± 0.0 a 1.79 ± 0.01 b 0.18 ± 0.0 a 8.22 ± 0.02 c

C17:0 Margaric nd 0.41 ± 0.0 a nd 0.57 ± 0.0 a

C17:1 Heptadecenoic nd 0.69 ± 0.0 b 0.11 ± 0.0 a 0.49 ± 0.0 b

C18:0 Stearic 0.51 ± 0.0 a 4.32 ± 0.02 b 0.42 ± 0.0 a 8.37 ± 0.02 c

C18:1 Oleic 13.88 ± 0.11 a 24.02 ± 0.31 b 13.39 ± 0.12 a 30.08 ± 0.21 c

C18:2 (n-6) Linoleic 73.67 ± 0.72 b 1.00 ± 0.01 a 74.43 ± 0.71 b 0.83 ±0.0 a

C18:3 (n-3) Linolenic 0.21 ± 0.0 a 2.38 ± 0.01 c nd 2.09 ± 0.02 b

C20:2 (n-6) Eicosadienoic nd 2.12 ± 0.01 c 0.28 ± 0.0 a 1.08 ± 0.01 b

C20:3 (n-6) Eicosatrienoic 0.12 ± 0.0 a nd 0.29 ± 0.0 b nd
C20:4 (n-6) Eicosatetraenoic nd nd 0.10 ± 0.0 nd
C20:5 (n-3) Eicosapentaenoic nd nd 0.10 ± 0.0 nd

Saturated fatty acids 12.00 68.00 11.12 56.40
Unsaturated fatty acids, of which 88.00 32.00 88.88 43.60

Monounsaturated fatty acids 14.00 26.50 13.68 39.60
Polyunsaturated fatty acids 74.00 5.50 75.20 4.00

nd 1 = not detected; Results: mean value ± standard deviation (n = 3). Different letters in the same row indicate
significant differences (p < 0.05).

Unlike the similar distribution of fatty acids in the seed oils, there were differences
between the two phenotypes in the individual fatty acid composition of the oil derived
from fruit peel alone, especially with regard to palmitic, palmitoleic, stearic, and some other
acids. Although the results revealed a more favorable composition in the isolated seed
oils, they supported the feasibility of oil extraction from P. alkekengi fruit, using both whole
fruit and seeds alone. Regarding the individual fatty acid composition of the seed oils, our
results differed only numerically from the data in the previous study [37], which identified
linoleic (86.9%) and palmitic (6.6%) acids as the major fatty acids in the seed oil, at a ratio
of unsaturated to saturated fatty acids of about 14:1. Our results were fully compliant
with the data available for P. peruviana oils [34], which pointed out that pulp/peel oil was
characterized by high amounts of saturated fatty acids, while ω-3 acids (α-linolenic) were
found in lower levels.

3.3. Determination of Tocopherols in Seed and Peel Oils

The tocopherol composition of the extracted oils is presented in Table 4. As seen in the
table, there was impressive differentiation in the content of the bioactive tocopherols on
the bases of fruit structural parts and phenotype. Seed oils, despite the phenotype-related
differences observed, contained considerably more tocopherols than peel oils. The data
showed about a 2.5 times higher concentration of the biologically active tocopherols in the
oil isolated from the seeds of PA-SB berries than for the PA-NB phenotype.
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types (PA-SB and PA-NB): a—capric acid; b—myristic acid; c—pentadecylic acid; d—palmitic
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Table 4. Tocopherol composition of seed and peel oils of two P. alkekengi phenotypes (PA-SB and
PA-NB).

Tocopherols
PA-SB PS-NB

Seeds Peel Seeds Peel

α-Tocopherol (% of the total tocopherols) 1.01 ± 0.01 a nd 1 nd 100 ± 0.01 b

β-Tocopherol (% of the total tocopherols) 70.63 ± 0.68 b 30.32 ± 0.20 a 76.61 ± 0.71 c nd
γ-Tocopherol (% of the total tocopherols) 28.44 ± 0.22 b 69.74 ± 0.31 c 23.42 ± 0.21 a nd
Total tocopherols (mg/kg dw) 5378 ± 51.00 d 340.00 ± 17.00 b 2009 ± 20.00 c 216.00 ± 11.00 a

1 nd = not detected; Results: mean value ± standard deviation (n = 3); Different letters in the same row indicate
significant differences (p < 0.05).

The tocopherol fraction of both seed oils was predominated by β-tocopherol (70.63%,
and 76.61%, of the total tocopherols, PA-SB and PA-NB, respectively), and γ-tocopherol
(28.44% and 23.42% of the total content, PA-SB and PA-NB, respectively). The peel oils
showed completely different tocopherol profiles—γ-tocopherol was dominating in PA-SB
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(69.74%), followed by β-tocopherol (30.32%), while α-tocopherol was detected as a single
representative (100%) in PA-NB peel oil.

In the study of Ramadan [34], β- and γ-tocopherols were also the major tocopherols
in the seed oil of P. peruviana, while γ- and α-tocopherols were the main components in
the pulp/peel oil. No further parallel to other data could be made concerning the peel oil
composition or the tocopherols, as to the best of our knowledge, there have been no other
previous investigations in that direction.

3.4. Determination of Amino Acids in Seed Cakes

Accounting for the significant ratio of seeds in fresh fruit weight (Table 1) and their
macronutrient indices (Table 2), the seed cakes resulting from oil extraction, otherwise
considered a waste product, were considered a potentially valuable plant material worthy
of recovery. Therefore, an attempt to provide new data in favor of their potential use and
nutritional value was made in this study, by identifying some individual micro components
in the seed cakes—amino acids and minerals. The results of the amino acid profile of seed
cake proteins are presented in Table 5.

Table 5. Amino acid composition of seed cakes from P. alkekengi fruit phenotypes (PA-SB and PA-NB).

Amino Acid PA-SB (mg/g dw) PA-NB (mg/g dw)

Aspartic acid 12.23 ± 0.11 a 12.16 ± 0.11 a

Serine 8.41 ± 0.07 b 6.08 ± 0.06 a

Glutamic acid 7.12 ± 0.07 a 11.97 ± 0.10 b

Glycine 10.94 ± 0.08 a 14.83 ± 0.11 b

Histidine 7.18 ± 0.07 b 5.90 ± 0.05 a

Arginine 15.75 ± 0.11 b 13.17 ± 0.11 a

Threonine 1 4.17 ± 0.03 b 2.89 ± 0.03 a

Alanine 9.31 ± 0.08 a 14.34 ± 0.12 b

Proline 2.54 ± 0.01 a 4.27 ± 0.02 b

Cysteine 0.24 ± 0.0 b 0.14 ± 0.0 a

Tyrosine 3.20 ± 0.02 a 6.19 ± 0.04 b

Valine 1 4.53 ± 0.02 b 3.56 ± 0.02 a

Methionine 1 0.77 ± 0.0 a 0.70 ± 0.0 a

Lysine 1 2.94 ± 0.01 a 3.49 ± 0.02 b

Isoleucine 1 3.37 ± 0.01 a 4.41 ± 0.01 b

Leucine 1 0.56 ± 0.0 a 0.86 ± 0.0 b

Phenylalanine 1 3.19 ± 0.02 a 4.63 ± 0.02 b

Results: mean value ± standard deviation (n = 3). Different letters in the same row indicate significant differences
(p < 0.05). 1 essential amino acid.

As seen from the data, the dominant amino acids in the seed cakes of both the
P. alkekengi phenotypes were arginine, aspartic acid, glycine, and alanine, with numerical
deviations between the samples. Respectively, there were differences in the distributions
of the rest of the amino acids, explicable by the varying conditions of the plant vegetation
(phenotype). The ratio of essential amino acids (EAA) was relatively low and comparable
in the two phenotypes, being about 0.4:1. Valine, phenylalanine, threonine, and isoleucine
were present in slightly higher amounts than the other EAAs.

3.5. Determination of Mineral Elements in Seed Cakes

The results from the determination of 11 key macro and micro mineral elements in
the seed cakes (Table 6) confirmed significant differences between the phenotypes only
with regard to two of the macro minerals, sodium and calcium; the content of sodium
was substantially higher in the PA-SB phenotype, and that of calcium was higher in the
seed cakes of PA-NB fruit. The macrominerals potassium and magnesium were found in
identical amounts in both phenotypes. The identified microminerals (Fe, Mn, Cu, Zn, Pb)
showed comparable distributions between the phenotypes, with the single exception of Cr
in PA-NB.
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Table 6. Mineral composition of seed cakes from P. alkekengi fruit of two phenotypes (PA-SB and
PA-NB).

Mineral Element PA-SB (mg/kg dw) PA-NB (mg/kg dw)

Potassium (K) 4122.28 ± 19.43 a 4668.32 ± 21.23 a

Sodium (Na) 182.33 ± 1.33 b 80.79 ± 0.33 a

Calcium (Ca) 529.15 ± 1.87 a 1586.23 ± 4.78 b

Magnesium (Mg) 2418.97 ± 11.24 a 2318.26 ± 11.09 a

Iron (Fe) 61.71 ± 0.21 b 50.38 ± 0.19 a

Manganese (Mn) 25.40 ± 0.09 a 23.42 ± 0.08 a

Copper (Cu) 9.98 ± 0.03 a 10.30 ± 0.04 a

Zinc (Zn) 29.64 ± 0.09 b 25.24 ± 0.08 a

Lead (Pb) 2.67 ± 0.0 a 2.93 ± 0.0 a

Cadmium (Cd) nd 1 nd
Chromium (Cr) nd 2.32 ± 0.0

Results: mean value ± standard deviation (n = 3). Different letters in the same row indicate significant differences
(p < 0.05). 1 nd = not detected.

Evaluating the potential of the seed cakes for nutritional purposes, they could be
considered a good source of potassium (supplying about 15% of the reference dietary intake
(RDI) for men and about 12% for women; the RDIs being 2700 and 3500 mg, respectively),
magnesium (about 60% of RDI for men and about 70% of RDI for women; 350 and 300 mg),
as well as of iron (about 60% of RDI for men and about 30% of RDI for women; 8 and
18 mg), zinc (about 20% of RDI for men and about 30% of RDI for women; 11 and 8 mg),
and other key microelements (copper and manganese) [40].

3.6. Determination of Volatile Components in Fruit Concretes

Another important aspect of the study was the objective of investigating the potential
of P. alkekengi fruit for obtaining fruit concrete, a type of established aromatic product,
widely used in perfumery and cosmetics [41]. Concretes are obtained by extracting fresh or
dry plant materials with a non-polar solvent (e.g., hexane, petroleum ether, or benzene),
followed by the complete removal of the solvent; the resulting concentrated aromatic
product carries a specific fragrance profile, adding to the diversification of the fragrance
nuances provided by the other types of aromatic products from the respective plant material,
such as essential oils, absolute, resinoids, tinctures, and other extracts [41].

Accounting for the fact that the fruit pulp and peel are generally the vegetal material
strongly related to fruit flavor, those parts of the P. alkekengi fruit were processed individu-
ally by n-hexane double extraction to obtain the respective fruit concretes. All concretes
obtained in the study represented thick waxy masses with dark orange–yellow color.

The results revealed significant differences in the yield of fruit concretes, both between
the phenotypes and between the fruit structural parts compared in the study. As seen from
the data in Table 7, the yield of peel concrete was significantly higher than that of pulp
concrete, thus clearly differentiating the potential of the two fruit structures with regard
to their processing efficiency. In turn, there were significant differences in peel concrete
yield on a phenotype basis; it was about three time higher in PA-NB phenotype, which was
obviously related to the impact of environmental characteristics on plant metabolism.

The results from the identification by GC-MS analysis of individual aromatic volatiles
in the obtained concretes and the total ion current (TIC) chromatograms with the major
compounds (over 3%) are presented in Table 8 and Figure 3, respectively.
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Table 7. Primary characteristics of fruit concretes obtained from two phenotypes of P. alkekengi (PA-SB
and PA-NB).

Index PA-SB (% DW; w/w) PS-NB (% DW; w/w)

Yield of pulp concrete 0.02 ± 0.00 a 0.03 ± 0.00 a

Yield of peel concrete 0.72 ± 0.01 a 2.16 ± 0.01 b

Results: mean value ± standard deviation (n = 3). Different letters in the same row indicate significant differences
(p < 0.05).

Table 8. Volatile components obtained by GC-MS in the concretes from two phenotypes of P. alkekengi
(PA-SB and PA-NB) fruit.

Volatiles RT 1 RI 2 PA-SB (% or TIC 2) PA-NB (% or TIC 3)

Peel Pulp Peel Pulp

α-Pinene 9.45 933 4.63 ± 0.03 a 5.30 ± 0.04 b 7.57 ± 0.06 d 6.85 ± 0.05 c

Camphene 9.98 945 0.31 ± 0.0 a 0.53 ± 0.0 b 0.69 ± 0.0 c 0.28 ± 0.0 a

Sabinene 10.76 969 0.05 ± 0.0 a 0.22 ± 0.0 b 0.08 ± 0.0 a 0.15 ± 0.0 b

β-Pinene 10.90 975 0.09 ± 0.0 a 0.41 ± 0.0 c 0.06 ± 0.0 a 0.12 ± 0.0 b

Myrcene 11.33 987 0.44 ± 0.0 b 0.59 ± 0.0 c 0.23 ± 0.0 a 0.25 ± 0.0 a

p-Cymene 12.45 1020 0.54 ± 0.0 a 1.04 ± 0.09 c 0.74 ± 0.0 b 0.56 ± 0.0 a

Limonene 12.60 1023 0.43 ± 0.0 a 1.21 ± 0.03 d 1.07 ± 0.09 c 0.89 ± 0.0 b

γ-Terpinene 13.54 1055 2.34 ± 0.01 a 7.77 ± 0.06 c 5.52 ± 0.05 b 5.46 ± 0.05 b

Camphenilone 14.40 1077 0.35 ± 0.0 b 0.41 ± 0.0 b 0.12 ± 0.0 a 0.09 ± 0.0 a

β-Linalool 14.92 1095 49.57 ± 0.47 a 61.91 ± 0.60 c 57.76 ± 0.50 b 78.29 ± 0.70 d

Nonanal 15.02 1101 0.11 ± 0.0 b 0.58 ± 0.0 d 0.04 ± 0.0 a 0.38 ± 0.0 c

Camphor 16.29 1140 7.53 ± 0.06 d 3.26 ± 0.03 b 5.53 ± 0.05 c 2.31 ± 0.02 a

1-Terpinen-4-ol 17.31 1174 0.04 ± 0.0 a 0.18 ± 0.0 b nd 4 nd
α-Terpineol 17.75 1185 0.09 ± 0.0 a 0.32 ± 0.0 b nd nd
Nerol 19.33 1126 1.48 ± 0.01 b 1.73 ± 0.01 c 2.80 ± 0.02 d 0.06 ± 0.0 a

n-Tridecane 21.34 1300 nd nd 6.18 ± 0.05 b 1.72 ± 0.01 a

Isoamyl benzyl ether 21.40 1310 nd nd nd 1.15 ± 0.01
Neryl acetate 22.83 1349 11.42 ± 0.10 c 3.71 ± 0.03 b 1.06 ± 0.01 a nd
Sibirene 23.55 1398 nd 0.72 ± 0.0 a 5.85 ± 0.05 b nd
β-Caryophyllene 23.98 1419 nd 0.33 ± 0.0 nd nd
Germacrene D 25.24 1483 6.85 ± 0.06 c 0.88 ± 0.0 b 0.23 ± 0.03 a nd
β-Selinene 25.40 1491 0.05 ± 0.0 a 0.43 ± 0.0 b nd nd
α-Zingiberene 25.61 1493 nd 0.27 ± 0.0 nd nd
Bicyclogermacrene 25.91 1501 nd 0.55 ± 0.0 nd nd
δ-Cadinene 26.55 1522 nd 1.07 ± 0.01 nd nd
α-Cadinene 26.80 1536 nd 0.32 ± 0.05 nd nd
1-epi-Cubenol 29.11 1627 nd 0.41 ± 0.05 nd nd
tau-Cadinol 29.30 1640 3.69 ± 0.03 b 0.54 ± 0.0 a nd nd
(2E,6E)-Methyl farnesoate 35.12 1785 1.11 ± 0.01 nd nd nd
(2Z,6E)-Farnesyl acetate 36.19 1820 2.58 ± 0.02 nd nd nd
(5Z,9E)-Farnesyl acetone 38.30 1889 2.09 ± 0.02 b 3.87 ± 0.03 c 2.88 ± 0.02 a nd
Phytol 40.74 1940 2.93 ± 0.02 nd nd nd

1 RT—retention time, min; 2 RI—retention index (Kovat’s index); 3 TIC—total ion current; Results: mean value± standard
deviation (n = 3). Different letters in the same row indicate significant differences (p < 0.05). 4 nd = not detected.

Fifteen individual volatiles were identified by the applied GC-MS analysis in the
pulp concrete of the PA-NB phenotype, accounting for 98.62% of the total content. The
major components (in amounts over 3%) were: β-linalool (78.3%), α-pinene (6.9%), and
γ-terpinene (5.5%). In the pulp concrete from the second phenotype, PA-SB, the number
of identified compounds was 27 (98.56% of the total content), among which the major
components were: β-linalool (61.9%), γ-terpinene (7.8%), α-pinene (5.3%), (5Z,9E)-farnesyl
acetone (3.9%), neryl acetate (3.7%), and camphor (3.3%). The concrete obtained from the
peel of the PA-NB phenotype contained 18 identified components (representing 98.41% of
the total content). The major constituents in the product (over 3%) were: β-linalool (57.8%),
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α-pinene (7.6%), n-tridecane (6.2%), sibirene (5.9%), camphor (5.5%), and γ-terpinene (5.5%).
In turn, a total of 23 individual components were identified in the peel concrete from the
PA-SB phenotype (98.72% of the content), with the major constituents being: β-linalool
(49.6%), neryl acetate (11.4%), camphor (7.5%), germacrene D (6.9%), α-pinene (4.6%), and
tau-cadinol (3.7%).
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Figure 3. Chromatograms of volatiles in concretes obtained from two phenotypes of P. alkekengi fruit
(PA-SB and PA-NB): (a) concrete from the peel of PA-SB phenotype; (b) concrete from the pulp of
PA-SB phenotype; (c) concrete from the peel of PA-NB phenotype; (d) concrete from the pulp of
PA-NB phenotype.

The comparison of the data obtained for the respective aromatic products from two
phenotypes revealed significant differences in the contents of a number of minor and
major components with known fragrance properties; for instance, components in the pulp
concretes included nerol (1.7% in PA-SB and 0.1% in PA-NB), neryl acetate (3.7% in PA-SB,
not detected in PA-NB), and (5Z,9E)-farnesyl acetone (3.9% in PA-SB, not detected in PA-
NB); components in the peel concretes included neryl acetate (11.4% in PA-SB and only
1.1% in PA-NB), sibirene (5.9% in PA-NB, not detected in PA-SB), germacrene D (6.9% in
PA-SB and only 0.2% in PA-NB), and tau-cadinol (3.7% in PA-SB, not detected in PA-NB).

The classification of the identified fruit concrete constituents revealed the presence of
compounds belonging to different chemical classes (Figure 4). The distribution of the iden-
tified compounds (equaled to 100%) did not suggest considerable differences between the
two structural elements of the fruit (pulp, peel), or between the phenotypes, although some
specifics also existed. In all extracts, the volatile composition was dominated by oxygenated
monoterpene derivatives (72.6% and 81.9% in the pulp and 71.4% and 68.4% in the peel for
the PA-SB and PA-NB phenotypes, respectively), followed by monoterpene hydrocarbons
(16.3% and 14.2% in fruit pulp; 8.4% and 15.5% in the peel). Sesquiterpene hydrocarbons
and oxygenated sesquiterpene derivatives were not detected in the concrete from the pulp
of PA-NB phenotype, while diterpene representatives were found only in the concrete from
the peel of PA-SB phenotype (3.0% of the identified content). The results revealed that
the differences between the two phenotypes were more pronounced with regard to the
extractible aromatic compounds in the peel compared with the fruit pulp. Thus, it could be
presumed that fruit origin (phenotype) would not be a decisive factor for the organoleptic
properties of the final product in P. alkekengi juice/pulp production, but would probably
affect the usability of the resultant waste (peel or seed/peel residue); of course, additional
and more targeted investigations are needed to support such assumptions, utilizing a wider
range of sampling, parameter selection, and statistical tools.
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4. Conclusions

The results achieved by this study conducted on P. alkekengi fruit from Bulgaria add
new details to the existing knowledge about the species. The study revealed that each of the
fruit structural parts (peel, pulp, and seeds) or the resultant by-products (the seed cakes),
rarely analyzed individually, had its specific features in terms of the assessed chemical
characteristics, thus suggesting different options for their prospective use as sources of
functional macro- and micronutrients—fiber, protein and some essential amino acids, oils
and unsaturated fatty acids, tocopherols, and minerals. The study also provides new data
on the obtaining and identification of the volatile profiles of P. alkekengi fruit concretes, thus
contributing to the expansion of the range of available aromatic products. The presence
of a number of aroma-active volatile compounds in the obtained peel and pulp concretes
spoke in favor of a tangible potential for their future consideration as ingredients, e.g., in
perfumery and cosmetic formulations. The results on the phenotype-related differences
presented in the study also suggested that fruit origin could, to a lesser or greater extent,
affect the chemical composition of the assessed individual parts of P. alkekengi fruit and
the aromatic products derived from them, especially if considering fruit properties on a
wider geographical basis, in which genotype would most probably be another decisive
factor. Based on these considerations, the outcomes from the study could be the grounds
for future investigations in the indicated directions.
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Abstract: The simplest way to eliminate microorganisms in the must/wine is through sulfuration,
as it allows the introduction of pure yeast varieties into the must, which guarantees a high-quality
wine. However, sulfur is an allergen, and an increasing number of people are developing allergies to
it. Therefore, alternative methods for microbiological stabilization of must and wine are being sought.
Consequently, the aim of the experiment was to evaluate the effectiveness of ionizing radiation
in eliminating microorganisms in must. The sensitivity of wine yeasts, Saccharomyces cerevisiae, S.
cerevisiae var. bayanus, Brettanomyces bruxellensis, and wild yeasts to ionizing radiation was com-pared.
The effects of these yeasts on wine chemistry and quality were also determined. Ionizing radiation
eliminates yeast in wine. A dose of 2.5 kGy reduced the amount of yeast by more than 90% without
reducing the quality of the wine. However, higher doses of radiation worsened the organoleptic
properties of the wine. The breed of yeast used has a very strong influence on the quality of the
wine. It is justifiable to use commercial yeast breeds to obtain standard-quality wine. The use of
special strains, e.g., B. bruxellensis, is also justified when aiming to obtain a unique product during
vinification. This wine was reminiscent of wine produced with wild yeast.. The wine fermented
with wild yeast had a very poor chemical composition, which negatively affected its taste and aroma.
The high content of 2-methylbutanol and 3-methylbutanol caused the wine to have a nail polish
remover smell.

Keywords: polyphenols; color; yeast; quality of wine; wine preservation; environmental protection

1. Introduction

Sulfurization of must eliminates the population of microorganisms during the early
stages of vinification. The introduction of pure yeast varieties into the musts assures
product quality, due to the well-known metabolic profile of these varieties. The most
commonly used wine yeast strain is Saccharomyces cerevisiae [1] which ensures a cultivar-
specific product due to the repeatability of the chemical composition and the bouquet of
the wine [2].

