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Anna Muzykiewicz-Szymańska, Anna Nowak, Daria Wira and Adam Klimowicz
The Effect of Brewing Process Parameters on Antioxidant Activity and Caffeine Content in
Infusions of Roasted and Unroasted Arabica Coffee Beans Originated from Different Countries
Reprinted from: Molecules 2021, 26, 3681, doi:10.3390/molecules26123681 . . . . . . . . . . . . . . 109

Hanna Kowalska, Jolanta Kowalska, Anna Ignaczak, Ewelina Masiarz, Ewa Domian and
Sabina Galus et al.
Development of a High-Fibre Multigrain Bar Technology with the Addition of Curly Kale
Reprinted from: Molecules 2021, 26, 3939, doi:10.3390/molecules26133939 . . . . . . . . . . . . . . 129
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Abstract: Dietary plant polyphenols are natural bioactive compounds that are increasingly attracting
the attention of food scientists and nutritionists because of their nutraceutical properties. In fact, many
studies have shown that polyphenol-rich diets have protective effects against most chronic diseases.
However, these health benefits are strongly related to both polyphenol content and bioavailability,
which in turn depend on their origin, food matrix, processing, digestion, and cellular metabolism.
Although most fruits and vegetables are valuable sources of polyphenols, they are not usually con-
sumed raw. Instead, they go through some processing steps, either industrially or domestically (e.g.,
cooling, heating, drying, fermentation, etc.), that affect their content, bioaccessibility, and bioavail-
ability. This review summarizes the status of knowledge on the possible (positive or negative) effects
of commonly used food-processing techniques on phenolic compound content and bioavailability in
fruits and vegetables. These effects depend on the plant type and applied processing parameters
(type, duration, media, and intensity). This review attempts to shed light on the importance of more
comprehensive dietary guidelines that consider the recommendations of processing parameters to
take full advantage of phenolic compounds toward healthier foods.

Keywords: plant polyphenols; food processing; phenolic content; bioavailability; bioaccessibility

1. Introduction

Recent progress in nutrition and medicine has metamorphosed the way healthcare
is conceived and delivered. An international technology-driven revolution is driving this
rapid change from traditional healthcare to precision medicine by establishing unprece-
dented research programs and networks that prioritize diseases’ prevention and health
promotion mainly through lifestyle and diet-based approaches [1]. A recent emerging area
of precision nutrition focusing on bioavailable and metabolizable proportions of ingested
foods with claimed health benefits has been developed. In this context, plant-derived
polyphenols have been associated with several health benefits and are considered bioactive
dietary compounds [2]. Polyphenols are the largest group of dietary antioxidants known
for their ability to scavenge free radicals, donate hydrogen atoms, electrons, or chelate
metal cations [3]. Because of these mechanisms, they have protective and preventive effects
against several non-communicable diseases (NCDs), including cardiovascular diseases
(CVDs), cancer, and diabetes [4].

However, the health implications of dietary polyphenols are determined by their
bioavailability to a great extent, which is defined as the fraction of polyphenols released
from the food matrix, metabolized, absorbed, and able to impose its bioactivity on the
target cells or tissues [5]. Several factors influence polyphenol bioavailability, including the
initial content in foods, food matrix, gut microbiota, and food processing [6]. In fact, most
fruits and vegetables are not usually consumed raw. Instead, they go through industrial
or domestic processing steps (e.g., cooling, heating, drying, fermentation, etc.) that affect
their content, bioaccessibility, and bioavailability.

The main purpose of food-processing techniques is to transform raw ingredients into
food, or to transform food into other end-products suitable for human or animal consump-
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tion. Some specific objectives include extending the shelf life of ingredients and products
by inactivating pathogens or contaminating microorganisms, enhancing the bioavailability
of otherwise inaccessible nutrients, enabling variety in flavor, texture, or aroma of certain
foods, and improving the nutrient profile [7]. Domestic and industrial processing affect
phenolic compounds’ content, antioxidant capacity, bioaccessibility, and bioavailability in
different ways. While many food-processing techniques may lead to phenolic compounds’
degradation, some others enhance their absorption and bioavailability [8,9]. The final
polyphenol content and bioavailability in processed food depend, therefore, on factors
such as the nature of the process, duration of treatment, and food matrix subjected to the
processing technique [10].

Since dietary polyphenol consumption has been increasingly proposed as an effective
measure in the primary prevention and management of NCDs, it is imperative to consider
the effect of food processing on their content and bioavailability. This review aims to
summarize the effects of the most common food-processing techniques, either domestic or
industrial, on dietary polyphenol content, bioaccessibility, and bioavailability. To introduce
the topic, a glance at polyphenol types, sources, health implications, and the concepts of
bioavailability and bioaccessibility is provided.

2. Polyphenol Types and Sources

The largest antioxidant group present in the human diet is that of phenolic com-
pounds, with more than 8000 different structures identified to date [11]. Plants produce
these secondary metabolites in response to ultraviolet light or pathogen attacks [12]. The
molecular structure is based on one or several aromatic rings and at least one hydroxyl
(phenol) group. They can either have a simple structure (such as in the case of phenolic
acids) or a complex structure (such as in the case of flavonoids).

Based on their molecular structure, phenolics are divided into five main groups:
phenolic acids, flavonoids, stilbenes, coumarins, and tannins [9]. As phenolic acids and
flavonoids were mostly investigated in studies reporting the association between food
processing and polyphenol content and bioavailability, these two classes are discussed in
greater detail.

2.1. Phenolic Acids

Phenolic acids are non-flavonoid polyphenols, and their typical representatives are
hydroxybenzoic acids (e.g., gallic, p-hydroxybenzoic, vanillic, and syringic acids) and hy-
droxycinnamic acids (e.g., ferulic, caffeic, p-coumaric, chlorogenic, and sinapic acids). They
exist in bound or free form in fruits and vegetables. Grains and seeds are particularly rich
in bound phenolic acids, which are released after acid or alkaline hydrolysis or enzymatic
reactions [11]. Good sources of phenolic acids are fruits (apples, cherries, berries, and their
products, such as wine), vegetables (broccoli, lettuce, and tomatoes), legumes, cereals, and
coffee beans [13].

2.2. Flavonoids

Flavonoids are a large group of polyphenols that typically contain two aromatic rings
linked by a heterocycle. Their subclasses are distinguished by structural differences based
on this heterocycle [14]. These subgroups include anthocyanins, flavan-3-ols, flavones,
flavanones, and flavonols [11].

Flavones, flavonols, and flavanones are widely distributed in plants. Flavones and
their derivatives flavonols, as well as their acylated products, represent the largest polyphe-
nol subgroup [15]. Quercetin and kaempferol are, for example, the most commonly found
flavonol aglycones, and they alone have approximately 300 different glycosidic combina-
tions [15]. The most relevant flavone sources are citrus fruits, parsley, lettuce, and grapes,
while flavanones are mostly present in citruses and products based on them [13]. Among
all flavanones, hesperidin and naringenin are typical representatives. Good dietary sources
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of flavonols include plums, apples, onions, and blueberries, with kaempferol and quercetin
being the main representatives [13].

Flavanols are a very complex group of polyphenols, which include compounds rang-
ing from monomeric flavan-3-ols to polymeric proanthocyanidins. Proanthocyanidins are
the precursors of anthocyanidins, which are produced under acidic conditions as a result
of polymeric chain cleavage [11]. The most commonly identified monomeric flavanols
in dietary sources are catechin, epi(gallo)catechin, and their gallates [13]. Catechins are
mainly present in tea, grapes, red wine, cocoa, and chocolate [13].

Anthocyanidins are compounds responsible for the red, blue, and purple pigments
in fruits and vegetables, flower petals, and some grain varieties, such as black rice. As
they are mainly present as glycosides, they are commonly referred to as anthocyanins.
Among the 31 currently known anthocyanidins, the most frequently identified in plants are
cyanidin, delphinidin, and pelargonidin [16]. In fact, 90% of the structure of anthocyanins
is based on these compounds and their derivatives [16]. Several factors influence the color
of anthocyanins, such as pH and degree of hydroxylation. Depending on these factors,
these phenolic compounds can either give blue, red, or purple colors to plants [11]. A wide
range of plant-based foods are good sources of these phenolics, with grapes, red wine,
berries, and some vegetables being typical representatives [13].

These diverse polyphenol sources and types discussed above are valuable, and there-
fore it is worth investigating their bioavailability and health benefits in light of the scientific
literature available so far.

3. Polyphenols’ Health Benefits Related to Chronic Diseases

Oxidative stress and inflammation are common pathways that drive the progression
of many NCDs. As polyphenols impair these processes [17], incorporating higher doses
of these compounds into the human diet may be a suitable tool for primary prevention,
lowering the incidence and delaying the onset of several chronic diseases, including
cardiovascular diseases, cancer, obesity, and neurological disorders (Figure 1).
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Figure 1. Main health benefits of polyphenols related to chronic diseases.

3.1. Polyphenols Consumption and Their Effects on Obesity

Animal, in vitro, and human studies have shown that dietary anti-inflammatory and
antioxidative compounds may increase thermogenesis and energy expenditure, and de-
crease inflammation and oxidative stress, thereby facilitating weight loss and/or reducing
the rate of metabolic conditions [18]. Some polyphenols with anti-obesity properties are tea
catechins, specifically epigallocatechin-gallate (EGCG). In vitro studies on isolated EGCG
or green tea extracts have reported their potential to inhibit preadipocyte differentiation,
decrease adipocyte proliferation, and induce apoptosis. They also suppress lipogenesis
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and promote lipolysis and beta-oxidation processes [19]. A preclinical animal study has
reported that EGCG and green tea extract facilitate weight loss by lowering adipose mass in
mice fed a high-fat diet [20]. Other polyphenols with anti-obesity properties include antho-
cyanins, compounds with great antioxidant [21] and anti-inflammatory potential [22]. Few
human clinical trials have assessed the obesity-related effects of anthocyanin-rich foods;
however, the available data suggest that black soybean and red orange juice may effectively
reduce markers of inflammation and metabolic disease in overweight people [23,24].

3.2. Polyphenols Consumption and Their Effects on Cardiovascular Diseases

Oxidative stress has been linked to endothelial dysfunction, which triggers the onset
of early atherosclerosis and CVD. Thus, strategies that aim to reduce oxidative stress and in-
flammation may be promising to combat CVD-related disorders. In addition, polyphenols
can increase NO synthase activity [25], which in turn positively affects flow-mediated di-
latation (FMD). Human trial data suggest that oligomeric proanthocyanidins are an efficient
dietary intervention for improving plasma lipid profiles and anti-atherogenic components
of plasma, as observed in 70 hyperlipidemic subjects [26]. A 6-week supplementation with
162 mg of onion peel quercetin per day was reported to improve hypertensive patients’
systolic blood pressure [27]. However, a daily dose of 100 mg quercetin for 12 weeks did
not affect blood pressure in 72 healthy overweight and obese subjects, whereas it positively
affected endothelial function measured as FMD and circulating endothelial progenitor cell
counts [28]. When the findings from randomized controlled trials (RCTs) of polyphenol
supplementation were meta-analyzed, it was concluded that polyphenols could exert
beneficial effects on LDL-c, HDL-c, FMD, and both systolic and diastolic pressure, thus
supporting their implications in primary CVD prevention [29].

3.3. Polyphenols Consumption and Their Effects on Type 2 Diabetes (T2D)

Polyphenols and polyphenol-rich products can also ameliorate the risk of T2D. Polyphe-
nols are involved in attenuating postprandial glycemic responses, fasting hyperglycemia,
and improving insulin secretion and sensitivity. These implications might be explained
by their ability to inhibit the digestion of carbohydrates and intestinal glucose absorption,
stimulate insulin secretion, modulate the liver-related release of glucose, and trigger both
gene expression and cell signaling pathways [30]. Many studies have investigated the
efficacy of polyphenol supplementation at the onset of T2D. One meta-analysis of observa-
tional studies found that a diet rich in polyphenols (specifically flavonoids) may serve as a
tool to prevent the onset of T2D [31]. Regarding specific food groups, tea consumption was
reported to be inversely associated with the onset of T2D. A dose–response meta-analysis
of cohort studies suggests that consuming 4–6 cups of tea per day may decrease T2D risk
by up to 15% [32]. Other polyphenol-rich food groups linked with a reduced risk of T2D
include fruits, specifically berries and yellow vegetables [33,34].

3.4. Polyphenols’ Consumption and Their Effects on Cancer

Polyphenol supplementation can hamper cancer progression, probably because of
their involvement in cancer cell apoptosis. They were also shown to modulate cell cycle
signaling and promote cell defense systems [35]. Epidemiological studies have shown that
dietary polyphenol intake is linked with lower cancer incidence. For example, one Cana-
dian case-control study observed that high dietary flavonoid consumption could reduce
lung cancer occurrence [36], while a Korean study confirmed a similar relationship with
gastric cancer [37]. Clinical trials also support the notion that polyphenol compounds may
exert beneficial effects on disease progression [38,39]. A meta-analysis of 165 prospective
and case-control studies did not confirm the association between total flavonoid intake
and cancer risk. However, the subgroup analysis confirmed that a higher intake of some
flavonoid classes could lower the risk of some cancers, specifically colon, lung, and stomach
ulcers [40].
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3.5. Polyphenols’ Consumption and Their Effects on Neurological Disorders

Finally, the antioxidant properties of polyphenols are important for improving brain
health and function. By scavenging free radicals, they facilitate the reduction of brain
cell damage [41]. Using animal models with neurocognitive dysfunction, it has been
observed that physiological doses of flavonoids may reduce the accumulation of neu-
ropathological proteins and improve synaptic plasticity [41]. Observational studies and
RCTs suggest that dietary polyphenols, such as those present in berries, grapes, cocoa, and
green tea, may modulate processes related to cognitive health [42]. It was also reported that
resveratrol supplementation could enhance both cerebrovascular function and cognition
in postmenopausal women, implying that this polyphenol’s presence in the diet may
improve cognitive function in this specific population [43]. A meta-analysis study found
that polyphenol consumption (that is, those present in Ginkgo biloba, resveratrol, and
soy isoflavones) did not significantly affect the scores reflecting global cognitive functions;
however, they improved those scores related to verbal learning, memory, and executive
functions, while not affecting attention-related scores [29].

4. Bioavailability of Polyphenols

Along with the polyphenol content in foods and their distribution in plants, bioavail-
ability is an essential factor that directly influences and determines the biological function
of polyphenol-rich-food consumption. A distinction between bioaccessibility and bioavail-
ability should be made. Bioaccessibility refers to the fraction that mobilizes from the
food matrix and reaches the gastrointestinal system, undergoing digestion, absorption
into intestinal epithelial cells, and metabolic changes in the intestine and liver [44]. This
definition does not include their utilization in target cells or tissues, such as in the case
of bioavailability [45]. Bioavailability refers to a fraction released from the food matrix,
subjected to digestion, absorption, metabolism in the liver and intestine, and its further
distribution to target tissues and cells where it imposes its bioactivity and exerts positive
health-related effects. It is complicated to measure bioactivity owing to practical (and
ethical) issues; therefore, bioavailability definitions today do not include bioactivity [46].

4.1. Bioavailability and Bioaccessibility Assessment

As seen in the previous section, evaluating bioaccessibility is usually carried out by
using in vitro methods that simulate digestion, and in some cases, the simulation of uptake
by Caco-2 cells is also included [47]. By contrast, bioavailability is measured in vivo as the
change in plasma levels (in humans or animals) of that specific compound after an acute or
chronic administration of the food matrix containing the investigated compound [48].

According to published literature, analyses of bioavailability and bioaccessibility of
polyphenols have been carried out by using both in vitro and in vivo models. The most
utilized in vitro method is the static gastrointestinal model, and several modifications have
been applied to it, such as the addition of experiments that simulate the oral phase during
digestion or colonic fermentation. One of the models that allow the implementation of colon
fermentation experiments is the dynamic gastric model, which has been frequently applied
to study polyphenol bioavailability. In addition to in vitro models, in vivo assessments
have been performed in rats, pigs, and dogs, and the number of clinical trials in humans
has been rapidly increasing during the last decade [49].

4.2. Factors Influencing Polyphenols’ Bioavailability

It is challenging to conduct bioavailability studies because several different factors
influence it (Figure 2). Some of them are external, such as environmental factors (rainfall,
sun exposure, soil type, etc.) or the degree of ripeness. The composition of the food matrix
and the interaction between polyphenols and other dietary components (proteins, fat,
carbohydrate, and fiber), as well as the tendency of polyphenols to build complexes with
proteins, should be considered when assessing their bioavailability [10].
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The chemical structure of a specific polyphenol determines its fate during digestion
in a significant manner. Dietary polyphenols mostly exist as polymers or glycosides,
containing a glycone part (the sugar group) and an aglycone part (the polyphenol). Most
phenolic compounds resist acidic conditions during gastric digestion [50], and as they
cannot be absorbed in their native form (except for anthocyanins), the intestinal enzymes or
the colonic microbiota hydrolyze them prior to absorption. Thus, the degree of absorption
of polyphenols in the intestine greatly depends on the chemical structure and the type of
sugar present in the glycosylated form [10].

The host that ingests food containing polyphenols also influences their metabolism.
Specifically, there are two important factors: the intestinal factors and the systemic factors.
In fact, the ingested polyphenols undergo several biochemical changes in the small intestine
mainly through glycoside hydrolyzation to allow their absorption [10]. The non-absorbed
fraction of polyphenols will transit to the colon, where they are transformed by the colonic
microflora into other bioactive phenolic metabolites, followed by structural modifications
mainly in the liver prior entering the blood stream [34,51–53]. Besides the intestinal factors,
these biochemical transformations of polyphenols in the digestive tract and the type and
proportions of their derivative metabolites depend also on the host systemic factors, such
as gender, age, presence of pathologies, and genetics [10].

Finally, the processing techniques applied in domestic or industrial settings influence
the final polyphenol content in the food and thus its bioavailability (Figure 2). The studies
investigating these processing-related effects are discussed in the fifth section of this review.

4.3. Polyphenols’ Metabolism Pathway during Digestion

Some phenolic compounds are absorbed in the small intestine and those that are not
are metabolized in the colon, where glycosides are hydrolyzed into aglycones and further
degraded into simple phenolic acids [51,54]. These changes depend on their chemical
structure. For example, anthocyanidins are highly unstable and are absorbed as glycoside-
anthocyanins [55]. As they are highly susceptible to gastric conditions, a very low amount
of anthocyanins is bioavailable (approximately 0.1% of the intake) [56]. It is generally
observed that those phenolics that are absorbed in the colon have lower bioavailability
rates than those that undergo these processes in the intestine [50]. The bioavailability of
proanthocyanidins is determined by the degree of polymerization. Most of these phenolics
pass through the small intestine to the colon, where the colon microbiota modifies them [57].
Those with a lower degree of polymerization undergo more intense modifications, while
those with a higher degree form complexes with macromolecules that disables their further
modifications and absorption [58]. Diverse phenolic acids and flavan-3-ols are produced by
the reactions between proanthocyanidins and the colonic microbiota, and these products
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undergo further absorption in the colon [58]. In the case of phenolic acids, the small
intestine absorbs one part, and the colon absorbs the other [14].

After absorption by epithelial cells, phenolic acids or colonic metabolites reach the
liver through the portal vein, and they undergo conjugation processes described as phase
II metabolism (methylation, sulfation, and glucuronidation). Some conjugation processes
occur in the small intestine; however, the majority occurs in the liver [10]. Almost all
plasma phenolics are products of phase II metabolism, and these metabolites determine the
biological activity of ingested dietary polyphenols [45]. These extensive metabolic changes
produce several metabolites from a single polyphenol. Therefore, the compounds that
reach the target cells and tissues where they impose their bioactivity are very different
from the original form present in food, chemically, biologically, and in many other ways.

5. Food-Processing Techniques and Their Effects on Polyphenols Content
and Bioavailability

Vegetables and fruits are a main source of phenolic compounds. For example, several
fruits as apple, berries are very rich in polyphenols with more than 200 mg per 100 g of fresh
fruits [59]. However, the content and the bioavailability of these phenolic compounds are
influenced by the food-processing technique(s) applied. For instance, and since many food-
processing methods involve heat treatment, it is believed that higher temperatures may lead
to detrimental changes in fruits and vegetables in terms of their nutritional profile; however,
some studies observed quite the opposite [8]. A detailed analysis of 161 polyphenols and
their food-processing changes reported that domestic cooking induced notable losses in
polyphenols, with great variability between the foods. It was also observed that the food
that was investigated was often a more important factor than the process employed, thus
highlighting the importance of the food matrix [60]. Many other factors influence the fate
of polyphenolic compounds during food processing, and these relationships are briefly
presented in the following subsections, depending on the type of food-processing technique
used at both industrial and domestic sittings (Appendix A Tables A1 and A2).

5.1. Thermal Processing
5.1.1. Heat Treatment

Heat treatments are commonly applied in food processing in both domestic and
industrial settings. These treatments include boiling, frying, steaming, baking, stewing,
and roasting in traditional, microwave, and steam ovens. Heat is also utilized in other
traditional transformation processes such as toasting, coffee roasting, drying, canning,
pasteurization, and sterilization.

The fate of polyphenols during thermal processing largely depends on the method
applied. The heat ruptures cell walls, enabling the bound phenolics to mobilize to other
parts of the plant, enhancing their availability [61]. However, at the same time, they are
more prone to oxidation, and some are more or less thermostable.

Studies applying thermal treatments have shown that boiling causes the most detri-
mental polyphenol composition changes in treated samples. Steaming and frying can
preserve higher amounts of these compounds. The underlying reason might be that phe-
nolics are water-soluble, and during the boiling process, they leak into the surrounding
medium (water). As heat treatment decomposes the tissue, it enables the migration of
cellular components and nutrients into the boiling water [62]. It has been proposed that
polar media (water) might be responsible for higher losses due to polyphenol solubil-
ity in water, while nonpolar media (oil) would extract lower amounts of lipid-insoluble
polyphenols [63].

The detrimental effects of boiling were observed in the case of onions and asparagus.
A 60 min boiling process led to a 20.6% and 43.9% loss in overall flavonol content in
onions and asparagus, respectively. Notable changes were also observed in the antioxidant
capacities [64]. This was confirmed in another study, in which boiling for 1 h induced
53% and 44% degradation of quercetin diglucoside and monoglucoside in onion bulbs,
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respectively, while boiling for 30 min, frying, and roasting (in microwave and oven) caused
less severe changes [65]. The higher degradation of quercetin derivatives might have
occurred because of the difference in the surrounding medium, where water as a polar
medium led to a higher extraction of these compounds than oil and air. However, this
study also points to the polyphenol class being an important determinant—in the case
of anthocyanins (cyanidin 3-glucoside, cyanidin 3-laminaribioside, and cyanidin 3-(6′′-
malonylglucoside) and cyanidin 3-(6′′-malonyl-laminaribioside), frying caused the most
severe effects, followed by boiling and roasting [65].

Water volume can also influence the degree of polyphenol alteration during heat
treatment. Cooking in smaller volumes resulted in higher phenolic content in zucchini
(specifically rutin), beans (rutin and quercitrin), and carrots (chlorogenic acid). Accordingly,
cooking in smaller water volumes yielded lower phenolic concentrations in the surrounding
water than cooking in larger volumes [66].

Musilova et al. explored variety as an influencing factor that modulates the relation-
ship between food processing and polyphenol alterations. Four sweet potato varieties were
subjected to four different heat treatments (boiling, steaming, microwaving, and baking).
In general, heating had adverse effects on phenolic acid levels. Boiling was shown to
have the most detrimental effect: it lowered the levels of chlorogenic acid by 29% (in the
414-purple variety from Slovakia), neochlorogenic acid by 69% (in the 414-purple variety
from Croatia), and trans-ferulic acid by 29% (in the Beauregard variety from Croatia). In
contrast, all these treatments increased the levels of total polyphenols, total anthocyanins,
and total antioxidant activity, mostly in all analyzed samples [67].

Different boiling periods yielded different polyphenol profiles in foods. For example,
blanching (short-interval boiling) of kale leaves led to a 51% decrease in polyphenol content
(phenolic acids, flavones, flavonols, and anthocyanins), the lowest of which was observed
in the case of caffeic acid (28%) and the highest in ferulic acid (55%). However, cooking
for a longer time caused more severe damage, resulting in a 73% decrease in the total
polyphenol content [68].

Chumyam et al. highlighted the role of the medium in their study by comparing the
utilization of water as a medium (in the case of boiling and steaming) and no medium
(in the case of microwaving). All procedures were conducted in 5, 10, and 15 min. All
treatments significantly increased antioxidant capacity and total phenolic content in purple
skin eggplant compared with raw samples. Boiling yielded samples with the lowest levels
of total polyphenols [69]. Of all the methods investigated, 10-min microwaving resulted
in the highest total phenolic level and highest antioxidant capacity. In addition, 10-min
microwaving proved to be the best method for enhancing the antioxidant capacity of
eggplant fruits [69]. The authors proposed that phenolic and antioxidant compounds
activated by microwaving remained in eggplant fruits, while cooking by boiling and
steaming caused their leakage (either directly or indirectly) into water.

High-temperature regimes are also applied to preserve food by inactivating enzymes
and pathogen microbes, with sterilization and pasteurization as two commonly applied
treatments. In white beans, sterilization significantly decreased the total polyphenol content
after 4 and 12 months of storage (by 30 and 46%, respectively). However, these findings
may be biased by the effects of storage. This was also observed in condensed tannins;
after 12 months of storage, the concentration of these compounds was lower by 30% [70].
Pasteurization of apple juice by conventional high-temperature/short-time treatment also
led to notable losses in total polyphenols (by 32.3%). However, pasteurization with pulsed
electric field treatment reduced their levels by only 14.9% [71].

Studies have also assessed the effects of thermal processing treatments on the bioavail-
ability of dietary polyphenols. Domestic cooking of cherry tomatoes increased the bioavail-
ability of naringenin and chlorogenic acid in five test subjects [72]. Mechanical and heat
treatments applied during tomato sauce production also enhanced the plasma concentra-
tion and urinary excretion of naringenin glucuronide. This was observed in a randomized
controlled trial in which eight healthy volunteers ingested either tomato sauce or raw toma-
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toes [73]. These data confirm that heat treatment enhances the mobilization of polyphenol
bioactive compounds from the food matrix, making them more bioavailable.

The type of heat treatment is an important determinant of polyphenol bioavailability.
When cassava samples were subjected to different cooking methods, the highest total
phenolic content was observed in steaming, followed by microwaving and boiling. These
cooking methods similarly affected their availability in the subjects, although with only
slight differences, steamed samples showed a 74.5% bioavailability, while boiled and
microwaved samples obtained similar values (72.9% for boiled and 72.7% for microwaved
samples) [74]. Streaming was the best heat method, probably due to the indirect exposure
to the polar medium (water); thus, the polyphenols were retained to a higher degree in
the plant.

The form in which phenolics are present is a well-recognized factor, as observed in
carrots when exposed to heating in a microwave oven for 12 min. Although it did not
affect anthocyanin bioavailability, it increased the relative urinary recovery of non-acylated
anthocyanins without affecting the acylated anthocyanins. The authors proposed that
the acylation of anthocyanin derivatives is an important factor when investigating their
bioavailability [75].

Finally, Rodriguez-Mateos et al. [76] investigated how baking affected the content and
bioavailability of blueberry polyphenols, namely anthocyanins, procyanidins, and phenolic
acids. This RCT involving 10 healthy subjects used a baked product containing blueber-
ries, an unprocessed blueberry drink, and a matching control baked product. Processing
induced no significant changes in the total polyphenolic content; however, it significantly
lowered the amounts of anthocyanins (−42%), increased the levels of chlorogenic acid
(23%), and significantly enhanced the concentrations of flavanol dimers and trimers (36 and
28%, respectively). By determining the plasma levels of 22 metabolites assessed individ-
ually after ingestion of the test products, the authors observed that the blueberry baked
product induced mainly an increase in four metabolites (m-hydroxyphenylacetic, ferulic,
isoferulic, and hydroxyhippuric acids) and a decrease infour others (hippuric, benzoic,
salicylic, and sinapic acids) compared with the blueberry drink, without affecting the
bioavailability of the total phenolic levels [76].

5.1.2. Canning

Canning is a process that aims to produce commercially sterilized and microbiologi-
cally safe products by applying heat treatment. Canned food products can be produced
by using retorts, pasteurizers, or heat exchangers. The main aim of heat treatment is to
eliminate pathogens or microorganisms that can cause contamination, while metal contain-
ers, glass jars, and retort pouches are used to prevent spoilage by new microorganisms.
After heating, the canned product is cooled and stored at room temperature to maintain
the stability and integrity of both the food and the container/jar used [77].

Canning is reported to reduce total phenolic and flavonoid contents, mostly because
phenolic compounds leach into the surrounding medium (brine or syrup) [78]. This
extensive leaching results from the applied heat treatment, which disintegrates the cells
and tissues, enabling the migration of polyphenols into the medium.

There is also a difference in how the canning process is carried out and the correspond-
ing conditions. One study examined the differences in the effects of domestic and industrial
canning on apricots. Thermal processing imitating industrial conditions induced a higher
loss of total phenolics (13–47%), while domestic processing led to lower losses (2–33%).
This is proposed to be the consequence of the difference in temperature regimes, the more
intensive one being employed in industrial processing. Procyanidins were similarly af-
fected: the loss in domestic treatments was 2.4%, and that in industrial treatments was 44%.
Phenolic acids (hydroxycinnamic acids, 3-O-caffeoylquinic acid, and 5-O-caffeoylquinic
acid) exhibited a significant decline in both thermal processes; however, the greater loss
was observed in industrial canning [79].
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Interestingly, it has also been reported that canning may lead to the production of
some desirable compounds that are not naturally present in raw foods. Investigation of
canned peanuts showed that the retorting process damaged some phenolic compounds
(resveratrol, caffeic acid, and catechin); however, genistein (a phytoestrogen belonging to
the class of soy isoflavones), which was not measured in raw, was quantified in the canned
peanut [80].

5.1.3. Drying

Drying is a preservation process that aims to reduce the moisture content of food by
using heat and mass transfer [81]. As fruits and vegetables are prone to microbial and
biochemical spoilage due to their high water content (which can be more than 80%), drying
reduces the water activity and makes a stable end-product with an extended shelf life. Some
of these methods include vacuum-drying, solar-drying, air-drying, and freeze-drying.

Since drying involves heat treatment, the temperature regime affects the degree of
degradation of dietary polyphenols, as observed in jujube fruits. Jujube fruits were sub-
jected to different drying procedures: vacuum–microwave (480, 120 W), hot air (70, 60, and
50 ◦C), and combined methods such as pre-drying and finish-drying (60 ◦C + 480/120 W).
Freeze-drying (the control treatment) was the most efficient method for preserving total
phenolic content, while hot-air-drying caused the greatest loss in these compounds; the
highest losses were observed after applying the highest temperature. The polyphenol
content was less affected when the methods were combined. Similarly, antioxidant activity
was the highest in freeze-dried samples; high air temperature (60 or 70 ◦C) caused detri-
mental changes to antioxidant compounds [82]. In cocoa beans, total polyphenol content
decreased with an increase in temperature, with the highest decrease being observed at
60 ◦C, and the lowest at 40 ◦C. These detrimental processes may be the result of oxidation
and cellular destruction. Moisture content in beans can also be another limiting factor, as it
affects the volatility of these compounds and the degree of polyphenol solution [83].

However, the variability of the effects caused by drying is also influenced by the variety
and polyphenol class. One study assessed how two drying treatments—one involving
air-drying at 55 ◦C and the other at 75 ◦C—affected two apricot cultivars. Interestingly,
chlorogenic and neochlorogenic acid contents were observed to increase in the higher
temperature regime (in one cultivar), and catechin levels showed the same trend in both
cultivars. The authors proposed that polyphenol oxidase remained active to a great extent
and that its activity affected the higher production of these two phenolic acids. However,
the flavonol content decreased proportionally with the increase in temperature, as well as
the content of epicatechin [84].

In some cases, the lowest temperature was not the best solution for retaining high
polyphenol levels in the samples but optimizing the temperature and drying period. In
a study on cocoa beans at three temperature regimes (drying at 60, 70, and 80 ◦C), the
maximum concentration of total phenolics was reported to be in samples that were dried at
70 ◦C, and their levels decreased as the heating procedure was prolonged [85]. In another
study, the researchers subjected several berry fruits (raspberry, boysenberry, redcurrants,
and blackcurrant fruit) to drying at 50 ◦C for 48 h, 65 ◦C for 20 h, or 130 ◦C for 2 h until
a moisture content below 15% was reached. Drying at 65 ◦C was the best method in
terms of the total polyphenol content and radical scavenging activity. Higher temperatures
and longer regimes proved to be detrimental to the polyphenols in berries. Specifically,
anthocyanin levels were similar in berries dried at 50 and 65 ◦C. However, temperatures
above 100 ◦C caused the most detrimental effects on all the analyzed parameters [86].

According to the available literature, drying procedures may be used to obtain prod-
ucts with more bioavailable polyphenols. However, the final effect depends on the specific
polyphenol class or the individual compounds investigated and the temperature regime.
Kamiloglu et al. investigated the effect of home processing on the availability of total
phenolics and flavonoids in tomatoes by employing an in vitro gastrointestinal digestion
model. They observed that oven drying (70 ◦C for 36 h) yielded a two-fold higher bioavail-
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ability of total polyphenols; however, this was not the case with total flavonoids [87]. In
another study, Kamiloğlu and Capanoglu (2013) observed that an 8 d sun-drying proce-
dure at 30 ◦C positively affected the bioaccessibility of chlorogenic acid, while adversely
affecting rutin and anthocyanins (cyanidin-3-glucoside (C3G) and cyanidin-3-rutinoside) in
yellow and purple figs, which were undetectable after in vitro digestion [88]. Finally, when
conventional hot-air-drying in an oven (60 ◦C for 24 h) was compared with freeze-drying,
the authors observed that oven-drying induced more favorable changes in pumpkin flour.
The oven-dried samples had higher phenolics, bioaccessible phenolics and phenolic acids,
and antioxidant activities [89].

5.2. Cold Processing

Freezing is a preservation technique that leads to the formation of water crystals and
ice below the freezing temperature, thus slowing down biochemical and physicochemical
reactions. Consequently, it stops the activity of most pathogenic microorganisms and
enables longer shelf life of foods [90].

Chilling or cooling also reduces microbial and biochemical alterations in foods to
maintain stability but to a lesser degree (the temperature range is between −1 and 8 ◦C).
Cooling decreases the initial temperature of the food product and maintains its quality for
a longer period [90].

The literature mainly points to these low-temperature regimes as non-invasive meth-
ods for preserving polyphenols in foods, as observed by Korus and Lisiewska, who con-
cluded that freezing of either blanched or cooked kale leaves did not induce notable changes
while freezing decreased the polyphenol levels by 3% and their antioxidative activity by
7% [68]. In addition, freezing at −30 ◦C of fresh red raspberries did not alter their antioxi-
dant capacity or phenolic levels, measured as total phenolics, anthocyanins, lambertianin
C, sanguiin H-6, and ellagic acid [91]. However, in some cases, these techniques can even
enhance the content of polyphenols, such as in maqui fruits in which cooling (5 ◦C) and
freezing (−20 ◦C) increased the total polyphenol concentration. The frozen samples had
higher levels of anthocyanins, and the changes were variable. In addition, the freezing
technique was better in terms of preserving these antioxidants, as they were present in
these samples even after six months of storage [92].

One of the most important factors that affect the degree of dietary polyphenol preser-
vation during food freezing is the freezing rate, as observed in a study that reported that
slow-frozen strawberries had lower levels of monomeric anthocyanins than quick-frozen
ones [93]. Similarly, Poiana et al. observed that individual quick freezing had no significant
effect on polyphenolic compounds (total phenolic content, total monomeric anthocyanins)
in three berries: blueberry, red raspberry, and blackberry [94]. The proposed mechanism is
based on the nature of crystal formation. Freezing is a process that leads to the formation
of ice crystals, making solutes (such as anthocyanins) localized and relocating the water
molecules in the cell structure. Quick freezing induces the formation of smaller crystals,
and consequently, the cells undergo less damage during the freezing process. The thawing
process will also lead to a lower phenolic loss in quick-frozen samples because less water
migrates in the quickly frozen strawberries, and consequently, less polyphenols as well [93].

Literature on the effects of freezing/cooling on dietary polyphenol bioavailability is
scarce. One study reported that freezing by immersion in liquid nitrogen and freeze-drying
at −50 ◦C decreased the levels of total polyphenols and antioxidant activity in apples,
both before and during in vitro gastric digestion. Raw apples, which served as control
samples, retained the highest amount of polyphenols and exhibited small decreases in total
polyphenol concentrations and antioxidant activity during in vitro gastric digestion [95].
As mentioned above, freezing can damage the food matrix due to ice crystal formation,
especially in slow freezing. Consequently, polyphenols have been proposed to undergo
higher extraction during digestion, which would enhance their bioavailability. At the
same time, they are also more prone to oxidation and degradation, especially when food
undergoes thermal treatment after freezing. Accordingly, it could be expected that freezing
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would have significant effects on polyphenol bioavailability; however, there are no data to
address this question [45].

5.3. Biochemical Processing
Fermentation

Fermentation is a non-thermal process based on the activity of specific microorganisms
and their enzymes that induce chemical alterations in food components, leading to a
significantly transformed food product. Examples of such food products are fermented
milk products (yogurt or cheese), bread, vegetal probiotic beverages, vinegar and alcoholic
beverages. Today, these processes are well controlled and can yield products with desired
characteristics by selecting an appropriate bacteria or yeast [96].

Fermentation is an affordable technique that transforms grains into edible foods
by increasing their nutrient bioaccessibility and by positively affecting their antioxidant
profile and activity in the end-products. Adebo et al. found higher levels of catechin,
gallic acid, and quercetin in samples of fermented whole grain sorghum, while the total
flavonoid content, total tannin content, and total phenolic content decreased [97]. The
authors proposed that these decreases can be explained by the degradation and hydrolysis
of the phenolic compounds, while the increase might be the consequence of fermentation
by Lactobacillus strains. Another study reported an increase in total phenolic content in
whole grain millet-koji, which might result from the mobilization of phenolic compounds
from their bound form into a free form by the activity of the fermentation-produced
enzymes [98].

Legumes have also been investigated as food classes in several studies. Eight com-
monly consumed legume varieties (black cow gram, mottled cowpea, speckled kidney
beans, lentils, small rice beans, small runner beans, and two soya beans) were subjected to
fermentation by naturally present bacteria and lactic acid bacteria. All fermented legumes
had a high total phenolic content, probably owing to the biotransformation between bound
and soluble phenolics. Thus, fermentation in legumes increases the bioavailability of
polyphenols [99]. In four underutilized legumes (pigeon pea, Bambara groundnut, African
yam bean, and kidney bean), a 4-day fermentation period increased the free soluble phenol
content, whereas the bound phenolics were decreased. Free soluble phenolic compounds
from fermented samples had a significantly higher reducing power, free radical scavenging
ability, and inhibition of lipid peroxidation than the unfermented samples, confirming that
fermentation led to enhanced antioxidant activity in the legumes [100]. Thus, in both cases,
fermentation led to products with better nutrient profiles and antioxidant characteristics.

As observed in the case of heat treatment, the variety determines how fermentation
affects polyphenol compounds as well. Fermentation of five different varieties of apple
juice led to variable changes in the phenolic profile. In the three varieties, the levels
of total phenolics remained the same after the process; however, in two of them, they
decreased [101].

However, studies assessing the role of fermentation in improving red grape polyphe-
nol bioavailability have indicated that fermentation may play a minor role. In a trial
involving nine volunteers ingesting equal amounts of red wine and red grape juice (result-
ing in almost equal concentrations of anthocyanins), the authors observed higher urinary
excretion of total anthocyanins in the case of juice (0.23%) than in wine (0.18%). They
also reported that urinary recovery of five individual anthocyanins was different between
the two grape products, without reaching significance in both. Thus, they suggested that
these results might be because of the presence of ethanol in red wine [102]. This was
not confirmed by Bub et al. [103], who compared the absorption of malvidin-3-glucoside
between red grape juice, red wine, and dealcoholized red wine. The bioavailability of
this compound was similar when volunteers consumed regular wine or those without
alcohol; however, it was two-fold higher in the case of juice consumption. According to
these results, it cannot be concluded that the ethanol produced by fermentation affects the
accessibility of these red grape polyphenols.
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Black tea is another fermented polyphenol-rich beverage widely consumed in the
human diet. Both green and black teas are a great source of monomeric flavanols (catechins).
The difference between these two types of tea is in the production process. Green tea is
a product obtained by drying leaves of Camellia sinensis, while the production of black
tea involves an additional fermentation step, resulting in the synthesis of oligomeric
polyphenolic compounds from catechins. Thus, black tea contains lower levels of these
flavanols than green tea [104]. In a trial comparing the absorption rate of catechin derived
from black and green teas, the authors concluded that the tea variety did not determine the
bioavailability of these flavonols. Plasma kaempferol and quercetin levels were similar in
both cases, implying that fermentation did not affect the availability of polyphenols from
the matrix [105].

5.4. Mechanical Processing
5.4.1. Peeling

Peeling is one of the necessary preparation steps for both industrial and domestic
food processing. Peels of many fruits and vegetables contain higher concentrations of
bioactive compounds than the rest of the fruit. Some of them are discarded as agro-waste
and can be utilized as such for extracting these valuable compounds. For example, citrus
peels are abundant in phenolic compounds, such as flavanones, flavones, flavonols, and
anthocyanins [106]. Peels of some common fruits (apple, banana, mandarin, and nectarine)
are sources of non-extractable polyphenols [107].

The effects of peeling on polyphenol content have been scarcely addressed in literature.
In some cases, this preparation step does not considerably affect the food item’s antioxidant
capacity, as it is consumed without the peel, as in the case of bananas and citruses. However,
it should be noted that, for example, the white layer in citruses is abundant in polyphenols;
thus, a higher degree of peeling and removal of this layer would also lead to a lower
polyphenol content in the consumed fruit. In addition, some fruits and vegetables can be
consumed either with or without peels; thus, the difference in the polyphenol levels can
be significant.

Studies have mainly focused on determining the phenolic composition and antioxidant
activity of peels. However, few studies have addressed the effect of peeling on dietary
polyphenols. For example, a study investigating how different heat-treatment regimes
influenced onion flavonoids (quercetin and kaempferol) showed that the preprocessing
step (peeling and trimming) caused the greatest loss in flavonoid content in onions (up
to 39%) [108]. As onions contain multiple layers, the authors peeled only one layer in
some cases and peeled several layers in other cases, resulting in a significant decrease in
flavonoid content. This decrease in the flavonoid content could be because 90% of quercetin
can be found in the first and second layers in onions [109].

Peeling of fruits and vegetables prior to processing was also observed to diminish
phenolic bioactives. For example, peach puree containing peel tissues that underwent
blanching and pasteurization had 7–11% higher antioxidant activity (measured by the
β-carotene/linoleic acid assay) compared with the puree without the peel [110]. In an-
other study, peeling caused a 13–48% loss in total phenolics in peaches, ranging between
316 and 397 mg kg−1 in peeled samples and between 376 and 609 mg kg−1 in unpeeled
samples [111].

In the case of wine fermentation, there is also a big difference in whether the process is
obtained with or without grape skin. Two white wine varieties were subjected to maceration
at 5 ◦C for 24 h and further fermented with Saccharomyces bayanus BC commercial
yeast. The authors reported that the total polyphenol index (representing the level of total
polyphenols) and total flavonoids increased with an increase in alcohol content and the
degree of fermentation. Higher increases were observed in the samples that contained
skins, probably owing to a higher degree of polyphenol extraction [112].
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5.4.2. Grinding

Grinding is a processing technique to reduce the size of solid particles, using mechan-
ical forces [113]. It has been applied in the preparation of fruit and vegetable powders,
spices, tea, and coffee, as well as flour production. Most studies that assessed how grinding
affected polyphenol content in the raw food material showed that the extraction of these
antioxidants was mostly enhanced. However, this largely depends on the particle size of
the powder end-product.

Grinding of Hieracium pilosella L. (an invasive weed famous for its antiseptic, an-
tibacterial, and anti-inflammatory properties) yielded powders with enhanced antioxidant
capacity, which was followed by an increase in the content of identified flavonoids and
phenolic acids. However, this was observed only in the case of two fractions, which implies
that the granulometric class needs to be optimal to obtain the highest degree of extraction
of bioactive compounds and their corresponding activity [114]. Another study explored
the difference in phenolic content between three types of coffee: Turkish, Espresso, and
American coffee. In the case of American and Espresso coffee, fine–coarse powder exhibited
the highest total polyphenol content and corresponding antioxidant activity, while in the
case of Turkish coffee, fine–coarse and coarse powders were similar. When comparing
these three coffees, which differ according to the brewing method, Espresso exhibited the
highest antioxidant content and capacity, followed by Turkish and American coffee [115].
In tea, the reduction in the particle size of green tea leaves led to a higher decrease in almost
all catechins measured [116].

However, in some cases, the granulometric characteristics do not influence the degree
of bioactive extraction caused by grinding. For example, superfine grinding of green
propolis enhanced the extraction of bioactive compounds, resulting in increased total
phenolic content and antioxidant activity, regardless of the particle size [117].

An overview of studies investigating the effects of the main food-processing tech-
niques (type, procedure, food matrix, and investigated polyphenol), and their effects on
polyphenols content and bioavailability/bioaccessibility were presented in Appendix A
(Tables A1 and A2) respectively.

5.5. Emerging Food-Processing Technologies

Other emerging food-processing technologies, such as pulsed electric field, ultrasound
treatments, high-pressure, and pulsed-light processing, have been developed in order to
enhance the nutritive value, sensory properties, safety and preservation of several food
components, including the improvement of polyphenol bioavailability in fruits and veg-
etables [45,118]. Through several physical and biochemicals changes of food components,
these technologies contribute in reducing some food-related factors that impede polyphe-
nols digestion, improving therefore their bioaccessibility and bioavailability [119]. The
magnitude of these changes of the physicochemical and functional properties of food bioac-
tive ingredients depends on the processing technology, the process parameters/conditions,
and the food matrix [119,120]. Since we focused primarily on conventional food processing
used at both domestic and industrial settings, these emerging technologies are beyond the
scope of this review. However, it is important to investigate further their potential beneficial
effects on dietary phytophenols in future studies and reviews to optimize their process-
ing conditions according to each food matrix in order to maximize their bioaccessibility,
bioavailability and health benefits.

6. Conclusions

As a large body of research evidence strongly supports the use of polyphenol-rich
foods in the primary prevention and management of various chronic diseases, estimating
their bioavailability is of great importance to draw straightforward conclusions regarding
their actual efficacy. Since many fruits and vegetables are required to undergo food prepa-
ration prior to consumption, the summarized data regarding its influence on polyphenol
content and bioavailability provide valuable insights into the actual benefits that could
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be obtained after consumption. Among the reviewed treatments that apply thermal pro-
cessing, boiling is frequently reported to cause the most severe degradation in polyphenol
content and bioavailability, mainly owing to their extensive leaching from the food matrix
into the surrounding polar medium. Other treatments that utilize heat (such as canning
and drying) have reported variable results. In canning, the presence of the surrounding
medium plays an important role, while the intensity of the temperature regime and the du-
ration of the process influence the end polyphenol content both when canning and drying
are applied. Fermentation is reported to mainly lead to desirable changes in polyphenol
content in food; however, bioavailability studies do not support the importance of fermen-
tation in wine and black tea. Pickling can also yield products with an improved polyphenol
profile, and studies have highlighted that this effect was mostly observed after an adequate
fermentation period. Freezing and chilling are preservation techniques that are generally
considered to produce minimal alterations in dietary polyphenols. Grinding is applied to
facilitate the extraction of bioactive compounds, and this was mainly observed in polyphe-
nols, with the particle size influencing their content. Data on the polyphenol-related effects
of peeling are scarce; however, the existing evidence suggests that removing external layers
can reduce the levels of polyphenols (and supposedly their bioavailability) in fruits and
vegetables that contain polyphenol-rich peels (such as in the case of citruses). Although
the bioavailability of polyphenols has gained popularity in the research community during
the last decade, few studies have addressed this issue with regard to their bioavailability
as influenced by food processing.
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Abstract: The present study aimed to evaluate the effect of Jerusalem artichoke processing methods
and drying methods (freeze drying, sublimation drying, vacuum drying) on the basic physicochemi-
cal parameters, profiles and contents of sugars and polyphenolic compounds, and health-promoting
properties (antioxidant activity, inhibition of the activities of α-amylase, α-glucosidase, and pancreatic
lipase) of the produced purée. A total of 25 polyphenolic compounds belonging to hydroxycinnamic
phenolic acids (LC-PDA-MS-QTof) were detected in Jerusalem artichoke purée. Their average content
in the raw material was at 820 mg/100 g dm (UPLC-PDA-FL) and was 2.7 times higher than in the
cooked material. The chemical composition and the health-promoting value of the purées were
affected by the drying method, with the most beneficial values of the evaluated parameters obtained
upon freeze drying. Vacuum drying could offer an alternative to freeze drying, as both methods
ensured relatively comparable values of the assessed parameters.

Keywords: functional food; innovative food; drying; natural food; Helianthus tuberosus;
pro-healthy properties

1. Introduction

The Jerusalem artichoke (Helianthus tuberosus; (JA)) is a species of sunflower from
the genus Helianthus, belonging to the family Asteraceae, and derived from the North
America. In Europe, it has been cultivated since the 17th century [1,2]. It is characterized
by a fast growth rate, is tolerant to droughts, salinity, and frost, and is resistant to diseases
and pests [2,3]. Due to its valuable chemical composition and scientifically proven health-
promoting properties, JA has spurred a growing interest as an edible plant [4]. Its tubers
contain ca. 80% of water, 2% of protein, and ca. 20% of carbohydrates, ca. 90% of which
are represented by inulin [2]. JA is also valuable considering its bioactive compounds,
such as, e.g., polyphenolic compounds, including phenolic acids, which exhibit strong
antioxidant properties, and has also been confirmed to elicit antiviral, antibacterial, anti-
inflammatory, and anti-carcinogenic effects [1,5]. In turn, as a prebiotic and soluble dietary
fiber, inulin contained in JA tubers and stalks (considered to be its richest sources) ensures
a hypoglycemic effect in diabetes treatment. In the gastrointestinal tract, inulin undergoes
fermentation by the gut microbiota, affecting the state of eubiosis. In addition, it contributes
to the increased availability of such minerals as Fe, Mg, and Ca, and influences lipid
metabolism [1,6,7]. Furthermore, JA improves immunity and concentration, alleviates
stress, and eliminates toxic metabolites from the body [8]. Its main applications include the
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production of inulin [9], feedstuff, fructose syrup, flour, French fries, biochemical materials,
and bioethanol [10–12]. JA tubers processed with various cooking methods were evaluated
for their sensory profiles [12]. Thus, taking into account their beneficial effects of providing
valuable substances, it is necessary to develop a product with the lowest possible losses of
these valuable substances and high storage stability.

Considering the above, we proposed JA purée preserved with a properly selected
drying method. The use of the drying process will enable the preservation of the product,
making it available all year round, and not only in the maturity period. The most common
drying method is convective drying due to its low cost and relatively high efficiency [13].
In turn, sublimation drying (SD) requires high temperatures, is relatively long, which
in turn leads to large losses of compounds valuable to the human body, resulting from
the high access of oxygen [13]. On the other hand, freeze drying (FD) is the best method
to obtain products with the lowest thermal degradation of bioactive compounds during
water removal; however, it is relatively costly. Hence, vacuum drying (VD) can be an
alternative to SD because it offers a shorter drying time, due to the reduced pressure,
and heat supply by conduction [14]. In addition, it allows temperature control, which
can reduce the thermal degradation of thermolabile compounds, such as polyphenolic
compounds, and is relatively economical. However, different drying processes can affect
the quality and induce different positive or negative changes in the finished product.
Therefore, it is important to monitor these changes depending on the product being dried.
Furthermore, the impact of the technological treatment and changes induced by drying
on the content of inulin and polyphenols, and health-promoting values in the innovative
dried purée from JA (raw and cooked tubers) has not been studied so far. Considering the
above, the present study aimed to evaluate the effect of Jerusalem artichoke processing
and drying methods (freeze drying, sublimation drying, vacuum drying) based on the
analysis of physicochemical parameters, profiles and contents of sugars and polyphenolic
compounds, and health-promoting properties (antioxidant, anti-diabetic, and anti-obesity
activity) of the produced purée.

2. Results
2.1. Chemical Parameters
2.1.1. Basic Chemical Parameters

The results of analyses of six variants of dry purées obtained from fresh and cooked
JA are presented in Table 1. Both the drying methods and the purée preparation technology
statistically significantly affected the ash and pectin contents, while they had no significant
effect on the dry matter content, total acidity, and pH (p < 0.05). The FD products showed a
higher content of dry matter, ash, and pectins. In turn, the lowest contents of pectin, ash,
and dry matter were obtained in the products after SD. Therefore, this method was proved
the most advantageous for the preparation of the innovative dried JA purée; however,
due to its high costs, the VD can be used as an alternative. Taking into account the JA
preparation technology, the greatest differences were noted in SD products, where the
contents of dry matter and ash were 5% and 9% higher in the purée prepared from cooked
JA, while pectin content was 41% higher in the purée made of fresh material. In the case of
pectins, after VD and FD, their content was 12% and 28% lower in the purée made from
the cooked material than from the raw one. This is because cooking causes plant tissues
to break down into individual cells and pectins to leach out. This phenomenon is also
characteristic of potatoes and JA, but it is not observed when cooking root vegetables due
to their thicker and harder cell membranes [15]. In addition, pectin is a form of soluble
fiber that helps prevent cardiovascular diseases, diabetes, and obesity [16]. Therefore, a
purée prepared from raw JA will be a more desirable product, especially when designing
products dedicated to obese and diabetic patients.
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Table 1. The results of analyzes of purées and dried JA.

Type of Analysis FDC FDR SDC SDR VDC VDR

Dry matter (g/100 g) 98.88 ± 0.20 aa 98.88 ± 0.20 a 97.14 ± 0.19 b 92.66 ± 0.19 e 95.90 ± 0.19 c 95.60 ± 0.19 d
Water activity (aw) 0.01 ± 0.00 c 0.02 ± 0.00 c 0.15 ± 0.00 c 0.36 ± 0.00 a 0.19 ± 0.00 ab 0.11 ± 0.00 c

Ash (g/100 g) 4.28 ± 0.01 a 4.18 ± 0.01 a 4.10 ± 0.01 b 3.74 ± 0.01 c 3.88 ± 0.01 c 4.16 ± 0.01 b
pH 5.86 ± 0.01 ab 5.83 ± 0.01 ab 5.77 ± 0.01 ab 5.68 ± 0.01 b 5.80 ± 0.01 ab 5.90 ± 0.01 a

Total acidity (g/100 g) 1.08 ± 0.00 a 1.09 ± 0.00 a 1.07 ± 0.00 a 1.06 ± 0.00 a 1.09 ± 0.00 a 1.04 ± 0.00 a
Pectins (g/100 g) 3.10 ± 0.01 d 4.33 ± 0.01 a 1.44 ± 0.00 f 2.46 ± 0.01 e 3.60 ± 0.01 c 4.09 ± 0.01 b
Inulin (g/100 g) 40.08 ± 0.08 e 43.32 ± 0.09 a 43.06 ± 0.09 b 41.22 ± 0.08 c 40.94 ± 0.08 d 38.94 ± 0.08 f

Fructose (g/100 g) 0.10 ± 0.00 b 0.14 ± 0.00 b 0.12 ± 0.00 b 0.40 ± 0.00 a 0.09 ± 0.00 b 0.40 ± 0.00 a
Sucrose (g/100 g) 1.33 ± 0.00 d 1.84 ± 0.00 b 1.23 ± 0.00 d 1.61 ± 0.00 c 1.55 ± 0.00 c 2.06 ± 0.00 a

a Values are means ± standard deviation, n = 3. Mean values within a row with different letters as a, b, c, d, e, f are significantly different at
p < 0.05. Abbreviations: FDC, freeze drying of cooked material; FDR, freeze drying of raw material; SDC, sublimation drying of cooked
material; SDR, freeze drying of raw material; VDC, vacuum drying of cooked material; VDR, vacuum drying of raw material.

2.1.2. Determination of Sugar Changes

Table 1 presents the results of sugar content determination by ultra-efficient liquid
chromatography coupled with an ELSD detector. The assessed material contained three
types of sugars, i.e., inulin (accounting for 95.8% of total sugars on average from all
analyzed sample) > sucrose (3.7%) > fructose in trace amounts (0.5%). The highest amount
of total sugar was ranged from 41.4 g/100 g in sample made of raw material after the
VD drying method to 45.3 g/100 g in sample made of raw material after the FD drying
method. In turn, the highest content of inulin was determined in the purée from raw JA
after FD (43.3 g/100 g), and the lowest one in the purée from raw JA after VD (38.9 g/100 g).
Similar results concerning inulin content in the material subjected to FD were obtained
by Michalska-Ciechanowska et al. [17] and Cieslik et al. [18]. In the case of fructose, it
has been noted that the higher the inulin content was, the lower was the fructose content.
This means that inulin has not been hydrolyzed to fructose, which usually occurs by an
acid or by inulinase [19]. The authors state that JA contains the highest amounts of inulin
during the harvest period from October to December, and that in the remaining months,
inulin is hydrolyzed to a simple sugar [19]. However, it was noted that the purée made
of raw JA contained from 29% to 78% more fructose after the FD and VD drying method,
respectively, compared to the purée made of cooked JA. Thus, this may be related to inulin
hydrolysis. According to Böhm et al. [20] the 1 h heat treatment at 100 to 135 ◦C after the
acid hydrolysis of chicory inulin did not affect its degradation, which may also explain the
slight differences between the purées prepared from the cooked and raw JA.

2.1.3. Determination of Polyphenolic Compounds

The detailed identification of polyphenolic compounds in dried JA purée made of raw
and cooked material dried with all drying methods using LC-PDA-MS-QTof and UPLC-
PDA-FL showed the presence of 25 compounds, all of which belonged to the class of hy-
droxycinnamic phenolic acids (Table 2). Similar results were obtained by Kapusta et al. [21]
and Michalska-Ciechanowska et al. [17]. The obtained results indicate that the drying
method used had a significant (p < 0.05) effect on the content of polyphenolic compounds.
The highest total content of polyphenols, reaching 923.5 mg/100 g d.m., was found in the
purée made of raw JA after FD. It was about five times higher compared to the content
of polyphenolic compounds determined by Kapusta et al. [21]. Depending on the drying
method used, the result obtained after FD was 21% (made of cooked material) and 15%
(made of raw material) higher compared to the results obtained after SD and VD drying,
respectively. According to Michalska et al. [14], the drying method had a significant impact
on the final content of bioactive compounds in the finished product; hence, it is essential
to select the appropriate drying method that would allow the maintenance of a relatively
high content of the tested compounds. In the present study, the content of polyphenols
was also statistically significantly affected by the technological treatment of JA. The purée
made of cooked JA tubers contained 62% for FD, 69% for SD, and 60% for VD less bioactive
compounds than the purée obtained from the unprocessed raw material dried by FD, SD,
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and VD, respectively. Similar results were reported in the study by Laib and Barkat [22], in
which the content of polyphenolic compounds was much lower in cooked potatoes than
those that were not heat-treated. This is probably due to the fact that these compounds are
thermolabile, thus were destroyed and leached out to the solution.

Table 2. Analysis results of phenolic compounds (mg/100 g dm) in dry JA samples.

Compounds MS/MS R.t. (min) FDC FDR SDC SDR VDC VDR

Hydroxyferulic acid hexoside a 371/353/209 3.01 2.07 ± 0.00 a e 1.76 ± 0.00 b 1.36 ± 0.01 c 1.47 ± 0.01 c 1.85 ± 0.00 b 1.68 ± 0.01 b
Caffeoylquinic acid b (isomer of chlorogenic

acid)
353/191/179/135 3.31 33.25 ± 0.07 a 20.90 ± 0.04 c 20.46 ± 0.04 d 1.85 ± 0.00 f 28.39 ± 0.06 b 16.27 ± 0.03 e

Hydroxyferulic acid hexoside(isommer) a 371/353/209 3.50 2.75 ± 0.01 b 2.28 ± 0.00 c 2.31 ± 0.01 c 5.69 ± 0.01 a 2.74 ± 0.01 b 5.61 ± 0.01 a
Hydroxyferulic acid hexoside(isommer) a 371/353/209 3.66 0.40 ± 0.00 b 0.40 ± 0.00 b 0.27 ± 0.00 b 0.87 ± 0.00 a 0.35 ± 0.00 b 0.84 ± 0.00 a

Caffeoylquinic acid-quinon sulfite b 415/387/258//191/179/161 3.83 nd 87.36 ± 0.17 c nd 99.81 ± 0.20 a nd 98.14 ± 0.20 b

Caffeoylquinic acid b 353/191/179/135 3.87 2.52 ± 0.01 f 76.77 ± 0.15 c 3.47 ± 0.01 d 87.71 ± 0.18 a 2.85 ± 0.01 e 86.24 ± 0.17 b
caffeoyl-gucoside c 341/179/135 4.25 7.71 ± 0.02 f 8.63 ± 0.02 e 10.98 ± 0.02 b 10.19 ± 0.02 c 8.87 ± 0.02 d 11.37 ± 0.02 a

3-O-Caffeoylquinic acid d 353/191/135 4.36 83.20 ± 0.17 d 150.46 ± 0.30 a 51.46 ± 0.10 f 111.94 ± 0.22 c 72.38 ± 0.14 e 119.73 ± 0.24 b

Caffeoylquinic acid b 353/191/179/173/135 4.51 38.54 ± 0.08 a 11.73 ± 0.02 f 26.95 ± 0.05 c 14.21 ± 0.03 d 33.02 ± 0.07 b 13.34 ± 0.03 e

Caffeoylquinic acid b 353/191/179/173/135 4.79 14.19 ± 0.03 c 6.19 ± 0.01 d 14.26 ± 0.03 c 20.25 ± 0.04 b 14.31 ± 0.03 c 37.94 ± 0.08 a

Caffeoylquinic acid b 353/191/179/173/135 5.13 27.31 ± 0.05 e 91.61 ± 0.18 a 23.44 ± 0.05 f 71.29 ± 0.14 c 27.63 ± 0.06 d 75.10 ± 0.15 b
Caffeoyl glucopyranose c 341/179/135 5.33 4.42 ± 0.01 d 8.88 ± 0.02 c 3.02 ± 0.01 f 12.74 ± 0.03 a 3.50 ± 0.01 e 10.47 ± 0.02 b
Dicaffeoylquinic acid b 515/353/191/179/173/161 5.58 13.96 ± 0.03 b 53.89 ± 0.11 a 10.12 ± 0.02 e 11.38 ± 0.02 d 12.52 ± 0.03 c 7.90 ± 0.02 f

Dicaffeoylquinic acids- quinon sulfite b 577/415/387/258//191/179 5.75 nd 99.58 ± 0.20 a nd 77.63 ± 0.16 c nd 83.43 ± 0.17 b

Caffeoylquinic acid b 353/191/179/173/161/135 6.14 9.36 ± 0.02 d 17.15 ± 0.03 c 4.86 ± 0.01 f 21.25 ± 0.04 a 7.33 ± 0.01 e 17.84 ± 0.04 b

Caffeoylquinic acid-quinon sulfite b 415/387/258//191/179/161 6.25 nd 12.89 ± 0.03 a nd 7.78 ± 0.02 b Nd 6.04 ± 0.01 c
Hydroxyferulic acid hexoside (isomer 3) a 371/353/209 6.33 2.05 ± 0.01 d 4.47 ± 0.01 b 1.44 ± 0.01 f 4.88 ± 0.01 a 1.77 ± 0.01 e 3.36 ± 0.01 c
Hydroxyferulic acid hexoside (isomer 3) a 371/353/209 6.57 4.02 ± 0.01 b 4.70 ± 0.01 a 2.38 ± 0.01 e 2.84 ± 0.01 d 3.34 ± 0.01 c 1.80 ± 0.01 f
Hydroxyferulic acid hexoside (isomer 3) a 371/353/209 6.96 1.37 ± 0.00 d 26.36 ± 0.05 a 0.95 ± 0.00 e 24.90 ± 0.05 b 1.11 ± 0.00 e 19.28 ± 0.04 c

Dicaffeoylquinic acids- quinon sulfite b 577/415/387/258//191/179 7.04 nd 75.95 ± 0.15 a nd 71.74 ± 0.14 b Nd 55.55 ± 0.11 c

3,4-Di-O-caffeoylquinic acid b 515/353/191 7.51 36.42 ± 0.07 a 24.15 ± 0.05 c 20.28 ± 0.04 d 19.23 ± 0.04 e 31.14 ± 0.06 b 12.88 ± 0.03 f

3,5-Di-O-caffeoylquinic acid) b 515/353/191 7.77 34.89 ± 0.07 d 118.37 ± 0.24 a 17.69 ± 0.04 f 68.39 ± 0.14 c 28.66 ± 0.06 e 77.14 ± 0.15 b
Hydroxyferulic acid hexoside (isomer 3) a 371/353/209 7.94 1.38 ± 0.00 d 2.64 ± 0.01 a 0.77 ± 0.00 e 1.75 ± 0.00 c 0.90 ± 0.00 e 1.97 ± 0.00 b

1,5-Di-O-caffeoylquinic acid b 515/353/191 8.21 32.40 ± 0.06 a 14.80 ± 0.03 d 17.26 ± 0.03 c 11.24 ± 0.02 e 27.39 ± 0.05 b 9.37 ± 0.02 g
Hydroxyferulic acid hexoside (isomer 3) a 371/353/209 8.48 0.83 ± 0.00 d 1.58 ± 0.01 a 0.40 ± 0.00 f 1.14 ± 0.00 b 0.63 ± 0.00 e 0.99 ± 0.00 bc

Sum of phenolic acids 353.05 ± 19.87
d 923.53 ± 43.70 a 234.13 ± 12.35 f 762.16 ± 35.70 b 310.68 ± 17.23 e 774.28 ± 36.67 c

a The calibration curve of ferulic acid was used to quantify; b the calibration curve of 5-O-caffeoylquinic was used to quantify; c the
calibration curve of caffeic acid was used to quantify; d the calibration curve of 3-O-caffeoylquinic acid was used to quantify; e values are
means ± standard deviation, n = 3. Mean values within a row with different letters as a, b, c, d, e, f are significantly different at p < 0.05.
Abbreviations: FDC, freeze drying of cooked material; FDR, freeze drying of raw material; SDC, sublimation drying of cooked material;
SDR, freeze drying of raw material; VDC, vacuum drying of cooked material; VDR, vacuum drying of raw material; R.t., retention time; nd,
not detected.