The unique properties of natural and regional wines can be attributed to the com-
pounds produced by unusual microorganisms or hybrids of various wine and beer yeasts.
A notable example is Château Musar, which owes its uniqueness to the presence of
Brettanomyces bruxellensis yeast, contributing to its aromatic profile primarily through
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4-ethylphenol and 4-ethylguaiacol. These wines are appreciated by a small group of
connoisseurs due to their characteristics of table aroma [3,4].

Natural wines are the result of spontaneous fermentation of grape must, facilitated by
a diverse consortium of microorganisms naturally present on the grapes. The predominant
wine yeast, S. cerevisiae, is involved in the formation of natural wines [5]. The wine yeast
S. cerevisiae is usually very little in natural musts, just less than 1% of the total population
of active microorganisms. Grape must contain a huge biodiversity of microorganisms,
including wild yeasts of the genus Hanseniaspora, Candida, Metschnikowia, Pichia, Rhodotorula,
and Torulaspora, as well as various bacteria and molds [6]. In recent years, natural wines
have become an increasingly important range of wines on the market. They hold great
appeal to both connoisseurs and ordinary consumers due to their unique and distinctive
qualities [7].

However, spontaneous fermentation does not always produce the expected results.
The predominance of wild yeasts that intensely produce higher alcohols can lead to wine
spoilage, intense chemical aromas, and vinegary taste sensations. Yeast is responsible for
the production of several hundred chemical compounds, and any imbalances can pose
risks of unfavorable flavors and aromas [3,5,8].

The addition of sulfur compounds in food products exposes allergies in sensitive
consumers [9]. Therefore, alternative methods that do not leave behind preservatives in the
final product are being actively pursued. While food irradiation has been commercially
employed since the 1950s, the technology is still under development. This applies to the
irradiation of new product categories such as wine [9], raw milk [10], as well as lyophilized
fruit, vegetables, meat [11] and honey [12].

Furthermore, new areas of application such as irradiation to prevent the spread of
pests, especially in the case of tropical fruits and vegetables [13], extending the shelf life
of fresh products packed in modified atmospheres [14], and preparing sterilized, shelf-
stable food for patients with compromised immune systems or NASA astronauts [15].
One of the significant advantages of food irradiation technology is that it is a nonthermal
process, capable of replacing chemical methods or steaming, as demonstrated in the case
of dried herbs [16]. Food irradiation is a process of exposing food to ionizing energy to
eliminate insects, fungi, or bacteria that can cause human diseases or spoilage, as well as
delay the ripening of fresh products. The approved sources of ionizing radiation for food
irradiation, as listed in General Standard for Irradiated Foods [17], include gamma rays
from radionuclides such as Co-60, X-rays generated from machine sources operating at or
below 5 MeV energy level, and electrons generated from machine sources operating at or
below 10 MeV energy level.

During the radiation process, microorganisms are effectively killed, and the rip-
ening, germination, and spoilage of vegetables are inhibited [18,19]. The effectiveness of
ionizing radiation depends on the species of microorganisms, the dose, and the inten-
sity of the radiation [20]. Mold fungi such as Fusarium oxysporum, Phytophthoracitricola,
Pythium ultimum, and Botrytis cinerea have shown sensitivity to irradiation within the
range of 1.5–6 kGy [21]. Three species of Escherichia coli O157:H7 suspended in apple
juice were sensitive even to a dose of 1 kGy, while complete elimination was achieved at
a dose of 2 kGy [20]. Spore-forming bacteria from the genus Clostridium and Enterobacte-
riaceae proved resistant to irradiation, with a dose of 4–5 kGy reducing their populations
by 90%. Complete elimination of these microorganisms required a minimum dose of
10 kGy [22]. The worldwide development of food irradiation can be attributed to the
growing utilization of machine sources of ionizing radiation instead of radioisotopes.
Recently, the use of low-energy electrons has gained significant attention. This technol-
ogy, due to the limited penetration of electrons with energy below 300 keV, is used for
surface microbial decontamination [23].

The aim of the experiment was to determine the optimal irradiation dose for the
elimination of S. cerevisiae, S. cerevisiae var. bayanus, B. bruxellensis, and wild yeasts while
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ensuring the preservation of wine quality. The analysis encompassed an evaluation of the
wine’s chemical composition, color, and organoleptic characteristics.

2. Results

Four doses of ionizing radiation (1, 2.5, 5.0, and 7.5 kGy) were used to reduce the yeast
content in the wine. Upon applying the lowest dose of 1 kGy, a decrease in yeast content
was observed (Figure 1). The level of reduction varied among the strains, with S. cerevisiae
ES181 and B. bruxellensis exhibiting greater resistance to the first dose, as their numbers
decreased by 40 and 50%, respectively.

In contrast, the strains S. cerevisiae ES123 and S. cerevisiae var. bayanus proved higher
sensitivity to irradiation. In these cases, the yeast abundance was nearly 16 and 20%,
respectively, relative to the initial value before the application of the physical factor. Notably,
a dose of 2.5 kGy significantly reduced the yeast abundance, with only the S. cerevisiae ES181
strain remaining at a similar level, representing approximately 60% of the initial value.

The other strains were significantly reduced to levels of a few percent compared to
the initial value. Once again, S. cerevisiae var. bayanus proved the highest sensitivity. A
subsequent dose of 5 kGy resulted in nearly complete yeast mortality, with only a 3%
reduction observed in the case of S. cerevisiae ES181. Finally, a dose of 7.5 kGy left minimal
traces of alive yeast cells in each wine sample.
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2.1. Quality of Irradiated Wine—Selected Parameters

Regardless of the yeast used, ionizing radiation from a dose of 2.5 kGy already had a
negative effect on wine quality. This is indicated by a decreasing polyphenol content and
changes in the color of wine (Figures 2–4. The most significant changes were observed in
anthocyanins and phenolic acids (Figure 3). On the other hand, the lowest dose of 1 kGy
had no significant effect on the changes in wine color (Figures 3 and 5), which could be
considered advantageous. However, this dose did not achieve a satisfactory reduction in
yeast content (Figure 1), rendering its practical use impractical. The higher doses used
resulted in a substantial reduction in yeast abundance (Figure 1).

The loss of polyphenols and changes in the color of the wine, characterized by a darkening
effect, was observed gradually. With each radiation dose, there was a diminishing presence of
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polyphenols and red coloring pigments in the wine. A dose of 5 kGy reduced the content of
polyphenols by about 20% except for the wine with wild yeast, which exhibited no change in
polyphenol content. Anthocyanins and phenolic acids were particularly sensitive to radiation,
while other tested polyphenols were moderately sensitive (Figures 3 and 5). Following a dose
of 7.5 kGy, the content of polyphenols decreased by approximately 40%. Flavan-3-ols and
stilbenes also experienced a reduction of about 20%, while flavonols demonstrated a slight
increase, though statistically insignificant (Figure 3).

The changes in polyphenol content and wine color were similar in wines where com-
mercial yeast was used (Figure 2). The polyphenol content experienced a decrease, resulting
in lighter and less intensely colored wines. Among the wines subjected to a radiation dose
of 7.5 kGy, those inoculated with S. cerevisiae ES181 yeast displayed the least reduction in
polyphenol content (27.8%), while S. cerevisiae 2 wine exhibited the greatest reduction (41.3%).
The greatest changes were found in the category of compounds classified as anthocyanins,
which are mainly responsible for the color of the wine (Supplementary Table S1).

This observation is further supported by the change in color, as indicated by the L*
parameter (Figure 4a). The wines exhibited a lighter shade, and the values of the chromatic
color parameters a* and b* decreased (Figure 4b). The smallest changes in the a* and
b* color parameter values were observed when the lowest radiation dose of 1 kGy was
applied, with values similar to those of nonirradiated wine. In contrast, the most significant
changes in color parameters occurred after the subsequent dose of 2.5 kGy.

The greatest color change was observed between these radiation doses, with subse-
quent doses yielding less pronounced color changes. In the wine produced with natural
yeast, even after a radiation dose of 5.0 kGy, the total polyphenol content remained at
a similar level to that of untreated wine. However, analysis of individual polyphenolic
compounds revealed a decrease in anthocyanin content and an increase in phenolic acids
(Supplementary Table S1).
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Figure 2. Changes in the content of polyphenolic compounds, depending on the yeast used and the
dose of ionizing radiation given. Lowercase letters indicate homogeneous groups within the yeasts
and uppercase letters indicate groups between the yeasts.

93



Molecules 2023, 28, 4867

Molecules 2023, 28, x FOR PEER REVIEW 5 of 17 
 

 

Figure 2. Changes in the content of polyphenolic compounds, depending on the yeast used and the 

dose of ionizing radiation given. Lowercase letters indicate homogeneous groups within the yeasts 

and uppercase letters indicate groups between the yeasts. 

 

 

Figure 3. Content of polyphenolic compounds in relation to the ionizing radiation dose. Lowercase 

letters indicate homogeneous groups within a group of polyphenolic compounds. 

a

a

a

b

ab

a

c

bc

a

d

c

b

0

10

20

30

40

50

60

70

total anthocyanins total phenolic acids total flavan-3-ols

µ
g

/m
l

control 2.5 kGy 5.0 kGy 7.5 kGy

a

a

ab

a

ab

a

b

a

0

0.5

1

1.5

2

2.5

total stilbenes total flavonols

µ
g

/m
l

control 2.5 kGy 5.0 kGy 7.5 kGy

Figure 3. Content of polyphenolic compounds in relation to the ionizing radiation dose. Lowercase
letters indicate homogeneous groups within a group of polyphenolic compounds.
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Figure 4. Changes in wine color parameters after the application of ionizing radiation: a monochro-
matic parameter CIE L* (A), chromatic parameter CIE a* and b* (B). Types of yeast: B. bruxellensis;
S. bayanus; S. cerevisiae ES181; S. cerevisiae ES123; wild yeast.

2.2. Influence of Yeast Bread on Color, Polyphenol Content, and Selected Chemical Compounds
Included in the Wine Aroma

Four yeast strains, including three strains of S. cerevisiae and B. bruxellensis, were
utilized for fermentation. After fermentation, the wine was analyzed for various parameters,
including polyphenols, glycerol, alcohols (isoamyl, iso-butanol, n-propanol, ethyl acetate,
isoamyl acetate, isobutyl acetate, acetoin, acetaldehyde, 2 and 3-methylbutanol), and
colorrelated factors. The wine treated with B. bruxellensis had the highest amount of
polyphenols (approximately 140 µg/mL), this wine was also characterized by its dark red
color (Figures 2, 5 and 6). The natural wine was also characterized by a high polyphenol
content (about 30 µg/mL less than in the wine after using B. bruxellensis). In contrast, the
wine after using S. bayanus had the least polyphenol content and appeared the brightest
(Figures 3 and 5a). S. bayanus and S. cerevisiae ES181 influenced that the wine had the least
intense red color.
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In the wines examined, a total of 32 polyphenolic compounds were identified and
classified into five groups: seven anthocyanins, eight phenolic acids, six flavonols, seven
flavan-3-ols, and five stilbenes. Among these compounds, anthocyanins are primarily respon-
sible for the color of pink and red wines. They represented the largest group of polyphenolic
compounds in the wines studied (Figure 3). The wines fermented with B. bruxellensis exhibited
the highest number of anthocyanins (91.78 µg/mL), while the wines with S. bayanus had the
lowest concentration of anthocyanins (40.31 µg/mL) (Supplementary Table S1).

The contents of the individual compounds in this group varied and depended on
the yeast used. Malvidin 3,5-O-diglucoside, malvidin 3-O-glucoside, and cyanidin 3,5-O-
diglucoside (Supplementary Table S1) were found to be the highest in all wines. In red
grape cultivars, malvidin derivatives can contribute up to 85% of all anthocyanins [24]. The
content of flavan-3-ols in the wines was relatively unaffected by the yeast used, ranging
from 23 to 29 µg/mL. Despite the high polyphenol content, wines fermented with wild
yeast exhibited the lowest levels of phenolic acids (6.33 µg/mL). In the other wines, the
content of these compounds ranged from 16.37 to 22.43 µg/mL. Flavonols and stilbenes
were the smallest groups of compounds present in the wines.

The highest amount of glycerol was present in natural wine (5.3 g/L) and the wine
made after using B. bruxellensis and significantly less in wines with S. cerevisiae strains
(Table 1). The least amount of higher alcohols were found in wines after the use of S. cere-
visiae yeast (about 130 mg/L on average), while more than twice as much was found in
natural wine and the wine after the use of the B. bruxellensis strain (Table 1). Isoamyl
alcohol was highest in all wines, ranging from 88 to 252 mg/L (S. cerevisiae 2 and wild yeast,
respectively). Propanol and isobutanol were also present in the highest concentrations in
natural wines and wines containing B. bruxellensis.

According to Table 1, aryl alcohols (the sum of 2-methylbutanol and 3-methylbutanol)
were highest in natural wine, with a concentration of about 100 mg/L, while wines made
with classical S. cerevisiae strains had lower levels, averaging around 69 mg/L. Acetaldehyde
content varied depending on the yeast used, ranging from approximately 29 (S. cerevisiae 2)
to 63 mg/L (wild yeast), with the highest concentration observed in B. bruxellensis wine at
67 mg/L. Ethyl acetate was most abundant in wine produced with wild yeast (53.2 mg/L),
but high levels were also found in wine fermented with B. bruxellensis (47.1 mg/L). S. cerevisiae
wines also contained ethyl acetate and acetaldehyde, but at lower levels compared to the other
yeast strains.

The blind organoleptic evaluation of the wines showed that all wines received high
scores in terms of clarity (Figure 5). However, the other parameters, such as taste and
aroma, were strongly influenced by the breed of yeast used. The wine made with wild yeast
received the lowest rating, particularly in terms of taste and aroma. This is consistent with
its chemical composition and high content of undesirable substances, as shown in Table 1.
The wines fermented with S. cerevisiae yeast were rated the highest in overall quality.

Table 1. Fermentation byproducts.

Fermentation
Byproducts B. bruxellensis S. bayanus S. cerevisiae

1 (ES 181)
S. cerevisiae

2 (ES 123) Wild Yeasts

Isoamyl (mg/L) 177 d 126 c 88 a 97 b 252 e
Iso-butanol (mg/L) 40.1 e 26.3 c 23.0 b 19.6 a 35.5 d
N-propanol (mg/L) 52.3 c 28.9 b 18.7 a 16.2 a 78.6 d

Total 269.4 C 181.2 B 129.7 A 132.8 A 366.1 D
Glycerol (g/L) 4.53 d 4.28 c 3.90 b 2.81 a 5.34 e

Ethyl acetate (mg/L) 47.1 c 37.8 b 26.5 a 22.9 a 53.2 d
Isoamyl acetate (mg/L) 0.18 c 0.14 b 0.13 ab 0.11 a 0.22 d
Isobutyl acetate (mg/L) 0.55 cd 0.49 bc 0.68 de 0.72 e 0.24 a

Acetoine (mg/L) 0.31 cd 0.35 d 0.12 a 0.17 b 0.27 c
Acetaldehyde (mg/L) 67.4 d 49.7 c 33.5 b 29.6 a 63.0 d

2 and 3-Methyl-butanol
(mg/L) 98.4 c 78.4 b 66.8 a 72.5 ab 112.2 d

Explanation: Mean values denoted by the same letter do not differ statistically significantly at 0.05, according to
the t-Tukey test.
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3. Discussion
3.1. Effects of Ionizing Radiation on Yeast and Polyphenols

In a study by Błaszak et al. [9], ionizing radiation at a dose of 1 kGy reduced the number
of yeast by approximately 95%, and complete elimination of yeast was observed after the
application of 2.5 kGy. Similarly, in the experiment presented here, 1 kGy significantly
reduced yeast viability, with between 40 and 85% remaining (depending on the yeast strains
used). The radiation dose of 2.5 kGy had a significant effect on reducing yeast abundance,
with only a few percent of yeast remaining compared to the control wine. The exception
was with the strain S. cerevisiae ES181, as radiation at a dose of 2.5 kGy only reduced the
number of these yeasts by 40%, with minimal impact on the degradation of polyphenols.
Therefore, based on the results of Błaszak et al. [9] and those presented in this work, a
radiation dose of 2.5 kGy is the best option for wine preservation. This dose effectively kills
yeast while preserving phenols.

Electron beam irradiation affected the degradation of tannins in the species, simulta-
neously increasing the content of phenolic acids. Additionally, the changes in anthocyanin
content within the wine corresponded to a change in its color. Morata et al. [25] also
observed a decrease in polyphenol content and color changes in wine exposed to a higher
dose of irradiation.

The electron beam irradiation of spices affected the degradation of tannins while
increasing the content of phenolic acids. Phenolic acids underwent degradation only after
the application of a high dose of radiation—10 kGy [26]. The change in anthocyanin
content in this wine also manifested as a change in wine color. The wine became brighter,
which may indicate its oxidation. The degradation products of these compounds caused
by radiation or the formation of free radicals may be formed [27]. Morata et al. [25] also
observed a decrease in polyphenol content and changes in wine color after subjecting it to
higher radiation doses.
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3.2. Influence of Yeast on the Bouquet of Wine

In line with the Georgian/natural/homegrown wine tradition, some winemakers
have started to explore alternative yeast strains beyond the standard Saccharomyces for
wine production. These wild yeasts contribute to spontaneous fermentation, imparting
unique flavors and aromas to the wines [28]. However, non Saccharomyces yeasts produce
various metabolites that can worsen the quality of the wine, including undesirable flavors
such as acetic acid, acetoin, ethyl acetate, and acetaldehyde, as well as off-putting aromas
associated with vinyl phenols and ethyl phenols, which are linked to the development of
Brettanomyces/Dekkera yeast strains. The use of such yeast raises concerns regarding both
the safety and validity of their application [29,30].

During the process of alcoholic fermentation, glycerol emerges as the third most
quantitatively produced compound, following ethanol and carbon dioxide. Its content
ranges from 1 to 15 g/dm3 [31]. Glycerol is odorless and therefore has no effect on the
aroma of the wine. However, owing to its thick and oily texture, it influences the flavor
of the wine, imparting a smooth, velvety aftertaste, and enhancing the overall richness
and fullness of flavor. Glycerol concentrations tend to be considerably higher in red wines
compared to white wines. The sensory threshold for glycerolize, the perception of glycerol,
has been established at 5.2 g/dm3 [32,33].

The level of glycerol in wine products depends on many factors, including the type
of yeast strain employed, sugar levels, must pH, SO2 content, and fermentation temper-
ature [34]. In our study, all wines were produced from the same must under identical
fermentation conditions, maintaining a temperature of 12 ± 0.5 ◦C. The only variable was
the breed of yeast strain. Remarkably, the wine fermented with wild yeast exhibited the
highest glycerol content, as indicated in Table 1). The high glycerol content in the wines
gave pronounced teardrops, which are characteristic forms formed on the walls of the glass
when droplets flow back into the glass. Wines produced with S. cerevisiae had the least
amount of glycerol.

One of the main groups of compounds synthesized by yeast is higher alcohols, also
known as fusel alcohols. These alcohols exhibit an intense aroma that plays an important
role in shaping the bouquet of wine. At low concentrations (below 300 mg/dm3), they have
a positive effect on the aroma, while higher concentrations can mask the inherent aroma of
the beverage [29].

Only the wine produced with wild yeast exceeded levels of 300 mg/L for these alcohols.
This confirms the opinion that high concentrations can be unfavorable, as this wine received
the worst judgment from testers in terms of both aroma and taste (Figures 1 and 2). Once
again, wines made with S. cerevisiae yeast had the least amount of these alcohols (Table 1).
Among these alcohols, isoamyl alcohol was highest in all wines, ranging from 88 to 252 mg/L
(S. cerevisiae 2 and wild yeast, respectively).

Only the wine produced with wild yeast exceeded 300 mg/L of these alcohols. This
confirms the opinion that high concentrations can be unfavorable, as this wine received the
worst judgment from testers in terms of both aroma and taste (Figures 1 and 2). Once again,
wines made with S. cerevisiae yeast had the least amount of these alcohols (Table 1). Among
these alcohols, isoamyl alcohol was highest in all wines, ranging from 88 to 252 mg/L
(S. cerevisiae 2 and wild yeast, respectively).

According to other authors [35], isoamyl alcohol usually is above 70% of the total of
these compounds, with a content range of 12–310 mg/L. In the wines studied, it ranged
from 67 to 73%. The presence of propanol in wines is typically between 10 and 125 mg/dm3,
while isobutanol ranges from 15 to 175 mg/L [1,35].

In the wines studied, these alcohols were found at the lower end of these ranges. The
amount of fusel alcohols produced during fermentation is significantly influenced by the
breed of yeast while reducing their concentration can be achieved by using nitrogenous
fermentation media [36].

Apart from isobutanol, another compound that has a particularly negative effect on the
sensory properties of fermented beverages is aryl alcohols (the sum of 2 and 3-methylbutanol).
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They contribute to an unpleasant solvent-like aroma and taste [37]. Once again, wines
fermented with wild yeast were characterized by the highest content of these compounds.

Aldehydes present in grapes play a crucial role in the formation of cultivar aromas,
and their levels in young wines typically do not exceed 75 mg/L. Among this group of
compounds, acetaldehyde stands out as the most significant. In our study, its concentration
ranged from 29.6 (S. cerevisiae 2) to 63 mg/L (wild yeast) and 67.4 mg/L (B. bruxellensis).
Acetaldehyde plays a vital role in the stabilization of wines, especially red wines, during
aging. It accelerates the polymerization reaction of anthocyanins and phenols, contributing
to the overall quality and structure of the wine [38].

Ethyl acetate, when present in low concentrations, enhances the fruity aromas in
beverages, such as pear, peach, pineapple, and raspberry. However, at higher concentra-
tions, it can develop an odor reminiscent of varnish or nail polish remover. The acetic acid
esters that contribute to aroma are isoamyl acetate—banana and isobutyl acetate—fruit [39].
Once again, the wine fermented with wild yeast displayed notable distinctions in terms of
these compounds. Isoamyl acetate exhibited the highest concentration in this wine, while
isobutyl acetate demonstrated the lowest concentration.

Acetoin affects the buttery aroma of wine and is produced by lactic acid bacteria
(Oenococcus oeni) from citric acid, thereby enhancing the buttery aroma of the wine [40]. The
presence of yeast cultures other than Saccharomyces can influence the production of various
metabolites that affect wine quality, including acetoin, ethyl acetate, and acetaldehyde, as
well as compounds associated with unpleasant odors such as ethyl phenols, which are
associated with the development of Brettanomyces/Dekkera [41,42]. Our study aligns with
these findings, as wines fermented with S. cerevisiae exhibited lower levels of acetoin, as
well as ethyl acetate and acetaldehyde (Table 1).

The fermentation process with B. bruxellensis yeast was observed to be the fastest
and most rapid compared to other inoculated yeasts. The rapid fermentation may have
increased the ethanol content, facilitating compounds’ extraction from the fruit. The fastest
change in extract content was observed. Notably, this particular wine displayed the highest
polyphenol content (Figure 3) and had the darkest color (Figure 4). In contrast, wines
fermented with S. bayanus yeast had the least polyphenols and appeared brightest. These
wines also characterized the lowest values for the a* and b* color parameters (Figure 4).
In some fermentation processes, such as beer production, the presence of B. bruxellensis
can be considered beneficial, as this strain contributes to the specific characteristics and
aromas of these specialty beverages. Likewise, unique wines that owe their specific aroma
to compounds like 4-ethylphenol, 4-ethylguaiacol, and tetrahydropyridine produced by
B. bruxellensis also find connoisseurs [43,44].