3-O-caffeoylquinic acid (with main ion at m/z 353) and 3,5-di-O-caffeoylquinic acid
(with main ion at m/z 515) were the major compounds [17] and, on average, accounted
for 18% (from 16% of FDR to 24% of FDC) and 11% (from 8% of SDC to 13% of FDR) of
total phenolic hydroxycinnamic acids, respectively. Their contents were also significantly
dependent on the drying method and technological treatment, with the highest ones
determined in the purées prepared from raw JA after FD, while the lowest ones were in the
purée made of cooked JA after SD. During the peeling of Jerusalem artichoke, sulfur dioxide
was added to protect the color. The UPLC-PDA chromatograms (Supplementary Materials
Figure S1) of purées made of raw JA tuber revealed additional peaks of compounds,
which were identified as derivatives of quinones, i.e., phenolic acid oxidation products in
combination with a sulfite molecule. Such a combination with quinone sulfite was noted in
caffeoylquinic acid (with main ion at m/z 415), compounds, whose fragmentation ions were
found at m/z 387, 258, 191, 179, and 161, and in dicaffeoylquinic acid compounds (with
main ion at m/z 577) whose fragmentation ions were found at m/z 415, 387, 258, 191, 179,
and 161. The contribution of derivatives of quinones on the total polyphenolic compound
concentration ranged from 30% for FDR to 34% for SDR. In turn, these compounds were
not identified in the purées made of cooked JA tubers. They were probably washed out
from the root surface by the water solutions in which they were cooked. In addition, the
high cooking temperature contributed to the inactivation of enzymes that could cause
the oxidation of phenolic acids to quinones. The use of sulfur dioxide as a preservative
had a significant impact on the protection of bioactive compounds in the purées made
of raw rather than cooked material. Similar observations regarding the protection of
polyphenolic compounds were noted upon the use of sulfur dioxide in white wines [23]. In
addition, compounds such as caffeoylquinic acids (isomer of chlorogenic acid; with main
ion at m/z 353) and 1,5-dicaffeoylquinic acid (with main ion at m/z 515) were significantly
influenced by cooking, as their contents in the purées were on average 57% and 52% lower,
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respectively, compared to those determined in the purées made of raw tubers. Similar
observations were made by Laib and Barkat [22], who investigated the effect of heat
treatment, including cooking, on the content of compounds in potato tubers. The analyzed
compounds were probably released during heat treatment because some polyphenols,
including phenolic acids, may be associated with non-digestible components of the cellular
structure and may be released and/or solubilized during this structure’s damage [22,24].
Moreover, the loss of the analyzed compounds is also strongly affected by their chemical
structure, because the cooking process may differently influence compounds classified
into one subclass. These losses can be influenced by the hydroxylation pattern, particle
size, solubility, polarity, and sugar bonding [25]. Therefore, it is important to monitor
changes during the selection of the most advantageous drying technique. The best method
to obtain the dried purées turned out to be the freeze drying; however, due to its costs, the
vacuum drying seems a fine alternative. In turn, depending on the chemical composition
of the finished product, the raw material processing method can be used appropriately
when designing new products. Considering the content of bioactive compounds, it is more
advisable to produce the dried purée from raw JA tubers, irrespective of the compounds
released during processing.

2.2. Physical Parameters
Color Parameters and Water Activity

The dried purées were found to differ significantly in their color parameters as affected
by both the technological treatment and drying method (Table 3). The best in terms of
brightest turned out to be the dried purée prepared from raw JA after FD compared to that
made of boiled JA. In contrast, the use of VD and SD for product preservation caused 5%
and 9% darkening of the purée made of the raw tubers and 5% and 4% darkening of the
purée made of the cooked tubers. The a * and b * color parameters of the tested material
indicated that JA cooking intensified the green color and darkened the yellow color of the
purées, while purées made of the raw material were more yellow with a slight hue of green.
Similar dependencies were observed in the measurements of the a* and b* color parameters
depending on the drying method used; the FD purées were characterized by a light hue of
green and a dark hue of yellow. An opposite tendency was noted in SD products, revealing
a darker hue of green and a lighter hue of yellow. The results obtained for the purée after
FD were comparable with the color measurement results reported by Antal et al. [2] for JA
subjected to FD drying only. Those authors demonstrated a similar dependency; namely
that the color of the dried material depended on the drying method used, and thus the
brightest products were also obtained after FD [2].

The evaluation of the dried purées in terms of water activity (aw) showed statistically
significant differences caused by both the drying method and the method of purée prepara-
tion (Table 1). The lowest aw, reaching 0.012 for FDC and 0.015 for FDR, was determined
for the FD purée, and this value was on average 18 and 11 times lower compared to SD
and VD purées, respectively. On the other hand, the aw value determined after VD was
two times lower compared to the value determined after SD. According to the results
reported by Antal et al. [2], the aw value recorded for freeze-dried JA without technological
treatment was seven times higher compared to our study. A lower aw value of dried
fruits of Saskatoon berry was also noted after FD, whereas there was a higher value after
SD [26]. In turn, regardless of the drying method used, the purées made of raw material
were characterized by an on average 40% higher aw value. This can be explained by the
slight evaporation of water during the cooking process of [12]. However, regardless of the
drying method and preparation technology used, the aw of all dried purées was below the
critical level (aw = 0.60). This means that they meet the requirement of a product safe from
microbiological spoilage, i.e., from contamination with bacteria and mold, because the aw
value above 0.60 may cause microbiological spoilage of the finished product [2].
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Table 3. Color measurement results.

Type of Sample L * a * b *

FDR 92.51 ± 0.19 a a –1.22 ± 0.01 e 12.11 ± 0.02 c
FDC 90.22 ± 0.18 b –1.45 ± 0.01 f 10.88 ± 0.02 e
SDR 88.32 ± 0.18 c –0.40 ± 0.00 b 14.10 ± 0.03 b
SDC 85.76 ± 0.17 e –0.94 ± 0.00 d 11.67 ± 0.02 d
VDR 84.63 ± 0.17 f –0.79 ± 0.00 c 14.05 ± 0.03 b
VDC 86.99 ± 0.17 d –0.26 ± 0.00 a 14.59 ± 0.03 a

a Values are means ± standard deviation, n = 3. Mean values within a row with different letters as a, b, c, d, e, f
are significantly different at p < 0.05. Abbreviations: FDC, freeze drying of cooked material; FDR, freeze drying of
raw material; SDC, sublimation drying of cooked material; SDR, freeze drying of raw material; VDC, vacuum
drying of cooked material; VDR, vacuum drying of raw material.

2.3. Pro-Healthy Properties

The study also determined the health-promoting properties of JA preserved using
various drying methods. The purées were analyzed in terms of their antioxidant, anti-
diabetic (the ability to inhibit α-amylase and α-glucosidase), and anti-obesity properties
(the ability to inhibit pancreatic lipase). Finding effective inhibitors of α-amylase and
α-glucosidase would allow a delay in sugar absorption and a reduction in postprandial
blood glucose. On the other hand, finding an effective inhibitor of pancreatic lipase activity
by stimulating the cell membrane permeability would enable the apt functioning of the
pancreas as a gland responsible for the proper insulin secretion. Additionally, pancreatic
lipase is a key dietary fat-absorbing enzyme responsible for the hydrolysis of triglycerides
to 2-monoacylglycerides and free fatty acids that can be absorbed by enterocytes. Its
inhibition is used to reduce the rate of dietary fat absorption and, therefore, may offer an
alternative approach to treating overweight and obesity [27].

The analysis of the antioxidant activity of the studied variants of JA purées showed that
the greatest antioxidant effect was obtained in JA dried using the vacuum and sublimation
methods (Table 4). It was proved that not only the drying method, but also the type of raw
material used for drying, played a significant role in modeling the antioxidant properties
of the tested material. Hence, a much better effect in developing the health-promoting
properties was obtained by drying fresh than the previously cooked material.

A slightly different trend was observed in the JA ability to inhibit pancreatic lipase,
α-amylase, and α-glucosidase (Table 4). A more effective inhibitor turned out to be SDC.
An opposite effect was observed with the vacuum method. It was shown to be the most
effective in modeling both anti-diabetic and anti-obesity properties. Moreover, as in the
case of antioxidant properties, it appeared more effective to dry fresh raw material than
the cooked one. In general, it can be concluded that the produced dried purées were
characterized by a high anti-diabetic potential—similar results were obtained for both
α-amylase (IC50 values from 130 µg/mL to 736 µg/mL) and α-glucosidase (IC50 values
from 120 µg/mL to 898 µg/mL). A study by Wang et al. [28] has shown that the ability
to inhibit α-glucosidase is stimulated by hydroxycinnamic acid derivatives. However,
no such trend was observed in the present study. It has been shown that procyanidin
polymers can also be involved in enzyme inhibition. This tendency was confirmed by
Boath et al. [29], who suggested that fruit extracts rich in procyanidins were effective
inhibitors of α-amylase because they had the ability to form tannin–enzyme complexes,
which effectively inhibited the hydrolysis of polysaccharides to simple sugars. Other
authors have shown that the effective blocking of diabetes-related enzymes may be due to
high concentrations of inulin [30].
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Table 4. The degree of metabolism and absorption of sugars derived from JA products.

Type of Sample α-Glucosidase α-Amylase Pancreatic Lipase ABTS FRAP

IC50 (mL/mL) IC50 (ug/mL) IC50 (mL/mL) (mmol TE/100 g dm) (mmol TE/100 g dm)

FDR 166.70 ± 0.33 e a 177.98 ± 0.36 c 43.75 ± 0.09 c 3.73 ± 0.01 d 1.69 ± 0.01 e
FDC 193.29 ± 0.39 f 297.90 ± 0.60 f 45.86 ± 0.09 e 7.65 ± 0.02 a 2.67 ± 0.01 a
SDR 123.60 ± 0.25 b 136.98 ± 0.27 b 31.48 ± 0.06 a 2.78 ± 0.01 f 1.46 ± 0.00 f
SDC 135.52 ± 0.27 c 185.87 ± 0.37 d 58.34 ± 0.12 f 6.91 ± 0.01 c 2.60 ± 0.01 b
VDR 150.94 ± 0.30 d 221.19 ± 0.44 e 45.06 ± 0.09 d 2.85 ± 0.01 e 1.97 ± 0.01 d
VDC 120.31 ± 0.24 a 129.97 ± 0.26 a 33.08 ± 0.07 b 7.09 ± 0.01 b 2.14 ± 0.01 c

a Values are means ± standard deviation, n = 3. Mean values within a row with different letters as a, b, c, d, e, f, are significantly different at
p < 0.05. Abbreviations: FDC, freeze drying of cooked material; FDR, freeze drying of raw material; SDC, sublimation drying of cooked
material; SDR, freeze drying of raw material; VDC, vacuum drying of cooked material; VDR, vacuum drying of raw material.

It should be emphasized, however, that JA was the most effective pancreatic lipase
inhibitor. The IC50 values determined for this enzyme ranged from 31 µg/mL (air-dried
Jerusalem artichoke, previously cooked) to 58 µg/mL (air-dried JA, fresh). The observed
trend may again be due to the high concentration of inulin in this product. Recently, it has
been proved that inulin effectively prevents the occurrence of obesity and diabetes, i.a., by
lowering the blood levels of triglycerides, cholesterol, and glucose [31].

The conducted research has shown that JA is an interesting raw material with a
wide spectrum of health-promoting properties that can be modulated in certain ranges by
selecting appropriate processing and preservation methods.

3. Materials and Methods
3.1. Materials

Acetonitrile, formic acid, methanol, ABTS (2,2′-azinobis(3-ethylbenzothiazoline-6-
sulfonic acid), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 2,4,6-tri(2-
pyridyl)-s-triazine (TPTZ), 2,2-Di(4-tert-octylphenyl)-1-picrylhydrazyl (DPPH), methanol,
acetic acid, 2,2′-azobis (2-amidino-propane) dihydrochloride (AAPH), fluorescein disodium
(FL), potassium persulfate, TPTZ (2,4,6-tripyridyl-1,3,5-triazine), FeCl3, phloroglucinol, 3,5-
dinitrosalicylic acid, potassium sodium tartrate tetrahydrate, sodium phosphate monobasic,
starch from potato, α-amylase from porcine pancreas (type VI-8), dipotassium hydrogen
orthophosphate dihydrogen, p-nitrophenyl-α-D-glucopyranoside, α-glucosidase from Sac-
charomyces cerevisiae (type I), sugar, and polyphenolic standards were purchased from
Sigma-Aldrich (Steinheim, Germany). Acetonitrile for ultra-performance liquid chromatog-
raphy (UPLC; gradient grade) and ascorbic acid were from Merck (Darmstadt, Germany).

Helianthus tuberosus was harvested at the organic cultivation Gospodarstwo Rolno-
Ogrodnicze Marek Strojs in Kalisz (Poland). Jerusalem artichoke (around 10 kg) “Albik”
cultivar was collected in August 2020.

3.2. Sample Preparation

The production process of dried Jerusalem artichoke purée included 3 main stages:

(a) Peeling: samples were peeled for 3 min at room temperature with the addition of
0.5% sodium metabisulfate dissolved in water (1:1) on a modified vegetable peeler
(YATO YG-03087 firmy (TOYA S.A Wrocław Poland).

(b) Preparation of two variants of material for drying, i.e., from fresh and cooked raw
material: (i) in the first variant, 1 kg of peeled fresh material was ground in a Ther-
momix Varoma with the addition of 0.5% sodium metabisulphate (5 min/20 ◦C);
whereas (ii) in the second variant, 1 kg of peeled Jerusalem artichoke was cooked in a
basket of the Thermomix in water with the addition of 0.5% sodium metabisulphate
(30 min/98 ◦C); afterward, the water was drained and the cooked sample was ground
(5 min/20 ◦C).

(c) Drying: both cooked and raw samples were dried using three methods: (i) freeze
drying (FD)—carried out in a freeze dryer—(Christ Alpha 1–4 LSC; Osterode am
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Harz, Germany) for 24 h, (ii) sublimation drying (SD)—carried out in a (KC 100/200
Wytwórnia Aparatury Elektronicznej i Medycznej Warszawa) for 8 h at 80 ◦C, (iii)
vacuum drying (VD)—carried out in a VACUCELL 111 ECO LINE vacuum dryer
(MMM Medcenter Einrichtungen GmbH, Planegg, Germany) for 8 h at 80 ◦C.

All drying experiments were performed in duplicate. The samples obtained were
milled by a laboratory mill (IKA A.11, Wilmington, NC, USA), and vacuum sealed. The
powders were kept in a freezer (−20 ◦C) until the extracts’ preparation.

3.3. Chemical Parameters
3.3.1. Basic Parameters

The dry matter was determined by mixing the sample with diatomaceous earth, pre-
drying, and final drying under reduced pressure. Total acidity was extracted by mixing
with water in 100 mL flasks, cooking for 20 min, and cooling for 20 min. Total acidity (TA)
was analyzed supernatant (8 mL) by the titration of products with 0.1N NaOH to pH 8.1
and the results were expressed as g malic acid/100 g. TA and pH were determined using
an automatic pH titrator system (TitroLine 5000, Xylem Analytics GmbH, Weilheim in
Oberbayern, Germany). The soluble solids content, dry matter, titratable acidity, and ash
were taken according to European Standards, PN-EN 12143:2000, PN-EN 12145:2001, and
PN-EN 12145:2000, PN-EN 450:1998, respectively. Pectin content (g/100 g) was measured
according to the Morris method reported by Pijanowski et al. [32]. All measurements were
taken three times.

3.3.2. Determination of Sugar by HPLC

An analysis of sugar by the HPLC-ELSD method was performed according to the
protocol described by Oszmiański and Lachowicz [33]. Calibration curves (R2 = 0.9999)
were created for glucose, fructose, sorbitol, and sucrose. All data were obtained in triplicate.
The results were expressed as g per 100 g dm.

3.3.3. Polyphenolic Compounds by UPLC

The extraction of the samples for phenolic compounds and their chromatographic
analysis were performed exactly as described by Oszmiański and Lachowicz (2016). The
samples were analyzed by an Ultra-Performance Liquid Chromatography Photodiode
Array Detector (UPLC-PDA; Acquity UPLC System, Waters Corp., Milford, MA, USA). The
study identified phenolic acids and their sums were calculated as chlorogenic acid, which
is based on dominant compounds and compared with reference standards (Figure S1). All
results were taken in triplicate and shown as mg/100 g dm (dry mass) of sample.

3.4. Physical Parameters
3.4.1. Color Parameters by CIE Lab System

The color properties (L *, a *, b *) of prepared products were determined by reflectance
measurement with a Color Quest XE HunterLab colorimeter (Biosens, Warsaw, Poland).
The samples were filled in a 1-cm cell, and L*, a*, b* values were determined using
Illuminant D65 and 10◦ observer angle. Samples were measured against a white ceramic
reference plate (L * = 93.92; a * = 1.03; b * = 0.52). The total change in color of powders
(DE *) [34] and also EP, and Dom WL were measured. The data were the mean of three
measurements.

3.4.2. Water Activity

Water activity (aw) was measured in triplicate (n = 3) at 25 ◦C ± 2 using an AQUA
LAB DewPoint water activity meter (Pullman, WA, USA) [26].
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3.5. Pro-Helathy Properties
3.5.1. The Antioxidants Activity

The extraction procedure of the radical activity (ABTS), reducing potency (FRAP), and
the oxygen radical absorbance capacity (ORAC) test was the same for all determinations
and was carried out identically, as described by Lachowicz, Świeca, and Pejcz [35], and
Nowicka, Wojdyło, Laskowski [36]. The FRAP, ABTS, and ORAC tests were prepared as
previously described by Benzie and Strain [37], Re et al. [38], and Ou et al. [39], respectively.
The antioxidant capacity was expressed as millimoles of Trolox per 100 g of sample. The
ORAC assay was carried out on an RF-5301 PC spectrofluorometer (Shimadzu, Kyoto,
Japan). Measurements by means of ABTS, and FRAP method involved a UV-2401 PC
spectrophotometer (Shimadzu, Kyoto, Japan).

3.5.2. Activity of α-Amylase, α-Glucosidase, Pancreatic Lipase Inhibitors

The α-amylase and α-glucosidase inhibitory effect of the sample extracts was assayed
according to the procedure described previously by Nowicka, Wojdyło, Samoticha [36]
while the inhibition of lipase activity was determined according to Podsędek et al. [40],
respectively. Acarbose was included in the case of α-amylase and α-glucosidase as a
positive control, while the orlistat was used as a positive control for pancreatic lipase. The
results were expressed as IC50 value.

3.6. Statistics Methods

Statistical analysis was conducted using Statistica version 13 (StatSoft, Krakow, Poland).
Significant differences (p ≤ 0.05) between means were evaluated by two-way ANOVA and
Tuckey’s multiple range test. All data included in this study are presented as the mean
value ± standard deviation and were performed at least three times.

4. Conclusions

The analyses of the content of polyphenolic compounds and the health-promoting
activity of selected purée variants showed that the best results were obtained in JA dried
with FD. It has been proved that not only the drying method but also the type of raw
material used for drying played a significant role in modulating the antioxidant, anti-
diabetic, and anti-obesity properties of the tested material. Hence, much better effects
regarding the contents of pectin and health-promoting compounds as well as modeling
health-promoting properties were obtained by drying the raw rather than the previously
cooked material. The best effects of preserving the natural light color after production were
obtained in the freeze-dried samples; however, due to the high costs of this method, it can
be replaced by vacuum drying.

Supplementary Materials: Supplementary Materials Figure S1: chromatograms registered at 280 nm
of dried purée from Jerusalem artichoke: with derivatives of SO2 (1), without derivatives of SO2 (2).
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Abstract: Plant polyphenols offer several benefits for the prevention of diverse illnesses. Fruit’s edible
and inedible parts (pulp, seeds, peels, stems, flowers) are important sources of polyphenols. Different
industrial processes for fruit treatment and commercialization affect the total polyphenol content
(TPC), and probably the biological activity. The purpose of the present work was to determine the
TPC and antioxidant activity (by DPPH) of polyphenols extracted from the pulp and seeds of Mauritia
flexuosa (aguaje), in fresh and dehydrated forms, in order to determine the possible connection with
the quantity of polyphenols and their specific antioxidant activity. The highest phenolic content for
M. flexuosa seeds in fresh form (non-dehydrated) was 270.75 mg GAE/100 g with a 96-h extraction.
With respect to the dehydrated samples, the best yield was quantified in the 96-h dehydrated seed
sample. For all pulp and seeds, dehydrated for 24, 48, and 96 h, TPC showed a slightly decreasing
pattern. The DPPH results were the highest in the 96-h dehydrated samples and the differences
among all dehydrated pulp and seed samples were minimal. More studies testing the presence of
other antioxidant components could help in understanding the detailed antioxidant activity, and
related more to the specific action, rather than only total polyphenol content.

Keywords: polyphenols; antioxidant activity; Mauritia flexuosa (aguaje); controlled dehydration

1. Introduction

The antioxidant benefit of fruit consumption is mainly connected to the polyphenol
content; these types of phytochemicals display several other functions [1,2]. Multiple
publications have reported improved lipid metabolism in overweight and obese humans
due to a regular diet inclusion of plant polyphenols [3–5]. These phytochemicals offer a
protective activity, leading to health benefits; several studies relate oxidative stress with the
development of diseases such as cardiovascular diseases, neurodegenerative disorders, and
cancer [6,7]. With respect to ovarian cancer, there is histological evidence of aortas showing
promising anti-proliferative and anti-inflammatory effects and leading to a reduction of
cancer cell viability [8,9]. Given the multiple health benefits of polyphenols, it is of general
interest to know the phenolic content and major phenolic compounds, such as flavonoids,
found in regularly harvested and consumed fruits [10–12].

The oxido-reducing activity of compounds containing phenolic rings is the most
studied biological property in plant polyphenols. This type of chemical reaction is rep-
resentative of a misbalance in oxidizing and reducing compounds; which at the cellular
level can lead to molecular damage [13]. Plants and fruits can contribute to the reduction
of negative side effects in different pathologies.

Commonly known as buriti plant, Mauritia flexuosa (Arecaceae) is a palm broadly
cultivated in Colombia, Venezuela, the Guianas, Trinidad, Ecuador, Peru, Brazil, and
Bolivia [2,14]. The fresh form of M. flexuosa fruits (Figure 1) has an orange, soft, water-
soluble, and edible pulp and numerous small circular dark red and brown flat seeds. Several
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South American aboriginal groups use this Amazonic fruit for medicinal purposes [15–19].
The mesocarp oil is used to treat respiratory symptoms, pneumonia, influenza, snake bites,
and heart problems [20]. In Colombia, M. flexuosa is also named “aguaje” [2].

Figure 1. (a) Mauritia flexuosa (aguaje) palm and fruit (seedless pulp) [2]. (b) Dehydrated aguaje
samples, seeds and pulp.

Different variables can affect the total polyphenol content (TPC) and the antioxidant
capacity of fruits, such as passing from a fresh to a dehydrated long-shelf-life state. This
is still an area of active research, while conflicting results have been reported in the litera-
ture [21–23]. Information is lacking with respect to the specific activity and bio-accessibility
of polyphenols, especially due to structural alterations, such as ring modifications, and
polyphenol interaction with other food matrixes based on high or low water contents [24,25].
Multiple studies have focused on testing total phenolic content and antioxidant activity in
M. flexuosa, but a comparison of the influence in dehydration states in pulp or seeds and
its connection to antioxidant activity is still lacking in information and research [26–29].
The contradicting results show that some studies highlight decreasing TPC and higher
antioxidant activity, while others report the opposite situations tested in a different food
matrix, such as grapes, onions, rice, and other vegetables [30–33]. The goal of the present
study was to determine a comparative approach to polyphenols from M. flexuosa, with high
and low water content (fresh and de-hydrated samples), under active interconversion, and
their relation to effective antioxidant activity.

2. Results and Discussion
2.1. Food Matrix Dehydration and Polyphenol Extraction

Samples of M. flexuosa pulp and seeds were treated by extraction and a controlled
dehydration process at four different times (24, 48, 72, and 96 h). The biggest weight
difference was recorded for the first 24 h of dehydration. The water content in pulp and
seeds was approximately 85% and 44%, respectively. Dehydrated weights were stable at
96 h at 50 ◦C. Considering the high difference in water content for pulp and seeds, the
dehydration pattern (Figure 2) yielded similar values.

Polyphenols from fresh pulp and seeds were extracted in ethanol (80% w/v) and more
polyphenol extractions were done with seeds and pulp at three dehydration intervals (24,
48, and 96 h). The comparative extraction looked for differences in polyphenol content,
based on conflicting studies that reported higher phenolics and antioxidant activity in fresh
fruit, seeds, or peels [34,35]. Figure 3 shows the comparative values for total polyphenol
content from pulp and seeds in fresh or dehydrated form.
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Figure 2. Dehydration curve for M. flexuosa, pulp and seeds at a constant 50 ◦C from 0 to 96 h.

Figure 3. TPC (mg of gallic acid equivalents per 100 g) of fresh and dehydrated pulp and seeds of
(a) M. flexuosa (aguaje) fresh and dehydrated pulp and seeds for the initial experimental assay and
(b) TPC in M. flexuosa dehydrated pulp and seeds in a second assay. Data are means (±standard
deviation), and lower-case letters represent significant differences, for total polyphenol content in mg
GAE/100 g of initial sample, based on ANOVA followed by Tukey test (p < 0.05).

2.2. Total Polyphenol Content (TPC)

Polyphenols that were initially extracted from the fresh pulp of aguaje at 0 h of
dehydration and the samples of fresh pulp that continued with the extraction process
for another 96 h, in the dark without stirring, registered the lowest TPC with statistical
significance, with respect to the phenolic content in fresh and dehydrated (96 h) seeds,
registering approximately 90 mg GAE/100 g. The highest TPC was detected in fresh and
dehydrated aguaje seeds (dehydration at 96 h) yielding more than 270 mg GAE/100 g in
fresh seeds, as shown in Figure 3a that represents the results for the first experimental assays.
The best aqueous conditions for polyphenol detection and reactions (fresh pulp matrix)
did not favor higher TPC. These results suggest, coinciding with other researchers, that
higher phenolic presence is more connected to the food matrix and the solvent affinity due
to polyphenol polarity [35]. Nevertheless, in comparison with other fruits, we registered
a high TPC; other studies reported M. flexuosa, with TPC values of 435.08 ± 6.97 and
362.90 ± 7.98 mg GAE/100 g of the whole pulp in fresh form [29,36]. The results here
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differed with studies where the TPC in fresh fruit, after food processing, was lowered or
lost due to temperature or processing changes [31,32].

For the second experimental assay, concerning the TPC results for dehydrated M.
flexuosa pulp and seeds, as shown in Figure 3b, a regular decreasing TPC pattern from 24 to
96 h of dehydration was registered. TPC values at the three different dehydration points
were higher than the TPC in fresh pulp and seeds; the highest TPC was quantified at 24 h of
dehydrating pulp and seeds at a constant 50 ◦C. The results at 48 and 96 h yielded slightly
lower TPC values with statistical significance. The lowest phenolic content was measured
in dehydrated pulp at 96 h (149.28 ± 0.81 mg GAE/100 g). This decreasing trend in phenolic
concentration is consistent with research done with the purpose of evaluating TPC values
in fruits processed with long effective storage time for exportation purposes [31].

2.3. Antioxidant Activity, DPPH (2,2-Diphenyl-1-picrylhydrazyl) Radical Scavenging Assays

The results for the antioxidant action of phenolic compounds, extracted in ethanol
80%, in a fresh and dehydrated matrix at different times for M. flexuosa (aguaje) samples
are shown in Figure 4, showing the comparative results for two different experimental
assays. The total inhibitory concentration, IC 50%, that yielded the best output was due to
phenolics in dehydrated seeds at 96 h (78.28 ± 0.67 mg AAE/100 g of dehydrated sample).
All DPPH results were higher in the extractions from fresh or dehydrated seeds. In both
assays, Figure 4a,b, the antioxidant activity registered an increasing tendency. The best
DPPH results, with statistical significance, were detected in M. flexuosa pulp and seeds
dehydrated for 96 h.

Figure 4. Antioxidant activity (mg AAE/100 g FP) of extracts in two different experimental assays.
(a) fresh and dehydrated M. flexuosa) and (b) dehydrated pulp and seeds at different times. Data are
means (±standard deviation) and lower-case letters represent significant differences, for antioxidant
activity of aguaje extracts according to DPPH (IC 50%), based on ANOVA followed by a Tukey test
(p < 0.05).

These results for antioxidant activity coincide with the assays, in the same fruit, where
other parts of the plant were evaluated [26,37]. The dehydration approaches in the present
work led to improved DPPH values, with respect to the previously cited studies. The
results are comparable and coincide with studies applying more complex dehydration
processes [38,39]. Figure 5 represents a summary display of the dehydration process with
respect to TPC and antioxidant activity seen in M. flexuosa pulp and seed extracts, as a
comparative base for the various other studies.
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Figure 5. TPC (mg of gallic acid equivalents) and DPPH (mg ascorbic acid equivalents) in M. flexuosa
(aguaje) pulp and seeds with respect to a constant dehydration pattern from 0 to 96 h. The stable
flattening dehydration pattern is connected to lower TPC values and higher redox activity. From
72 to 96 h, the weight differences were stable, and statistical significance was registered at different
points in the dehydration process.

Studies evaluating the biological activity of polyphenols in red raspberries showed
that dehydration led to a lowering polyphenol content and less antioxidant activity, while
the rate of this reduction was connected to the dehydration method, and this showed that a
high dehydration temperature was linked to polyphenol content loss [40,41]. Increasing
temperature promotes higher solubility and diffusion coefficient of polyphenolic com-
pounds into the extracting solvents, and higher temperatures also enhance the penetration
of solvents into the cell matrix; hence, increasing the TPC of the extracts [41].

Furthermore, the results confirmed a positive correlation between the total polyphenol
content and the antioxidant activity for the aglycone compounds undergoing the drying
process (74.7%). These lowering TPC values may be due to oxidative and thermal degra-
dation of the phenolic compounds [42,43]. The major phenolic content drop, during fruit
processing at high temperatures in enzymatic reactions, could be related to the action
of oxidative enzymes such as polyphenol oxidases (PODs) and polyphenol peroxidases
(PPOs) [43,44]. PODs can enhance the degradation of phenols when coexisting with PPOs;
both the PPO and POD enzymatic activities play a key role in determining the phenolic
profile of olive oil. In contrast, low temperatures during the dehydration process decrease
the oxidation of volatile compounds [45].

When Cabernet Sauvignon and Merlot grapes were dried using a constant low temper-
ature (7 ◦C) for several weeks, there was an increase in TPC and antioxidant activity [46].
This could be due to the effect of the concentration of the phenolic compounds as a result
of water loss caused by the dehydration, even if the constant temperature (40 ◦C) was
higher [47]. The results in these two previous studies partially coincide with the findings
in the present work, with respect to the higher antioxidant activity of polyphenols in
dehydrated aguaje fruit samples, but differ with respect to the decreasing phenolic content
during d the dehydration process.

In a study evaluating the redox activity of phenolics from goldenberry, the levels of
TPC and antioxidant activity (determined with the ferric reducing antioxidant power FRAP
method) increased in dehydrated samples [20]. Furthermore, the highest TPC was regis-
tered in samples that were dried at 90 ◦C, coinciding with the results in this study, where
samples were dehydrated at lower temperature (50 ◦C). The interconversion of phenolic
compounds at high temperatures might be caused by the availability of phenolic precursor
molecules through the non-enzymatic rearrangement between phenolic molecules [48].
This higher phenolic content may originate from the disruption of cell walls during pro-
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cessing or the breakdown of insoluble phenolic compounds. Therefore, this could lead to a
better extractability for these particular types of phenolic compounds [49].

These comparative studies suggest that the antioxidant activity could be due to the
combined reactions of total phenolics rather that certain individual components or the ac-
tion of polyphenols as a whole group. The results in this study, using fresh and dehydrated
aguaje seeds and pulp, coincide with the findings of Gupta et al. (2021), testing different
parts of pomelo fruit (Citrus grandis (L.) Osbeck) in similar experiments for antioxidant
activity. They found that TPC was highest in the membrane of the fruit, and DPPH reg-
istered the highest activity in the pomelo juice [50]. Considering the total polyphenols
in the present study, the improvement in TPC could be a result of the destruction of the
covering structure and the release of more phenolic compounds, facilitating and increasing
the extraction yield [48]. Moreover, the dehydration process could induce metabolic path-
ways that can generate, and increase the number of, precursors for different categories of
phenolic compounds [49].

3. Materials and Methods
3.1. Reagents and Chemicals

Ethanol, sodium carbonate, and Folin–Ciocalteu reagent were purchased from PanReac
AppliChem, ITW Reagents, (Darmstadt, Germany), and methanol, from Sigma Aldrich
(St. Louis, MO, USA). Ascorbic acid (Sebion) and DPPH (2,2-Diphenyl-1-picrylhydrazyl,
Sigma-Aldrich) were purchased from Merck KGaA (Darmstadt, Germany).

3.2. Plant Material, Sample Preparation, and Polyphenol Extractions

M. flexuosa pulp with seeds was obtained in the Colombian city of Leticia. All samples
were refrigerated before laboratory analyses. The extraction of total polyphenol compounds
was performed following a previous method from this research group [2,51]. Different
amounts of fresh and dehydrated pulp and seeds of M. flexuosa were placed in ethanol
(80% w/v) at proportions of 1:5 per volume, stirred for 15 min at 500 rpm, homogenized,
and stored at room temperature, in the dark, for 24 h without stirring. Two different
extractions times (—al fresco—0 h and 96 h of extraction) for the first experimental assay, as
an explorative comparison, and three different dehydration times (24, 48, and 96 h) at a
constant of 50 ◦C, including only samples in dry state as a second assay, were considered in
this experimental process. The extracts were centrifuged for 10 min at 3500 rpm, and the
supernatant was recovered for polyphenol quantitation and antioxidant activity evaluation.

3.3. Total Polyphenol Content (TPC)

The total polyphenol content in M. flexuosa pulp and seeds (fresh and dehydrated
matrix) was quantified following the Folin–Ciocalteu (F–C) assay [51]. Samples of 1 mL
of each extract were mixed with 1 mL F–C reagent (10% w/v), allowed to react for 2 min,
and mixed with 2 mL sodium carbonate, Na2CO3, (3.5% w/v). Reactants were kept in the
dark at room temperature for 90 min. All runs were performed in triplicate. Absorbance
was read at 655 nm in a UV-Vis spectrophotometer (Mecasys Optizen POP, Daejeon, Korea).
All data were calculated based on a gallic acid standard calibration curve, with a range of
0–4.0 mg/L and r2 of 0.9982). TPC is expressed as milligrams gallic acid equivalent (GAE)
per 100 g of fresh or dehydrated sample (mg GAE/100 g).

3.4. DPPH Assay for Radical Scavenging Antioxidant Activity

The DPPH radical scavenging test is one of the most useful techniques to evaluate the
antioxidant activity in polyphenols extracted from natural products. The DPPH compound
is a stable free radical in methanol. The DPPH assay was performed following previous
work from this research group [2]. Volumes of 1900 µL of DPPH (100 µM) prepared in
pure methanol were mixed with 100 µL of each diluted (1:5) extract and left to react in the
dark at room temperature for 30 min. The antioxidant activity from phenolics, in fresh
and dehydrated pulp and seeds, of M. flexuosa was measured via spectrophotometry at
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517 nm, comparing against a methanol blank. A positive control of ascorbic acid based
on a calibration curve, and in triplicates for each colorimetric reaction, was applied in this
methodology. The control curve was prepared with concentrations of comparable reference
ascorbic acid (Merck KGaA, Darmstadt, Germany) in a concentration range from 50 to
600 µg/mL (r2 of 0.9945). All dilutions followed the same DPPH reaction conditions for
the antioxidant activity evaluated in fruit extracts. The slope taken from the calibration
curve served as the calculation of the inhibition concentration (IC 50%), when 50% of the
antioxidant component was reduced. The results for IC 50% were determined based on
the equation:

% scavenging DPPH free radical = (ABSControl − ABSExtracts/ABSControl) × 100%

The antioxidant activity of M. flexuosa extracted phenolics is expressed as mg of
ascorbic acid equivalents per 100 g of fresh or dehydrated pulp or seeds (mg AAE/100 g).

3.5. Statistical Analysis

All analyses were carried out in triplicate, and TPC and DPPH values are expressed as
mean ± standard deviation (SD). Means were tested for normality and homogeneity. Data
were analyzed based on a ANOVA test followed by Tukey test (p < 0.05) with the IBM SPSS
Statistics software version 20.0 (IBM Corp., Armonk, NY, USA).

4. Conclusions

The total polyphenol content and antioxidant activity of M. flexuosa pulp and seeds, in
fresh and dehydrated form, were tested in this work. The water content in a food matrix
allows for a specific polyphenol oriented chemical reaction, yielding better results in some
cases where the water content is higher. A controlled dehydration process was considered
in this experimental approach, with the purpose of evaluating the polyphenol availability
and antioxidant action. TPC values were not directly proportional to antioxidant activity,
suggesting that the polyphenol reactions for radical scavenging in pulp and seeds of M.
flexuosa do not depend directly in the specific quantity of phenolic compounds, but rather
on the specific chemical structure or on its re-accommodation or interconversion. More
studies based on the specific polyphenol/flavonoid content and the presence of other
antioxidants, such as C vitamin, in M. flexuosa could lead to understanding more of the
specific antioxidant activity of this fruit with multiple processes of it edible parts.
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11. Kalinowska, M.; Gryko, K.; Wróblewska, A.M.; Jabłońska-Trypuć, A.; Karpowicz, D. Phenolic content, chemical composition and
anti-/pro-oxidant activity of Gold Milenium and Papierowka apple peel extracts. Sci. Rep. 2020, 10, 14951. [CrossRef] [PubMed]

12. Dias, R.; Oliveira, H.; Fernandes, I.; Simal-Gandara, J.; Perez-Gregorio, R. Recent advances in extracting phenolic compounds
from food and their use in disease prevention and as cosmetics. Crit. Rev. Food Sci. Nutr. 2021, 61, 1130–1151. [CrossRef]
[PubMed]

13. Madamanchi, N.R.; Vendrov, A.; Runge, M.S. Oxidative stress and vascular disease. Arter. Thromb. Vasc. Biol. 2005, 25, 29–38.
[CrossRef]

14. Virapongse, A.; Endress, B.A.; Gilmore, M.P.; Horn, C.; Romulo, C. Ecology, livelihoods, and management of the Mauritia flexuosa
palm in South America. Glob. Ecol. Conserv. 2017, 10, 70–92. [CrossRef]

15. Trujillo-Gonzalez, J.M.; Torres-Mora, M.A.; Santana-Castañeda, E. The Moriche palm (Mauritia flexuosa L. f) represents astrategic
ecosystem. Orinoquía 2011, 15, 62–70. [CrossRef]

16. Gragson, T.L. Pumé Exploitation of Mauritia flexuosa (Palmae) in the Llanos of Venezuela. J. Ethnobiol. 1995, 15, 177–188.
17. Case, C.; Lares, M.; Palma, A.; Brito, S.; Pérez, E.; Schroeder, M. Blood glucose and serum lipid levels in the Venezuelan Warao

tribe: Possible relationship with moriche fruit (Mauritia flexuosa L.) intake. Nut. Metabol. Cardiovasc. Dis. 2007, 17, e1–e2.
[CrossRef]

18. Martins, R.C.; Filgueiras, T.S.; de Albuquerque, U.P. Ethnobotany of Mauritia flexuosa (Arecaceae) in a Maroon Community in
Central Brazil. Econ. Bot. 2011, 66, 91–98. [CrossRef]

19. Horn, C.M.; Gilmore, M.P.; Endress, B.A. Ecological and socio-economic factors influencing aguaje (Mauritia flexuosa) resource
management in two indigenous communities in the Peruvian Amazon. For. Ecol. Manag. 2012, 267, 93–103. [CrossRef]

20. Lopez, J.; Vega-Gálvez, A.; Torres, M.J.; Lemus-Mondaca, R.; Quispe-Fuentes, I.; Di Scala, K. Effect of dehydration temperature on
physico-chemical properties and antioxidant capacity of goldenberry (Physalis peruviana L.). Chil. J. Agric. Res. 2013, 73, 293–300.
[CrossRef]
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Abstract: The isoflavone changes occurring in mature soybeans during food processing have been
well studied, but less information is available on the changes in immature soybeans during thermal
processing. This study aimed to determine the effect of thermal processing by dry- or wet-heating on
the changes in the isoflavone profiles of immature and mature soybeans. In the malonylglycoside
forms of isoflavone, their deglycosylation was more severe after wet-heating than after dry-heating
regardless of the soybean maturity. The malonyl forms of isoflavones in the immature seeds were
drastically degraded after a short wet-heating process. In the acetylglycoside forms of isoflavone,
dry-heating produced relatively low amounts of the acetyl types in the immature soybeans compared
with those in the mature soybeans. These results were explained by the content of acetyldaidzin
being relatively less changed after dry-heating immature soybeans but increasing four to five times
in the mature soybeans. More of the other types of acetylglycoside were produced by dry-heating
soybeans regardless of their maturity. Acetylgenistin in wet-heating was a key molecule because its
content was unchanged in the immature soybeans during processing but increased in the mature
soybeans. This determined the total acetylglycoside content after wet-heating. In contrast, most
of the acetyl forms of isoflavone were produced after 90 to 120 min of dry-heating regardless of
the seed maturity. It can be suggested that the pattern of isoflavone conversion was significantly
affected by the innate water content of the seeds, with a lower water content in the mature soybeans
leading to the greater production of acetyl isoflavones regardless of the processing method even if
only applied for a relatively short time. The results suggested that the isoflavone conversion in the
immature soybeans mainly follows the wet-heating process and can be promoted in the application
of stronger processing.

Keywords: isoflavone conversion; thermal process; immature seeds; mature seeds; internal water
content

1. Introduction

Soybeans (Glycine max L.) are one of the most widely consumed legumes in the world.
As well as their main role in providing protein, carbohydrates, and oil, soybeans are also a
rich source of phytochemicals, particularly isoflavones [1,2]. The content of isoflavones, a
type of flavonoid, is greater in soybeans than in other legumes [3]. The 12 major isoflavones
in soybeans can be classified into four main forms: aglycones (daidzein, glycitein, and
genistein); β-glycosides (daidzin, glycitin, and genistin); acetylglycosides (acetyldaidzin,
acetylglycitin, and acetylgenistin); and malonylglycosides (malonyldaidzin, malonylglyco-
sides, and malonylgenistin) [4,5]. Of these isoflavone groups, malonylglycosides are the
predominant form in raw soybeans, followed by β-glycosides and acetylglycosides, with
aglycones rarely observed [6]. Epidemiological studies have reported that the presence
of different types of isoflavone in soybeans contributes to various biological activities,
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such as reducing the risk of cancer, cardiovascular disease, and osteoporosis, and relieving
menopausal symptoms [7–12]. Among the four forms of isoflavones, the bioavailability
of malonyl-conjugated isoflavones was lower than that of corresponding non-conjugated
β-glycoside isoflavones [13], and that of isoflavone aglycons was highest because aglycones
were more easily and quickly absorbed by the intestine [14]. Furthermore, some studies
reported that non-conjugated glycoside isoflavones also possessed high-quality antioxi-
dant activity similar to aglycones. Thus, soybeans with a high content of non-conjugated
glycosides and aglycones had high-quality antioxidant activity [15].

Because of their grassy-beany flavor and bitter taste [16,17], raw mature soybeans
are mainly consumed after thermal processing, such as boiling or roasting, which greatly
improves the flavor of the soybeans and soy products [18–20]. It has also been reported
that thermal processing causes the conversion or degradation of isoflavones [21–24]. The
predominant isoflavone form (malonylglycosides) is usually converted into acetylglyco-
sides and β-glycosides by thermal processing [25–30], with the patterns of conversion
depending significantly on the severity of heating. In general, the increase in the contents
of isoflavone acetylglycosides and β-glycosides occurs through the decarboxylation and
deesterification of malonylglycosides, respectively [28,31]. The wet-heating method pro-
motes deesterification more than dry-heating as it causes the rapid conversion of isoflavone
malonylglycosides to β-glycosides rather than acetylglycosides [32,33]. Chien et al. [34]
reported no changes in the glycosides and aglycones during dry-heating below 150 ◦C, but
Huang and Chou [35] reported a decrease in the aglycones in soybeans steamed for 30 min
at temperatures above 60 ◦C.

The changes in isoflavone content during thermal processing in mature soybeans
have been widely reported, but those in immature soybeans have rarely been studied.
Immature soybeans, also known as edamame or maodou, are harvested when the green
seeds fill the pod and have a water content of 60 to 65% [36,37]. Immature soybeans are
also rich in isoflavones. The difference in the isoflavone content between immature and
mature soybeans is significantly affected by the cultivar. Simonne et al. [38] investigated
the iso-flavone contents of immature and mature beans of five soybean cultivars and found
that the immature beans contained twice the isoflavone content of the mature beans in
four of the cultivars, whereas Kim et al. [39] reported that the mature soybeans of several
cultivars contained more isoflavone than the immature soybeans. Immature soybeans
also exhibit a beany off-flavor and unique taste compared with mature soybeans [40].
Traditionally, in East Asia, immature soybeans have also been consumed as vegetables
and snacks after thermal processing, such as boiling [40]. Simonne et al. [38] studied the
influence of processing methods, such as boiling and freeze-drying, on the distribution of
isoflavones in immature soybeans, but the patterns of variation in isoflavone content in
immature soybeans during thermal processing are still unclear, particularly compared with
those in mature soybeans.

Therefore, the objectives of this study are: to compare the effects of thermal processing
(dry- and wet-heating) on variations in the isoflavone profiles of immature and mature
soybeans, and to determine the effect of the internal water content of soybeans on the
isoflavone content during thermal processing by varying the soaking time of mature seeds
before dry-heating. This study will provide basic information on utilizing isoflavones in
soybeans with different levels of maturity.

2. Results and Discussion
2.1. Physiological Characteristics of Immature and Mature Soybeans

The physical characteristics of the raw immature and mature soybeans are shown in
Table 1. The water contents of the immature and mature seeds were 66.87% and 13.04%,
respectively. Takahashi et al. [37] reported that, in immature soybeans, the water contents
of four different cultivars ranged from 61.5% to 76.8%, similar levels to those of the present
study. It has also been reported that the moisture content of mature soybeans was 10–
15%, a similar content to the present study [41,42]. The dry weight of 10 immature seeds
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(0.66 g) was significantly lower than that of 10 mature seeds (0.88 g) (Table 1). As expected, a
remarkable difference in the SSC of the immature (2.75 ◦Brix) and mature seeds (15.76 ◦Brix)
was also observed (Table 1). Sale and Campbell [43] reported that a dramatic reduction in
the water content of soybeans was accompanied by a steady accumulation of dry matter
and SSC during seed maturation from the R6 (immature) to the R8 (mature) stages. Figure 1
shows the morphologies of the immature and mature soybeans before and after thermal
processing. After dry-heating, the immature and mature soybeans had shrunk, particularly
the immature soybeans, whereas they had both swelled after wet-heating, particularly the
mature seeds. A significant variation in seed color (green to yellow) was also observed,
particularly for the immature soybeans, possibly because of the Maillard reaction [44].

Table 1. Physical characteristics of immature and mature soybean seeds.

Seed
Maturity

Water Content
(%)

Dry Weight
(g/10 ea)

SSC
(◦Brix)

Immature 66.87 ± 0.32 a 0.66 ± 0.02 b 2.75 ± 0.18 b

Mature 13.04 ± 0.22 b 0.88 ± 0.03 a 15.76 ± 0.31 a

SSC means soluble solids content. Different letters (a, b) in a column indicate significant differences at p < 0.05 by
Tukey’s studentized range (HSD) test. Results are given as mean ± SE (n = 10).
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Figure 1. Morphologies of immature and mature soybeans after dry- and wet-heating for different
times.

2.2. The Variation in the Total Isoflavone Content and Four Isoflavone Forms of Soybeans during
Thermal Processing

Many studies have reported the effect of thermal processing on the isoflavone profiles
of mature soybeans or soy products [25,28,30,32]. However, studies comparing the thermal
transformation or degradation of isoflavones in soybeans at different maturity levels are
still limited. The variations in the total isoflavone content (TI) and in the other four forms
of isoflavone (total isoflavone malonylglycosides (TIMG); total isoflavone acetylglyco-
sides (TIAG); total isoflavone β-glycosides (TIG); and total isoflavone aglycones (TIA)) in
immature and mature soybeans during thermal processing are shown in Figure 2.

Before thermal treatment (freeze-dried, FD), the TI of the mature soybeans (304.51 mg/
100 g DW) was 1.6 times higher than that of the immature soybeans. The isoflavone form
with the highest content in both the immature and mature soybeans was TIMG, followed
by TIG, with small amounts of TIAG and TIA (Figure 2). These results were consistent with
those of Kim et al. [39], who reported that the TI of mature soybeans was higher than that
of immature soybeans, with malonylglycoside isoflavones being the predominant form in
both immature and mature soybeans, followed by the β-glycoside, acetylglycoside, and
aglycone isoflavone forms.
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Figure 2. Changes in the total isoflavone (TI), total isoflavone malonylglycosides (TIMG), total
isoflavone acetylglycosides (TIAG), total isoflavone β-glycosides (TIG), and total isoflavone aglycones
(TIA) contents of immature and mature soybeans during dry-heating (A) and wet-heating (B). Data
are shown as mean ± SE (n = 3). Different letters indicate significant differences at p < 0.05 by Tukey’s
studentized range (HSD) test.

After thermal processing, the TI content tended to decrease regardless of the seed
maturity and processing method. The TI content decreased significantly after wet-heating:
in mature soybeans from 304.51 to 163.49 mg/100 g DW; in immature soybeans from 199.34
to 44.63 mg/100 g DW; compared with dry-heating: in mature soybeans to 200.32 mg/
100 g DW; and in immature soybeans to 147.15 mg/100 g DW). This may have been
caused by the difference in humidity between wet- and dry-heating affecting the transfer of
thermal energy [34,45], which accelerates the decrease in TI content. This decrease in the TI
content of thermally treated soybeans or soy products has been widely reported [13,29,38].
However, the present study has been the first to compare changes in TI content in soybeans
at different maturity levels and after different processing methods. The significant decrease
in the TIMG content was considered to be the main reason for the reduction in the TI content
(Figure 2). As mentioned previously, malonylglycoside isoflavones are the predominant
form in soybeans. Similar to the TI content, the content of TIMG in both the immature
and mature soybeans tended to decrease after thermal treatment, and soybeans with a
higher internal water content under wet-heating conditions promoted this decreasing trend
(Figure 2(A-2,B-2)). The relative thermal instability of malonyl-conjugated β-glycoside
isoflavones has been reported previously [34]. Wet-heating degraded malonyl isoflavones
more than dry-heating because of the higher moisture content in wet-heat process [32,45].

The decrease in the TIMG content, usually accompanied by an increase in the TIAG
content in soybeans processed by thermal treatments, such as roasting [46] and baking [47],
or in processed soy products, such as cooked soybeans [48] and soy milk [31], has been
widely investigated. The increase in the TIAG content was caused by the decarboxylation
of malonyl isoflavones during heat processing. Similarly, in mature soybeans, significant in-
creases in the TIAG content after thermal processing were also observed (Figure 2(A-3,B-3)),
with dry-heating increasing its content from 3.09 to 41.47 mg/100 g DW, thus being more
effective than wet-heating, which increased its content from 3.09 to 22.23 mg/100 g DW.
The difference in the effect of dry- and wet-heating on TIAG content can be explained
by the maximum degradation rate of malonyl to acetyl isoflavones under the dry-heat
condition, while a low conversion rate of malonyl to acetyl isoflavones was found under
the wet-heat condition [34]. It indicated that wet-heating tended to convert or degrade
malonylglycosides to other isoflavone derivatives instead of acetylglycosides, while the
decarboxylation of malonyl isoflavones also occurred simultaneously. However, imma-
ture soybeans showed the reverse behavior in response to dry- and wet-heating: like the
mature soybeans, dry-heating increased the TIAG content of immature beans from 5.20
to 19.36 mg/100 g DW, whereas wet-heating significantly decreased the TIAG content
from 5.20 to 2.04 mg/100 g DW. As there has been no comparative study on the variation
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in the TIAG content in immature soybeans under dry- and wet-heating conditions, the
present study is the first to report that the variation in the TIAG content of immature
soybeans after thermal processing is different from that of mature beans. This may have
been caused by the higher internal water content of immature soybeans significantly pro-
moting the transfer of energy under wet-heating compared with dry-heating conditions.
This led to the rapid conversion of acetylglycosides to β-glycosides, or the degradation of
acetylglycosides [34], a speculation also supported by Huang and Chou [35], who reported
that the acetyl isoflavones content of soaked black soybeans decreased after steaming at
100 ◦C for 30 min. Under dry-heat conditions, the TIAG content of the mature soybeans
increased significantly compared with the immature soybeans (Figure 2(A-3)). This could
be interpreted as the variation in the TIAG content of immature soybeans with their higher
internal water content under dry-heating being similar to that of mature soybeans under
wet-heating.

Thermal processing also increased the TIG content by deesterifying malonylglyco-
side and acetylglycoside isoflavones [46–50]. The patterns of variation in the TIG con-
tent were significantly affected by the processing methods and level of seed maturity
(Figure 2(A-4,B-4)). In mature soybeans, the effect of wet-heating, increasing the TIG
content from 25.16 to 91.64 mg/100 g DW, was better than that of dry-heating, where it
increased from 25.16 to 59.00 mg/100 g DW. This can be partly explained by the deesterifi-
cation of acetylglycoside isoflavones to form β-glycoside isoflavones under wet-heating
(Figure 2(A-3,B-3)). Huang and Chou [35] have also reported that the TIG content of mature
soybeans increased as the temperature of the thermal treatment increased. In contrast,
the opposite patterns were observed for immature soybeans. The TIG content after dry-
heating, ranging from 23.40 to 57.30 mg/100 g DW, was higher than that after wet-heating,
which ranged from 23.40 to 45.26 mg/100 g DW. As mentioned earlier, the high internal
moisture content of the soybeans under wet-heating may have led to excessive energy
transfer, leading to the further conversion or degradation of the β-glycoside isoflavones.
Thermal processes, such as oven drying [46], baking [47], frying [48], steaming [35], and
autoclaving [50], have been reported as important methods for increasing the TIG content
of mature soybeans. However, the effect of dry- and wet-heating on the variation in the
TIG content of immature soybeans has not been studied. The results suggest that, unlike
mature soybeans, dry-heating is more suitable for processing immature soybeans and leads
to a higher TIG content than wet-heating.

As mentioned earlier, TIA accounts for only a small proportion of the TI in soybeans.
Figure 2(A-5,B-5) shows the variation in the TIA content at different maturity levels of
soybeans after thermal processing. The TIA content remained stable in the mature soybeans
during dry-heating but decreased significantly during wet-heating. Similar results on
mature soybeans have also been observed by Kao et al. [51] and Aguiar et al. [50] for
dry- and wet-heating, respectively. The isoflavone deglycosylation from glycoside form to
aglycone was observed only under high temperature, possibly because it was difficult to
break down the glycoside groups to form aglycones at relatively low temperatures [52]. The
present study has shown that the variation in the TIA content of the immature soybeans was
similar to that of mature soybeans. In this study, because we used only one cultivar, further
studies using numerous cultivars are required to understand the isoflavone deglycosylation
patterns of soybeans regarding whether the isoflavone changes among immature soybean
cultivars by thermal processing are presenting the same patterns or not.

2.3. Correlation Analysis between Isoflavone Form and Corresponding Individual Isoflavones in
Immature and Mature Soybeans

To clarify the patterns of how isoflavones changed for different maturity levels of
soybeans during thermal processing, the correlations between the contents of the isoflavone
form and corresponding individual isoflavones were analyzed. Tables 2 and 3 show the
variations in the content of 12 individual isoflavones (IMG (MDZI, MGLI, and MGNI),
IAG (ADZI, AGLI, and AGNI), IG (DZI, GLI, and GNI), and IA (DZE, GLE, and GNE))
in immature and mature soybeans, respectively, after dry- and wet-heating. The profiles
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of 12 individual isoflavones detected by the reversed-phase high-performance liquid
chromatography (HPLC) in immature and mature soybeans before treatment and after
120 min of thermal treatment are shown in Figure 3.
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Figure 3. Twelve isoflavones of immature and mature soybean seeds after 120 min of dry- and
wet-heat treatment determined by HPLC. 1, daidzin (DZI); 2, glycitin (GLI); 3, genistin (GNI); 4,
malonyldaidzin (MDZI); 5, malonylglycitin (MGLI); 6, acetyldaidzin (ADZI); 7, acetylglycitin (AGLI);
8, malonylgenistin (MGNI); 9, daidzein (DZE); 10, glycitein (GNE); 11, acetylgenistin (AGNI); 12,
genistein (GNE).

Of the three types of malonylglycoside isoflavones, MGNI (78.18 mg/100 g DW in
immature soybeans; 141.25 mg/100 g DW in mature soybeans) and MDZI (62.32 mg/
100 g DW in immature soybeans; 119.20 mg/100 g DW in mature soybeans) were the main
isoflavones in the FD samples (Tables 2 and 3). The deglycosylation of MGNI, MDZI, and
MGLI was more severe after wet-heating than after dry-heating regardless of the level of the
seed maturity. Significantly positive correlations (p < 0.001) between the contents of MGNI,
MDZI, and MGLI individually and of TIMG were observed in all the samples (Table 4).
The contents of the three types of malonyl isoflavone in the immature soybeans did not
change after 30 min of dry-heating but drastically decreased after 30 min of wet-heating.
Similar results have also been observed by Chien et al. [34], where moist-heating at 100 ◦C
reduced the MGNI (standard compound) content more than dry-heating at 100 ◦C.
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Table 4. Correlation coefficients between isoflavone forms and individual isoflavones in thermally
treated soybeans.

Seed
Maturation

Heating
Methods MDZI MGLI MGNI

Immature
D z TIMG 0.983 *** 0.931 *** 0.970 ***
W y TIMG 0.999 *** 0.976 *** 0.944 ***

Mature
D TIMG 0.996 *** 0.712 *** 0.987 ***
W TIMG 0.996 *** 0.889 *** 0.997 ***

ADZI AGLI AGNI

Immature
D TIAG 0.704 ** 0.963 *** 0.967 ***
W TIAG 0.902 *** - −0.537 *

Mature
D TIAG 0.961 *** 0.955 *** 0.980 ***
W TIAG 0.901 ** 0.844 *** 0.983 ***

DZI GLI GNI

Immature
D TIG 0.939 *** 0.410 ns 0.946 ***
W TIG 0.972 *** −0.314 ns 0.953 ***

Mature
D TIG 0.943 *** 0.769 *** 0.956 ***
W TIG 0.983 *** 0.687 ** 0.976 ***

DZE GLE GNE

Immature
D TIA −0.053 ns 0.892 *** 0.420 ns

W TIA 1.000 *** - -

Mature
D TIA 0.601 * - 0.202 ns

W TIA 0.727 ** - 0.658 **
z and y indicate dry-heating and wet-heating, respectively. *, **, and *** indicate significances at p < 0.05, p < 0.01,
and p < 0.001 in Tukey’s HSD test. ns indicates no significance at the test. Data of 12 individual isoflavones, TIMG,
TIAG, TIG, and TIA, for correlation analysis were calculated by the time-dependent dry-heating and wet-heating
values, ranging from 0 to 120 min treatments.

Of the acetylglycoside isoflavones, ADZI (5.20 mg/100 g DW in immature soybeans;
3.09 mg/100 g DW in mature soybeans) was the main acetyl isoflavone in the FD samples
(Tables 2 and 3). Only a trace amount of AGNI was detected in both the immature and
mature soybeans, with no AGLI being detected. The three types of acetyl isoflavone in
the soybeans of different maturity levels responded differently to thermal processing. The
ADZI content changed relatively little in the dry-heated immature soybeans but increased
by four to five times in the dry-heated mature soybeans. The ADZI content also decreased to
undetectable levels in the wet-heated immature soybeans, but not in the wet-heated mature
soybeans. More AGLI and AGNI were produced in the dry-heated soybeans regardless
of the maturity level. The AGLI content of the immature soybeans did not change but
increased slightly after wet-heating. The AGNI in wet-heating was a key molecule because
its content was unchanged in the immature soybeans after processing but increased in
the mature soybeans, thus determining the amount of total acetylglycosides after wet-
heating. The increase in the AGNI content was greater than that in the contents of ADZI
and AGLI, possibly because of the varying thermal stability of the three acetylglycoside
isoflavones and the corresponding malonylglycoside isoflavones. In contrast, the content
of most of the types of acetyl increased up to 90 to 120 min of dry-heating regardless of the
seed maturity. Significant positive correlations were found between the contents of ADZI,
AGLI, AGNI, and that of TIAG for all the treatment groups except for the wet-heated
immature soybeans (Table 4). A high negative correlation between the contents of AGNI
and TIAG was observed for wet-heated immature soybeans, unlike the significant positive
correlations for the other samples. This indicated that the amount of total acetylglycosides
depended mainly on the content of AGNI during thermal processing.

The β-glycosides, the non-conjugated form of isoflavones, are the second major group
after malonylglycosides in raw soybeans [52,53]. Of the β-glycosides, the content of
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GLI (11.62 mg/100 g DW) was higher than that of DZI (3.71 mg/100 g DW) and GNI
(8.08 mg/100 g DW) in the FD immature soybeans (Table 2), similar to results from Simonne
et al. [38]. The content of GLI (7.53 mg/100 g DW) was relatively lower than that of DZI
(7.56 mg/100 g DW) and GNI (8.64 mg/100 g DW) in the FD mature soybeans (Table 3),
results that are consistent with those of Kim et al. [54]. During thermal processing, different
patterns of variation in the contents of GLI, GNI, and DZI arose. In the mature soybeans,
the increase in the GLI content was small after heating compared with a significant increase
in the DZI and GNI contents, similar to results reported by Toda et al. [48]. In the immature
soybeans, no significant differences (p > 0.05) in GLI content were observed between FD
and thermally treated soybeans. The contents of DZI and GNI both increased significantly
after thermal treatment regardless of the seed maturity and processing method. Wet-
heating was also more efficient in increasing β-glycoside isoflavones than dry-heating. The
contents of GNI and DZI of all the treated samples were significantly positively correlated
(p < 0.001) with the TIG content (Table 4). A good correlation (p < 0.01) between the GLI
and TIG contents during thermal processing was found in the mature soybeans but not
in the immature soybeans (p > 0.05). This indicated that the patterns of variation in the
TIG content of soybeans were dominated more by the contents of DZI and GNI than the
content of GLI during thermal processing even though the GLI content was relatively high
in both FD samples.

In the FD soybeans, only small amounts of DZE (immature soybeans, 0.77 mg/100 g
DW; mature soybeans, 1.21 mg/100 g DW) and GNE (immature soybeans, 0.22 mg/100 g
DW; mature seeds, 0.94 mg/100 g DW) were detected, with a trace amount of GLE. The
contents of the three aglycones in the immature soybeans were relatively stable under
dry-heating but decreased to undetectable levels after 90 min of wet-heating. Both types of
thermal processing decreased the contents of the three aglycones in the mature soybeans,
particularly wet-heating. The variations in the contents of the three aglycones with the
temperatures of thermal processing have been contradictory: Xu et al. [52] reported that
aglycones in soybean flour extracts were generated with heat treatments above 135 ◦C, but
Huang and Chou [35] reported that the contents of GNE, DZE, and GLE in black soybeans
decreased at steaming temperatures of 60 ◦C or above for 30 min. A good correlation
between the contents of DZE and TIA was found in all the treatments except for the dry-
heated immature soybeans (Table 4). However, only the GLE content was well correlated
with the TIA content in the immature soybeans under dry-heating with the content of GNE
being well correlated with the TIA content in the mature soybeans under wet-heating.

The three isoflavone types (daidzein, glycitein, and genistein) showed different conver-
sion patterns under heat processing. The MDZI and MGNI decreased more rapidly in the
initial 30 min than the MGLI. Moreover, the production of AGNI and GNI by heat process-
ing were higher than that of other isoflavone types. Glycitein conjugate types had relatively
low thermal-change compared to daidzein and genistein types regardless of the seed matu-
rity. Similar results have been reported by Stintzing et al. [55], where glycitein carrying a
meth-oxy group at 6 position of A-ring has higher stability upon dry-heating. Moreover,
Mathias et al. [56] reported that the heat-induced loss of daidzein glycosides was higher
than that of genistein glycosides. These results indicate that different deglycosylation rates
among isoflavone types occur during different thermal process methods.

2.4. Verification of the Relationship between Soybean Water Content and Changes in Patterns of
Isoflavone Contents

It is important to note the different patterns of variation in the contents of acetylgly-
coside and β-glycoside isoflavones during the dry- and wet-heating of soybeans at two
maturity levels. The internal moisture content of the soybeans affected the composition of
isoflavones during thermal processing. To confirm this assumption, fully mature soybeans
were soaked in distilled water for 0, 1, 2, 4, and 8 h to obtain different internal water
contents, then dry-heated, followed by further observations of the patterns of variation in
isoflavone content after heating for 1 h. Figure 4A shows the variations in the moisture con-
tent of the soybeans after soaking. The water content of the soybeans gradually increased
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from 6.34% to 57.04% as the soaking time increased. The contents of TI and of the four
forms of isoflavone, TMIG, TAIG, TIG, and TIA, in the fully mature soybeans before and
after the 1-h dry-heat treatment are shown in Figure 4B, C, D, E, and F, respectively.
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Before heating, no significant differences in the TI content were observed between the
unsoaked and soaked soybeans. Wang and Murphy [24] have also reported that soaking at
room temperature for 10 to 12 h significantly increased the moisture content from 11.03%
to 63.23% and retained the TI of the soaked soybeans. Heating significantly decreased
the content of TI and TIMG and increased the content of TIAG and TIG of the soybeans
compared with the FD samples (Figure 4B–E). The highest amount of TIAG generated was
found in the unsoaked soybeans (0 h), and the lowest amount in soybeans soaked for a
long time. There were no significant variations in the TIG content between the unsoaked
and soaked soybeans after dry-heating for 1 h. These results were consistent with this
report that the immature and mature beans had a similar TIG content after a long period of
dry-heating, with even immature soybeans showing a lower TIAG content than mature
soybeans (Figure 2). In contrast, the TIA content of the unsoaked soybeans was reduced by
dry-heating, but, the longer the soaking time, the more TIA was generated after heating
(Figure 4F). These results were different from the results we reported before, which may
have been caused by differences between natural soybeans with a higher internal water
content and artificially made soybeans with a higher water content. This also confirmed
the assumption that the internal moisture content of soybeans was an important factor
affecting the different patterns of variation in isoflavone content in soybeans of different
maturity.

It is notable that, the longer the soaking time, the less TIAG was produced after
heating. Lee and Lee [46] reported that the content of acetyl isoflavones in soybeans soaked
for 12 h did not change during 120 min of oven drying but that, in unsoaked soybeans, it
increased significantly after roasting at 200 ◦C. This indicated that soybeans with a higher
internal water content produced a lower amount of acetyl isoflavones after heating, which
confirmed the previous assumption that the water content of soybeans significantly affected
the pattern of isoflavone conversion. Therefore, the differences between the content of
acetyl isoflavones in mature and immature soybeans after heating were caused by the
difference in the internal water content. The increase in the content of aglycone isoflavones
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was highly related to soaking and heating, results similar to those of Lima et al. [57], who
found no significant difference in the content of aglycones in soybeans soaked at 25 ◦C but
a significant increase after soaking for 1 h at 70 ◦C.

3. Materials and Methods
3.1. Chemical Reagents

The HPLC-grade acetonitrile and water (Daejung Chemical & Metals Co., Siheung, Ko-
rea) were used as mobile phases for isoflavones analysis. Standards of isoflavone aglycones
(daidzein, glycitein, and genistein) and β-glycosides (daidzin, glycitin, and genistin) were
purchased from LC Laboratories (Woburn, MA, USA). Isoflavone acetylglycosides (acetyl-
daidzin, acetylglycitin, and acetylgenistin) were obtained from Nacalai tesque (Kyoto,
Japan), and malonylglycosides (malonyldaidzin, malonylglycitin, and malonylgenistin)
were obtained from GenDEPOT (Katy, TX, USA).

3.2. Soybean Cultivation

Soybean seeds (Glycine max L. cv. Pungwon) used in this study were provided by the
Pulmuone Food Co. (Chungbuk, Korea). The cultivar ‘Pungwon’ was registered to the
Korea Seed & Variety Service (Gimcheon, Korea) in 2007 and had earlier matu-ration period
and high content of isoflavones (more information described in Oh et al. [58]). The soybeans
were germinated for 24 h at room temperature in a dark culture room after soaking with
distilled water for 4 h. The germinated soybeans were planted in a horticultural soil
(Baroker, Seoulbio Co., Eumseong, Korea) in pots (Plastic pot, 24 × 27 × 18 cm) in early
June 2020 and then grown in the greenhouse of Kyung Hee University (Yongin, Korea)
under natural sunlight. The average of temperature during the soybean growing season
was 18–22 ◦C in June; 22–30 ◦C in July and August; 19–26 ◦C in September; 12–23 ◦C in
October (based on Korean meteorological administration data). The average solar radiation
period was 14 h/day in June to August and 12.5 h/day in September and October (based on
Korean meteorological administration data). The average of relative humidity was 45–55%
from June to October. The potted soybeans were maintained with several irrigations per
week in the early stage of soybean plants and with daily irrigation in the period of seed
formation. The soybean seeds were harvested at the immature stage on September 10 when
the pods of soybeans contained green seeds that filled the pod cavity and harvested at the
mature stage on October 10 when 95% of the pods exhibited the light brown color with
dehydrating, as shown in Figure 1 in a previous report [36].

3.3. Physical Characteristics of Immature and Mature Seeds

The harvested soybean samples were weighed before and after freeze-drying. The dry
weight of the immature and mature soybeans was expressed as the weight (g) of 10 raw
seeds based on the mean value of ten replicates. The water content (%) was calculated as
follows: 100 × [fresh weight (g) − dry weight (g)]/[fresh weight (g)]. Fresh soybeans (0.3 g)
were ground with a pestle and a mortar and added 0.6 mL of distilled water to measure
the soluble solid content (SSC). After stirring the mixture, the sample was centrifuged at
14,240× g for 15 min. The SSC of the supernatant was evaluated using a hand refractometer
(Atago Co., Tokyo, Japan) and expressed as degree of Brix (◦Brix).

3.4. Thermal Treatment

The immature and mature soybean seeds were processed using three thermal pro-
cessing methods: (1) freeze-drying (FD) at −80 ◦C for 72 h in a vacuum freeze-dryer
(IlshinBioBase. Co. Ltd., Dongducheon, Korea) and stored in a −20 ◦C refrigerator; (2) dry-
heating at 100 ± 3 ◦C for 30, 60, 90, and 120 min with a convective dryer (Koencon Co., Ltd.,
Hanam, Korea); and (3) wet-heating (steaming) at 100 ± 3 ◦C for 30, 60, 90, and 120 min
with a steam cooker. All experiments were carried out in triplicate. The thermally treated
samples were freeze-dried and stored in a −20 ◦C refrigerator before isoflavone analysis.
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3.5. Extraction of Isoflavones

All samples were finely ground using a commercial grinder (JL-1000, Hibell, Hwaseong,
Korea). The isoflavones extraction was performed by previously described method [59].
Briefly, 20 mg of ground sample mixed with 58% aqueous acetonitrile (1 mL, v/v) in a shak-
ing incubator for 24 h at 25 ◦C and 120 rpm after sonication for 30 min. The supernatant
was obtained after centrifuging at 14,240× g for 5 min. Then, two-fold volume of distilled
water was added to dilute the supernatant. The diluted supernatant was filtered through a
0.45 µm hydrophilic PTFE membrane syringe filter (Futecs Co., Ltd., Daejeon, Korea) and
used for isoflavones analysis.

3.6. Determination of Isoflavones

Extracts were analyzed using HPLC (Waters 2695 Alliance HPLC; Waters Inc., Milford,
MA, USA) with the octadecylsilane column (Prontosil 120–5-C18-SH-EPS 5.0 µm (200 ×
4.6 mm; Bischoff, Leonberg, Germany). According to the previously published method [59],
the solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in acetonitrile)
were used as mobile phase with the flow rate of 0.8 mL/min. The mobile phase B gradient
was as follows: 16–25%, 0 to 35 min; 25–50%, 35 to 40 min; 50–65%, 40 to 47 min; 65–16%,
47 to 50 min. The injection volume was 5 µL. The peaks of 12 standard isoflavones were
detected at 254 nm (Water 996 photodiode array detector (Waters Inc.)).

3.7. Statistical Analysis

All experiments were carried out in triplicate with the data expressed as the mean
with standard error (n = 3). Analysis of variance was performed using SAS software
(Enterprise guide 7.1 version, SAS Institute Inc., Cary, NC, USA). Significant differences
between experimental treatments were evaluated using Tukey’s student range test, with a
significance level defined at p < 0.05.

4. Conclusions

This is the first study to compare the patterns of isoflavone changes between soybeans
at two maturity levels after thermal processing. Overall, the patterns of the isoflavone
changes in the soybeans depended significantly on the soybean maturity and the processing
method, which affected the decarboxylation of malonylglycoside or the deesterification
of acetylglycoside isoflavones. The decreases in the TI in all the samples were mainly
caused by the decrease in the TIMG during thermal processing. The deglycosylation
of the three types of malonyl isoflavones was more severe in wet- than in dry-heating
regardless of the seed maturity. In the acetylglycoside isoflavones, dry-heating produced
a relatively low amount of acetyl isoflavones in the immature seeds compared with that
in the mature seeds. The ADZI was relatively less changed in the dry-heated immature
seeds but increased significantly in the processed mature seeds. AGLI and AGNI were
produced in greater amounts in the dry-heated samples regardless of the seed maturity.
The AGNI in wet-heating was the key molecule because its content remained unchanged
in the immature soybeans during processing but increased in the mature soybeans, which
determined the total amount of acetylglycoside in wet-heating. Wet-heating increased
the amount of β-glycoside isoflavones in the mature soybeans more than in dry-heating,
while, interestingly, the immature soybeans exhibited the opposite behavior. The aglycone
isoflavones were stable under dry-heating, but their contents decreased significantly after
wet-heating. The internal moisture content of the soybeans was an important factor
affecting the deglycosylation of isoflavones during thermal processing, also confirmed by
the verification experiment (Section 2.4). This is the first study to highlight the importance
of the internal water content of soybeans on the distribution of isoflavones during thermal
processing. The results of the present study will provide basic information on the different
uses of immature and mature soybeans after thermal processing.
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Abstract: In this study, the blueberries (BLUB), raspberries (RASB), blackberries (BLCB), pomegran-
ates pomace (POME) and beetroots (BEET) freeze-dried powders were used as the sources of phenolic
compounds to enrich different types of chocolates, substituting a part of the sweetener. It was found
that 1% addition of fruit or vegetable powders to chocolates increased the content of total phenolic
compounds (flavan-3-ols, phenolic acids and anthocyanins) of enriched dark and milk chocolates
compared to the control ones dependent on the powder used. Among the enriched chocolates, the
chocolates with the addition of BLUB powder were characterized by the highest total polyphenol
content. The highest percentage increase (approximately 80%) in the total polyphenol content was
observed in MCH chocolate enriched with BLUB powder. Chocolates incorporated with BLUB, RASB,
BLCB and POME powders presented a richer phenolic compound profile than control counterparts.
The highest DPPH radical-scavenging capacity was exhibited by the DCH98S chocolate enriched
with BEET powder. However, the DCH98ESt chocolates enriched with POME and BEET powders
demonstrated the highest FRAP values. An electronic nose analysis confirmed the existence of
differences between the profiles of volatile compounds of various types of chocolates enriched with
fruit or vegetable powders. Thus, the enrichment of dark and milk chocolates with BLUB, RASB,
BLCB, POME and BEET powders seemed to be an interesting approach to enhance bioactivity and to
enrich the sensory features of various chocolate types.

Keywords: antioxidants; chocolate; free radical scavenging activity; reducing power; functionaliza-
tion of food; electronic nose analysis

1. Introduction

In recent years, a rapid development of research on bioactive substances present in
plant raw materials and their impact on the human body has been observed. Numerous
studies revealed that there was a significant upward trend for the use of the plant-derived
natural compounds as antioxidants and functional ingredients. Growing interest in the
production and consumption of functional foods with specific pro-health characteristics
results from the rationales indicating a close relationship between the consumption of
food rich in natural antioxidants and the prevention of degenerative diseases. The main
dietary sources of antioxidants are fruits and vegetables, as well as their derived products.
The natural antioxidants occurring in plant materials are mainly phenolic compounds,
carotenoids, and vitamins [1]. Many of these natural antioxidants, especially phenolic
compounds, demonstrate pro-healthy properties. It was confirmed that the presence of
these compounds in food plays an important role in the prevention of many civilization
diseases, in particular cancer, cardiovascular diseases, as well as diabetes and rheumatoid
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arthritis [1–3]. However, the biological activity and bioavailability of these compounds
highly depend on the molecular weight and chemical structure of these compounds, the
matrix of food and their concentration in the consumed products [4].

Generally, cocoa bean and its derived products, such as chocolate and cocoa powder
are a good source of natural antioxidants, especially phenolic compounds [5–8]. However,
the production of chocolate may result in the loss of up to 80% of phenolic compounds
originating from cocoa beans [9]. The largest and the most diverse group of phenolic
compounds found in cocoa beans are flavonoids [5,10–12]. The predominant phenolic
compounds in raw cocoa beans are proanthocyanidins (58%), monomeric flavan-3-ols (37%)
and anthocyanins (4%) [10,11,13]. However, the level of these substances in cocoa beans can
vary greatly and depends on a number of factors, mainly the variety, the geographical and
environmental conditions during growth, the degree of ripeness, the harvest time, as well as
the conditions and duration of storage after harvesting [14–16]. Many studies have shown
that the processing of cocoa beans in order to obtain chocolate significantly influences the
phenolic compounds content, and thus their activity and bioavailability [10,17–21]. All
processing steps, such as fermentation, drying, alkalization and roasting, in addition to
beneficial physicochemical, microbiological, and organoleptic changes, cause significant
degradation of phenolic compounds [17,18]. During fermentation and drying of the cocoa
beans, the phenolic compounds undergo biochemical transformations leading to a reduc-
tion in their content. Monomeric flavan-3-ols are enzymatically oxidized to semi-quinones
and quinones. Anthocyanins, which are highly unstable and susceptible to various degra-
dation reactions such as enzymatic or non-enzymatic browning, in the presence of the
glycosidases are hydrolyzed to anthocyanidins and monosaccharides, mainly arabinose
and galactose [13,15,19,22]. Phenolic compound content decreases with thermal process-
ing. Heat exerted during the roasting causes degradation of these substances through
non-enzymatic oxidation and polymerization reactions of proteins and protein hydrolysis
products, as well as amino acids, polysaccharides and Maillard reaction products leading to
the formation of insoluble macromolecular complexes [21,23]. As a result, the concentration
of phenolic compounds in raw cocoa beans differs significantly from that in the roasted
beans and chocolate [21,24–26].

In recent years, a healthy lifestyle has been promoted. It is mainly manifested by
caring for health and taking up physical activity in order to ensure a longer life in a good
physical and mental condition. One of the manifestations of caring for health is eating
food that is not only of the highest nutritional value, but also has specific health-promoting
properties. However, food processing can lead to a reduction in the concentration or even
complete loss of many valuable bioactive ingredients positively influencing human health.
Hence the efforts of food and nutrition technologists, dieticians and, consequently, many
conscious food producers to functionalize (design food products) the aim of which is
not only to provide all nutrients, but also to positively influence the body’s functions by
providing compounds that reduce the risk of developing certain diseases, especially the
so-called civilization diseases, or providing compounds that generally improve health and
well-being. In the case of chocolate production, the content of bioactive ingredients, such
as phenolic compounds, is also reduced. Already at the stage of fermentation of cocoa
beans in plantations, their content is reduced by over 50%. Especially anthocyanins and
(−)-epicatechin are highly degraded. Drying the beans after fermentation causes a further
reduction in the concentration of these compounds. Some authors [5] state that up to 90%
of (−)-epicatechin is lost as a result of fermentation and drying of cocoa beans. Further
processes leading to obtaining chocolate, especially roasting cocoa beans, only increase the
loss of polyphenols. That is why scientists, food technologists and dieticians see the need
to enrich food, including chocolate, with an additional portion of bioactive compounds,
including antioxidants, and the functional food market is constantly growing and not only
small enterprises with niche production but also industrial giants are investing in it [5,16].
The current scientific literature on the subject describes few proposals in this area, starting
from the introduction of an additional portion of polyphenols in pure form, in the form
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of cocoa liquor from raw beans, cocoa liquor or cocoa powder with increased polyphenol
content [27–29] to the addition of spices [30], leaves [31,32] or pomaces [33]. These studies
have shown that in this way the polyphenol content and antioxidant activity of chocolates
can be increased and their sensory profile can be influenced. There are commercially
available chocolates with low or unprocessed fruits, e.g., almonds, nuts, raisins, but
their shelf life is shorter than chocolate without such additives, due to, among other
things, a higher water content in semi-finished fruit products (raisins) or a high content
of unsaturated fatty acids (nuts, almonds) [34]. The introduction of freeze-dried fruit or
vegetable powder into chocolate recipes eliminates this inconvenience. To the authors’
knowledge, no studies have been carried out in terms of the aromatic profile, polyphenol
content and antioxidant activity of different kinds of chocolates enriched with freeze-dried
fruit or vegetable powders. For this purpose, we used several types of berries (blueberries,
raspberries, blackberries), pomegranate pomace and beetroots and we assumed the aim of
the presented research to investigate the effect of phenolic-rich plant powders fortification
on the bioactive compounds profile, antioxidant activity and aroma (measured by an
objective method using an electronic nose) of different types of chocolates. Berries and
pomegranates contain significant amounts of flavonoids, mainly anthocyanins, and possess
many beneficial properties for human health [35]. Anthocyanins are considered as strong
antioxidants and free radical scavengers that have an antioxidant potential twice as high as
that of other antioxidants, such as (+)-catechin and α-tocopherol [36]. Therefore, these fruits
could be used as a source of phenolic substances with pronounced antioxidant activity.
Powdered dried fruits (including berries) and vegetables are new and valuable ingredients
for the chocolate industry. European Union regulations allow the introduction of up to
40% of additional foodstuffs to chocolate recipes [37]. In this context, the enrichment of
chocolates with freeze-dried fruit (berries, pomegranate) or vegetable (beetroots) powder,
which is a rich source of natural antioxidants, including anthocyanins, can greatly improve
functional and health-promoting properties of these products. However, the addition of
plant powders rich in anthocyanins or other phenolic compounds may have an effect on
the organoleptic properties, including aroma, and in consequence consumer acceptance of
these novel chocolate products, depending on the source of the bioactive compounds and
the type of product in which they are contained.

2. Results and Discussion
2.1. Water Content and Activity and Color of Chocolates

Table 1 shows the water content and activity, as well as the CIE L*a*b* and organoleptic
characteristics of the tested chocolates.

Water content is one of the quality parameters of chocolate that affects the properties
of this product. The increase in the water content causes the deterioration of the rheological
properties of the chocolate. This influences, among other things, an increase in the power
consumption of devices during production, problems with pumping of the chocolate mass,
coating of cores, forming the product into bars or figures and worse sensory perceptions
during its consumption (chocolate sticks to the teeth). The water content of the chocolates
should be as low as possible. Bolenz and Glöde (2021) indicate that it should be lower than
0.6% [33]. This is difficult to achieve, especially in the case of white or milk chocolates
due to the higher water content in milk powder than in other raw materials used in the
production of chocolate. Problems with achieving such a low value of this parameter
may also occur in the production of sugar-free chocolates. Sucrose substitutes are often
characterized by a higher water content than sugar (sucrose), hence the generally higher
moisture content of this type of product. Thus, in practice, it is often aimed at less than 2%.
The water content in chocolates also depends on the production technology used, and the
type and design of the machines used.

Our results are consistent with the results of other researchers. An example is the study
by Godočiková et al. (2019) who studied the antioxidant properties and volatile profile of
different kinds and types of chocolates produced in Slovakia with various fruit and nut
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additions [34]. They found the water content in dark chocolates at 1.1%, in milk chocolates
at 1.8% and in white chocolates at 1.6%. Chocolates enriched with plant additives (sea
buckthorn, almonds, mulberry, currant, cherry) were characterized by a much higher
value of this parameter (8.7–16.6%). In our studies the water content in different types
of chocolates varied from 0.93 to 2.19%, with the differences being statistically significant
(p < 0.05).

Our results indicated that the type of chocolate and functional enrichment affected the
water activity of chocolates significantly (p < 0.05). The water activity of tested chocolates
ranges from 0.378 to 0.490. The present results are within the range reported by other
authors [28,34]. Looking at the effect of freeze-dried fruit or vegetable powder on the
water activity of chocolates, it was demonstrated that a partial replacement of sweetener in
different types of chocolates by 1% freeze-dried phenolic-rich plant powder did not cause
an increase of the water activity above the optimal level. Good quality and microbiolog-
ically stable chocolates are characterized by low moisture content and water activity of
0.25–0.50 [38]. Interestingly, it can be observed that some chocolate samples enriched with
freeze-dried fruit or vegetable powder had lower moisture content and water activity than
control ones. The differences in water content and activity could be explained with the
changes in the chemical composition of the control and supplemented chocolates.

Table 1. Physicochemical characteristic and organoleptic assessment of different types of chocolates enriched with various
freeze-dried phenolic-rich plant powders.

Chocolate
Type

Functional
Enrichment

Water Content
(%)

Water Activity
CIE L*a*b* Color Parameters Organoleptic

Assessment
(Point)L* a* b*

DCH

CONT 1.15 ± 0.04 b 0.408 ± 0.003 b 27.79 ± 0.12 a 5.30 ± 0.10 a 1.15 ± 0.09 b 4.8 ± 0.2 a

BLUB 1.63 ± 0.02 c 0.426 ± 0.002 c 29.88 ± 0.11 e 5.33 ± 0.09 b 1.63 ± 0.02 c 4.9 ± 0.1 a

RASB 2.19 ± 0.09 f 0.446 ± 0.005 d 29.17 ± 0.11 b 5.54 ± 0.05 d 2.19 ± 0.06 f 4.8 ± 0.2 a

BLCB 1.73 ± 0.08 d 0.490 ± 0.002 f 29.78 ± 0.12 d 5.39 ± 0.09 c 1.73 ± 0.02 d 4.8 ± 0.2 a

POME 1.83 ± 0.05 e 0.400 ± 0.007 a 29.58 ± 0.13 c 5.50 ± 0.11 d 1.83 ± 0.03 e 4.7 ± 0.2 a

BEET 0.93 ± 0.04 a 0.455 ± 0.003 e 31.69 ± 0.10 f 5.39 ± 0.08 c 0.93 ± 0.04 a 4.3 ± 0.3 b

DCH98S

CONT 1.63 ± 0.02 b 0.409 ± 0.001 b 27.70 ± 0.11 b 3.75 ± 0.09 e 1.63 ± 0.08 b 4.5 ± 0.1 a

BLUB 1.97 ± 0.01 f 0.378 ± 0.002 a 27.74 ± 0.12 b 3.51 ± 0.10 c 1.97 ± 0.07 f 4.6 ± 0.1 a

RASB 1.69 ± 0.04 c 0.447 ± 0.003 d 28.79 ± 0.14 e 3.34 ± 0.12 a 1.69 ± 0.02 c 4.6 ± 0.2 a

BLCB 1.74 ± 0.07 d 0.433 ± 0.006 c 27.82 ± 0.11 c 3.60 ± 0.03 d 1.74 ± 0.06 d 4.5 ± 0.2 a

POME 1.26 ± 0.02 a 0.408 ± 0.003 b 27.98 ± 0.13 d 3.53 ± 0.07 c 1.26 ± 0.04 a 4.5 ± 0.2 a

BEET 1.86 ± 0.08 e 0.445 ± 0.005 d 27.57 ± 0.12 a 3.40 ± 0.09 b 1.86 ± 0.02 e 4.1 ± 0.3 b

DCH98ESt

CONT 1.83 ± 0.05 c 0.408 ± 0.002 b 27.22 ± 0.10 a 3.36 ± 0.07 e 1.83 ± 0.03 c 4.4 ± 0.2 a

BLUB 1.58 ± 0.04 a 0.394 ± 0.003 a 27.96 ± 0.10 c 3.25 ± 0.10 d 1.58 ± 0.02 a 4.5 ± 0.1 a

RASB 1.60 ± 0.02 a 0.443 ± 0.001 d 28.78 ± 0.12 e 3.11 ± 0.09 b 1.60 ± 0.01 a 4.5 ± 0.2 a

BLCB 2.03 ± 0.03 d 0.445 ± 0.002 d 29.31 ± 0.11 f 3.03 ± 0.05 a 2.03 ± 0.06 d 4.4 ± 0.2 a,b

POME 1.81 ± 0.01 c 0.392 ± 0.004 a 27.85 ± 0.09 b 3.49 ± 0.07 f 1.81 ± 0.03 c 4.3 ± 0.1 a,b

BEET 1.70 ± 0.04 b 0.436 ± 0.003 c 28.35 ± 0.13 d 3.18 ± 0.09 c 1.70 ± 0.02 b 3.9 ± 0.3 c

MCH

CONT 1.22 ± 0.06 c 0.449 ± 0.004 b 32.99 ± 0.10 b 7.54 ± 0.06 b 1.22 ± 0.05 b 4.8 ± 0.2 a

BLUB 1.24 ± 0.03 c 0.393 ± 0.003 a 34.01 ± 0.15 f 7.25 ± 0.08 a 1.24 ± 0.03 c 4.9 ± 0.1 a

RASB 1.17 ± 0.04 b 0.441 ± 0.002 b 33.16 ± 0.12 d 7.60 ± 0.11 b 1.17 ± 0.02 b 4.8 ± 0.2 a

BLCB 1.19 ± 0.05 b 0.475 ± 0.001 c 32.29 ± 0.11 a 7.55 ± 0.06 b 1.19 ± 0.05 b 4.8 ± 0.2 a

POME 0.94 ± 0.04 a 0.396 ± 0.002 a 33.37 ± 0.11 e 7.99 ± 0.07 d 0.94 ± 0.02 a 4.6 ± 0.1 b

BEET 1.24 ± 0.07 c 0.446 ± 0.003 b 33.08 ± 0.12 c 7.70 ± 0.09 c 1.24 ± 0.08 c 3.8 ± 0.3 c

Blueberries (BLUB), raspberries (RASB), blackberries (BLCB), pomegranates pomace (POME), beetroots (BEET), control chocolate, (CONT).
Data are presented as mean ± SD of three replications. The values followed by the same lowercase letter (a–f) within each chocolate type in
the same column do not differ significantly according to Tukey’s HSD test at p < 0.05.

The color, next to the characteristic chocolate aroma and taste, is one of the basic
attributes influencing the quality of chocolate products. These parameters were dependent
on the type of chocolate. In our case, it was influenced by such factors as the content of
cocoa liquor and related to this sweetener content, presence of freeze-dried plant powder,
as well as the presence of powdered milk in milk chocolates. As can be seen in Table 1, the
type of chocolate affected the CIE L*a*b* color parameters of the chocolates significantly
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(p < 0.05). The brightness (L*) of the surface of tested chocolates ranged from 27.22 to 34.01,
while the redness (a*) and yellowness (b*) were 3.03–7.99 and 0.93–2.19, respectively. The
results suggested that the control chocolates and the supplemented chocolates differed
(p < 0.05) in terms of values of parameters L*, a* and b*. However, the values of parameter
b* remained more similar. Generally, the addition of freeze-dried phenolic-rich plant
powder to DCH, DCH98S, DCH98ESt or MCH significantly (p < 0.05) brightened the
color on the surface of enriched chocolates compared to the control ones, which could be
attributed to some changes in the crystal structure of cocoa butter (polymorphism) [32]. On
the other hand, there were only slight differences for the a* and b* parameters between the
control chocolates and the enriched chocolates of the same type. These results suggested
that the addition of 1% freeze-dried phenolic-rich plant powder has no negative effect on
the color of the enriched chocolates. Similar results were presented by Muhammad et al.
(2018) for milk chocolates supplemented with cinnamon nanoparticles [30].

The organoleptic evaluation of the tested chocolates was in the range of 3.8–4.9 points
(Table 1). The DCH chocolates were rated the best, followed by the MCH ones, and the
worst were the DCH98Est. The organoleptic quality of the DCH and the MCH chocolates,
control and with the addition of BLUB, RASB, BLCB and POME powders was rated as
extremely desired. They obtained scores from 4.6 to 4.9 points, while the scores within one
group of chocolates, i.e., the DCH or the MCH group, did not differ significantly from each
other (p ≥ 0.05). For example, in the case of the DCH chocolates, their rating was ranging
from 4.7 to 4.9 points. Chocolates with BEET powder were rated the worst, though still in
the desired organoleptic quality category. This was due to the earthy taste of the chocolates,
which was especially noticeable in the case of milk chocolate (3.8 points). Among dark
chocolates, chocolates with 98% cocoa were rated worse than the DCH chocolate. Panelists
described them as tart and slightly more acidic than the DCH chocolates.

Two-way ANOVA revealed a significant effect of chocolate type (p < 0.001), phenolic-
rich plant powder (p < 0.05) and their interaction (p < 0.01) for the water content and activity,
the CIE L*a*b* color parameters and organoleptic characteristic of the tested chocolates
(Table S1, Supplementary Materials).

2.2. Profile and Concentrations of Bioactive Compounds

The results show that there was considerable diversity between the profile and the
levels of bioactive compounds in the control and the enriched chocolates. It is worthwhile
noting that raw cocoa beans are known to be a good source of phenolic compounds, mainly
flavonoids, but most of them are lost during the production of chocolate and thus even dark
chocolate, which contains more cocoa parts than milk chocolate, has a significantly lower
level of phenolic compounds. As a result of fermentation and drying, the concentration
of phenolic compounds, especially flavonoids, decreases by more than 80% [26]. In the
case of unstable anthocyanins, the losses may reach even up to 90% [10]. Heat treatment
may also cause the transformation of the remaining anthocyanins into colorless chalcones,
which spontaneously degrade to suitable phenolic acids or polymerize and condense with
other phenolic compounds to form brown polymeric pigments. Therefore, chocolates
obtained in the conventional processing of cocoa beans contain significantly less flavan-
3-ols and do not contain anthocyanins. To minimize these losses, various plant extracts
(e.g., raspberry leaf and green tea extracts) or dried fruits (e.g., cherry, black mulberry,
currant, sea buckthorn) rich in phenolic compounds have been added to the white, milk
or dark chocolates for enhancing their functional properties [27,30,31]. The application of
freeze-dried fruit (blueberries, raspberries, blackberry, pomegranates pomace) and beetroot
powder was exploited to enrich different kinds of chocolates, such as dark (DCH, DCH98S
and DCH98ESt) and milk (MCH) chocolates, enhancing their health-promoting properties.

The addition of tested freeze-dried fruit or vegetable powders to different types
of chocolates led to a significant (p < 0.05) enrichment of these products with phenolic
compounds, mainly anthocyanins and phenolic acids (Table 2). It was found that a 1%
addition of these powders to chocolates increased the content of total phenolic compounds
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(flavan-3-ols, phenolic acids and anthocyanins) of enriched dark and milk chocolates
compared to the control ones dependent on the powder used. The highest percentage
increase (approximately 80%) in the total polyphenol content was observed in the MCH
chocolate enriched with BLUB powder (Table 3). The greatest increase in the total content
of polyphenols in all obtained chocolates was caused by the addition of BLUB powder
followed by the addition of BEET powder. The BLUB powder, in all obtained chocolates,
enriched the polyphenol composition by approximately 32.8 mg/100 g DM of anthocyanins,
which were absent in the control chocolates. The greatest amount of flavan-3-ols and
phenolic acids was introduced into the chocolates also via BLUB powder. Therefore, the
profile and concentrations of phenolic compounds in chocolates containing tested freeze-
dried plant powders are influenced by the phytochemical composition of cocoa liquor
and plant powder used as a functional additive. The contents of individual phenolic
compounds detected in the control chocolates and in the chocolates made with 1% addition
of the fruit or vegetable powder in the product recipe are presented in Table 3 (powders
were added instead of part of sweetener).

Table 2. Phenolic compounds content and antioxidant properties of studied freeze-dried phenolic-rich plant powders.

Compounds and
Antioxidant Activity BLUB RASB BLCB POME BEET

Phenolic Content
Flavan-3-ols (mg/100 g DM)

Cat 35.41 ± 0.12 e 30.70 ± 0.14 d 10.09 ± 0.09 a 11.56 ± 0.11 b 21.87 ± 0.15 c

Ecat 57.45 ± 0.24 d 52.23 ± 0.19 b 48.34 ± 0.18 a 55.34 ± 0.26 c 58.50 ± 0.31 e

PC B2 39.34 ± 0.17 d 20.46 ± 0.19 c 43.24 ± 0.21 e 16.78 ± 0.13 b 13.65 ± 0.10 a

PC C1 11.98 ± 0.08 e 0.06 ± 0.02 a 0.12 ± 0.03 c 0.09 ± 0.02 b 0.05 ± 0.02 a

Total 144.18 ± 0.56 e 103.45 ± 0.25 d 101.79 ± 0.21 c 83.77 ± 0.14 a 94.07 ± 0.18 b

Anthocyanins (mg/100 g DM)
Cy-3-Glu nd 3730.65 ± 10.87 a 4370.09 ± 12.44 b nd nd
Cy-3-Rut nd nd 59.76 ± 0.21 nd nd

Cy-3,5-diGlu 10,280.60 ± 32.51 b nd nd 98.69 ± 0.36 a nd
Cy-3-Xyl 4195.67 ± 14.41 b nd 164.86 ± 0.41 a nd nd

Cy-3-(6′′-Mal-Glu) nd nd 315.46 ± 0.65 b nd nd
Del-3,5-diGlu 7697.48 ± 26.54 b nd nd 31.56 ± 0.21 a nd

Del-3-Glu nd nd nd 8.49 ± 0.07 nd
Pel-3,5-diGlu 10,759.88 ± 36.38 nd nd nd nd

Total 32,933.63 ± 61.89 d 3730.65 ± 10.87 b 4910.17 ± 13.70 c 138.74 ± 0.39 a nd

Phenolic Acids (mg/100 g DM)
GA 9.36 ± 0.09 b nd 2.57 ± 0.05 a nd nd
PA 6.14 ± 0.05 c 3.19 ± 0.05 b 2.24 ± 0.04 a nd 26.48 ± 0.11 d

p-HBA 1.83 ± 0.03 a 10.29 ± 0.08 b 18.48 ± 0.12 d 11.80 ± 0.06 c 70.40 ± 0.19 e

Total 17.33 ± 0.25 c 13.48 ± 0.08 b 23.29 ± 0.22 d 11.80 ± 0.05 a 96.88 ± 0.36 e

Total phenolics
(mg/100 g DM) 33,095.14 ± 62.70 e 3847.58 ± 11.20 c 5035.25 ± 14.13 d 234.31 ± 0.58 b 190.95 ± 0.54 a

Antioxidant Activity
DPPH EC50

(mg/mg DPPH) 0.15 ± 0.02 a 0.62 ± 0.03 b 1.17 ± 0.05 c 1.49 ± 0.04 d 0.15 ± 0.02 a

FRAP (µmol TE/g DM) 761.27 ± 0.13 e 646.86 ± 0.16 c 629.61 ± 0.09 b 671.25 ± 0.12 d 498.34 ± 0.18 a

Blueberries (BLUB), raspberries (RASB), blackberries (BLCB), pomegranates pomace (POME), beetroots (BEET), control chocolate, (CONT).
Data are presented as mean ± SD of three replications. The values followed by the same lowercase letter (a–e) in the same row do not differ
significantly according to Tukey’s HSD test at p < 0.05. nd—not detected.
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Table 3. The content of individual phenolic compounds in different types of chocolates enriched with various freeze-dried
phenolic-rich plant powders (mg/100 g DM).

Phenolic Compounds
Functional Enrichment

CONT BLUB RASB BLCB POME BEET

DCH
Flavan-3-ols

Cat 14.15 ± 0.09 a 18.66 ± 0.08 e 16.60 ± 0.07 d 14.18 ± 0.11 b 15.16 ± 0.12 c 17.89 ± 0.09 e

Ecat 77.23 ± 0.48 a 97.32 ± 0.43 f 85.24 ± 0.47 c 80.68 ± 0.38 b 88.67 ± 0.34 d 96.54 ± 0.51 e

PC B2 23.30 ± 0.11 a 43.19 ± 0.15 d 43.35 ± 0.16 d 45.49 ± 0.12 e 40.41 ± 0.18 c 34.89 ± 0.15 b

PC C1 10.47 ± 0.06 a 17.79 ± 0.07 e 11.80 ± 0.08 b 14.71 ± 0.09 d 11.86 ± 0.07 b 14.40 ± 0.06 c

Total flavan-3-ols 125.15 ± 0.54 a 176.96 ± 0.59 d 156.99 ± 0.66 b 156.06 ± 0.65 b 156.10 ± 0.58 b 163.72 ± 0.63 c

Anthocyanins
Cy-3-Glu nd nd 3.73 ± 0.05 a 4.37 ± 0.04 b nd nd
Cy-3-Rut nd nd nd 0.06 ± 0.01 a nd nd

Cy-3,5-diGlu nd 10.28 ± 0.15 b nd nd 0.10 ± 0.04 a nd
Cy-3-Xyl nd 4.20 ± 0.07 b nd 0.16 ± 0.07 a nd nd

Cy-3-(6′′-Mal-Glu) nd nd nd 0.32 ± 0.03 nd nd
Del-3,5-diGlu nd 7.70 ± 0.10 b nd nd 0.03 ± 0.05 a nd

Del-3-Glu nd nd nd nd 0.01 ± 0.01 nd
Pel-3,5-diGlu nd 10.76 ± 0.09 nd nd nd nd

Total anthocyanins nd 32.93 ± 0.31 d 3.73 ± 0.05 b 4.91 ± 0.15 c 0.14 ± 0.09 a nd
Phenolic acids

GA 7.23 ± 0.09 b 8.77 ± 0.11 c 7.42 ± 0.10 b 7.12 ± 0.12 a 9.25 ± 0.10 d 8.88 ± 0.11 c

PA 1.34 ± 0.04 a 4.24 ± 0.10 e 2.86 ± 0.07 c 2.41 ± 0.06 b 2.91 ± 0.08 c 3.07 ± 0.05 d

p-HBA 7.69 ± 0.09 a 8.25 ± 0.11 c 8.60 ± 0.05 d 7.90 ± 0.09 b 7.96 ± 0.10 b 8.90 ± 0.03 e

Total phenolic acids 16.26 ± 0.21 a 21.26 ± 0.24 f 18.88 ± 0.21 c 17.43 ± 0.18 b 20.12 ± 0.26 d 20.85 ± 0.19 e

Total phenolics 141.41 ± 0.74 a 231.16 ± 0.63 d 179.60 ± 0.64 b 177.40 ± 0.70 b 176.36 ± 0.71 b 184.57 ± 0.84 e

DCH98S
Flavan-3-ols

Cat 28.48 ± 0.10 c 31.73 ± 0.08 d 28.21 ± 0.14 c 23.14 ± 0.12 a 25.77 ± 0.09 b 33.00 ± 0.14 e

Ecat 152.29 ± 0.51 a 165.44 ± 0.45 e 164.91 ± 0.31 d 154.30 ± 0.39 b 155.17 ± 0.43 c 173.70 ± 0.23 f

PC B2 39.61 ± 0.12 a 63.42 ± 0.11 e 53.69 ± 0.14 c 48.43 ± 0.09 b 70.96 ± 0.10 f 59.39 ± 0.19 d

PC C1 21.20 ± 0.08 b 29.25 ± 0.10 e 20.05 ± 0.06 a 27.95 ± 0.07 c 21.23 ± 0.09 b 28.73 ± 0.11 d

Total flavan-3-ols 241.58 ± 0.78 a 289.84 ± 0.69 e 266.86 ± 0.58 c 253.82 ± 0.72 b 273.13 ± 0.73 d 294.82 ± 0.63 f

Anthocyanins
Cy-3-Glu nd nd 3.73 ± 0.06 a 4.37 ± 0.05 b nd nd
Cy-3-Rut nd nd nd 0.06 ± 0.02 nd nd

Cy-3,5-diGlu nd 10.28 ± 0.11 b nd nd 0.10 ± 0.02 a nd
Cy-3-Xyl nd 4.20 ± 0.08 b nd 0.16 ± 0.04 a nd nd

Cy-3-(6′′-Mal-Glu) nd nd nd 0.32 ± 0.03 nd nd
Del-3,5-diGlu nd 7.70 ± 0.12 b nd nd 0.03 ± 0.01 a nd

Del-3-Glu nd nd nd nd 0.01 ± 0.01 nd
Pel-3,5-diGlu nd 10.76 ± 0.17 nd nd nd nd

Total anthocyanins nd 32.94 ± 0.34 d 3.73 ± 0.06 b 4.91 ± 0.14 c 0.14 ± 0.04 a nd
Phenolic acids

GA 11.29 ± 0.11 a 14.91 ± 0.09 e 12.61 ± 0.10 b 13.53 ± 0.12 d 16.28 ± 0.11 f 12.95 ± 0.08 c

PA 2.58 ± 0.04 a 7.21 ± 0.06 f 4.86 ± 0.05 d 4.59 ± 0.06 c 5.20 ± 0.07 e 3.72 ± 0.05 b

p-HBA 9.78 ± 0.10 b 14.02 ± 0.12 f 10.41 ± 0.08 c 11.21 ± 0.11 d 13.53 ± 0.10 e 8.59 ± 0.07 a

Total phenolic acids 23.65 ± 0.24 a 36.14 ± 0.27 f 27.88 ± 0.23 c 29.33 ± 0.28 d 35.01 ± 0.28 e 25.26 ± 0.20 b

Total phenolics 265.23 ± 1.02 a 358.92 ± 1.32 f 298.47 ± 0.87 c 288.06 ± 0.94 b 308.28 ± 0.95 d 320.08 ± 0.82 e

DCH98Est
Flavan-3-ols

Cat 27.73 ± 0.13 d 26.90 ± 0.12 c 25.92 ± 0.14 b 25.62 ± 0.11 a 25.62 ± 0.13 a 27.97 ± 0.11 e

Ecat 149.37 ± 0.49 d 140.24 ± 0.40 b 139.79 ± 0.35 a 139.84 ± 0.47 a 141.54 ± 0.21 b 147.25 ± 0.31 c

PC B2 33.18 ± 0.17 a 53.76 ± 0.16 e 45.52 ± 0.15 c 41.05 ± 0.14 b 60.15 ± 0.21 f 50.35 ± 0.16 d

PC C1 17.76 ± 0.15 b 24.80 ± 0.11 e 17.00 ± 0.10 a 23.70 ± 0.12 d 18.00 ± 0.13 c 24.35 ± 0.10 d

Total flavan-3-ols 228.04 ± 0.66 a 245.70 ± 0.55 c 228.23 ± 0.61 a 230.21 ± 0.59 b 245.31 ± 0.69 c 249.92 ± 0.53 d

Anthocyanins
Cy-3-Glu nd nd 3.74 ± 0.05 a 4.38 ± 0.04 b nd nd
Cy-3-Rut nd nd nd 0.06 ± 0.02 nd nd

Cy-3,5-diGlu nd 10.30 ± 0.12 b nd nd 0.10 ± 0.01 a nd
Cy-3-Xyl nd 4.20 ± 0.09 b nd 0.17 ± 0.03 a nd nd

Cy-3-(6′′-Mal-Glu) nd nd nd 0.32 ± 0.04 nd nd
Del-3,5-diGlu nd 7.71 ± 0.11 b nd nd 0.03 ± 0.01 a nd

Del-3-Glu nd nd nd nd 0.01 ± 0.01 nd
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Table 3. Cont.

Phenolic Compounds
Functional Enrichment

CONT BLUB RASB BLCB POME BEET

Pel-3,5-diGlu nd 10.78 ± 0.09 nd nd nd nd
Total anthocyanins nd 32.99 ± 0.35 d 3.74 ± 0.05 b 4.93 ± 0.13 c 0.14 ± 0.03 a nd

Phenolic acids
GA 11.14 ± 0.08 c 12.64 ± 0.10 e 10.69 ± 0.09 a 11.47 ± 0.11 d 13.80 ± 0.09 f 10.98 ± 0.09 b

PA 2.16 ± 0.04 a 6.11 ± 0.03 f 4.12 ± 0.05 d 3.89 ± 0.06 c 4.41 ± 0.07 e 3.15 ± 0.05 b

p-HBA 10.70 ± 0.09 c 11.89 ± 0.10 f 11.74 ± 0.06 e 9.50 ± 0.08 b 11.47 ± 0.11 d 7.29 ± 0.06 a

Total phenolic acids 24.00 ± 0.21 b 30.64 ± 0.23 f 26.55 ± 0.22 d 24.86 ± 0.24 c 29.68 ± 0.19 e 21.42 ± 0.20 a

Total phenolics 252.04 ± 0.86 a 309.33 ± 0.83 e 258.52 ± 0.72 b 260.00 ± 0.81 b 275.13 ± 0.90 d 271.34 ± 0.73 c

MCH
Flavan-3-ols

Cat 4.44 ± 0.03 a 5.54 ± 0.04 b 11.83 ± 0.03 d 11.35 ± 0.04 c 12.01 ± 0.05 e 14.65 ± 0.11 f

Ecat 45.58 ± 0.16 a 60.00 ± 0.17 e 58.72 ± 0.18 d 56.92 ± 0.18 b 58.21 ± 0.21 c 64.64 ± 0.16 f

PC B2 23.41 ± 0.12 a 31.59 ± 0.11 e 31.03 ± 0.10 d 27.55 ± 0.13 b 28.40 ± 0.11 c 34.05 ± 0.14 f

PC C1 6.23 ± 0.05 c 18.90 ± 0.04 f 5.90 ± 0.07 b 7.36 ± 0.06 d 15.93 ± 0.07 e 2.20 ± 0.05 a

Total flavan-3-ols 79.66 ± 0.36 a 116.03 ± 0.36 f 107.48 ± 0.38 c 103.18 ± 0.41 b 114.55 ± 0.44 d 115.54 ± 0.46 e

Anthocyanins
Cy-3-Glu nd nd 3.77 ± 0.03 a 4.40 ± 0.04 b nd nd
Cy-3-Rut nd nd nd 0.60 ± 0.02 nd nd

Cy-3,5-diGlu nd 10.38 ± 0.15 b nd nd 0.10 ± 0.02 a nd
Cy-3-Xyl nd 4.24 ± 0.04 b nd 0.17 ± 0.03 a nd nd

Cy-3-(6′′-Mal-Glu) nd nd nd 0.32 ± 0.02 nd nd
Del-3,5-diGlu nd 7.77 ± 0.12 b nd nd 0.03 ± 0.01 a nd

Del-3-Glu nd nd nd nd 0.01 ± 0.01 nd
Pel-3,5-diGlu nd 10.08 ± 0.13 nd nd nd nd

Total anthocyanins nd 32.47 ± 0.24 d 3.77 ± 0.03 b 5.49 ± 0.11 c 0.14 ± 0.04 a nd
Phenolic acids

GA 6.08 ± 0.10 a 7.18 ± 0.11 b 7.56 ± 0.12 c 7.99 ± 0.09 d 7.34 ± 0.13 b 8.09 ± 0.05 d

PA 1.52 ± 0.04 a 2.04 ± 0.05 c 1.87 ± 0.03 b 2.00 ± 0.03 c 1.81 ± 0.05 b 2.53 ± 0.10 d

p-HBA 1.98 ± 0.06 a 2.96 ± 0.07 c 3.05 ± 0.02 d 3.01 ± 0.05 d 2.81 ± 0.04 b 3.92 ± 0.04 e

Total phenolic acids 9.58 ± 0.20 a 12.18 ± 0.23 b 12.48 ± 0.17 b,c 13.00 ± 0.17 c 11.96 ± 0.22 b 14.54 ± 0.19 d

Total phenolics 89.24 ± 0.56 a 160.68 ± 0.83 f 123.73 ± 0.58 c 121.67 ± 0.69 b 126.65 ± 0.70 d 130.08 ± 0.65 e

nd—not detected. Blueberries (BLUB), raspberries (RASB), blackberries (BLCB), pomegranates pomace (POME), beetroots (BEET), control
chocolate, (CONT). Data are presented as mean ± SD of three replications. The values followed by the same lowercase letter (a–f) within
each chocolate type in the same row do not differ significantly according to Tukey’s HSD test at p < 0.05.

The addition of plant powders made the chocolates differ in the total phenolics content
and the qualitative and quantitative composition of polyphenols (Table 3). The feature
that distinguished them is primarily the content and concentration of anthocyanins. The
control and chocolates with BEET powder did not contain anthocyanins. Chocolates with
the addition of BLUB powder included in their composition four anthocyanins: cyanidin-
3,5-O-diglucoside (Cy-3,5-diGlu), cyanidin-3-O-xyloside (Cy-3-Xyl), delphinidin-3,5-O-
diglucoside (Del-3,5-diGlu) and pelargonidin-3,5-O-diglucoside (Pel-3,5-diGlu), whose
total concentration was approximately 33 mg/100 g DM. Cy-3,5-di Glu and Pel-3,5-diGlu
were present in the highest amounts, each at concentrations of above 10 mg/100 g DM.
Chocolates with the addition of RASB powder included only one anthocyanin—cyanidin-
3-O-glucoside (Cy-3-Glu) in a concentration of approximately 3.7 mg/100 g DM. There
were four anthocyanins in the chocolates with BLCB powder, i.e., Cy-3-Glu, cyanidin-3-
O-rutinoside (Cy-3-Rut), Cy-3-Xyl and cyanidin-3-(6′′-malonyl)-glucoside (Cy-3-(6′′-Mal-
Glu)), the total concentration of which was approximately 5 mg/100 g DM, with Cy-3-Glu
being the highest amount of 4.4 mg/100 g DM. On the other hand, in chocolates with POME
powder there were three anthocyanins, i.e., Cy-3,5-diGlu, Del-3,5-diGlu and delphinidin-3-
O-glucoside (Del-3-Glu), with a total concentration of 0.14 mg/100 g DM, with Cy-3,5-diGlu
being the highest amount of 0.1 mg/100 g DM.

Seven phenolic compounds were identified in all types of control chocolates and choco-
lates enriched with BEET powder, including four flavan-3-ols (catechin—Cat, epicatechin—
Ecat, procyanidin B2—PC B2 and procyanidin C1—PC C1) and three phenolic acids (gallic
acid—GA, protocatechuic acid—PA and p-hydroxybenzoic acid—p-HBA). The presence
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of these compounds in chocolates has already been described by other authors [29,39,40].
Chocolates enriched with RASB powder showed eight phenolic compounds, seven of
which were present in the control chocolates and in chocolates made with vegetable pow-
der in addition to Cy-3-Glu. The dark and milk chocolates containing BLCB powder
showed the presence of eleven phenolic compounds and eight of these phenolics were
identified in raspberry-enriched chocolates in addition to Cy-3-Rut, Cy-3-Xyl and Cy-3-(6′′-
Mal-Glu). The samples of DCH, DCH98S, DCH98Est and MCH made with BLUB powder
also showed eleven phenolic compounds, eight of which were present in chocolates with
BLCB powder in addition to Cy-3,5-diGlu, Del-3,5-diGlu and Pel-3,5-diGlu. The differ-
ent types of chocolates containing POME powder showed the presence of ten phenolic
compounds and nine of these phenolics were identified in BLUB-enriched chocolates in
addition to Del-3-Glu. The predominant phenolic compound in all tested chocolates was
Ecat. The second most abundant compound was PC B2, followed by Cat, PC C1, GA
and p-HBA. Moreover, Cy-3,5-diGlu, Pel-3,5-diGlu, Cy-3-Glu and Cy-3-Xyl were found
in significant quantities but only in chocolates made with berry powders. Depending on
the evaluated chocolate types and functional enrichment, the concentrations of individual
phenolic compounds varied significantly (p < 0.05) within tested chocolates.

As can be seen in Table 3, the sum of phenolic compounds differed significantly
(p < 0.05) between control and enriched chocolates of different types, with the highest total
phenolics found for DCH98S chocolate enriched with BLUB powder and the lowest for
control MCH (the results ranged from 89.24 to 358.92 mg/100 g DM).

The major phenolic compounds in both control and chocolates enriched with fruit
or vegetable powders were flavan-3-ols, which represented approximately 72–92% of
total phenolics levels. The total amount of the investigated flavan-3-ols within the dif-
ferent chocolate types ranged from 79.66 mg/100 g DM in control milk chocolate to
294.82 mg/100 g DM in DCH98S chocolate enriched with BEET powder. The content
of these compounds was similar to the amount reported by other authors [29,39,40] in
different kinds of chocolates. Considerable amounts of phenolic acids were also found
in tested chocolates. The concentrations of these phenolics represented approximately
8–11% of the average amounts of total phenolics. Among investigated samples, the highest
phenolic acids levels were found in DCH98S chocolate enriched with either BLUB or POME
powders. In turn, significant quantities of anthocyanins were found in chocolates enriched
with fruit powders but mainly in those made with berry powders. Depending on the
evaluated chocolate types and functional enrichment, the concentrations of anthocyanins
varied significantly (p < 0.05) within chocolates enriched with fruit powders and ranged
from 0.14 to 32.99 mg/100 g DM. In this study, no anthocyanins were found in the control
chocolates. Moreover, chocolates with the addition of POME powder were characterized
by very small amounts of these compounds.

The results indicated that the addition of all fruit and vegetable powders to different
types of chocolates led to substantial changes in the levels of phenolic compounds of
enriched chocolates (Table 3). A two-way ANOVA revealed that the content of all phenolic
compounds, apart from anthocyanins, varied significantly with the type of chocolate
(p < 0.001), phenolic-rich plant powder (p < 0.001) and their interaction (p < 0.001) (Table S2,
Supplementary Materials). In addition, the total anthocyanins, Cy-3-Glu, Cy-3-Rut, Cy-
3,5-diGlu, Cy-3-Xyl, Cy-3-(6′′-Mal-Glu), Del-3,5-diGlu and Del-3-Glu concentrations were
significantly affected by phenolic-rich plant powder, but there was not a statistically
significant interaction between the effects of the type of chocolate and the phenolic-rich
plant powder. The addition of all tested fruit and vegetable powders increased considerably
the total content of phenolic compounds of all chocolate types compared to the control ones.
Irrespective of the chocolate type, there was a significant increase in the level of flavan-3-ols
and phenolic acids of the enriched chocolates. It was also observed that the addition of
berry powders also caused a significant (p < 0.05) increase in the total anthocyanins content
in both dark and milk chocolates with respect to control chocolates, while the amount of
these pigments in chocolates made with POME powder only slightly increased compared
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to control ones. Overall, the greatest increment in the total contents of three classes of
phenolic compounds of all types of chocolates was caused by the supplementation of BLUB
powder. The increase in phenolic contents in fruit- or vegetable-supplemented chocolates
reflects the addition of specific functional enrichment. Godočiková et al. (2017) reported
also that specific types of dried fruits, for example black mulberry, rich in anthocyanins,
was also suitable to enhance the concentration of bioactive substances of chocolate even
with a lower cocoa solids content [41]. Recently, Martini, Conte and Tagliazucchi (2018)
demonstrated that the enrichment of dark chocolates with Sakura green tea leaves or
turmeric powder is an effective technique to improve the health-enhancement of the final
product [42].

Our data supported the possible application of berries and POME powders to the
formulation of both dark and milk chocolates with increased phenolic compounds, mainly
anthocyanins, which are never found in a given type of cocoa bean or are lost during their
processing.

2.3. Antioxidant Activity

In order to evaluate the freeze-dried phenolic-rich plant powders’ contribution to the
antioxidant properties of the different types of chocolates, the DPPH radical scavenging
activity and the ferric-reducing ability in control and enriched chocolates were determined
and the results have been presented in Figure 1I and II, respectively.
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Figure 1. (I) DPPH radical scavenging activity of different types of chocolates enriched with various
freeze-dried phenolic-rich plant powders, expressed as IC50 values. (II) Ferric reducing antioxidant
power (FRAP value) of different types of chocolates enriched with various freeze-dried phenolic-rich
plant powders. Data are expressed as the mean of triplicate ± SD. Bars with the same lowercase
letter (a–f) within each type of chocolate do not differ significantly according to Tukey’s HSD test
at p < 0.05. Blueberries (BLUB), raspberries (RASB), blackberries (BLCB), pomegranates pomace
(POME), beetroots (BEET), control (CONT).
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The DPPH• scavenging capacity was expressed as IC50 values, the concentration at
which 50% inhibition of free radical scavenging activity is observed. The range of IC50
values of the analyzed chocolates was 3.05–28.12 mg/mg DPPH (Figure 1I). Two-way
ANOVA revealed the significant effect of chocolate type (p < 0.001), freeze-dried phenolic-
rich plant powders (p < 0.001) and their interaction for the DPPH radical scavenging activity
(Table S2).

Overall, dark chocolates revealed better antioxidant properties than milk chocolates,
which agrees with the higher content of phenolic compounds found in the dark chocolates.
The antioxidant activity of chocolates is usually attributed to the presence of monomeric
flavan-3-ols, polymeric procyanidins and Maillard reaction products (e.g., melanoidins)
that are well known to possess effective scavenging activity of free radicals [43].

The results indicated that the enrichment of chocolates with various fruit or vegetable
powders can improve the antioxidant activity of chocolates, depending on the chocolate
type and plant powder used as a functional additive. As compared to control chocolates,
the supplementation with almost all freeze-dried fruit and vegetable powders caused
significant (p < 0.05) decreases in the DPPH free radical scavenging activity in many types
of obtained chocolates. Interestingly, among all studied chocolates, the highest DPPH
radical scavenging capacity was exhibited by the DCH98S chocolate enriched with BEET
powder. Nevertheless, the results indicated that the addition of BEET powder to DCH and
DCH98ESt chocolates reduced DPPH radical scavenging activity significantly (p < 0.05)
compared to the control. The observed differences in the free radical scavenging capacity of
chocolates of different types with the same additive and different sweeteners may be due to
different reaction mechanisms occurring during the preparation of the chocolates, including
the Maillard reaction, the degradation of phenolic compounds of higher molecular weight
to smaller phenolics and/or various transformations of flavan-3-ols and phenolic acids. In
addition, other authors reported that supplementation of a sour cherry puree with sucrose
or erythritol significantly declines its free radical scavenging activity [44]. They showed
that the addition of natural sweeteners to a sour cherry puree resulted in a significant
reduction in phenolic compounds, mainly flavan-3-ols. These phenomena may be due to
the intermolecular interactions between the hydroxyl group from phenolic compounds
in chocolate and phenolic-rich plant powders and a hydroxyl group in sucrose or sugar
alcohol molecules [44,45].

It was observed that dark chocolates (98%) sweetened with erythritol and stevia in-
stead of sucrose supplemented with RASB, BLCB and POME powders exhibited a higher
DPPH radical-scavenging activity as compared to control DCH98ESt samples. Regarding
the DCH chocolates, the enrichment with POME powder significantly increased (p < 0.05)
the DPPH antioxidant capacity compared to the control sample. The obtained data high-
lighted, moreover, that the addition of freeze-dried berries, POME and BEET powders to
MCH samples caused a significant (p < 0.05) increase in DPPH radical scavenging activity.
As expected, the lowest free radical scavenging abilities was exhibited by the control milk
chocolate. Our results also show that the partial sweetener substitution by BLCB powder
caused the most pronounced reduction of the DPPH radical-scavenging potential of all dark
chocolates. This result may be attributed to the synergistic and antagonistic interaction that
results from the coexistence of many antioxidant compounds in enriched chocolates [41].
Some reports revelated that interactions between flavan-3-ols and anthocyanins might ac-
celerate the degradation of anthocyanin pigments that further react giving rise to polymeric
brown pigments [44]. It should be understood that the antioxidant activity of a mix is not
the sum of the antioxidant activities of each of the components, due to interactions between
the components. Therefore, it is difficult to predict in advance the result of food functional-
ization into components with antioxidant properties, e.g., the antioxidant potential of the
product, inhibition of the growth of cancer cells or other biological properties. The effects
can be surprising. Godočiková et al. (2017) observed that dark chocolates enriched with
mulberry and sea buckthorn exhibited higher DPPH scavenging activity than control ones.
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Antioxidant capacities significantly increased with the addition of capsules of bioactive
compounds [41].

The addition of freeze-dried phenolic-rich plant powders led to significant (p < 0.001)
differences in the reducing capacity of all types of chocolates (Table S2). The ferric-reducing
antioxidant power of the tested chocolate samples varied from 140.15 to 354.38 µmol TE/g
DM (Figure 1II).

Among investigated samples, the DCH98ESt chocolates enriched with POME and
BEET powders demonstrated the highest FRAP values. The obtained results indicated
that the reducing capacity of dark chocolates made with sucrose noticeably decreases after
supplementation of BLCB, POME and BEET powders. While in the case of dark chocolate
sweetened with erythritol and stevia instead of sucrose, the addition of all functional
powders led to a considerable increase in the reducing power compared to the control ones.
This phenomenon may be ascribed to the interaction of phenolic compounds with sucrose.
For example, Shalaby et al. (2016) showed that the introduction of sucrose to green tea
significantly decreased its antioxidant potential [45]. In the present study, irrespective of
the functional enrichment type, there was a significant increase in the ferric-reducing ability
of all supplemented milk chocolates. Other authors have also observed that the addition of
different sweeteners to fruit puree and green or black tea affects their antioxidant properties
in different ways [44,45]. Therefore, we can conclude that the observed differences in DPPH
and FRAP values of dark chocolates (98%) with the same powders and different sweeteners
may be due to different reaction mechanisms occurring between phenolic compounds and
sucrose and erythritol with stevia glycosides. Interestingly, unlike dark chocolates, the
addition of BLCB powder caused the greatest increase in the reducing capacity of milk
chocolate. Our results also showed that the addition of anthocyanin-rich BLUB powder
caused an increase in reducing power regardless of the type of chocolate. This increase
may be attributed to the fact that anthocyanins can act as reducing agents mainly through
the electron-transfer mechanism [36].