The fermentation process of wine with wild yeast can also be influenced by the
cultivation method. In our experiment, the fruit was harvested from an organic plantation,
where there was/may have been greater microbial biodiversity. The must on wild yeast
fermented rapidly and turbulently. The polyphenol content is comparable to wines made
by S. cerevisiae and higher than in wines made by S. bayanus.

An organoleptic evaluation of the five parameters performed blind showed that all
wines scored highly only in terms of clarity (Figure 5). However, the other parameters were
strongly influenced by the breed of yeast used. By far the lowest rating was given to the
wine made with wild yeast. In particular, taste and aroma were rated very low. This was
confirmed by its chemical composition and high content of undesirable substances (Table 1).
The wines in which S. cerevisiae yeast was used were rated best. Spontaneous fermentation
has a beneficial effect when carried out in vineyards that have relied on indigenous wild
yeast strains for generations.

Over the years or even decades, a distinctive and unique microbiome is produced in
the vineyard, and so fermentation also has a predictable course to a certain extent. Such
natural wines are of great interest to connoisseurs and are very expensive [45].

Apart from possessing strong antioxidant properties, polyphenols also influence the
sensory characteristics of food products [46]. The polyphenol content and the colour of
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the wine were decisively influenced by the yeast breeds used (Figures 3 and 4). The
yeasts used during alcoholic fermentation have a strong influence on the rate of alcohol
production. During fermentation from the skins, extraction of the constituents in the skins
also occurs [29]. It was observed that the process of turbulent fermentation was the fastest
and most rapid in most inoculating with B. bruxellensis yeast. The rapid fermentation may
have increased the ethanol content, facilitating compounds’ extraction from the fruit.

The fastest change in extract content was observed in this setting/ must/wine. This
wine had the highest polyphenol content (Figure 3) and was the darkest (Figure 4). The
wine fermented with S. bayanus yeast was the least polyphenols and the lightest. This wine
also had the lowest a* and b* color parameters (Figure 4).

In the wines studied, 32 polyphenolic compounds were identified and classified into
5 groups: 7 anthocyanins, 8 phenolic acids, 6 flavonols, 7 flavan-3-ols and 5 stilbenes. In
rosé and red wines, anthocyanins are mainly responsible for the colour. They constituted
the largest group of polyphenolic compounds in the wines studied (Figure 3). Their
content reflects the content of total polyphenols. They were highest in wines fermented
with B. bruxellensis (91.78 µg/mL) and lowest in wines with S. bayanus (40.31 µg/mL)
(Supplementary Table S1). The content of the individual compounds in this group varied
and depended on the yeast used.

Malvidin 3,5-O-diglucoside, malvidin 3-O-glucoside and cyanidin 3,5-O-diglucoside
(Supplementary Table S1) were the most abundant in all wines. In red grape cultivars,
malvidin derivatives may account for as much as 85% of all anthocyanins [24]. Flavan-3-ols
were another group of compounds, but their content in wine was little affected by yeast
(23–29 µg/mL). Despite the high polyphenol content, wines with wild yeast had the least
phenolic acids (6.33 µg/mL). In the other wines, the content of these compounds ranged
from 16.37 to 22.43 µg/mL. Flavonols and stilbenes were the smallest groups of compounds.

The fermentation process of wine with wild yeast can also be influenced by the cultivation
method. In our experiment, the fruit was harvested from an organic plantation, where there
was/may have been greater microbial biodiversity. The must on wild yeast fermented rapidly
and turbulently. The polyphenol content is comparable to wines made on S. cerevisiae and
higher than those made on S. bayanus. In the experiment of Sterczyńska et al. [47], the fruit
was harvested from a conventional plantation. The fermentation process on wild yeast was
slower, the wine had less alcohol and polyphenols compared to wine made on S. cerevisiae.

4. Materials and Methods
4.1. Characteristics of the Area of Research and Plant Material

The grape was harvested at the research station West Pomeranian University of
Technology in Szczecin located in the north-western part of Poland. The majority of the
West Pomeranian Province belongs to the 7A zone on Heinz and Schreiber’s “Map of zones
of plant resistance to frost”. However, in the area of Szczecin and in the nearby northern
region, minimal temperatures range from −12 ◦C to −15 ◦C, which corresponds to values
typical of zone 7B. The average temperature during the growing season (April-October)
between 1951 and 2012 was 13.7 ◦C and rainfall was 391 mm [48]. The soil in the vineyard
was agricultural soil with a natural profile, developed from silt-loam, pH 6.9 higher water
capacity and optimal mineral content [49].

The vines were grafted on SO4 rootstock and planted in 2016 with a North-South row
orientation at 1.01 m × 2.18 m. The vines were pruned with a Guyot (one arm) training
system and vertically positioned with eight shoots, each had two clusters. Standard
vineyard management methods for organic plantations were used in both growing seasons.

4.2. Description of the Variety and Production of Wine

The study involved the dark-skinned vine cultivar Souvignier Gris, which is a German
cultivar with increasing interest in its cultivation in cool climate areas. The vine is valued
especially due to its high fungus- and cold-resistant. ‘Souvignier Gris’ is a cross between
the grapes Cabernet Sauvignon and Bronner. Berries of ‘Souvignier Gris’ were harvested
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in October (25.4 Brix) and immediately crushed in order to prepare grape must. Grape
must be inoculated with commercial yeast or left to wild yeast. The dry active wine yeast
(30 g/hL) was prepared with 150 mL of water at 35 ◦C and added to the grape must.

The wine was prepared in steel containers with a volume of 50 L. The fruits were
separated from the stalks, crushed and then macerated for 3 days at 14 ◦C. Then they must
be pressed on the wine press. The experiment with e-beam irradiation of the wine was
performed four weeks after the initiation of alcoholic fermentation.

4.3. Yeast: Assessment of Their Numbers in the Wine

The test yeast, S. cerevisiae (ES181; ES 123—ES Viniarske Potrebys.r.o.), and S. cere-
visiae var. bayanus (Fermivin LS2—Brovin) are strains that are widely used for the vini-
fication of grape musts on the industrial scale. These yeast strains are characterized
by high tolerance of the alcohol content (16.5%) and sugar content (300 g/L) in the
culture medium. B. bruxellensis (WLP650—White Labs) was also used in the experiments.
Inoculation was carried out 12 h after the wine decontamination process was performed.
Radiation was applied at doses of 1.0, 2.5, 5.0, and 7.5 kGy. The yeast counts in the wine
were recorded in accordance with ISO 21527–1:2008 [50]. A specialized yeast culture
medium was used—YPG Agar (Sigma-Aldrich, Melbourne, Australia). Wine samples
were taken after serial decimal dilutions and were then added to the microbial medium
(deep inoculation) and then incubated for 3 days at 25 ◦C; the colony-forming units
(CFU) were then counted using the eCount Colony Counter (AllChem, Beirut, Lebanon).
The experiments were performed in triplicate.

4.4. Irradiation

The Institute of Nuclear Chemistry and Technology (Warsaw, Poland) has unique
devices and elaborate procedures for the process of irradiation, ensuring high efficiency
of sterilization and microbiological decontamination. The Accelerator ELEKTRONIKA
10/10 is a high-power radiation device that allows electron beams with 9 MeV energy and
average power of up to 10 kW to be obtained. These parameters allow the irradiation
process to be performed at a commercial scale. The main parameters of the ELEKTRONIKA
10/10 accelerator: are pulse electron beam mode; electron energy of 8–10 MeV; average
beam power of 10 kW; dose rate of 700 Gy/s.

The linear electron accelerator Elektronika 10-10 was used for wine irradiation with
doses in the range of 1.0–7.5 kGy (in triplicate). The defined doses were controlled us-
ing graphite calorimeters from RISO High Dose Reference Laboratory, in Denmark. For
the determination of electron energy and dose uniformity RISO B3 dosimetric foil was
measured with a flatbed scanner and RisoScan software was used. The uncertainty of
dose measurements was about 10% due to the dosimetric system and the instability of
irradiation conditions. The electron energy used for the irradiation of yeasts in wine was
9 MeV. Wine samples were packed in 5 mL plastic tubes. Each tube was placed horizontally
to the beam to ensure as high as possible dose uniformity, determined as dose maximum to
dose minimum ratio. In the conditions of the experiments, the dose uniformity was 1.1.
The doses presented are the average doses calculated based on the depth dose profile of
the beam in water.

4.5. Color Measurement

The color parameters were L* (L* = 100 indicates white; L* = 0 indicates black), a*
(+a* indicates redness; −a* indicates greenness), b* (+b* indicates yellow; −b* indicates
blue). Color coordinates were determined in the CIE L*a*b* space for the 10◦ standard
observer and the D 65 standard illuminant. CIE L*a*b* was measured using a Konica
Minolta CM-700d spectrophotometer [49].
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4.6. Identification of Compounds in Wine
4.6.1. Phenolics

Identification and quantification of the polyphenol values of the extracts were carried
out using an ACQUITY Ultra Performance LC system, equipped with a photodiode array
detector with a binary solvent manager (Waters Corporation, Milford, MA, USA) and a
mass detector equipped with an electrospray ionization (ESI) source operating in negative
and positive modes, as described by Oszmiański et al. [51]. Separation of the individual
polyphenols was carried out using a UPLC BEH C18 column (1.7 m, 2.1 × 100 mm, Waters
Corporation, Milford, MA, USA) at 30 ◦C. The samples (10 L each) were injected, and then
the elution was completed in 15 min with a sequence of linear gradients and isocratic flow
rates of 0.45 mL/min The mobile phase consisted of solvent A (2.0% formic acid, v/v)
and solvent B (100% acetonitrile). The program began with isocratic elution using 99%
of solvent A (0–1 min), then a linear gradient was used until the 12-min point, lowering
solvent A to 0%; from 12.5 to 13.5 min, the gradient returned to the initial composition
(99% A), then it was maintained at a constant level to re-equilibrate the column. The
analysis was carried out using full-scan, data-dependent MS scanning from m/z 100 to
1500. Leucine enkephalin was used as the reference compound at a concentration of
500 pg/L and at a flow rate of 2 L/min; the [M−H]− ion was detected at 554.2615 Da. The
[M−H]− ion was detected during a 15-min analysis performed within ESI–MS accurate
mass experiments, which were permanently introduced via the Lock Spray channel using
a Hamilton pump. The lock mass correction was ± 1.00 for the mass window. The mass
spectrometer was operated in negative- and positive-ion modes, set to the base peak
intensity (BPI) chromatograms, and scaled to 12,400 counts per second (cps) (100%). The
optimized MS conditions were as follows: capillary voltage of 2500 V; cone voltage of 30 V,
source temperature of 100 ◦C; desolvation temperature of 300 ◦C; desolvation gas (nitrogen)
flow rate of 300 L/h. Collision-induced fragmentation experiments were performed using
argon as the collision gas, with voltage ramping cycles from 0.3 to 2 V. Characterization of
the single components was carried out via the retention time and the accurate molecular
masses. Each compound was optimized to its estimated molecular mass [M−H]−/[M+H]+

in the negative and positive modes before and after fragmentation. The data obtained
from UPLC–MS were subsequently entered into the MassLynx 4.0ChromaLynx Application
Manager software. On the basis of these data, the software is able to scan different samples
for the characterized substances. The runs were monitored at the wavelength for flavonol
glycosides of 360 nm. The PDA spectra were measured over the wavelength range of
200–800 nm, in steps of 2 nm. The retention times and spectra were compared to those of
the pure standard [51].

4.6.2. Glycerol

Analyses were performed using a Shimadzu NEXE-RA XR instrument (Kyoto, Japan)
with an RF-20A refractometric detector. Separation was carried out on an Asahipak NH2P-50
250 × 4.6 mm Shodex column (Showa Denko Europe, Munich, Germany). For quantitative
measurements, the standard curves prepared for the glycerol standard were used.

4.6.3. Volatile Compound Analysis

Qualitative analysis of the volatile aromas of the two highest-scoring wood-aging
wines was carried out using the gas chromatography-mass spectrometer (GC-SPME) tech-
nique, using a device equipped with a flame ionization detector (FID) and a DB-WAX
capillary column, with helium as a carrier gas. The oven temperature was kept at 40 ◦C for
7 min, followed by an increase to 230 ◦C at a rate of 3 ◦C/min.

4.7. Sensory Evaluation

The wines were subjected to sensory evaluation. A group comprising 35 tasters
evaluated the quality of the wine. Before starting the sensory evaluation of the wines, the
testers were trained and informed about the purpose of the assessment. The people who
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made the assessment were not professional testers. Wine samples (30 mL) were evaluated
in 100 mL wine glasses. Color, aroma, flavor, acidity, and clarity were assessed on a scale
of 1 to 10 (with 10 being the best score for a given characteristic). The arithmetic mean for
each trait of wine quality was calculated on the basis of individual assessments and a chart
was developed.

4.8. Statistical Analysis

All statistical analyses were performed using the Statistica 12.5 software (StatSoft
Polska, Cracow, Poland). The data were then subjected to one-factor variance analysis
(ANOVA). Mean comparisons were performed using Tukey’s least significant difference
(LSD) test; significance was set at p < 0.05.

5. Conclusions

Ionizing radiation effectively eliminated the yeast in the wine. The optimal dose was
determined to be 2.5 kGy, resulting in a reduction of yeast population by over 90%, except
for one strain. Importantly, the quality of the wine was not significantly reduced. Radiation
applied at higher doses worsened the organoleptic and chemical properties of the wine. As
the radiation dose increased, the yeast in the wine progressively and rapidly declined. The
differences in yeast response are related to the extent of radiation exposure.

Among the yeast breeds studied, only the S. cerevisiae ES181 strain exhibited rela-tively
higher resistance to radiation doses of 1 and 2.5 kGy. In contrast, the other yeast breeds
were subject to reduction, starting from 1 kGy, although to varying degrees. Therefore, it is
reasonable to conduct a pretest to determine the sensitivity of the yeasts being used in the
different levels of reduction.

In general, it can be said that the breed of yeast used has a very strong influence on
the quality of the wine. It is justifiable to use commercial yeast breeds to obtain standard-
quality wines. However, there are instances where the use of special yeast strains, such as
B. bruxellensis, can be justified if the aim of vinification is to deliver or produce. B. bruxellensis
strains rapidly fermented the sugars in the must, resulting in higher alcohol content. This
extraction of alcohol contributes to the intensity of the red color in the wine, as it interacts
with the anthocyanins.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28124867/s1, Table S1: The content of polyphenols [µg/mL].
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Stanojević, S.P. Okara-Enriched

Gluten-Free Bread: Nutritional,

Antioxidant and Sensory Properties.

Molecules 2023, 28, 4098. https://

doi.org/10.3390/molecules28104098

Academic Editor: Sabina

Lachowicz-Wiśniewska
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Abstract: The aim of this study was to produce an eco-innovative gluten-free bread with a pleasant
taste and a unique formulation that includes the highest quality grains and pseudocereals (buckwheat;
rice; and millet); and okara; a by-product of soy milk production. The mixture of pseudocereal and
cereal flour contained buckwheat flour 45%, rice flour 33%, and millet flour 22%. Three gluten-free
breads; each containing different contents of gluten-free flour (90%, 80%, and 70%, respectively);
okara (10%, 20%, and 30%, respectively); and a control sample (without okara); were prepared and
subjected to sensory evaluation. The okara-enriched gluten-free bread with the highest sensory score
was selected for further analysis of physico-chemical (total proteins; total carbohydrates; insoluble
fiber; soluble fiber; sugars; total lipids; saturated fatty acids; and salt) and functional properties (total
phenolic content and antioxidant properties). The highest sensory scores were obtained for 30%
okara-enriched gluten-free bread including taste; shape; odor; chewiness; and cross-section properties;
classifying this bread in the category of very good quality and excellent quality (mean score 4.30
by trained evaluators and 4.59 by consumers). This bread was characterized by a high content of
dietary fiber (14%), the absence of sugar; low content of saturated fatty acids (0.8%), rich source of
proteins (8.8%) and certain minerals (e.g.,; iron; zinc); and low energy value (136.37 kcal/100g DW).
Total phenolic content was 133.75 mgGAE/100g FW; whereas ferric reducing power; ABTS radical
cation; and DPPH radical scavenging activity were 119.25 mgAA/100g FW; 86.80 mgTrolox/100g
FW; and 49.92 mgTrolox/100g FW; respectively. Okara addition in gluten-free bread production
enables the formulation of high-nutritive; good antioxidative; low-energy bread; and better soy milk
waste management.

Keywords: okara; sustainable food production; buckwheat; rice; millet; phenolics; antioxidant
properties

1. Introduction

Gluten-free bread, according to its composition and method of preparation, belongs
to the group of dietary foods [1] and is primarily intended for the nutrition of people
suffering from celiac disease, who often have difficulties in applying adequate nutrition [2].
Celiac disease is a lifelong dietary disorder, present worldwide, and defined as “immuno-
mediated enteropathy triggered by the ingestion of gluten in susceptible patients” [3,4].
Celiac disease can appear without visible symptoms, but much more often there are
symptoms such as an inflammatory disorder of the small intestine (due to difficulties in
absorption of many nutrients, such as liposoluble vitamins, folic acid, and iron), abdominal
discomfort, weight loss, diarrhea, osteoporosis, fatigue, disorders of multiple organ systems,
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and an increased risk of some cancers [2–5]. In the case of celiac disease, a gluten-free diet
is recommended [2–4].

In the preparation of gluten-free bread, starches from gluten-free grains (corn and
rice) and hydrocolloids of natural origin are most often used, as well as buckwheat and
rice flour [6,7]. In a lower extent, the flour of millet can also be used [8]. Commonly used
commercial buckwheat flour is a nutritious, rich source of starch (~60–73%) and protein
(~7–38%) with well-balanced amino acid content (glutamic and aspartic acid, arginine,
leucine, glycin, serine, phenylalanine, alanine, and proline) [9–11]. Buckwheat flour also
contains a relatively high level of dietary fiber (~3–10%), soluble carbohydrates (~1%),
lipids (~1–4%; with dominant fatty acids such as linoleic, oleic, and palmatic acid), min-
erals (~1–3%, such as Mg, P, K, Ca, Fe, and Zn) vitamins and pseudovitamins (B9, B3,
K, and choline), and compounds such as organic acids, tannins, nucleotides, and nucleic
acids [8–10]. Buckwheat can also be used as a good source of polyphenols (rutin, catechin,
quercetin, and hyperin), and natural antioxidants that are absent in other pseudocereals
or grains [11,12]. Consumption of buckwheat in a diet can have several health benefits
such as prevention of cardiovascular disease, cancers, and diabetes, as well as probiotic,
anti-inflammatory, and antimutagenic activities [11].

Rice flour contains ~90% total carbohydrates (with amylose content about 20%,
~47–90% starch, and ~2.4% dietary fiber of the total carbohydrate composition), ~6–10% pro-
tein (with dominant amino acids such as glutamine, aspartate, arginine, leucine, and valine)
~1–2% fat, and about 1% minerals [10,13]. Millet flour contains about 70% carbohydrates [14,15].
Starch is the main carbohydrate of millet grains (50–70% of the total carbohydrate com-
position), followed by a high content of dietary fiber (13.1% of the total carbohydrate
composition) and a low content of monosaccharides (glucose, fructose, and galactose),
disaccharide–sucrose, and trisaccharide–raffinose [15–18]. Millet flour contains about
9–12% proteins (with lysine as a dominant amino acid) and 1–2.6% oils (with dominant
fatty acids such as palmitic, stearic, oleic, and linoleic) [15]. The importance of millet as a
foodstuff, and therefore flour, is reflected in the content of biologically active components
(vitamins B1 B2, B3, and E, and minerals K, Ca, P, Mg, Fe and Zn, as well as tannins,
flavonoids, phenolic acids, and β-carotene) [15]. Regardless of the nutrition it possesses,
the addition of millet flour can negatively affect the sensory quality of gluten-free products
(small specific volume and increased hardness), thus the addition of a higher amount is
often avoided [8].

However, the production of gluten-free bread is a technological challenge due to
several drawbacks compared to gluten-rich bread, such as worst texture, less tasty, and
lower nutritional quality due to a higher content in lipids and sugars, and a lower content
in protein, dietary fiber, and mineral elements [7]. To overcome these problems, the use
of nutritional valuable okara, a soy milk by-product, can be one of the solutions. Okara is
characterized by a light-yellow color, mild and neutral flavor [19], and low energy potential
(2.78–3.28 kcal/g fresh matter) [19,20]. From 1 kg of soybeans used in the manufacturing of
soy milk, about 1.1–1.2 kg of okara is obtained [21,22]. The global production of soybean
okara amounts to about 1.4 billion tons per year [23,24], but it is underutilized considering
the potential nutritional benefits of okara, causing significant environmental pollution [25].
The composition of okara depends on the genotype of the soybean as well as the method
of soy milk production [16,17,26–28]. Approximately 40% of produced okara is used for
animal consumption and only 10% for human consumption; 50% of okara ends up as waste.
Okara contains ~15–40% proteins (with essential amino acids: phenylalanine, leucine,
isoleucine, lysine, valine, threonine, histidine and methionine, and non-essential amino
acids: tyrosine, proline, alanine, arginine, glycine, glutamic acid, serine, and asparaginic
acid) [29]. The dominant proteins in extracts of okara are subunits of basic 7S globulin
(“heavy” (HI,II) and “light” (LI,II) subunits with molecular weight values of 27,000 and
16,000). Basic 7S globulin is desirable because of its nutritional value as it is a cysteine-rich
glycoprotein [27]. Okara contains ~32–53% carbohydrates (with ~56–58% total dietary
fibers and ~42–55% insoluble dietary fibers of the total carbohydrate composition and
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monosaccharides 0.17–4.11% (mannose and fructose) and disaccharides 1.61–4.35% (sucrose
and maltose) depending on the soybean genotype [20]. In addition, okara contains lipids of
a very wide range (~6–22%), depending on the genotype of the soybean and the method
used to obtain soy milk (with dominant fatty acids: linoleic, oleic, palmitic, linoleic, and
stearic fatty acids) [29]. Okara is rich in bioactive compounds (such as isoflavones and
phytoestrogens; vitamins B1, B2, B3, B6, folates (B9), and K; antioxidants polyphenol
isoquercetin) and minerals (Na, Mg, N, K, P, Ca, Fe, Zn, and Mn) [20,23,25–31]. The
literatures data indicate that okara contains an antioxidant capacity similar to that of beet
or pumpkin; much higher than those of tomato, carrot, broccoli, or onion [29]. Furthermore,
okara lacks lactose, gluten, and cholesterol, which can have a significant health benefit for
the health-compromised consumers [32].

The application of okara can have a significant effect on the structure of the gluten-free
matrix and the volume of the bread. The high content of dietary fiber and protein can affect
the rheological properties of bakery products [33]. In addition, dietary fibers are now often
added to bakery products with the aim of prolonging freshness, which is based on their
ability to retain water [34].

It has been shown that okara could be successfully used in the formulation of meat
products, biscuits, filled pasta, drinks, candies, gluten bread, and nutritional flour, as well
as edible packaging and biodegradable materials [21,25,35,36], due to its good nutritional
and functional characteristics [37]. Guimarães et al. [38] formulated gluten-free bread
with the addition of okara and corn by-products and obtained a product with improved
nutritional characteristics, but poorer sensory/technological characteristics. However, the
use of okara in the formulation of gluten-free bread (from different gluten-free grains and
pseudocereals) has not yet been thoroughly investigated, whereby a product with good
sensory properties has not yet been obtained.