Other studies have also reported that the addition of fruit or other phenolic-rich
plants to chocolates either increase or decrease antioxidant activity evaluated by FRAP
and DPPH assays [32,33,41,46]. These distinct differences may be attributed to the in-
creased interaction between phenolics and other compounds, including carbohydrates,
sweeteners, and proteins, present in chocolate and in fruits or vegetables. It is well known
that both non-oxidized and oxidized phenolic compounds have a strong affinity to pro-
teins, polysaccharides, alkaloids and Maillard reaction products, and may form insoluble
complexes [46]. The results provide strong evidence that the interactions of mixtures of
antioxidant compounds might generate synergic or inhibitor effects and can enhance or
inhibit the antioxidant activity or even modify their reaction mechanisms [41].

2.4. Electronic Nose Analysis of Chocolates

Chocolate aroma depends on the combination of many volatile compounds (VCs)
derived from cocoa beans and other ingredients, such as sucrose (sweetener), milk, and
flavors, formed or modified during the roasting, alkalization and conching stages. It is
well known that the typical chocolate flavor is mainly formed due to the Maillard reactions
and the Strecker degradation of flavor precursors, such as free amino acids, short-chain
peptides, and reducing sugars (e.g., glucose) during roasting [47,48]. However, it has to be
noticed that functional additives rich in phenolic compounds having a positive effect on
biological activity of enriched chocolates, can also affect the sensory properties of the final
product. For example, phenolic compounds are responsible for the specific astringent and
bitter taste of the raw beans and influence the stability and digestibility of the products
obtained from them as a result of the formation of complexes mainly with polysaccharides,
proteins, methylxanthines and Maillard reaction products. Therefore, these compounds are
playing an important role in shaping the sensory characteristics of chocolates, fruits, and
vegetables, as well as products obtained from them [48].
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In our study, volatile compounds in chocolates were determined by using an electronic
nose. A total of twenty-six VCs were identified, including alcohols, phenols, aldehydes,
ketones, esters, acids, pyrazines, furfural, lactone, and sulfide compound in the all-enriched
chocolates (Table 4). The results revealed that the addition of berries, POME and BEET
powders significantly (p < 0.05) influenced the sensory attributes of the resultant choco-
lates. A two-way ANOVA revealed that the content of all VCs, apart from vanillin, varied
significantly with chocolate type (p < 0.001), freeze-dried phenolic-rich plant powders
(p < 0.001) and their interaction (p < 0.001) (Table S3, Supplementary Materials). The most
important compounds of control and supplemented chocolates were acetic acid, benzalde-
hyde, 2-methylpropanal, 3-methylbutanal, 2-furfural, 2,5-dimethylpyrazine, pentanal and
phenylethylacetate. The compound found in the highest concentration in all samples was
acetic acid, which is associated with sour, pungent, and unpleasant notes. This compound
is the highest odor-active compound in unroasted cocoa beans. Despite the fact that during
further processing of cocoa beans acetic acid concentration decreases by over 70%, it is
still the highest odor-active compound in roasted cocoa beans, cocoa mass and chocolates
obtained from them [47–50]. The second compound found in the highest concentration in
all tested chocolates is benzaldehyde. This compound has a pleasant fruity-type odor and
a fruity-type flavor.

Table 4. The content of volatile compounds in different types of chocolates.

Volatile Compounds
Functional Enrichment

CONT BLUB RASB BLCB POME BEET

DCH
Alcohols and Phenols

2,3-Butanediol 0.25 ± 0.04 a 0.69 ± 0.05 e 0.43 ± 0.03 c 0.58 ± 0.06 d 0.37 ± 0.08 b 0.40 ± 0.02 c

2-Phenylethanol 0.03 ± 0.01 a 0.11 ± 0.03 b 0.04 ± 0.02 a 0.04 ± 0.01 a 0.03 ± 0.02 a 0.03 ± 0.02 a

Aldehydes and Ketones
2-Methylpropanal 3.49 ± 0.03 c 2.84 ± 0.06 a 4.09 ± 0.04 e 3.68 ± 0.02 d 2.99 ± 0.02 b 4.66 ± 0.04 f

Benzaldehyde 18.91 ± 0.13 d 12.74 ± 0.14 a 19.93 ± 0.10 e 17.55 ± 0.15 c 15.50 ± 0.13 b 22.39 ± 0.19 f

Butan-2-one 0.47 ± 0.06 b 0.54 ± 0.02 c 0.45 ± 0.03 b 0.56 ± 0.04 c 0.46 ± 0.06 b 0.40 ± 0.02 a

3-Methylbutanal 1.01 ± 0.07 e 0.88 ± 0.09 d 0.70 ± 0.06 b 0.90 ± 0.04 d 0.81 ± 0.03 c 0.52 ± 0.04 a

2,3-Pentanedione 0.63 ± 0.04 a 1.18 ± 0.10 e 0.87 ± 0.04 c 1.03 ± 0.04 d 0.76 ± 0.04 b 0.84 ± 0.05 c

Pentanal 0.08 ± 0.02 a 0.67 ± 0.06 c 0.29 ± 0.04 b 1.13 ± 0.04 d 0.11 ± 0.04 a 0.09 ± 0.04 a

(Z)-4-Heptenal 0.08 ± 0.01 a 0.10 ± 0.05 a 0.08 ± 0.02 a 0.06 ± 0.01 a 0.08 ± 0.02 a 0.07 ± 0.03 a

Octanal 0.02 ± 0.01 a 0.10 ± 0.06 b 0.02 ± 0.01 a 0.02 ± 0.01 a 0.01 ± 0.01 a 0.01 ± 0.01 a

Butanal 0.04 ± 0.01 b 0.08 ± 0.03 c 0.03 ± 0.01 a 0.03 ± 0.01 a 0.03 ± 0.01 a 0.01 ± 0.01 a

Nonan-2-one 0.06 ± 0.03 0.06 ± 0.01 0.07 ± 0.01 0.05 ± 0.04 0.07 ± 0.01 0.07 ± 0.02
(Z)-2-Nonenal 0.10 ± 0.04 b 0.08 ± 0.02 a 0.07 ± 0.02 a 0.07 ± 0.02 a 0.11 ± 0.04 b 0.06 ± 0.02 a

(E,E)-2,4-Nonadienal 0.02 ± 0.01 a 0.09 ± 0.02 c 0.06 ± 0.04 b 0.05 ± 0.04 b 0.03 ± 0.01 a 0.07 ± 0.01 b

(Z)-2-Decenal 0.04 ± 0.01 a 0.57 ± 0.10 c 0.10 ± 0.02 b 0.02 ± 0.01 a 0.04 ± 0.01 a 0.04 ± 0.01 a

Vanillin 0.06 ± 0.02 0.06 ± 0.01 0.07 ± 0.02 0.06 ± 0.01 0.06 ± 0.02 0.07 ± 0.02
Acids

Pentanoic acid 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.04 ± 0.02 0.02 ± 0.01
Acetic acid 60.86 ± 0.13 b 69.34 ± 0.14 e 60.13 ± 0.11 b 62.73 ± 0.16 c 66.99 ± 0.09 d 57.29 ± 0.12 a

Phenylacetic acid 0.49 ± 0.02 d 0.40 ± 0.03 b 0.46 ± 0.01 c 0.30 ± 0.02 a 0.51 ± 0.03 d 0.50 ± 0.04 d

Furfurals
2-Furfural 2.17 ± 0.04 d 1.11 ± 0.05 a 1.77 ± 0.07 b 1.14 ± 0.03 a 1.92 ± 0.05 c 1.92 ± 0.04 c

Pyrazines
2,5-Dimethylpyrazine 10.85 ± 0.12 7.54 ± 0.11 9.80 ± 0.10 9.47 ± 0.13 8.60 ± 0.11 10.01 ± 0.12

Trimethylpyrazine 0.08 ± 0.03 b 0.07 ± 0.02 b 0.05 ± 0.01 a 0.06 ± 0.02 a,b 0.05 ± 0.02 a 0.04 ± 0.01 a

Tetramethylpyrazine 0.06 ± 0.01 a 0.15 ± 0.05 c 0.07 ± 0.02 a,b 0.09 ± 0.03 b 0.06 ± 0.02 a 0.05 ± 0.01 a

Esters
Ethyl octanoate 0.03 ± 0.01 a 0.05 ± 0.01 a 0.07 ± 0.02 a,b 0.07 ± 0.03 a,b 0.07 ± 0.02 a,b 0.08 ± 0.01 b

Phenylethylacetate 0.13 ± 0.03 b 0.31 ± 0.06 c 0.16 ± 0.04 b 0.07 ± 0.02 a 0.13 ± 0.03 b 0.16 ± 0.04 b

Lactones
γ-Nonalactone nd 0.08 ± 0.02 0.08 ± 0.02 0.11 ± 0.04 0.08 ± 0.03 0.10 ± 0.05

Sulfur Compounds
Dimethyl trisulfide 0.02 ± 0.01 a 0.13 ± 0.03 c 0.08 ± 0.01 b 0.09 ± 0.02 b 0.08 ± 0.03 b 0.10 ± 0.04 b

DCH98S
Alcohols and Phenols

2,3-Butanediol 0.28 ± 0.05 a 1.13 ± 0.03 e 0.61 ± 0.04 c 0.92 ± 0.07 d 0.50 ± 0.05 b,c 0.47 ± 0.03 b
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Table 4. Cont.

Volatile Compounds
Functional Enrichment

CONT BLUB RASB BLCB POME BEET

2-Phenylethanol 0.06 ± 0.02 b 0.19 ± 0.05 c 0.05 ± 0.02 a,b 0.06 ± 0.02 b 0.03 ± 0.01 a 0.03 ± 0.01 a

Aldehydes and Ketones
2-Methylpropanal 3.57 ± 0.07 c 2.19 ± 0.06 a 4.69 ± 0.08 e 3.87 ± 0.03 d 2.48 ± 0.07 b 5.24 ± 0.08 f

Benzaldehyde 17.34 ± 0.15 d 6.58 ± 0.09 a 20.95 ± 0.17 e 16.18 ± 0.09 c 12.09 ± 0.11 b 24.13 ± 0.18 f

Butan-2-one 0.35 ± 0.04 a 0.60 ± 0.07 c 0.43 ± 0.05 b 0.65 ± 0.06 c 0.46 ± 0.03 b 0.36 ± 0.05 a

3-Methylbutanal 0.51 ± 0.03 c 0.75 ± 0.05 e 0.40 ± 0.06 b 0.80 ± 0.05 e 0.61 ± 0.04 d 0.28 ± 0.03 a

2,3-Pentanedione 0.93 ± 0.07 b 1.72 ± 0.08 e 1.10 ± 0.05 c 1.42 ± 0.09 d 0.88 ± 0.08 a 0.93 ± 0.07 b

Pentanal 0.13 ± 0.06 b 1.26 ± 0.07 d 0.50 ± 0.03 c 2.18 ± 0.04 e 0.13 ± 0.03 b 0.09 ± 0.03 a

(Z)-4-Heptenal 0.06 ± 0.02 b 0.11 ± 0.05 c 0.07 ± 0.02 b 0.04 ± 0.01 a 0.07 ± 0.02 b 0.07 ± 0.02 b

Octanal 0.02 ± 0.01 a 0.18 ± 0.03 b 0.03 ± 0.01 a 0.03 ± 0.01 a 0.01 ± 0.01 a 0.01 ± 0.01 a

Butanal 0.02 ± 0.01 a 0.13 ± 0.04 b 0.02 ± 0.01 a 0.03 ± 0.01 a 0.03 ± 0.01 a 0.01 ± 0.01 a

Nonan-2-one 0.02 ± 0.01 a 0.07 ± 0.02 b 0.07 ± 0.01 b 0.04 ± 0.02 a 0.08 ± 0.02 b 0.08 ± 0.03 b

(Z)-2-Nonenal 0.02 ± 0.01 a 0.06 ± 0.02 b 0.04 ± 0.02 a,b 0.02 ± 0.01 a 0.12 ± 0.04 c 0.03 ± 0.01 a

(E,E)-2,4-Nonadienal 0.12 ± 0.05 c 0.16 ± 0.06 d 0.11 ± 0.03 b,c 0.08 ± 0.02 b 0.03 ± 0.01 a 0.10 ± 0.03 b,c

(Z)-2-Decenal 0.03 ± 0.01 a 1.10 ± 0.04 d 0.17 ± 0.05 c 0.02 ± 0.01 a 0.04 ± 0.01 a,b 0.05 ± 0.02 b

Vanillin 0.06 ± 0.02 0.06 ± 0.02 0.07 ± 0.02 0.06 ± 0.02 0.06 ± 0.01 0.07 ± 0.03
Acids

Pentanoic acid 0.02 ± 0.01 a 0.01 ± 0.01 a 0.02 ± 0.01 a 0.02 ± 0.01 a 0.06 ± 0.02 b 0.03 ± 0.01 a

Acetic acid 67.02 ± 0.12 d 77.90 ± 0.15 f 59.48 ± 0.11 b 64.68 ± 0.10 c 73.20 ± 0.13 e 55.54 ± 0.16 a

Phenylacetic acid 0.02 ± 0.01 a 0.32 ± 0.05 c 0.43 ± 0.04 d 0.10 ± 0.03 b 0.53 ± 0.07 e 0.50 ± 0.06 e

Furfurals
2-Furfural 1.63 ± 0.04 d 0.05 ± 0.01 a 1.36 ± 0.09 c 0.11 ± 0.03 b 1.68 ± 0.07 d 1.79 ± 0.05 e

Pyrazines
2,5-Dimethylpyrazine 7.60 ± 0.10 c 4.14 ± 0.09 a 8.67 ± 0.07 e 8.01 ± 0.08 d 6.28 ± 0.11 b 9.54 ± 0.14 f

Trimethylpyrazine 0.02 ± 0.01 a 0.06 ± 0.02 b 0.03 ± 0.01 a 0.04 ± 0.02 a 0.03 ± 0.01 a 0.03 ± 0.01 a

Tetramethylpyrazine 0.06 ± 0.02 a 0.25 ± 0.06 d 0.09 ± 0.03 b 0.13 ± 0.04 c 0.06 ± 0.02 a 0.05 ± 0.02 a

Esters
Ethyl octanoate 0.03 ± 0.01 a 0.08 ± 0.02 b 0.10 ± 0.03 c 0.12 ± 0.04 c 0.11 ± 0.03 c 0.11 ± 0.02 c

Phenylethylacetate 0.02 ± 0.01 a 0.49 ± 0.07 d 0.19 ± 0.05 c 0.02 ± 0.01 a 0.13 ± 0.03 b 0.17 ± 0.05 c

Lactones
γ-Nonalactone nd 0.16 ± 0.03 a 0.16 ± 0.05 a 0.21 ± 0.07 b 0.16 ± 0.05 a 0.15 ± 0.03 a

Sulfur Compounds
Dimethyl trisulfide 0.08 ± 0.03 a 0.25 ± 0.06 c 0.15 ± 0.02 b 0.16 ± 0.03 b 0.15 ± 0.04 b 0.13 ± 0.02 b

DCH98ESt
Alcohols and Phenols

2,3-Butanediol 0.29 ± 0.05 a 0.71 ± 0.06 d 0.53 ± 0.04 b 0.60 ± 0.03 c 0.51 ± 0.03 b 0.50 ± 0.04 b

2-Phenylethanol 0.06 ± 0.02 b 0.12 ± 0.03 c 0.04 ± 0.02 a 0.06 ± 0.02 b 0.04 ± 0.01 a 0.03 ± 0.01 a

Aldehydes And Ketones
2-Methylpropanal 2.78 ± 0.04 b 2.48 ± 0.04 a 4.14 ± 0.06 d 3.32 ± 0.04 c 3.31 ± 0.05 c 4.69 ± 0.05 e

Benzaldehyde 17.67 ± 0.11 d 12.12 ± 0.10 a 19.05 ± 0.09 e 16.93 ± 0.11 c 15.57 ± 0.12 b 21.59 ± 0.12 f

Butan-2-one 0.31 ± 0.02 a 0.46 ± 0.03 c 0.42 ± 0.04 b 0.48 ± 0.04 c 0.44 ± 0.05 b,c 0.39 ± 0.04 b

3-Methylbutanal 0.43 ± 0.03 b 0.59 ± 0.03 d 0.43 ± 0.03 b 0.61 ± 0.04 d 0.52 ± 0.05 c 0.35 ± 0.03 a

2,3-Pentanedione 1.48 ± 0.03 c 1.60 ± 0.04 d 0.98 ± 0.03 b 1.45 ± 0.04 c 0.93 ± 0.04 a 0.95 ± 0.04 a,b

Pentanal 1.59 ± 0.05 d 1.42 ± 0.04 c 0.24 ± 0.03 b 1.89 ± 0.05 e 0.18 ± 0.04 a 0.17 ± 0.03 a

(Z)-4-Heptenal 0.04 ± 0.01 a 0.08 ± 0.04 b 0.07 ± 0.04 b 0.04 ± 0.01 a 0.07 ± 0.04 b 0.07 ± 0.02 b

Octanal 0.02 ± 0.01 a 0.10 ± 0.02 b 0.01 ± 0.01 a 0.02 ± 0.01 a 0.01 ± 0.01 a 0.01 ± 0.01 a

Butanal 0.02 ± 0.01 a 0.08 ± 0.02 b 0.02 ± 0.01 a 0.03 ± 0.01 a 0.02 ± 0.01 a 0.01 ± 0.01 a

Nonan-2-one 0.02 ± 0.01 a 0.04 ± 0.01 a 0.08 ± 0.01 b 0.03 ± 0.01 a 0.08 ± 0.01 b 0.08 ± 0.02 b

(Z)-2-Nonenal 0.02 ± 0.01 a 0.04 ± 0.01 a,b 0.06 ± 0.01 a 0.03 ± 0.01a 0.09 ± 0.02 c 0.05 ± 0.01 a

(E,E)-2,4-Nonadienal 0.03 ± 0.01 a 0.10 ± 0.03 b 0.08 ± 0.02 b 0.05 ± 0.02 a 0.05 ± 0.01 a 0.09 ± 0.01 b

(Z)-2-Decenal 0.04 ± 0.01 a 0.57 ± 0.05 c 0.09 ± 0.02 b 0.02 ± 0.01 a 0.07 ± 0.02 b 0.07 ± 0.02 b

Vanillin 0.06 ± 0.01 0.06 ± 0.01 0.07 ± 0.02 0.06 ± 0.02 0.06 ± 0.01 0.07 ± 0.01
Acids

Pentanoic acid 0.02 ± 0.01 a 0.01 ± 0.01 a 0.04 ± 0.01 a,b 0.01 ± 0.01 a 0.05 ± 0.01 b 0.03 ± 0.01 a

Acetic acid 67.46 ± 0.14 d 72.69 ± 0.15 e 62.74 ± 0.17 b 66.08 ± 0.15 c 67.97 ± 0.17 d 59.14 ± 0.16 a

Phenylacetic acid 0.03 ± 0.01 a 0.17 ± 0.03 b 0.49 ± 0.04 c 0.07 ± 0.01 b 0.51 ± 0.06 c 0.49 ± 0.05 c

Furfurals
2-Furfural 0.06 ± 0.01 a 0.05 ± 0.01 a 1.61 ± 0.06 b 0.08 ± 0.02 a 1.64 ± 0.05 b 1.70 ± 0.08 c

Pyrazines
2,5-Dimethylpyrazine 7.38 ± 0.13 b 5.69 ± 0.12 a 8.16 ± 0.14 d 7.62 ± 0.12 c 7.22 ± 0.12 b 8.85 ± 0.13 e

Trimethylpyrazine 0.02 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01
Tetramethylpyrazine 0.06 ± 0.01 a 0.15 ± 0.03 c 0.07 ± 0.02 a 0.09 ± 0.01 a,b 0.06 ± 0.01 a 0.06 ± 0.01 a
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Table 4. Cont.

Volatile Compounds
Functional Enrichment

CONT BLUB RASB BLCB POME BEET

Esters
Ethyl octanoate 0.02 ± 0.01 a 0.05 ± 0.01 b 0.11 ± 0.03 c 0.07 ± 0.01 b 0.11 ± 0.02 c 0.11 ± 0.01 c

Phenylethylacetate 0.03 ± 0.01 a 0.26 ± 0.07 c 0.16 ± 0.03 b 0.02 ± 0.01 a 0.15 ± 0.03 b 0.17 ± 0.04 b

Lactones
γ-Nonalactone nd 0.15 ± 0.02 0.16 ± 0.03 0.18 ± 0.04 0.16 ± 0.03 0.15 ± 0.03

Sulfur Compounds
Dimethyl trisulfide 0.07 ± 0.02 a 0.16 ± 0.03 b 0.14 ± 0.03 b 0.12 ± 0.02 b 0.15 ± 0.03 b 0.14 ± 0.02 b

MCH
Alcohols and Phenols

2,3-Butanediol 0.29 ± 0.03 a 0.79 ± 0.06 e 0.53 ± 0.06 d 0.58 ± 0.08 d 0.36 ± 0.04 b 0.41 ± 0.03 c

2-Phenylethanol 0.03 ± 0.01 a 0.10 ± 0.02 b 0.05 ± 0.01 a 0.04 ± 0.01 a 0.03 ± 0.01 a 0.03 ± 0.01 a

Aldehydes and Ketones
2-Methylpropanal 3.42 ± 0.07 b 2.83 ± 0.05 a 4.37 ± 0.07 c 3.41 ± 0.06 b 3.10 ± 0.04 b 4.63 ± 0.07 d

Benzaldehyde 17.96 ± 0.10 c 11.88 ± 0.08 a 20.20 ± 0.12 d 16.08 ± 0.11 b 16.00 ± 0.09 b 22.07 ± 0.10 e

Butan-2-one 0.45 ± 0.04 b 0.55 ± 0.05 c 0.43 ± 0.05 b 0.53 ± 0.06 c 0.45 ± 0.04 b 0.39 ± 0.03 a

3-Methylbutanal 0.69 ± 0.05 c,d 0.72 ± 0.06 d 0.47 ± 0.05 b 0.71 ± 0.07 d 0.66 ± 0.07 c 0.41 ± 0.05 a

2,3-Pentanedione 1.22 ± 0.06 c 1.40 ± 0.07 d 1.13 ± 0.06 b 1.24 ± 0.07 c 1.11 ± 0.06 b 1.04 ± 0.05 a

Pentanal 0.30 ± 0.02 c 1.03 ± 0.05 e 0.45 ± 0.03 d 1.02 ± 0.06 e 0.24 ± 0.03 b 0.16 ± 0.03 a

(Z)-4-Heptenal 0.11 ± 0.03 b 0.09 ± 0.03 a 0.08 ± 0.02 a 0.07 ± 0.04 a 0.09 ± 0.03 a 0.08 ± 0.02 a

Octanal 0.02 ± 0.01 a 0.08 ± 0.04 b 0.02 ± 0.01 a 0.02 ± 0.01 a 0.01 ± 0.01 a 0.01 ± 0.01 a

Butanal 0.03 ± 0.01 a 0.07 ± 0.04 b 0.02 ± 0.01 a 0.03 ± 0.01 a 0.03 ± 0.01 a 0.01 ± 0.01 a

Nonan-2-one 0.06 ± 0.03 0.06 ± 0.03 0.07 ± 0.03 0.06 ± 0.04 0.07 ± 0.04 0.07 ± 0.03
(Z)-2-Nonenal 0.11 ± 0.04 c 0.08 ± 0.03 a,b 0.06 ± 0.03 a 0.08 ± 0.04 a,b 0.11 ± 0.04 c 0.06 ± 0.03 a

(E,E)-2,4-Nonadienal 0.02 ± 0.01 a 0.09 ± 0.04 b 0.08 ± 0.03 b 0.04 ± 0.01 a 0.02 ± 0.01 a 0.07 ± 0.03 b

(Z)-2-Decenal 0.15 ± 0.05 b 0.48 ± 0.07 c 0.17 ± 0.04 b 0.07 ± 0.02 a 0.11 ± 0.06 a 0.08 ± 0.03 a

Vanillin 0.06 ± 0.02 0.06 ± 0.02 0.07 ± 0.04 0.06 ± 0.04 0.06 ± 0.03 0.07 ± 0.04
Acids

Pentanoic acid 0.05 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.04 ± 0.02 0.05 ± 0.03 0.04 ± 0.02
Acetic acid 64.84 ± 0.17 b 71.71 ± 0.19 e 60.82 ± 0.15 a 66.45 ± 0.16 c 67.64 ± 0.15 d 58.64 ± 0.12 a

Phenylacetic acid 0.15 ± 0.04 a 0.29 ± 0.04 c 0.36 ± 0.05 b 0.21 ± 0.04 b 0.28 ± 0.04 c 0.38 ± 0.05 b

Furfurals
2-Furfural 1.93 ± 0.08 e 0.76 ± 0.07 a 1.51 ± 0.08 c 1.15 ± 0.07 b 1.85 ± 0.09 d 1.84 ± 0.04 d

Pyrazines
2,5-Dimethylpyrazine 7.44 ± 0.12 c 6.00 ± 0.11 a 8.37 ± 0.11 d 7.44 ± 0.10 c 7.06 ± 0.09 b 8.83 ± 0.12 e

Trimethylpyrazine 0.02 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.01
Tetramethylpyrazine 0.06 ± 0.01 a 0.16 ± 0.03 b 0.08 ± 0.01 a 0.08 ± 0.02 a 0.06 ± 0.02 a 0.05 ± 0.01 a

Esters
Ethyl octanoate 0.03 ± 0.01 0.08 ± 0.01 b 0.08 ± 0.02 b 0.08 ± 0.02 b 0.05 ± 0.01 a 0.08 ± 0.01 b

Phenylethylacetate 0.49 ± 0.05 d 0.32 ± 0.04 b,c 0.26 ± 0.04 b 0.22 ± 0.04 a 0.37 ± 0.05 c 0.28 ± 0.04 b

Lactones
γ-Nonalactone nd 0.14 ± 0.03 b 0.12 ± 0.02 b 0.12 ± 0.01 b 0.05 ± 0.01 a 0.11 ± 0.02 b

Sulfur Compounds
Dimethyl trisulfide 0.08 ± 0.01 a 0.18 ± 0.02 c 0.13 ± 0.03 b 0.13 ± 0.02 b 0.10 ± 0.01 a,b 0.12 ± 0.02 b

nd—not detected. Blueberries (BLUB), raspberries (RASB), blackberries (BLCB), pomegranates pomace (POME), beetroots (BEET), control
(CONT). Data are expressed as the relative peak area (in percentage) of each compound and presented as mean ± SD of three replications.
The values followed by the same lowercase letter (a–f) within each chocolate type in the same row do not differ significantly according to
Tukey’s HSD test at p < 0.05.

The presence of pyrazines, aldehydes and furfural was attributed to Maillard reactions.
Among the aldehydes characteristic of the Strecker degradation, which is one of the main
stages of the Maillard reaction, 3-methylbutanal, 2-methylpropanal and dimethyl disulfide
derived from the decomposition of leucine, valine, and methionine, respectively, were
determined. 3-Methylbutanal and 2-methylpropanal are very important compounds that
have a positive effect on the development of the characteristic chocolate aroma of cocoa
products [47–50].

The principal component analysis (PCA) showed that dark and milk chocolates made
with the addition of different functional additives are markedly different in terms of their
VCs and thus clustered separately (Figure 2).

89



Molecules 2021, 26, 7058

  

 

 
Actuators 2021, 10, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/actuators 

 
Figure 2. Principal component analysis (PCA) scores plot of aroma signals of different types of chocolate enriched with
different freeze-dried phenolic-rich plant powders: DCH (square), DCH98S (triangle), DCH98ESt (diamond) and MCH
(dot). Blueberries (BLUB—blue), raspberries (RASB—pink), blackberries (BLCB—dark blue), pomegranates pomace
(POME—violet), beetroots (BEET—dark red), control (CONT—gray).

It is clear that each type of chocolate enriched with various functional additives was
clearly distinguished by PC1 into two clusters, which suggested that the substitution of
sweetener by 1% of fruit or vegetable powder resulted in the majority of the variance in the
VCs composition compared to the corresponding control chocolate. It was demonstrated
that almost all enriched chocolates could be distinguished from the control chocolates
due to the abundance of some aldehydes, ketones, alcohols and acetic acid contents and
the emergence of γ-nonalactone, which was not present in the control chocolates. In all
chocolates enriched with berries, pomegranates pomace and beetroot powders the same
classes of VCs were observed which were identified in control chocolates, in addition
to γ-nonalactone. From the detected VCs, mainly 3-methylbutanal, phenylethylacetate,
2-phenylethanol, 2,5-dimethylpyrazine, 2,3-butanediol were positively correlated with
chocolate aroma. However, the presence of benzaldehyde and pentanal with bitter and
pungent notes origin from lipid oxidation was negatively correlated with chocolate flavor
quality [47–49].

3-Methylbutanal produce key cocoa aromas such as malty and chocolate notes. Phenyl-
ethylacetate and 2-phenylethanol confer pleasant flowery and honey flavor notes enhanc-
ing flavor impression. 2,3-Butanediol, with the natural odor of cocoa butter, has been
considered an important compound that could alter the overall aroma of chocolate [47–49].

Generally, the concentration of 2,3-pentanedione, γ-nonalactone and dimethyl trisul-
fide benzaldehyde, pentanal was significantly increased by the addition of fruit or vegetable
powder. As demonstrated in Table 4, significant differences (p < 0.05) in the content of
acetic acid were found between chocolates with different functional additives. The results
showed that, depending on the functional ingredient type, a substantial change in the con-
tent of acetic acid was observed in all samples. Interestingly, all chocolates supplemented
with RASB and BEET powder contained significantly lower amounts of acetic acid while
those enriched with BLUB and POME powder had higher amounts of acetic acid than
control chocolates. Independent of chocolate type, chocolates supplemented with BLUB
and POME powders showed the highest content of acetic acid, while those enriched with
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RASB and BEET powders exhibited the highest content of benzaldehyde. On the other
hand, the concentrations of 3-methylbutanal were higher in the control than in almost all en-
riched chocolates, mainly those made with BLUB or POME powder. Nevertheless, almost
all of the enriched chocolates showed higher levels of alcohols, such as 2-phenylethanol
and 2,3-butanediol, which are desirable to obtain cocoa products with flowery and honey
aromas [49]. Thus, chocolates made with the addition of berries, pomegranates pomace
and beetroot powders may have a good consumer acceptability when compared to control
dark and milk chocolates.

3. Materials and Methods
3.1. Materials

The research materials were chocolates supplemented with lyophilized fruits and
vegetables rich in flavonoids, including anthocyanins and phenolic acids. Chocolates were
obtained from the following raw materials: Cocoa liquor (with 55% w/w of fat) and butter
were purchased from Barry Callebaut (Łódź, Poland). Sugar, alkalized cocoa powder (with
10% w/w of fat), skimmed milk powder (with 1.5% w/w of fat), soy lecithin, polyglycerol
polyricinoleate—PGPR emulsifier and ethyl vanillin were obtained from WIEPOL Zakład
Pracy Chronionej Ireneusz Wielimborek (Sierpc, Poland). Erythritol with the addition
of stevia (99% erythritol and 1% stevia) was purchased from Domos Polska Sp. z o.o.
(Czosnów, Polska). Plants, such as blueberries (BLUB), raspberries (RASB), blackberries
(BLCB), pomegranates (POME), and beetroots (BEET) were bought on the local market.

3.2. Chemicals and Reagents

Standards of catechin (Cat), epicatechin (ECat), procyanidin B2 (PC B2), procyanidin
C1 (PC C1), gallic acid (GA), protocatechuic acid (PA), p-hydroxybenzoic acid (p-HBA),
cyanidin-3-O-glucoside (Cy-3-Glu), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox), 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS), 2,2-diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl (DPPH), 2,4,6-tri(2-pyridyl)-s-triazine
(TPTZ), sodium acetate, ferric chloride hexahydrate, ferrozine, and ammonium acetate
were purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC grade methyl tert-butyl
ether (MTBE) and methanol were purchased from J.T. Baker (Deventer, The Netherlands).
All other reagents were of analytical grade and were purchased from Chempur (Piekary
Śląskie, Poland). Chromacol PTFE syringe filters (0.2 µm pore size) were purchased from
Shim-Pol (Izabelin, Poland). Ultrapure water (resistivity 18.2 MΩ cm), obtained from a
Milli-Q purification system (Millipore, Bedford, MA, USA), was used for all analyses.

3.3. Lyophilization of Fruits and Vegetables

Plant materials, i.e., pomegranates pomace, whole berries and beetroots cut into cubes,
were frozen at −80 ◦C for 48 h. Then they were freeze-dried in a BETTA2-8LSC plus Christ
freeze drier (Osterode am Harz, Germany) for 24 h. The initial parameters of the process
were—pressure: 1 millibar, shelf temperature: 5 ◦C, while final parameters—pressure:
0.1 millibar, shelf temperature: 5 ◦C. The obtained freeze-dried products were then ground
to a fine powder in an XB-9103 MPM PRODUCT knife mill (Milanówek, Poland) and stored
in glass containers.

3.4. Preparation of Chocolates

Four types of chocolate with 1% addition of fruit or vegetable powders were prepared
during the study: dark chocolate 53% (~53% cocoa) with the total fat content of 35% (w/w)
and sweetened with sucrose (DCH), dark chocolate 98% (~98% cocoa) with the total fat
content of 51% (w/w) sweetened with sucrose (DCH98S), dark chocolate 98% (~98% cocoa)
with the total fat content of 51% (w/w) sweetened with erythritol with stevia (DCH98ESt),
milk chocolate (~40% cocoa, 20% skimmed milk powder) with the total fat content of 36%
(w/w) and sweetened with sucrose (MCH). Recipes of chocolates are given in Table 5.
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Table 5. Recipes of examined chocolates.

Raw Material

Content (%)

Control
DCH DCH Control

DCH98S DCH98S Control
DCH98ESt DCH98ESt Control

MCH MCH

Cocoa liquor 40.00 40.00 92.00 92.00 92.00 92.00 20.00 20.00

Milk powder - - - - - - 20.00 20.00

Cocoa butter 13.40 13.40 0.80 0.80 0.80 0.80 19.80 19.80

Alkalized cocoa
powder - - 5.00 5.00 5.00 5.00 - -

Lecithin 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

PGPR 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

Ethyl vanillin 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Sugar (sucrose) 45.59 44.59 1.19 0.19 - - 39.19 38.19

Erythritol+stevia - - - - 1.19 0.19 - -

Lyophilizate of
fruits or vegetables - 1.00 - 1.00 - 1.00 - 1.00

DCH—dark chocolate with 53% cocoa content sweetened with sucrose, DCH98S—dark chocolate with 98% cocoa content sweetened with
sucrose, DCH98ESt—dark chocolate with 98% cocoa content sweetened with erythritol with stevia, MCH—milk chocolate with 40% cocoa
content sweetened with sucrose.

Furthermore, control chocolates were obtained in which an additional portion of the
sweetener was added to the chocolates instead of the freeze-dried fruits or vegetables. For
example, in the DCH, the sucrose percentage was then 45.59% instead of 44.59%.

The preparation process of chocolates consisted of the following basic stages: grinding
in the ball mill type M-5 (Promet, Łódź, Poland; loading up to 6 kg), conching in the K-5
type conch (Promet, Łódź, Poland; loading up to 6 kg), tempering in the temperer model T8
type Temperatrice containing a closed cooling system with an additional AC current heat
exchanger (Pomati Group Srl, Zona Ind. Mirandolina, Italy; loading up to 8 kg), moulding,
cooling and wrapping.

The cocoa butter, liquor and eventually cocoa powder were liquefied in the preheated
to 70 ◦C ball mill. Next, sugar, milk powder (in the case of MCH) and 50% of the amount
of lecithin were dosed into the ball mill. The grinding was carried out at 70 ◦C for 50 min
(DCH), at 85 ◦C for 90 min (DCH98S and DCH98ESt) or at 55 ◦C for 60 min (MCH)
with a rotational velocity of 75 rpm to obtain a particle size in the range of 20–25 µm,
which was measured using the micrometric screw NSK Digitrix-MARK II ELECTRONIC
MICROMETER with the electronic readout of the results (Japan Micrometer MFG. Co.,
Ltd., Tokyo, Japan). After this time, the obtained cocoa mass was transferred to preheated
to 50 ◦C conch for further homogenization and emulsification. Then, freeze-dried phenolic-
rich plant powders were introduced into the conch. After 45 min of conching, ethyl vanillin,
PGPR emulsifier and the remaining part of the lecithin were added to the mass, and then
conching was continued for 15 min. Next, the mass was subjected to tempering. For this
purpose, the temperature of the mass was lowered in the temperer from 50 to 32 ◦C in the
case of dark chocolates and to 28 ◦C in the case of milk chocolate. These temperatures were
maintained for 15 min. Finally, chocolate masses were poured to preheated to 30 ◦C (dark
chocolates) or 27 ◦C (milk chocolate) forms, cooled to 18 ◦C in a cooling tunnel (Promet,
Łódź, Poland), and removed from the forms. Chocolate bars were wrapped in aluminum
foil and subjected to analysis. All chocolates were obtained in triplicate.

3.5. Water Content and Water Activity Determination

Water content was determined by drying the ground chocolate samples mixed with
sand at 102–105 ◦C to constant weight [28].
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The water activity of the chocolates was determined by using HYGROPALM AW1
meter (Rotronic, Helvetia, Switzerland) equipped with a digital probe AW-DIO [28].

3.6. Color Determination

The color was determined using a trichromatic reflection colorimeter Konica Minolta
CR-400 with Spectra Magic NX 1.3 software (Konica Minolta Sensing INC., Osaka, Japan).
The results were expressed in accordance with CIE L*a*b* system (D65 illuminant and 10◦

viewing angle) [51].

3.7. UHPLC-DAD-ESI–MS/MS Analysis of Phenolic Compounds

The phenolic compounds were extracted according to the method described by
Żyżelewicz et al. (2018), with some modifications [28]. Briefly, the accurately weighed
defatted chocolate samples were extracted 3 times in an orbital shaker at room temperature
for 30 min at 150× g with a mixture of acetone/water/acetic acid (70/29.5/0.5, v/v/v).
The mixture was centrifuged at 4000× g for 10 min and the supernatant from each ex-
traction were combined and evaporated under a stream of nitrogen. The residues were
dissolved in methanol and filtered through a 0.20 µm pore size PTFE syringe filters. Fi-
nally, the samples were analyzed for the content of phenolic compounds using a UHPLC+
Dionex UltiMate 3000 system equipped with a UV–Vis diode array detector (Thermo Fisher
Scientific Inc., Waltham, MA, USA), and a Transcend™ TLX-2 multiplexed LC system
equipped with Q-Exactive Orbitrap mass spectrometer (Thermo Scientific, Hudson, NH,
USA) using a heated electrospray ionization (ESI) interface (HESI–II). Samples (10 µL) were
injected on an Accucore™ C18 column (150 mm × 2.1 mm i.d., 2.6 µm; Thermo Fisher
Scientific Inc., Waltham, MA, USA). The column temperature was set at 30 ◦C. The mobile
phase and gradient program were used as previously described by Oracz, Nebesny and
Żyżelewicz (2019), with some modifications [52]. The 2-phase solvent system used for
phenolic compounds separation was composed of 0.1% formic acid in water as solvent
A and 0.1% formic acid in acetonitrile as solvent B. The flow rate was 0.35 mL/min and
the gradient was as follows: 0–8 min, 1–5% B; 8–15 min, 5–8% B; 15–20 min, 8–10% B;
20–25 min, 10–15% B; 25–35 min, 15–20% B; 35–40 min, 20–25% B; 40–50 min, 25–90% B;
50–53 min, 90% B; 53–58 min, 90–1% B. Finally, the initial conditions were held for 7 min
for column re-equilibration and for 5 min as a re-equilibration step. UV–Vis detection was
performed at 280 nm for flavan-3-ols and phenolic acids and at 520 nm for anthocyanins.
Instrument control, data acquisition, and evaluation were conducted with Chromeleon 6.8
Chromatography Data System, Qexactive Tune 2.1, Aria 1.3.6, and Thermo Xcalibur 2.2
software, respectively. Phenolic compounds were identified by comparing their retention
times, UV–Vis absorbance spectra, full scan mass spectra, and MS/MS fragmentation pat-
terns with their corresponding standards analyzed under identical conditions and previous
literature reports [53,54]. Quantification was carried out using an external standard method.
The concentration of individual flavan-3-ols and phenolic acids was determined based
on peak area and calibration curves derived from corresponding reference compounds.
For the quantification of anthocyanins, the calibration curves of Cy-3-Glu were used. All
measurements were conducted in triplicate and results were expressed as mg phenolic
compound per 100 g chocolate dry mass (mg/100 g DM).

3.8. Free Radical Scavenging Assay

The free radical scavenging activity was determined using the DPPH assay [28]. The
analytical samples were prepared using serial dilutions of chocolate extracts in methanol.
For each sample, experiments were conducted in triplicate. Finally, the mean concentration
of the test chocolate extracts at which the concentration of the DPPH free radicals was
reduced by 50% (IC50) was calculated.
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3.9. Ferric Reducing Antioxidant Power Assay

The ferric reducing ability (FRAP) was evaluated using the method of Oracz and
Żyżelewicz (2019) [55]. For each sample, experiments were conducted in triplicate. The re-
sults were expressed as µmol Trolox equivalents per gram of chocolate DM (µmol TE/g DM).

3.10. Electronic Nose Analysis of Tested Chocolates

Electronic nose (E-nose) analysis of volatile flavor compounds was carried out accord-
ing to the method of Rottiers et al. (2019), with some modifications [50]. The E-nose analyses
were performed using a commercial Heracles II electronic nose (Alpha MOS, Toulouse,
France), equipped with an HS-100 autosampler, a sensor array unit, and 2 columns working
in parallel mode: a non-polar column (MXT5: 5% diphenyl, 95% methylpolysiloxane, 10 m
length and 180 lm diameter) and a slightly polar column (MXT1701: 14% cyanopropy-
lphenyl, 86% methylpolysiloxane, 10 m length and 180 lm diameter). An accurately
weighed 1.0 g chocolate sample was put into 20-mL screw vials sealed with a magnetic
cap with polytetrafluorethylene-silicone septa and placed in the auto-sampler. The vials
were incubated in a shaker oven for 20 min at 50 ◦C and shaken at 500 rpm. Next, a syringe
sampled 1000 µL of the headspace and then injected it into the gas chromatograph with
2 flame ionization detectors. The thermal program started at 50 ◦C (held for 2 s) and
increased up to 250 ◦C at 3 ◦C/s and held for 21 s. The total separation time was 100 s. The
calibration of the apparatus was carried out using a solution of alkanes (from n-hexane
to n-hexadecane). The retention times of n-alkanes were used to determine the Kovats
indices and identify the volatile compounds using AromaChemBase software (Alpha MOS,
Toulouse, France). Each sample was measured in triplicate. Instrument control, data acqui-
sition, and evaluation were conducted with Alphasoft 14.2 and AroChembase (Alpha MOS,
Toulouse, France) softwares. The principal component analysis (PCA) was performed
using AlphaSoft software (Alpha MOS, Toulouse, France) to determine the dissimilarities
among the same types of chocolates in terms of volatile components.

3.11. Organoleptic Evaluation of Chocolates

The organoleptic evaluation of chocolates was carried out according to Żyżelewicz et al.
(2018) [28] in our specialist sensory analysis laboratory. The evaluation was made by ten
panelists using a 5-point scale with the relevant significance coefficients, in which 5 points
corresponded to the best quality and 1 point to the worst. The sensory attributes of the
chocolates, i.e., appearance in the packet, shape, color, consistency (hardness, smoothness),
conchoidal fracture, aroma, taste, and upper and lower surface glossiness were evaluated.
Final assessments were presented on a 5-point scale, according to which 5 meant extremely
desirable quality, 4 was desirable quality, 3 was tolerable quality, 2 represented dislike, and
1 was for a defective product.

3.12. Statistical Analysis

The results are presented as mean ± standard deviations of 3 replicates. The one-way
analysis of variance (ANOVA) was used to determine if there were significant differences
between the physicochemical properties, phenolic compounds and antioxidant activity ob-
served in the control and enriched chocolate samples. Where effects of supplementation of
anthocyanin-rich were significant, the means were compared with Tukey’s HSD (Honestly
Significant Difference) at p < 0.05, using the Statistica 13.0 software (StatSoft, Inc., Tulsa,
OK, USA). The effects of the types of chocolates and different freeze-dried phenolic-rich
plant powders and their interaction on phenolic content, antioxidant activity and volatile
compounds content in chocolates were tested by means of two-way ANOVA.

4. Conclusions

The results of the present study revealed that the enrichment of dark and milk choco-
lates with berries, pomegranates pomace and beetroot powders caused an increase in the
amount of phenolic compounds, including flavan-3-ols, anthocyanins and phenolic acids.
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Chocolates enriched with BLUB powder were characterized by the highest total polyphenol
content. Our findings were further supported by the enhanced free radical scavenging
activity and reducing capacity of different types of chocolates supplemented with fruit or
vegetable powders. All chocolates with the addition of BLUB and RASB powders obtained
an extremely desirable assessment in the organoleptic evaluation. The analysis of aroma
compounds (volatile compounds) with the use of an electronic nose showed that berries,
pomegranates pomace and beetroot powders have been successfully added to produce
both dark and milk chocolates with acceptable sensory quality.

The physicochemical and sensory analysis results indicated that up to 1% of tested
freeze-dried phenolic-rich plant powders can be successfully added to produce milk and
dark chocolates with increased contents of polyphenols and good sensory properties.

Supplementary Materials: The following are available online, Table S1: Two-way ANOVA analysis
of physicochemical characteristic and organoleptic assessment of different types of chocolates en-
riched with various freeze-dried phenolic-rich plant powders; Table S2: Two-way ANOVA analysis
of the content of individual phenolic compounds and antioxidant properties of different types of
chocolates enriched with various freeze-dried phenolic-rich plant powders; Table S3: Two-way
ANOVA analysis of the content of volatile compounds in different types of chocolates enriched with
various freeze-dried phenolic-rich plant powders.
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Abbreviations

BEET beetroots
BLCB blackberries
BLUB blueberries
Cat catechin

CONT
control chocolates without the addition of freeze-dried phenolic-rich
plant powders

Cy-3-(6′′-Mal-Glu) cyanidin-3-(6′′-malonyl)-glucoside
Cy-3,5-diGlu cyanidin-3,5-O-diglucoside
Cy-3-Glu cyanidin-3-O-glucoside
Cy-3-Rut cyanidin-3-O-rutinoside
Cy-3-Xyl cyanidin-3-O-xyloside

DCH
dark chocolate with 53% cocoa and the total fat content of 35% (w/w)
sweetened with sucrose

DCH98Est
dark chocolate with 98% cocoa and the total fat content of 51% (w/w)
sweetened with erythritol with stevia

DCH98S
dark chocolate with 98% cocoa and the total fat content of 51% (w/w)
sweetened with sucrose

Del-3,5-diGlu delphinidin-3,5-O-diglucoside
Del-3-Glu delphinidin-3-O-glucoside
Ecat epicatechin
GA gallic acid
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MCH
milk chocolate with the total fat content of 36% (w/w) sweetened
with sucrose

PA protocatechuic acid
PC B2 procyanidin B2
PC C1 procyanidin C1
PCA principal component analysis
Pel-3,5-diGlu pelargonidin-3,5-O-diglucoside
p-HBA p-hydroxybenzoic acid
POME pomegranates pomace
RASP raspberries
VCs volatile compounds
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41. Godočiková, L.; Ivanišová, E.; Kačániová, M. The influence of fortification of dark chocolate with sea buckthorn and mulberry on
the content of biologically active substances. Adv. Res. Life Sci. 2017, 1, 26–31. [CrossRef]

42. Martini, S.; Conte, A.; Tagliazucchi, D. Comprehensive evaluation of phenolic profile in dark chocolate and dark chocolate
enriched with Sakura green tea leaves or turmeric powder. Food Res. Int. 2018, 112, 1–16. [CrossRef]

43. Batista, N.N.; de Andrade, D.P.; Ramos, C.L.; Dias, D.R.; Schwan, R.F. Antioxidant capacity of cocoa beans and chocolate assessed
by FTIR. Food Res. Int. 2016, 90, 313–319. [CrossRef]

44. Nowicka, P.; Wojdyło, A. Bioactive compounds and sensory attributes of sour cherry puree sweetened with natural sweeteners.
Int. J. Food Sci. Technol. 2015, 50, 585–591. [CrossRef]

45. Shalaby, E.A.; Mahmoud, G.I.; Shanab, S.M.M. Suggested mechanism for the effect of sweeteners on radical scavenging activity
of phenolic compounds in black and green tea. Front. Life Sci. 2016, 9, 241–251. [CrossRef]

97



Molecules 2021, 26, 7058
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Abstract: Inoculation of sourdough allows the fermentation medium to be dominated by desired
microorganisms, which enables determining the kinetics of the conversion of chemical compounds
by individual microorganisms. This knowledge may allow the design of functional food products
with health features dedicated to consumers with special needs. The aim of the study was to assess
the dynamics of transformations of fermentable oligosaccharide, disaccharide, monosaccharide and
polyol (FODMAP) compounds from wheat flour as well as their antioxidant activity during inoculated
and spontaneous sourdough fermentation. The FODMAP content in grain products was determined
by the fructan content with negligible amounts of sugars and polyols. To produce a low-FODMAP
cereal product, the fermentation time is essential. The 72 h fermentation time of L. plantarum-
inoculated sourdough reduced the FODMAP content by 91%. The sourdough fermentation time of
at least 72 h also positively influenced the content of polyphenols and antioxidant activity, regardless
of the type of fermentation. The inoculation of both L. plantarum and L. casei contributed to a similar
degree to the reduction in FODMAP in sourdough compared to spontaneous fermentation.

Keywords: sourdough fermentation; inoculation; lactic acid bacteria; FODMAP; fructans; antioxi-
dant activity

1. Introduction

Sourdough is traditionally prepared by mixing flour with water, and subjecting this
mixture to a multi-stage spontaneous fermentation, which is carried out by exogenous flour
microflora, including mainly 104–107 CFU/g of bacteria and yeast [1]. In order to shorten
the technological process and increase its repeatability, it is an increasingly common practice
to add starter cultures to sourdough. A group of lactic acid bacteria (LAB) plays a key role
in these processes and has a long and safe history of use and consumption in fermented
foods and beverages [2]. Another solution is to inoculate fermented products, including
bakery sourdoughs, with pure cultures of bacteria or yeast proliferated to a desired number
of colony-forming units [3,4]. Sourdough fermentation allows the fermentation medium
to be dominated by desired microorganisms, which enables determining the kinetics of
the conversion of chemical compounds of flour by individual microorganisms, and their
targeted selection [5].

Cereal products make up a significant proportion of food consumed by the worldwide
population. Wheat bread is considered a rich source of fermentable oligosaccharides,
disaccharides, monosaccharides and polyols (FODMAPs) due to a high content of fructans,
formed by the aggregation of fructose molecules. FODMAPs are easily fermentable, highly
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osmotic carbohydrates, including fructooligosaccharides (FOSs), galactooligosaccharides
(GOSs), lactose, fructose and polyols (notably sorbitol and mannitol) [6–8].

The effect of FODMAPs on human health is determined by the amount of sugar deliv-
ered to the body within food. The appropriate intake of FODMAPs has a positive impact on
human health because certain FODMAP sugars exhibit prebiotic effects [9,10]. The excess
intake of FODMAP-rich products (above 20 g/day) can lead to sugar accumulation in the
intestines, which in turn may induce various gastric ailments, which are acute in people
suffering from irritable bowel syndrome [6,8].

Irritable bowel syndrome (IBS) is a gastrointestinal disorder that can appear in persons
of various ages, genders and ethnical origins. It affects 4–20% of the population. Its typical
symptoms usually appear after the intake of FODMAP-containing food products and
include abdominal discomfort and stomachache, accompanied by flatulence, constipation
or diarrhea [11,12]. Simple sugars and polyols exhibit a stronger osmotic effect, whereas
saccharides such as fructans, FOSs and GOSs are more susceptible to fermentation by the
intestinal microbiome [8,13].

Research has shown that FODMAP components trigger clinical symptoms in IBS
patients [14–16]. One of the diets most often recommended by dietitians to help combat IBS
symptoms is the low-FODMAP diet. Its principle is to reduce the intake of food products
containing short-chain carbohydrates, which are rapidly absorbable in the human gastroin-
testinal tract [17]. In addtion, dietitians advise paying attention to the fructose:glucose
ratio in consumed food products and recommend that their levels are similar or a higher
glucose content. This can help improve the intestine’s capability to absorb fructose [6].
Food products rich in these compounds include cereal products rich in fructans [11].

Fructans are not digested nor absorbed in the human digestive tract [6]. When ingested
in small amounts, fructans have some health benefits but their excess can cause various
ailments of the digestive tract [9]. The low-FODMAP dietary guidelines recommend
substituting traditional bread with gluten-free products [11,14,18]. Wheat bakery products
have significantly higher contents of protein, dietary fiber, minerals and vitamins than the
gluten-free ones. Therefore, the exclusive consumption of gluten-free products can lead to
deficiencies of these compounds in the body [19].

The FODMAP content in bread depends on both flour type and bread-making method [20].
The content in bread can be reduced in many ways, one of which is to use sourdough
in the bread-making process. Another means is to appropriately select microorganisms
responsible for the fermentation and degradation of sugars that trigger the gastrointestinal
disorders [8]. In wheat bread, the above goal can also be achieved by extending fermenta-
tion time, which not only improves the flavor values of bread but also effectively decreases
FODMAP content [20]. Fructans present in high quantities in cereal kernels can be de-
graded during sourdough fermentation. The consumption of sourdough bread has been
proved to have a beneficial effect on mitigating irritable bowel syndrome symptoms [8].
In order to produce a low-FODMAP bread, LAB should also be added to the sourdough
as they enhance the metabolic activity of fermenting flora. Apart from their capability
to metabolize fructans, LAB can also convert free fructose to mannitol. In addition, they
produce α-galactosidase, i.e., an enzyme responsible for breaking the bonds between the
molecules of sugars constituting GOSs [8]. In turn, the enzymes capable of mannitol
conversion are secreted by, e.g., Lactobacillus delbrueckii, Lactobacillus casei, Lactobacillus plan-
tarum and Lactobacillus salivarius [7,21]. Bread produced with sourdough requires longer
fermentation, which entails multiple changes in the carbohydrate composition. Microbial
invertase rapidly degrades flour saccharose into glucose and fructose. Afterward, glucose
is consumed as a source of energy, whereas fructose can be reduced by heterofermentative
LAB to mannitol. All fermentable carbohydrates are rapidly depleted in the first hours of
fermentation, whereas the carbohydrates featuring a high degree of polymerization (like
fructans) are consumed later [8,22].

Sourdough fermentation used in bread making improves the nutritional value and
antioxidative properties of bread, as well as its taste, aroma, texture and stability, and
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finally the bioaccessibility of its elements [23]. The antioxidant activity of the components
of sourdough depends on the type of inoculum used for fermentation [24] and sourdough
fermentation time [25]. The aim of the study was to assess the dynamics of transformations
of FODMAP compounds from wheat flour as well as the antioxidant activity of nutrients
of flour during inoculated and spontaneous sourdough fermentation.

2. Results and Discussion
2.1. Dynamics of pH Changes during Fermentation

Table 1 shows the results of the pH measurement of spontaneously fermented and
lactobacilli-inoculated wheat sourdoughs. In each type of sourdough, the greatest decrease
in pH was observed after the first 24 h of fermentation. During fermentation, LAB produce
lactic acid, which results in a lower pH level [26]. In spontaneously fermenting and L. casei-
inoculated sourdough after the first day of fermentation, pH remained at a similar level. A
further slight decrease in pH was observed in L. plantarum-inoculated sourdough when
the fermentation time was extended to 72 h. The study by Menezes et al. [8] also showed
the greatest decrease in the pH level in the first hours of wheat dough fermentation, until
relatively stable values were achieved after several stages. Fluctuations in the pH level
affect the action of amylases. A study by Struyf et al. [27], showed that lowering the pH
level has an effect on maltose release but has no effect on other saccharides.

Table 1. pH of wheat sourdough during fermentation.

Fermentation Time
[h]/Sourdough Type

Spontaneous
Fermentation Lactobacillus casei Lactobacillus

plantarum

0 6.159 a 6.159 a 6.159 a

24 3.410 c 3.592 b 3.566 b

48 3.441 b 3.506 c 3.437 c

72 3.410 c 3.593 b 3.416 d
Values represent the means of four replicates. Mean values in columns with different letters are significantly
different according to Duncan test at p ≤ 0.05.

2.2. Dynamics of FODMAP Content Change during Fermentation

Changes in the FODMAP content in the sourdoughs during their fermentation are
presented in Table 2. Fructans constituted the majority of these compounds in the tested
samples. The content of fructans in the sourdough was influenced by the fermentation
time and the type of LAB used. Each extension of the fermentation time resulted in a
significant decrease in the content of fructans in the sourdough compared to the control,
which was non-fermented sourdough. For each of the sourdough types, the content of
fructans decreased with the fermentation time and reached the lowest values after 72 h
of fermentation. A similar relationship between the extension of the fermentation time
and the decrease in the content of fructans was observed by Struyf et al. [28], where after
1 h of fermentation, more than half of the fructans were degraded in the dough compared
to the content of fructans present in the flour. In the study by Gélinas et al. [29], it was
found that 20% of fructans were degraded after the dough-mixing process. Then, by
fermenting the dough with yeast for 180 min, the fructan content was reduced by 82%
compared to the amount of fructans present after mixing the dough. For fermentation
lasting 24 h, the sourdough fermented with L. plantarum achieved the lowest content
of fructans among the analyzed sourdoughs. However, in the case of 48 h and 72 h
fermentation, the lowest fructan content was observed in sourdoughs inoculated with
L. casei. Fraberger et al. [30] tested 13 strains of microorganisms for their ability to reduce
fructans and found that the metabolism of microflora contributed to a significant reduction
in the content of fructans in the dough compared to the control sample. Sourdough
fermented with L. casei bacteria reached a lower content of fructans faster compared to
sourdough fermented with L. plantarum and this could be due to the higher activity of
L. casei enzymes than L. plantarum [7].
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Table 2. The content of FODMAP components (g/100 g d.m.) in wheat sourdough.

Sourdough Type Fermentation Time [h] Fructan Glucose Fructose Mannitol Sum of FODMAPs

unfermented sourdough 0 1.15 a 0.00 e nd 0.000 d 1.15 a

spontanous fermentation

24 0.42 b 0.06 c nd 0.000 d 0.48 b

48 0.28 d 0.08 b nd 0.000 d 0.35 c

72 0.18 e 0.00 e nd 0.007 a 0.19 d

Lactobacillus casei

24 0.39 bc 0.20 a nd 0.000 d 0.45 b

48 0.11 ef 0.00 e nd 0.006 b 0.12 de

72 0.07 f 0.00 e nd 0.002 c 0.08 e

Lactobacillus plantarum

24 0.31 cd 0.05 d nd 0.000 d 0.36 c

48 0.31 cd 0.05 d nd 0.000 d 0.36 c

72 0.10 ef 0.00 e nd 0.000 d 0.10 de

Nd: not detected. Values represent the means of two replicates. Mean values in columns with different letters are significantly different
according to Duncan test at p ≤ 0.05.

The non-fermented sourdough control sample did not contain free glucose (Table 2).
After 24 h of spontaneous fermentation, the glucose content was 0.06 g/100 g d.m., then
after 48 h its value increased to 0.08 g/100 g d.m., and after 72 h it dropped back to 0. In the
case of sourdough inoculated with L. plantarum, after 24 h and after 48 h of fermentation,
the glucose content was 0.05 g/100 g, and after 72 h, its content in the sourdough decreased
to 0. In the case of sourdough fermented with L. casei, the content of glucose increased to
0.2 g/100 g d.m. after 24 h of fermentation, and after both 48 and 72, its value dropped
to 0. The glucose level in sourdough is determined by the content of damaged starch
and the activity of β-amylase and amyloglucosidase [22]. It was also found that it is a
factor blocking the transformations of, among others, sucrose, raffinose and mannitol. A
fermentation time of 72 h led to a complete reduction of glucose in the sourdough. Further
changes in glucose may result in the formation of CO2, lactate, acetate and ethanol [7,21,27].
No fructose content was observed in any of the analyzed sourdough. It is consumed
quickly and can also be converted into mannitol by lactobacilli [7].

The presence of mannitol was not found in any of the analyzed sourdough during the
first 24 h of fermentation, because mannitol is formed from the degradation of fructose,
which is transformed in the later stages of fermentation [31]. No mannitol was detected
in the spontaneously fermented sourdough for 24 as well as 48 h, and after 72 h its value
increased to 0.007 g/100 g d.m. In the sourdough with the addition of L. casei bacteria, after
48 h, the mannitol content was found at the level of 0.006 g/100 g of dry matter, and after
72 h, the content decreased to 0.002 g/100 g d.m. In sourdough fermented with L. plantarum,
the level of mannitol remained at 0 during 72 h of fermentation. Gänzle [21] claims that
the degradation of mannitol requires the enzymes of lactobacilli found, among others, in
L. casei bacteria. In the spontaneously fermented sourdough, mannitol was present only
after 72 h of fermentation, which results from the metabolism of fructose. It is converted
into mannitol by lactobacilli, therefore in pure bacterial cultures fructose was degraded
to mannitol faster than in the case of spontaneously fermenting sourdough. Mannitol
metabolism, however, may be inhibited by the presence of glucose [7,21].

The total FODMAP content before fermentation was 1.153% d.m. and was determined
by the fructan content of the flour. The FODMAP content of wheat is influenced by its
variety. Ziegler et al. [20] studied the content of compounds from the FODMAP group in
two wheat flour varieties and showed that it is from 1.24 ± 0.38 to 2.01 ± 0.42 g/100 g d.m.
The fermentation of the flour always resulted in a significant decrease in the FODMAP con-
tent, but with a different effect depending on the type of sourdough used and its duration.
In the spontaneously fermenting sourdough, the FODMAP content decreased with the ex-
tension of the fermentation time, and it reached the lowest value after 72 h. The FODMAP
content in the spontaneously fermenting sourdough in the study by Menezes et al. [8] was
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0.553 g/100 g d.m. and 0.603 g/100 g d.m. depending on various parameters of sourdough
fermentation. A similar effect was observed in L. casei-inoculated sourdough, but with
slight difference in FODMAP content after 48 and 72 h of fermentation. Sourdough fermen-
tation with the addition of L. plantarum resulted in the lowest FODMAP content after 72 h
and was constant after 24 and 48 h. In the study of Menezes et al. [8], it is claimed that
the sourdough biotechnology requires a longer fermentation time than is usually used in
bread making (0.5–3 h). Carbohydrates such as sucrose, maltose, glucose and fructose are
depleted quickly during the first hours of fermentation, while higher-polymerized carbo-
hydrates such as fructans are used later, so longer fermentation of sourdough will degrade
all FODMAP components more efficiently. Comparing sourdoughs after 24 h of fermenta-
tion, the one with the addition of L. plantarum had the lowest content of FODMAP, while
after 48 and 72 h of fermentation, the lowest FODMAP concentration was in sourdough
with L. casei. Finally, after 72 h of fermentation with the addition of L. casei, the lowest
FODMAP level of 0.076 g/100 g d.m. was achieved, which is a reduction of their content
by 93%. It is important to select the microorganisms responsible for the fermentation of
the sourdough. Appropriate LAB have enzymes that degrade FODMAP components, and
they also have the ability to lower the pH of the environment, thanks to which the activity
of the enzymes increases, which leads to a reduction in the FODMAP content. By lowering
the FODMAP content in wheat bread, it is possible to reduce the symptoms of irritable
bowel syndrome [7,8,30].

2.3. Dynamics of Polyphenolic Compounds and Antioxidant Activity Changes during Fermentation

The total content of polyphenols and the antioxidant activity of sourdoughs are
presented in Table 3. The content of polyphenols in the sourdough was higher after each
type of fermentation than before. However, the content of polyphenols in the analyzed
material did not totally change. The matrix of the components of flour and sourdough
was loosened during fermentation and water-extractable polyphenols were released. The
fermentation process may increase the antioxidant activity by increasing the amount of
easily extractable phenolic compounds [24]. Spontaneously fermenting sourdough reached
the highest content of polyphenols after 24 h of fermentation, after which their amount
remained on a similar level. L. casei-inoculated sourdough contained the highest amounts of
polyphenols after 48 and 72 h of fermentation. The content of polyphenols in L. plantarum-
inoculated sourdough increased significantly after 24 h of fermentation and then again
after 72 h. Chis, et al. [32] observed an increase in the content of polyphenols with the
fermentation time with the addition of L. plantarum, which is explained by their proteolytic
activity’s influence on the polyphenol profile. LAB can affect polyphenols, improving their
solubility [33].

The antioxidant activity measured by both ABTS and FRAP methods of the sponta-
neously fermenting sourdough increased significantly after 24 h of fermentation and then
after 72 h. In the study of Banu et al., 2010 [24], the addition of starter cultures contain-
ing Lactobacillus rhamnosus to the dough increased the antioxidant activity compared to
spontaneous fermentation. In this study, the sourdough inoculated with L. casei showed a
higher antioxidant activity against the ABTS radical after 24 h fermentation than before,
and the highest value was achieved after 72 h of fermentation. A significant increase in
the ability to reduce iron ions of this sourdough took place only after 72 h of fermentation.
The antioxidant activity of L. plantarum-inoculated sourdough increased significantly after
72 h of fermentation. In the study of Banu et al. [24], antioxidant activity (measured with
ABTS and DPPH methods) of 20 h spontaneously fermented dough was almost two times
higher than before fermentation. Colosimo et al. [25] observed a significant increase in
polyphenols and antioxidant activity with the fermentation time of the sourdough, which
should last 72 h and preferably 96 h. In a study by Rodríguez et al. [34], L. plantarum was
able to increase the antioxidant activity and improve the aroma profile of the product by
degrading certain phenolic components through the metabolic activity of the LAB. The
metabolic activity of LAB influences the levels of bioactive ingredients, which allows for an
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increase in antioxidant activity. During fermentation with their participation, antioxidant
peptides are released, which increases the amount of phenols and antioxidant activity by
acidification and hydrolysis of more complex and glycosylated forms [24,35]. Extending
fermentation to 72 h resulted in an increase in the antioxidant activity of sourdoughs by 83
to 98% compared to the samples before fermentation, regardless of the type of sourdough
fermentation. Sourdough fermentation can remove peptides associated with human in-
tolerance to grain products. It can also lead to the production of bioactive peptides with
antioxidant potential, which may affect the bioavailability of nutrients [25].

Table 3. The content of polyphenolic compounds and antioxidant activity of wheat sourdough.

Sourdough Type Fermentation Time
[h]

Polyphenolic Compounds
[mg/100 g d.m.]

ABTS [mmol
Trolox/100 g d.m.]

FRAP [mmol
Trolox/100 g d.m.]

unfermented
sourdough 0 208.30 c 1.95 c 0.96 c

spontaneous
fermentation

24 273.74 ab 2.16 bc 1.36 b

48 270.54 ab 2.18 bc 1.27 b

72 262.35 b 3.88 a 1.80 a

Lactobacillus casei

24 263.13 b 2.48 bc 1.06 c

48 270.65 ab 2.01 c 1.03 c

72 295.96 ab 3.60 a 1.85 a

Lactobacillus plantarum

24 251.38 b 1.96 c 1.09 c

48 260.07 b 1.91 c 1.11 c

72 309.59 a 3.58 a 1.89 a

Values represent the means of three replicates. Mean values in columns with different letters are significantly different according to Duncan
test at p ≤ 0.05.

3. Materials and Methods
3.1. Material

Wheat flour type 650 was supplied from GoodMills (Stradunia, Poland). The flour par-
ticle size was 93 ± 0.3 µm, it had falling number of 390.5 ± 1.0 and contained 14.72 ± 0.02%
protein (data not shown). Lyophilizates of two safe and well-described species of lactic acid
bacteria: Lactobacillus casei, catalogue number 20,011 and Lactobacillus plantarum, catalogue
number 20,174, were purchased from DSMZ—German Collection of Microorganisms and
Cell Cultures (Leibniz, Germany).

Lactobacilli were grown in Man, Rogosa and Sharp medium (MRS) (Sigma-Aldrich,
Hamburg, Germany) and incubated under aerobic conditions at 37 ◦C until the late expo-
nential growth phase was reached (about 24 h). Cells were harvested by centrifugation
at 10,000 rpm for 10 min at 4 ◦C. Dilutions were made in saline solution plated on MRS
273 agar, resulting in a concentration of about 109 CFU/mL.

The next multiplication of microorganisms took place by preparing a mixture of
100 g of flour, 300 mL of water and 20 mL of liquid microorganism culture (L. casei and
L. plantarum). A mixture without the addition of bacteria was prepared based on the
spontaneous fermentation of microorganisms found naturally in the flour. The fermentation
lasted three days at 28 ◦C.

Sourdoughs were made from a combination of flour (500 g), water (500 mL) and the
appropriate liquid sourdough prepared in the previous step (50 mL). The fermentation of
sourdoughs was carried out for 24, 48 and 72 h at a temperature of 28 ◦C.

3.2. Methods
3.2.1. Dynamic of Fermentation

The pH of the sourdoughs was determined in four replicates after 24, 48 and 72 h of
fermentation using the potentiometric method. The pH of the non-fermented sourdough
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was used as a control. The samples were frozen, freeze dried, ground and vacuum packed
for further determinations.

3.2.2. Determination of Fructans

The content of fructans in the freeze-dried sourdough samples was determined using
the fructan determination kit based on AOAC Method 999.03 [36], which is based on
the determination of the fructose content in the samples resulting from the enzymatic
breakdown of fructans. Using a spectrophotometer, the fructose content was measured at a
wavelength of λ = 410 nm. The determination was performed in duplicate.

3.2.3. Determination of Sugar and Polyol Content by HPLC-ELSD

Preparation of samples for the determination of sugar and polyol content consisted
of adding 10 g of the analyzed sample into a volumetric flask, filling the volumetric flask
to 50 mL and boiling and shaking the samples in a boiling water bath for 20 min. Then,
100 mL of cooled samples was made up with distilled water, 10 mL of the extract was
centrifuged (10,000 rpm, 10 min) and the samples were filtered on a Sep-Pak C-18.

The content of sugars and polyols was determined by the HPLC method coupled
with a light scattering detector. A 40 µL sample was injected by an autosampler (L-
7200) onto a Unison UK-Amino 3 µL (3 mm × 250 mm) column (Imtakt, Kyoto, Japan).
Detection was performed using an evaporative light scattering detector (PL-ELS 1000) with
the following input parameters: evaporator temperature −80 ◦C; nebulizer temperature
−80 ◦C; nitrogen flow −1.2 SLM. The elution was performed at 30 ◦C in an isocratic
flow using 85% acetonitrile solution at a flow rate of 0.7 mL/min. FODMAP content was
identified by comparing with standard HPLC area measurements. The measurements were
performed in duplicate and the results were expressed in grams/100 g dry weight of the
product. The sum of the FODMAPs was calculated from the fructan content and those
identified in the samples: fructose, mannitol and glucose.

3.2.4. Determination of Polyphenolic Compounds and Antioxidant Activity

The extraction for the antioxidant capacity was conducted following a protocol de-
scribed by Lachowicz et al. [37]. The total polyphenolic content of the sourdough samples
was determined using the Folin–Ciocalteu spectrophotometric method [38]. The absorbance
at 765 nm was measured after 1 h, using the UV-2401 PC spectrophotometer (Shimadzu,
Kyoto, Japan). The results were expressed as mg of gallic acid equivalents (GAE) per 100 g
of dry sourdough. Data were expressed as the mean value for three measurements. The
ABTS and FRAP methods were carried out with the methods described by Re et al. [39]
and Benzie and Strain [40]. The absorbance was measured at 734 nm and 593 nm using
the UV-2401 PC spectrophotometer (Shimadzu, Kyoto, Japan). The results of antiradical
capacity were expressed as Trolox equivalents in mmol per 100 g of dry sample. Data were
expressed as the mean value for three measurements.

3.3. Statistic Analysis

The results were statistically analyzed with the Statistica 13.3 software package (Stat-
Soft, Tulsa, OK, USA). One-way ANOVA at p ≤ 0.05 was calculated and homogeneous
groups according to the Duncan test were estimated.

4. Conclusions

The FODMAP content in grain products turned out to be determined by the fructan
content with negligible amounts of sugars and polyols. To produce a low-FODMAP cereal
product, the fermentation time is essential, and its extension to 72 h or more allows for
a strong reduction in the content of these compounds. A sourdough fermentation time
of at least 72 h also positively influences the content of polyphenols and antioxidant
activity, regardless of the type of fermentation. The inoculation of both L. plantarum
and L. casei contributed to a similar degree to the reduction of FODMAPs in sourdough
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compared to spontaneous fermentation. Knowledge of the processes that take place during
the fermentation of inoculated sourdoughs may allow the production of food products
designed according to the needs of consumers.
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Abstract: Coffee is one of the most often consumed beverages almost all over the world. The multi-
plicity of beans, as well as the methods and parameters used to brew, encourages the optimization of
the brewing process. The study aimed to analyze the effect of roasting beans, the brewing technique,
and its parameters (time and water temperature) on antioxidant activity (determined using several
in vitro methods), total polyphenols, flavonoids, and caffeine content. The infusions of unroasted
and roasted Arabica beans from Brazil, Colombia, India, Peru, and Rwanda were analyzed. In
general, infusions prepared from roasted beans had higher antioxidant activity and the content of
above-mentioned compounds. The hot brew method was used to obtain infusions with a higher
antioxidant activity, while the cold brew with higher caffeine content. The phenolic compound
content in infusions prepared using both techniques depended on the roasting process. Moreover,
the bean’s origin, roasting process, and brewing technique had a significant effect on the tested
properties, in contrary to brewing time and water temperature (below and above 90 ◦C), which had
less impact. The results confirm the importance of coffee brewing optimization.

Keywords: coffee Arabica; roasting process; brewing methods; antioxidant activity; polyphenols;
flavonoids; caffeine; pH of infusions; tannins

1. Introduction

Coffee trees belong to the constantly green trees and shrubs of the Rubiaceae family [1].
The optimal conditions for the growth of different coffee varieties occur in so-called the
Coffee Belt located in the intertropical areas [2]. Ninety-five percent of global production
of Coffea Arabica and Coffea Robusta are used for consumption, especially Coffea Arabica
due to its delicate and less bitter taste [3]. An annual production of green coffee beans is
about nine million tons. Even though Ethiopia is the cradle of Coffea Arabica [4], Brazil
is the greatest world coffee exporter [1]. Other major suppliers of coffee beans are South
American countries (Colombia and Peru) as well as African and Asian, such as Rwanda,
above-mentioned Ethiopia, and Vietnam, Indonesia, and India [4].

After harvesting, the coffee beans are selected, shelled, and roasted at 200–250 ◦C [5].
The desired aroma and flavor of coffee are related to the volatile and non-volatile com-
pounds. Their content is affected by the selection of appropriate roasting parameters and
the subsequent Maillard reaction, which additionally leads to a change of beans color as a
result of the production of melanoidins [6]. There are many techniques of coffee brewing.
Generally, they can be divided into high- and low-temperature processes. The most popular
methods of hot coffee brewing are the Turkish technique, French press, Aeropress, espresso,
and simple infusion method [7,8]. Turkish coffee preparation involves boiling a mixture of
coffee with water. The brew cannot be filtered [8]. A simple infusion based on pouring the
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ground grains with hot water (~85–95 ◦C) and macerated for about 5 min [7,9]. During
the preparation of espresso, the roast ground coffee is briefly pressurizing with hot water
using a percolator to obtain a small concentrated cup of coffee. The pressure is one of the
most important parameters of the coffee brewing process [10]. Aeropress created in 2005
by Adler is a device that uses pressure, overflow, and French press techniques. Hot water
and the short brewing time (~2 min) are used to prepare infusions [7,9]. Methods of cold
coffee extraction include direct and indirect immersion methods, dripping, and the French
press [10]. To prepare cold brew coffee using the direct method, water at room temperature
is applied, as in the cold drip case. Then, the ground coffee beans are immersed in a proper
amount of water for at least 6–8 up to 24 h followed by filtration [11,12]. In the cold drip
method, water at a temperature of 20–25 ◦C is slowly dripped onto coffee powder placed
in the filter to obtain a relatively intensive coffee extract in the beaker. For this purpose,
one drop of water is added usually every 5 or 10 s. Recently, a French press method, the
so-called plunger pot, has gained interest. This technique uses the pot with the plunger, to
which hot or cold water is poured inside [7,10]. It allows to get fresh unfiltered infusion
immediately. French press coffee maker enables to depress the plunger to separate coarsely
ground coffee beans from the liquid [13].

Many researchers confirmed the health-promoting properties of consuming coffee
brew. The most important benefits are summarized in Table 1. In addition to the taste,
coffee beans are a valuable source of bioactive compounds, whose profile depends on coffee
species, thermal processing, cultivating conditions, and harvesting time [11,14]. Due to the
content of antioxidants, as well as caffeine, the brews of coffee belong to the functional
food sector [14]. The caffeine content in seeds ranges from 0.3% to 2.5% and is twice as high
in Coffee Robusta as in Coffee Arabica [3,5]. Ground coffee brews are also rich in phenolic
compounds, such as chlorogenic acid, hydroxycinnamic acids, and their derivatives such as
caffeic and ferulic acids and alkaloids (mainly caffeine and small amounts of theobromine
and theophylline), diterpenoid alcohols (cafestol and kahweol), carbohydrates, lipids, and
volatile and heterocyclic compounds [5,15].

Table 1. Health-promoting effect of coffee infusions on the human body.

Area of Impact/Type of Dysfunction Effect

The nervous system
The central nervous system (CNS)
- Alzheimer’s disease
- Parkinson’s disease
- Depression
Peripheral nervous system
- Sense organs

An adenosine receptor antagonist—caffeine stimulates the CNS,
improves concentration and thought processes [16–19].
Coffee consumption improves the metabolism and uptake of the
antiparkinsonian drugs, which reduces the latency to a motor response
and reduces the risk of Parkinson’s disease [16–18].
Caffeine stimulates the secretion of serotonin and dopamine and, in the
proper dose, it can reduce the risk of depression [17].
The soluble and volatile infusion components provide aroma and
flavor [17,18].

The gastrointestinal system
Caffeine stimulates gastric acid secretion by activating bitter taste
receptors, what decreases the pH of the gastric juice. Low pH improves
the solubility of weakly alkaline drugs as they form soluble salts [16].

Obesity and type II diabetes (metabolic disorders)

Chlorogenic acid and trigonelline significantly reduce blood glucose and
insulin levels [17–19].
Cafestol increases insulin sensitivity in muscle cells [17–19].
Chlorogenic acid intensifies the adipose tissue decomposition, and
caffeine inhibits the absorption of fatty acids in the intestinal
lumen [17–19].
Infusions are characterized by a low calorific value [17].

The cardiovascular system Antioxidants improve the bioavailability of nitric oxide in the vascular
system and enhance the vascular endothelium [17–19].

Carcinogenesis
Components contained in coffee repair and protect DNA against
oxidative damage, show anti-inflammatory activity, increase apoptosis of
cancer cells, and cause tumor suppression [17–20].
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Table 1. Cont.

Area of Impact/Type of Dysfunction Effect

Large intestine Coffee increases intestinal peristalsis, excretion of bile acids with the
feces, and modifies the composition of the intestinal microbiota [19].

Breast cancer
Phytohormones in coffee increase the concentration of globulin, which
binds sex hormones and reduces the absorption of testosterone and
affects the level of luteal estrogens [17,20].

Ovarian cancer

Chlorogenic, caffeic acids, and caffeine show antiproliferative properties
in ovarian cancer cells.
Cytochrome P450 isozymes involved in caffeine metabolism may
contribute to the development of ovarian cancer or reduce the risk of its
occurrence [17,19].

Endometrial cancer
(EC)

This effect of coffee is associated with the correlation between the
prevalence of obesity and EC and with the increased sensitivity of
cellular receptors to insulin [19].

There are many reports on the coffee brewing process, but most of them are focused
on the assessment of selected parameters, such as the impact of the intensity of the roasting
process, the thickness of the grinding, or the method of brewing. The present study aimed
to evaluate several parameters of the coffee brewing process, such as the method of making
infusions (cold and hot brew), water temperature (cold, below or above 90 ◦C), and brew-
ing time (9 and 24 h as well as 4 and 10 min). The details of the various brewing methods
are presented in Table 2. For this purpose, unroasted and roasted Arabica coffee beans,
imported from various countries (Brazil, Colombia, India, Peru, and Rwanda), belonging to
the world’s largest suppliers of this raw material, were analyzed. The influence of these fac-
tors on the in vitro antioxidant activity of infusions as well as on the content of polyphenols,
flavonoids, and caffeine was analyzed. The results show that the bean’s origin, roasting
process, and brewing technique had a significant effect on the tested properties. The factors
such as the difference in brewing time and water temperature (below and above 90 ◦C)
had less impact. The obtained results could extend our knowledge on the brewing process
of the most frequently consumed beverage in the world to verify parameters affected the
content of health-promoting biologically active compounds, especially antioxidants.

Table 2. Description of the brewing methods.

Signature Description of the Brewing Methods

Cold brew

CB, 9 h The ground grains were poured over with boiled and cooled tap
water at 23–25 ◦C and stored at +4 ◦C for 9 h.

CB, 24 h The ground grains were poured over with boiled and cooled tap
water at 23–25 ◦C and stored at +4 ◦C for 24 h.

Hot brew

86 ◦C, 4’ The ground grains were poured over with boiled tap water at
84–86 ◦C and brewing for 4 min.

86 ◦C, 10’ The ground grains were poured over with boiled tap water at
84–86 ◦C and brewing for 10 min.

95 ◦C, 4’ The ground grains were poured over with boiled tap water at
93–95 ◦C and brewing for 4 min.

95 ◦C, 10’ The ground grains were poured over with boiled tap water at
93–95 ◦C and brewing for 10 min.
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2. Results and Discussion
2.1. In Vitro Antioxidant Activity of Coffee Infusion

Figure 1 presents free radical scavenging activities (RSA [%]) of infusions prepared
using various brewing methods from unroasted (green) and roasted (brown) coffee beans
from different countries, assessed by the DPPH and ABTS techniques. The brew’s abilities
to reduce ferric ions evaluated by the FRAP and PFRAP methods as well as to reduce
cupric ions determined with CUPRAC method are presented in Figure 2.

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 1. Radical scavenging activity (RSA[%]) of coffee infusions evaluated using DPPH and ABTS 

methods. Vertical lines represent standard deviation (SD). Details regarding brewing methods are 
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Figure 1. Radical scavenging activity (RSA [%]) of coffee infusions evaluated using DPPH and ABTS methods. Vertical lines
represent standard deviation (SD). Details regarding brewing methods are summarized in Table 2.
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Figure 2. The ability of coffee infusions to reduce cupric and ferric ions determined by CUPRAC, FRAP, and 

PFRAP methods. Vertical lines represent standard deviation (SD). Details regarding brewing methods are 

summarized in Table 2. 

  

Figure 2. The ability of coffee infusions to reduce cupric and ferric ions determined by CUPRAC, FRAP, and PFRAP
methods. Vertical lines represent standard deviation (SD). Details regarding brewing methods are summarized in Table 2.
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The infusions prepared from roasted beans were characterized by a higher antioxidant
potential expressed as RSA [%] evaluated by DPPH technique (Figure 1), as compared to
infusions from unroasted beans. The highest activity evaluated using DPPH method was
found for the Colombian roasted coffee beans infusion (86 ◦C, 4 min), whereas the lowest
for the Brazilian green coffee beans infusion brewed using the cold brew method for 9 h.
The highest RSA [%] in the roasted coffee beans infusions group prepared using different
brewing methods was most often observed for extracts from Colombian beans, whereas
the lowest was for Indian bean brews. In the case of unroasted beans, the highest activity of
infusions was found for Indian coffee, whereas the lowest was for infusions prepared from
Brazil and Rwanda coffee beans. Prolongation of roasted beans brewing time generally
increased the activity of cold brew infusions but reduced the activity of infusions brewed
at a temperature above 90 ◦C. In the case of unroasted beans, the increase of activity due to
the extension of the brewing time was observed only for coffee brewed at a temperature
above 90 ◦C. All the results obtained by DPPH method could suggest that the hot brew
method led to obtain infusions with higher antioxidant activity.

The infusions analyzed using ABTS method (Figure 1) were characterized by very
high activities, ranging from 95.76% RSA (green beans from Colombia, brewed at 95 ◦C
for 4 min) to 99.43% RSA (infusion of roasted coffee from Brazil—86 ◦C, 4 min). As a rule,
the roasted coffee bean infusions were characterized by a higher antioxidant potential
than analogously prepared extracts from unroasted beans. The highest activities of the
infusions prepared from roasted coffee beans were observed most often for Brazilian beans,
while in the group of extracts from green coffee beans, for the brews from Indian and
Colombian beans. In the group of unroasted beans extracts, it was also found that infusions
of Peru beans are frequently characterized by slightly lower activity assessed by ABTS
method. However, prolongation of brewing time led to enhance of the antioxidant activity,
especially for extracts prepared from unroasted beans. This tendency was also found for
infusions prepared with the cold brew method and at a temperature above 90 ◦C. Therefore,
infusions prepared using the cold and hot brew techniques showed a very high free radical
scavenging potential evaluated using the ABTS technique; however, it is rather difficult to
unequivocally evaluate the effect of brewing temperature on antioxidant activity of brews.

The reduction potential of the infusions was evaluated using the FRAP, PFRAP, and
the CUPRAC methods (Figure 2). The highest activity determined by the FRAP method
was found for roasted beans from Peru (95 ◦C, 4 min), while the lowest for the unroasted
beans infusion from Rwanda beans (CB, 24 h). Moreover, it was found that activity of
extracts from unroasted beans was often higher as compared to infusions prepared from
roasted beans. This tendency was especially observed for infusions prepared using the
cold brew method. In the case of roasted beans, the highest activity was often observed for
coffee beans from India and Peru, and the lowest for beans from Colombia and Rwanda.
Moreover, the highest activity evaluated by FRAP method was found for unroasted Brazil
and Colombia beans, whereas the lowest for Rwanda coffee. Evaluation of the brewing
time effect of roasted and unroasted beans showed that in the case of the cold method
and during application water of above 90 ◦C, a shorter brewing time seemed to be more
effective. In the case of the hot brew method using water at a temperature of ~85 ◦C,
brewing for 10 min seems to be more effective. The impact of brewing method on the
infusion’s potential showed that the hot brewing technique led to obtain infusions with a
higher reduction activity.

The highest reduction activity of iron ions assessed by the PFRAP method (Figure 2)
was observed for unroasted Colombian coffee beans infusion (95 ◦C, 10 min), whereas
the lowest for unroasted beans from Peru (CB, 24 h). Based on the analysis of the results
obtained for roasted and unroasted coffee beans, it is rather difficult to clearly define
the group showed higher activity. However, the highest potential for roasted beans was
found for infusions brewed at 86 ◦C, whereas for unroasted beans at 95 ◦C. Moreover, in
the group of unroasted and roasted beans infusions, the highest activities were obtained
most often for extracts from Rwanda beans. Additionally, also roasted Indian coffee beans
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brews were highly active. The lowest potential showed the infusions prepared from Peru
coffee, both roasted and unroasted. In contrary to roasted, unroasted Indian coffee bean
infusion had generally quite low antioxidant potential. The analysis of brewing time has
established no beneficial effect of its prolongation on the tested potential of the extracts.
The results suggested that in the case of hot brew (brown beans), 10 min process is generally
more effective, while in the case of unroasted beans (85 ◦C)—4 min. Similar to the FRAP
method, the analysis of the impact of the brewing method showed that hot coffee brewing
techniques led to infusions with a greater reduction in the activity of ferric ions evaluated
using PFRAP technique.

Application of CUPRAC method (Figure 2) to determine cupric ion reduction capacity
suggest that Colombian roasted coffee extract (CB, 24 h) was characterized by the highest
activity, whereas the lowest was found for the infusion prepared using the same method
from Colombian unroasted beans. Comparison of the activities of roasted and unroasted
coffee bean infusions leads to the conclusion that after application either the cold brewing
method or 86 ◦C (4 min) roasted coffee bean infusions are more active, in contrary to
the other brewing methods, where the green bean extracts were characterized by higher
potential. Moreover, the highest ability to reduce cupric ions was found most often for
Colombian coffee extracts (both roasted and unroasted), while the lowest for Rwanda
roasted and Brazil unroasted coffee beans. Shorter brewing time was more effective to
prepare infusions from brown and green beans using water below 90 ◦C and the cold brew
method for unroasted beans. In the other brewing methods, prolongation of brewing time
up to 24 h in cold method and up to 10 min in hot method seems to be more efficient.

The analysis of the effect of roasting coffee beans on the antioxidant activity of in-
fusions showed that as a rule antioxidant potential of roasted coffee beans was higher,
as compared to unroasted beans. Priftis et al. [21] evaluated the antioxidant activity of
13 varieties of coffee (roasted and unroasted) and confirmed that both types of coffee
showed the high ability to scavenge free radicals. The impact of roasting on the activity of
the obtained infusions depended on the variety of beans. This phenomenon may be related
to the different chemical composition of beans. Moreover, the burning time also influenced
the antioxidant activity of the obtained extracts. Dybkowska et al. [22] analyzed the an-
tioxidant properties of coffee brews prepared from beans cultivated in Brazil, Ethiopia,
Colombia, and India. The beans with various roasting degrees were analyzed—light,
medium, and dark. They noticed that the process of roasting coffee beans increased the
antioxidant potential of the obtained infusions. This phenomenon is directly related to the
formation of melanoidins as a result of the Maillard reaction in coffee beans upon roasting.
Melanoidins influence the antioxidant activity of coffee and its sensory properties. Their
content in coffee depends, among others, on the intensity of the roasting process—the
higher the roasting temperature, the higher content of these compounds, but lower their
molecular weight. Ribeiro et al. [23] confirmed a higher content of melanoidins in roasted
coffee bean infusions than in unroasted. In their study, higher antioxidant activity evalu-
ated using FRAP and ABTS methods was found for roasted bean infusions as compared
with infusions prepared from green coffee beans. Hečimović et al. [24] also confirmed
our observations, that both factors—coffee variety and the roasting degree—affect the
antioxidant activity. In their study, similarly to ours, infusions prepared from unroasted
beans showed a lower potential than extracts from roasted beans.

The country of the coffee bean’s cultivation could also affect the antioxidant activity
of infusions. High antioxidant potential was found quite often for coffee from Colombia
and India, while infusions from beans from Peru and Rwanda were characterized by lower
activity. Oszmiański et al. [25,26], based on the apple analysis, concluded that the factors
such as year of harvest, growth period, storage conditions, geographic location and genetic
variation, the effect of the region, agricultural practices, and cultivation method could have
an impact on the plant biochemical profile including antioxidant potential. It is assumed
that the roasting degree of beans could have a significant impact, apart from the individual
composition of particular varieties. The beans from Colombia and India were burned
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medium-light to medium. Coffee from Peru was the most roasted of all the tested varieties,
in contrary to the least roasted from Rwanda. The observations are confirmed by the
suggestion of Priftis et al. [21] that the roasting degree of coffee beans should be optimized
for high antioxidant activity. Dybkowska et al. [22] also suggest that for nutritional reasons,
consumption of coffee with a short or medium degree of burnout is the most beneficial for
human health.

The analysis of the brewing method suggests that the hot technique could have a
positive effect to obtain infusions with a higher antioxidant potential than the cold method.
Rao and Fuller [27] showed that antioxidant activity of hot-brewed infusions was higher
as compared to cold-brewed infusions. They suggested that this phenomenon could be
related to the hot water extraction of additional bioactive compounds, including those
with antioxidant potential. It may be related to the higher content of caffeoylquinic and
chlorogenic acid isomers in hot-brewed coffee than in cold-brewed infusions. Rao et al. [28]
also suggested that hot water can more easily wet the oily surface of coffee beans, to
enhance the efficiency of extraction of active compounds, including those with antioxidant
potential. Coffee brewing using hot or cold water could affect the different solubilities of
compounds with higher molecular weight, mainly melanoidins.

Temperature of the water to be used to prepare infusions (hot brew method) is another
parameter to be taken into consideration. The antioxidant activity of infusions brewing
with water at a temperature of above 90 ◦C was higher. There are many reports on the
effect of the roasting degree or the method of brewing coffee on the antioxidant activity of
infusions. However, there is less information on the influence of small differences in water
temperature on the activity of the obtained infusions. Castiglioni et al. [29] investigated the
effect of water temperature (70 ◦C, 90 ◦C, and cold) on the antioxidant activity of white
and green tea from China and Malawi. They found a maximum efficiency using water
at temperature of 90 ◦C and cold brewing method. Pramudya and Seo [30] studied the
effect of the temperature of serving coffee (5 ◦C, 25 ◦C, 65 ◦C) on the sensor attributes and
emotional responses of the coffee brews. The respondents most often described the taste
of coffee served at 65 ◦C as “roasted flavor”, while the taste of the brew served at 5 ◦C
as “pungent aroma”, “metallic flavor”, and “skunky flavor”. They also perceived similar
observations when serving green tea at different temperatures. The authors found that the
respondents valued more positive sensory features of infusions served at higher than at
lower temperature.

However, it is difficult to clearly evaluate how prolongation of the brewing time could
affect the antioxidant activity of the infusions. Górecki and Hallmann [31] compared the
antioxidant activity of infusions brewing for 3 and 6 min. They obtained slightly higher
results for infusions prepared during a 6 min process. However, these differences were
not significant. Moreover, the authors also suggest that other factors, such as the roasting
degree of beans, could affect the antioxidant potential of the infusions.

2.2. Total Polyphenols and Flavonoids Content

The total polyphenols and flavonoids content in the studied infusions are presented in
Figure 3. The highest polyphenols content was found in the Rwanda roasted coffee beans
infusion, brewed using the cold brew method for 9 h, whereas the lowest in unroasted
Colombian coffee extract prepared during a 4-min brewing (86 ◦C). Generally, a higher
content of polyphenols was found in roasted coffee bean infusions, particularly in those
prepared using hot water. The cold brewing method was effective to obtain infusions
with high content of polyphenols from unroasted coffee beans. In brews from roasted
beans, the highest polyphenol content was found in the Rwanda coffee extracts, while
the lowest in Colombian and Indian infusions. In unroasted bean infusions, the highest
concentration of polyphenols was found most often in Indian coffee bean brews, while the
lowest in Colombian. In the case of roasted beans, the extension of brewing time to 10 min
in the hot brewing method usually increased the polyphenols content. However, no similar
relationships were observed in the case of green coffee. The obtained results suggest that
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cold brewing increases the concentration of total polyphenols in infusions, as compared to
traditional hot brewing.

Figure 3. The total polyphenols and flavonoids content in coffee infusions. Vertical lines represent standard deviation (SD).
Details regarding brewing methods are summarized in Table 2.

The highest content of flavonoids (Figure 3) was found in the unroasted Indian coffee
infusion (85 ◦C, 10 min), while the lowest in unroasted Brazilian coffee (85 ◦C, 4 min).
In the group of infusions prepared with hot water, a higher content of flavonoids was
found in extracts from roasted beans, while in the cold brew method, from unroasted
beans. In unroasted bean infusions, the brews prepared from Indian coffee showed the
highest flavonoid content, while Brazil beans the lowest concentration of these group
of compounds. Among infusions obtained from roasted beans, the highest content of
flavonoids was found for samples obtained from Rwanda beans, whereas the lowest for
Indian coffee infusions. It is difficult to clearly assess the effect of time extension on the
content of flavonoids in the tested brews. In cold brewing, the infusions prepared during
the 9-h process are generally characterized by a higher content of the flavonoids. A shorter
brewing time also seems to be rather optimal for brewing roasted coffee with water below
90 ◦C. Extending the brewing time to 10 min seemed to be more effective in the case of
roasted beans brewing with water at 95 ◦C and green coffee with water below 90 ◦C. The
obtained results suggest that in most cases the cold brewing contributes to obtain infusions
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with a higher content of flavonoids than hot brewing. Similar results were observed for
total polyphenols content.

Similar to the antioxidant activity, it was found that roasted bean infusions contained
more polyphenols, including flavonoids, than unroasted. The highest content of these
compounds was found in Rwanda coffee characterized by the lowest roasting degree.
Dybkowska et al. [22] showed a decrease in the content of polyphenols in 100% Arabica
beans infusions and blend coffee of Arabica and Robusta beans because of the roasting
process. The thermolabile nature of these compounds contributes to their degradation
after prolonged exposure to high temperature. The authors also emphasize that the loss of
polyphenols is unfavorable due to the health-promoting effect of these compounds on the
human body. Król et al. [32] also indicate a decrease of polyphenols content in the brews
because of the extension of the roasting beans process.

The brewing method could also affect the polyphenols and flavonoids content. Cold
brewing infusions of unroasted beans lead to higher content of these compounds, while
the hot brewing technique seems to be more effective for roasted beans. Fibrianto et al. [33]
compared the effect of the hot and cold brewing method on the polyphenols content in
infusions prepared from roasted Arabica beans. Similar to our results, they also found a
higher content of these compounds in extracts obtained using hot water.

The evaluation of the effect of water temperature in the hot brewing method showed
that a higher content of polyphenols and flavonoids was observed in slightly more infusions
prepared with water at 95 ◦C rather than at 86 ◦C. Merecz et al. [34] investigated the effect
of the brewing method (hot water, percolator, and coffee machine) on the content of
polyphenols and flavonoids in brews. In their study, the roasted and unroasted Arabica
and Robusta beans were evaluated. However, their results cannot clearly confirm the
influence of the brewing method on the content of these compounds in infusions. The
concentration of polyphenols and flavonoids depended on the type of coffee (species,
roasted/unroasted, and country of the bean’s origins), as well as on the number of the
brewings (1 to 3). In the case of roasted beans, the most effective method seemed to be
application of a percolator (flooding the ground beans with cold water and then placed
over a heat source). The content of polyphenols and flavonoids in unroasted beans was
lower than in roasted. In the case of green coffee, the content of these compounds was
higher in infusions prepared in a percolator and using hot water as compared to the brews
from a coffee machine. Results of our study also lead to the conclusion that the type of
coffee used (degree of roasting, country of origin, brewing method) had an impact on
the content of biologically active compounds, including polyphenols and flavonoids in
contrary to the slight differences in temperature of the water used to prepare the infusions.
Merecz et al. [34] also emphasized that factors such as storage method and the degree of
grinding beans could affect the profile of biologically active compounds in coffee infusions.

Furthermore, infusion time could affect the polyphenols content. In our study, it was
found that extending of the brewing time, both in the cold (up to 24 h) and hot methods
(up to 10 min), generally had a positive effect on the content of these compounds. In
contrary, this tendency was not observed for the content of flavonoids, because in some
cases, shorter brewing time seemed to be more optimal. Slightly different observations
were made by Górecki and Hallmann [31]. They found that extending brewing time from 3
to 6 min contributed to a slight increase of flavonoids content and to a slight decrease of
total phenols in coffee brews. However, these authors analyzed only the extracts prepared
using the hot brewing technique. On the other hand, Cordoba et al. [11] confirmed our
observation: extending the brewing time from 14 to 22 h (cold brewing method) increased
the polyphenol content in coffee infusions.

2.3. Caffeine Content in Coffee Infusion

The caffeine content in studied infusions is presented in Table 3, whereas the chro-
matogram presenting the analysis of the selected infusion (unroasted beans from Peru—
86 ◦C, 4 min) in Figure 4. The highest caffeine content determined by HPLC method
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was found in the Indian roasted bean infusion (CB, 24 h), while the lowest in the Peru
unroasted beans brews (95 ◦C, 4 min). The higher caffeine concentration was found rather
in brown bean infusions than in green coffee beans. The cold method was more effective to
prepare infusions with a higher caffeine content than the traditional hot brewing technique.
However, infusions brewed with water at 95 ◦C for 4 min were characterized by the lowest
caffeine content. The obtained results suggest that the relatively high content of caffeine
(over 60 mg/100 mL in 5% (w/w) infusion) was found in brews prepared from Indian
coffee. The lowest caffeine content was generally found in coffee from Peru and Rwanda,
especially in brews obtained from unroasted beans.

Figure 4. Chromatogram of the determination of caffeine in the infusion of unroasted beans from Peru (temperature of
water—84–86 ◦C, brewing time—4 min).

Similar to the antioxidant activity as well as to the content of total polyphenols and
flavonoids, higher caffeine concentration was usually found in roasted coffee infusions
than in brews of green coffee beans. The highest caffeine content was observed in Indian
coffee infusions, while the lowest concentrations were observed in coffee beans grown in
Peru and Rwanda. Similar results, i.e., higher caffeine content in roasted than unroasted
beans, were also obtained by Mubarak [14] and Motor and Beyen [35]. The influence of
the roasting degree on the caffeine content is emphasized by Górecki and Hallmann [31].
They observed a significant decrease in caffeine content after long-term roasting of the
beans. Moreover, they compared the content of this alkaloid in beans from conventional
and organic crops. Conventional crops samples were characterized by a higher caffeine
content, probably due to the use of nitrogen fertilizers that lead to increase the percentage
of caffeine in coffee beans. Moreover, according to Gebeyehu and Bikila [36], the growing
conditions of coffee trees could also modify the caffeine content in beans.
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Table 3. The mean (±SD) caffeine content in studied infusions. Details regarding brewing methods
are summarized in Table 2.

Brewing Method

mg/100 mL of Coffee Infusion

Unroasted Bean Infusion Roasted Bean Infusion

Brazil

CB, 9 h 54.13 ± 1.35 48.87 ± 0.08

CB, 24 h 51.18 ± 0.59 67.72 ± 2.36

86 ◦C, 4’ 34.50 ± 0.52 46.00 ± 0.11

86 ◦C, 10’ 42.68 ± 0.33 47.53 ± 0.18

95 ◦C, 4’ 43.22 ± 0.46 53.07 ± 0.39

95 ◦C, 10’ 29.90 ± 0.32 49.08 ± 0.63

Colombia

CB, 9 h 62.30 ± 0.55 50.61 ± 0.17

CB, 24 h 60.11 ± 0.17 57.04 ± 0.82

86 ◦C, 4’ 36.02 ± 0.03 52.78 ± 0.57

86 ◦C, 10’ 37.64 ± 0.20 48.65 ± 0.24

95 ◦C, 4’ 34.26 ± 0.12 56.77 ± 0.25

95 ◦C, 10’ 32.15 ± 0.07 45.15 ± 0.28

India

CB, 9 h 65.53 ± 0.09 66.60 ± 0.36

CB, 24 h 65.61 ± 0.16 78.30 ± 0.34

86 ◦C, 4’ 51.32 ± 0.08 53.38 ± 0.09

86 ◦C, 10’ 61.58 ± 0.27 61.22 ± 0.17

95 ◦C, 4’ 49.78 ± 0.13 62.12 ± 0.72

95 ◦C, 10’ 52.93 ± 0.21 57.80 ± 0.56

Peru

CB, 9 h 38.97 ± 0.22 59.27 ± 0.20

CB, 24 h 41.88 ± 0.10 59.62 ± 0.15

86 ◦C, 4’ 27.79 ± 0.15 44.73 ± 0.34

86 ◦C, 10’ 27.23 ± 0.07 57.27 ± 0.23

95 ◦C, 4’ 18.15 ± 0.30 53.98 ± 0.20

95 ◦C, 10’ 28.68 ± 0.18 51.80 ± 0.35

Rwanda

CB, 9 h 39.26 ± 0.14 50.08 ± 0.20

CB, 24 h 49.01 ± 0.45 54.01 ± 0.07

86 ◦C, 4’ 27.80 ± 0.13 49.38 ± 0.14

86 ◦C, 10’ 29.75 ± 0.43 52.77 ± 0.20

95 ◦C, 4’ 25.72 ± 0.22 49.25 ± 0.43

95 ◦C, 10’ 47.32 ± 0.47 50.63 ± 0.30

The evaluation of the effect of the brewing method showed that cold brew infusions
usually are characterized by a high caffeine content. Moreover, it can be assumed that
longer brewing time favor the preparation of infusions with a higher content of this alkaloid.
Similar results were obtained by Fuller and Rao [37]. They found that cold-brew infusions
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were characterized by a higher caffeine content as compared to extracts prepared using
the hot method. The authors suggest that the higher caffeine content in cold infusions
may be caused, among others, by extending the brewing time. In their study, the time was
extended from 6 min (hot brew) to even 24 h (cold brew). Such a procedure could increase
the intragranular diffusion and decrease the concentration of extractable coffee compounds
in the hot brew, as compared to the cold brew. Moreover, the extraction from the surface
and near-surface matrix occurs more rapidly than the diffusion of compounds through the
intragranular pore network to the grain surface. In another study, Rao et al. [28] compared,
among others, the content of bioactive compounds in infusions prepared using cold and
hot methods, from coffee beans with varying roasting degrees. They found that the roasting
process led to several chemical and physical changes in the bean matrix. Depending on the
water temperature using to prepare the infusion, the above-mentioned changes affected
most likely the ability, speed, and permeation efficiency of the various compounds. In their
study, the water temperature affected the caffeine content in the brews. As in the case of
our research, cold brew infusions seemed to be more effective to obtain higher caffeine
content than hot water infusions. The high caffeine content in cold drip infusions was also
demonstrated by Córdoba et al. [38].

Moreover, the water temperature could affect the caffeine content. Infusions prepared
using the hot brew method with water temperature not exceeding 90 ◦C were a little more
often characterized by a higher content of this alkaloid. Caprioli et al. [39] analyzed the
Arabica and Robusta beans infusions prepared in two espresso machines used different
pressure and temperature to brew coffee—at a temperature of 88–92 ◦C at a pressure
of 9 bar and a temperature of 92–98 ◦C at a pressure of 7 bar. The caffeine content in
Arabica bean infusions was higher in brews prepared at a higher temperature and lower
pressure, while for Robusta coffee at lower temperature and higher pressure. In another
study, Caprioli et al. [40] confirmed our observations: it is rather difficult to find consistent
comparative data in the literature on the influence of coffee brewing parameters on the
concentration of biologically active compounds in brews. The reason for this may be
as a rule the application of a non-standard brewing method, characterized by different
parameters such as the coffee-water ratio, the degree of beans roasting as well as differences
in the units of the presented results. These factors can make it difficult to compare the data
from different studies.

The analysis of the impact of brewing time on the caffeine content suggests that for the
tested coffee varieties in our study, a longer brewing time seems to be more optimal. Similar
results were obtained by Fuller and Rao [37]. In their study, the extending of brewing time
from 400 to 1440 min increased the caffeine content in coffee infusions. The influence of the
brewing method on the content of biologically active compounds, including caffeine, is
also mentioned by Zaguła et al. [41]. The authors analyzed the influence of the application
of a variable magnetic field on the caffeine content in black and green tea infusions. They
suggested that a magnetic field assisted extraction could enhance the effectiveness of
extracting the active substances from tea leaves to the infusion. Moreover, the authors
emphasized that properly selected techniques designed to facilitate water-based extraction,
using ultrasounds, magnetic fields, or microwaves may lead to technological advancements
in the extraction of bioactive compounds from plant material.

2.4. Tannins Content and pH of Coffee Infusions

In our study, all the analyzed infusions contained tannins. The tannins in roasted
coffee beans infusions were also found by Choi and Koh [42]. Patay et al. [43] also confirmed
the content of these compounds in ripe and unripe seeds and pericarp of coffee beans.

The pH of all tested infusions was slightly acidic (Table 4). The pH of the unroasted
bean infusions ranged from 5.16 (beans from Rwanda, cold-brewed for 9 h) to 6.58 (beans
from Peru, brewed for 4 min with water at 95 ◦C). The pH of roasted bean infusions
was more acidic, from 4.99 (Rwanda coffee, cold-brewed for 9 h) to 5.71 (Indian beans,
cold-brewed for 24 h). Fibrianto et al. [33] analyzed the pH of infusions depending on the
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degree of roasting beans (light, medium, and dark). As the degree of roasting increased, the
pH of the infusions was more alkaline. Slightly roasted bean infusions were more acidic.

Table 4. pH of coffee infusions. Details regarding brewing methods are summarized in Table 2.

pH of Coffee Infusion

infusion of
unroasted beans Brazil Colombia India Peru Rwanda

CB, 9 h 6.04 5.75 6.00 5.17 5.16

CB, 24 h 5.92 6.11 6.24 6.17 6.44

86 ◦C, 4’ 6.11 6.48 6.40 6.47 6.35

86 ◦C, 10’ 6.06 6.28 6.20 5.94 6.50

95 ◦C, 4’ 6.26 6.13 6.26 6.58 6.50

95 ◦C, 10’ 6.16 6.32 6.29 6.23 6.35

infusion of
roasted beans Brazil Colombia India Peru Rwanda

CB, 9 h 5.25 5.07 5.62 5.12 4.99

CB, 24 h 5.31 5.07 5.71 5.19 5.21

86 ◦C, 4’ 5.15 5.07 5.50 5.05 5.17

86 ◦C, 10’ 5.14 5.03 5.48 5.07 5.14

95 ◦C, 4’ 5.19 5.06 5.53 5.11 5.12

95 ◦C, 10’ 5.20 5.07 5.50 5.02 5.10

The analysis of the influence of the brewing method on the pH of the obtained
infusions showed that in the case of unroasted beans, cold brewing leads to extracts with
a lower pH, while the hot method, with a higher pH. The opposite relationship was
noticed in the group of roasted bean infusions, as application of the hot-brew method
generally led to more acidic infusions than with the cold-brew method. The exception
was coffee from Rwanda (CB, 9 h) with the lowest pH. Rao and Fuller [27] compared
the pH of infusions of roasted beans from different countries, prepared using the hot-
and cold-brew methods. In most cases, cold infusions were characterized by a more
alkaline reaction. These observations were confirmed in our study. Rao and Fuller [27]
also noted that coffee vendors often suggested that infusions prepared using cold- and
hot-brew methods were characterized by different taste profiles due to different acidity
levels. Therefore, it is believed that consumption of cold-brewed coffee, due to its lower
acidity, could cause fewer gastrointestinal symptoms, sometimes observed after consuming
coffee infusions. Rao and Fuller [27] clearly distinguish the pH assessment of infusions
and their total titratable acidity. pH refers to the concentration of aqueous hydrogen ions,
providing a metric for the quantity of deprotonated acid molecules in a tested sample,
whereas the total titratable acidity is a measure of all acidic protons in a sample, including
non-dissociated protons. Based on the obtained results, authors concluded that coffee
infusions prepared using cold and hot brewing technique are similar, taking into account
the total concentration of deprotonated acid compounds; however, they differ in the
concentration and possibly the complexity of protonated acids at the pH of extraction. No
correlation between perceived acidity in the flavor of coffee brews and pH was observed
by Gloess et al. [44] and Andueza et al. [45]. Furthermore, Gloess et al. [44] found no
correlation between the pH and the titratable acidity of the coffee brews. The authors
explain that many of the acids presented in the coffee infusion may not be completely
deprotonated at pH measurement of this infusions and as a consequence does not affect its
pH, but could be measured during titration with alkali.

122



Molecules 2021, 26, 3681

The evaluation of the impact of water temperature in the hot brew method on the pH
showed that infusions prepared with water at 95 ◦C were often characterized by a more
alkaline reaction. Salamanca et al. [46] evaluated the effect of the type of coffee (natural
and washed Arabica as well as natural Robusta) and the extraction temperature profile
(88–93 ◦C, 90 ◦C, 93–88 ◦C) on the pH of the infusion. The pH varied depending on the type
of coffee, as well as the temperature of brewing. In the case of Arabica beans, the infusions
prepared at 93–88 ◦C were more acidic, while those obtained in a constant temperature of
90 ◦C were more alkaline. In the case of the Robusta variety, the most acidic infusions were
those brewed at 88–93 ◦C, while the alkaline were prepared at 93–88 ◦C. Regardless of the
water temperature, as in our study, all prepared infusions were acidic, and pH ranging
from 5.01 ± 0.82 to 5.74 ± 0.04.

The analysis of the influence of the brewing time on the pH of the obtained infusions
showed that in the case of the cold brew method, the extracts obtained during a longer
brewing time (24 h) had a higher pH, whereas, in the hot brewing technique, the infusions
obtained during a shorter brewing time (4 min) had a more alkaline pH. Fuller and Rao [37]
analyzed the pH of infusions prepared using the cold brew method for 400 and 1440 min.
They observed more alkaline reactions for extracts prepared during a shorter brewing time.

The comparison of the pH of the infusions depending on the country of origin of the
beans has shown that in the case of unroasted beans, the most alkaline are usually the
infusions from Rwanda coffee, while the most acidic—the beans grown in Brazil. In the case
of roasted beans, the most alkaline pH, regardless of the water temperature and infusion
time, was found for infusions of beans imported from India, while acidic for extracts
obtained from beans grown in Colombia and Peru. Rao and Fuller [27] also compared the
pH of infusions made from roasted beans grown in different countries (Brazil, Ethiopia,
Myanmar, Colombia, and Mexico). In the case of the hot-brew method, the infusion made
from Brazilian beans was the most alkaline, whereas the most acidic was made from the
coffee grown in Ethiopia. In the case of cold brewing, the most alkaline was the infusion
of beans grown in Myanmar, and the most acidic, also the extracts of Ethiopian beans. In
another study of Fuller and Rao [37], it was noted that pH of infusions depended not only
on the hot or cold method, but also on the degree of roasting and grinding the beans. The
most acidic reaction was found for medium-coarse coffee, while the most alkaline for dark
roast and medium coarse ground coffee (dark-medium).

2.5. Statistical Analysis

The statistically significant Pearson correlation coefficients were obtained between
methods: DPPH vs. ABTS (r = 0.489; p < 0.0001), FRAP vs. F-C (r = 0.314; p < 0.02), ABTS
vs. flavonoids content (r = 0.270; p < 0.04) as well as F-C vs. flavonoids content (r = 0.688;
p < 0.0001). Correlations between the caffeine content and the results of antioxidant activity
as well as the total polyphenols and flavonoids content, were also assessed. Statistically
significant correlation coefficients were obtained between the caffeine content and antiox-
idant activity evaluated with DPPH (r = 0.390; p < 0.003) and ABTS (r = 0.453; p < 0.001)
methods. Moreover, a significant correlation was found for caffeine vs. total polyphenols
(r = 0.355; p < 0.006) and for caffeine vs. flavonoids content (r = 0.445; p < 0.001). The
statistical significance of differences between the results obtained for infusions prepared
using various brewing parameters was also assessed. The differences between the antiox-
idant activity of infusions prepared from roasted and unroasted beans were statistically
significant (z = 4.871; p < 0.0001). Caffeine content in infusions of green and brown beans
also differed significantly (z = 4.206; p < 0.0001). The above-mentioned differences, between
the concentration of polyphenols and flavonoids, were statistically insignificant. The assess-
ment of differences between the coffee brewing temperature (CB vs. 84–86 ◦C and CB vs.
93–95 ◦C) showed that in the case of antioxidant activity, the differences were statistically
significant between the cold-brew method and 93–95 ◦C (z = 2.274; p < 0.03). The content
of polyphenols and flavonoids differed significantly between the cold-brew method and
84–86 ◦C as well as cold brew method and 93–95 ◦C (z = 4.436 and z = 3.212, respectively;
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p < 0.01). Furthermore, the caffeine content differed depending on the brewing method
(CB vs. 84–86 ◦C—z = 3.808; p < 0.001 as well as CB vs. 93–95 ◦C—z = 2.688; p < 0.01).
The differences between the brewing temperatures in the hot brew method (84–86 ◦C vs.
93–95 ◦C) were not statistically significant taking into account antioxidant activity, polyphe-
nols and flavonoids content, as well as caffeine concentration in the analyzed infusions. The
evaluation of differences between shorter and longer brewing time in individual brewing
techniques (9 h vs. 24 h and 4 min vs. 10 min) showed that only the differences between
caffeine content in cold brew infusions (9 h vs. 24 h), were statistically significant (z = 1.988;
p < 0.05). The statistically significance of differences between the antioxidant activity, the
content of caffeine, polyphenols, and flavonoids in infusions from beans (both roasted and
unroasted) cultivated in different countries was also assessed. In the case of antioxidant
activity, the differences were statistically significant between coffees imported from Brazil
and Colombia (z = 3.806; p < 0.001), Colombia and Peru (z = 3.622; p < 0.001), as well as
Colombia and Rwanda (z = 4.167; p < 0.001). The content of polyphenols and flavonoids
differed significantly between infusions obtained from beans cultivated in Brazil vs. Colom-
bia (z = 2.057; p < 0.04), Brazil vs. Rwanda (z = 4.171; p < 0.001), Colombia vs. Rwanda
(z = 2.743; p < 0.01) as well as Peru vs. Rwanda (z = 2.600; p < 0.01). Caffeine content
differed significantly between infusions brewed with coffee beans from Brazil and India,
Colombia and India, India and Peru as well as India and Rwanda (z = 3.059; p < 0.01).

3. Materials and Methods
3.1. Chemicals

Acetic acid (99.5%), aluminum chloride hexahydrate, copper(II) chloride dihydrate,
disodium hydrogen phosphate dihydrate, 96% ethanol, 36% hydrochloric acid, iron(III)
chloride hexahydrate, methanol, phosphoric acid, potassium persulfate, potassium dihy-
drogen phosphate, potassium hexacyanoferrate(III), sodium acetate anhydrous, sodium
carbonate anhydrous, sodium hydroxide, sodium nitrite, and trichloroacetic acid were
purchased from Chempur, Poland. Neocuproine was delivered by J&K Scientific, Ger-
many. Folin–Ciocalteu reagent, acetonitrile, iron(II) sulfate heptahydrate, gallic acid were
supplied by Merck, Germany, whereas rutin trihydrate by Roth, Germany. ABTS (2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), DPPH (2,2-diphenyl-1-picrylhydrazyl),
TPTZ (2,4,6-tris(2-pyridyl)-s-triazine), Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid), caffeine were purchased from Sigma-Aldrich, USA. All the chemicals
were of analytical grade.

3.2. Preparation of Coffee Brews

Unroasted and roasted Arabica coffee beans from Brazil, Colombia, India, Peru,
and Rwanda were used to prepare the infusions. The region of coffee from individual
countries and the degree of roasting are summarized in Table 5. Coffee beans were ground
using electric grinder (CTC Clatronic KSW 3306, Germany), immediately before sample
preparation. The roasted beans were ground for 15 s, while unroasted, due to the greater
hardness, for 70 s, until the coffee was finely ground. The ground beans were poured
over with boiled tap water at different temperatures (hot-brew and cold-brew method)
and subjected to different brewing times. The details of the various brewing methods are
presented in Table 2. The completed brews were filtered through filter papers. Prepared 5%
(w/w) infusions were filtered through Whatman’s filter papers no. 4. All the extracts were
stored at +4 ◦C until the analysis.
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Table 5. The origin of the analyzed coffee beans.

Country of the Beans Origins Region Roasting Degree

Brazil (Cerrado) Cerrado Mineiro medium

Colombia (Medellin) Antioquia/Medellin medium light

India (Monsooned Malabar) Karnataka, Western Ghats medium

Peru (Cepro Yanesha) Villa Rica, Oxapampa, Pasco medium dark

Rwanda (Sake) Ngoma District, Eastern Province light

3.3. Evaluation of Antioxidant Activity

The antioxidant activity of infusions was evaluated by several in vitro methods. The
ability to scavenge free radicals (RSA [%]) was assessed by the DPPH and ABTS methods.
Moreover, the ability of samples to reduce ferric and cupric ions was evaluated using FRAP
(ferric reducing antioxidant power), PFRAP (potassium ferricyanide reducing power),
and CUPRAC (cupric ion reducing antioxidant capacity) methods. The evaluation of
antioxidant activity by DPPH, ABTS, and FRAP methods was performed as described by
Muzykiewicz et al. [47]. To evaluate ferric reducing capacity of infusions, the FRAP method,
as described by Apak et al. [48], and the PFRAP technique (with slight modifications),
according to Jayaprakasha et al. [49], were used. The incubation time was reduced to
10 min and absorbance was measured at 734 nm. The spectrophotometric measurements
were performed in 1 cm cuvettes using Hitachi U-5100 spectrophotometer (Japan). In
DPPH and ABTS methods the activity was expressed as RSA [%], whereas in CUPRAC
technique as Trolox equivalents (TEAC)—mg Trolox/g RM (raw material). The reducing
power evaluated using FRAP and PFRAP method was presented as FeSO4 equivalents—
mg FeSO4/g RM. Three samples were prepared from each extract and the results are
presented as an arithmetic mean ± standard deviation (SD).

3.4. Evaluation of Total Polyphenols and Flavonoids Content

The total polyphenols content (Folin–Ciocalteu method) was evaluated as described
by Muzykiewicz et al. [47], whereas the flavonoids according to Saeed et al. [50]. The
spectrophotometric measurements were performed in 1 cm cuvettes using Hitachi U-5100
spectrophotometer (Japan). The total polyphenols content was expressed as gallic acid (GA)
equivalents (GAE)—mg GA/g RM, whereas flavonoids content as rutin equivalents—mg
rutin/g RM. Three samples were prepared from each extract and the results are presented
as an arithmetic mean ± standard deviation (SD).

3.5. Evaluation of Tannins Content and pH of Infusions

Tannins content in infusions was analyzed according to Saeed et al. [50]. The few
drops of 0.1% FeCl3 were added to the coffee infusion. The appearance of a blue color
indicated the presence of tannins in the coffee infusion. The pH of brews was measured
using Thermo Electron Orion Benchtop 410A pH meter (USA).

3.6. HPLC Analysis

The concentration of caffeine in all coffee infusions was determined by high-performance
liquid chromatography (HPLC-UV, Knauer, Germany). The tested compound was separated
on a 125 × 4 mm column containing Hyperisil ODS (C18), particle size 5 µm. The mobile
phase consisted of 0.5 M H3PO4 (pH 2.5), acetonitrile and MeOH in the ratio 180:20:10
(v/v/v), flow rate was 1 mL/min 20 µL of the analyzed sample was injected on the column.
The determinations were carried out at 272 nm. The correlation coefficient of the calibra-
tion curve was r = 0.999 (y = 370683x + 32.205, retention time—2.05 min). Each sample
was analyzed in triplicate, and the results are presented as arithmetic mean ± standard
deviation (SD).
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3.7. Statistical Analysis

The Pearson’s linear correlation between the antioxidant activity (DPPH, ABTS, FRAP,
PFRAP, CUPRAC methods), polyphenols, flavonoids as well as caffeine content was
determined. The significance of differences between the results of antioxidant activity, the
content of polyphenols, flavonoids, and caffeine, obtained for infusions prepared using
various parameters (method, time and temperature of brewing), considering the roasting
and origin of beans was determined with Wilcoxon signed rank-test (parameter z). p < 0.05
was considered to be statistically significant. All the calculations were done with Statistica
13.3PL Software (StatSoft, Poland).

4. Conclusions

The results of the study showed that the selection of beans and brewing methods
could have a significant effect on antioxidant activity, polyphenols, flavonoids, and caffeine
content, as well as the pH of the infusions prepared from Arabica coffee beans. In gen-
eral, a higher antioxidant activity and content of the above-mentioned biologically active
compounds were obtained in the infusions prepared from roasted beans, as compared
to the unroasted coffee beans. The origin of the beans and the brewing technique (hot
or cold brew) also influenced the tested properties. Cold-brew infusions were generally
characterized by a higher caffeine and total polyphenols (including flavonoids) content in
the case of unroasted beans. The hot brewing method led to obtain extracts with higher
antioxidant activity and the content of phenolic compounds in the case of roasted beans. In
this study, the coffee beans were imported from different countries and were characterized
by different degree of roasting, which also had a significant impact on the characteristics
of infusions. It seems that factors such as brewing time (9 h vs. 24 h as well as 4 min vs.
10 min) and water temperature (below and above 90 ◦C) had a less significant impact on
the tested properties. All infusions were slightly acidic and contained tannins. The results
suggest that origin of coffee beans and brewing parameters seem to be responsible for the
tested properties of infusions, therefore of their preparation should be optimized to obtain
infusions with the most favorable content of biologically active compounds.
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34. Merecz, A.; Marusińska, A.; Karwowski, B.T. The content of biologically active substances and antioxidant activity in coffee
depending on brewing method. Pol. J. Natur. Sci. 2018, 33, 267–284.

35. Motora, K.G.; Beyene, T.T. Determination of caffeine in raw and roasted coffee beans of ilu abba bora zone, South West Ethiopia.
Indo Am. J. Pharm. Res. 2017, 7, 463–470.

36. Gebeyehu, B.T.; Bikila, S.L. Determination of caffeine content and antioxidant activity of coffee. Am. J. Appl. Chem. 2015, 3, 69–76.
[CrossRef]

37. Fuller, M.; Rao, N.Z. The effect of time, roasting temperature, and grind size on caffeine and chlorogenic acid concentrations in
cold brew coffee. Sci. Rep. 2017, 7, 1–9. [CrossRef]
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Abstract: The aim of this study was to find the effect of kale and dietary fibre (DF) on the physico-
chemical properties, nutritional value and sensory quality of multigrain bars. A recipe of multigrain
bars was prepared with the addition of fresh kale (20% and 30%) and DF preparations (apple, black-
currant, chokeberry and hibiscus). The bars were baked at 180 ◦C for 20 min. These snack bars, based
on pumpkin seeds, sunflower seeds, flaxseed and wholegrain oatmeal, are a high-calorie product
(302–367 kcal/100 g). However, the composition of the bars encourages consumption. In addition to
the ability to quickly satisfy hunger, such bars are rich in many natural ingredients that are consid-
ered pro-health (high fibre content (9.1–11.6 g/100 g), protein (11.2–14.3 g/100 g), fat (17.0–21.1 g
/100 g, including unsaturated fatty acids), carbohydrates (20.5–24.0 g/100 g), as well as vitamins,
minerals and a large number of substances from the antioxidant group. The addition of kale caused
a significant increase of water content, but reduction in the value of all texture parameters (TPA
profiles) as well as calorific values. The content of polyphenols was strongly and positively correlated
with the antioxidant activity (r = 0.92). In the bars with 30% addition of kale (422 mg GA/100 g
d.m.), the content of polyphenols was significantly higher than based ones (334 mg GA/100 g d.m.).
Bars with the addition of the DF were characterized by a higher antioxidant activity, and the content
of carotenoids, chlorophyll A and B and polyphenols. High sensory quality was demonstrated
for all (from 4.8 to 7.1 on a 10-point scale). The addition of fibre preparations was also related to
technological aspects and allows to create attractive bars without additional chemicals.

Keywords: snack; baking; carotenoids content; chlorophyll content; total polyphenols content;
calorific value; sensory properties

1. Introduction

Consumers are increasingly turning to snack foods. This trend may be due to the fast
pace of people’s lives, which results in a lack of time to prepare and eat traditional meals.
In addition, they are paying attention to what they eat because they are more aware of the
effects of food on their health. Cereal products, fruits and vegetables occupy an important
place in the daily diet because they contain many valuable ingredients such complex
carbohydrates, including dietary fibre (DF), vitamins, antioxidant compounds and minerals
that can be considered pro-health. However, their consumption is still too low. Producers,
to meet the requirements of consumers, introduce new, innovative products to the market
such as cereal-based products with the addition of fruit or vegetables. Replacing traditional
high-calorie snacks with products with a high content of bio-ingredients may have a
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beneficial effect on health. It can prevent many diseases, such as diabetes, arteriosclerosis,
or high blood pressure.

Fresh and processed vegetables are a source of valuable nutrients. A greater degree of
consumer attention should be focused on cruciferous vegetables, which are little appreci-
ated. Kale is not a popular vegetable in the diet of consumers because of its taste, flavour
and characteristic texture. Cruciferous vegetables are good sources of fibre, polyphenols,
and glucosinolates. It is rich in biologically active substances with antioxidant, bactericidal
and fungicidal properties [1]. This vegetable contains polyphenols, including flavonoids,
which by inhibiting the activity of phosphodiesterase and cyclooxygenases can reduce
platelet aggregation; therefore, it is recommended in atherosclerotic diseases. Glucosi-
nolates may reduce the risk of cancer development [2]. Sulforaphane has the strongest
anticancer properties. It shows an inhibitory effect on angiogenesis and the formation of
metastases [3]. Kale is characterized by a high content of vitamins, such as in edible parts:
C (120 mg/100 g), A (0.9 mg/100 g), B1 (0.1 mg/100 g), B2 (0.2 mg/100 g), B6 (1.6 mg/
100 g), and E (1.7 mg/100 g), and also contains folic acid and niacin. In addition, it contains
a large number of essential micro and macro elements, including, in edible parts: calcium
(157 mg/100 g), potassium (530 mg/100 g) and iron (1.7 mg/100 g) [4,5]. Carotenoids, but
also quercetin and camferol, are responsible for its strong antioxidant capacity [6]. The
multitude of active compounds in kale translates into the health benefits of its consumption.
Many studies have shown that frequent kale consumption reduces the incidence of cancer
in various parts of the digestive tract, lung cancer and others. Son et al. [7], in view of the
nutritional needs of patients with impaired renal function, attempted the production of
kale with reduced potassium content without compromising the yield and quality. The
potassium deficiency in kale was eaten up by an increase in total glucosinolate content,
which is an indicator of the anticancer activity of cruciferous vegetables. Chlorophyll,
contained in the raw material, has an antiseptic and immunizing effect [8,9]. The fresh
leaves are suitable for direct consumption, and they can be added to salads or boiled as
an ingredient of soups or fried. Michalak et al. [10] presented the possibility of using kale
fermentation by autochthonous lactic acid bacteria in the creation of bioactive derivatives
of phenolic compounds that may have anticancer properties. In recent years, it has also
become a fashionable addition to juices or smoothies [11]. In the USA, powdered kale
is used to make dietary supplements. On the local market, there are capsules with kale
powder as an ingredient.