Thus, the aim of this study was to produce soy okara-enriched gluten-free bread based
on buckwheat, rice, and millet with high nutritional and low-energy values while achieving
maximum sensory quality. Three gluten-free breads, each containing different contents
of okara, and a control sample (without okara), were prepared and subjected to sensory
evaluation. The bread with the highest sensory score was selected for further analysis of
proximate composition and antioxidant properties. The new formulated bread can enable
the diversification of gluten-free products on the market and increase a higher utilization
of okara, food waste by-product, contributing to environmental protection.

2. Results and Discussion
2.1. Sensory Analyses

Knowing that gluten-free products are considered as products with poor sensory
properties [38], sensory analysis of three gluten-free breads enriched with okara, and a
control sample (without okara), was performed by first, aiming to select the most acceptable
gluten-free bread for consumers. Preparation of sensory-acceptable bread for consumers
is very demanding considering that the majority of consumers react negatively to the
sensory characteristics of gluten-free bread, in addition to the unfavorable leguminous
properties of soy food which are generally unacceptable for most consumers of the Western
market [38,39]. The weighted mean scores for the sensory quality of the tested samples
were relatively very similar, even for samples with 20% and 30% okara (4.30; Figure 1A),
indicating that bread samples belong to the “very good quality” category. Regardless of the
potential lipoxygenase activity, the tested breads had high taste scores. The highest score
for taste (4.75) was given to the sample of bread with the highest percentage of okara (30%).
This agrees with the results of the sensory analysis of soy bread, where it was concluded
that beany flavor of soy-food was reduced, and soy flour contributed to a higher general
acceptability of the bread [37].
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Figure 2. Sensory analysis by consumers of the bread samples enriched with 10%, 20%, and 30%
okara, respectively, compared with control bread after 24 h. (A)—values of weighted scores (0–5)
and overall acceptability obtained by hedonic scale (1–9); (B)—scores of individual sensory quality
parameters (0–5). Means with different small roman and greek letters in Figure 2A are significantly
different (p < 0.05).

It is very interesting that the bread containing 30% okara received a very high score
for the shape (4.55), as well as for the marks related to the cross-section structure (4.20),
considering that it does not contain gluten. Namely, from the technological aspect, the
first problem that occurs in the production of gluten-free bread is the possible absence of
desirable rheological and textural characteristics of the dough and the final product. Most
common breads are made from wheat flour, water, salt, and yeast, with bread making
relying on the ability of hydrated gluten to develop a viscoelastic network that traps gas
(CO2) and produces bread with a larger loaf volume and better rheological and textural
characteristics [7]. Our results are in contrast with the results of Ostermann-Porcel et al. [19]
who identified that the greater presence of okara in gluten-free cookies caused a smaller
volume, due to the fibers present in okara flour that interfere with the structure of the
matrix, reducing the gas retention capacity of the dough. However, the same authors
indicate that the results of scanning electron microscopy of the cross-section of cookies with
and without okara showed no noticeable differences. The influence of soybean content
on the volume of gluten-free dough/bread is opposite in the literature, too. For example,
Melini et al. [40] examined the influence of soybean flour on the volume of gluten-free
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bread and indicated that there was an increase in the softness of bread with increasing
soybean flour content. The rheological properties of the tested gluten-free bread can be
influenced by many factors, such as the amount of water added during the preparation
of the dough, the content of protein and dietary fiber, and the use of substances with a
high affinity for hydrocolloid formation. The literatures data indicate that the presence of
dietary fiber and hydrocolloids in optimal amounts can improve the texture of bread [38].
Moreover, the dominant proteins in extracts of okara are subunits of basic 7S globulin [27],
which is a cysteine-rich glycoprotein [41] that can affect the structure of the gluten-free
matrix by the formation of disulfide bridges.

In addition, bread with 30% okara received a high score for elasticity (4.20). This may
be the effect of added guar gum to the dough, since it is known that all gluten-free breads
contain hydrocolloids to improve dough behavior [42]. Namely, vegetable gums (such as
guar gum) swell and form a gel, which thickens the mass of the dough preventing the
loss of gas released during wetting and mixing. Hydrocolloids bind water, stabilize the
structure of the crumb, and prevent rapid retrogradation of starch [43]. Additionally, the
compatibility of rice flour protein (glutenin fraction in high concentration with albumin
and globulin fraction) and soy protein (globulins–β conglycinin and glycinin) could be of
particular importance for achieving good dough and bread elasticity. We can assume that
the interaction between rice and soybean proteins in the dough was intensified by the direct
formation of new, intermolecular covalent bonds, catalyzed by transglutaminases, and
by the indirect formation of disulfide bonds. This combination of proteins from different
sources and enzymes led to the formation of a network, which improves the structure of
gluten-free breads. The interaction between rice and soy proteins in solutions was reported
by Wang et al. [44]. The authors reported that protein composites showed significantly
improved emulsifying and foaming properties compared to rise protein. Melini et al. [40]
identified that the addition of soy flour to gluten-free dough/bread in the amount of 45–60%
significantly increased softness.

Statistically significant differences were registered between the ratings of the sensory
quality of the control sample and all samples enriched with okara, for all parameters of the
sensory analysis, except for the smell. Among gluten-free bread samples, the sensory quality
ratings between samples with 10% okara and samples with 20% and 30% okara differed
for all quality parameters, except for the smell. Comparing the statistically significant
differences for the sensory quality scores between the gluten-free bread enriched with
20% and 30% okara, the shape and taste scores were statistically different between the
two samples.

In addition to similar mean quality scores, the samples differed according to the scores
for individual parameters of sensory characteristics (Figure 1B). Gluten-free bread prepared
with the addition of 30% okara by trained panelists received the highest scores for individual
sensory characteristics; taste (4.75), odor (4.55), chewiness (4.15), and shape (4.55).

The obtained ratings (0–5) by consumers (Figure 2) confirmed the results of the sensory
analysis obtained by trained expert panelists. After sensory analysis by consumers, the
sample with the best evaluation of all quality parameters was the gluten-free bread enriched
with 30% okara (Figure 2B). The mean quality rating of gluten-free bread with 30% okara
was the highest (4.59) compared with other samples (Figure 2A), which introduced the
product in the “excellent quality” category. Furthermore, the results that were obtained
using a hedonic scale (1–9) showed a very high score of overall acceptability (8.71), which
indicated a very pleasant/acceptable sensory feeling of gluten-free bread enriched with
30% okara.

Based on the obtained results of the sensory analysis, both trained evaluators, and
consumers, rated the gluten-free bread enriched with 30% okara as the most acceptable
for consumption. For this reason, this sample (with 30% okara) was selected as the most
appropriate gluten-free bread enriched with okara for further analyses.
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2.2. Proximate Composition

The proximate composition of gluten-free bread containing 30% okara is presented in
Table 1. The high content of total carbohydrates was determined, 28.90% with high content
of dietary fiber (14.00%, among which 11.11% were insoluble and 2.89% were soluble
fibers). Pseudocereals and cereal are considered the most common sources of dietary
fiber for bakery products, consisting of cellulose and complex xylans and lignin (in cell
walls), arabinoxylans, β-glucan, heteromannans, and esterified phenolic acids (in aleurone
and endosperm) [45]. However, legume fibers, including soybean, contain both insoluble
(mainly consist of hemicelluloses and cellulose) and soluble dietary fibers (primarily consist
of pectin) [46], and are considered to have more advantages than cereal fibers, due to higher
content of solubles [45]. Taking this into account, soybean okara can increase the nutritional
value of gluten-free bread.

Table 1. Proximate composition of gluten-free bread enriched with 30% okara.

Components Content (%)

Total proteins 8.80 ± 0.07
Total carbohydrates 28.90 ± 0.04

Insoluble fiber 11.11 ± 0.03
Soluble fiber 2.89 ± 0.06

Sugars (glucose, fructose, sucrose) 0.05 ± 0.006
Total lipids 3.80 ± 0.03

Saturated fatty acids 0.80 ± 0.04
Salt 0.80 ± 0.03

Content (ppm)

Gluten 14.41 ± 5.33
All results were calculated based on the dry weight of the sample.

Dietary fibers are poorly absorbable or non-absorbable in the human gastrointestinal
tract and play a significant physiological/nutritional role in human metabolism [47]. Nu-
merous studies prove their significant effect in preventing/treating various chronic diseases
(such as diabetes, obesity, gastrointestinal tract, and cardiovascular diseases) and colorectal
cancer [48–52]. Joint WHO and FAO experts recommend an intake of at least 25 g/day of
dietary fibers, which can protect against obesity and its consequences [53]. Nevertheless,
dietary fiber consumption by humans is usually lower than the recommended value [54];
thus, food technologists and food scientists are trying to develop fiber-enriched products.
Bakery products, especially bread, are one of the most widely, and regularly consumed food
worldwide [45], and can be an ideal source of dietary fiber and other bioactive compounds
in a diet.

In addition to a high content of dietary fiber, gluten-free bread enriched with 30%
okara has a very low sugar content (glucose, fructose, and sucrose) (0.05%; Table 1). Okara
is characterized by a low content of monosaccharides and disaccharides, which influence
the low value of total carbohydrates in a final product. Bearing in mind that these sugars
significantly affect the glycemic index of food, it can be assumed that the analyzed bread is
not characterized by a high glycemic index.

In addition to being a good source of dietary fiber, okara is also a good source of protein.
The analyzed sample of gluten-free bread contained 8.80% of total proteins (Table 1). This
is very important considering gluten-free bakery products generally have a lower content
of total protein than similar products with gluten [55]. The reason for this is that gluten-free
flours generally contain less protein than gluten-rich flours [7]. Therefore, people suffering
from celiac disease, by consuming gluten-free bread, are forced to consume proteins
from other sources. Segura and Rosell [56] investigated the composition of commercially
available gluten-free breads and registered a total protein content of 0.91–2.80% in samples
that did not contain added proteins (e.g., casein or proteins of lupine and egg). Therefore,
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the formulated gluten-free bread, according to legal regulations, can be considered a
“product with increased protein content” [1].

Several important things must be considered when proteins are added to gluten-free
bread. First, the functionality of added proteins is important since added proteins cannot
replace the role of gluten in the dough. Second, the nutritional quality, allergenicity and
origin (if it is a product intended for vegans), and price are very important aspects [7]. The
addition of soy proteins required indication on the product declaration since they can be
allergens in human nutrition. Alternately, it is very important that the allergenic effect of
soy proteins can be reduced/neutralized by appropriate technological processes such as
pressure techniques (e.g., extrusion and high hydrostatic pressure) and waves (e.g., gamma
irradiation, microwave, and ultrasonication) [57].

Checking the possible presence of residual gluten in the formulated bread, 14.41 ppm
was obtained. Considering that the FDA [58] prescribed that “any foods that carry the
label “gluten-free,” “no gluten,” “free of gluten,” or “without gluten” must contain less
than 20 parts per million (ppm) of gluten” this product can be classified in the group of
“gluten-free products”.

The sample of gluten-free bread with 30% okara was characterized by a low content of
total lipids (3.80%) and a very low content of saturated fatty acids (0.08%; Table 1), Such a
low content of saturated fatty acids is of great nutritional importance, knowing that they
can have a harmful effect on the human body (increase the content of total cholesterol and
low-density lipoproteins, which leads to an increased risk of cardiovascular diseases) [59].
Considering that okara, depending on the method of production and soybean genotype, can
contain total lipids in a very wide range (0.8–22%) [31], it can be assumed that in products
enriched with okara, the content of total lipids will largely depend on their content in okara.
For example, Ostermann-Porcel et al. [19] received gluten-free cookies enriched with 30%
okara, which contained 16.80% of total lipids, significantly increased the total energy value
of the product (387.6 kcal/100g). The total energy value of the formulated gluten-free bread
enriched with 30% okara was very low (136.37 kcal/100g or 568.21 kJ/100g; Table 2), which
potentially allows for the possibility to use this bread in the diets of obese people. The
contribution of digestible carbohydrates to total energy value was the highest, more than
50%, Figure 3.

Table 2. Energy value of gluten-free bread enriched with 30% okara.

Components kJ/100g kcal/100g

Energy of proteins 149.60 35.91
Energy of digestible carbohydrates * 302.43 72.58

Energy of lipids 116.18 27.88
Total energy value 568.21 136.37

* The content of digestible carbohydrates was calculated from the difference between total carbohydrates and
insoluble dietary fibers.
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The content of table salt in the sample of gluten-free bread enriched with 30% okara
was within the limits indicated in the literature (0.80%; Table 1). Šmídová and Rysová [43]
reported that the salt content in gluten-free breads can vary widely, from 0.2% to as much as
2.5%. Sodium chloride in the technological sense plays a very important role as it extends
the shelf life of the product (by ensuring the microbiological stability of the product),
participates in the formation of the taste in food and in the formation of the dough structure
of bakery products (where the addition of salt depends on the type of flour) [60]. However,
low table salt content is desirable in food since high contents can lead to high blood pressure
and cardiovascular problems [61].

Based on the obtained results, it can be concluded that the major drawbacks of com-
mercially available gluten-free bread from nutritional quality aspects can be improved
by the addition of 30% okara in the rice/buckwheat/millet flour mixture (Table 3). The
results of this study confirm the statement of Melini et al. [40] which states that in the
production of gluten-free bread, none of the raw materials can replace gluten, but legumes
might “epresent a new forward-looking frontier in gluten-free breadmaking because of
their functional and nutritional characteristics.”

Table 3. Nutritional quality problems of gluten-free products suggested by Gómez [7] and possible
solutions to address them by gluten-free bread enriched with 30% okara.

Nutritional Aspects to
Improve Solution Outcome

Low protein Okara proteins are added

High-quality proteins were added and the resulting
bread, according to legal regulations, belongs to the

group “product with increased protein content”.
Okara proteins are of high value and contain all
essential amino acids, with lysine exceeding the

daily requirements. Furthermore, they can reduce
the content of cholesterol and triglycerides in the
blood. Such properties allow okara proteins to be

used for supplementation [19].

Low fiber Okara fibers are added
Soluble and insoluble fibers are added with okara

(dietary fibers of formulated gluten-free bread make
up to 50% of total carbohydrates)

Low minerals Okara minerals are added Okara contains: Na, Mg, N, K, P, Ca, Fe, Zn, Mn;
okara contain Fe+2, which is easily absorbed

High lipids Okara may contain a low percentage of
total lipids [28].

The addition of okara did not increase the lipid
content in the formulated gluten-free bread; in

addition, the saturated fatty acid content was low.
Namely, soy fats, are known as “cardio-healthy fats”,

they are unsaturated fats (contains an essential
omega 3 fatty acids) [62].

High sugars Okara contain a low percentage of
monosaccharides and disaccharides [20].

The content of sugar (glucose, fructose, and sucrose)
in the examined bread was very low.

2.3. Total Phenolic Content and Antioxidant Properties

The total phenolic content and antioxidant properties of gluten-free breads enriched
with 30% okara are presented in Table 4. TPC in analyzed bread was 133.75 mgGAE/100g.
In the literature available to us, there are no data on the content of total phenolics in
gluten-free bread. However, in bread made from whole wheat flour, the content of total
phenolics was ranged from 50 to 200 mgGAE/100g, depending on the cultivar of wheat [63].
Therefore, it can be concluded that the content of total phenolics in the prepared gluten-free
bread was in the range of values for wheat bread.
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Table 4. Total phenolic content and antioxidant properties of gluten-free bread enriched with
30% okara.

Total Phenolics FRP ABTS DPPH

mgGAE/100g mgAA/100g mgTrolox/100g

133.75 ± 2.42 119.25 ± 4.29 86.80 ± 2.46 49.42 ± 8.58
All results were calculated based on the fresh weight of the sample. FRP-ferric reducing power. assay; ABTS and
DPPH radical scavenging activity assay.

The antioxidant properties of gluten-free bread were evaluated by three assays: FRP,
ABTS, and DPPH. The reasoning is that different studies apply different methods and
calculations of antioxidant properties; in addition, the combinations of different constituents
in the formulation of bread are practically unlimited. In the case of complex food matrices,
since there are many different potential antioxidants, of which have different mechanisms
of action, it is recommended to use several different antioxidant screening assays [64].
The ABTS radical is soluble in water and organic solvents, enabling determination of
hydrophilic and hydrophobic antioxidants, whereas the DPPH radical is soluble in organic
solvents and is mainly used for the determination of phenolic antioxidants soluble in
organic media [65]. Furthermore, the ABTS assay, unlike the DPPH assay which involves
hydrogen atom transfer, are based on both hydrogen atom and electron transfer enabling
determination of antioxidants with different mechanisms of action [65]. Antioxidants
action involves the reduction of a colored ABTS/DPPH radical, whereas the FRP method
monitors the reduction of ferric-iron (Fe3+) to ferrous-iron (Fe2+) by antioxidants [66]. All
three methods indicated significant antioxidant activity (Table 4). The DPPH scavenging
activity of the analyzed gluten-free bread was 49.42 mgTrolox/100g, whereas the ABTS
radical cation scavenging activity was 86.80 mgTrolox/100g (Table 4). It was reported that
the DPPH scavenging activity of bread prepared only with millet flour or rice flour was
19.24% and 10.50%, respectively [67]. There are no available data on the FRP of gluten-free
bread, however, Shin et al. [37] estimated, using the FRAP method, that soy increases ferric
reducing antioxidant power. Turfani et al. [68] indicated that the addition of leguminous
vegetables provides bread with an acceptable volume, taste and texture, and increased
antioxidant activity.

2.4. Macro- and Micro-Elements

Sodium (4677.08 µg/g) was registered as the most abundant macro-element in the
gluten-free bread followed by phosphorus (2821.19 µg/g) and potassium (2002.04 µg/g), as
well as sulfur (1374.72 µg/g). Additionally, the presence of calcium and magnesium were
registered (849.59 µg/g; 777.04 µg/g; Table 5). Each of the registered macro-elements in the
gluten-free bread enriched with 30% okara has an extremely important role in the body.
Sodium is the main cation of the extracellular fluid and participates in the maintenance
and regulation of the osmotic pressure of the blood plasma and other extracellular fluids,
as well as in the synthesis of gastric HCl and in the regulation of the acid-base balance.
Potassium, as the main intracellular cation, actively regulates osmotic pressure, affects
the synthesis of proteins, ribosomes, and the activity of some enzymes (e.g., pyruvate
kinase). In addition, potassium affects muscle activity, especially the activity of the heart
muscle, and acts as an antagonist to calcium in its effect on heart rate. Calcium has a
structural role in the body (part of solid tissues), neuromuscular (in muscle contraction,
neurotransmitter release, and excitability control), enzymatic (as a coenzyme of blood
coagulation factors), and hormonal (as an intracellular secondary messenger). Phosphorus
participates in the process of ossification and deposition/transfer of energy as an integral
part of macro-energetic compounds. Phosphorus is also involved in the reactions of
phosphorylation and biosynthesis of some coenzymes. Magnesium ion is a cofactor and
activator of many enzymes, participates in the activation of amino acids in protein synthesis,
and reduces neuromuscular excitability. Sulfur is included in the structure of some amino

114



Molecules 2023, 28, 4098

acids and proteins, as well as in the thioester macro-energetic compound–coenzyme A
and mucopolysaccharides. In addition, sulfur is involved in oxidation-reduction and
detoxification processes in the body [69].

Table 5. Content of mineral elements of gluten-free bread enriched with 30% okara.

Macro-Elements (µg/g)

Ca 849.59 Na 4677.08
K 2002.04 P 3831.19

Mg 777.04 S 1374.72
Pooled std 4.11

Micro-elements (µg/g)

Co n.d. Mn 8.91
Cr 0.19 Ni 0.87
Cu 2.96 Sr 2.42
Fe 24.71 Zn 17.42

Pooled std 0.25

Toxic elements (µg/g)

Al 4.15 Cd 0.02
As n.d. Li 0.04
B 5.82 Pb n.d.

Ba 0.59
Pooled std 0.09 Pooled std 0.00

Data are expressed as mean and pooled standard deviation (Pooled std) of two replicates. n.d. <0.005 µg/g.

The most dominant micro-elements were iron (27.71 µg/g) and zinc (17.42 µg/g), but a
significant content of manganese was also recorded (8.91). Iron as an integral part of specific
proteins (heme proteins, e.g., hemoglobin, myoglobin, cytochromes, and proteins that do
not contain heme but bind iron: ferritin, flavoproteins, transferrin) plays a central role in
the transport of oxygen, as well as in the transport of electrons in the respiratory chain and
participates in energy metabolism [66]. In addition, iron participates in the synthesis of
steroid hormones and bile acids as well as in the detoxification of the organism [70]. Zinc is
part of many enzymes, plays a role in the body’s immune system and significantly affects
the preservation of cell integrity (by stabilizing the molecular structures of the components
of cell membranes and cells). Manganese is an activator of many enzymes [70].

These results indicated a very favorable composition of macro- and micro-elements of
the gluten-free bread. Ibidapo et al. [71] analyzed bread made from wheat flour and malted
millet with 15% added okara and reported the highest content of calcium (1278.0 µg/g)
among macro-elements, and iron (14.7 µg/g) and zinc (8.1 µg/g) among micro-elements.
Maggio et al. [72] presented an overview of several traditional gluten-free products. Among
other products, they demonstrated the mineral composition of gluten-free breadsticks that
contained the highest content of sodium (3209.0 µg/g) and magnesium (1207.0 µg/g)
among macro-elements, whereas iron (62.0 µg/g) was dominant among microelements.
However, it is difficult to compare these results with the results of this study since the com-
position of the analyzed breadsticks is not known. Rybicka and Gliszczyńska-Świgło [73],
after comparing the mineral composition of different gluten-free products concluded, that
gluten-free products containing millet and buckwheat have a better composition of macro-
and micro-elements than products containing rice.

The presence of potentially toxic elements was registered in analyzed samples: boron
(5.82 µg/g) and aluminum (4.15 µg/g). Namely, boron plays a role in the synthesis of
uridine-diphosphate-glucose, by affecting the reaction of glucose-1-phosphate into uridine-
triphosphate and affects the activity of dehydrogenase and oxidoreductase enzymes. In
larger amounts, boron will damage the brain. Aluminum is important in the activity of
the nervous system, participates in cellular respiration, and activates B complex vitamins.
However, aluminum can have a harmful effect on the central nervous system, kidneys,
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and bone marrow. For these reasons, food should always be checked for the presence of
these potentially toxic elements [74]. The presence of aluminum was registered in gluten-
free biscuits (18 µg/g) and breadsticks (1.5 µg/g) [72]. The presence of trace amounts of
lead [72] which should not be present in food was also registered in these products. The
presence of lead was not registered in the analyzed gluten-free bread.

2.5. Dietary Reference Intakes

The value of dietary reference intake showed the nutritional contribution of individual
components of the analyzed gluten-free bread. A portion of 50 g of the analyzed gluten-free
bread would meet as much as ~34% of the daily protein needs of children aged 1–3 years
and ~23% of the needs of children aged 4–8 years. This is very important, considering that
children are in the growing phase of life. Martos and López [74] obtained similar values
(20%) for covering daily protein needs in children aged 4–8 years by a portion of gluten-free
bread (50 g) enriched with Prosopis nigra flour. However, the same authors obtained lower
values for the coverage of daily protein needs by examining gluten-free bread (portion
50 g) for men and females, which were 7–8%. The daily need for protein between men and
females would be met by a portion of gluten-free bread (50 g) enriched with okara in the
value of 9 to approximately 13% depending on age (Table 6).