Dietary fibre is a heterogeneous mixture of carbohydrate polymers found in plant
raw materials. It refers to a large number of substances that exhibit a wide variety of
physicochemical properties, with a general division into water-soluble and insoluble
compounds. However, the way of processing, e.g., cereals, reduces its content in products.
There is a need to make DF preparations that can be added to enrich various products. In
addition, DF has important health and technological functions in food production. The raw
materials for the production of DF preparations are industrial fruit and vegetable waste
(apple pomace, blackcurrant pomace, waste from the processing of carrots, tomatoes) as
well as bran, corn cobs, chaff and straw, and legumes (mainly soybeans and peas) [12].
The soluble fraction includes pectin, ß-glucans, gums, mucilage, and a wide range of
indigestible oligosaccharides (including inulin). The insoluble fraction includes: lignin,
cellulose, and hemicellulose. Each of the two types of fractions has different physiological
effects. Soluble DF is less common in food than insoluble DF, but it has a significant
impact on digestive and absorbent processes [12–14]. Fruit and vegetable DF has a much
higher proportion of soluble DF, while cereal DF contains more insoluble cellulose and
hemicellulose [15].

The addition of DF to bakery products, such as cereal snacks or multigrain snack bars,
is justified both in terms of health and technology. Consuming products with DF helps to
prevent many civilization diseases, such as: obesity, type 2 diabetes, ischemic heart disease,
gallstone disease, constipation, and flatulence. It also reduces the risk of developing certain
cancers. Its use in food production results from its ability to bind water, gel formation,
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emulating and stabilizing properties, and fat mimetic properties, therefore it is primarily
a structure-forming component and filler and affects the sensory quality of food [12,16].
The European Food Safety Authority (EFSA) allows the nutrition claims “source of fibre”
and “high fibre” on food packaging with a content of at least 3% (1.5 g/100 kcal) or at least
6% fibre, respectively (3 g/100 kcal) [17–19]. Food has an increased level of fibre when it
is at least 25% higher than similar foods. Products that contain health claims for dietary
fibre must also meet requirements for adequately low fat, including saturated fat and low
cholesterol [20]. Products containing a large amount of DF can be classified as functional
and/or health-promoting food. In the technology of producing granular bars, DF allows for
a better, more compact combination of ingredients and obtaining the appropriate structure
of the product, mainly due to water absorption and mechanical durability. When deciding
to use a DF blend in the product, it should be taken into account that their effect on texture
may vary depending on the product formulation.

The aim of the research was to evaluate the use of kale and fibre preparations as an
added value to multigrain bars. The scope of the study was the effect of kale and dietary
fibre (DF) on the physicochemical proper-ties, nutritional value and sensory quality of
multigrain bars.

2. Results
2.1. Development of the Recipe Composition and Production Technology of Multigrain Bars

At the stage of preliminary research, the recipe composition of the base bars was
developed using baking. To improve the attractiveness of such a snack in terms of sensory
and health, the recipe has been enriched with kale and DF preparations. Table 1 presents
the chemical characteristics of fresh kale and multigrain bars with the addition of fresh and
dried (microwave-blanched) kale.

Table 1. Chemical characteristics of kale and multigrain bars with the addition of fresh and dried kale (microwave-blanched).

Chemical Characteristics Fresh Kale Base Bar − Baking Bar + Kale 30% Bar + Dried Kale 10%

Humidity, g/100 g 87.1 27 39.2 30.5
Total protein (N × 6.25), g/100 g 3.3 14.3 12.2 13.9
Total protein (N × 6.25), g/100 g d.m. 25.9 19.6 20.1 20

Fat (no hydrolysis), g/100 g 0.4 21.2 17 19.2
Fat (no hydrolysis), g/100 g d.m. 3.2 29 28 27.7
Total ash, g/100 g 1.1 1.9 1.9 2.3
Total ash, g/100 g d.m. 8.3 2.6 3.2 3.3

Total dietary fibre, g/100 g 5.1 11.6 9.1 11.4
Total dietary fibre, g/100 g d.m. 39.5 15.8 15 16.4
including: soluble fibre fraction, g/100 g 0.3 2.5 2 2.2

soluble fibre fraction, g/100 g d.m. 2.4 3.4 3.3 3.1

insoluble fibre fraction, g/100 g 4.8 9.1 7.1 9.2
insoluble fibre fraction, g/100 g d.m. 37 12.4 11.7 13.3

Total carbohydrates, g/100 g 3 24 20.5 22.6
Total carbohydrates, g/100 g d.m. 23.3 32.9 33.8 32.5
including: sugars, g/100 g 2.6 12.9 10.6 12.5

sugars, g/100 g d.m. 19.9 17.7 17.5 18

Energy value, kcal/100 g 39 367 302 342
Energy value, kJ/100 g 164 1528 1259 1424

The raw material composition allowed to obtain a product with a DF content of 11.5%.
Unrefined cereal products are characterized by a high content of DF, especially the insoluble
fraction, similar to vegetables. Whole-grain oat flakes and flaxseed could play a significant
role in the resulting DF content. The addition of kale did not have a significant effect on
the differentiation of the bar composition in terms of DF content, but it caused a partial
reduction in the caloric content of the bars (Table 1). The snacks obtained in this way can
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be a valuable source of both DF fractions, as well as fat (pumpkin and sunflower seeds)
and protein. Due to their high calorific value, they can be a tasty and valuable snack that
can replace one of the main meals.

Korus [21] analysed the composition of fresh vegetables. She showed a slightly higher
content of proteins (about 4.3 g/100 g), emphasizing the beneficial composition of amino
acids, including exogenous ones. Korus [5] showed that the pre-treatment of kale leaves
reduced the content of minerals and vitamins by 26–52% (blanching) and 29–75% (cooking).
The highest content of minerals, B vitamins and tocopherols was recorded in the frozen
kale leaves after blanching. After 12 months of storage of frozen leaves, they contained
24–74% of macronutrients, 40–71% of micronutrients, 45–71% of vitamin B1, 27–47% of
vitamin B2 and 69–85% of total tocopherols. In the study by Olsen et al. [22], green and
red kale extracts have undergone a treatment including blanching, freezing and heat
treatment by boiling in a bag. In both kale varieties, processing significantly decreased total
phenolics, antioxidant capacity, and the content and distribution of flavonols, anthocyanins,
hydroxycinnamic acids, glucosinolates, and vitamin C. Both extracts continued to inhibit
colon cancer cell proliferation, but fresh kale extract had a much stronger effect. According
to Korus [21], vegetables are low in fat, high in carbohydrates and DF and minerals, as
well as vitamins and other important ingredients like antioxidants. Cruciferous vegetables
deserve special attention. The author [21] showed that among all vegetables, this vegetable
contains the most easily digestible calcium and protein and an exceptionally high amount
of iron. Kale is also a significant source of DF, vitamins C and E (more than spinach and
lettuce), provitamin A and antioxidants (more active than garlic, spinach, Brussels sprouts
and broccoli).

Based on literature [5,21,22] data showing that kale processing reduces the content of
many components, and because the content of individual ingredients was quite similar in
both types of bars with fresh and dried kale (Table 1), the bars with 20 and 30% addition of
fresh kale and DF preparations were used for a more detailed assessment of the physico-
chemical properties. This was to make bars with lower calories and to facilitate the
preparation of ingredients. Depending on the method of drying the kale, it could take up
to several hours.

2.2. Water Activity and Its Content in Multigrain Bars

The water activity (Aw) in the bars was in the range of 0.857–0.953 (Table 2). This
level of Aw classifies bars in the group of moist foods (in the range of 0.90–1.00) and with
average Aw (in the range of 0.55–0.90), and thus in the food in which some microorganisms
can develop (no microbiological stability). With the increase in the proportion of kale in
the composition, the water activity increased. The base bars, i.e., bars without kale, were
characterized by the lowest water activity (0.857). The type of added DF preparation had a
significant effect on the water activity of the obtained bars (Table 2). Among the bars with
20% addition of kale, these with apple and chokeberry DF (0.943–0.944) were characterized
by higher Aw, while bars with hibiscus DF (0.914) has significantly lower Aw.

The analysis of water content in the tested bars showed a significant effect of the type
of added DF preparation and the amount of added kale on this parameter (Table 2). This
varied widely, from approximately 17.3 to 41.1%. The water content in the control bars
(without the addition of kale) differed significantly from the water content in the samples
with the addition of kale. Increasing the proportion of kale from 20 to 30% resulted in a
significant increase in the water content in the bars.
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Table 2. The effect of kale and fibre preparation on water content, water activity (Aw), and compres-
sion force (Fmax) and work (W) in multigrain bars.

Type of Bars Water Activity [-] Water Content [%] Compression Work [mJ]

Control (based) 0.857 ± 0.000 A 17.34 ± 1.13 A 604.3 ± 33.6

DF-apple-K20 0.944 ± 0.001 cB 29.86 ± 0.87 abB 383.5 ± 64.3
DF-apple-K30 0.953 ± 0.003 C 41.12 ± 2.63 C 271.4 ± 21.2

DF-blackcurrant-K20 0.931 ± 0.001 b 27.48 ± 2.27 a 360.3 ± 45.2
DF-chokeberry-K20 0.943 ± 0.000 c 27.54 ± 2.57 a 438.3 ± 41.4

P-hibiscus-K20 0.916 ± 0.001 a 35.39 ± 0.23 b 268.6 ±95.8

One-way analysis of variance (ANOVA)

Factors p-value

Kale addition (A,B,C) 0.0001 * 0.0020 * 0.0000 *
Type of fibre (a,b,c) 0.0001 * 0.0310 * 0.0138 *

*—means significant difference at a confidence level of 0.05; a, b, c and A, B, C—homogeneous groups, the
same letters mean no statistically significant differences between the analysed values of indicators; the codes are
described in Table 4.

2.3. The Effect of the Addition of Kale and Fibre Preparation on the Texture of the Multigrain Bars
2.3.1. Compression Test

The texture of the bars was tested on the basis of the compression test and the work
required was calculated. The control bars showed the highest compression work (604.3 mJ),
about 2 times higher than the other bars (Table 2). A significant effect of increasing the
amount of kale on the value of this indicator was demonstrated; for bars with 20 and
30% addition of kale, the work/deformation energy of the samples was about 383.5 and
271.4 mJ, respectively. Higher humidity decreased the hardness and the work needed
for the deformation in the compression test was lower. The type of DF had a significant
effect on the hardness of the bars. The bars with the addition of DF-Chokeberry were
distinguished by significantly greater hardness (Fmax = 438.3 mJ), and P-Hibiscus by
significant softness (268.6 mJ). This type of DF turned out to be less useful in the production
of bars already at the stage of preparation before baking.

2.3.2. Texture Profile Analysis (TPA) Test

The addition of kale had a statistically significant effect on all parameters of the texture
profile (Table 3), but no significant differences were observed in the amount of kale addition.
The DF preparations had a significant effect on the parameters of the texture profile, only
in the case of elasticity, no such effect was observed (Table 3).

The values of the hardness parameter for the tested bars ranged from 89 to 299 N.
The control bars (298.2 N) had the highest hardness value, significantly lower values were
achieved in bars with 20 (121.5 N) and 30% (94.6 N) kale addition. Therefore, it can be
concluded that the kale bars were more brittle or soft than the base bars. However, the
amount of kale added did not significantly affect the hardness of the bars. The results of
this parameter were significantly influenced by the type of DF preparation used. The bars
with the addition of apple and hibiscus DF had significantly lower hardness values than
the bars with the addition of blackcurrant and chokeberry DF.

Elasticity discriminants of the tested bars changed, as did the hardness of bars with
and without kale. The addition of kale decreased the value of this parameter. The base
bars (without the addition of kale) had an elasticity of 0.54, the bars with 20% addition of
kale 0.40, and the bar with 30% addition of 0.383. For bars with the addition of various DF
preparations, the values of elasticity were at a similar level (0.40–0.48 N).
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Table 3. The effect of kale and fibre preparation on the texture profile of multigrain bars. The bar codes are explained in
Table 4.

Type of Bars Hardness [N] Elasticity [-] Cohesiveness [-] Guminess [N] Chewing [N]

Control 298.2 ± 25.4 B 0.54 ± 0.03 B 0.48 ±0.064 B 145.0 ± 29.0 B 77.0 ± 15.7 B

DF-Apple-K20 121.5 ± 16.0 aA 0.40 ± 0.03 A 0.26 ± 0.021 aA 32.2 ± 4.7 aA 12.9 ± 1.9 aA

DF-Apple-K30 94.6 ± 21.3 A 0.38 ± 0.06 A 0.40 ± 0.070 A 38.4 ± 15.4 A 14.4 ± 2.5 A

DF-Blackcurrant-K20 171.9 ± 21.4 b 0.46 ± 0.02 0.43 ± 0.063 bc 75.7 ± 18.8 b 35.1 ± 9.5 b

DF-Chokeberry-K20 184.4 ± 25.4 b 0.48 ± 0.03 0.48 ± 0.021 c 88.8 ± 13.6 b 44.9 ± 5.8 b

P-Hibiscus-K20 89.5 ± 24.8 a 0.42 ± 0.02 0.37 ± 0.031 b 33.0 ± 9.052 a 13.8 ± 3.1 a

One-way analysis of variance (ANOVA)
Factors p-value

Kale addition (A,B,C) 0.0000 * 0.0013 * 0.0013 * 0.0000 * 0.0000 *
Type of fibre (a,b,c) 0.0002 * 0.1201 0.0000 * 0.0000 * 0.0000 *

*—means significant difference at a confidence level of 0.05; a, b, c and A, B, C—homogeneous groups, the same letters mean no statistically
significant differences between the analysed values of indicators; the codes are described in Table 4.

The addition of kale significantly influenced the cohesiveness. The bars without the
addition (base) were characterized by higher cohesiveness than the bars with the addition
of kale. The type of DF preparation also had a significant effect. The bars with the addition
of apple DF and 20% kale had the lowest cohesiveness values (0.26), the bars with the
addition of hibiscus powder (0.37), blackcurrant DF (0.43) and chokeberry DF (0.48) were
characterized by higher values.

Guminess significantly depended on the addition of kale. The base bars (without
addition) had higher values (145.0 N) than the bars with the addition of kale. The greater
addition of kale did not cause any significant changes in the guminess of the bars. The
effect of the various DF preparations was also significant. The bars with apple and hibiscus
DF were characterized by low values of guminess (about 32 N), while the value of this
parameter for bars with the addition of blackcurrant DF (75.7 N) and samples with the
addition of chokeberry DF (88.8 N) was significantly higher.

The chewiness of the bars decreased significantly (to about 6 times) in the bars with
the addition of kale compared to the control bars, from 77.0 to 12.9 N for bars with 20%
additive and 14.4 N with 30% additive. Moreover, bars with apple DF (12.9 N) and hibiscus
(13.8 N) were characterized by low chewiness values, significantly higher values were
obtained for bars with blackcurrant and chokeberry DF addition.

2.4. The Effect of the Addition of Kale and Fibre Preparation on the Color of the Multigrain Bars

The addition of kale in the amount of 20 and 30% did not significantly affect the
brightness of the colour of the bars (Figure 1a). On the other hand, the type of added DF
preparation significantly influenced the brightness of the colour of bars. The addition of
blackcurrant, chokeberry and hibiscus DF caused a significant darkening of the colour bars.
The bars with the addition of apple DF showed up to about 16% higher values of the L*
parameter. This dependence may be due to the colour of the DF preparations, apple DF is a
light beige powder, while the remaining DF are dark red powders. Dark red discoloration
of the preparations may be due to the presence of anthocyanin pigments.
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Figure 1. The influence of kale and fibre preparation addition on the colour parameters of multigrain bars: (a) Colour
brightness L* and absolute colour difference ∆E, (b) colour saturation C* and colour tone h. Designation: a, b, c, d—
homogeneous groups, the influence of: fibre preparations and A, B—kale at α = 0.05. The bar codes are explained in
Table 4.

Table 4. The recipe of multigrain bars based on the weight of all ingredients, with the addition of
kale and fibre preparation or powder of dried hibiscus flower.

Ingredient Content [%] Code bars

Whole grain oatmeal (Kupiec, Poland) 20
Flaxeed (Kresto, Russia) 20
Sunflower seeds (Bakaland, Poland) 20
Pumpkin seeds (Bakaland, Poland) 20

Fresh kale (VitalFresh, Poland) 20 or 30 K20 or K30

Honey (Huzar, Poland) 10

Water (tap water) 25

m-40 * apple fibre; 10 DF-Apple
m-40 * chokeberry fibre; 10 DF-Chokeberry
m-40 * blackcurrant fibre 10 DF-Blackcurrant

Dried hibiscus flower—powder (GreenField, Poland) 10 P-Hibiscus
* Coarse fibre, particle size approx. 40 µm.

To evaluate the effect of the addition of kale and DF preparation on the colour changes
of the bars, the absolute colour difference ∆E was calculated, and the colour of the control
bars was set as a standard. The colour of the bars was clearly differentiated, because the
absolute colour difference ranged from 6.3–13.7 (Figures 1a and 2), from the colour of the
bars with apple DF to those with blackcurrant and chokeberry DF.
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Figure 2. Pictures of baked bars, respectively: 1—base (Control), 2—with apple fibre and 20% kale, 3—
with apple fibre and 30% kale, 4—with hibiscus fibre and 20% kale, 5—with fibre from blackcurrant
and 20% kale, 6—with chokeberry fibre and 20% kale.

The higher colour saturation is perceived by consumers as the more “alive”, while
the lower the colour saturation, the more muffled it is, the closer to grey [23]. The values
of the C* parameter in the bars tested ranged from 5 to 18% (Figure 1b). The base bars
(approx. 17.5%) had higher values of the C* parameter, while the lower values of the
bars with the addition of blackcurrant DF and chokeberry (approx. 5.5%). The addition
of kale to the recipe significantly influenced the saturation of the colour of the bars, bars
without the addition of kale had significantly higher values of the C* parameter than bars
with the addition of 20 or 30% kale. The type of DF preparation used also significantly
influenced the colour saturation. Bars with the addition of chokeberry and currant DF were
characterized by the lowest values, significantly higher values were found for bars with
the addition of hibiscus, while the most “vivid” colour was characterized by the bars with
the addition of apple DF.

The colour hue of h bars was also analysed, which informs how much a given colour
differs from white [23]. All tested bars had the h parameter in the range of 40–75◦, which
corresponds to the range of colours from red to yellow. Low h values were characteristic
for bars with the addition of chokeberry DF (approx. 40◦), higher bars with the addition of
blackcurrant DF (approx. 50◦) and bars with the addition of hibiscus (approx. 57◦). The
bars with the addition of apple DF had the highest colour shade values. The type of DF
preparation used had a significant effect on the colour shade. The amount of kale addition
used in the bar recipe was not significant. On the other hand, the addition of kale (20 and
30%) resulted in significantly higher h values than in bars without this additive.

2.5. The Effect of the Addition of Kale and Fibre on the Antioxidant Content of Multigrain Bars

The addition of kale significantly (Figure 3a) increased the antioxidant activity from
23.6 mM Trol/g d.m. for base bars without kale addition to 29.3 mM Trol/g d.m. for
bars with 30% addition of kale. Bars with a 20% addition of kale and chokeberry DF
(43.2 mM Trol/g d.m.) were characterized by high antioxidant activity, the value in these
bars was nearly two times higher than in the based bars. It can be assumed that the DF
preparation had a significant effect on this index.
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Figure 3. The influence of the kale (factor I) and fibre preparations (factor II) addition in multigrain bars on the: (a)—
DPPH antioxidant activity [mM Trol/ g d.m.] and (b)—polyphenol content [mg GA/100 g d.m.]. Designations: A,
B—homogeneous groups (factor I), and a, b, c—(factor II) at α = 0.05. The bar codes are explained in Table 4.

In the study by Korus [21], the antioxidant activity of kale was at the level of
14.7–23.7 µM Trol/g, so lower than in the bars tested. In terms of dry matter content,
the results would be more similar. Moreover, the values of this indicator depend on many
factors related to both the preparation of the product and the method of determination [24].
Due to the large number of different compounds influencing the antioxidant activity (sol-
uble in water or organic solvents), the obtained results may depend on the method of
preparation of the extract. The bars enriched with chokeberry DF had the highest value of
polyphenol content (Figure 3b), i.e., about 552.5 mg GA/100 g d.m., significantly lower
bars with the addition of hibiscus powder, about 457.5 mg GA/100 g d.m. For bars with
the addition of blackcurrant DF and bars with the addition of apple DF, this value was in
the range 377–396 mg GA/100 g d.m.

Korus [21] showed a high content of polyphenols in kale, at the level of 256–531 mg
/100 g of fresh weight. Such a large range is influenced by the variety, growing conditions
and maturity. This vegetable is therefore a very valuable source of these compounds, which
are largely preserved in the bars.

Green vegetables are rich in chlorophyll and often contain carotenoids, the colour of
which is not always discernible due to the predominant chlorophyll. In fresh kale tested
by Korus [21], the total content of chlorophyll was 81–165 mg/100 g and carotenoids
16.8–34.2 mg/100 g. The control bars were characterized by a low content of chlorophyll
(approx. 5.0 mg/100 g d.m.) and carotenoids (0.14 mg/100 g d.m.), and the addition of
kale caused a 3–5 fold increase in chlorophyll content and 23–34 fold in carotenoids content
(Figure 4a,b). This content increased with the increase in the percentage share of kale in the
recipe. The DF preparations did not cause significant changes in the chlorophyll content
in the bars. On the other hand, the content of carotenoids was significantly different,
depending on the type of DF in the bar recipe (Figure 4b). The bars with the addition of
blackcurrant DF contained significantly less (approx. 2.4 mg/100 g d.m.) carotenoids than
the bars with the addition of chokeberry DF (approx. 4.1 mg/100 g d.m.).
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Figure 4. The influence of the kale (factor I) and fibre preparations (factor II) addition in multigrain bars on the: (a)—
chlorophyll content A + B [mg/100 g d.m.] and (b)—carotenoids content [mg/100 g d.m.]. Designations: A, B, C—
homogeneous groups (factor I), and a, b, c—(factor II) at α = 0.05. The bar codes are explained in Table 4.

2.6. The Effect of the Addition of Kale and Fibre on the Sensory Quality of the Multigrain Bars

The bars were positively assessed by potential consumers (Figure 5). Within the five
sensory discriminants on a 10-point scale, apart from the overall quality of the chokeberry
DF bars, all bars scored higher than 5.0, but not higher than 7.3 points. Most of the lower
scores were given to bars with the addition of chokeberry DF (from 4.8 to 6.4 points).
Most of the higher ratings were given to bars with P-Hibiscus, especially for texture and
overall quality.
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Figure 5. The effect of kale and fibre preparation or powder of dried hibiscus flower addition on sensory properties of
multigrain bars. Designations: a, b, c, d, e—homogeneous groups (the influence of type of bars) at α = 0.05. The bar codes
are explained in Table 4.
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3. Discussion

Currently, the daily intake of DF by most consumers is too low. This is due to the high
degree of processing of many products. DF is supplied mainly from cereals and cereal
products, seeds of legumes and fruits and vegetables. These products differ not only in their
DF content, but also in the type of DF compounds. They are found in vegetables and cereals
are grouped into water-soluble (pectins, gums) and water-insoluble (cellulose, lignin, some
of the hemicellulose) [25]. All bars contained fibre at the level above 9% (Table 1), which
allows them to be classified as products with a high fibre content. Bars tested by Márquez-
Villacorta and Vásquez [26] with a composition of 4.12% oat bran; 10.04% of pineapple peel
powder and 17.18% of quinoa flakes contained more DF (13.28%) and protein (11.37%),
and the overall acceptance score was slightly higher (7.47 points). Epidemiological studies
suggest that regular consumption of fruits and vegetables containing both DF and natural
antioxidant compounds may reduce the risk of many chronic diseases [27,28]. The current
diet also focuses on the caloric content of food. Vatankhah et al. [29] investigated the
suitability of stevioside, a natural low calorie sweetener, as a replacement for sucrose in
Iranian sweet bread. They showed that the replacement of sucrose in the amount of 50%,
the physical, chemical and sensory properties of the bread were similar to the base product,
but the calorific value was reduced by 11%. Ibrahim et al. [30] assessed the possibilities of
using date fruit in the bar recipe and replacing honey with date paste. With regard to the
use of date paste up to 70%, bars with a share of 50% were characterized by the highest
overall acceptability.

Due to their sensory value, wide availability and convenience, snacks are popular
and frequently consumed products [31]. Consumers like snacks very much, but also pay
increasingly attention to what they eat and are aware of the issue of healthy eating. The
current market trends force the food industry to introduce such products that can be part
of a healthy and balanced diet, but also tasty and encouraging consumption [32].

Depending on the composition, various methods are used for the production of snacks,
which can generally be divided into the so-called “cold” and “hot”, respectively, without
and with the use of increased temperature. The use of baking has benefits in terms of
quality and product safety without the use of chemicals. During baking, starch gelatiniza-
tion, browning reactions, changes in structure, surface properties and other mechanical
behaviour of the bakery products occur [29], and the formation of their characteristic
sensory properties. Based on the composition of the bars, they may be classified as snack
bakery products. An additional advantage of choosing this method of producing bars was
obtaining relatively soft products, such as bread. In order to increase the content of natural
ingredients in multi-grain (wholegrain oatmeal, sunflower seeds, pumpkin seeds, flaxseed)
bars, kale and DF were added to increase the high health-promoting potential of the bars,
without chemicals. The taste of fresh kale does not encourage consumption, so an attempt
was made to mask it. As a result, in the sensory evaluation, the addition of kale was less
significant than the type of fibre. The addition of chokeberry to the fibre preparation was
the least acceptable for most indications (4.8–5.2 points), but its flavour was distinguished
(6.4 points).

The water activity (Aw) in the bars was high (0.857–0.953), but when analysing bars
with the addition of 20% kale, all Aw were below 0.95. No pathogenic microorganisms
develop in such a product. Many bakery products are characterized by higher water
activity [33]. The shelf life of the bars is short. To retain all the value of the snacks and
extend their freshness, for example, modified atmosphere packaging should be used. Water
is an essential ingredient in many foods. Affects a number of processes and reactions
that can reflect the quality and stability of food during storage. Whether certain reactions
will occur is primarily determined by the state of the water, which is characterized by its
activity [34]. From the point of view of water activity, food can be divided into [35] wet
with water activity in the range of 0.90–1.00, medium water content—water activity in the
range of 0.55–0.90 and low water content—water activity in the range 0.00–0.55.
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In general, a stable food is considered the one with a water activity in the range of
0.07–0.35. However, the development of microorganisms is almost completely limited
already at the water activity below 0.60 [36].

With the increase in the share of kale in the recipe, the water content in the bars
increased. This was due to the increase in the water content in the bar recipe, which was
caused by the addition of kale containing about 85% water [6]. This form of kale addition
was justified by the possibility of enriching the bars. However, from the technological
point of view, the addition of kale in the amount of 20% was sufficient. The type of DF
preparation significantly influenced the water content in the tested bars (Table 2). The
water content in bars with the addition of currant and chokeberry DF was the lowest
(about 27%), while the bars with the addition of hibiscus preparation (about 35%) had a
significantly higher water content. This may indicate the different sorption properties of
the DF preparations used. According to Miastowski et al. [36], water binding is one of the
most important features of DF preparation. However, their large diversity in terms of the
presence of DF compounds, depending on the source of origin, has a large impact on the
degree of water binding in bars. This property also depends on the degree of micronization
and the particle size composition. Therefore, the use of various preparations resulted in
different values of water activity. This is advantageous in the manufacture of bars that
should have the desired texture.

The water content has influenced the mechanical properties of bars. The correlation
coefficient for the water content and compression force was about −0.92 (p = 0.0098), and
for the compression work −0.94 (p = 0.0053). This proves a strong negative correlation
between these properties and the water content.

The TPA test is used to test the texture of food based on indicators that reflect the
consumer’s perception of the chewing experience [37]. For multigrain bars about 2 cm thick,
softness is required and those up to about 1 cm thick can be crunchy. In the case of thin ones,
especially those with increased carbohydrate content, one should aim to obtain a glassy
(amorphous) state. The structure of the bars is influenced by the method of their production,
especially the temperature value. In the research by Nikmaram et al. [38], the optimal
conditions for the production of extrudates depended on the amount of sesame seeds
added and the temperature of the process. The addition of kale and DF preparations had a
statistically significant effect on the parameters of the texture profile. The higher content of
sesame seed, incorporated into corn expanded extrudates, increased the hardness of the
extrudates, possibly due to the content of fat, protein and fibre [38]. Similarly relationships
Kowalczewski and Ivanišová [39] showed that the addition of fruit to the muffin recipe had
a significant impact on the parameters of the texture profile. According to Wójtowicz and
Baltyn [40], the hardness of snacks should be as low as possible, as it proves the fragility of
these products. In the study by Kubiak and Dolik [41], the result for apples was 62.02 N,
Wójtowicz and Balatyn [40], potato pancakes were characterized by a hardness in the
range of 102–106 N, while in Heo et al. [42], muffins enriched with DF were characterized
by a hardness of 412–491 N. In the research by Kubiak and Dolik [41], the bread was
characterized by elasticity at the level of 0.94. The tested bars were characterized by almost
two times lower elasticity. This may indicate their compact structure.

In a properly functioning organism, it is necessary to ensure a balance in so-called
redox processes. If reactive oxygen species are not effectively quenched, it may lead
to oxidative stress [39]. To prevent the formation and protect the body against reactive
oxygen species, one should eat food rich in antioxidant compounds [43]. Polyphenols
are compounds synthesized by plants. Several thousand compounds belong to the group
of phenol compounds, but they all have one thing in common, which is the antioxidant
properties. The content of polyphenols was strongly and positively correlated with the
antioxidant activity (r = 0.92). The use of kale addition caused changes in the content of
polyphenolic compounds (Figure 3b). In the case of 30% addition of kale (422 mg GA
/100 g d.m.), the content of polyphenols was significantly higher than for bars without
addition (334.6 mg GA/100 g d.m.). The amount of polyphenolic compounds largely
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depended on the DF preparation used. The bars enriched with chokeberry DF had the
highest value, i.e., about 552 mg GA/100 g d.m. In the study by Nawirska et al. [44],
chokeberry pomace was also characterized by the highest polyphenol content among the
tested fruits, and significantly lower values were obtained for blackcurrant. Biegańska-
Marecik et al. [45] showed that kale has one of the highest values of antioxidant activity.
The addition of frozen and freeze-dried kale on beverages based on apple juice resulted
in a two- and three-fold increase in antioxidant activity, respectively. Murugesan et al. [1]
showed that the antioxidant capacity of kale leaf ethanol extract was 62.9% (DPPH*), and
GC-MS chromatographic analysis included profiles of more than 17 major phytochemicals
in the extract. Additionally, Satheesh et al. [46] reported that there has been a growing trend
in recent times to include more green leafy vegetables in the human diet, and kale has great
potential for use in a variety of food and nutritional applications. Kale has been shown to
have the nutritional and anti-nutritional components of kale, with research showing its
multiple health benefits.

The anthocyanin pigments present in the bars had a positive effect on the antioxidant
activity, but they could cause colour changes of the product. Colour is a parameter that
has a large impact on the perception of food by consumers, as it can reflect the quality
of food products. According to Kowalczewski and Ivanišová [39], these changes may
not be accepted by consumers for some products. Moreover, in the case of bars, it can
be noticed that the addition of chokeberry DF preparation, which had a positive effect
on the content of polyphenols, translated into high oxidative activity and caused colour
changes (Figure 1a,b). In addition, the bars were darker because the L* values were lower
(Figure 1a). However, no significant differences were observed in consumer assessments
regarding the colour of the bars (Figure 5).

Carotenoids and chlorophylls are plant pigments that give colour to vegetables and
fruits, they are located in chloroplasts. Carotenoids are responsible for the red, orange and
yellow colours. They are considered one of the strongest antioxidants and are credited with
the ability to extinguish free radicals. They are also precursors of vitamin A. Chlorophylls
are credited with bacteriostatic and anti-inflammatory properties, supporting the removal
of carcinogenic toxins and with antioxidant properties. They give plants and products a
characteristic green colour [47].

According to Karwowska et al. [47], fresh kale is characterized by the content of
chlorophyll A and B at the level of 904.5 mg/100 g d.m. Kale added to the recipe increased
the content of chlorophyll in the bars. This content increased with the increase in the
percentage share of kale in the recipe. The addition of kale in the amount of 20 and
30% resulted in a 3.6 and 5.3-fold increase in their chlorophyll content, respectively, in
comparison with the control samples (approx. 5.0 mg/100 g d.m.). The DF preparations of
blackcurrant, chokeberry and hibiscus did not cause significant changes in the chlorophyll
content in the bars. However, in the bars with the addition of chokeberry and hibiscus DF,
the content of chlorophyll was lower by 10–14% than for those with chokeberry DF.

The addition of kale enriched bars with carotenoids. As in the case of chlorophyll,
the addition of kale caused a greater increase in the carotenoid content. The bars with
20% additive (3.2 mg/100 g d.m.) contained about 23 times more dye than the base bars
(0.136 mg/100 g d.m.). Bars with more kale contained the most carotenoids (4.7 mg/
100 g d.m.). According to Karwowska et al. [47], it contains carotenoids in the amount of
about 175 mg/100 g d.m. The effect of the DF preparation used on the content of dyes was
also observed. The bars with the addition of blackcurrent DF contained significantly less
carotenoids than the bars with the addition of chokeberry DF. Aronia contains 140–230 mg
of carotenoids per 100 g of d.m., while blackcurrant only 20–40 mg/100 g of d.m. [48]. This
translated into the final content of these dyes in the baked bars.
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4. Materials and Methods
4.1. Material

The materials for the research were multi-grain bars with the addition of fresh kale
prepared according to the established recipe (Table 4). The type of DF added and the
percentage of fresh kale (Brassica oleracea L. var. acephala) added was variable in the recipe.
The raw materials were purchased in a large-area store, while the DF preparations were
obtained directly from the producer (GreenField, Poland).

4.2. Experimental Procedure
4.2.1. Preparation of BARS

The dry ingredients were ground in a grinder (Bosch MKM6000) for 20 s. Ground
flaxseed was poured over with hot water to gel. The kale was ground in a Thermomix TM
31 device (Vorwerk Ltd., Wroclaw, Poland) for 10 s, speed of rotation—level 7. Then, all
ingredients were combined and mixed for about 2 min. After receiving the mass, it was
placed in rectangular form with dimensions of 100 × 40 × 20 mm. The formed bars were
baked or dried in three different variants.

4.2.2. Baking

Baking was carried out in an electric Piccolo oven (Winkler Wachtel Ltd., Wroclaw,
Poland) for 25 min. The temperature of the lower and upper chamber of the furnace was
180 ◦C.

4.3. Analytical Methods
4.3.1. Determination of Dry Matter Content

The dry matter content of the bars was determined by drying in a laboratory dryer
(WAMED SUP-65 WG, Warsaw, Poland) at 130 ◦C for 1 h. The vessels with/without
samples were weighed on an analytical balance (ME54E/M, Metler, Warsaw, Poland) with
an accuracy of 0.001 g. The measurement was performed in duplicate.

4.3.2. Determination of Water Activity

Water activity was determined with an AQUALAB CX-2 device (Decagon Devices Inc.
Pullman, WA, USA). Measurements were carried out at the temperature of 23 ± 1 ◦C. The
measurement was performed in duplicate, the final result was the mean of the measure-
ments.

4.3.3. Colour Parameters

The colour of the bars was measured with the Konica Minolta CR-300 colorimeter
(standard observer CIE 2◦, illuminat D65, measuring gap 8 mm) in the CIE Lab system.
The measurement was performed in 5 replications. The mean of the measurements was
taken as the result.

4.3.4. Examination of Bars Structure
Compression Test

The mechanical properties were tested in a TA-HD plus texturometer (Stable Micro
Systems, Godalming, UK). The compression test was performed with a 75 mm diameter
head. Bars with dimensions of 25 × 40 × 20 mm were used for the measurement. The
head speed was 1 mm/s. The samples were compressed to 50% of their height. The
measurement was performed in 10 replications. The compression test was performed for
the bars 4 h after the end of drying or baking. On the basis of the test, the compression
work calculated as the product of the half of the area under the deformation curve and the
head travel speed were determined.
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Texture Profile Analysis (TPA) Test

The texture profile test was performed with a TA-HD plus texturometer (Stable Micro
Systems, Godalming, UK). The measurement was performed 4 h after the end of drying
or baking. Bars with dimensions of 25 × 40 × 20 mm were used for the measurement.
The tested samples were compressed twice to about 50% of the original height. The head
speed was 1 mm/s. The measurement was performed in 10 replications. On the basis of
the test, the mechanical determinants of texture, such as hardness, elasticity, cohesiveness,
gumminess, and chewiness, were determined as follows:

� Hardness—the maximum value of the force used during the test [N];
� Elasticity—the ratio of the compression time in the second cycle to the compression

time in the first test cycle;
� Cohesiveness (compressibility)—the ratio of the compression work in the second

cycle to the compression work in the first cycle;
� Gumminess—the product of hardness and cohesiveness [N];
� Chewiness—product of gumminess and elasticity [N].

4.3.5. Chemical Determinations

Chemical determinations were carried out in an accredited laboratory at the Institute
of Agriculture and Food Biotechnology—State Research Institute in Warsaw, Poland. All
determinations were performed at least in duplicate.

Nutritional Value

Determination of the nutritional value, i.e., protein, fat, ash, DF and carbohydrates,
was carried out in the accredited laboratory of the Institute of Agricultural and Food
Biotechnology—National Research Institute in Warsaw Poland. All determinations were
performed at least twice.

Determination of Protein Content

Total nitrogen content was determined by the reference titration method (Kjeldahl) and
converted into total protein content, taking into account the nitrogen to protein conversion
factor 6.25 according to PN-EN ISO 20483: 2014 standard.

The principle of the method consists in converting organic nitrogen compounds
contained in a dry sample of ammonium sulphate with concentrated sulfuric acid in the
presence of a catalyst, basifying the solution, distilling and titrating ammonia bound in
boric acid with the addition of indicators with sulfuric acid.

Determination of Fat Content

The fat content was determined in accordance with the PN-A-79011-4: 1998 standard.
The principle of the method is based on the extraction of fat from a dry sample under
predefined conditions using petroleum ether by means of a Soxhlet apparatus, and then
weighing the residue of the sample after complete evaporation of the solvent.

Determination of Ash Content

The ash content was determined by the gravimetric method after the samples were
incinerated according to the PN-EN ISO 2171: 2010 standard. The principle of the method
is based on incineration of the dry sample (pre-dried) at the temperature of 900 ◦C and
determination of the inorganic residues after ashing by weight.

Determination of Total Dietary Fibre Content

The total dietary DF content, including the soluble and insoluble fractions was de-
termined by the gravimetric method after prior enzymatic hydrolysis of the samples
using the Megazyme Total Dietary Fibre Kit (Bray, Bray Business Park, Co. Wicklow,
A98 YV29, Ireland).
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Calculation of Carbohydrates Content, Including Sugars

The carbohydrate content (CC) in g/100 g d.m. was calculated from the formula:

CC = 100 − (H + A + F + P + DF) (1)

where:

H—humidity of the sample, [g/100 g d.m];
A—ash content of the sample, [g/100 g d.m];
F—fat content of the sample, [g/100 g d.m];
P—protein content of the sample, [g/100 g d.m];
DF—dietary fibre content of the sample, [g/100 g d.m].

Determination of the content of individual sugars, including: fructose, glucose, dis-
accharides (sum of sucrose and maltose) was performed using high performance liquid
chromatography (HPLC) with refractometric detection of sugars contained in the aqueous
solution obtained from the sample. The result of the sugar content was given as the sum of
individual sugars [g/100 g d.m.].

Calculation of Energy Value

The energy value (EV) of the product (bars) was calculated on the basis of the energy
content of protein (1 g = 4 kcal or 17 kJ), carbohydrates (1 g = 4 kcal or 17 kJ), fat (1 g =
9 kcal or 37 kJ) and dietary fibre (1 g = 2 kcal or 8 kJ) contained in them. The energy value
in kcal/100 g and kJ/100 g of product was calculated [49]:

EV [kcal /100 g] = (P + CC) · 4 + F · 9 + DF · 2 (2)

EV [kJ/100 g] = (P + CC) · 7 + F · 37 + DF · 8 (3)

where:

P—protein content of the sample [g/100 g];
CC—carbohydrates content of the sample [g/100 g];
F—fat content of the sample [g/100 g];
DF—dietary fibre content of the sample [g/100 g].

Determination of DPPH Radical Scavenging Activity

The antioxidant activity (AA) was determined using the spectrophotometric method
with the DPPH radical based on the method of Urbańska at el. [50] and Wong at el. [51]. For
the preparation of samples, 2.4 mL of DPPH methanolic radical solution (60 µM) was used
and 100 µL of acetone extract of the samples (the extract was prepared in the same way as
for the determination of carotenoids/chlorophylls) was added. The samples were mixed
and incubated at room temperature for 30 min in the dark. After this time, the absorbance
was measured at the wavelength λ = 515 nm against the blank. The acetone solution and
DPPH solution were collected for the control sample. The blank was a sample containing
of methanol and of 80% acetone.

The antioxidant activity (quenching/scavenging capacity) of the DPPH radical (%
inhibition) was calculated:

%inhibition =
A0 − A1

A0
·100 (4)

where:

A1—absorbance of the DPPH radical with acetone extract from the sample;
A0—absorbance of the DPPH radical with acetone (control sample).

When the calculated inhibition was greater than the 95% value, the sample was diluted
with 80% (v/v) acetone solution so that the absorbance value was linear over the range of
the analysed concentrations.
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The antioxidant activity (AA) based on the DPPH free radical scavenging ability of
the extract was expressed as mM Trolox per 1 g of dry matter (d.m.) of the sample.

Determination of Total Polyphenol Content by the Folin–Ciocaletau Method

The total polyphenol content was determined by spectrophotometric method with the
use of the Folin–Ciocaleteu reagent, which consisted of a coloured reaction of polyphenolic
compounds with this reagent [50]. To the test tube was added 15% sodium carbonate
(0.5 mL), distilled water (8.9 mL), acetone extract of the sample (0.5 mL; the extract was
obtained in the same way as for the determination of carotenoids/chlorophylls, chapter
3.3.6), and 100 µL of Folin–Ciocalteu reagent. The sample was then mixed and incubated
for 45 min in the dark (room temperature). After this time, the absorbance was measured at
the wavelength λ = 765 nm against the blank. When the measured absorbance of the sample
was greater than 0.650 value, the sample was diluted with 80% (v/v) acetone solution. The
determination was performed in duplicate. The content of total polyphenols was expressed
as mg of gallic acid (GA) per 100 g dry matter (d.m.) of the sample.

Determination of Carotenoids and Chlorophyll A and B Content

Determination of carotenoids and chlorophyll content in the bar samples was per-
formed using the BECKMAN DU-530 spectrophotometer (Beckman, UK). The samples
were milled with a Sencor grinder to obtain the extract. An 80% (v/v) acetone solution
(25 mL) was added to the weighed sample (about 1.0 g). The samples were homoge-
nized for 30 s at a speed of 13,500 rpm in an ULTRA-TURRAX T25 basic homogenizer
(IKA-WERKE, Germany). Then, the obtained homogenate was centrifuged in a laboratory
centrifuge MPW 375 (MPW-Med-Instruments, Poland) for 3 min at a speed of 10,000 rpm.
The measurements were made for chlorophyll A at wavelengths λ = 663 nm, for chlorophyll
B λ = 647 nm, and at λ = 470 nm for carotenoids with the blank, which was an 80% (v/v)
acetone solution. When the measured absorbance of the sample was greater than 0.900 in
value, the sample was diluted with an 80% (v/v) acetone solution. The determination was
performed in duplicate. The content of carotenoid pigments, chlorophyll A and B in the
acetone extract was calculated from the equations [52]:

CC =
1000 · A470 − 1.82 ·CA − 85.02 · CB

198
(5)

CA = 12.25 · A663 − 2.79 · A647 (6)

CB = 21.50 · A647 − 5.10· A663 (7)

CA+B = 7.15·A663 + 18.71·A467 (8)

where:

CC—content of carotenoids in acetone extract [µg/mL];
CA—content of chlorophyll A in acetone extract [µg/mL];
CB—content of chlorophyll B in the acetone extract [µg/mL];
CA+B—content of chlorophyll (total A + B) in the acetone extract [µg/mL];
A663—absorbance of acetone extract measured at wavelength λ = 663 nm;
A647—absorbance of acetone extract measured at a wavelength of λ = 647 nm;
A470—absorbance of acetone extract measured at wavelength λ = 470 nm.

The content of chlorophyll or carotenoid dyes in the sample was calculated in mg per
100 g dry matter (d.m.). All determinations were performed at least in duplicate.

Sensory Evaluation

The sensory evaluation was performed by a team of 30 unqualified people, aged 18 to
45, using a 10-point scale. The evaluators were instructed on how to evaluate the selected
discriminants such as taste, colour, smell, texture, and overall desirability (Table 5).
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Table 5. Quality features to be assessed and their characteristics.

Sensory Discriminants Definition Boundary Terms

Colour Bar colour (colouring)
10 points—desirable, even
0 points—undesirable, uneven
surface colouring

Smell Intensity of perceived smell
10 points—characteristic for cereal
snacks, mild
0 points—imperceptible, atypical

Texture Fragility and porosity
10 points—desirable, brittle, porous
0 points—undesirable, non-brittle,
non-porous, too cohesive

Taste Taste felt after biting
and chewing

10 points—characteristics of
cereal snacks
0 points—imperceptible, alien

General suitability General impression
of the quality of the bars

10 points—very desirable
0 points—unacceptable

4.4. Statistical Analysis

The statistical analysis of the obtained results was performed with the use of Microsoft
Excel and STATISTICA 13 PL programs. To determine the effect of the amount of curly kale
and the addition of DF on the selected indicators, a one- or two-factor analysis of variance
and Tukey’s HSD test were performed to determine homogeneous groups (post hoc test).
Pearson’s correlation was also performed to investigate the relationship between the
selected indicators.

5. Conclusions

The addition of kale and DF preparations had a beneficial effect on the physico-
chemical, sensory and pro-healthy properties of snacks. In the production of bars, DF
also played a technological role, enabling the appropriate consistency of the mix before
baking and the texture of the final products. Multigrain raw materials are characterized by
a high content of DF. Multigrain bars with the addition of kale and DF preparations can
be a valuable source of both DF fractions, antioxidant compounds, as well as fat, protein,
vitamins and minerals. They can be an offer of snacks for people struggling with health
problems, as well as for healthy people who are looking for tasty and valuable products.
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6. Bąk-Sypień, I.I.; Karmańska, A.; Kubiak, K.; Karwowski, B.T. Antioxidant activity of fresh and thermal processed green and red
cultivares of curly kale (Brassica oleracea L.). Bromatol. Toxicol. Chem. 2017, 50, 246–251. (In Polish)

7. Son, Y.-J.; Park, J.-E.; Kim, J.; Yoo, G.; Lee, T.-S.; Nho, C.W. Production of low potassium kale with increased glucosinolate content
from vertical farming as a novel dietary option for renal dysfunction patients. Food Chem. 2021, 339, 128092. [CrossRef]

8. Rose, P.; Huang, Q.; Ong, C.N.; Whiteman, M. Broccoli and watercress suppress matrix metalloproteinase-9 activity and
invasiveness of human MDA-MB-231 breast cancer cells. Toxicol. Appl. Pharmacol. 2005, 209, 105–113. [CrossRef]

9. Szwejda-Grzybowska, J. Anticarcinogenic components of cruciferous vegetables and their importance in the prevention of
neoplastic diseases. Bromatol. Toxicol. Chem. 2011, 4, 1039–1046. (In Polish)

10. Michalak, M.; Szwajgier, D.; Paduch, R.; Kukula-Koch, W.; Waśko, A.; Polak-Berecka, M. Fermented curly kale as a new source of
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Technol. Przem. Rolno—Spoz. 2018, 73, 61–71. (In Polish)
40. Wójtowicz, A.; Baltyn, P. Assessment of selected quality features of popular potato snacks. Food Sci. Technol. Qual. 2006, 2,

112–123. (In Polish)
41. Kubiak, M.S.; Dolik, K. Instrumental texture profile analysis test. LAB Lab. Appar. Res. 2017, 22, 23–28.
42. Heo, Y.; Kim, M.-J.; Lee, J.-W.; Moon, B. Muffins enriched with dietary fiber from kimchi by-product: Baking properties,

physical-chemical properties, and consumer acceptance. Food Sci. Nutr. 2019, 7, 1778–1785. [CrossRef]
43. Goetzke, B.; Nitzko, S.; Spiller, A. Consumption of organic and functional food. A matter of well-being and health? Appetite 2014,

77, 96–105. [CrossRef]
44. Nawirska, A.; Sokół-Łętowska, A.; Kucharska, A.Z. Antioxidant characteristics of pomace from different fruits. Food Sci. Technol.

Qual. 2007, 4, 120–125. (In Polish)
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Abstract: As the interest in heirloom cultivars of apple trees, their fruit, and processed products is
growing worldwide, studies of the qualitative and quantitative composition of biological compounds
are important for the evaluation of the quality and nutritional properties of the apples. Studies on
the variations in the chemical composition of phenolic compounds characterized by a versatile
biological effect are important when researching the genetic heritage of the heirloom cultivars in
order to increase the cultivation of such cultivars in orchards. A variation in the qualitative and
quantitative composition of phenolic compounds was found in apple samples of cultivars included
in the Lithuanian collection of genetic resources. By the high-performance liquid chromatography
(HPLC) method flavan-3-ols (procyanidin B1, procyanidin B2, procyanidin C2, (+)-catechin and
(−)-epicatechin), flavonols (rutin, hyperoside, quercitrin, isoquercitrin, reynoutrin and avicularin),
chlorogenic acids and phloridzin were identified and quantified in fruit samples of heirloom apple
cultivars grown in Lithuania. The highest sum of the identified phenolic compounds (3.82 ± 0.53 mg/g)
was found in apple fruit samples of the ‘Koštelė’ cultivar

Keywords: apple; phenolic compounds; genetic resources; HPLC-DAD

1. Introduction

Apple trees are among the old cultivated fruit trees in the world [1]. Domestic apple trees
(Malus domestica Borkh.) were starting to be grown 4000–10,000 years ago in the orchards of Central
Asia [2]. Until the end of the 19th century, domestic apple trees were grown in the orchards of manors
and monasteries [3,4]. Later on, local farmers started growing apple trees of the traditional cultivars
in their orchards. During this period, a number of traditional apple cultivars of genetic resource
heritage were bred in Lithuania, including ‘Lietuvos pepinas’, ‘Montvilinis’, ‘Popierinis’, ‘Rudeninis
dryžuotasis’, ‘Žemaičių grietininis’, etc. [3]. It is expedient to preserve these apple cultivars, as their
value has not been assessed yet.

The results of studies on the qualitative and quantitative composition of the fruit samples of apple
cultivars grown in industrial orchards have been presented in scientific literature, but research data on
the chemical composition of the fruit of heirloom apple cultivars grown in genetic heritage collections
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are fragmented [5]. The qualitative and quantitative composition of phenolic compounds in apples
grown in Lithuanian industrial orchards has been investigated [5]. Secondary metabolites are phenolic
compounds such as flavanols, flavonols, hydroxycinnamic acids, dihydrochalcones and anthocyanins
were identified in fruit of the heirloom apple cultivars grown in Portuguese and Polish orchards [6,7].
Fruit samples of heirloom apple cultivars grown in Italian orchards and collections were found to have
higher levels of phenolic compounds compared to those found in samples of apples of cultivars grown
in industrial orchards [8,9].

Phenolic compounds have a wide range of biological effects: they act as strong antioxidants,
scavenging free radicals [9,10], inhibit inflammatory processes [11,12] and the multiplication of
bacteria [13] and they also have anti-cancer [14,15] and anti-aging effects [16–18]. The recommended
daily diet should include apples, their processed products, and dietary supplements for the prevention
of diabetes, asthma, cancer, and neurodegenerative and chronic cardiovascular diseases [11,15,19].

Industrial horticulture has been developing highly intensively during recent decades [1].
New apple cultivars are bred in industrial orchards, taking into account the needs of consumers in
different regions of the world [1,20]. The introduction of new apple cultivars by fruit tree breeders
reduced the demand for heirloom cultivars of apples grown in orchards [1,21]. Numerous cultivars of
apple-specific trait donors have been used to create new apple cultivars grown in industrial orchards.
Therefore, the characteristics of fruit trees of these cultivars (adaptability to biotic and abiotic factors,
fruit taste, texture of the flesh, etc.) based on genetic factors are “harmonized”. Consumers are missing
the traditional cultivars due to the variety of their fruit taste, aroma, consistency and suitability for
unique national heritage products. Many countries, including Lithuania, have signed the Convention
on Biological Diversity [22], the TREATY agreement [23] and the Nagoya Protocol [24] to assess
the genetic uniqueness, distinctiveness and risk of extinction of heirloom varieties of garden plants.
The signatories of the mentioned documents are committed to collecting, preserving and researching
the diversity and economic, biological and medical value of the genetic resources of heirloom varieties
of agricultural plants.

Currently, consumers are looking for high-quality products with a known composition and
health benefits [25]. Research into the qualitative and quantitative composition of biologically active
compounds is important in assessing the quality and nutritional properties of apples. In Lithuania,
apple cultivars belonging to the collection of genetic resources are grown in private orchards. In order
to study the genetic heritage of heirloom cultivars with the aim of promoting their cultivation in
orchards, it is important to carry out detailed studies on the variability of the chemical composition of
phenolic compounds with biological effects. Data on qualitative and quantitative chemical composition
will provide new scientific knowledge about variability of the qualitative and quantitative composition
of biologically active compounds in the fruit of apple trees of heirloom cultivars.

The aim of the study was to investigate variability of the qualitative and quantitative composition
of phenolic compounds in the samples of heirloom apple cultivars, to substantiate the cultivation of
heirloom cultivars in Lithuanian orchards, and to preserve the genetic heritage of heirloom cultivars.

2. Results and Discussion

2.1. Qualitative and Quantitative Analysis of Phenolic Compounds of Apple of Heirloom Cultivars

Scientific literature provides data on the variability of the chemical composition of phenolic
compounds in fruit samples of apple trees grown in industrial orchards [26]. The total amount of
phenolic compounds found in fruit samples of apple cultivars ‘Aldas’, ‘Auksis’, ‘Ligol’, and ‘Šampion’
grown in Lithuanian industrial orchards ranged from 1.64 mg/g to 5.75 mg/g [27,28]. In Lithuania as
well as in many other countries, collections and private orchards contain heirloom apple cultivars
that form the heritage of genetic resources. Fruit of the heirloom apple cultivars are characterized
by a high nutritional value and are of different shapes, colors, sizes and organoleptic properties
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(crispness, juiciness, and sweetness) [29]. Studies of the chemical composition of the fruit of heirloom
apple cultivars are patchy.

The sum of the identified phenolic compounds in the samples of heirloom apple cultivars included
in the collection of the Lithuanian heritage of genetic resources varied from 0.15 ± 0.01 mg/g to
3.82 ± 0.53 mg/g (Figure 1). The highest sum of the identified phenolic compounds (3.82 ± 0.53 mg/g)
was detected in samples of the ‘Koštelė’ apple cultivar, which differed statistically significantly from
the amount of these compounds detected in apple fruit samples of the other studied cultivars (p < 0.05)
(Figure 1). The lowest content of the sum of the identified phenolic compounds (0.15 ± 0.01 mg/g) was
found in fruit samples of the ‘Birutės pepinas’ cultivar, and it did not differ statistically significantly
from that detected in fruit samples of ‘Beržininkų ananasinis’, ‘Danų karalienė Luiza’, ‘Montvilinis’,
‘Panemunės baltasis’, ‘Pilkasis alyvinis’, ‘Raudonasis alyvinis’ or ‘Žemaičių grietininis’ apple cultivars
(Figure 1).

1 

 

 

Figure 1 

  
Figure 1. Variability of the sum of the identified phenolic compounds in fruit samples of heirloom
apple cultivars.

Studies of the fruit samples of heirloom apple cultivars grown in the orchards of the Marche region
of Italy showed that the total amount of phenolic compounds ranged from 0.82 mg/g to 3.60 mg/g [30].
The total amount of phenolic compounds in fruit samples of heirloom apple cultivars grown in Brazilian
orchards ranged from 0.46 mg/g to 1.58 mg/g [31]. Meanwhile, the total amount of phenolic compounds
in fruit samples of heirloom apple cultivars grown in orchards of the Piedmont region of Italy ranged
from 0.45 mg/g to 5.00 mg/g [8]. The sum of the identified phenolic compounds in fruit samples of
heirloom apple cultivars grown in Lithuanian orchards was higher than that detected in fruit samples
of the heirloom apple cultivars grown in the orchards of the Italian Marche region or Brazil, but lower
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than that found in fruit samples of the heirloom apple cultivars grown in the orchards of the Italian
region of Piedmont.

2.1.1. Variation of the Amount of Flavan-3-ols

Flavan-3-ols (procyanidin B1, procyanidin B2, procyanidin C2, (+)-catechin, and (−)-epicatechin)
identified in fruit samples of heirloom apple cultivars grown in Lithuania accounted for 30% of the total
amount of the identified and quantified phenolic compounds. The flavan-3-ol content in fruit samples
of heirloom apple cultivars ranged from 0.03± 0.001 mg/g to 1.40± 0.05 mg/g (Figure 2). The flavan-3-ol
content in fruit samples of heirloom apple cultivars grown in Croatian orchards was found to vary
from 0.02 mg/g to 0.69 mg/g [26]. The flavan-3-ol content in fruit samples of heirloom apple cultivars
grown in Italian orchards ranged from 0.02 mg/g to 0.66 mg/g [32]. The flavan-3-ol content in fruit
samples of heirloom red-fleshed apple cultivars grown in Spanish orchards was found to range from
0.016 mg/g to 0.022 mg/g, while the flavan-3-ol content in samples of heirloom white-fleshed apples
ranged from 0.09 mg/g to 0.20 mg/g [33]. The content of flavan-3-ols in fruit samples of heirloom apple
cultivars of the Lithuanian genetic heritage collection was found to be higher than that in fruit samples
of heirloom apple cultivars grown in Croatian, Italian, or Spanish orchards.
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Figure 2 

  
Figure 2. Variability of the amount of flavan-3-ols in fruit samples of heirloom apple cultivars.

The predominant compound of the flavan-3-ol group in fruit samples of heirloom apple cultivars
grown in Lithuania was (−)-epicatechin. The highest amount of (−)-epicatechin (0.53 ± 0.01 mg/g)
was found in fruit samples of the ‘Koštelė’ cultivar, and it was statistically significantly (p < 0.05)
different from the amount of (−)-epicatechin detected in fruit samples of other apple cultivars (Figure 2).
The content of (−)-epicatechin in fruit samples of heirloom apple cultivars grown in Polish orchards
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was found to range from 0.05 mg/g to 2.79 mg/g [34]. The amount of (−)-epicatechin in fruit samples of
heirloom apple cultivars grown in Italian orchards ranged from 0.09 mg/g to 0.53 mg/g [8]. The data
obtained by Polish and Italian researchers corroborate the results of our research.

The highest amounts of (+)-catechin (0.14 ± 0.01 mg/g) were found in fruit samples of the ‘Koštelė’
apple cultivar (Figure 2). The analysis of the fruit samples of heirloom apple cultivars showed a
statistically significant (p < 0.05) difference in (+)-catechin content. The amount of (+)-catechin in fruit
samples of heirloom apple cultivars grown in Italian orchards ranged from 0.02 mg/g to 0.05 mg/g [9].
Meanwhile, the amount of (+)-catechin in fruit samples of heirloom apple cultivars grown in Polish
orchards ranged from 0.01 mg/g to 0.72 mg/g [35]. Fruit samples of heirloom apple cultivars grown in
Lithuanian orchards were found to contain higher amounts of (+)-catechin, compared to that in fruit
samples of heirloom apple cultivars grown in Italian orchards, but lower than that found in fruit samples
of heirloom apple cultivars grown in Polish orchards. Procyanidins are among the most common
flavan-3-ols found in samples of heirloom apple cultivars [8]. The highest amounts of procyanidin
B2 (0.72 ± 0.18 mg/g), procyanidin C2 (0.14 ± 0.03 mg/g) and procyanidin B1 (0.06 ± 0.01 mg/g) were
found in apple fruit samples of the ‘Virginijos rožinis’ cultivar (p < 0.05) (Figure 2). Procyanidin B2
predominated among the procyanidins identified and quantified in apple samples of heirloom cultivars
grown in Lithuania. The amount of procyanidin B2 in fruit samples of heirloom apple cultivars grown
in Polish orchards ranged from 0.07 mg/g to 2.00 mg/g [35]. Meanwhile, the amount of procyanidin
B2 in fruit samples of heirloom apple cultivars grown in Italian orchards ranged from 0.018 mg/g to
2.09 mg/g [8]. The amount of procyanidin C1 in fruit samples of heirloom apple cultivars grown in
Polish orchards ranged from 0.0006 mg/g to 0.97 mg/g [35]. The amount of procyanidin B1 in fruit
samples of heirloom apple cultivars grown in Italian orchards ranged from 0.005 mg/g to 0.34 mg/g [8]
and from 0.006 mg/g to 0.014 mg/g [32]. The results of studies on the variability of procyanidin content
in fruit samples of heirloom apple cultivars from the collection of the Lithuanian heritage of genetic
resources are confirmed by the data of research conducted by Polish and Italian scientists.

According to their amount in fruit samples of heirloom apple cultivars grown in Lithuanian
orchards, the compounds of the flavan-3-ol group can be arranged in the following order:
(−)-epicatechin>procyanidin B2>procyanidin C2>(+)-catechin>procyanidin B1. Studies of the qualitative
and quantitative composition of compounds of the flavan-3-ol group are valuable due to the antioxidant
properties of this group of compounds [10] and their glucose regulating effects [34].

2.1.2. Variation of the Amount of Flavonols

The following flavonols were identified and quantified in fruit samples of heirloom apple cultivars
from the collection of the Lithuanian heritage of genetic resources: rutin, hyperoside, quercitrin,
isoquercitrin, reynoutrin, and avicularin. They comprised 13% of all the identified and quantified
phenolic compounds. The content of flavonols in fruit samples of heirloom apple cultivars ranged from
0.04 ± 0.001 mg/g to 0.47 ± 0.12 mg/g (Figure 3). Studies of fruit samples of heirloom apple cultivars
grown in Croatian orchards showed that flavonol levels ranged from 0.20 mg/g to 1.22 mg/g [26].
Meanwhile, flavonol levels in fruit samples of heirloom apple cultivars grown in Austrian orchards
ranged from 0.67 mg/g to 5.66 mg/g [19]. The results of our study are corroborated by research data
obtained by Croatian and Polish researchers.
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Figure 3 

  
Figure 3. Variability of the amount of flavonols in fruit samples of heirloom apple cultivars.

Hyperoside was the predominant compound of the flavonols group in fruit samples of heirloom
apple cultivars grown in Lithuania. The highest amount of hyperoside (0.19 ± 0.01 mg/g) was found
in apple fruit samples of the ‘Koštelė’ cultivar, and it was statistically significantly different from
hyperoside content in apple samples of other studied cultivars (p < 0.05) (Figure 3). The amount
of hyperoside in fruit samples of heirloom apple cultivars grown in Italian orchards ranged from
0.0003 mg/g to 0.002 mg/g [8]. The amount of hyperoside found in fruit samples of heirloom apple
cultivars grown in Lithuania was higher than that detected in fruit samples of heirloom apple cultivars
grown in Italian orchards. The highest amount of avicularin (0.11 ± 0.01 mg/g) was found in apple
fruit samples of the ‘Lietuvos pepinas’ cultivar (Figure 3). Avicularin content differed statistically
significantly between fruit samples of heirloom apple cultivars (p < 0.05). The highest amount of
quercitrin (0.06 ± 0.002 mg/g) was found in apple fruit samples of the ‘Koštelė’ cultivar, and it was
statistically significantly different from that found in apple samples of other cultivars (p < 0.05) (Figure 3).
The amount of quercitrin found in fruit samples of heirloom apple cultivars grown in Italian orchards
ranged from 0.005 mg/g to 0.043 mg/g [8]. The amount of quercitrin in fruit samples of heirloom
apple cultivars grown in Lithuanian orchards was higher, compared to the amount found in fruit
samples of heirloom apple cultivars grown in Italian orchards. The highest amounts of isoquercitrin
(0.06 ± 0.002 mg/g) and reynoutrin (0.04 ± 0.002 mg/g) were found in apple fruit samples of the
‘Lietuvos pepinas’ cultivar (Figure 3). The amount of isoquercitrin differed statistically significantly
between fruit samples of differed heirloom apple cultivars (p < 0.05). There was no statistically
significant difference in the amount of reynoutrin between apple fruit samples of the ‘Sierinka’ and
‘Koštelė’ cultivars (p > 0.05). Among the fruit samples of heirloom apple cultivars grown in Lithuania,
the highest amount of rutin (0.04 ± 0.002 mg/g) was found in fruit samples of the ‘Paprastasis antaninis’
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cultivar, and it did not differ statistically significantly from that found in apple samples of ‘Pilkasis
alyvinis’, ‘Beržininkų ananasinis’, ‘Golden russet’, ‘Jono pepinas’, ‘Koštelė’, ‘Sierinka’, ‘Tabokinė’,
‘Baltasis alyvinis’, or ‘Lietuvos pepinas’ cultivars (p > 0.05) (Figure 3). The amount of rutin found
in fruit samples of heirloom apple cultivars belonging to the collection of the Lithuanian heritage of
genetic resources was higher compared to the amount of rutin (0.004 mg/g) found in fruit samples of
heirloom apple cultivars grown in Italian orchards [9].

According to their amount in fruit samples of heirloom apple cultivars belonging to the collection
of the Lithuanian heritage of genetic resources, the compounds of the flavonols group can be arranged
in the following order: hyperoside>avicularin>quercitrin>isoquercitrin>reynoutrin>rutin. Studies of
the qualitative and quantitative composition of the compounds of the flavonols group are important
due to their antioxidant [34], anti-inflammatory [11], and antiallergic properties [36].

2.1.3. Variation of the Amount of Chlorogenic Acid

Phenolcarboxylic acids are an important group of secondary metabolites in apples. It is important
to determine the variability of their quantitative composition in fruit samples of heirloom apple
cultivars. Chlorogenic acid was the predominant compound, making up 50% of the total amount of
the identified and quantified phenolic compounds. The amount of chlorogenic acid in fruit samples of
heirloom apple cultivars ranged from 0.01 ± 0.001 mg/g to 2.35 ± 0.03 mg/g (Figure 4).
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Figure 4 

  
Figure 4. Variability of the amount of chlorogenic acid in fruit samples of heirloom apple cultivars.

The highest amount of chlorogenic acid (2.35 ± 0.03 mg/g) was detected in apple fruit samples
of the ‘Lietuvos pepinas’ cultivar (Figure 4). The content of chlorogenic acid in fruit samples of
heirloom apple cultivars differed statistically significantly (p < 0.05). The lowest amount of chlorogenic
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acid (0.01 ± 0.001 mg/g) was found in apple fruit samples of the ‘Montvilinis’ cultivar (Figure 4).
The amount of chlorogenic acid in fruit samples of heirloom apple cultivars grown in orchards in the
Tuscan region of Italy was found to vary from 0.12 mg/g to 0.63 mg/g [9]. Meanwhile, the amount of
chlorogenic acid in fruit samples of heirloom apple cultivars grown in orchards in the Piedmont region
of Italy ranged from 0.13 mg/g to 2.08 mg/g [8]. Fruit samples of heirloom apple cultivars from the
collection of the Lithuanian heritage of genetic resources contained higher amounts of chlorogenic acid
compared to those found in fruit samples of heirloom apple cultivars grown in Italian orchards.

2.1.4. Variation of the Amount of Phloridzin

Compounds of the dihydrochalcone group are naturally prevalent in the vegetative and generative
organs of plants of the apple (Malus L.) genus, while in other plant species, they are almost
undetectable [33]. Fruit samples of heirloom apple cultivars were found to contain the dihydrochalcone
group compound phloridzin, which accounted for 7% of the total amount of the identified and quantified
phenolic compounds. The amount of phloridzin in apple samples ranged from 0.02 ± 0.002 mg/g to
0.30 ± 0.005 mg/g (Figure 5).
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Figure 5 

  
Figure 5. Variability of the amount of phloridzin in fruit samples of heirloom apple cultivars.

The highest content of phloridzin (0.30 ± 0.005 mg/g) was found in apple fruit samples of
the ‘Golden russet’ cultivar (Figure 5), which did not differ statistically significantly only from the
amounts found in apple fruit samples of the ‘Jono pepinas’ cultivar. The lowest amount of phloridzin
(0.02 ± 0.002 mg/g) was found in apple fruit samples of the ‘Beržininkų ananasinis’ cultivar (Figure 5).
The amount of phloridzin in fruit samples of heirloom apple cultivars grown in orchards in the
Piedmont region of Italy was found to range from 0.001 mg/g to 0.26 mg/g [8]. The amount of
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phloridzin in fruit samples of heirloom apple cultivars grown in orchards in the Garfagnana region
of Italy ranged from 0.01 mg/g to 0.05 mg/g [32]. Fruit samples of heirloom apple cultivars from the
collection of the Lithuanian heritage of genetic resources contained higher amounts of phloridzin
compared to those found in fruit samples of heirloom apple cultivars grown in Italian orchards.

2.2. Hierarchical Cluster Analysis of Phenolic Compounds of Apple of Heirloom Cultivars

Hierarchical cluster analysis of heirloom apple cultivars was performed, the results of which are
presented in Figure 6. Based on the variability of the quantitative composition in apple samples of
heirloom cultivars, phenolic compounds were distributed into clusters.

Figure 6. Dendrogram of the similarity of apple samples in terms of the amounts of phenolic compounds.
Flavonols were distributed into three clusters (A), chlorogenic acid was distributed into four clusters (B),
(−)-epicatechin, (+)-catechin, and phloridzin were distributed into four clusters (C), and compounds of
the procyanidin group were distributed into four clusters (D).

Fruit samples of heirloom apple cultivars assigned to cluster I (3, 4, 6, 7, 8, 14, 15, 17, 18, 21 and
22) were found to contain lower than average amounts of flavonols. Fruit samples of heirloom apple
cultivars assigned to cluster II (1, 2, 5, 9, 12, 16 and 20) were found to contain average amounts of
flavonols. Meanwhile, fruit samples of heirloom apple cultivars assigned to cluster III (10, 11, 13 and
19) were found to contain higher than average amounts of flavonols (Figure 6A). Fruit samples of
heirloom apple cultivars assigned to cluster I (1, 2, 3, 4, 6, 7, 12, 14, 15, 16, 17, 20, 21 and 22) were
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found to contain lower than average amounts of chlorogenic acid. Fruit samples of the heirloom apple
cultivar assigned to cluster II (18) had average amounts of chlorogenic acid. Meanwhile, fruit samples
of heirloom apple cultivars assigned to cluster III (5, 8, 9 and 13) had higher than average amounts of
chlorogenic acid. The highest amounts of chlorogenic acid were found in fruit samples of heirloom
apple cultivars assigned to cluster IV (10, 11 and 19) (Figure 6B).

Fruit samples of heirloom apple cultivars assigned to cluster I (1, 2, 3, 4, 6, 11, 12, 14, 15, 16,
17, 18, 20 and 22) were found to contain lower than average amounts of (-)-epicatechin, (+)-catechin
and phloridzin. Fruit samples of heirloom apple cultivars assigned to cluster II (8 and 9) were found
to contain average amounts of (−)-epicatechin, (+)-catechin and phloridzin. Higher than average
levels of (−−)-epicatechin, (+)-catechin and phloridzin were found in fruit samples of heirloom apple
cultivars assigned to cluster III (5, 7, 13, 19 and 21). The highest levels of (−)-epicatechin, (+)-catechin
and phloridzin were found in fruit samples of the heirloom apple cultivar assigned to cluster IV (10)
(Figure 6C). Fruit samples of heirloom apple cultivars assigned to cluster I (1, 2, 5, 7, 14, 16, 18, 20 and
22) were found to contain average amounts of procyanidin B1, procyanidin B2 and procyanidin C2.
Fruit samples of heirloom apple cultivars assigned to cluster II (3, 4, 6, 11, 12, 15 and 17) contained lower
than average amounts of procyanidins. Higher than average amounts of procyanidins were found
in fruit samples of heirloom apple cultivars assigned to cluster III (8, 9, 10, 13 and 19). The highest
amounts of procyanidin B1, procyanidin B2, and procyanidin C2 were found in fruit samples of
heirloom apple cultivars assigned to cluster IV (21) (Figure 6D).

2.3. Principal Component Analysis of Phenolic Compounds of Apple of Heirloom Cultivars

In this study, we analyzed the main components of phenolic compounds in fruit samples of
heirloom apple cultivars. Two main components were used for the analysis, as they explain 80.19% of
the total variability in the study data (Figure 7).
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Figure 7  Figure 7. Analysis of the main components of phenolic compounds in apple samples.

The amounts of isoquercitrin (0.939), hyperoside (0.930), avicularin (0.930), quercitrin (0.922),
chlorogenic acid (0.902) and reynoutrin (0.815) strongly positively correlated with the first component,
which describes 48.53% of the total data variability, while the correlation of the amounts of rutin
(0.707) and phloridzin (0.691) with this component was strongly positive (Figure 7). The amounts of
procyanidin C2 (0.889), procyanidin B1 (0.887), (−)-epicatechin (0.882), procyanidin B2 (0.878) and
(+)-catechin (0.805) very strongly positively correlated with the second component, which describes
31.66% of the dispersion (Figure 7).
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Recently, there has been a growing interest in the genetic resources of heirloom cultivars, they are
more widely grown, and there is an increasing number of studies on the qualitative and quantitative
variability of the composition of their fruit. Fruit samples of some heirloom apple cultivars were
found to have a richer quantitative and qualitative composition of phenolic compounds. Heirloom
apple cultivars can be used for the selection of new apple cultivars. Apple trees of heirloom cultivars
are becoming more popular, and higher levels of biologically active compounds are detected in their
fruit [9]. Fruit samples of heirloom apple cultivars grown in Lithuania were found to contain 2.6 times
higher amounts of flavonols, 7 times higher amounts of dihydrochalcones, 1.2 times lower amounts of
phenolic acids and 1.5 times lower amounts of flavan-3-ols compared to those detected in fruit samples
of heirloom apple cultivars grown in Polish orchards [34]. Quantitative differences can be explained
by the competitive interaction between the enzymes anthocyanidin reductase and anthocyanidin
synthase during flavonoid synthesis, which results in a slower synthesis of flavan-3-ols and their lower
accumulation in apples [2].

The results of our study provided new knowledge about apple cultivars from the collection of
the Lithuanian heritage of genetic resources and the variability of the qualitative and quantitative
composition of the phenolic compounds found in their fruit. The highest sum of the identified phenolic
compounds (3.82 ± 0.53 mg/g) was found in apple fruit samples of the ‘Koštelė’ cultivar. The sum
of the identified phenolic compounds was higher than that (0.86 mg/g) found in fruit samples of
heirloom apple cultivars grown in Germany [36]. Fruit samples of heirloom apple cultivars included
in the collection of the Lithuanian heritage of genetic resources contained higher amounts of phenolic
compounds compared to those detected in fruit samples of the ‘Jonagold’ cultivar grown in the orchards
of Lhasa (Italy), Rokietnica (Poland), and Randwijk (the Netherlands) regions (respectively, 2.21 mg/g,
2.69 mg/g, and 3.81 mg/g). However, this amount was lower than that (4.76 mg/g) found in the samples
of apples grown in the orchards of the Wieluń region of Poland [37]. In fruit samples of heirloom apple
cultivars grown in Lithuania, chlorogenic acid comprised the greatest part of the phenolic compounds.
The highest content of chlorogenic acid (2.35 ± 0.03 mg/g) was found in apple fruit samples of the
‘Lietuvos pepinas’ cultivar. Polish researchers indicated that chlorogenic acid might account for 64–94%
of all the identified and quantified phenolic acids in apple fruit samples [34]. Chlorogenic acid in fruit
and vegetables determines their sensory properties and has anti-mutagenic and antioxidant effects [34].
The compound phloridzin belonging to the dihydrochalcone group was found in fruit samples of
heirloom apple cultivars. Its highest amounts (0.30 ± 0.005 mg/g) were found in apple fruit samples
of the ‘Golden russet’ cultivar. Phloridzin is a biologically active compound with a wide range of
biological effects. It regulates blood glucose levels [38,39], antioxidant and anti-aging effects [11,40].
Qualitative and quantitative analysis of dihydrochalcone group compounds is important, as they can
be used as chemotaxonomic markers in the taxonomy of apple species as well as for the identification
and quality assessment of apple products [6].

3. Materials and Methods

3.1. Plant Materials

The study included 22 heirloom apple cultivars, of which 21 (except for ‘Golden russet’) are
included in the List of the National Plant Genetic Resources (Table 1).

The apple trees were grown in the Collection of the Apple Tree Genetic Resources at the Institute of
Horticulture (in Babtai town), a division of the Lithuanian Research Centre for Agriculture and Forestry
(henceforth, LAMMC). Coordinates: 55◦60′ N, 23◦48′ E. The study was conducted during 2019–2020.
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nų

ži
em

in
is

’
Li

th
ua

ni
a,

W
C

Sk
in

ye
llo

w
,s

w
ee

t;
sc

ab
-r

es
is

ta
nt

6.
‘D

an
ų
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3.2. Chemicals and Solvents

All solvents, reagents, and standards used were of analytical grade. Acetonitrile and acetic
acid were obtained from Sigma-Aldrich GmbH (Buchs, Switzerland), ethanol was obtained from AB
Stumbras (Kaunas, Lithuania), hyperoside, rutin, quercitrin, phloridzin, procyanidin B1, procyanidin
B2 and chlorogenic acid standards were purchased from Extrasynthese (Genay, France), reynoutrin,
(+)-catechin and (−)-epicatechin–from Sigma-Aldrich GmbH (Steinheim, Germany), and avicularin,
procyanidin C1 and isoquercitrin–from Chromadex (Santa Ana, CA, USA). Purified deionized
water used in the tests was prepared with the Milli-Q® (Millipore, Bedford, MA, USA) water
purification system.

3.3. Preparation of Samples

For the analysis, twenty apples at the optimal maturity stage were picked from different parts of
the tree crown. Whole apples were immediately frozen in a freezer (at −35 ◦C) with air circulation.
Subsequently, these frozen samples were lyophilized with a ZIRBUS sublimator 3 × 4 × 5/20
(ZIRBUS technology, Bad Grund, Germany) at a pressure of 0.01 mbar (condenser temperature:
−85 ◦C). The lyophilized samples were ground to fine powder using a Retsch 200 mill electric grinder
(Haan, Germany). Loss on drying before the analysis was determined by drying the apple lyophilisate
in a laboratory drying oven to complete the evaporation of water and volatile compounds (temperature:
105 ◦C; the difference in weight between measurements: up to 0.01 g) and by calculating the difference
in raw material weight before and after the drying. The data were recalculated for the absolute dry
lyophilisate weight. The prepared apple samples were stored in dark, tightly closed glass vessels.

3.4. Preparation of the Phenolic Compounds

During the analysis of phenolic compounds, 2.5 g of lyophilizate powder (exact weight) was
weighed, added to 30 mL of 70% (v/v) ethanol, and extracted in a Sonorex Digital 10 P ultrasonic bath
(Bandelin Electronic GmbH & Co. KG, Berlin, Germany) at room temperature for 20 min. The obtained
extract was filtered through a paper filter, and the residue on the filter was washed with 70% (v/v)
ethanol in a 50-mL flask until the exact volume was reached. The conditions of the extraction were
chosen based on the results of the tests for setting the extraction conditions.

3.5. Qualitative and Quantitative Analysis by HPLC–PDA Method

The qualitative and quantitative HPLC analysis of phenolic compounds was performed with a
Waters 2998 PDA detector (Waters, Milford, CT, USA). Chromatographic separations were carried out
by using a YMC-Pack ODS-A (5 µm, C18, 250 × 4.6 mm i.d.) column. The column was operated at
a constant temperature of 25 ◦C. The volume of the analyzed extract was 10 µL. The flow rate was
1 mL/min. The mobile phase consisted of 2% (v/v) acetic acid (solvent A) and acetonitrile (solvent B).
Gradient variation: 0–30 min 3–15% B, 30–45 min 15–25% B, 45–50 min 25–50% B, and 50–55 min
50–95% B. For the quantitative analysis, the calibration curves were obtained by injecting the known
concentrations of different standard compounds. All the identified phenolic compounds were quantified
at λ = 200–400 nm wavelength [5].

3.6. Statistical Analysis

The statistical analysis of the study data was performed by using Microsoft Office Excel 2013
(Microsoft, Redmond, WA, USA) and SPSS 25.0 (SPSS Inc., Chicago, IL, USA) computer software. All the
results obtained during the ESC analysis were presented as means of three consecutive test results
and standard deviations. To evaluate the variance in the quantitative composition, we calculated the
coefficient of variation. Univariate analysis of variance (ANOVA) was applied in order to determine
whether the differences between the compared data were statistically significant. The hypothesis about
the equality of variances was verified by applying Levine’s test. If the variances of independent variables
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were found to be equal, Tukey’s multiple comparison test was used. The differences were regarded as
statistically significant at p < 0.05. The comparison of the chemical composition between the apple fruit
samples of the studied heirloom cultivars was carried out by applying the hierarchical cluster analysis,
using the squared Euclidean distance. Principal component analysis was performed as well.

4. Conclusions

Apple trees of heirloom cultivars are valuable from the genetic aspect in the selection of new
fruit tree cultivars. Their fruit are a source of biologically active compounds and can be used in
the development and production of new innovative dietary supplements and medicinal cosmetic
products. Apple trees of the heirloom cultivars ‘Koštelė’, ‘Lietuvos pepinas’, ‘Paprastasis antaninis’,
‘Virginijos rožinis’ and ‘Sierinka’ grown in the Collection of the Apple Tree Genetic Resources at the
Institute of Horticulture of the Lithuanian Research Center for Agriculture and Forestry are not suitable
for growing in industrial gardens due to their low fruit yield, poor external quality, small size, and
susceptibility to disease. In amateur gardens, growing apples of heirloom cultivars is promising due to
their higher content of bioactive substances. Our phytochemical studies of heirloom apple cultivars
provide valuable scientific knowledge on the variability of the qualitative and quantitative composition
of phenolic compounds. The results of our study will enable a wider cultivation of heirloom apple
cultivars in gardens and collections and will help consumers to obtain and use apples with a known
chemical composition of phenolic compounds, which determine the use of apples in the healthy food
chain and the development of innovative food products.
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41. Tuinyla, V.; Lukoševičius, A.; Bandaravičius, A. Lithuanian Pomology. T.1; Apples and Pears Science:
Lithuanian, Vilnius, 1990; pp. 1–333.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

164



molecules

Article

Biopharmaceutical Evaluation of Capsules with Lyophilized
Apple Powder
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Abstract: Apples are an important source of biologically active compounds. Consequently, we
decided to model hard gelatin capsules with lyophilized apple powder by using different excipients
and to evaluate the release kinetics of phenolic compounds. The apple slices of “Ligol” cultivar
were immediately frozen in a freezer (at −35◦C) with air circulation and were lyophilized with a
sublimator at the pressure of 0.01 mbar (condenser temperature, −85◦C). Lyophilized apple powder
was used as an active substance filled into hard gelatin capsules. We conducted capsule disintegration
and dissolution tests to evaluate the quality of apple lyophilizate-containing capsules of different
encapsulating content. Individual phenolic compounds can be arranged in the following descending
order according to the amount released from the capsules of different compositions: chlorogenic
acid > rutin > avicularin > hyperoside > phloridzin > quercitrin > (−)-epicatechin > isoquercitrin.
Chlorogenic acid was the compound that was released in the highest amounts from capsules of
different encapsulating content: its released amounts ranged from 68.4 to 640.3 µg/mL. According
to the obtained data, when hypromellose content ranged from 29% to 41% of the capsule mass, the
capsules disintegrated within less than 30 min, and such amounts of hypromellose did not prolong
the release of phenolic compounds. Based on the results of the dissolution test, the capsules can be
classified as fast-dissolving preparations, as more than 85% of the active substances were released
within 30 min.

Keywords: apple; phenolic compounds; dissolution test; HPLC-DAD

1. Introduction

Apples are among the most consumed fruits in Lithuania and worldwide. According
to the data of 2020, 84.63 million tons of apples were grown in the world [1]. The greatest
amounts of apples are grown in China (around 40.92 million tons). In the US, around
5.19 million tons are grown per year, and in Poland, the amount of apples grown per
year is around 3.20 million tons [1]. Apples are widely used in the food industry in the
production of various products and beverages (juices, wines, and ciders), and are also used
unprocessed [2,3].

In the healthy food chain, apples are an important source of biologically active com-
pounds [4]. They have been found to contain a complex of phenolic (8.2–360.75 mg/g−1) [5],
and triterpenic (0.47–3.75 mg/g−1) [6] compounds, glucose (1.96–75.91 mg/g−1), fructose
(15.52–342.14 mg/g−1), sucrose (11.81–43.79 mg/g−1), xylitol (1.01–13.79 mg/g−1), pectins
(4.05–19.72 mg/g−1), organic acids (malic acid (38.96–107.28 mg/g−1), citric acid (1.84–
4.12 mg/g−1), maleic acid (0.17–0.23 mg/g−1), pyruvic acid (0.14–0.34 mg/g−1), shikimic
acid (0.04–0.17 mg/g−1)) [7,8], vitamins (21.08 mg/g−1) [9], macroelements (K (1.07–
1.12 mg/g−1), P (0.074–0.11 mg/g−1), Mg (0.05–0.08 mg/g−1), Ca (0.04–0.06 mg/g−1), Na
(0.007–0.04 mg/g−1)), microelements (Fe (0.001–0.003 mg/g−1), Zn (0.0004–0.019 mg/g−1),
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Mn (0.0003–0.0004 mg/g−1), Cu (0.0003–0.0005 mg/g−1) [10], and fiber (3700–
4500 mg/g−1) [5].

Biologically active substances in apples affect the biological systems of the human body.
They have an antioxidant effect, neutralizing harmful reactive oxygen and nitrogen species
that cause structural damage to the body’s molecules, which, in turn, is directly linked to the
development and progression of numerous diseases (cardiovascular and neurodegenerative
diseases, cancer, diabetes, etc.) [11,12]. The biologically active compounds accumulated
in apples are potentially valuable for the prevention of various diseases [13,14]. During
the recent period, in order to preserve the chemical composition of high-quality fruit,
lyophilization is increasingly used in the food industry. Lyophilized apples with a chemical
composition identical to that of fresh apples can be used in the functionalization of food
supplements and various pharmaceutical dosage forms.

One important step in modeling a solid pharmaceutical dosage form is the selection
of the category of the pharmaceutical form. Hard capsules are a convenient and widely
used dosage form in which drugs and excipients content are placed in the capsules. One of
the most widely used capsules may not be resistant to and dissolved in gastric juice, so we
decided to use this capsules type in the study. In addition, the capsules may be resistant
to gastric juice and dissolved in a selected part of the gastrointestinal tract if appropriate
excipients are selected. Therefore, one of the most important advantages of capsules is
that their use allows for the localization of the gastrointestinal tract site of the release of
biologically active compounds from the capsule, thus helping to protect the acid-sensitive
biologically active substances from the destructive effects of gastric juice [15].

Another equally important property of hard capsules is that the dissolution kinetics
of the active substances can be modified by using different excipients in the modeling
of hard capsules. In our study, the active substance in capsules is a lyophilized apple
powder rich in phenolic compounds. Excipients are used in the manufacturing process
of encapsulated mixtures in order to increase the bulk of the encapsulated substances,
to reduce their adhesion, to improve flowability, and/or to promote disintegration or
penetrability to water, thus differentially modifying the release of the active ingredients
from the capsule. The use of excipients can slow down the release of the capsule contents,
thus ensuring a longer and more sustained effect of the biologically active substances in
the capsule [15,16]. It is important to select suitable excipients that would ensure adequate
dissolution kinetics of the medicinal substance. Microcrystalline cellulose, starch, and D
(+)-glucose were used as fillers in the encapsulating mixture. Hypromellose was selected
as a drug release modifier that would prolong the release of the active ingredient. Silicon
dioxide was selected as the tackifier of the encapsulated mixture.

About 50% of the currently biopharmaceuticals are lyophilized, representing the most
common formulation strategy [17]. Lyophilization or freeze drying is a process in which
water is frozen, followed by its removal from the sample, initially by sublimation (primary
drying) and then by desorption (secondary drying). Freeze-drying is a process of drying
in which water is sublimed from the product after it is frozen [17,18]. Although on the
pharmacy there are quite a number of medicines, and in particular food supplements,
which use various plant extracts as the active ingredients in hard capsules, the use of
lyophilized fruits and botanical raw materials in the production of hard capsules is still a
rare phenomenon. Lyophilized fruits (apples, pears, plums, peaches), berries (blueberries,
cranberries, strawberries), and vegetables (carrots, beets) are used in the food industry
and can be added to various types of cocktails, cereals, drinks, meals, juices, yogurts, ice
cream; freeze-dried fruit powder can also be added to food supplements thus increasing the
content of biologically active compounds [19–22]. Dehydrated, freeze-dried fruit, berries,
and vegetables promote long-term storage of freeze-dried food or food supplements.
Lyophilization preserves most of the biologically active compounds stored in the fruit,
while other methods often destroy thermolabile compounds. Lyophilization does not
involve the use of chemical substances, which is crucial for providing the consumers with
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safe, effective, and environmentally friendly products or food supplements with the highest
content of biologically active compounds.

The aim of our study was to model hard gelatin capsules with lyophilized apple powder
by using different excipients and to evaluate the release kinetics of phenolic compounds.

2. Results and Discussion
2.1. Qualitative and Quantitative Analysis of Phenolic Compounds of Apple Lyophilisate

During the first stage of the study, the quantitative composition of the lyophilized
apple powder was analyzed. Ethanol extracts of the lyophilized apple powder were
analyzed by applying high performance liquid chromatography (HPLC). The obtained
results allowed for an accurate assessment of the qualitative and quantitative composition
of individual phenolic compounds in the studied apple lyophilisate powder. Different
groups of phenolic compounds were identified and quantified in the analyzed apple
lyophilisate: quercetin glycosides (rutin, hyperoside, isoquercitrin, reynoutrin, avicularin,
and quercitrin), flavan-3-ols (procyanidin B1, procyanidin B2, procyanidin C1, (+)-catechin,
and (−)-epicatechin), dihydrochalcones (phloridzin), and phenolic acids (chlorogenic acid).
The data obtained by Jakobek et al. corroborate to the results of our research [23]. The
chromatogram of the tested apple lyophilisate ethanol extract is shown in Figure 1.
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Figure 1. Chromatogram of the ethanol extract of the apple lyophilisate. Analytes determined at λ = 280 nm wavelength:
1—procyanidin B1; 2—(+)-catechin; 3—chlorogenic acid; 4—procyanidin B2; 5—(−)-epicatechin; 6—procyanidin C1; at
λ = 360 nm wavelength: 7—rutin; 8—hyperoside; 9—isoquercitrin; 10—reynoutrin; 11—avicularin; 12—quercitrin; at
λ = 280 nm wavelength: 13—phloridzin.

The sum of the identified and quantified individual phenolic compounds found in
the apple lyophilisate of the “Ligol” cultivar was 1.94 ± 0.05 mg/g. Studies of the fruit
samples of apple cultivars grown in the orchards of the Marche region of Italy showed
that the total amount of phenolic compounds ranged from 0.82 to 3.60 mg/g and confirm
the results of our research [5]. Chlorogenic acid predominated among all the identified
phenolic compounds. Its content was 0.67 ± 0.10 mg/g, which accounted for 34.5% of the
total content of all the detected phenolic compounds (Figure 2).

167



Molecules 2021, 26, 1095Molecules 2021, 26, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 2. The amount of individual flavan-3-ols, phloridzin, and chlorogenic acid in ethanol extracts obtained from the apple 
fruit of the “Ligol” cultivar grown in Lithuania. 

The results of this study confirmed those of the previous studies reporting that 
chlorogenic acid is one of the most predominant components in apples [24,25]. The 
amount of chlorogenic acid in apple samples grown in Italy was found to vary from 0.12 
to 0.63 mg/g [26]. In our study, a higher amount of chlorogenic acid compared with the 
amount described by Italian scientists was determined. Chlorogenic acid has properties 
important for human health, such as antioxidant activity [27,28], anti-inflammatory activ-
ity [29,30], the reduction in the risk of type 2 diabetes [31], the improvement of cardiovas-
cular function [32,33], and the inhibition of the processes of carcinogenesis [34–36]. 

Another group of flavan-3-ol compounds with diverse biological activity identified 
in the apple lyophilisate consisted of monomeric compounds ((+)-catechin and (−)-epicat-
echin) and oligomeric compounds (procyanidin B1, procyanidin B2, and procyanidin C1). 
The total amount of compounds in flavan-3-ol group was 0.82 ± 0.03 mg/g, which ac-
counted for 42.3% of the total amount of the identified phenolic compounds (Figure 2). 
The flavan-3-ol content in fruit samples of apple cultivars grown in Croatian orchards was 
found to vary from 0.02 to 0.69 mg/g [23]. We established the higher amount of total fla-
van-3-ols compared with the amount determined by Croatian scientists. The variability in 
the quantitative composition of the individual compounds of the flavan-3-ol group in the 
apple lyophilisate is shown in Figure 2. The predominant compounds of the flavan-3-ol 
group in the apple lyophilisate was procyanidins. The highest amount of procyanidin B2 
and procyanidin C1 were determined as 0.30 ± 0.08 mg/g and 0.23 ± 0.06 mg/g, respectively 
(Figure 2). The amount of procyanidin B2 and procyanidin C1 in fruit samples of apple 
cultivars grown in Polish orchards ranged from 0.07 to 2.00 mg/g and 0.0006 to 0.97 mg/g, 
accordingly [37]. Our study results confirmed Polish research results. Procyanidins are 
important for the human body as they exhibit antioxidant, anticancer, anti-inflammatory, 
platelet aggregation-reducing, and cholesterol-reducing effects [38–40]. Monomeric fla-
van-3-ols, which together with procyanidins may be responsible for the cholesterol-low-
ering [41] and vasodilating [42] effect of the apples, also inhibit sulfotransferases, and thus 
can regulate the biological activity of hydroxysteroids and can act as natural chemopre-
ventive agents [43]. 

Phloridzin, a compound of the dihydrochalcone group, was detected in the apple 
lyophilisate as well. Its quantitative content in the sample was 0.08 ± 0.005 mg/g, which 
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apple fruit of the “Ligol” cultivar grown in Lithuania.

The results of this study confirmed those of the previous studies reporting that chloro-
genic acid is one of the most predominant components in apples [24,25]. The amount
of chlorogenic acid in apple samples grown in Italy was found to vary from 0.12 to
0.63 mg/g [26]. In our study, a higher amount of chlorogenic acid compared with the
amount described by Italian scientists was determined. Chlorogenic acid has proper-
ties important for human health, such as antioxidant activity [27,28], anti-inflammatory
activity [29,30], the reduction in the risk of type 2 diabetes [31], the improvement of cardio-
vascular function [32,33], and the inhibition of the processes of carcinogenesis [34–36].

Another group of flavan-3-ol compounds with diverse biological activity identi-
fied in the apple lyophilisate consisted of monomeric compounds ((+)-catechin and (−)-
epicatechin) and oligomeric compounds (procyanidin B1, procyanidin B2, and procyanidin
C1). The total amount of compounds in flavan-3-ol group was 0.82 ± 0.03 mg/g, which
accounted for 42.3% of the total amount of the identified phenolic compounds (Figure 2).
The flavan-3-ol content in fruit samples of apple cultivars grown in Croatian orchards
was found to vary from 0.02 to 0.69 mg/g [23]. We established the higher amount of total
flavan-3-ols compared with the amount determined by Croatian scientists. The variability
in the quantitative composition of the individual compounds of the flavan-3-ol group in
the apple lyophilisate is shown in Figure 2. The predominant compounds of the flavan-3-ol
group in the apple lyophilisate was procyanidins. The highest amount of procyanidin
B2 and procyanidin C1 were determined as 0.30 ± 0.08 mg/g and 0.23 ± 0.06 mg/g,
respectively (Figure 2). The amount of procyanidin B2 and procyanidin C1 in fruit sam-
ples of apple cultivars grown in Polish orchards ranged from 0.07 to 2.00 mg/g and
0.0006 to 0.97 mg/g, accordingly [37]. Our study results confirmed Polish research results.
Procyanidins are important for the human body as they exhibit antioxidant, anticancer,
anti-inflammatory, platelet aggregation-reducing, and cholesterol-reducing effects [38–40].
Monomeric flavan-3-ols, which together with procyanidins may be responsible for the
cholesterol-lowering [41] and vasodilating [42] effect of the apples, also inhibit sulfotrans-
ferases, and thus can regulate the biological activity of hydroxysteroids and can act as
natural chemopreventive agents [43].

Phloridzin, a compound of the dihydrochalcone group, was detected in the apple
lyophilisate as well. Its quantitative content in the sample was 0.08 ± 0.005 mg/g, which
accounted for 4.1% of the total amount of phenolic compounds detected in the apple
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lyophilisate (Figure 2). The amount of phloridzin in fruit samples of apple cultivars grown
in orchards in the Garfagnana region of Italy ranged from 0.01 to 0.05 mg/g [44]. The
results obtained in these studies confirm the results obtained in our research. Phloridzin
exhibits important antidiabetic activity [45,46], and therefore apples, as botanical raw
materials accumulating this compound, can be potentially useful for the prevention of
diabetes mellitus [14].

The qualitative and quantitative composition of quercetin glycosides is shown in
Figure 3. The total amount of quercetin glycosides was 0.37 ± 0.12 mg/g, which accounted
for 19.1% of the total amount of phenolic compounds detected in the apple lyophilisate.
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Figure 3. Concentration of individual quercetin glycosides in ethanol extracts obtained from the fruit of the “Ligol” apple
cultivar grown in Lithuania.

Studies of fruit samples of apple cultivars grown in Croatian orchards showed that
quercetin glycosides levels ranged from 0.20 to 1.22 mg/g [23]. The results of our study are
corroborated by research data obtained by Croatian researchers. Hyperoside predominated
among all the identified quercetin glycosides. Its content was 0.12 ± 0.06 mg/g, which
accounted for 6.2% of the total content of all the detected phenolic compounds (Figure 3).
The amount of hyperoside in fruit samples of apple cultivars grown in Italian orchards
ranged from 0.0003 to 0.002 mg/g [47]. The apple lyophilisate contained higher amounts
of hyperoside compared to these found in fruit samples of apple cultivars grown in Italian
orchards. The amount of quercitrin was 0.09 ± 0.04 mg/g and these results confirmed
Italian study results that report that the amount of quercitrin found in apple samples
ranged from 0.005 to 0.043 mg/g [47].

All the quercetin glycosides identified and quantified in the ethanol extract of the
apple lyophilisate can be ranked in the following ascending order by their content: rutin
< isoquercitrin < reynoutrin < avicularin < quercitrin < hyperoside. Hyperoside was a
predominant component among quercetin glycosides in the ethanol extracts of the fruit
samples of apple cultivars selected for this study. Rutin was the minor component among
all the quercetin derivatives. These results are consistent with those of the previously pub-
lished studies, which reported hyperoside to be one of the predominant compounds [3,48].
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2.2. Biopharmaceutical Evaluation of Hard Gelatin Capsules

Following the analysis of the composition of biologically active compounds in the
apple lyophilisate, the selected amount of the active substance was 0.100 g of lyophilized
apple powder per capsule. During the next stage of the research, the selection of excipients
was performed. Microcrystalline cellulose, starch, and glucose were chosen as fillers to
increase the mass of the encapsulated content when modeling apple lyophilisate-containing
capsules (Table 1).

Table 1. Compositions of the apple lyophilisate-containing capsules.

CC AL, g SDX, g MCC, g HPMC, g HEC, g GL, g ST, g TCM, g FQ MM, g

N1 0.100 0.001 0.019 0.050 - - - 0.170

The mass
is

powdery,
the

capsule is
filled com-

pletely

0.171
N2 0.100 0.001 - 0.069 - - - 0.170 0.171
N3 0.100 0.001 - - - 0.069 - 0.170 0.069
N4 0.100 0.001 0.069 - - - - 0.170 0.171
N5 0.100 0.001 - - - - 0.069 0.170 0.171
N6 0.100 - - 0.070 - - - 0.170 0.172
N7 0.100 - - - 0.070 - - 0.170 0.171
N8 0.100 - - 0.100 - - - 0.200 0.202
N9 0.100 - - 0.150 - - - 0.250 0.251

N10 0.100 - - 0.250 - - - 0.350 0.349
N11 0.100 - - 0.500 - - - 0.600 0.658

CC = capsule compositions; AL = apple lyophilisate; SDX = silicon dioxide; MCC = microcrystalline cellulose; HPMC = hydroxypropyl
methylcellulose; HEC = hydroxyethyl cellulose; GL = glucose; ST = starch; TCM = theoretical capsule mass; FQ = filling quality;
MM = mean mass.

Microcrystalline cellulose, one of the most commonly used excipients in the manu-
facture of solid dosage forms, has excellent compressibility and disintegration-enhancing
properties [49]. Glucose is well soluble in water and has good sensory properties, but is
hygroscopic [50]. Hypromellose was included in the composition of the capsules to prolong
their disintegration time and to extend their therapeutic efficacy [51]. All the compositions
of the apple lyophilisate-containing capsules are presented in Table 1.

The quality of the manufactured capsules was evaluated according to the following
parameters: uniformity of the capsule mass, capsule disintegration time, and the amount
of the active substances released from the capsule (the dissolution test). Data presented in
Table 1 shows that the indices of the uniformity of the capsule mass were similar. Thus, it
can be stated that the selected excipients and their amounts ensured accurate dosage of
the encapsulated mixture into the capsules. During the next stage of the study, capsule
disintegration and dissolution tests were performed. Based on the results of these tests,
the bioavailability of the modeled capsules can be predicted. The results of these tests are
presented in Figure 4 and Table 2.

Disintegration time is an important indicator in assessing the quality of capsules. The
release of the drug is known to begin only after the disintegration of the capsule. The
excipients in the encapsulated mixture must not interfere with the solubility and disinte-
gration of the capsule. According to the test results presented in Figure 4, the capsules
of the compositions N1–N9 disintegrated within less than 15 min, the capsules of the
composition N10 disintegrated within 20 min, while the capsules of the composition N11
did not disintegrate after more than 60 min (Figure 4). The European Pharmacopoeia states
that non-modified capsules must disintegrate within 30 min, and thus it can be stated that
capsules N1–N10 meet the requirements of the European Pharmacopoeia [52]. The results
of our study were confirmed by the results described by other scientists. Vyas et al. showed
that lyophilized Vasa Swaras capsules undergo disintegration in more than 4.23 min [53].
Esmaeili et al. confirmed our study results, that hard gelatin capsules from Pinus eldarica
bark extract disintegrate between 9.4 and 20.0 min [54]. There was no statistically signifi-
cant difference (p > 0.05) between the disintegration time of the N1–N9 capsules compared
to the disintegration time of the other tested capsules. The results of the testing showed

170



Molecules 2021, 26, 1095

that capsules disintegrated more slowly when hypromellose was used as a filler (Figure 4).
A statistically significant difference (p < 0.05) was found between the disintegration time of
the N10 capsules and the disintegration time of the other tested capsules. In capsules of this
composition, hypromellose made up about 71.4% of the capsule mass. This confirms the
literature data indicating that hypromellose has disintegration-prolonging properties [51].
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Figure 4. Results of the capsule disintegration test. The means followed by different letters are significantly different at
p < 0.05.

Table 2. Results of the in vitro dissolution test after 30 min. The means followed by different letters in the columns are
significantly different at p < 0.05.

Chlorogenic
Acid Rutin Hyperoside Isoquercitrin Quercitrin Avicularin (−)-

Epicatechin Phloridzin

CC µg/mL

N1 372.5 B 160.0 B 144.5 B 7.0 A 97.5 B 149.0 B 17.5 A 122.5 B

N2 367.5 B 157.5 B 140.0 B 6.0 A 89.5 B 142.5 B 9.5 B 117.5 B

N3 372.5 B 149.5 B 139.0 B 7.5 A 91.5 B 148.5 B 10.0 B 121.5 B

N4 367.5 B 152.5 B 140.5 B 5.5 A 92.5 B 142.0 B 14.5 A 125.0 B

N5 385.0 B 155.0 B 132.5 B 4.9 A 87.5 B 141.5 B 8.5 B 110.0 B

N6 589.5 A 265.6 A 240.4 A 5.0 A 170.7 A 253.7 A 6.3 B,C 140.5 A

N7 640.3 A 268.3 A 241.8 A 4.9 A 166.5 A 254.3 A 10.2 B 119.9 B

N8 167.9 C 62.1 C 60.9 C 2.3 B 40.3 C 61.8 C 1.2 D 50.6 C

N9 128.3 C 60.8 C 59.6 C 2.3 B 39.4 C 59.6 C 1.1 D 49.5 C

N10 126.4 C 39.9 C 49.4 C 2.9 B 33.3 C 50.4 C 3.8 C 40.9 C

N11 68.4 D 32.4 D 31.7 D 1.2 C 21.0 D 31.8 D 0.6 D 26.4 D

CC = capsule compositions.

Dissolution test is one of the most important tests used for capsule quality assessment.
The dissolution test evaluates the time taken for a defined amount or part of a drug to
be released from a dosage form into a solution. During the test, it is important to choose
the right dissolution medium. For this reason, the next stage of the study focused on
the selection of a suitable solvent for the active substances. Table 2 presents test results
showing that the maximum amount of the active ingredients was released from the capsule
when a 1:1 mixture of ethanol and water was used as the solvent.

According to the amount of the active substance released from the capsules of the
compositions N1–N11, individual phenolic compounds can be arranged in the following
descending order: chlorogenic acid > rutin > avicularin > hyperoside > phloridzin >
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quercitrin > (−)-epicatechin > isoquercitrin (Table 2). Based on the results of the study,
chlorogenic acid was the compound that was released in the highest amounts from capsules
N1–N11, its released amount ranged from 68.4 to 640.3 µg/mL (Table 2).

The results of the testing showed that the selected excipients did not affect the active
ingredients because all the capsule formulations released the compounds that were detected
in the apple lyophilisate. The amounts of excipients affected the dissolution kinetics of
the modeled capsules. The results showed in Table 3 reveals that unequal amounts of the
phenolic compounds were released after 30 min.

Table 3. Results of the dissolution test for phenolic compounds released from the N1–N11 capsules after 30 min. The means
followed by different letters in the columns are significantly different at p < 0.05.

Release
Content, %

Chlorogenic
Acid Rutin Hyperoside Isoquercitrin Quercitrin Avicularin (−)-

Epicatechin Phloridzin

N1 96.0 A 94.0 A 88.0 A 85.0 A 80.0 A 90.0 A 83.0 A 97.0 A

N2 94.0 A 92.0 A 87.0 A 84.0 A 82.0 A 92.0 A 80.0 A 95.0 A

N3 95.0 A 85.0 A 89.0 A 81.0 A 80.0 A 90.0 A 81.0 A 94.0 A

N4 97.0 A 90.0 A 89.0 A 83.0 A 85.0 A 88.0 A 83.0 A 92.0 A

N5 94.0 A 88.0 A 90.0 A 85.0 A 80.0 A 92.0 A 85.0 A 96.0 A

N6 95.0 A 96.0 A 90.0 A 84.0 A 84.5 A 92.0 A 81.0 A 94.0 A

N7 90.0 A 92.0 A 88.0 A 80.0 A 83.0 A 91.0 A 82.0 A 92.0 A

N8 55.0 B 52.0 B 53.0 B 35.0 B 38.0 B 47.0 B 35.0 B 50.0 B

N9 52.0 B 55.0 B 56.0 B 34.0 B 37.0 B 40.0 B 34.0 B 54.0 B

N10 50.0 B 39.0 B 42.0 B 29.0 B 30.0 B 40.0 B 29.0 B 47.0 B

N11 29.0 C 26.0 C 29.0 C 19.0 C 18.0 C 27.0 C 19.0 C 28.0 C

There was no statistically significant difference (p > 0.05) between the amount of
phenolic compounds released from the N1–N7 capsules after 30 min (Table 3). Thus, it can
be argued that the amount of hypromellose used in capsules N1–N7 did not prolong the
release of the active substance [55]. The results of the testing revealed that the amount of
hypromellose used in capsule production did not prolong the release of the active substance
when its amount in the capsules ranged from 29% to 41%. The selected excipients with
different properties such as glucose, microcrystalline cellulose and starch did not affect
the release of the active ingredients, and no statistically significant (p > 0.05) difference
was found between the amount of the active compounds released from capsules N3, N4,
and N5.

The results of the investigation exposed that the higher amount of hypromellose
ranging from 50% to 83% in capsules did prolong the release of the active substance. The
results show that after 30–60 min the lowest amount of the phenolic compounds is released
from capsule N11 containing 0.500 g of the hypromellose. Of studied N8–N11 composition
capsules was released than 85% of active compounds after 75 min (Table 4).

There was no statistically significant difference determined between the amount of
released active compounds of capsules N8–N11 after 75 and 90 min (p > 0.05). The testing
results confirmed the literature data indicating that the dissolution test is an informative
tool for assessing the quality of solid dosage forms, helping to evaluate how the dosage
form releases the active ingredients [56]. The results of the study showed that the selected
excipients were suitable for the modeling of capsules with lyophilized apple powder. The
results of this study proved that hypromellose is an appropriate excipient for prolonging
the release of an active substance. Active compounds release and disintegration rate
depends on the quantity of hypromellose in a capsule. The corresponding amount of
hypromellose in capsule N1–N7 neither prolonged the disintegration of the capsules nor
affected the dissolution rate of the active compounds. The results of the study showed that
the use of hypromellose as a filler in higher amounts (N8–N11) prolongs the release of the
active compounds.
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Table 4. Results of the dissolution test. Released content of the individual phenolic compounds after 60, 75, 90 min. The
means followed by different letters in the columns are significantly different at p < 0.05.

Release
Content, %

Chlorogenic
Acid Rutin Hyperoside Isoquercitrin Quercitrin Avicularin (−)-

Epicatechin Phloridzin

After 60 min
N8 88.0 A 85.0 A 83.0 A 76.0 A 80.0 A 83.0 A 81.0 A 86.0 A

N9 82.0 A 82.0 A 86.0 A 79.0 A 80.0 A 81.0 A 79.0 A 82.0 A

N10 79.0 A 74.0 A 76.0 A 70.0 A 73.0 A 77.0 A 69.0 A 78.0 A

N11 57.0 B 55.0 B 51.0 B 45.0 B 40.0 B 57.0 B 39.0 B 55.0 B

After 75 min
N8 90.0 A 86.0 A 87.0 A 81.0 A 82.0 A 87.0 A 83.0 A 88.0 A

N9 91.0 A 89.0 A 88.0 A 81.0 A 83.0 A 88.0 A 82.0 A 90.0 A

N10 88.0 A 88.0 A 86.0 A 83.0 A 82.0 A 87.0 A 81.0 A 89.0 A

N11 92.0 A 86.0 A 87.0 A 85.0 A 83.0 A 87.0 A 81.0 A 88.0 A

After 90 min
N8 95.0 A 92.0 A 93.0 A 89.0 A 88.0 A 91.0 A 88.0 A 96.0 A

N9 97.0 A 94.0 A 96.0 A 92.0 A 90.0 A 93.0 A 91.0 A 96.0 A

N10 96.0 A 95.0 A 90.0 A 89.0 A 87.0 A 90.0 A 89.0 A 97.0 A

N11 94.0 A 93.0 A 92.0 A 88.0 A 89.0 A 91.0 A 88.0 A 93.0 A

The literature has demonstrated concerning data related to herbal medicinal product
dissolution tests. A study performed with phytomedicines based on Ginkgo biloba extract
capsules and tablets found marked differences in dissolution behavior were established,
with values of 99% and 33% dissolution, on average, after 15 min and 60 min, respec-
tively [57]. The dissolution profile of Senna sp. was less than 10% sennoside release from
capsules containing dry extract, in a period of 60 min, in contrast to lyophilized Senna
sp. extract, which attained around 90% dissolution after the same period. Data on the
dissolution test of Passiflora sp. showed that capsules containing the crude extract presented
50% dissolution while lyophilized extract and other standardized extract reached around
100% for the same period [58].

The modeled capsules are suitable for internal use as a food supplement that con-
tains all the components of the chemical composition of the phenolic compounds found
in lyophilized apples, as these components have a wide range of biological effects on
the human body. Given the fact that the bioavailability of phenolic compounds is not
particularly high, compounds with a lower molecular weight are more readily absorbed in
the gastrointestinal tract [59]. According to scientific literature, various groups of phenolic
compounds are absorbed at a rate of 0.3–43%, and the metabolite content circulating in the
plasma can be low [60]. Chlorogenic acid absorption is approximately 33%, and the major-
ity of chlorogenic acid will reach the large intestine, while (+)-catechin and (−)-epicatechin
are both absorbed by small intestinal epithelial cells [11]. The route of administration,
the release of a dosage form, and absorption are known to affect bioavailability [61]. The
bioavailability of flavonoids depends on their physicochemical properties. Flavonoids with
complex structures and larger molecular weights, bioavailability may be even lower [62,63].
The absorption of flavonoids in the small intestine is limited owing to their molecular
weight and hydrophilicity of their glycosides. It is therefore important to select suitable
excipients that do not limit the therapeutic efficacy of the active compounds [64].

Since the active compounds in the apple lyophilisate were not highly soluble, we tried
to model capsules whose excipients would not impair their solubility. When modeling
capsules that contain active substances of botanical origin, it is expedient to avoid possible
interactions between the lyophilized apple powder and the excipients, since dissolution,
base structure, molecular size, and interaction with other components are the major phys-
iochemical properties that lower the effectiveness of phenolic compounds [59]. According
to the scientific literature, lyophilisate of Vasa Swaras capsules improved the stability and
oral bioavailability of vasicine as well as reduced its conversion to vasicinone. The pharma-
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cokinetic profiles of the various formulations inferred that the highest bioavailability of
vasicine was obtained from hard gelatin capsules of lyophilized Vasa Swaras [53].

Considering the increasing consumption of herbal medicines, food supplements, there
is a need for studies to ensure quality from raw material to finished product. Quality
control is essential for the safety of functional food or nutrition supplements. Thus, bio-
pharmaceutical studies of capsules with apple lyophilisate are of great importance since
they can contribute toward ensuring future research for the planning and manufacture of
innovative nutrition supplements.

3. Materials and Methods
3.1. Plant Materials

The study included “Ligol” apple cultivar (a winter cultivar bred in Poland). The apple
trees were grown in the experimental orchard (block 2, row 4, trees 21–40) of the Institute
of Horticulture, Lithuanian Research Centre for Agriculture and Forestry, Babtai, Lithuania
(55◦60′ N, 23◦48′ E). The altitude of Babtai town is 57 m above sea level. Trees were trained
as a slender spindle. Pest and disease management was carried out according to the rules of
integrated plant protection. The experimental orchard was not irrigated. Tree fertilization
was performed based on the results of soil and leaf analysis. Nitrogen was applied before
flowering at the rate of 80 kg ha−1, and potassium was applied after the harvest at the
rate of 90 kg ha−1. Soil conditions of the experimental orchard were the following: clay
loam, pH—7.3, humus—2.8%, P2O5—255 mg kg−1, and K2O—230 mg kg−1. The apples
harvested in September 2019 were immediately lyophilized and used for the study.

3.2. Chemicals and Solvents

All solvents, reagents, and standards used were of analytical grade. Acetonitrile,
acetic acid, D(+)-glucose monohydrate, hypromellose, AerosilTM 200, microcrystalline
cellulose, silicon dioxide and starch were obtained from Sigma-Aldrich GmbH (Buchs,
Switzerland), and ethanol was obtained from Stumbras AB (Kaunas, Lithuania). Hypero-
side, rutin, quercitrin, phloridzin, procyanidin B1, procyanidin B2, and chlorogenic acid
standards were purchased from Extrasynthese (Genay, France), reynoutrin, (+)-catechin
and (−)-epicatechin were purchased from Sigma-Aldrich GmbH (Buchs, Switzerland), and
avicularin, procyanidin C1, and isoquercitrin were purchased from Chromadex (Santa
Ana, USA). In this study, we used deionized water produced by the Milli-Q® (Millipore,
Bedford, MA, USA) water purification system.

3.3. Preparation of Apple Lyophilisate

The apples were cut into slices of equal size (up to 1 cm in thickness), and the stalks and
the seeds were removed. The apple slices were immediately frozen in a freezer (at −35 ◦C)
with air circulation. Apple samples were lyophilized with a ZIRBUS sublimator 3 × 4 × 5/20
(ZIRBUS technology, Bad Grund, Germany) at the pressure of 0.01 mbar (condenser tempera-
ture, −85 ◦C). The lyophilized apple slices were ground to fine powder (particle size about
100 µm) by using a knife mill Grindomix GM 200 (Retsch, Haan, Germany).

3.4. Preparation of Phenolic Extracts

During the analysis of phenolic compounds, 2.5 g of lyophilizate powder (exact
weight) was weighed, added to 30 mL of 70% (v/v) ethanol, and extracted in a Sonorex
Digital 10 P ultrasonic bath (Bandelin Electronic GmbH & Co. KG, Berlin, Germany) at
room temperature for 20 min. The obtained extract was filtered through a paper filter, and
the residue on the filter was washed with 70% (v/v) ethanol in a 50 mL flask until the
extract volume was reached. The conditions of the extraction were chosen based on the
results of the tests for setting the extraction conditions [65].
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3.5. Qualitative and Quantitative Analysis by HPLC-PDA Method

The qualitative and quantitative HPLC analysis of phenolic compounds was per-
formed with a Waters 2998 PDA detector (Waters, Milford, USA). Chromatographic separa-
tions were carried out by using a YMC-Pack ODS-A (5 µm, C18, 250 × 4.6 mm i.d.) column.
The column was operated at a constant temperature of 25 ◦C. The volume of the analyzed
extract was 10 µL. The flow rate was 1 mL/min. The mobile phase consisted of 2% (v/v)
acetic acid (solvent A) and acetonitrile (solvent B). Gradient variation: 0–30 min 3–15% B,
30–45 min 15–25% B, 45–50 min 25–50% B, and 50–55 min 50–95% B. For the quantitative
analysis, the calibration curves were obtained by injecting the known concentrations of
different standard compounds. All the identified phenolic compounds were quantified at
λ = 200–400 nm wavelength [66,67].

3.6. Encapsulation Process

Compositions of capsules fillings are given in Table 1. Powder was prepared by simple
mixing of the mixture of apple lyophilizate with excipient. Filled capsules were prepared
using the manual capsule filling machine (Capsuline, Davie, FL, USA).

3.6.1. Test of the Uniformity of Mass of Single-Dose Preparations

The tested capsules were weighed, and the mean weight of 1 capsule was deter-
mined [68]. One capsule was weighed, apple lyophilizate and excipients mixture were
poured out, and then the capsule shell was weighed. Subsequently, the mass of the content—
i.e., the difference between the weight of the capsule and the weight of the shell—was
calculated. This procedure was applied to each modeled capsule. The allowed deviation
for capsules weighing not more than 250 mg was 7.5%.

3.6.2. Capsule Disintegration Test

The capsule disintegration time was determined based on the methodology outlined in
Ph. Eur. 2.9.1. [69]. The device C-MAG HS7 (IKA®-Werke GmbH & Co, Staufen, Germany)
was used to determine the disintegration time. The disintegration medium was 0.1 M
hydrochloric acid solution, temperature 37 ± 0.50 ◦C, observed for 30 min.

3.6.3. Capsule Dissolution Test

The capsule dissolution test was performed using a Sotax AT 7smart dissolution tester
(SOTAX AG, Allschwil, Switzerland). The acceptor medium was an ethanol-water mixture
at the ratio of 1:1, the temperature being 37.0 ± 0.5 ◦C. The volume of the medium was
250 mL. The samples were taken after 15, 30, 60, 75 and 90 min. The sample volume was
10 mL. The analysis of the active compounds was performed by applying HPLC.

3.7. Statistical Analysis

The statistical analysis of the study data was performed by using Microsoft Office
Excel 2013 (Microsoft, Redmond, WA, USA) and SPSS 25.0 (SPSS Inc., Chicago, IL, USA)
computer software. All the results obtained during the HPLC analysis were presented as
means of three consecutive test results and standard deviations. To evaluate the variance in
the quantitative composition, we calculated the coefficient of variation. Univariate analysis
of variance (ANOVA) was applied in order to determine whether the differences between
the compared data were statistically significant. The hypothesis about the equality of
variances was verified by applying Levine’s test. If the variances of independent variables
were found to be equal, Tukey’s multiple comparison test was used. The differences were
regarded as statistically significant at p < 0.05.

4. Conclusions

Excipients and their amounts may affect the dissolution kinetics of the phenolic
compounds. Hypromellose prolonged the disintegration time of the modeled capsules
when its amount reached 50–83% of the capsule weight. The selected fillers did not affect
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the kinetics of the release of the phenolic compounds from the capsules. Based on the
results of the dissolution test, the capsules can be classified as fast-dissolving preparations
since more than 85% of the active substance was released within 30 min.

According to the amount released from the capsules of different encapsulating content,
individual phenolic compounds can be arranged in the following descending order: chloro-
genic acid > rutin > avicularin > hyperoside > phloridzin > quercitrin > (−)-epicatechin
> isoquercitrin. Chlorogenic acid was the compound that was released in the highest
amounts from capsules of different encapsulating content: its released amounts ranged
from 68.4 to 640.3 µg/mL.

The results of the solubility and disintegration tests proved that the capsules of the
proposed composition are appropriate for internal use. The proposed product could serve
as a basis for the development of food supplements with lyophilized apple powder.
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pomace as a functional ingredient in a plum spread: Optimizing texture, colour and phenol antioxidants by ANN modelling.
LWT 2020, 130, 109588. [CrossRef]

21. Delpino-Rius, A.; Eras, J.; Vilaró, F.; Cubero, M.Á.; Balcells, M.; Canela-Garayoa, R. Characterisation of phenolic compounds in
processed fibres from the juice industry. Food Chem. 2015, 172, 575–584. [CrossRef] [PubMed]
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Abstract: This study evaluates the effects of using a fat substitute in beef burgers composed of a
hydrogel emulsion enriched with encapsulated safflower oil and açai extract. The influences of the
fat substitute on the chemical (TBARS, fatty acids, and volatile compounds profile) and physical
(weight loss, cooking loss, water-holding capacity, color, and texture analyses) characteristics of
the burgers were analyzed after 0, 4 and 8 days of storage at 4 ± 1 ◦C. The obtained results were
compared with control groups (20 g of tallow or 8 g of safflower oil). The fat substitute used improved
burger parameters such as chewiness, hardness and the a* color parameter remained unchanged
over storage time. The addition of açai extract slowed the oxidation rate of polyunsaturated fatty
acids and reduced the changes in the volatile compounds profile during the storage of burgers. The
utilization of a fat substitute enriched the burgers with polyunsaturated fatty acids and lowered the
atherogenic index (0.49 raw, 0.58 grilled burger) and the thrombogenicity index (0.8 raw, 1.09 grilled
burger), while it increased the hypocholesterolemic/hypercholesterolemic ratio (2.59 raw, 2.09 grilled
burger) of consumed meat. Thus, the application of the presented fat substitute in the form of a
hydrogel enriched with açai berry extract extended the shelf life of the final product and contributed
to the creation of a healthier meat product that met the nutritional recommendations.

Keywords: konjac; linseed flour; fat substitute; volatile compounds; lipid oxidation; encapsulation

1. Introduction

The current literature suggests that the development of many human diseases stems
from a variety of factors, in which diet type is prominent [1]. Over the last 40 years,
the prevalence of obesity has doubled, resulting in ischemic heart disease, strokes, and
numerous other diseases. Consumers and international health organizations (the World
Health Organization and the European Food Safety Authority) have demanded changes
in food quality and content in order to improve the level of human health. Meat products
belong to a category of food that is a rich source of saturated and trans fatty acids that can
increase the risk of cardiovascular diseases. Due to the evolution of human lifestyles, greater
demands for easily accessible and fast-food preparation are observed, for example, beef
burgers. Recent studies have focused on meeting these demands through the preparation
of burgers with potential health benefits that consider consumers’ needs and the nutritional
recommendations of global organizations. This has been achieved through a combination
of functional ingredients or by using fat substitutes [1–3].
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The main challenge of fat substitutes is finding an oil that improves the nutritional
profile without affecting consumer acceptability of the final product. To overcome such
drawbacks of fat substitutes, many strategies have been proposed such as oil encapsulation
and immobilization in oleogels or hydrogels [1]. The conversion of liquid vegetable oils
into a solid gel has been the subject of many scientific studies. However, this technique, due
to high production cost and the destructive effect of organogelators at high temperatures
on the fatty acid profile of the oils, is problematic in the food industry. Unlike oleogels,
emulsion hydrogel creation is cheap, simple and requires lower temperatures. Hence, this
approach is suitable for heat-sensitive or bioactive compounds that undergo oxidative
degradation. Moreover, emulsion hydrogels contain ≤ 50% oil. Thus, they improve the
fatty acid profile and also effectively reduce the total fat and caloric content in modified
meat products. Furthermore, this method allows for the incorporation of both hydrophilic
and hydrophobic functional components into the hydrogel matrix [1]. Researchers have
used various emulsifiers, biocomposites, and polysaccharides to create emulsion hydrogels
that may be used as fat substitutes. Konjac flour, which is a low-calorie ingredient, has been
proposed as a promising biocomposite, as it has been successfully used in dry sausages as
a fat substitute in pork [4], salcichón enriched with n-3 [5], and pork liver pates [6].

Current trends in the production of functional foods include the designs of products
with lower fat content or with additional health benefits using bioactive compounds
and dietary fiber. Açai berries are a popular bioactive additive, due to their antioxidant,
antilipidemic, anti-inflammatory, and antiproliferative activities; açai berries have been
classified as a ”superfood” [7,8]. In contrast, dietary fibre is one of the most common
functional ingredients in foods. The incorporation of fiber into meat can increase the daily
intake of dietary fiber with food, which is recommended to be >25 g/day. Clinical and
epidemiological studies have shown that dietary fiber can increase the feeling of satiety.
Moreover, fiber has been shown to reduce hyperlipidaemia, total cholesterol, and the
risk of cancer occurrence, as well as to improve glucose tolerance and gastrointestinal
health [9]. Flaxseed flour is another ingredient that possesses health-promoting properties,
which contains numerous functional compounds. Flaxseed has a favorable profile of
fatty acids (polyunsaturated fatty acids) and is a rich source of dietary fiber, protein, and
antioxidants (lignans). Moreover, flaxseed is gluten free and can be used to enrich the diet
of people suffering from celiac disease [10].

Therefore, the aim of this study was to develop a healthier burger recipe by using a
hydrogel emulsion and to study its effect on chemical and physical parameters of raw and
grilled meat during storage. To the best of our knowledge, according to the literature, this
type of low-fat burger formulation has not yet been tested.

2. Results and Discussion
2.1. Effect of Encapsulated Safflower Oil Concentration on the Physical Characteristics of
Emulsion Hydrogel
2.1.1. Texture and Rheological Analysis

The values of the hydrogel texture parameters with safflower oil concentrations of
29–48% and a control without oil (0%) are shown in Table 1. The values for the firmness
parameter ranged from 5.65 (N) to 11.91 (N). The encapsulated oil content (29%, 33%,
and 38%) in the hydrogel emulsion resulted in a statistically significant increase in firm-
ness; a similar trend was observed for the lubricity parameter, where the highest value
was 11.22 (N × n). The viscosity and adhesion parameters decreased with increasing oil
concentration up to 38%. In contrast, the addition of 42%, 45%, and 48% oil increased
these parameters (p < 0.05). Hence, the obtained analysis showed that oil concentration
influenced the hydrogel texture parameters [11,12].
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Table 1. Effect of oil concentration on the hydrogel texture parameters.