Table 6. Dietary reference intakes (%DRI) for carbohydrate and protein covered by a portion of 50g
of gluten-free bread enriched with 30% okara.

Life Stage Group

Nutrients

Carbohydrate Total Fiber Proteins

DRI (g/d) CBS
(g/50g) %DRI DRI

(g/d)
CBS

(g/50g) %DRI DRI
(g/d)

CBS
(g/50g) %DRI

Children

14.45
11.12

7.00 4.40

1–3 y

130

16 36.84 13 33.85
4–8 y 25 28.00 19 23.16
Man

9–13 y 31 22.58 34 12.94
14–18 y

38 18.42
52 8.46

19–50 y
51–70 y

30 23.33 56 7.86>70 y
Females
9–13 y

26 26.93
34 12.94

14–18 y
46 9.5719–70 y

21 33.33>70 y
Pregnancy 175 8.26 28 25.00

71 6.20Lactation 210 7.19 29 24.14

DRI-Dietary Reference Intakes [75]. No values for fat were detected, thus %RDI values for a portion of the tested
bread are not presented in this study. CBS-Contribution of a bread serving (50 g). d—day; y—year.

A serving of gluten-free bread enriched with okara would meet the daily carbohydrate
needs in the value of 11% for children, men, and females of all ages. However, the portion
of analyzed gluten-free bread with okara would meet the daily needs in dietary fiber in
a significantly higher percentage: for children aged 1–3 years ~37%, for children aged
4–8 years 28%, for men and females from 18 years to approximately 27%, depending on
gender and age (Table 6). Such a high daily intake of dietary fiber is a consequence of
the high presence of fiber in okara (~56–58% total dietary fibers of the total carbohydrate
composition) [26]. The literature data show that a portion of gluten-free bread enriched
with Prosopis nigra flour can contribute to the daily needs for dietary fiber in a significantly
lower value (%DR = 10–16%) [74].

A portion of 50 g of analyzed gluten-free bread enriched with 30% okara would satisfy
significant daily needs for macro- and micro-elements (Tables 7 and 8).
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Table 7. Dietary reference intakes (%DRI) for macro-elements covered by a portion of 50 g of
gluten-free bread enriched with 30% okara.

Life Stage Group
Macro-Elements

Ca K Mg Na P S

Children

1–3 y 93.04 3.34 48.57 33.29 41.64
68.744–8 y 58.15 2.63 29.89 19.52 38.31

Men

9–13 y
35.78

2.22 16.19

15.53
15.32

68.74
14–18 y

2.13

9.48

13.75
19–30 y

46.52
9.71

27.37
31–50y

9.2551–70 y
38.77

17.92
>70 y 19.42

Females

9–13 y
35.78

2.22 16.19

17.92
15.32

68.74
14–18 y

2.13

10.79

13.75
19–30 y

46.52
12.53

27.37
31–50 y

12.1451–70 y
38.77 19,42>70 y

Pregnancy
46.52

2.13 11.10
15.53 27.37 /Lactation 1.96 12.34

y—year.

Table 8. Dietary reference intakes (%DRI) for micro-elements covered by a portion of 50 g of gluten-
free bread enriched with 30% okara.

Life Stage Group
Micro-Elements

Fe Zn Mn Cu Cr Ni

Children

1–3 y 17.65 28.67 37.13 43.53 86.36 21.75
4–8 y 12.36 17.20 29.70 33.64 63.33 14.50

Men

9–13 y 15.44 10.75 23.45 21.14 38.00 7.25
14–18 y 11.23

7.82

20.25 16.63
27.14

4.35
19–50 y

15.44 19.37 16.4451–70 y
31.67>70 y

Females

9–13 y 15.44 10.75 27.84 21.14 45.24 7.25
14–18 y 8.24 9.56 24.75 16.63 39.58

4.35

19–50 y 6.86
10.75 22.28 16.44

38.00
51–70 y

15.44 47.50>70 y

Pregnancy 4.58 7.82 22.28 14.80 31.67
Lactation 13.73 7.17 17.13 11.38 21.11

y—year.

2.6. Potential Benefits and Future Trends

In conclusion, there are several benefits of producing and consuming the formulated
gluten-free bread enriched with 30% okara:
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This bread does not contain gluten; thus, it is a suitable food for people who are
intolerant to gluten and suffer from celiac disease. Studies have shown that 1% of the
world’s population suffers from celiac disease and the only solution is to consume a gluten-
free diet [76].

The high content of dietary fiber and the absence of sugar allow people with insulin
resistance and diabetes to consume this bread. The range of products with these character-
istics is significant since 442 million people in the world live with diabetes and that number
is rapidly increasing [77]. By 2030, it is predicted that 7.8% of the world’s population
will suffer from this disease [77]. While the prevalence of insulin resistance (metabolic
syndrome) ranges from 15.5 to 46.5%, among adults, worldwide [78].

This bread is a source of nutritionally valuable proteins, which distinguish it from
other gluten-free breads on the market and makes it suitable for athletes’ nutrition. For
example, prolonged daily training can increase the need for proteins, not only because they
encourage good muscle work but also regenerate damaged tissues [79].

A very low content of saturated fatty acids in the tested bread is desirable. It is known
that different saturated fatty acids (short-chain, medium-chain, and long-chain) contribute
differently to increasing the level of LDL cholesterol in the blood, and that a complex
food system (which can significantly affect the digestion of lipids and their absorption)
has a major impact [59,80]. Today, there are epidemiological data that saturated fatty
acids can negatively affect coronary heart disease and the development of some types of
cancer [81,82]. It is recommended to reduce the intake of saturated fatty acids to less than
10% of the total daily energy consumption and to replace them with unsaturated fatty
acids [61].

The low energy value makes this bread suitable for use in diets for treating obesity.
Worldwide, more than 1 billion people are obese—39 million children, 340 million adoles-
cents, and 650 million adults—and these numbers are increasing [83]. WHO [83] estimates
that “ . . . by 2025, approximately 167 million people–adults and children–will become less
healthy because they are overweight or obese”.

The presence of phenolics in the tested bread contributes to the antioxidant properties
of this product. Thus, gluten-free bread enriched with 30% okara is a source of natural
antioxidants, which is increasingly important in food preparation and nutrition. Namely,
since about 1980, natural antioxidants have been used as an alternative to synthetic antioxi-
dants. The toxicity of synthetic antioxidants was extensively studied indicating caution
in their use. Therefore, in this sense, natural antioxidants represent nutritionally healthier
and safer compounds compared to synthetic antioxidants [84,85].

Good sensory characteristics, above all good taste, provide the possibility of using
this food by a wide group of consumers, who do not have metabolic and health problems,
and want to eat healthy. Considering that bread is practically the most common food
item in the diets of many people, and the low price of this product, it can be available to
many consumers.

A potentially wide range of biologically active components (e.g., phenolics), minerals,
and dietary fibers give this bread the properties of a “functional food”. The functional food
sector in the food industry, with an annual growth rate of 7.4%, has experienced significant
growth in recent years. The reason for such large growth in this area is not only due to
technological progress in the food industry, but also due to the formulation of new products
that will meet the needs of consumers who today are increasingly aware of the need to
consume nutritionally/bioactive compound rich food to act preventively and preserve
health [86].

Finally, but not in the least, the production of this bread is in accordance with the
principles of a sustainable and circular economy, as well as procedures for proper waste
handling in the food industry.

Regardless of the efforts made in the food industry, the production of gluten-free
bread still presents significant technological problems. This confirms the poor quality of
gluten-free bread currently available on the market [87,88]. The absence of gluten has a
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huge, negative impact on product characteristics and dough rheology, as the dough is
less elastic, and the bread has a poorer texture and smaller volume compared to products
containing wheat flour [87–89]. This is why it is a big challenge to obtain gluten-free bread
by selecting and using raw materials that can replace/imitate the role of gluten in a good
way, in order to obtain a product of satisfactory quality [90]. The results of this study
indicate that using soy okara as an alternative source of protein can achieve these goals.

3. Material and Methods
3.1. Material

Buckwheat, rice, millet flours, sunflour oil, yeast, guar gum, and salt were purchased
in the local markets. The soybean variety used in the production of okara was “Olga”
selected by the Maize research Institute Zemin Polje (Belgrade, Serbia). Transglutaminase
was provided by the Purtos Group in Serbia (Bijgaarden, Belgum).

3.2. Okara Production

Okara was obtained according to the procedure proposed by Stanojevic et al. [20],
with modification. Soaked soybeans (grain:water = 1:5, 14 h, at 15 ◦C) were ground and
cooked (grain:water = 1:6, 30 min, at 100 ◦C) in a soy milk maker (Mester, D1158-W11QG,
Dongfeng Town, Zhongshan City, Guangdong Province, China). After filtering of the
soybean suspension (through a muslin cloth) and hand squeezing, soy milk and okara were
obtained. The okara was then dried (to a moisture content of 15%) on a heated surface with
constant manual stirring.

3.3. Gluten-Free Bread Production

Gluten-free flour composed of buckwheat flour 45%, rice flour 33%, and millet flour
22% was mixed with okara in the ratios of 90%:10%; 80%:20%, 70%:30%, respectively. The
ingredients necessary for quality dough were therefore added to the mixture of gluten-free
flour and okara: vegetable oil (4%), yeast (4%), guar gum (0.03%), transglutaminase (0.01%),
salt (1.8%), and water (160%). Sucrose was not added during the preparation of the dough.
After preparing the dough and pouring it into molds, fermentation (at 25 ◦C; 30 min) and
baking (at 175–180 ◦C; 55 min) of gluten-free bread were followed. The control bread was
prepared in the same procedure but without adding okara.

3.4. Sensory Analyses

Sensory evaluation of bread was carried out 24 h after baking by 8 trained expert
panelists, according to the procedure by Purić et al. [91] as well as by 150 consumers
(79 women and 71 men). Evaluation of sensory qualities was performed with a point-
system (0–5) by both groups of evaluators and with a “hedonic scale” by consumers. In
the process of scoring with a point-system, weighted quality scores were made with the
following importance of coefficients: for taste–6, for smell, chewiness, and all parameters
of the structure of cross-section–3 and for shape–2. The maximum value of the mark
during the evaluation was 5, so the quality category had five levels: excellent quality
(quality score > 4.5), very good quality (3.5 < score ≤ 4.5), good quality (2.5 < score ≤ 3.5),
poor/unsatisfactory quality (1.5 < score ≤ 2.5), and very poor quality (score ≤ 1.5) [92].

Using the “hedonic scale” in evaluating the overall acceptability of gluten-free bread
enriched with 30% okara, consumers were required to give their opinion by choosing one of
the 9 offered sensory feelings: (1 = extremely dislike, 2 = very much dislike, 3 = moderately
dislike, 4 = slightly dislike, 5 = neither like/nor dislike, 6 = slightly like, 7 = moderately
like, 8 = very much like, and 9 = extremely like) [92].

Evaluation with both the point system and the “hedonic scale” was performed in two
repetitions. The consumers were non-smokers, and the sensory analysis was performed
anonymously. None of the evaluators was informed about the composition of the samples
before the evaluation. Samples were served on glass trays, with random number labels.
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3.5. Proximate Composition

Total protein content was determined by Kjeldahl method [93] with a 6.25 as conver-
sion factor. The content of insoluble and soluble dietary fiber was determined according
to the AOAC 991.43 method [94]. The content of total carbohydrates was determined
according by difference [95] and the sugar content (glucose, fructose, and sucrose) was de-
termined using the SRPS E.L8.007:1980 and SRPS E.L8.011:1980 method [96,97]. Total lipid
content was determined by Soxhlet method [98] and the content of saturated fatty acids
was determined by SRPS EN ISO 12966-2:2017 [99]. The salt content was determined using
the method of Julshamn and Lea [100]. For the quantification of gluten, immunological
ELISA assay was used [101]. The content of macro- and micro-elements was determined
using ICP-OES analysis according by Kostić et al. [102]; (instrument model Thermo Sci-
entific iCAP 6500 Duo ICP, Thermo Fisher Scientific, Cambridge, United Kingdom; with
iTEVA operating software). Total phenolic content (TPC) was determined according to the
procedure described by Pešić et al. [103] and results were expressed as milligrams of gallic
acid equivalents per 100 g of fresh weight (mgGAE/100g).

3.6. Total Energy Value

The total energy value was calculated from the proximate composition using the
content of protein, lipid, and carbohydrate, multiplied by their combustion equivalents
in the body (17 kJ/g for protein, 37 kJ/g for lipid, 17 kJ/g for available carbohydrate and
8 kJ/g for available dietary fiber) [97]. The results were expressed on a fresh weight basis.

3.7. Determination of Antioxidant Properties

The antioxidant properties of gluten-free bread enriched with okara was tested using
three different tests: ferric reducing power assay (FRP), ABTS•+ and DPPH• scavenging
activity (ABTS/DPPH) according to Milinčić et al. [104]. The results of FRP assay were ex-
pressed as milligrams of ascorbic acid equivalents per 100 g of fresh weight (mg AA/100g).
Antioxidant activity determined by the ABTS and DPPH assays were expressed as mil-
ligrams of Trolox equivalent per 100 g of fresh weight (mgTrolox/100g).

3.8. Dietary Reference Intakes

Percentage of the dietary reference intakes of nutrients (%DčRI) was calculated ac-
cording to Martos and López [74] for children (from 1–8 years), men and women (from
9 to more than 70 years), and for pregnant and lactating. The calculation was made for
a portion of bread of 50 g, based on the guidelines for Dietary Reference Intakes for en-
ergy, carbohydrate, fiber, fat, fatty acids, protein, and amino acids (macronutrients) by the
National Academy of Science Institute of Medicine [75].

3.9. Statistical Analysis

Statistica software version 8.0 (StatSoft Co., Tulsa, OK, USA) was applied for statistical
analysis. Data are expressed as mean and standard deviation of three replicates, or as mean
and pooled standard deviation (Pooled std) of two replicates. In statistical data processing,
Pearson’s correlation coefficients and Tukey’s test at p < 0.05 were applied.

4. Conclusions

Dried okara can be a great alternative as a new food ingredient. Okara is a suitable
nutritional supplement in the production of gluten-free bread. According to current
regulations, the formulated bread based on buckwheat, rice, and millet enriched with
30% okara belongs to the group of “gluten-free products” and “products with increased
protein content”. The present research has shown that eco-innovative gluten-free bread with
the addition (30%) of soy okara has the potential to be a source of carbohydrates, especially
dietary fiber, high-value proteins, phenolic compounds, and macro- and micro-elements
that are valuable in human health. The analyzed bread showed good antioxidant properties
and high sensory scores, obtained for taste, shape, odor, chewiness, and cross-section
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properties. Gluten-free bread enriched with 30% okara can potentially meet significant
values of the daily needs for carbohydrates, dietary fiber, protein, macro- and micro-
elements of children, men, and females. In addition to its high nutritional value, this bread
was distinguished by its low energy value, thus it can be suitable in diets intended for the
treatment of obesity.

In addition, the production of this eco-innovative bread was in accordance with the
sustainable method of production, circular economy, and proper waste management in
food production, which is one of the important goals of modern life from an economic and
ecological aspect.
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Popović, A.D.; et al. In vitro digestion of meat-and cereal-based food matrix enriched with grape extracts: How are polyphenol
composition, bioaccessibility and antioxidant activity affected? Food Chem. 2019, 284, 28–44. [CrossRef] [PubMed]
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Abstract: Research into the suitability of domestic raw materials, including, for example, new
wheat cultivars and fruit additives for the production of flavoured beers, is increasingly being
undertaken by minibreweries and craft breweries. The fruits of the Saskatoon berry are an important
source of bioactive compounds, mainly polyphenols, but also macro- and microelements. The fruits
of two Canadian cultivars of this species, ‘Honeywood’ and ‘Thiessen’, were used in this study.
Physicochemical analysis showed that wheat beers with the addition of non-ozonated fruit were
characterised by a higher ethanol content by 7.73% on average. On the other hand, enrichment
of the beer product with fruit pulp obtained from the cv. ‘Thiessen’ had a positive effect on the
degree of real attenuation and the polyphenol profile. Sensory evaluation of the beer product showed
that wheat beers with the addition of ‘Honeywood’ fruit were characterised by the most balanced
taste and aroma. On the basis of the conducted research, it can be concluded that fruits of both cvs.
‘Honeywood’ and ‘Thiessen’ can be used in the production of wheat beers, but the fermentation
process has to be modified in order to obtain a higher yield of the fruit beer product.

Keywords: Saskatoon berry fruit; ozonation; wheat beers; quality of fruity wheat beers

1. Introduction

Wheat beers are beverages for which several raw materials are used, such as: unmalted
wheat (e.g., Witbier-style beers), wheat malt (generally 40% to 60% of the raw material
charge), barley malt, hops, water and yeast [1,2]. A higher degree of turbidity and a more
persistent yet delicate beer head and low bitterness sensation compared to barley beers are
characteristics of wheat beers [3–6]. A typical wheat beer is a beverage fermented using a
strain of yeast which is most commonly Saccharomyces cerevisae. The colour of wheat beer is
light golden and often opaque. Wheat beers are characterised by their original palatability
due to the wide range of compounds produced during the fermentation process (including
phenols, aldehydes, esters and their derivatives) giving the sensation of vanilla, cloves,
banana or fresh fruit, among others [1,3–5]. Wheat beers are also characterised by a high
content of antioxidant compounds, including polyphenols [7].

Fruit beers have become a summer trend among beverages in recent years, mainly in
the form of so-called radlers, that is, beer drinks characterised by the addition of fruit juice
or fruit flavour [8,9]. The enrichment of beers with fruit increases the content of bioactive
compounds and antioxidant activity of beer beverages, and also determines their sensory
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qualities, e.g., the taste and aroma of beers [10,11]. The most common beers on the world
markets are cherry, raspberry, banana, strawberry or beers with the addition of exotic fruits.
Due to the nutritional and health-promoting qualities of the Saskatoon berry (Amelanchier
alnifolia Nutt.), it can be a valuable addition to the production of fruit beers.

The Saskatoon berry is a shrub belonging to the rose family found in Europe, North
America, Africa and the eastern part of Asia [12,13]. It is most widely cultivated in Canada
and recently also on a small scale in Finland, the Czech Republic, Lithuania, Latvia and
Poland [13,14]. The fruits of the Saskatoon berry are a source of many health-promoting
nutrients and can be used as functional food ingredients. They are particularly rich in
soluble and insoluble fibre, vitamins such as tocopherol, riboflavin, ascorbic acid, pyri-
doxine, thiamine and riboflavin, minerals, i.e., manganese, magnesium, iron, calcium
and potassium, sugars including sucrose, glucose, fructose and sorbitol, organic acids,
protein and pectin. The caloric value of the fruit is averaged at 85 kcal/100 g [12]. The
main groups of polyphenols found in the fruit of the Saskatoon berry include flavanols,
anthocyanins, flavonols and phenolic acids [15]. The fruit peel of the Saskatoon berry is rich
in anthocyanins, including cyanidin derivatives, flavonols and quercetin derivatives. The
skin and pulp of the Saskatoon berry are rich in phenolic acids, including chlorogenic acid
and neochlorogenic acid. Compared to other fruits, the Saskatoon berry has a 20% higher
antioxidant content than cranberries [16], while a 40% higher content compared to aronia
(Aronia melanocaroa L.) [17]. Other health-promoting properties of the fruit are related to
the content of carotenoids and triterpenoids, which show anti-inflammatory effects [18,19].
Consumption of the Saskatoon berry has positive effects on vision, the cardiovascular
system and contributes to a lower blood pressure [8].

A factor that can positively influence the production process and the fruit beer’s quality
is ozonation fruit and then their being added to the fermentation wort. Ozone is a chemical
with strong oxidising properties that causes the disinfection of plant raw material subjected
to the process, thus extending its technological shelf life [20]. The antimicrobial action of
ozone influences the reduction of microbiological infections during the fermentation of
beers with ozone-treated fruit, which has a significant impact both on the fermentation
process itself and on the quality of the finished product (taste and aroma). Ozonation of
fruits can be performed both before harvest (reducing the occurrence of diseases; e.g., grey
mould—Botrytis cinerea) and at particular stages of raw material processing (improving
processing properties [8]). The use of ozone treatment has a positive effect in the reduction
of water losses during fruit storage, increasing antioxidant activity or reducing the release
of ethylene by treated fruit. Ozone can be used in two forms: aqueous or gaseous, but
studies on fruit ozonation have shown a better efficiency of the process with the latter
form [21–23].

The purpose of this study was to determine the physicochemical properties, sensory
properties and antioxidant activity of wheat beers with the addition of ozonated and non-
ozonated Saskatoon berry fruits, and to determine the possibility of the practical application
of the research results to expand the range of fruit beers and to use these fruits in a new
food industry.

2. Results and Discussion
2.1. Physicochemical Characteristics of Fruit Wheat Beers

Fruit beers should be characterised by the colour of the finished product coming from
the added fruit and show good sensory and health-promoting qualities. The results on the
evaluation of the physical and chemical parameters of wheat beers are presented in Table 1.
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Table 1. Physicochemical analysis of the beers produced with an addition of the Saskatoon berry
fruit.

Type of Beer CB HB0 HB1 TB0 TB1

Apparent extract [%; m/m] 3.31 a ± 0.09 4.53 c ± 0.03 4.09 b ± 0.04 4.71 d ± 0.01 4.42 c ± 0.02
Real extract [%; m/m] 4.85 a ± 0.05 5.35 c ± 0.05 5.41 c ± 0.01 5.05 b ± 0.05 4.82 a ± 0.04

Original extract [%; m/m] 14.88 e ± 0.06 13.21 b ± 0.06 13.70 d ± 0.10 12.84 a ± 0.04 13.43 c ± 0.03
Degree of final apparent attenuation [%] 77.64 e ± 0.06 65.71 b ± 0.07 70.14 d ± 0.06 63.32 a ± 0.02 67.09 c ± 0.09

Degree of final real attenuation [%] 67.71 d ± 0.06 59.50 a ± 0.50 60.51 b ± 0.07 60.67 b ± 0.03 64.11 c ± 0.03
Content of alcohol [%; m/m] 5.24 d ± 0.04 4.08 a ± 0.07 4.32 b ± 0.02 4.04 a ± 0.04 4.48 c ± 0.04
Content of alcohol [%; v/v] 4.18 d ± 0.04 3.24 a ± 0.04 3.44 b ± 0.04 3.21 a ± 0.01 3.56 c ± 0.10

Colour [EBC units] 20.1 a ± 0.3 23.1 b ± 0.0 25.2 d ± 0.2 24.0 c ± 0.0 26.9 e ± 0.1
Titratable acidity [0.1M NaOH/100 mL] 3.46 a ± 0.06 3.55 b ± 0.05 3.64 c ± 0.03 3.71 c ± 0.02 4.22 d ± 0.03

pH 4.54 b ± 0.06 4.41 a ± 0.08 4.42 a ± 0.02 4.40 a ± 0.10 4.47 b ± 0.03
Content of carbon dioxide [%] 15.4 d ± 0.2 13.9 c ± 0.4 14.2 c ± 0.1 12.5 a ± 0.1 13.4 b ± 0.0

Bitter substances [IBU] 0.46 a ± 0.06 0.44 a ± 0.03 0.46 a ± 0.02 0.42 a ± 0.02 0.47 a ± 0.00
Energy value [kcal/100 mL] 57.22 e ± 0.02 50.41 b ± 0.06 52.34 d ± 0.61 48.88 a ± 0.13 51.01 c ± 0.08

Data are expressed as mean values (n = 3) ± SD; SD—standard deviation. Mean values within rows with different
letters are significantly different (p < 0.05). a,b,c,d,e—statistically significant differences for the effect: physicochemical
properties of beer × type of beer. CB—control wheat beer; HB—cv. ‘Honeywood’; TB—cv. ‘Thiessen’; 0—wheat
beer with treated Saskatoon berry fruit; 1—wheat beer with non-treated Saskatoon berry fruit.

Wheat beers enriched with Saskatoon berry fruit pulp were characterised by an
apparent extract of 4.09–4.71% m/m and a real extract of 4.82–5.41% m/m and were,
on average, 24.94% and 6.01% higher than wheat beers without these fruit (CB; Table 1).
Compared to barley beers enriched with Saskatoon berry fruit [8], wheat beers were
characterised by a higher apparent extract by 33.3% on average and a real extract by 7.36%
on average, which affected the attenuation of beer and a lower ethanol content.

As reported by Mascia et al. [24], beer attenuation significantly influenced the ethanol
content, which was a determining factor in the beer beverages (content of alcohol) and
in the taste and aroma profile of the finished product. In our study, the highest apparent
attenuation among beers enriched with Saskatoon berry fruit was characterised by HB0
beer, while the real attenuation was characterised by TB1 beer. All fruit wheat beers
were characterised by lower values of the assessed parameters (14.26% and by 9.62%,
respectively) in relation to the control wheat beer—CB (Table 1). The lower attenuation of
the fruit beers affected the ethanol content, which ranged from 4.04% v/v to 4.48% v/v.
Beers with the addition of non-ozonated fruits of the Saskatoon berry were characterised
by a higher ethanol content of 7.73% on average in comparison with beers enriched with
ozonated fruits of this species (Table 1). Fruity barley beers (enriched with the pulp of the
Saskatoon berry) studied by Gorzelany et al. [8] were characterised by a higher ethanol
content of 5.03% v/v on average. In cherry and blueberry fruit-enriched beers, Yang
et al. [11] investigated apple beer and cranberry beer and reported ethanol contents of 3.5%
v/v and 3.6% v/v, respectively. The ethanol content in raspberry fruit beer was between
2.8–3.5% v/v [9]. In the study by Baigts-Allende et al. [10], cherry beers were characterised
by an alcohol content in the range of 3.2–8.0% v/v, with raspberries being 2.5–5.7% v/v
and blackcurrants being 7.1% v/v. In contrast, Nedyalkov et al. [25] obtained an ethanol
content of 5.13% v/v in the barley beer with bilberry, whereas beers produced with the
addition of mango juice and pulp were found with a calorific value of 34.13–36.73 kcal and
alcohol contents of 4.13–4.27% v/v [26]. The fruit wheat beers’ characterised caloric content
of the finished product was at the level of 48.88–52.34 kcal/100 mL (Table 1). The caloric
content of the barley beers enriched with the pulp of the ozonated and non-ozonated fruits
of the Saskatoon berry was lower and averaged 44.83 kcal/100 mL [8].

The addition of pulp from Saskatoon berry fruits to wheat beers significantly affected
the colour of the finished product and the process of the ozonating fruits reduced the colour
intensity of the colour of the fruit beers by 8.01% on average, compared to wheat beers
enriched with non-ozonated fruits (Table 1; Figures 1 and 2). The most intensive colour
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among the fruit wheat beers was characterised by beer enriched with the non-ozonated
fruits of the Saskatoon berry cultivar ‘Thiessen’ (TB1). In the study by Gorzelany et al. [8],
the average colour intensity of the barley beers enriched with fruits of the Saskatoon berry
(ozonated and non-ozonated fruits) was 22.18 EBC units. Beers with added blackcurrants
were characterised by a colour of 14.97 EBC units [10]. In the study by Patraşcu et al. [9],
beers with raspberry fruit were marked by a colour of 21.16 EBC units.
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Compared to the control wheat beer (CB), the fruit beers were characterised by a
slightly higher acidity of the finished product, especially those enriched with non-ozonated
fruits of the Saskatoon berry, cultivar ‘Thiessen’, designated as TB1 (Table 1). In addition,
the fruits of the Saskatoon berry cultivar ‘Thiessen’ not subjected to the ozonation process
were characterised by the highest acidity, both for fruits subjected to the ozonation process
and fruits of the cultivar ‘Honeywood’ (ozonated and non-ozonated fruit). The pH value
of all fruit beers and the control beer (CB) was at a similar level, from 4.40 to 4.54 (Table 1).
In the study by Gorzelany et al. [8], the pH of barley beers (with the addition of Saskatoon
berry fruits) averaged 4.53, and the acidity of the finished beer product was 2.2–2.3. In the
study by Patraşcu et al. [9], beers with raspberry fruit were characterised by acidity and pH,
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respectively: 2.84–3.50 and 4.24. Nardini and Garaguso [27], when analysing fruit beers,
found that the pH was in the range of 3.56–4.86. Adadi et al. [28] reported the pH value and
acidity of beer enriched with sea-buckthorn berries amounting to 3.9 and 2.2, respectively.
It is worth noting that the lower the pH of the finished beer product, the lower the risk of
infection and development of undesirable microflora [26]. Similarly, fruits subjected to the
ozonation process, which destroys or inactivates the microflora present in the fruit peel,
may constitute a safer batch added on the seventh day of beer wort fermentation from the
point of view of reducing microbiological risk.

In our studies, the addition of Saskatoon berry fruit reduced the perception of bitter-
ness in wheat beers. The finished product enriched with ozonated fruits was characterised
by a lower bitterness content of 4.35% in comparison with wheat beers with the addition
of non-ozonated fruits of the Saskatoon berry (Table 1). The main factor that affects the
bitterness sensation in beers is the used cultivar, its dose and the content of chemical
compounds, including α-acids. The boiling time with hops is also an important factor, on
which the rate of the protein–polyphenol reaction also depends [3,29]. The reduction in the
bitterness sensation in fruity wheat beers is also related to the addition of pulp from the
fruit of the Saskatoon berry, which is characterised by a relatively high sugar content; on
average it was 14.78 g/100 g d.m., depending on the Saskatoon berry cultivar [18]. In our
study, the carbon dioxide content of wheat beers, with or without the addition of Saskatoon
berry fruit, ranged from 0.42% to 0.47% (Table 1). Gorzelany et al. [8] obtained a similar
carbon dioxide content from barley beers with an addition of these fruits. Patraşcu et al. [9]
reported contents of carbon dioxide in lemon beer samples in the range of 0.48–0.55%, in
grapefruit beer amounting to 0.52% and in cranberry beer amounting to 0.55%.

2.2. Content of Bioactive Compounds in Fruit Beers

Beers are beverages, mostly alcoholic, but at the same time, they contain in their composi-
tion compounds of an antioxidant nature, the main representatives of which are polyphenols,
but also vitamins, melanoids or bitter acids [30,31]. The antioxidant activity (determined
by three methods: DPPH., FRAP and ABTS+) of wheat beers enriched with pulp from non-
ozonated and ozonated fruits of the Saskatoon berry was presented in Table 2.

Table 2. Antioxidant potential of fruit beers with Saskatoon berry fruit pulp added.

Type of Beer CB HB0 HB1 TB0 TB1

DPPH.[mM TE/L] 2.27 a ± 0.07 2.34 b ± 0.04 2.94 d ± 0.01 2.71 c ± 0.07 2.42 b ± 0.02
FRAP [mM Fe2+/L] 2.19 d ± 0.04 1.46 a ± 0.06 1.97 c ± 0.03 1.52 a ± 0.02 1.63 b ± 0.03
ABTS+ [mM TE/L] 1.81 a ± 0.05 2.02 b ± 0.02 2.18 c ± 0.02 1.96 b ± 0.04 2.22 c ± 0.08

Data are expressed as mean values (n = 3) ± SD; SD—standard deviation. Mean values within rows with different
letters are significantly different (p < 0.05). a,b,c,d—statistically significant differences for the effect: antioxidant
activity of beer × type of beer. CB—control wheat beer; HB—cv. ‘Honeywood’; TB—cv. ‘Thiessen’; 0—wheat beer
with treated Saskatoon berry fruit; 1—wheat beer with non-treated Saskatoon berry fruit; TE—expressed as Trolox
equivalent (mM TE/L).

The higher antioxidant activity of wheat beers determined by the DPPH and ABTS
methods was found in fruit beers, compared to beer without added fruit (control CB). The
final products of the fermentation process enriched with non-ozonated Saskatoon berry
showed on average 5.78% higher antioxidant activity determined by the DPPH method
and 9.55% higher activity determined by the ABTS method compared to beers enriched
with pulp from ozonated fruit pulp (Table 2.). Wheat beer without added fruit (CB) showed
the highest reducing capacity of the beers (FRAP method). Similarly, as in the case of the
antioxidant activity determined by the DPPH and ABTS methods of the analysed beers,
finished products with added fruit pulp without ozonation were also characterised by
higher activity, on average by 17.22% (Table 2). The antioxidant activity of the used cultivars
of Saskatoon berry fruit (determined by the DPPH method) showed that the fruit subjected
to the ozonation process was characterised by a slightly higher antioxidant activity in
relation to the non-ozonated fruit. Barley beers enriched with Saskatoon berry fruit pulp

130



Molecules 2022, 27, 4544

had slightly lower antioxidant activity, determined by the DPPH and ABTS methods, while
higher activity was determined by the FRAP method in relation to wheat fruit beers [8]. At
the same time, barley beers showed a positive effect of the addition of ozonated fruits on
antioxidant activity, in contrast to wheat beers, whose antioxidant activity was higher when
pulp from non-ozonated fruits was added [8]. Deng et al. [32] enhanced beer with omija
fruit added during the fermentation process and reported antioxidant activity, measured
by a DPPH assay, amounting to 1.68 mM TE/L, and reducing capacity, assessed with
FRAP, at a level of 2.4 mM Fe2+/L. Portuguese commercial fruit beers with lemon flavour
were reported to have an antioxidant capacity in the range of 0.035–0.037 mM TE/L,
according to the DPPH assay, and at a level of 0.008 mM TE/L, according to the ABTS
assay [33]. The Saskatoon berry fruit, as an addition to the analysed beers, showed very
high antioxidant activity, such as for the cultivar ‘Honeywood’—21 mM/100 g d.m. (by
the FRAP method) and 31.06 mM/100 g d.m. (by ABTS+ method), and for the cultivar
‘Thiessen’—32.32 mM/100 g d.m. (determined by the ABTS+ method [15,18].

Polyphenolic compounds present in beers are mainly derived from the malt (70–80%)
and the hops used [34]. The degree of fineness of the malt, as well as the conditions of the
mashing and boiling process with hops, significantly affect the total polyphenol content [29].
Polyphenolic compounds are diverse substances with different biologically active effects,
including antioxidant and antiradical activity [35]. We confirmed that the addition of
Saskatoon berry fruits to wheat beer increased the content of the total polyphenols, on
average by 37.37% compared to beer without the addition of fruits (CB). The differences
in the content of polyphenolic compounds in fruit beers (addition of non-ozonated and
ozonated fruit) were statistically significant (Table 3). The degree of the transfer of phenolic
compounds contained in the fruit to wheat beer depends on the degree of grinding of
the fruit. The use of fruit pulp as an input to the fermenting wort increases the contact
with the solution, which leaches and transfers the chemical compounds found in the fruit
through the disrupted cell wall, thus enriching the finished beer product [26]. According
to Gorzelany et al. [8], fruity barley beers with the addition of the Saskatoon berry had an
average total polyphenol content of 381 mg GAE/L for beers enriched with non-ozonated
fruit and 388 mg GAE/L for beers with the addition of ozonated fruit. The data from the
literature showed that the total polyphenol content of the beers enriched with Cornelian
cherry was 350 mg GAE/L [36] and with goji berries was 415 mg GAE/L [37]. The addition
of persimmon juice led to a decrease in the total polyphenol content in the beer samples
from 433.32 mg GAE/L (25% juice addition) to 290.34 mg GAE/L (75% juice addition; [34]).
Portuguese commercial fruit beers with lemon flavour were found with total polyphenol
contents in the range of 240–304 mg GAE/L [33].
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The identification of polyphenolic compounds in fruity wheat beers was based on the
analysis of characteristic spectral data: the mass-to-charge ratio m/z and the maximum
of radiation. In our study, a total of 11 polyphenolic compounds were identified, whose
spectral properties are presented in Table 3. In control wheat beer (CB), three polyphenolic
compounds belonging to the flavonol group (compounds 1–3) were identified. Their repre-
sentatives were kaempferol derivatives, of which the highest concentration (1.35 mg/L)
was determined for K-3-O-glucoside-7-O-glucoside (Table 3). In wheat beers enriched with
fruits of the Saskatoon berry, eight compounds belonging to the group of hydroxycinnamic
acid derivatives (compounds 4–7; 11) and to the group of flavonols (compounds 8–10)
were identified. The content of the polyphenolic compounds in wheat beers enriched
with ozonated Saskatoon berry fruits was, on average, 7.74 mg/L, while with the addition
of non-ozonated fruits, it was slightly higher and amounted, on average, to 8.87 mg/L
(Table 3). The results of the present study confirmed the effect of ozonation on the reduction
of the content of polyphenolic compounds in beers with the addition of fruits of the Saska-
toon berry, which was previously obtained by Gorzelany et al. [8]. The lower concentration
of polyphenolic compounds in ozonated fruit-enriched beers is most likely related to the
interaction between the ozone remaining on the fruit and the products of the fermentation
process, but this hypothesis is not fully understood. However, there are results in the
international literature that confirm the positive effect of ozone on the polyphenolic profile
of different fruits [20,38–41].

Among the phenolic acids present in wheat beers, the content of the chlorogenic acid
content was on average 63.09% higher in beers enriched with non-ozonated fruits of the
Saskatoon berry. The highest concentration of this acid (2.17 mg/L) was determined for
beer with the addition of non-ozonated fruits of the ‘Honeywood’ cultivar, designated as
HB1 (Table 3). Chlorogenic acid was present in ozonated fruit wheat beers, in contrast
to ozonated fruit barley beers in which its presence was not detected. In contrast, the
main representative of the polyphenolic compounds in barley beers with added fruit
was caffeic acid, whose concentration averaged 4.01 mg/L [8]. In the wheat beers with
the addition of Saskatoon berry fruit, the caffeic acid was between 0.57 and 0.96 mg/L
(Table 3). From the health point of view, caffeic acid is responsible for blocking some
substances with carcinogenic effect, e.g., nitrosamines, and it also affects the oxidation
process of lipoproteins and LDL cholesterol fraction [42]. The caffeic acid in beers is
generally in the range of 0.00–23.50 mg/L [43]. In barley beers with bilberry (fruit addition
in the amount of 167 g/L), the content of caffeic acid was 13.01 mg/L, chlorogenic acid
was 90.19 mg/L and neochlorogenic acid was 52.24 mg/L [25]. Wheat beers enriched
with fruits of the cv. ‘Thiessen’ of the Saskatoon berry were further characterised by a
high concentration of sinapic acid derivative; on average, it was 50.0% more than in fruits
of the cv. ‘Honeywood’ (Table 3). Kaempferol glycosides have also been identified in
fruit wheat beers, which have strong antioxidant, anticancer and supportive properties in
cardiovascular diseases. In addition, they can be supportive substances in autoimmune
diseases and for transplant patients [44]. In barley beers, kaempferol compounds are most
commonly found at 0.10—1.64 mg/L [43]. Flavonoid glycosides (including kaempferol
derivatives), as well as chlorogenic acid, caffeic acid or sinapic acid contained in beers
impart astringency and acidity sensations in the mouth, as well as, although to a much
lower extent, also a bitterness sensation which affects the sensory experience of the finished
beer product [44].

2.3. Sensory Analysis of Fruit Wheat Beers

The sensory characteristics of a finished fruit beer product have a significant impact
on its attractiveness and acceptance by consumers. The taste and aroma qualities of fruity
wheat beers can influence consumers’ preference to purchase a particular beer, or this
purchase will only be a one-off. The results of the sensory evaluation of fruit wheat beers
carried out by a 13-member panel are presented in Table 4 and Figures 3 and 4.
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Table 4. Sensory analysis of fruit wheat beer.

Type of Beer CB HB0 HB1 TB0 TB1

Aroma 4.20 a ± 0.38 4.23 a ± 0.83 4.15 a ± 0.99 4.23 a ± 0.73 4.00 a ± 1.00
Taste 3.79 a ± 0.27 4.08 ab ± 1.34 4.69 b ± 0.48 4.54 b ± 0.66 4.08 ab ± 0.76
Foam
stability 3.51 b ± 0.17 2.46 a ± 0.97 2.69 a ± 0.48 3.00 ab ± 0.58 3.08 ab ± 0.86

Bitterness 4.06 a ± 0.11 3.62 a ± 0.87 3.92 a ± 0.86 3.77 a ± 0.93 3.46 a ± 0.52
Saturation 3.71 a ± 0.32 4.31 ab ± 0.63 4.84 c ± 0.38 4.15 ab ± 0.80 4.38 bc ± 0.65
Overall
impression 3.91 a ± 0.47 3.82 a ± 0.75 4.18 a ± 0.48 4.11 a ± 0.49 3.83 a ± 0.57

Data are expressed as mean values (n = 3) ± SD; SD—standard deviation. Mean values within rows with different
letters are significantly different (p < 0.05). ). a,b,c—statistically significant differences for the effect: sensory
analysis of beer × type of beer. CB—control wheat beer; HB—cv. ‘Honeywood’; TB—cv. ‘Thiessen’; 0—wheat
beer with treated Saskatoon berry fruit; 1—wheat beer with non-treated Saskatoon fruit.
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Fruity wheat beers were characterised by a similar smell sensation of the finished
product (4.00–4.23 points, on a 5-point rating scale), but with a statistically different taste.
The highest taste sensory ratings were obtained for wheat beer enriched with non-ozonated
fruit of the cv. ‘Honeywood’ (Table 4, Figure 3) and with ozonated fruit of the cv. ‘Thiessen’
(Table 4., Figure 4). The taste and smell of beer are influenced not only by the raw materials
used, but also by the products of the fermentation process (such as aldehydes, phenols, or
esters) affecting the taste profile of a given beer. Among the quality attributes of fruity wheat
beers, the stability of the beer head was assessed the lowest, especially for beers enriched
with the cv. ‘Honeywood’ fruit irrespective of the applied ozonation process (Table 4).
Sensory evaluation confirmed the results of the physicochemical analysis regarding the
lower bitterness sensation in fruity wheat beers compared to the control beer (CB).
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The sensory profile of the wheat fruit beers varied. Sensory evaluation showed that the
most balanced flavour profile was characterised by wheat beers enriched with unfermented
the cv. ‘Honeywood’ fruit irrespective of the cultivar used (HB1 and TB1; Figures 3 and 4).
The significant quality attributes of the fruited wheat beers with the cv. ‘Honeywood’
fruit were cereal and malty, fruity, sweet and sour tastes and aroma (Figure 3.). On the
other hand, wheat beers enriched with fruit from the cv. ‘Thiessen’ additionally had a
bitter aftertaste, especially for beers with ozonated fruit added (Figure 4). The aftertaste
of the sour, astringent or bitter fruit of wheat beers is related to the varying content of
the polyphenols responsible, including caffeic acid and chlorogenic acid [29]. In a study
on the possibility of enriching barley beers with the Saskatoon berry, Gorzelany et al. [8]
obtained similar results for the flavour and aroma profile and a bitter aftertaste was also
clearly perceived in the finished product, especially in the finished product enriched
with non-ozonated fruit. Chemical compounds important for beer flavour are formed by
interactions between carbonyl compounds, esters, sulphur compounds, alcohols, phenolic
compounds or organic acids [45]. Beers characterised by fruity notes with a sweet aftertaste
and pleasant aroma are more preferred and desired by consumers compared to traditional
types of beers [28,46].

3. Materials and Methods
3.1. Material

Common wheat (Triticum aestivum L.), the winter variety ‘Elixer’, was used to pro-
duce wheat beers. The grain came from a field experiment collected in the year 2021, in
Przeworsk (50◦03′31” N 22◦29′37” E), Podkarpackie Province (south-east Poland). Af-
ter full maturity, the grain was harvested and a 5-day wheat malt was prepared (the
malting process methodology is described by Belcar et al. [47]). The wheat malt had the
following characteristics: extract potential—85.7% d.m. (d.m.—dry matter), total protein
content—11.6% d.m., content of soluble protein—4.67% d.m., diastatic power—324 WK,
and degree of final attenuation—82.14%.

Commercial barley malt from the Viking Malt malting plant in Strzegom (Poland) was
also used to brew the beers. The barley malt had the following characteristics: extract potential—
80.0% d.m., total protein content—11.4% d.m., content of soluble protein—3.75% d.m., di-
astatic power—324 WK, and degree of final attenuation—82.1%. The wheat and barley
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malts were refined in a Cemotec disc mill (FOSS). The brewing stock consisted of 40%
wheat malt and 60% commercial barley malt.

Fruits of two Canadian cultivars of Saskatoon berry ‘Honeywood’ and ‘Thiessen’
were used to enrich the wheat beers. Ripe fruits weighing 2 kg each were harvested by
hand from 6-year-old bushes grown in an implementation experiment in a field at the
Experimental Orchard in Dąbrowice (51.9163◦ N/20.1009◦ E) of the National Institute
of Horticultural Research (InHort) in Skierniewice, central Poland, at the beginning of
July 2021. In the laboratory of the Department of Agriculture and Food Production Engi-
neering of the University of Rzeszów, the Saskatoon berry fruits were divided into two
samples of 1 kg each (one part was left without ozonation and the other part was ozonated).
Until beers were produced, ozonated and non-ozonated fruits of Saskatoon berry were
directly frozen and stored in a freezer (temp. −18 ◦C). The non-ozonated Saskatoon fruit
cultivar ‘Honeywood’ had the following chemical parameters: total polyphenol content—
3.67 g GAE.1000 g−1 d.m., antioxidant activity (DPPH test)—17.38 mM TE.100g−1 d.m.,
and total acidity—0.503 g.100 g−1, whereas cultivar ‘Thiessen’ had the following chemical
parameters: total polyphenol content—5.16 g GAE.1000 g−1 d.m., antioxidant activity
(DPPH test)—20.97 mM TE.100g−1 d.m., and total acidity—0.963 g.100 g−1.

3.2. Ozonation Process

The Saskatoon berry fruits of both cultivars were placed on a metal grid inside a plastic
container with dimensions L×W×H—0.6× 0.4× 0.4 m—and ozonated for 22 min—ozone
concentration 10 ppm, flow time 4 m3.h−1, temperature 20 ◦C. The TS 30 ozone generator
(Ozone Solution, Hull, MA, USA) with a 106 M UV Ozone Solution detector (Ozone
Solution, Hull, MA, USA) was used to generate ozone. The ozone-treated Saskatoon fruit
cultivar ‘Honeywood’ had the following chemical parameters: total polyphenol content—
3.81 g GAE.1000 g−1 d.m., antioxidant activity (DPPH test)—17.40 mM TE.100g−1 d.m.,
and total acidity—0.352 g 100 g−1, whereas cultivar ‘Thiessen’ had the following chemical
parameters: total polyphenol content—3.23 g GAE.1000 g−1 d.m., antioxidant activity
(DPPH test)—21.12 mM TE.100g−1 d.m., and total acidity—0.691 g.100 g−1.

3.3. Beer Production

The production process was carried out using the infusion method in the laboratory of
the Department of Agriculture and Food Production Engineering, University of Rzeszów.
Total of 3.0 kg of barley malt and 2.0 kg of wheat malt were grated and placed in a ROYAL
RCBM-40N mash kettle (Expondo; Poland; assuming a process efficiency of 80%) and 15.0 L
of water (3 L of water for each kilogram of malt). The mashing, boiling process with hops
and cooling of the beer wort were carried out according to the methodology described by
Gorzelany et al. [8].

Each of the five beer worts produced was characterised by an extract of 12.0 ◦P. The
cooled worts were transferred to fermentation containers with a capacity of 30 L each
and inoculated with Saccharomyces cerevisae Fermentis Safale US-05 yeast (6 × 109/g),
which had previously undergone a rehydration process, according to the manufacturer’s
instructions (0.58 g d.m./L of wort). The fermentation process was carried out at 21 ◦C.
After 7 days of fermentation, 1 kg of Saskatoon berry fruit was added to the fermenting
beer in the form of pulp and left to ferment for another 14 days. After 21 days, the beers
were bottled, with a solution of sucrose (0.3%) added to water for refermentation and to
obtain an appropriate degree of beer saturation. The resulting beers were kept at 20 ◦C.
Sensory and physicochemical analyses were performed one month after bottling.

Wheat beers enriched with the cv. ‘Honeywood’ fruit were designated as HB0
(ozonated fruit) and as HB1 (non-ozonated fruit), while wheat beers with the cv. ‘Thiessen’
fruit were designated as TB0 (ozonated fruit) and as TB1 (non-ozonated fruit). The wheat
beer without added fruit as a control was designated CB. A total of 5 wheat beers were
produced.
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3.4. Analysis of Quality Indicators of Beers

Alcohol content [% m/m and % v/v], apparent extract [% m/m], real extract [%
m/m] and original extract [% m/m] of beer, and apparent [%] and real [%] attenuation
degree was marked according to method 9.4 EBC [48]. The titratable acidity of fruit wheat
beers was determined by subjecting beer samples to titration with 0,1 M NaOH, with end
point at pH = 8.2. The energy value of wheat beers was calculated following the formula:
[kcal/100 mL] = (7 × A (% v/v) + (4 × Er (% v/v) × ρ). pH, colour [EBC units], carbon
dioxide content [%] and bitterness content [IBU units] of beer were determined according
to the methodology described by Belcar et al. [1]. The analyses were performed in three
replications.

3.5. Content of Bioactive Compounds in Fruit Beers

The total polyphenol content [mg GAE/L], by using the Folin–Ciocalteu method, and
the polyphenol profile [mg/L] in the beers were determined according to the methodology
described by Gorzelany et al. [8]. Determination of polyphenolic compounds [mg/L] was
carried out using the UPLC equipped with a binary pump, column and sample manager,
photodiode array detector (PDA), and tandem quadrupole mass spectrometer (TQD) with
electrospray ionisation (ESI) source working in negative mode (Waters, Milford, MA,
USA), according to the method of Żurek et al. [49]. Separation was performed using
the UPLC BEH C18 column (1.7 µm, 100 mm × 2.1 mm, Waters) at 50 ◦C, at flow rate
of 0.35 mL/min. The injection volume of the samples was 5 µL. The mobile phase consisted
of water (solvent A) and 40% acetonitrile in water, v/v (solvent B). The following TQD
parameters were used: capillary voltage of 3500 V, con voltage of 30 V, con gas flow 100 L/h,
source temperature 120 ◦C, desolvation temperature 350 ◦C and desolvation gas flow rate
of 800 L/h. Polyphenolic identification and quantitative analyses were performed on
the basis of the mass-to-charge ratio, retention time, specific PDA spectra, fragment ions
and comparison of data obtained with commercial standards and literature findings. The
analyses were performed in three replications.

3.6. Antioxidant Activity

The antioxidant activity of fruit beers (by DPPH. [mM TE/L], FRAP [mM Fe2+/L] and
ABTS+ [mM TE/L]) was determined according to the methodology described by Gorzelany
et al. [8].

3.6.1. DPPH Test

A 0.05 mM/L solution of DPPH (2,2-diphenyl-1-picrylhydrazyl) in ethanol was prepared
for this purpose. A 7.8 mL sample of the solution was placed in a test tube with 0.2 mL of
diluted (2×) beer and incubated in darkness for 60 min at 37 ◦C; subsequently, the absorbance
at the wavelength λ = 517 nm was examined using a UV-Vis V-5000 spectrophotometer
(Shanghai Metash Instruments Co. Ltd., Shanghai, China). The control contained distilled
water rather than beer. The results were expressed as trolox equivalent (mM TE/L).

3.6.2. FRAP Test

The materials prepared for this purpose included a 10 mM/L TPTZ (2,4,6-tripyridyl-
s-triazine) solution, a 20 mM/L FeCl3.6H2O solution, an acetate buffer with pH = 3.6,
as well as a 40 mM/L HCl solution. Subsequently, the FRAP reagent was prepared by
mixing 25 mL of the acetate buffer with 2.5 mL of the TPTZ dissolved in HCl and 2.5 mL
of FeCl3.6H2O. A 6 mL sample of FRAP solution was placed in a test tube with 0.2 mL of
the beer and incubated at a temperature of 37 ◦C for 10 min; subsequently, the absorbance
at the wavelength of λ = 593 nm was examined using a UV-Vis V-5000 spectrophotometer
(Shanghai Metash Instruments Co. Ltd., Shanghai, China). The control contained distilled
water instead of beer. The results of the FRAP test were expressed as mM Fe2+/L.
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3.6.3. ABTS Test

A 7 mM/L ABTS (2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) solution and
a 2.45 mM/L potassium persulphate solution were prepared for this purpose. The solutions
were combined at 1:0.5 ratio, and stored for 12–16 h in darkness to enable development of
ABTS cation. The ABTS+ solution was diluted with distilled water to achieve absorbance
of 0.700 ± 0.002 (at wavelength λ = 734 nm). A 3 mL portion of the diluted ABTS+ solution
was placed in the test tube with 0.3 mL of the beer and after 6 min, the absorbance value
at the wavelength λ = 734 nm was determined using a UV-Vis V-5000 spectrophotometer
(Shanghai Metash Instruments Co. Ltd., Shanghai, China). The results were corrected to
account for dilution and expressed as trolox equivalent (mM TE/L).

All the analyses were performed in three replications.

3.7. Sensory Analysis

The sensory analysis was performed by an expert team of 13 persons (6 women
and 7 men, 25–40 years old) in the sensory evaluation laboratory according to the EBC
method 13.13 [50]. The beer samples (of 200 mL each) were served after cooling to 12 ◦C,
coded in random order in 250 mL transparent plastic cups. Oral rinse water was admin-
istered between each evaluation. The sensory analysis of the beers was performed using
a 5-grade rating scale for individual quality attributes: aroma (5—very intense, distinct,
pleasant; 1—undetectable/unpleasant aroma), flavour (5—very tasty; 1—unpalatable); beer
foam stability (5—very stable; 1—unstable), bitterness (5—weakly intense; 1—very intense)
and saturation (5—high; 1—low or none). The average score obtained described the overall
impression of the beer evaluated (5—very good; 1—bad) of the wheat beers analysed. Fur-
thermore, a sensory profile was used to assess the taste and aroma of the beers’ analyses, in
which quality characteristics were determined (malty, fruity, sweet, cereal, intense, fullness,
fresh, phenolic, bitter and sour) according to the EBC 13.12 method [51]. The sensory
profile of fruit beers produced with the addition of non-ozonated and ozonated fruits of
the Saskatoon berry was compared with beers without the addition of fruit (control).

3.8. Statistical Analysis

The results of the fruit beers were presented as a mean value with standard deviation.
Statistical analysis of the results was performed using Statistica 13.3 statistical software
(TIBCO Software Inc., Tulsa, OK, USA). Two-factor ANOVA of variance ANOVA was used
in the analyses in a complete randomised design with a significance level of α = 0.05 for the
individual results of physical and chemical analysis, polyphenol content and antioxidant
activity of the fruit beers. Comparisons of mean values were done using the HSD-Tukey test.

4. Conclusions

Fruity wheat beers enriched with Saskatoon berry fruit pulp are characterised by a
higher colour intensity and lower bitterness sensation, but at the same time insufficient
attenuation, affecting the ethanol content. The antioxidant activity of wheat beers and the
content of the total polyphenols for both tested cultivars of the Saskatoon berry were at a
similar level. However, analysis of the polyphenol profile showed a significantly higher
content of polyphenolic compounds in wheat beers enriched with non-ozonated fruits of
the cv. ‘Thiessen’. The results of the sensory evaluation show that wheat beers with the
addition of the cv. ‘Honeywood’ fruit are characterised by the most balanced taste and
aroma. On the basis of the research results obtained, we can conclude that fruits of both
cvs. ‘Honeywood’ and ‘Thiessen’ can be used in the production of wheat beers. However,
unlike barley beers, the fermentation process has to be modified in order to obtain a higher
yield of the fruit beer product, and the ozonation process had a positive effect on improving
the quality of fruit wheat beers.
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Abstract: Juice made from sea-buckthorn berries (Hippophae rhamnoides L.) is a valuable source of
bioactive compounds, vitamins, as well as micro- and macronutrients. By applying defatted sea-
buckthorn juice, it is possible to enhance wheat beer and change its sensory properties and the
contents of bioactive compounds in the finished product. A sensory assessment showed that wheat
beers with a 5% v/v addition of sea-buckthorn juice were characterised by a balanced taste and aroma
(overall impression). Physicochemical analyses showed that, compared to the control samples, wheat
beers enhanced with defatted sea-buckthorn juice at a rate of 5% v/v or 10% v/v had high total acidity
with respective mean values of 5.30 and 6.88 (0.1 M NaOH/100 mL), energy values lower on average
by 4.04% and 8.35%, respective polyphenol contents of 274.1 mg GAE/L and 249.7 mg GAE/L, as
well as higher antioxidant activity (measured using DPPH, FRAP, and ABTS assays). The findings
show that the samples of wheat beer enhanced with sea-buckthorn juice had average ascorbic acid
contents of 2.5 and 4.5 mg/100 mL (in samples with 5% v/v and 10% v/v additions, respectively) and
contained flavone glycosides, e.g., kaempferol-3-O-glucuronide-7-O-hexoside. Based on the current
findings, it can be concluded that wheat beer enhanced with sea-buckthorn juice could emerge as a
new trend in the brewing industry.

Keywords: sea-buckthorn; defatted juice; wheat beer; beer quality; bioactive compounds; antioxidant
potential of beer

1. Introduction

Beer is a type of beverage which contains four main ingredients: malt, hops, water,
and yeast. In wheat beers, some of the barley malt (most commonly from 40 to 60% of the
total input material) is replaced with wheat malt or unmalted wheat grain [1]. Wheat beers
are characterised by an original flavour owing to the wide range of chemical compounds
(e.g., phenols, aldehydes, and esters and their derivatives) produced in the process of top
fermentation that contribute to the flavour, which can resemble vanilla, cloves, bananas,
or fresh fruit; the effect is produced by the interaction of the two types of malt (barley
and wheat) as well as the addition of hops. The final product of the brewing process is
characterised by delicate and stable frothy foam, a slightly bitter taste, and haziness [2–4].
Wheat beers also have high contents of antioxidant compounds including polyphenols [5].

In recent years, a trend has been observed in consumers’ increasing preference for fruit
beers, which mainly include morello cherry, raspberry, banana, and strawberry, as well
as other exotic fruit beers. The fruit component may be introduced by adding pulp, juice,
concentrate, or aroma, most commonly during the fermentation process. By enhancing beer
products with fruit, it is possible to improve their sensory qualities (such as colour, aroma,
and taste), and to increase the health-promoting properties of the beverage, which are
linked to higher contents of bioactive compounds (e.g., polyphenols), resulting in the higher
antioxidant activity of fruit beers compared to traditional beer products [6,7]. In global
markets we can encounter the very popular Radler-style beverages, i.e., a combination
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of beer and flavoured sugar syrup or fruit juice [8,9], as well as Belgian specialty beers
produced as a result of spontaneous fermentation with the addition of raspberries or
morello cherries, respectively, known as ‘Framboise’ and ‘Kriek’ Lambic beer [6,10,11].

The fruit of sea-buckthorn (Hippophae rhamnoides L.), depending on the variety, are
yellow to orange in colour, which results from the high concentrations of carotenoids
(including lutein, carotene, and zeaxanthin). Sea-buckthorn berries have also been reported
to have high contents of health-promoting compounds such as polyphenols (e.g., flavanols
and chlorogenic acid), organic acids, micro- and macronutrients, and vitamins [12–15], in-
cluding very high levels of ascorbic acid (on average from 53 up to 1550 mg·100 g−1 [14,16]),
and they do not contain ascorbinase enzyme responsible for the decomposition of ascorbic
acid [17]. Owing to their contents of terpenes, alcohols, tannins, and aldehydes, sea-
buckthorn berries have a characteristic aroma [12].

The extraction of juice from sea-buckthorn berries is a complex process that may
produce changes in the chemical composition and bioavailability of nutrients in the final
product. Depending on the preservation process applied (e.g., high-temperature short-term
method; HTST), the changes that take place affect the sensory properties, mainly the taste
of the juice; on the other hand, a short-term thermal treatment process does not lead to
the degradation of ascorbic acid, the content of which decreases during the production
of the juice by about 5–11% in relation to the amount of this compound in fresh fruit.
Additional technological processes, such as filtration and clarification, contribute to a
decrease in the ascorbic acid content. The high-pressure processing (200–600 MPa) that
is applied to preserve juice does not produce changes in the quality of the final product;
however, it results in a reduced size of particles contained in the juice, enhancing the
yellow-orange colour of sea-buckthorn juice [18,19]. Both sea-buckthorn berries and sea-
buckthorn juice contain fatty acids, including oleic and palmitoleic acids, phospholipids,
and phytosterols [17]. Because these compounds are present, sea-buckthorn juice must be
separated into an aqueous fraction and an oil fraction. Lipids present in the oil fraction bind
into protein–lipid complexes with soluble low-molecular-weight proteins originating from
the malts and they reduce the stability of the structure of the beer head, which comprises
carbon dioxide molecules [3,4,20]. The high total acidity of sea-buckthorn juice, which is on
average in the range of 2.1–9.1 g·100 mL−1 depending on the variety of the raw material, is
significantly related to the content of malic and quinic acid (90% share in organic acids; [19]).
The bitter and pungent taste of sea-buckthorn juice can be balanced in combination with
other beverages, including tea, coffee, wine, and beer [21]. The addition of defatted sea-
buckthorn juice to wheat beer, which is characterised by a delicate, slightly sweet taste,
may be an interesting and original option acceptable for consumers.

The purpose of this study was to identify the physicochemical, sensory, and antioxi-
dant properties of wheat beers produced with the addition of defatted sea-buckthorn juice.
The study also assessed the applicability of the findings to expand the assortment of fruit
beers and to make use of sea-buckthorn berries in a new sector of the food industry.

2. Results and Discussion
2.1. Physicochemical Characteristics of the Wheat Beers

The findings describing the physicochemical parameters of wheat beers enhanced
with defatted sea-buckthorn juice are shown in Table 1.

The contents of the apparent extract in the wheat beer samples were in the range of
3.33–4.06% m/m; significantly higher contents of the apparent extract were found in the
beer samples with defatted sea-buckthorn juice added at a rate of 10% v/v (E10 and L10,
Table 1). The highest contents of real extract and original extract were identified in the
control samples (E0 and L0; Table 1).
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Table 1. Results of physicochemical analysis of wheat beers with defatted sea-buckthorn juice added.

Type of Beer E0 E5 E10 L0 L5 L10

Apparent extract [%; m/m] 3.33 a ± 0.06 3.58 b ± 0.02 4.06 d ± 0.04 3.52 b ± 0.02 3.85 c ± 0.05 4.01 d ± 0.01
Real extract [%; m/m] 4.81 d ± 0.03 4.61 c ± 0.04 4.52 b ± 0.02 4.51 b ± 0.01 4.49 b ± 0.04 4.33 a ± 0.03

Original extract [%; m/m] 14.88 e ± 0.10 14.04 b ± 0.04 13.48 a ± 0.06 14.38 d ± 0.08 14.25 c ± 0.05 13.59 a ± 0.04
Degree of final apparent

attenuation [%] 77.62 f ± 0.03 74.50 d ± 0.10 69.88 a ± 0.02 75.52 e ± 0.02 72.98 c ± 0.02 70.49 b ± 0.01

Degree of final real attenuation [%] 67.67 c ± 0.05 67.17 b ± 0.02 66.47 a ± 0.02 68.64 f ± 0.04 68.49 e ± 0.05 68.14 d ± 0.04
Content of alcohol [%; m/m] 5.28 d ± 0.05 4.92 b ± 0.02 4.66 a ± 0.06 5.16 c ± 0.06 5.10 c ± 0.10 4.82 b ± 0.02
Content of alcohol [%; v/v] 4.20 d ± 0.10 3.92 b ± 0.00 3.71 a ± 0.01 4.11 b ± 0.01 4.06 b ± 0.06 3.84 b ± 0.02

Colour [EBC units] 25.1 d ± 0.2 24.1 c ± 0.1 23.1 b ± 0.0 25.0 d ± 0.2 22.9 b ± 0.3 22.3 a ± 0.2
Titratable acidity

[0.1 M NaOH/100 mL] 3.46 b ± 0.04 5.44 d ± 0.03 7.55 f ± 0.04 3.05 a ± 0.04 5.15 c ± 0.05 6.21 e ± 0.01

pH 4.54 c ± 0.03 3.95 b ± 0.05 3.73 a ± 0.03 4.64 d ± 0.04 3.99 b ± 0.05 3.73 a ± 0.03
Bitter substances [IBU] 15.4 b ± 0.10 18.1 d ± 0.10 19.7 f ± 0.00 14.7 a ± 0.10 17.5 c ± 0.00 19.1 e ± 0.20

Content of carbon dioxide [%] 0.46 b ± 0.00 0.47 b ± 0.02 0.44 a ± 0.02 0.47 b ± 0.03 0.48 b ± 0.01 0.44 a ± 0.02
Energy value [kcal/100 mL] 57.22 f ± 0.10 53.21 c ± 0.10 51.02 a ± 0.06 54.48 e ± 0.10 53.98 d ± 0.02 51.35 b ± 0.10

Data are expressed as mean value (n = 3) ± SD; SD—standard deviation. Mean values within a row with different
letters are significantly different (p < 0.05). E—‘Elixer’ cultivar; L—‘Lawina’ cultivar; 0—wheat beer without
defatted sea buckthorn juice; 5—wheat beer with 5% v/v defatted sea buckthorn juice; 10—wheat beer with 10%
v/v defatted sea buckthorn juice.

The course of the fermentation process and the degree of the final fermentation
affect the content of ethyl alcohol, the basic component of beer-type beverages, which is
responsible for the sensory characteristics of beer that are perceived by consumers [22]. The
degree of the final apparent fermentation in the wheat beer samples ranged from 69.88 to
77.62%, with the highest values identified in the control samples (E0 and L0). An increase
in the concentration of defatted sea-buckthorn juice led to a significant decrease in the
final apparent fermentation by an average of 3.69% in the samples with a 5% v/v addition
of sea-buckthorn juice and by 8.33% in the samples with sea-buckthorn juice added at
a rate of 10% v/v (Table 1). The values of the final true fermentation identified in the
wheat beer samples were less varied but statistically different, independent from the beer
samples acquired from wheat malt produced from grains of ‘Lawina’ and ‘Elixer’ wheat
varieties. Similar to the degree of the final fermentation, the highest alcohol contents were
identified in the control samples (E0 and L0), whereas the beer samples with defatted sea-
buckthorn juice added at a rate of 5% v/v and 10% v/v were found with ethanol contents
that were lower on average by 4.02% and by 9.19%, respectively (Table 1). According to
Gasiński et al. [23], fruit beer should have a higher ethyl alcohol content compared to beer
that is not enhanced with fruit. The lower contents of ethyl alcohol in the investigated
wheat beer samples could be linked to the addition of defatted sea-buckthorn juice, which
contains relatively low concentrations of total sugars (on average 4.94–5.72% relative to the
variety) and reducing sugars (on average 1.59–1.83% relative to the variety; [13]); these are
processed by the yeast in the fermentation process only to a small degree. Furthermore,
the addition of sea-buckthorn juice led to an increase in the volume of the finished beer
product while decreasing the concentration of the ethanol in the investigated wheat beer
samples. A study by Nordini and Garaguso [10] showed that apple beer had an alcohol
content of 5.2% v/v, whereas beer samples enriched with orange peel were found with
an ethanol content of 6.0% v/v. On the other hand, Baigts-Allende et al. [6] reported an
alcohol content of 4.0–8.2% v/v in citrus beer and 2.5–3.5% v/v in apple beer. Yang et al. [7]
investigated apple beer and cranberry beer and reported ethanol contents of 3.5% v/v and
3.6% v/v, respectively. Patraşcu et al. [9] reported ethanol contents in lemon beer samples
in the range of 1.9–4.0% v/v, in grapefruit beer samples of 1.9–2.5% v/v, and in cranberry
beer samples of 4.0% v/v. The high ethanol content of the investigated wheat beers, in
particular in the control samples (E0 and L0), corresponded to a relatively high calorific
value of the finished product, which ranged from 54.48 to 57.22 kcal/100 mL; on the other
hand, the addition of defatted sea-buckthorn juice led to a decrease in the calorific value of
the wheat beer samples by an average of 6.2% (Table 1).
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Wheat beer as a rule is darker in colour compared to barley beer (depending on
the beer style). The wheat beer samples produced without the addition of defatted sea-
buckthorn juice (E0 and L0) were found with a slightly darker colour; however, an in-
creased concentration of sea-buckthorn juice added to the beer led to a lighter colour in
the wheat beer samples (Figures 1 and 2; Table 1). Baigts-Allende et al. [6] reported that
barley beer produced with the addition of citric fruit was found with a colour of 5.8 EBC
units, whereas apple beers were characterised by a slightly stronger colour in the range
of 6.34–9.81 EBC units. Patraşcu et al. [9] assessed the colour of lemon, grapefruit, and
cranberry beers and reported respective values of 6.75–6.83 EBC units, 16.98–17.36 EBC
units, and 5.55 EBC units.
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The addition of defatted sea-buckthorn juice to wheat beer led to a decrease in the pH
value by an average of 13.51% in the samples with a 5% v/v addition of sea-buckthorn juice
and by an average of 18.74% in the samples with a 10% v/v addition of sea-buckthorn juice
relative to the control samples (E0 and L0), which corresponded to a significant increase
in the acidity (even twofold in the case of the samples with sea-buckthorn juice added
at a rate of 10% v/v; Table 1). Adadi et al. [24] reported that the pH value and acidity
of beer enriched with sea-buckthorn berries amounted to 3.9 and 2.2, respectively. A
study by Nordini and Garaguso [10] reported that apple beer samples had a pH of 4.42,
whereas beer samples enhanced with orange peel were found with a pH value of 4.86.
Patraşcu et al. [9] investigated lemon, grapefruit, and cranberry beers, which were found
with an acidity of 4.0–4.64; 4.0–4.4; and 3.76, respectively, whereas the pH values in these
types of beer were found to be 2.85–3.09, 3.27–3.49, and 2.91, respectively. A lower pH
in beer results in a reduced growth of undesirable microflora, and consequently leads
to the greater microbiological stability of the finished beer product [23]. The addition of
sea-buckthorn juice, characterised by high acidity and a low pH, on the seventh day during
the fermentation process further reduces the risk of microbiological contamination, which
is of great importance in the production of fruit beer.

All the wheat beer samples were found with similar contents of carbon dioxide
(0.44–0.48%; Table 1). Patraşcu et al. [9] reported contents of carbon dioxide in lemon
beer samples in the range of 0.48–0.55%, in grapefruit beer samples of 0.52%, and in
cranberry beer samples of 0.55%. The contents of bitter substances in the wheat beer
samples enhanced with defatted sea-buckthorn juice were at a similar level (17.5–19.7 IBU;
Table 1) and the value increased with a higher addition of sea-buckthorn juice and was
significantly greater compared to the wheat beer control samples (E0 and L0; Table 1). The
bitter taste in the investigated beer samples originates not only from the basic raw material
used in the production of the beer (i.e., hops) but also from the added sea-buckthorn juice
(polyphenolic compounds present in juice). The bitter taste and contents of bitter substances
in beer are significantly impacted by the variety and dose of the hops applied, the degree of
isomerisation of α-acids during the process of boiling the wort with hops, and the reaction
of proteins with polyphenols contained in the malt [2,25]. Sea-buckthorn berries contain
terpenoids, tannins, as well as aldehydes and alcohols, which are responsible for the bitter
taste and characteristic aroma in products enhanced with sea-buckthorn berries [12].

2.2. Contents of Bioactive Compounds in Wheat Beers

Ascorbic acid is a chemical compound known for its antioxidant properties. The
effects produced by ascorbic acid include the strengthening of defence mechanisms; it
is also involved in the synthesis of collagen and the absorption of iron in the human
body and it promotes the transcription of mRNA and the treatment of scurvy [18,26].
Sea-buckthorn berries were reported to have high contents of ascorbic acid, ranging from
53–131 mg·100−1 g [14] to 114–1550 mg·100 g−1 [16], depending on the sea-buckthorn vari-
ety and the timing of the harvest; on the other hand, they do not contain the ascorbinase
enzyme involved in the decomposition of ascorbic acid in fruit and vegetables. Wheat beer
samples enhanced with defatted sea-buckthorn juice had low contents of ascorbic acid, and
this compound was not identified in the E0 and L0 beer samples (Table 2). Because of the
very rapid decomposition of ascorbic acid, this compound is generally not found in fruit
beers (e.g., those with the addition of lemon, grapefruit, black currant, and strawberry),
although the fruit added to the beer typically has high contents of ascorbic acid (the respec-
tive reported values being 25–53 mg·100 g−1; 4–34.4 mg·100 g−1; 181–215 mg·100 g−1; and
41.2–60 mg·100 g−1 [27]). A study by Pimentel et al. [28] used camu-camu fruit (ascorbic
acid contents in the range of 2.4–3 g·100 g−1 of fruit) to enhance Witbier-type beer. The
beer was found with an ascorbic acid content of 15.8 mg·100 mL−1.

The contents of polyphenols, bitter substances, vitamins, and melanoidins impact
the antioxidant potential of beer [29,30]. The addition of sea-buckthorn juice to wheat
beer significantly increased the antioxidant activity of the beer samples assessed using
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three methods (DPPH·, FRAP, ABTS+.), and the increase was associated with a higher
concentration of defatted sea-buckthorn juice in the wheat beer samples (Table 2). In
comparison, Nordini and Garaguso [10] reported that beer samples produced with the
addition of orange peel were found with an antioxidant capacity, assessed using ABTS, of
2.67 mM TE/L, and a reducing capacity, shown by a FRAP assay, of 5.65 mM Fe2+/L. They
also applied FRAP and ABTS assays to measure the antioxidant capacity of apple beer
and reported the respective values of 3.08 mM Fe2+/L and 1.62 mM TE/L. The addition of
juice from persimmons (kaki) to barley beer led to a decrease in the antioxidant capacity,
measured using an ABTS assay, from 6.36 mM TE/L (in a control sample made from
100% barley wort) to 1.65 mM TE/L (in samples made from 25% wort and 75% kaki fruit
juice [11]). Deng et al. [31] enhanced beer with omija fruit added during the fermentation
process and reported antioxidant activity, measured by DPPH assay, of 1.68 mM TE/L,
and a reducing capacity, assessed with FRAP, of 2.4 mM Fe2+/L. Portuguese commercial
fruit beers flavoured with lemon were reported to have antioxidant capacity in the range of
0.035–0.037 mM TE/L, according to DPPH assay, and a level of 0.008 mM TE/L, according
to an ABTS assay [32].

Table 2. Content of ascorbic acid and antioxidant activity of wheat beers.

Type of beer E0 E5 E10 L0 L5 L10

Content of ascorbic acid
[mg/100 mL] n.d. 2.5 a ± 0.4 4.5 b ± 0.0 n.d. 2.5 a ± 0.1 4.5 b ± 0.3

DPPH [mM TE/L] 2.27 b ± 0.03 2.71 d ± 0.02 2.76 d ± 0.06 2.19 a ± 0.04 2.39 c ± 0.01 2.74 d ± 0.04
FRAP [mM Fe2+/L] 2.79 b ± 0.04 3.62 d ± 0.02 3.89 e ± 0.07 2.53 a ± 0.03 3.25 c ± 0.05 4.09 f ± 0.04
ABTS+· [mM TE/L] 1.81 a ± 0.01 2.18 c ± 0.02 2.47 e ± 0.01 1.97 b ± 0.01 2.34 d ± 0.04 2.62 f ± 0.02

Data are expressed as mean value (n = 3) ± SD; SD—standard deviation. Mean values within a row with different
letters are significantly different (p < 0.05). E—‘Elixer’ cultivar; L—‘Lawina’ cultivar; 0—wheat beer without
defatted sea buckthorn juice; 5—wheat beer with 5% v/v defatted sea buckthorn juice; 10—wheat beer with 10%
v/v defatted sea buckthorn juice; n.d.—not detected; TE—expressed as Trolox equivalent (mM TE/L).

Polyphenolic compounds occurring in beer mainly originate from malt (70–80%)
and hops [11]. The way raw materials are prepared (refinement of malt), as well as
conditions during the processes of mashing and boiling with hops, significantly affect
the total polyphenol contents and the degree of the isomerisation of polyphenols in the
finished beer product [25]. Polyphenolic compounds have varied chemical structures,
which is associated with their diverse capacity for biological activity, including antioxidant
activity [33]. The polyphenols contained in beer significantly affect the sensory perceptions
of consumers, such as a sense of thickness, a bitter or sour taste, as well as a fullness of
flavour. By adding wheat malt (as a part of the input material) it is possible to increase the
total polyphenol content in the finished beer product [34]. The total polyphenol contents
in wheat beer samples enhanced with sea-buckthorn juice were on average 14.78% (5%
v/v addition) and 6.45% (10% v/v addition) higher compared to control samples E0 and
L0 (Table 3). Sea-buckthorn berries are found with total polyphenol contents in the range
of 128–490 mg ·100 g−1 depending on the variety and timing of the harvest [13,18]. The
content of polyphenolic compounds is significantly affected by the methods applied during
juice production, or more specifically by the process of fruit crushing (breaking cell walls),
as well as the thermal processes used to preserve the finished product [23]. Nardini and
Garaguso [10] reported total polyphenol contents of 639 mg GAE/L and 399 mg GAE/L,
respectively, in beer produced with the addition of orange peel and in apple beer (GAE—
equivalent of gallic acid). Gasiński et al. [23] investigated beer with the addition of mangoes
and reported slightly lower polyphenol contents in the range of 218.6–267.6 mg GAE/L.
The addition of persimmon juice led to a decrease in the total polyphenol contents in the
beer samples from 433.32 mg GAE/L (25% juice addition) to 290.34 mg GAE/L (75% juice
addition [11]). Portuguese commercial fruit beers flavoured with lemon were found with
total polyphenol contents in the range of 240–304 mg GAE/L [32].
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Polyphenolic compounds in samples of wheat beer enhanced with sea-buckthorn
juice were identified based on an analysis of characteristic spectral data: the mass-to-
charge ratio m/z and the maximum absorption of radiation. The characteristics of six
polyphenolic compounds that were identified are shown in Table 3. All the identified
compounds were flavonols, represented by derivatives of kaempferol and quercetin (in gly-
coside form). Flavone glycosides are known to have strong antineoplastic and antioxidant
properties; they are beneficial for patients with cardiovascular disease and transplants [18].
Kaempferol and quercetin glycosides produce a pungent taste in the mouth, and—to a
lesser extent—contribute to a bitter taste, which affects the sensory properties of the finished
beer product [18]. The flavonol contents in the control wheat beer samples (E0 and L0) were
in the range of 2.18–3.15 mg/L, whereas the addition of defatted sea-buckthorn juice led to
an increase in the polyphenol concentrations in the finished beer product by an average of
24.18% and by 48.85% in samples with sea-buckthorn juice added at a rate of 5% v/v and
10% v/v, respectively (Table 3). The control wheat beer samples (E0 and L0) were found to
contain three compounds, i.e., K-3-O-sophoroside, K-3-O-rutinoside-7-O-glucoside, and
K-3-O-glucoside-7-O-glucoside, which possibly originated from the hops added to the
wort during the boiling process; their mean contents were 0.79 mg/L, 0.83 mg/L, and
1.06 mg/L, respectively (Table 3; Figures 3–5). The kaempferol-O-glucoside contained in
hops is extracted even after 30 min of wort boiling (depending on the dose of the wort [35]).
The contents of kaempferol in barley beers were on average in the range of 0.10–1.64
mg/L [36,37]. The wheat beer samples enhanced with defatted sea-buckthorn juice were
found to contain the compounds Q-3-O-rutinoside-7-O-glucoside, K-3-O-glucoside, and
K-3-O-glucuronide-7-O-glucoside (Figures 3–5), which were extracted from sea-buckthorn
juice during fermentation and may have been rearranged into more complex glycoside
derivatives; notably, the concentration of the latter compound was on average two times
higher in the wheat beer samples enhanced with sea-buckthorn juice at a rate of 10% v/v
compared to the samples with a 5% v/v addition of sea-buckthorn juice (Table 3). A study
by Guo et al. [38], investigating the fruit of four sea-buckthorn subvarieties, showed the
mean contents of Q-3-O-rutinoside and Q-3-O-glucoside of 32.9 mg·100 g−1 d.w. and
39.7 mg·100 g−1 d.w., respectively. On the other hand, Chen et al. [39] reported the fol-
lowing mean contents of these polyphenols: Q-3-O-rutinoside–52.0 mg·100 g−1 d.w. and
Q-3-O-glucoside–53.3 mg·100 g−1 d.w. (d.w.–dry weight).
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2.3. Sensory Analysis of Wheat Beers

The sensory qualities of the wheat beer samples enhanced with defatted sea-buckthorn
juice determine the specific beer style and contribute to the attractiveness of the beverage
for consumers. The results of the sensory assessment of the wheat beers performed by a
panel of 11 experts are shown in Table 4 and Figures 6 and 7.
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Table 4. Sensory analysis of wheat beer.

E0 E5 E10 L0 L5 L10

Aroma 4.23 ab ± 0.41 4.18 ab ± 0.25 3.82 a ± 0.60 3.95 a ± 0.57 4.54 b ± 0.68 4.27 ab ± 0.46
Taste 3.73 a ± 0.24 4.27 ab ± 0.34 3.73 a ± 0.28 3.91 ab ± 0.44 4.54 b ± 0.52 3.77 a ± 0.28

Foam stability 3.55 a ± 0.13 3.82 a ± 0.30 3.41 a ± 0.17 3.55 a ± 0.33 3.59 a ± 0.26 3.50 a ± 0.44
Bitterness 4.00 a ± 0.17 4.09 a ± 0.14 3.82 a ± 0.25 4.18 a ± 0.37 4.27 a ± 0.34 3.64 a ± 0.12
Saturation 3.73 a ± 0.34 4.00 a ± 0.17 3.64 a ± 0.27 4.00 a ± 0.29 4.00 a ± 0.33 3.45 a ± 0.38

Overall
impression 3.86 ab ± 0.47 4.13 ab ± 0.37 3.72 a ± 0.36 3.91 ab ± 0.66 4.28 b ± 0.45 3.78 a ± 0.44

Data are expressed as mean value (n = 11)± SD; SD—standard deviation. Mean values within a row with different
letters are significantly different (p < 0.05). E—‘Elixer’ variety; L—‘Lawina’ variety; 0—wheat beer without
defatted sea buckthorn juice; 5—wheat beer with 5% v/v defatted sea buckthorn juice; 10—wheat beer with 10%
v/v defatted sea buckthorn juice.
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The wheat beer samples enhanced with defatted sea-buckthorn juice at a rate of 5%
v/v were found to have the highest sense of flavour (combination of taste and aroma),
bitter taste, and saturation, compared to the other beer samples evaluated. With regard to
the control beer samples (E0 and L0), the overall impression evaluated by the expert panel
was reflected by a score in the range of 3.86–3.91 on a 5-point scale. The lowest rating was
identified in the case of beer samples with a 10% v/v addition of defatted sea-buckthorn
juice (Table 4). Out of all the quality properties assessed, the stability of the beer head in
the wheat beer samples received the lowest rating, whether or not sea-buckthorn juice was
added in the production process. The taste and aroma of the beer are not only affected by
the raw materials used but also by the products of the fermentation process (e.g., aldehydes,
phenols, and esters), which impact the taste profile of the beer.

The sensory profile of the investigated wheat beer varied; the control samples (with
no addition of sea-buckthorn juice) had a grainy and malty flavour produced by such com-
pounds as maltol and furaneol [40]; they also had a refreshing and sweet taste, characteristic
for wheat beers (Figures 6 and 7). The sensory assessment showed that the beer samples
enhanced with sea-buckthorn juice had a stronger flavour and more refreshing quality
as well as an acidic taste, which was more pronounced in the wheat beer samples with a
higher proportional share of the juice added. According to the assessing experts, the control
samples E10 and L10 would not be accepted by consumers because of their highly acidic
taste. The assessing panel expressed an opinion that, irrespective of the wheat variety used
to produce the malt, the beer samples had a balanced taste and aroma profile, whether or
not sea-buckthorn juice was added during the production process. The interactions taking
place during the fermentation and maturation of beer between esters, sulphur compounds,
carbonyls, phenolic compounds, alcohols, and organic acids significantly affect the taste of
the produced beer [40]. Beer with a distinct fruity flavour, sweet aftertaste, and pleasant
aroma is more favoured and desirable for consumers compared to traditional types of
beer [24,41].

3. Materials and Methods
3.1. Material

Grains of two varieties of winter wheat, i.e., ‘Lawina’ and ‘Elixer’, that were used in
the production of wheat beer were obtained from a field experiment conducted in 2021 in
the village of Kosina (50◦04′17” N 22◦19′46” E), Podkarpackie Region, Poland. Grain of the
winter wheat varieties was harvested after achieving full maturity, and following a resting
period, it was used for preparing five-day wheat malts (the methodology of the malting
process was described in Belcar et al. [42]). The wheat malt of the ‘Elixer’ variety had
the following characteristics: extract potential—86.0% d.m., total protein content—11.6%
d.m., content of soluble protein—4.71% d.m., diastatic power—331 WK, and degree of final
attenuation—82.4%, whereas the wheat malt of the ‘Lawina’ variety had the following
characteristics: extract potential—85.1% d.m., total protein content—11.0% d.m., content of
soluble protein—4.42% d.m. (d.m.—dry matter), diastatic power—336 WK, and degree of
final attenuation—81.7%.

Materials used in the production of beer samples included commercially available
barley malt acquired from Viking Malt company (Strzegom, Poland). The barley malt had
the following characteristics: extract potential—80.0% d.m., total protein content—11.4%
d.m., content of soluble protein—3.75% d.m. (d.m.—dry matter), diastatic power—324 WK,
and degree of final attenuation—82.1%. The wheat and barley malts were refined to the
required particle size using a Cemotec disc mill manufactured by FOSS. The input material
used in the brewing process comprised commercial barley malt at a rate of 60% and wheat
malt at a rate of 40%.

Wheat beer samples were enhanced using defatted juice made from sea-buckthorn
berries (after sedimentation) that was produced in 2021 by the Szarłat Company (Cibory
Gałeckie, Podlaskie Region, Poland). The defatted juice had the following chemical pa-
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rameters: fat content—0.04 g/100 g, L-ascorbic acid content—44.45 mg/100 mL, extract
content—8.44%, and total acidity—3.36 g/100 mL.

3.2. Production of Beer

The production process, based on the infusion method, was carried out in the labora-
tory of the Department of Agricultural and Food Engineering at the University of Rzeszów.
Barley malt with a weight of 3.0 kg and wheat malt with a weight of 2.0 kg were refined
and placed in a brew kettle ROYAL RCBM-40N (Expondo; Poland; applied at 80% process
efficiency) with 15.0 L of water (3 L of water per each kg of malt). The processes of mashing,
boiling with hops, and chilling of beer wort were conducted in line with the methodology
described by Gorzelany et al. [8].

All six beer wort samples were found with an extract content of 12.0 ◦P. The chilled
wort samples were poured into 30 L fermentation vessels along with the yeast Saccharomyces
cerevisae Fermentis Safale US-05 (6 × 109/g), earlier subjected to a dehydration process in
line with the manufacturer’s instructions (0.58 g d.m./L of wort). The fermentation process
was carried out at 21 ◦C. After the fermentation process had continued for 7 days, defatted
sea-buckthorn juice was added to the beer in specified quantities (0, 5, or 10% relative to
wort volume) and then the fermentation process continued for the next 14 days. After
21 days, an aqueous solution of sucrose (0.3%) was added and the beer was poured into
bottles for refermentation to achieve an adequate level of carbonation. The beer was then
kept at 20 ◦C. Sensory assessment and physicochemical tests were performed one month
after the bottling.

Wheat beer produced using malt obtained from the winter wheat variety ‘Elixer’
and with no addition of defatted sea-buckthorn juice is marked E0, whereas the sample
with the 5% v/v addition of defatted sea-buckthorn juice is marked E5 and the sample
with the 10% v/v addition of sea-buckthorn juice is marked E10. Wheat beer produced
using malt obtained from the winter wheat variety ‘Lawina’ and with no addition of
defatted sea-buckthorn juice is marked L0, whereas the sample with the 5% v/v addition of
defatted sea-buckthorn juice is marked L5 and the sample with the 10% v/v addition of
sea-buckthorn juice is marked L10. A total of six variants of wheat beer were produced.

3.3. Analysis of Beer Quality Indicators

Alcohol contents [% m/m and % v/v], apparent extract [% m/m], real extract [% m/m],
original extract in beer [% m/m], degree of final apparent and real fermentation [%], total
acidity [0.1 M NaOH/100 mL], pH, colour [EBC units], carbon dioxide contents [%],
contents of bitter substances [IBU units], as well as energy value of beer [kcal/100 mL]
were determined following the methodology described by Belcar et al. [34]. The analyses
were performed in three replications.

3.4. Contents of Bioactive Compounds in Wheat Beers

The total contents of polyphenols [mg GAE/L] determined using the Folin–Ciocalteu
method, as well as the polyphenol profile of the beer samples, were measured in compliance
with the methodology described by Gorzelany et al. [8].

Determination of polyphenolic compounds [mg/L] was carried out using the UPLC
equipped with a binary pump, column and sample manager, photodiode array detector
(PDA), tandem quadrupole mass spectrometer (TQD) with an electrospray ionization (ESI)
source working in negative mode (Waters, Milford, MA, USA) according to the method
of Żurek et al. [43]. Separation was performed using the UPLC BEH C18 column (1.7 µm,
100 mm × 2.1 mm, Waters) at 50 ◦C at a flow rate of 0.35 mL/min. The injection volume of
the samples was 5 µL. The mobile phase consisted of water (solvent A) and 40% acetonitrile
in water v/v (solvent B). The following TQD parameters were used: capillary voltage of
3500 V; con voltage of 30 V; con gas flow 100 L/h; source temperature 120 ◦C; desolvation
temperature 350 ◦C; and desolvation gas flow rate of 800 L/h. Polyphenolic identification
and quantitative analyses were performed based on the mass-to-charge ratio, retention time,
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specific PDA spectra, fragment ions, and comparison of data obtained with commercial
standards and literature findings. The analyses were performed in three replications.

Contents of ascorbic acid [mg/100 mL] in sea-buckthorn berries were assessed in
conformity with PN-A-04019:1998 [44]. The analyses were performed in three replications.

3.5. Antioxidant Activity in Wheat Beers

Antioxidant capacity of fruit beers (assessed using DPPH [mM TE/L], FRAP [mM
Fe2+/L, and ABTS [mM TE/L] assays) was measured following the methodology described
by Gorzelany et al. [8]. The analyses were performed in three replications.

3.6. Sensory Assessment in Beers

Sensory assessment was performed by a panel of 11 experts (4 women and 7 men,
aged 30–40 years), in a sensory analysis laboratory in line with the EBC 13.13 method [45].
Beer samples, chilled to a temperature of 10 ◦C and coded, were served in a random order
in transparent plastic cups with a capacity of 250 mL. After each test, the experts were
given water to rinse their mouths. Sensory analysis of the beer samples was performed
using a 5-point scale, assessing the specific quality characteristics, i.e., aroma (5—very
strong, distinctive, and pleasant; 1—imperceptible aroma/ unpleasant smell), taste (5—very
good; 1—bad); beer head stability (5—highly stable; 1—unstable), bitter taste (5—weak;
1—very strong), and carbonation (5—high; 1—poor or none). The average score described
the general impression (5—excellent; 1—poor) related to the investigated wheat beers.
Additionally, evaluation of the beer samples in terms of their taste and aroma applied the
sensory profile describing the quality characteristics (malty, fruity, sweet, grainy, strong,
full, fresh, phenolic, bitter, and sour) in line with EBC 13.12 [46]. The sensory profile of the
fruit beer produced with the addition of defatted sea-buckthorn juice was compared to the
control beer (no addition of sea-buckthorn juice).

3.7. Statistical Analysis

The results of the fruit beer evaluation are shown as mean values and standard devia-
tions. The statistical analyses of the results were computed using Statistica 13.3 (TIBCO
Software Inc., Tulsa, OK, USA). The results related to physicochemical characteristics,
polyphenol contents, and antioxidant activity of fruit beer samples were examined using
the two-factor completely randomized ANOVA with a significance level of α = 0.05. The
mean values were compared using the Tukey HSD test.

4. Conclusions

The study, designed to assess the feasibility of defatted sea-buckthorn juice as an
enhancer to be used in the production of fruit wheat beers, showed that the most balanced
sensory profile (intensity, perceived bitter flavour, as well as fruity taste and aroma) is
found in beer samples enhanced with juice at a rate of 5% v/v. Additionally, these beer
samples were shown to have better colour, as well as higher polyphenol contents and
antioxidant capacity. Although the addition of defatted sea-buckthorn juice at a rate of 10%
v/v positively affected the health-promoting properties of wheat beer (with a mean content
of ascorbic acid of 4.5 mg/100 mL), the sensory properties of this type of beer were not
acceptable for the assessing panel, mainly due to its highly acidic taste. The enhancement
of wheat beer with defatted sea-buckthorn juice at a rate of 5% v/v could effectively be
applied to expand the assortment of fruit wheat beers on offer.
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