Oil (%) Firmness (N) Lubricity (N × s) Viscosity (N) Adhesiveness (N × s)

0 5.65 ± 0.34 A 4.81 ± 0.39 A −3.38 ± 0.21 D −1.02 ± 0.04 E

29 10.15 ± 0.44 C 9.41 ± 0.55 C,D −6.01 ± 0.59 C −2.10 ± 0.25 B,C

33 11.17 ± 0.69 D 10.37 ± 1.02 D,E −7.03 ± 0.56 B −2.42 ± 0.29 B

38 11.91 ± 0.43 D 11.22 ± 0.61 E −8.03 ± 0.30 A −2.45 ± 0.32 A

42 10.20 ± 1.03 C 9.17 ± 1.04 C −7.10 ± 0.69 B −1.90 ± 0.35 C,D

45 9.31 ± 0.61 B,C 8.66 ± 0.90 B,C −6.61 ± 0.24 B,C −1.87 ± 0.41 C,D

48 8.89 ± 1.16 B 8.07 ± 1.10 B −6.37 ± 0.82 C −1.47 ± 0.66 D

A–E—Mean values between variants in the same column indicated by different letters indicate a statistically
significant difference.

The analysis of the rheological parameters of the hydrogel with encapsulated saf-
flower oil are shown in Table 2. The analyzed samples all behaved as non-Newtonian,
pseudoplastic liquids. Based on the Ostwald–de Waele model fitted to the upper flow
curves and n values obtained, it was determined that the addition of oil to the hydrogel
emulsion promoted a statistically significant increase in pseudoplasticity. The addition
of oil increased the shear stress, which was characterized by a higher shear resistance.
This was confirmed by a statistically significant increase in the consistency coefficient (K)
value. The highest K value was recorded for the sample with 38% oil (139.42 (Pa×sn)). A
further increase in oil concentration of the hydrogel decreased the K value. A similar trend
was observed for the thixotropy parameter. The report by Cano et al. [13] showed that an
increase in the lipid phase content in the studied emulsion increased the K parameter.

Table 2. Parameters of the Ostwald–de Waele rheological model and area of the hysteresis loop of the
hydrogel with encapsulated safflower oil.

Oil (%)
Ostwald–de Waele Model Area of Hysteresis Loop (Pa × s)

K (Pa × sn) n (−) R2 Thixotropy Area

0 53.51 ± 2.18 A 0.34 ± 0.02 D 0.98 ± 0.01 1157.33 ± 52.45 A 26,801.67 ± 1615.65 A

29 117.05 ± 2.33 B,C 0.25 ± 0.02 A,B 0.97 ± 0.02 3566.67 ± 76.48 B 41,850.00 ± 1800.13 BC

33 125.92 ± 1.79 E 0.24 ± 0.04 A,B 0.97 ± 0.01 4516.00 ± 124.61 E 44,446.67 ± 2536.03 B,C

38 139.42 ± 0.67 F 0.24 ± 0.02 A,B 0.98 ± 0.01 4562.83 ± 167.84 E 53,178.33 ± 3242.89 D

42 122.05 ± 2.19 C 0.21 ± 0.03 A 0.98 ± 0.01 4223.83 ± 109.58 D 45,855.00 ± 1596.82 C

45 120.57 ± 2.11 C,D 0.23 ± 0.02 A,B 0.97 ± 0.01 3980.50 ± 89.72 C 42,505.00 ± 2921.69 B,C

48 114.95 ± 2.83 B 0.26 ± 0.01 C 0.98 ± 0.01 3413.67 ± 93.66 B 40,705.00 ± 2564.98 B

A–F—Mean values between variants in the same column indicated by different letters indicate a statistically
significant difference.

2.1.2. SEM and FT-IR Analysis

Figure 1 shows the FT-IR spectra of the analyzed hydrogels with encapsulated saf-
flower oil. The absorbance band characteristics of the oil were recorded for 45% and 0%
oil content samples. The spectra showed peaks corresponding to the −CH3 groups in the
range of 1350–1150 cm−1. The C−O bond stretching vibrations belonging to ester groups
consisted of two coupled asymmetric vibrations, i.e., C−C(=O)-O and O−C−C, which
were observed between 1300 and 1000 cm−1. The bands corresponding to C−C(=O) −O
vibrations of saturated esters were found between 1240 and 1163 cm−1, whereas unsatu-
rated esters were observed at lower wave numbers. The vibrational bands of the O−C−C
bonds from esters of primary alcohols were found at 1064−1031 cm−1 and from secondary
alcohols at 1100 cm−1, both types of esters were present in triacylglycerol molecules [14].
The low-intensity band at 1390 cm−1 was related to C−H combination vibrations. The
bands at 1726 cm−1 and 1760 cm−1 corresponded to C−H stretching vibrations of the
methyl, methylene and ethylene groups. The band at 1725 cm−1 corresponded to oleic
acid, while saturated and trans-unsaturated triacylglycerols exhibited absorption bands at
1725 cm−1 and 1760 cm−1. The band at 2145 cm−1 was related to C−C and C−H stretching
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vibrations, and the following vibrations at 2952, 2921, and 2855 cm−1 corresponded to the
valence −C−H vibrations from −CH3 and −CH2 groups of triglycerides, respectively [15].
The results indicated that the encapsulation process had no effect on the oil’s structure.
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Figure 1. FT-IR analysis of hydrogels with encapsulated safflower oil.

The images of scanning electron microscope SEM are shown in Figure 2 and show
that nanocapsules were successfully obtained in a polysaccharide matrix. The size and
shape of the capsules varied depending on the oil concentration. The results indicated
that, in the case of 29% and 33% oil content samples, the capsule envelope was multi-
layered (Figure 2A,B). The size of the capsules decreased with increasing oil concentra-
tion (Figure 2C,D). The capsules in the hydrogel emulsion were present throughout the
matrix and their distribution was uniform.

Despite slight statistical differences in the tested variants, the hydrogels with concen-
trations ranging from 29% to 45% were characterized with similar texture parameters. A
48% oil content was too high and differed significantly from other concentrations. Further-
more, the success of hydrogel applications in food depends largely on the ability of the
oleogelator to form a network that traps liquid oil [16]. Therefore, the hydrogel with 45%
concentration encapsulated oil was selected for further study as a fat substitute.

2.1.3. Biochemical Analysis of Oil and Açai Extract

The results of the TPC analysis and antioxidant activity of oil and açai extract are
shown in Table 3. The concentration of the extract used in the main study was determined
based on the study conducted by Mokhtar et al. [17]. Safflower oil containing polyphenols
accounted for 0.27 mg gallic acid/g of oil, whereas the antioxidant activity was 0.09 mg
ascorbic acid/g of oil according to the ABTS analysis and 0.32 mg ascorbic acid/g of oil
according to the FRAP analysis. Nimrouzi et al. [18] reported similar results.

The fatty acid profile analysis showed that safflower oil was characterized by a high
PUFA content, especially n-6. This result was also confirmed by a study conducted by
Rutkowska et al. [19].
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Figure 2. SEM analysis of hydrogels with encapsulated oil: (A,B) Concentration of 29%; (C,D) con-
centration in the range of 45%.

Table 3. Characteristics of açai extract and safflower oil.

Safflower Oil Açai Extract

TPC (mg gallic acid/g of sample) 0.27 ± 0.011 31.36 ± 1.220
ABTS (mg ascorbic acid/g of sample0 0.09 ± 0.003 50.54 ± 0.296
FRAP (mg ascorbic acid/g of sample) 0.32 ± 0.004 38.05 ± 1.268

Fatty acid profile (%)
SFA 10.88 ± 1.36

MUFA 9.74 ± 1.13
PUFA 79.19 ± 0.95
∑n-6 78.91 ± 0.98
∑n-3 0.15 ± 0.02

TPC—total phenolic compounds; ABTS—2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid; FRAP—ferric reduc-
ing antioxidant power; SFA—saturated fatty acid; MUFA—monounsaturated fatty acid; PUFA—polyunsaturated
fatty acid.

2.2. Main Study
2.2.1. TBARS Analysis

A TBARS analysis is a commonly used indicator of oxidative lipid rancidity in meat,
which quantifies the amount of secondary oxidation products. The analysis of the lipid
peroxidation content in the studied burgers after 0, 4, and 8 days of storage is shown in
Figure 3. The results indicated that, depending on the day of storage and variant, the lipid
peroxidation content ranged from 1.14 to 6.92 mg MA/100 g sample. At Day 0, depending
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on the variant used, the lipid oxidation values ranged from 1.14 (CO) to 5.2 mg MA/100 g
sample (GE), hence, the application of a fat substitute in the form of a hydrogel with
encapsulated oil and flaxseed flour increased the TBARS values as compared with the
control variants (CT and CO). This result was probably due to the presence of flaxseed flour
which contained high PUFA levels [20]. The defatted flaxseed flour used in the experiment
contained 10 g of fat per 100 g of flour. The manufacturing process of the flaxseed flour could
have influenced the generation of free radicals, aldehydes, and ketones upon exposure
of PUFAs to light, heat, and oxygen. A study performed by Hautrive et al. [9] revealed
that the addition of defatted flaxseed flour elevated TBARS values as compared with a
control variant. Furthermore, our results showed that between 0 and 4 days of storage, the
highest increase in lipid oxidation (1.85–2.08) was observed in CT and CO. Therefore, using
a fat substitute in the form of gel (konjac flour and sodium alginate) with encapsulated
oil and flaxseed flour (G, GT, GE, and GET) exerted a positive effect on the reduction in
the peroxidation rate. Thus, structuring the added fat significantly reduced the TBARS
value (p < 0.05, Figure 3) as compared with the product containing animal or vegetable
fat [21]. Additionally, our research showed that the MA value increased with storage time,
regardless of variant type. As a result, lipid oxidation contributed to the development of
rancidity while reducing the quality of meat products during storage [22]. The threshold
value that dictates the loss of sensory quality of food is >1.0 mg malondialdehyde/kg
burger [23]. In our case, despite the observed increase in fat oxidation, all values obtained
were below the threshold value.
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Figure 3. Analysis of lipid oxidation (TBARS) in burgers with a fat substitute after 0, 4, and 8 days of
storage. G—encapsulated oil; GT—encapsulated oil + tallow; GE—encapsulated oil with açai extract;
GET—encapsulated oil with açai extract + tallow; CT—control with tallow; CO—control with oil.

2.2.2. Color and pH Analysis

The pH parameter of meat can affect certain characteristics such as color, flavor, aroma,
tenderness, and nutritional value. An analysis of the meat pH parameter was carried
out on raw burgers after each storage time. Table 4 lists the obtained pH values, which,
depending on the variant and storage time, range from 5.56 to 5.81. The addition of
a hydrogel and flaxseed flour contributed to the observed increase in pH on Day 0 as
compared with the controls (CT and CO). This effect was possibly due to the addition of
fiber in the form of flaxseed flour. Hautrive et al. [9] and Sánchez-Zapata et al. [24] also
reported higher pH values in modified fiber burgers as compared with control variants.
Our study demonstrated that the addition of tallow to the studied meat increased the
pH values of the burgers more than the addition of safflower oil (5.64, respectively, 5.56
p < 0.05). The observed increase on Day 4 of storage, especially in the G, GT, GE, and GET
variants, may have been due to the accumulation of volatile bases such as trimethylamine
and ammonia, which formed during protein hydrolysis and amino acid degradation by
endogenous enzymes or microorganisms [25].
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Table 4. Effect of fat substitute in the form of a hydrogel with encapsulated safflower oil, açai extract,
and linseed flour on color parameters, browning index (BI), and pH in raw and grilled burgers at 0, 4,
and 8 days of storage.

Variant Day
Raw

L* a* b* BI pH

G

0

44.5 ± 2.85 B,C,b 22.6 ± 2.36 B 14.7 ± 1.52 A,B,b 75.32 ± 6.83 A 5.70 ± 0.04 C

GT 46.2 ± 3.06 A,b 22.7 ± 2.80 B 15.2 ± 1.52 A,b 74.20 ± 7.75 A,B 5.71 ± 0.04 C

GE 45.0 ± 3.25 A,B,a,b 21.9 ± 1.93 B 14.7 ± 2.01 A,B,b 73.38 ± 5.89 A,B 5.72 ± 0.03 C

GET 43.2 ± 3.02 C,D,c 22.8 ± 2.20 B,b 14.0 ± 1.50 B,a 75.57 ± 7.24 A 5.71 ± 0.05 C

CT 42.0 ± 2.66 D,E,b 24.1 ± 1.81 A,a 11.5 ± 0.97 C 71.30 ± 7.18 B,a 5.64 ± 0.04 A

CO 40.4 ± 2.40 E,b 22.0 ± 1.61 B,a 10.4 ± 0.86 D 67.10 ± 5.54 C,a 5.56 ± 0.04 B

G

4

44.2 ± 3.13 A,b 22.3 ± 1.87 A 14.7 ± 1.31 A,b 75.57 ± 5.06 A 5.81 ± 0.06 C

GT 45.3 ± 4.24 A,b 22.3 ± 2.45 A 14.6 ± 1.9 A,b 73.42 ± 7.15 A 5.77 ± 0.03 C

GE 43.7 ± 3.85 A,b 21.6 ± 2.09 A,B 14.0 ± 1.5 A,b 73.09 ± 7.35 A 5.76 ± 0.05 C

GET 44.9 ± 3.78 A,b 21.8 ± 2.32 A,B,a 14.4 ± 1.52 A,a,b 72.87 ± 8.00 A 5.76 ± 0.05 C

CT 41.4 ± 3.64 B,b 22.8 ± 2.29 A,b 11.0 ± 1.42 B 68.89 ± 7.57 B,a 5.63 ± 0.09 A

CO 41.0 ± 3.06 B,b 20.8 ± 1.68 B,b 10.2 ± 1.11 C 63.50 ± 6.32 C,b 5.57 ± 0.07 B

G

8

46.9 ± 3.16 a 22.7 ± 2.18 A 16.3 ± 1.51 A,a 76.35 ± 6.28 A 5.73 ± 0.04 B

GT 48.6 ± 3.55 a 21.1 ± 2.47 A 16.6 ± 1.45 A,a 72.36 ± 6.68 A 5.73 ± 0.03 B

GE 46.9 ± 3.02 a 21.1 ± 1.15 A 16.0 ± 1.51 A,a 73.44 ± 5.66 A 5.75 ± 0.01 B

GET 47.5 ± 4.00 a 20.9 ± 2.54 A,a,c 15.4 ± 1.69 A,b 70.18 ± 8.77 A 5.75 ± 0.03 B

CT 46.9 ± 6.54 a 18.5 ± 2.94 B,b 10.9 ± 1.76 B 55.01 ± 11.42 B,b 5.58 ± 0.03 A

CO 44.9 ± 5.44 a 18.6 ± 2.03 B,c 10.8 ± 1.51 B 56.83 ± 7.73 B,c 5.58 ± 0.03 A

Grilled

L* a* b* BI

G

0

52.2 ± 1.68 A 7.4 ± 0.75 A,B,a,b 13.5 ± 0395 A 39.87 ± 2.66 A,b

GT 52.7 ± 1.71 A 7.0 ± 0.40 A,a 13.7 ± 1.25 A 39.27 ± 2.38 A

GE 51.4 ± 1.92 A,a 7.3 ± 0.81 A,B,a 12.6 ± 1.47 A,a 38.09 ± 2.95 A,b

GET 52.7 ± 1.38 A,a 7.3 ± 0.56 A,B,a 13.5 ± 1.32 A 39.27 ± 2.80 A,b

CT 51.6 ± 2.25 A 7.7 ± 1.00 B,a 10.0 ± 0.88 B,a 32.18 ± 1.75 B,a

CO 49.1 ± 2.37 B,a 7.9 ± 0.66 B 9.8 ± 0.62 B,a 33.72 ± 2.53 B,a

G

4

52.5 ± 1.61 7.0 ± 0.41 A,C,b 13.0 ± 0.84 A 37.83 ± 1.69 B,b

GT 52.3 ± 2.378 7.3 ± 0.45 A,b 13.7 ± 1.30 A 40.03 ± 2.32 A

GE 53.9 ± 1.81 b 6.7 ± 0.35 C,D,b,c 13.7 ± 1.16 A,b 37.96 ± 2.87 B,b

GET 53.3 ± 1.85 a 6.2 ± 0.50 D,b 13.9 ± 0.62 A 38.43 ± 2.16 A,B,b

CT 53.1 ± 2.04 7.1 ± 0.45 A,C,b 9.6 ± 1.04 B,a 29.23 ± 1.94 D,b

CO 51.0 ± 1.44 b 7.8 ± 0.23 B 9.4 ± 0.55 B,b,c 31.21 ± 1.80 C,b

G

8

51.4 ± 4.93 A 10.7 ± 5.29 A,a 12.7 ± 1.73 A 43.74 ± 9.60 A,a

GT 52.7 ± 2.38 A 7.7 ± 0.72 A,b 13.6 ± 1.10 A 40.02 ± 2.54 B

GE 48.6 ± 4.44 B,C,a 6.8 ± 0.59 B,a,c 13.5 ± 1.14 A,b 42.62 ± 4.18 A,B,a

GET 51.0 ± 2.12 A,C,b 7.0 ± 0.56 B,a 13.7 ± 0.85 A 41.03 ± 2.60 A,B,a

CT 52.2 ± 1.40 A 8.1 ± 0.63 A,a 9.0 ± 0.80 B,b 29.84 ± 2.10 D,b

CO 47.6 ± 1.64 B,c 8.0 ± 0.37 A 9.6 ± 0.70 B,a,c 34.54 ± 1.97 C,a

A–E Mean values between variants on the same storage day with different letters indicate a significant dif-
ference. a–c Mean values of the same variants between storage day with different letters indicate a signifi-
cant difference. G—encapsulated oil; GT—encapsulated oil + tallow; GE—encapsulated oil with açai extract;
GET—encapsulated oil with açai extract + tallow; CT—control with tallow; CO—control with oil. L*—lightness;
a*—redness; b*—yellowness; BI—browning index.

The effects of hydrogel with encapsulated safflower oil and flaxseed flour on the color
parameters of grilled and raw burgers after 0, 4, and 8 days of storage are shown in Table 4.
The color parameter of meat influences the willingness of consumers to buy a product due
to a growing appreciation for bright red products. The color parameter was significantly
affected by storage time and formulation ingredients. The values of the L* parameter in raw
burgers increased with increasing storage time regardless of the variant type. A similar trend
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was observed by Carvalho et al. [26]. However, as compared with the L* color parameter on
Day 4, the control variants (CT and CO) had lower values (p < 0.05) than the experimental
variants (G, GT, GE, and GET). This trend was also observed for a* and b* parameters on
Days 4 and 8. Furthermore, the addition of açai extract (GE and GET) had no significant effect
on the color parameter regardless of storage time. The fat substitute with microencapsulated
oil and flaxseed flour contributed to an improved color parameter of raw burgers after Days
4 and 8 of storage. The analysis of the browning index showed that for both raw and grilled
meat, the BI was higher in the G, GT, GE, and GET groups. Probably this effect was caused by
the addition of flaxseed flour, which was characterized by a brown color. The color analysis
performed on the grilled burgers after each storage day showed no differences among the
variants. This was also confirmed by Summo et al. [27] and Gök et al. [28]. However, in the
case of the study reported by Lucas-González et al. [29], an increase in the a* color parameter
and a decrease in the L* color parameter in grilled burgers with a fat substitute (chestnut
flour, emulsion gel, and chia oil) were noted. Grilling changed the color of the meat due
to heat-induced denaturation of myoglobin. Currently, the role of fat type used for grilled
burger formulation is not fully understood, but it should have less of an effect on the color
than other parameters such as storage conditions or pH [27].

2.2.3. TPA Analysis

Texture changes (chewiness, springiness, and hardness) that occur in meat products
as a result of replacing animal fat with vegetable fats are becoming an interesting area of
research, especially because texture is importance in sensory attributes. The TPA analysis of
the grilled burgers is shown in Table 5. The texture parameter values, regardless of variant
used and storage time, were significantly (p < 0.05) lower (5.3–15.0 (N)) than those of the
control samples (24.8–90.9 (N0). This was also observed by Afshari et al. [30], where a fat
substitute was applied as an emulsion of soy protein, inulin, β-glucan, canola oil, and olive
oil. Similarly, Lucas-González et al. [29] showed that as the degree of fat substitute (chestnut
flour emulsion gel and chia oil in pork burgers) increased, texture parameters decreased as
compared with control samples. However, Moghtadaei et al. [31] applied a hydrogel (sesame
oil and ethyl cellulose) as a fat substitute in a burger and observed the opposite effect as
compared with our results. According to the literature, there are many conflicting reports
regarding the effect of hydrogel type on the texture parameters of grilled burgers. These
differences may occur due to the method of vegetable oil incorporation into the product,
its concentration, and the type of hydrogel used [32]. The grilled burgers (G, GT, GE, and
GET) had lower hardness values than that of the CT and CO samples. As expected, the
grilling process increased hardness of the control samples due to protein denaturation, water
loss, and fat loss [33]. In general, the hardness of meat products is related to the size of the
fat molecules therein, allowing the formation of an interfacial protein film around the fat
globules by salt-soluble proteins (actin, myosin). Thus, an exponential relationship exists
between the size of fat globules and the amount of interfacial protein layer [34,35]. In the
case of the studied hydrogel, the fat was encapsulated in a polymer blend, whereas in the
control samples, an interfacial protein film likely formed and denaturation occurred because
of grilling. The variation in hardness between the control samples was probably due to the
amount of interfacial protein layer formed, the type of fat used (beef tallow in tissue form,
liquid vegetable oil), and its thermal stability. The higher thermal stability of the hydrogel
contributed to a greater decrease in hardness of the product after grilling as compared
with beef fat or safflower oil. In addition, the values of grilled burger parameters such as
springiness and cohesiveness decreased with increasing storage time, whereas the values of
chewiness and firmness parameters increased. This effect was related to natural leakage in
burgers, which consequently influenced texture parameters [36]. From the consumer’s point
of view, reductions in hardness or chewiness parameters are considered to be a favorable
characteristics due to their association with enhanced meat quality of the burger [29].
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Table 5. Effect of a hydrogel emulsion with capsulated safflower oil, açai extract, and linseed flour as
a fat substitute, on texture parameters (TPA) of grilled burgers at 0, 4, and 8 days of storage.

Variant Springiness (−) Chewiness (N) Cohesiveness (−) Hardness (N)

G 0.4 ± 0.20 0.6 ± 0.26 B,a,b 0.1 ± 0.04 C,a 6.4 ± 1.59 B

GT 0.4 ± 0.11 a 0.3 ± 0.17 B 0.0 ± 0.05 B,C 5.3 ± 1.23 B

GE 0.8 ± 0.30 a 0.4 ± 0.26 B 0.1 ± 0.04 B,C 5.5 ± 0.98 B

GET 0.5 ± 0.2 0.5 ± 0.24 B 0.1 ± 0.10 B,C 5.6 ± 1.53 B

CT 0.9 ± 0.22 10.6 ± 2.30 A,b 0.4 ± 0.03 A 27.5 ± 5.25 A,b

CO 0.5 ± 0.12 a 8.8 ± 1.50 A,c 0.4 ± 0.04 A 24.8 ± 1.95 A,c

G 0.2 ± 0.05 C 1.0 ± 0.49 B,a 0.1 ± 0.03 C,a 9.5 ± 2.16 B

GT 0.2 ± 0.03 C,b 0.4 ± 0.59 B 0.0 ± 0.07 B,C 7.8 ± 2.68 B

GE 0.1 ± 0.03 C,b 0.5 ± 0.62 B 0.0 ± 0.07 B,C 7.9 ± 2.46 B

GET 0.1 ± 0.04 C 0.0 ± 0.36 B 0.0 ± 0.09 B,C 5.8 ± 1.20 B

CT 0.4 ± 0.06 A 17.1 ± 4.73 A,a,b 0.4 ± 0.03 A 47.3 ± 12.23 A,a,b

CO 0.3 ± 0.04 B,b 21.4 ± 4.25 A,b 0.4 ± 0.02 A 58.6 ± 12.04 A,b

G 0.1 ± 0.03 C −0.3 ± 0.90 C,b −0.1 ± 0.14 B,b 10.4 ± 3.34 C

GT 0.1 ± 0.03 C,b −0.5 ± 0.70 C −0.1 ± 0.08 B 10.2 ± 2.51 C

GE 0.2 ± 0.04 C,b −0.1 ± 0.99 C 0.0 ± 0.10 B 11.6 ± 3.93 C

GET 0.1 ± 0.03 C 0.5 ± 1.43 C 0.0 ± 0.12 B 15.0 ± 7.16 C

CT 0.5 ± 0.04 A 19.6 ± 6.80 B,a 0.3 ± 0.04 A 58.6 ± 17.54 B,a

CO 0.3 ± 0.01 B,b 29.1 ± 6.22 A,a 0.3 ± 0.03 A 90.9 ± 18.76 A,a

A–C Mean values between variants on the same storage day with different letters indicate a significant difference.
a–c Mean values of the same variants between storage day with different letters indicate a significant difference.
G—encapsulated oil; GT—encapsulated oil + tallow; GE—encapsulated oil with açai extract; GET—encapsulated
oil with açai extract + tallow; CT—control with tallow; CO—control with oil.

2.2.4. WHC Analysis, Weight Loss, and Cooking Loss Analysis

The food industry demands the appropriate technological properties of a burger
related to mass retention after storage and grilling, and therefore, retention of intrinsic
water is of key importance. Adequate water retention in meat products not only reduces
mass loss, but also causes accumulation of liquid in the package and consequently changes
the texture, color, and ultimately, consumer acceptance of the meat product [37]. Figure 4
shows the analysis of water retention in raw and grilled burgers after 0, 4, and 8 days of
storage. The values for the variants G, GT, GE, and GET, regardless of storage time, were
in the range of 93.5–98.8%. In contrast, the values of the control samples were 31.8–43.2%
depending on the period of storage. Our study showed that a fat substitute with flaxseed
flour (G, GT, GE, and GET) improved the WHC about 54–60% as compared with those of
the control samples, depending on the storage period and variant. A similar trend was
observed by Zinina et al. [38], who observed an increased WHC parameter when flaxseed
flour was used. In contrast, a study by Sharefiabadi et al. [39] revealed that the addition of
flaxseed flour and coconut flour did not improve the WHC parameter in chicken pasties.
The difference in the aforementioned studies may have been the type of fat substitute
added to the meat products.

The analysis of mass loss conducted in this study showed that mass loss increased
with storage time (p < 0.05) in the burgers with a fat substitute as well as the control variants.
Nevertheless, the G, GT, GE, and GET variants had much lower mass loss (0.5–0.6%) than
that of the CT and CO variants (1.3–2.6%). The replacement of fat with a hydrogel (konjac
flour and sodium alginate) enriched with encapsulated oil with flaxseed flour helped to
reduce mass changes during storage. The significant difference (p < 0.05) observed between
the tallow and liquid oil controls was possibly due to the form of added fat [40]. Similar
trends were observed for grilled samples after 0, 4, and 8 days of storage, where the fat
substitute based on konjac flour and sodium alginate enriched with encapsulated safflower
oil showed statistically significant (p < 0.05) reduction in the percentage mass loss of the
burger. A study by Salcedo-Sandaval et al. [41] showed that konjac gel with added oils
(olive oil, flaxseed oil, and fish oil) showed lower mass loss after grilling and baking as
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compared with control variants. The limiting role in mass changes during grilling was also
supported by Moghtadaei et al. [35]. The analysis showed that the addition of tallow (GT
and GET) increased the percentage mass loss of the grilled burgers, which could be due to
changes in the consistency of the tallow under the influence of the grilling process.
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oil with açai extract; GET—encapsulated oil with açai extract + tallow; CT—control with tallow;
CO—control with oil.

2.2.5. Analysis of the Volatile Compounds Profile

Fat is a precursor to many aromatic compounds, and it also acts as a solvent for these
compounds. Changes in the amount and composition of fat can affect the rate and type
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of processes that occur during burger storage [1]. The analysis of changes to the profile of
volatile compounds in raw and grilled burgers after 0, 4, and 8 days of storage is shown
in Figure 5. The obtained results displayed differences in the volatile compounds profile
between G and GT, between G and GE, between GET and CT, and between GET and CO
variants on Day 0. The data revealed that the presence of the extract affected the aroma
profile of the raw burger by reducing the changes in compound growth (Figure 5A), thus,
slowing down changes that naturally occur in the burger during storage. The alterations in
the volatile compounds profile of burgers with a fat substitute after 4 and 8 days of storage
were comparable. The opposite was observed for burgers with tallow and oil, where
changes increased with storage time, and the process of changes progressed fastest between
4 and 8 days of storage. In contrast, for grilled burgers (Figure 5B), the variants used
showed no difference in the volatile compounds profile regardless of storage time, with
only a slight variation at Day 0 in GET. However, this may stem from the presence of both
extract and tallow. Fluctuations in volatile compounds profile for the CT variant changed
dramatically at Day 8, which was possibly due to the progressive oxidative processes of
high tallow content (20%), especially after 4 days of storage. In contrast, the CT variant with
safflower oil displayed linear changes, which indicated gradual changes that progressed
with storage time.

Table 6 shows the component analysis of the volatile compounds profile of raw burgers
with a fat substitute (G, GT, GE, and GET) and control variants (CT and CO) after 0, 4,
and 8 days of storage. The analysis revealed that the number of compounds, especially
corresponding to aldehydes, alcohols, esters, and ketones, increased with storage time.
The addition of oils with increased amounts of unsaturated fatty acids promotes oxidative
processes in meat and consequently increases the content of volatile compounds formed
by lipid oxidation [26]. Volatile compounds such as alcohols, aldehydes, and ketones are
mainly responsible for reducing the sensory quality of meat products [42]. Wantanabe
et al. [43] confirmed our findings, where the number of volatile compounds related to alco-
hols increased with storage time. In contrast, alcohols such as 1−hexanol, 1−pentanol, and
1−octen−3−ol have been considered to be key indicators of lipid oxidation in meat [26].
The component analysis of the volatile compounds profile in grilled burgers was domi-
nated by aldehyde and alcohol group bearing compounds. Emerging compounds such as
benzaldehyde, 3−methylbutanal, 2−methylpropanal, pyrazine, and dimethyl sulphide are
typical compounds that arise from the Maillard reaction, which is induced by a thermal
process [44,45]. The obtained results showed that, apart from lipid degradation and the
Maillard reaction, the applied product components were the main factors that influenced
the formation of volatile substance characteristics for a particular variant, for example, com-
pounds such as benzaneacetaldehyde, 1−propanol−2 methyl, and pyrazine for variants G,
GT, GE, and GET; pentan−2−ol for GE and GET; 2−furanmethanol for CO; and dimethyl
sulphide for CT.
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2.2.6. Analysis of Fatty Acid Profile and Nutritional Indexes AI, TI, and h/H

The analysis of the fatty acid profile and nutritional indexes of raw and grilled burgers
after 0, 4, and 8 days of storage are shown in Table 7. The fatty acid profile was influenced
by the type of formulation used. The analysis of saturated fatty acids (SFA) and unsatu-
rated fatty acids (MUFA and PUFA) in raw burgers showed that SFA increased and MUFA
and PUFA decreased with storage time, regardless of the variant used. Our results were
consistent with the theory that as the number of double bonds in a fatty acid increased,
the susceptibility to oxidation increased [26]. As predicted, the addition of safflower oil
significantly increased the PUFA content of the raw burgers from 1% (CT) to 24% (GET).
The analysis of PUFAs and MUFAs in reformulated raw burgers showed that the addi-
tion of açai extract (GE) contributed to lower oxidation levels. Carvalho et al. [26] and
Rutkowska et al. [46] confirmed a positive effect of extracts (pitanga leaves, guarana seeds,
and chokeberry fruit) on reducing the rate of oxidative changes in fat. Safflower oil used
in the experiment was characterized by high PUFA content (79%), with an n − 6/n − 3
ratio of 526. In contrast, the applied reformulation of the burger with cassava oil with
the addition of flaxseed flour reduced the n − 6/n − 3 ratio by as much as 10-fold (50 for
CO and 5 for GE), while maintaining high PUFA values. According to dietary recommen-
dations, this ratio should be 5-4:1 [19]. For other nutritional indexes, it is recommended
that meat products should have the lowest possible AI and TI values, while the h/H ratio
should be as high as possible [47]. In our study, independent of storage time, the burger
variants with the fat substitute used had the lowest AI and TI values as compared with
CT. Furthermore, hydrogel emulsion with flaxseed flour significantly increased the h/H
ratio from 1.3 (CT) to 2.5 (GE). Considering the indexes of healthiness that were analyzed,
the best results were obtained for raw burgers with the addition of açai extract (GE) in
relation to hydrogel without extract (G). The correlation analysis among SFA, MUFA, PUFA,
and CLA and storage day, showed that SFA had a very high positive correlation (0.736,
p < 0.05). In contrast, the correlation analysis of MUFA and CLA showed moderately high
negative correlations (−0.359 and −0.488, p < 0.05, respectively). In contrast, the PUFA
analysis showed no correlation with storage time. The correlations obtained indicated that
changes occurred during storage related to the fat oxidation process as a result of which,
polyunsaturated acids were converted to a saturated form [26]. The analysis of the fatty
acid profile of grilled burgers showed that the use of reformulated burgers contributed to
an increase in PUFA content as compared with CT and CO. In addition, usage of hydro-
gels contributed to lowering n − 6/n − 3 acid ratios, from 24 (CO) to 5 (GE), which was
extremely important to maintain proper nutritional standards. Furthermore, the use of
reformulation resulted in improved health values of the grilled burger by lowering the Al
and Tl values and increasing the h/H ratio.

Table 7. Effects of a fat substitute (hydrogel emulsion with encapsulated oil and acai extract) on the
fatty acid profile of raw and grilled burgers at 0, 4, and 8 days of storage in cold conditions.

Raw Burger

G GT GE GET CT CO

SFA
0 38.2 ± 0.46 A 36.3 ± 2.62 A,B 35.0 ± 0.51 B 38.9 ± 1.00 A 39.4 ± 0.37 A 32.7 ± 0.18 C

4 41.5 ± 0.16 B 40.7 ± 0.52 B 41.6 ± 1.61 B 42.7 ± 0.62 B 50.1 ± 0.03 A 37.7 ± 0.29 C

8 43.8 ± 0.60 B 45.3 ± 1.08 B 40.3 ± 0.48 C 44.1 ± 1.65 B 50.5 ± 0.64 A 51.6 ± 2.13 A

MUFA
0 35.9 ± 0.26 D 43.4 ± 2.47 B 39.7 ± 0.32 B 41.2 ± 0.92 B 58.8 ± 0.45 A 37.5 ± 0.42 C

4 36.7 ± 1.26 C 39.9 ± 0.26 B 32.5 ± 0.52 E 38.2 ± 0.27 C 48.5 ± 0.01 A 34.2 ± 0.79 D

8 33.6 ± 1.09 C 36.5 ± 0.51 B 36.7 ± 0.55 B 37.1 ± 1.32 B 48.0 ± 0.68 A 28.9 ± 1.70 D
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Table 7. Cont.

Raw Burger

G GT GE GET CT CO

PUFA
0 25.4 ± 0.78 B 19.7 ± 0.12 C 24.8 ± 0.14 B 19.5 ± 0.07 C 1.0 ± 0.02 D 28.8 ± 0.10 A

4 21.4 ± 1.39 C 18.9 ± 0.75 D 24.0 ± 1.09 B 18.7 ± 0.67 D 0.9 ± 0.01 E 27.6 ± 0.51 A

8 20.2 ± 1.69 B 17.7 ± 0.58 C 22.6 ± 0.10 A 18.3 ± 0.21 C 1.0 ± 0.02 D 19.1 ± 0.44 B

CLA
0 0.46 ± 0.06 C 0.57 ± 0.04 B 0.50 ± 0.05 C 0.49 ± 0.01 C 0.72 ± 0.06 A 0.49 ± 0.00 C

4 0.50 ± 0.02 A 0.48 ± 0.04 B 0.38 ± 0.00 C 0.45 ± 0.00 B 0.54 ± 0.01 A 0.40 ± 0.02 C

8 0.45 ± 0.00 B 0.41 ± 0.01 B 0.41 ± 0.03 B 0.47 ± 0.06 A,B 0.54 ± 0.02 A 0.40 ± 0.01 B

∑n3
0 3.24 ± 0.46 B 3.16 ± 0.06 B 3.95 ± 0.16 A 3.25 ± 0.01 B 0.52 ± 0.01 C 0.58 ± 0.04 C

4 3.15 ± 0.69 A,B 2.69 ± 0.46 B 3.91 ± 0.16 A 3.12 ± 0.05 B 0.46 ± 0.01 D 0.53 ± 0.01 C

8 3.33 ± 0.72 A 2.18 ± 0.07 B 3.53 ± 0.05 A 3.15 ± 0.27 A 0.60 ± 0.07 C 0.46 ± 0.05 D

∑n6
0 21.98 ± 0.31 B 16.35 ± 0.11 C 20.65 ± 0.02 B 16.00 ± 0.06 C 0.31 ± 0.02 D 28.01 ± 0.06 A

4 18.01 ± 0.69 C 16.04 ± 0.28 D 19.88 ± 0.92 B 15.40 ± 0.62 D 0.30 ± 0.00 E 26.88 ± 0.50 A

8 18.73 ± 0.96 A 15.39 ± 0.51 B 18.86 ± 0.06 A 16.48 ± 1.44 A,B 0.25 ± 0.05 C 18.45 ± 0.51 A

∑n6/∑n3
0 6.92 ± 0.89 B 5.18 ± 0.03 C 5.24 ± 0.22 C 4.92 ± 0.01 C 0.60 ± 0.04 D 48.29 ± 3.04 A

4 5.95 ± 1.08 B 6.12 ± 0.93 B 5.09 ± 0.03 C 4.94 ± 0.12 C 0.66 ± 0.02 D 50.57 ± 0.35 A

8 5.84 ± 0.98 C 7.06 ± 0.01 B 5.35 ± 0.05 C 5.23 ± 0.00 C 0.44 ± 0.13 D 41.22 ± 5.84 A

Tl
0 0.95 ± 0.05 B 0.88 ± 0.09 B,C 0.80 ± 0.02 C 0.97 ± 0.04 B 1.16 ± 0.02 A 0.91 ± 0.00 B

4 1.08 ± 0.06 B 1.09 ± 0.06 B 1.10 ± 0.08 B 1.13 ± 0.02 B 1.78 ± 0.01 A 1.13 ± 0.01 B

8 1.17 ± 0.09 D 1.34 ± 0.06 C 1.01 ± 0.02 D 1.17 ± 0.01 D 1.72 ± 0.02 B 1.99 ± 0.15 A

Al
0 0.49 ± 0.01 B 0.54 ± 0.04 B 0.49 ± 0.01 B 0.55 ± 0.01 B 0.69 ± 0.04 A 0.44 ± 0.03 C

4 0.58 ± 0.01 B 0.57 ± 0.01 B 0.52 ± 0.02 B 0.60 ± 0.00 B 0.85 ± 0.00 A 0.49 ± 0.00 B

8 0.59 ± 0.02 CD 0.65 ± 0.03 C 0.54 ± 0.00 D 0.61 ± 0.02 C 0.90 ± 0.02 A 0.72 ± 0.09 B

h/H
0 2.53 ± 0.01 B 2.37 ± 0.21 B,C 2.59 ± 0.02 B 2.21 ± 0.06 C 1.77 ± 0.08 C 2.93 ± 0.03 A

4 2.14 ± 0.02 B 2.11 ± 0.02 B 2.29 ± 0.10 B 1.99 ± 0.01 C 1.33 ± 0.01 D 2.50 ± 0.01 A

8 2.06 ± 0.10 B 1.89 ± 0.08 C 2.24 ± 0.03 A 1.91 ± 0.02 C 1.25 ± 0.02 D 1.63 ± 0.19 C

Grilled Burger
G GT GE GET CT CO

SFA
0 42.93 ± 0.69 A 40.86 ± 2.47 A 50.20 ± 1.25 A 48.88 ± 4.36 A 50.21 ± 1.06 A 47.47 ± 10.32 A

4 43.81 ± 1.28
A,B,C 41.06 ± 1.86 B,C 38.56 ± 1.89 C 45.35 ± 0.83 A,B 50.21 ± 1.67 A 42.85 ± 1.84 B,C

8 43.92 ± 0.71 A 40.86 ± 2.47 A 51.66 ± 0.81 A 47.48 ± 2.38 A 50.04 ± 0.84 A 51.41 ± 15.90 A

MUFA
0 34.06 ± 3.32 B,C 38.54 ± 0.57 A,B 31.52 ± 2.71 B,C 32.32 ± 0.27 B,C 46.85 ± 1.32 A 28.64 ± 2.58 C

4 34.94 ± 0.11 B 39.55 ± 0.90 B 37.00 ± 1.74 B 35.81 ± 1.53 B 47.95 ± 0.74 A 40.66 ± 2.50 B

8 35.33 ± 1.50 B,C 38.34 ± 0.85 B 32.73 ± 0.99 C,D 32.32 ± 0.27 C,D 47.36 ± 0.60 A 28.64 ± 2.58 D

PUFA
0 20.55 ± 0.53 A 19.40 ± 0.36 A 19.86 ± 1.49 A 18.73 ± 4.20 A 2.76 ± 0.00 B 12.65 ± 3.00 A

4 21.25 ± 1.39 B 18.46 ± 0.36 B,C 27.01 ± 0.00 A 17.89 ± 1.01 C 3.91 ± 0, 03 D 18.27 ± 0.22 C

8 20.75 ± 0.79 A 19.40 ± 0.36 A 20.11 ± 1.14 A 20.20 ± 2.11 A 2.77 ± 0.00 C 12.65 ± 3.00 B

CLA
0 0.21 ± 0.04 B 0.26 ± 0.02 A,B 0.26 ± 0.02 A,B 0.20 ± 0.01 B 0.33 ± 0.03 A 0.23 ± 0.04 A,B

4 0.25 ± 0.01 A 0.27 ± 0.03 A 0.30 ± 0.03 A 0.24 ± 0.01 A 0.32 ± 0.02 A 0.25 ± 0.04 A

8 0.21 ± 0.04 B 0.26 ± 0.02 A,B 0.25 ± 0.02 A,B 0.20 ± 0.01 B 0.33 ± 0.03 A 0.23 ± 0.04 A,B

∑n3
0 3.56 ± 0.13 A 2.80 ± 0.61 A 3.28 ± 0.21 A 3.45 ± 0.37 A 0.46 ± 0.03 B 0.61 ± 0.27 B

4 3.40 ± 0.41 A,B 2.51 ± 0.01 B 4.26 ± 0.00 A 3.95 ± 0.53 A 0.52 ± 0.08 C 0.74 ± 0.03 C

8 3.03 ± 0.63 A 3.01 ± 0.32 A 3.28 ± 0.21 A 3.45 ± 0.37 A 0.46 ± 0.03 B 0.48 ± 0.09 B
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Table 7. Cont.

Grilled Burger
G GT GE GET CT CO

∑n6
0 16.34 ± 0.49 A 15.96 ± 0.28 A 15.31 ± 0.38 A 14.89 ± 3.55 A 1.76 ± 0.24 B 11.59 ± 2.83 A

4 19.28 ± 4.15 A,B 15.29 ± 0.35 A,B 22.05 ± 0.00 A 13.32 ± 0.52 B 2.49 ± 0.38 C 16.78 ± 0.10 A,B

8 17.07 ± 1.51 A 17.53 ± 2.51 A 16.02 ± 1.27 A 16.19 ± 1.71 A 1.59 ± 0.01 C 11.59 ± 2.83 B

∑n6/∑n3
0 4.59 ± 0.03 C 6.86 ± 0.09 B 4.96 ± 0.03 B,C 4.61 ± 0.12 C 3.77 ± 0.27 C 24.08 ± 1.33 A

4 5.48 ± 0.76 B,C 6.10 ± 0.11 B 5.18 ± 0.00
B,C,D 3.39 ± 0.32 D 3.70 ± 0.20 C,D 22.55 ± 0.88 A

8 5.82 ± 1.71 B 5.90 ± 1.45 B 4.96 ± 0.02 B 4.64 ± 0.07 B 3.60 ± 0.02 B 24.08 ± 1.33 A

Tl
0 1.19 ± 0.08 A 1.09 ± 0.11 A 1.38 ± 0.21 A 1.42 ± 0.29 A 1.90 ± 0.03 A 2.16 ± 0.33 A

4 1.02 ± 0.26 B 1.15 ± 0.02 B 0.85 ± 0.00 B 1.18 ± 0.08 B 1.87 ± 0.14 A 1.37 ± 0.11 A,B

8 1.19 ± 0.09 A 1.14 ± 0.03 A 1.60 ± 0.52 A 1.32 ± 0.15 A 1.87 ± 0.07 A 2.16 ± 0.33 A

Al
0 0.63 ± 0.01 A 0.58 ± 0.03 A 0.63 ± 0.02 A 0.70 ± 0.17 A 0.85 ± 0.01 A 0.94 ± 0.14 A

4 0.54 ± 0.11 A,B 0.57 ± 0.04 A,B 0.50 ± 0.00 B 0.65 ± 0.09 A,B 0.76 ± 0.03 A 0.57 ± 0.00 A,B

8 0.62 ± 0.02 A 0.56 ± 0.05 A 0.69 ± 0.10 A 0.58 ± 0.05 A 0.84 ± 0.02 A 0.79 ± 0.35 A

h/H
0 1.93 ± 0.04 A 2.09 ± 0.12 A 1.91 ± 0.06 A 1.98 ± 0.11 A 1.32 ± 0.00 B 1.21 ± 0.20 B

4 2.38 ± 0.35 A 2.17 ± 0.15 A,B 2.50 ± 0.00 A 1.82 ± 0.30 A,B 1.42 ± 0.20 B 2.11 ± 0.01 A,B

8 2.00 ± 0.05 A 2.17 ± 0.23 A 1.85 ± 0.15 A,B 1.98 ± 0.11 A 1.34 ± 0.02 B,C 1.21 ± 0.20 C

A–E Mean values between variants on the same storage day with different letters indicate a significant
difference. SFA—saturated fatty acid; MUFA—monounsaturated fatty acid; PUFA—polyunsaturated
fatty acid; CLA—conjugated linoleic acid; Al—atherogenic index; Tl—thrombogenicity index;
h/H—hypocholesterolemic/hypercholesterolemic ratio; G—encapsulated oil; GT—encapsulated oil + tallow;
GE—encapsulated oil with açai extract; GET—encapsulated oil with açai extract + tallow; CT—control with
tallow, CO—control with oil.

2.2.7. Analysis Correlation Coefficients among Color Parameters (L*, a*, b*, BI), Textural
(Springiness, Chewiness, Cohesiveness, and Hardness), Cooking Loss, Weight Loss, Fatty
Acid Profile (SFA, MUFA, and PUFA), WHC, pH, and TBARS in Raw and Grilled Burgers

The correlation analysis among fatty acid profiles (SFA, MUFA, and PUFA), color pa-
rameters (L*, a*, b*, and BI), WHC, pH, weight loss, and TBARS in raw burgers is presented
in Table 8. The analysis showed a high negative correlation between PUFA and SFA and
between PUFA and MUFA (−0.580 and −0.790, p < 0.05, respectively). These correlation
are probably related to the change in the number of bonds in fatty acids associated with ox-
idation processes. In addition, the amount of SFA in the raw burger is negatively correlated
with the color parameter a* and BI; this may indicate an oxidative process during which
the color of the fat changes. The analysis of the burger brightness parameter (L*) showed
positive correlations with b*, WHC, pH, TBARS (0.727, 0.539, 0.497, and 0.848, p < 0.05,
respectively). Moreover, the correlation analysis showed high positive correlations of the
parameter b* with BI, WHC, pH, and the TBARS analyses (0.751, 0.928, 0.880, and 0.765,
p < 0.05, respectively). The correlation analysis among fatty acid profiles (SFA, MUFA, and
PUFA), color parameters (L*, a*, b*, and BI), WHC, pH, weight loss, and TBARS in raw
burgers is presented in Table 8. The analysis showed a high negative correlation between
PUFA and SFA and between PUFA and MUFA (−0.580 and −0.790, p < 0.05, respectively).
This correlation is probably related to the change in the number of bonds in fatty acids
associated with oxidation processes. In addition, the amount of SFA in the raw burger was
negatively correlated with the color parameter a* and BI; this may indicate an oxidative
process during which the color of the fat changes. The analysis of the burger brightness
parameter (L*) showed positive correlations with b*, WHC, pH, and TBARS (0.727, 0.539,
0.497, and 0.848, p < 0.05, respectively). Moreover, the correlation analysis showed high
positive correlations of the parameter b* with BI, WHC, pH, and the TBARS analyses (0.751,
0.928, 0.880, and 0.765, p < 0.05, respectively).
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3. Materials and Methods
3.1. Preliminary Studies

Preliminary studies were conducted to verify the maximum amount of oil absorbed by
the base hydrogel without affecting the gel structure. The base for gel formulation consisted
of konjac flour (green essence) and sodium alginate (Agnex 1999). Preparation of the gel
with encapsulated safflower oil (gold press) was conducted in a multistep process. Gelation
involved dissolving 2% sodium alginate and konjac flour in H2O at 60 ◦C with constant
stirring until a clear emulsion was obtained. An emulsion was obtained of the mixture of
safflower oil and water at a ratio of 2:1. Next, homogenization of the emulsion in base gel
was performed using an immersion homogenizer (IKA T18 digital, Ultra Turrax, Germany).
The concentrations of encapsulated oil in the emulsion hydrogels were 0% (control), 29%,
33%, 38%, 42%, 45%, and 48%. The biocomposites obtained through this approach were
used for further studies: SEM image analysis, FT-IR spectroscopy analysis, texture, and
rheology analysis, from which the optimal hydrogel was selected for further analysis and
application (see Results and Discussion section).

3.2. Beef Burgers Formation and Packaging

The beef (neck muscles, Zakłady Mięsne Wierzejki, Poland) without excess fat and
connective tissue was minced. Then, the beef and beef fat (tallow) were ground separately
using a meat grinder with an 8 mm hole diameter plate (PI-22-TU-T, Edesa, Greece). Table 9
shows the composition of the prepared burgers with encapsulated oil without/with addi-
tion of açai extract (superfoods, PL-EKO-07) in hydrogel and defatted flaxseed flour (LenVi-
tol, Oleofarm, Wrocław, Poland) (variants G, GT, GE, and GET). An emulsion hydrogel
containing 45% encapsulated oil was prepared according to the recipe presented in the
preliminary studies. The control variant was a burger with tallow (CT) as the conventional
source of fat in meat products and oil (CO) as an alternative source of fat. All ingredients,
according to the specified proportions, were mixed and burgers (120 g ± 1) of 10 cm di-
ameter were formed. Then, the burgers were placed on 137 × 187 × 50 mm trays made
from polyethylene terephthalate (PET) with an absorbent pad (absorbency 1700 mL/m2).
The trays were then sealed with 35 µm thick PSF films (PSF35ZAC, PolTechPack, Olstzn,
Poland). Burgers were packed in modified atmosphere (80% O2 and 20% CO2) and stored
for 0, 4, and 8 days at a temperature of 4 ± 1 ◦C. Color, pH, fatty acid profile, thiobarbituric
acid reactive substances (TBARS), weight loss, water-holding capacity (WHC), and volatile
compounds profile analyses were performed on the raw burgers. After the specified stor-
age time (0, 4, and 8 days), the burgers were grilled on an electric grill (silex), heated to
190 ◦C (bottom plate) and 210 ◦C (top plate) until 75 ◦C at the geometric center of each
burger (measured with a thermocouple), and then cooled to 25 ◦C. The prepared burgers
were used for the following analyses: color, fatty acid profile, cooking loss, volatile com-
pounds and texture profile analysis (TPA) test. The experimental set-up covered 3 biological
replicates (162 samples).
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Table 9. Beef burger composition.

Variant
Component

Type of Fat Added Linseed Flour (g) Meat (g) Salt (g)

G 9.5 g Hydrogel with encapsulated oil 10.5 100 1.7

GT 9.5 g Hydrogel with encapsulated
oil + 5 g beef tallow 10.5 95 1.7

GE 9.5 g Hydrogel with encapsulated oil
with açai extract 10.5 100 1.7

GET 9.5 g Hydrogel with encapsulated oil
with açai extract + 5 g beef tallow 10.5 95 1.7

CT 20 g Beef tallow - 100 1.7
CO 8 g Oil - 112 1.7

G—encapsulated oil; GT—encapsulated oil + tallow; GE—encapsulated oil with açai extract; GET—encapsulated
oil with açai extract + tallow; CT—control with tallow; CO—control with oil.

3.3. Rheology Analysis

Melt flow curves were measured using a MARS III rheometer (MTMC—MARS Tem-
perature Module) in CR mode with a coaxial cylinder measuring system (CC25 DIN Ti)
with a 5.3 mm gap, wherein the measurements were determined at 5 ◦C. The shear rate
was increased from 0 to 80 s−1, for 5 min, and then decreased from 80 to 0 s−1, for 5 min.
The Ostwald–de Waele rheological analysis (Steffe 1996) was used to describe the melt
flow curves. Thixotropy and hysteresis loop areas were calculated according to the method
described by Sikora et al. [48].

3.4. Analysis of the Textural Parameters of Hydrogel Emulsion

Analysis of the hydrogel emulsion and burger texture textural parameters of the
hydrogel were analyzed using a texture analyzer (TA.XTplusC Texture Analyzer) by pene-
tration using Perspex 45◦ TTC Spreadability Rig Cone Sensors (Stable Micro System, Ltd.,
Goldaming, UK), according to method described by Öğütcü and Yilmaz [12] with some
modifications. Initially, the temperature of the sample was maintained at 5 ◦C for 24 h,
then, penetration was carried out to a depth of 23 mm, at a speed of 3 mm/s. From the data
obtained, the following parameters were determined using exponent connect software:
firmness (N), lubricity (N × s), viscosity (Pa s) and stickiness (N × s).

The texture profile analysis (TPA) of the grilled beef burgers after 0, 4, and 8 days of
storage at 4 ± 1 ◦C was conducted in a double compression cycle using an Instron 5965 uni-
versal testing machine (Instron, USA) with a 500 (N) load cell connected to the Bluehill®2
software, following the methodology described by Afshari et al. [13]. Samples of 2.45 cm in
diameter and 2.50 cm height, cut out from the center of the burger, were subjected to double
compression with 3 s relaxation time until their initial height was reduced by 50%. The
analysis was performed at a constant head travel speed of 200 mm·min−1, at a temperature
of 4 ± 1 ◦C. Six measurements were made for each group. Texture parameters, such as
cohesiveness (−) (the ratio of the area under the curve from the second compression to the
area under the curve from the first compression), hardness (N0 (the maximum force of the
first compression), elasticity (−), and chewiness (N) (hardness × cohesiveness × elasticity)
were calculated using methodology described by Półtorak et al. [49].

3.5. Scanning Electron Microscope (SEM) Analysis

The morphology of the prepared oil-encapsulated gels was examined using a JEOL
JSM-7500F high-resolution scanning electron microscope.

3.6. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

The FT-IR spectra of the biocomposites were recorded in the range of 4000–700 cm−1

using a MATTSON 3000 FT-IR spectrophotometer (Madison, Wisconsin, USA). The instru-
ment was equipped with a 30SPEC 30 Degree Reflectance adapter and a MIRacle ATR
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accessory (PIKE Technologies Inc., Madison, WI, USA). The FT-IR spectra were performed
on dried gels (films were obtained).

3.7. Water-Holding Capacity (WHC) Analysis

The WHC of raw burgers after 0, 4 and 8 days of storage was analyzed according to
the method reported by Grau and Hamm [50]. Three hundred milligrams of the sample
was placed on Whatman No. 1 filter paper between two glass plates under a weight of
2000 g for 5 min. In order to take press stain images, a Kaiser system (Germany) equipped
with the OImaging MicroPublisher 5.0 RTV software (Canada) was used. Meat and fluid
areas were evaluated using the Image-Pro Plus software (v.7.0). The WHC values were
calculated using the following formula:

WHC% = (Am)/Ap × 100 (1)

Am—meat areas; Ap—fluid areas.

3.8. Color and pH Analysis

The color evaluation was performed on raw and grilled burgers after 0, 4, and 8 days of
storage. Measurements were obtained at 5 different locations on the burgers’ surfaces. The
analysis was performed in a CIE L*a*b* system using a Minolta CR-400 chromameter with a
CA-A98 attachment (Konica Minolta Inc., Tokyo, Japan) and D65 illuminant. The browning
index (BI) was calculated using L*, a*, and b* values according to the following formula [51]:

BI = 100 (x − 0.31)/0.17 (2)

where x = (a* + 1.75 L*)/(5.645 L* + a* − 3.012 b*).
The pH was measured using a digital pH meter (FiveEasy F20, Mettler Toledo, War-

saw, Poland).

3.9. Weight Loss and Cooking Loss during Storage Analysis

The technological properties of the tested burgers were determined in 3 biological
replicates using 2 samples for each variant. Raw burgers were weighed on Day 0 and after
each day of storage to determine mass loss during storage. Samples were also weighed
after grilling and cooling the burgers to room temperature (25 ◦C). Mass loss after both
storage (F) and grilling (G) were calculated according to the following equations:

weight loss% = (BR0 − BRx)/BR0 × 100 (3)

cooking loss% = (BRx − BGx)/BRx × 100 (4)

BR0—raw burger weight on day 0; BRx—raw burger weight after each day of storage;
BGx—grilled burger weight after each day of storage

3.10. Analysis of Total Phenolic Content (TPC) and Antioxidant Activity of the
2,2-Azinobis(3-ethylbenzothiazoline-6-suslfonic Acid (ABTS) and Ferric Reducing Antioxidant
Power (FRAP)
3.10.1. Extraction Process

Safflower oil extraction for the analysis of TPC and antioxidant activity was prepared
according to the procedure described by Ablay et al. [52]. Briefly, 5 g of oil was shaken in
5 mL of n-hexane for 5 min. Then, 5 mL of MeOH/H2O (80:20, v/v) was added, centrifuged,
and the resulting extract was stored at 4 ◦C. TPC and antioxidant activity of the açai extract
(superfoods, PL-EKO-07) was analyzed after extraction according to the study reported by
Hanula et al. [8] with minor modifications. First, 1 g of lyophilized extract was shaken in
25 mL of H2O for 1 h. Then, the extraction process was carried out using ultrasound for
5 min. The obtained extract was centrifuged and stored at 4 ◦C for further analysis.
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3.10.2. TPC Analysis

The TPC analysis of the studied oil and açai extract was carried out using the method
described by Singleton and Rossi [53] with some modifications. First, 0.1 mL of extract,
0.5 mL of Folin–Ciocalteu, 2.9 mL of H2O, and 1.5 mL of 7% Na2CO3 were mixed and
incubated for 40 min in the dark. The absorbance was measured at 765 nm using a UV-Vis
spectrophotometer. The obtained results were expressed as mg gallic acid/g sample.

3.10.3. ABTS and FRAP Analyses

The ABTS and FRAP analyses were performed according to the methods described
by Belwal et al. [54] with slight modifications. The ABTS analysis was conducted mixing
0.1 mL of extract with 2.9 mL of ABTS and incubation for 30 min. The FRAP analysis was
based on mixing 2.9 mL of FRAP solution (20 mM ferric chloride in H2O, 10 mM 2,4,6-tri(2-
pyridyl)-s-triazine in 40 mM hydrochloric acid, and 300 mM sodium acetate buffer at a
1:1:10 ratio) with 0.1 mL of the extract and further incubation in the dark for 15 min. The
ABTS and FRAP concentrations were measured at 520 nm and 593 nm, respectively, using
a UV-Vis spectrophotometer. The results were expressed as mg ascorbic acid/g sample.

3.11. Thiobarbituric Acid Reactive Substances (TBARS) Analysis

The analysis of lipid oxidation was evaluated by TBARS changes and was performed
according to the procedure described by Brodowska et al. [55]. 1,1,3,3-Tetramethoxypropane
was used to prepare the standard curve. The absorbance of the resulting color complex was
measured using a UV-Vis spectrophotometer (UV-1800, Shimadzu Corp., 115 VAC, Tokyo,
Japan). The TBARS values were calculated in mg of malondialdehyde (MDA) per 100 g sample.

3.12. Fatty Acid Profile Analysis, Thrombogenicity Index (Tl), Atherogenic Index (AI), and
Hypocholesterolemic/Hypercholesterolemic (h/H) Ratio Analysis

The fatty acid profile analysis was performed for safflower oil in each burger variant
(raw and grilled) after 0, 4, and 8 days of storage. Lipids were directly methylated as de-
scribed by Wojtasik-Kalinowska et al. [56] and Heck et al. [3] with slight modifications. The
fatty acid methyl ester composition was analyzed using gas chromatography (Shimadzu
GC-2010) with a flame ionization detector (FID) equipped with a Zebron ZB-FAME column
(GC Cap. Column, 60 mL × 0.25 mm ID × 0.2 µm df). The initial column temperature
was 100 ◦C held for 3 min, which was increased to 240 ◦C at a rate of 2.5 ◦C/min, and
held for 10 min. The detector was maintained at 260 ◦C. In order to identify the FAME
composition in burgers or oils, FAME Mix-37 standard (Supelco, TraceCERT®, EC:200-838-9,
SKU: CRM47885) was used. The obtained results were presented as a fatty acid profile.
In addition, TI and AI were determined according to the method described by Ulbricht
and Southgate [57] and the hypocholesterolemic/hypercholesterolemic (h/H) ratio was
calculated according to Fernandez et al. [58] as follows:

TI = (C14:0 + C16:0 + 18:0)/((0.5 × ΣMUFA) + (0.5 × Σn − 6) + (3 × Σn−3) + ((Σn − 3)/(Σn − 6))) (5)

AI = (C12:0 + (4 × C14:0) + 16:0)/((ΣPUFA n − 3) + (ΣPUFA n − 6) + (ΣMUFA)) (6)

h/H = (C18:1n9 + ΣPUFA)/(C14:0 + C16:0) (7)

3.13. Analysis of the Volatile Compounds Profile

The analysis of the volatile compounds profile was performed using a Heracles II e-
nose (Alpha MOS Co., Toulouse, France)based on ultrafast gas chromatograph with a flame
ionization detector and a retention index counting application using the AroChemBase
library (AlphaSoft software, Alpha MOS Co., Toulouse, France). The gas chromatograph
was equipped with two capillary columns of different polarities, i.e., DB-5 and DB-1701,
with 10 m × 0.18 mm ID x 0.4 µm film thickness. The analysis was conducted according to
the methodology reported by Górska-Horczyczak et al. [59]. Calibration was performed on
a standard mixture of C6-C16 alkanes (Restek, ANCHEM Plus, Warsaw, Poland).
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3.14. Statistical Analysis

The results were analyzed using the Statistica software version 13.3 (StatSoft, Tulsa,
OK, USA). The normality of data distribution was verified using the Shapiro–Wilk test.
Factorial analysis of variance (ANOVA) was performed in the case of the TBARS analysis.
The results of hydrogel texture and rheology as well as color of meat were analyzed with
one-way ANOVA. Texture parameters of the burgers were subjected to the Kruskal–Wallis
ANOVA, followed by multiple comparisons of mean ranks. Moreover, the strengths of
the relationships among fatty acid profile (SFA, MUFA, and PUFA), texture parameters
(springiness, chewiness, cohesiveness, and hardness), cooking loss, weight loss, WHC,
pH, and color parameters (L*, a*, b*, and BI) methods were determined using Pearson’s
correlation coefficients. For all analyses, 95% confidence intervals were established. The
AlfaSoft package with statistical quality control was used in order to perform a comparative
analysis and to evaluate the chromatographic fingerprints of the volatile compounds.

4. Conclusions

In conclusion, an emulsion hydrogel formulated based on konjac flour and sodium
alginate with encapsulated oil was used as a functional ingredient in beef burgers enriched
with flaxseed flour to develop a healthier alternative. Each variant of the fat substitute
containing extract contributed to a reduction in the changes of volatile compounds profile
rate and preserved a* color parameter. In addition, the fat substitute reduced the hardness
and chewiness parameters of the grilled burgers. According to the obtained results, the
applied fat substitute promoted a reduction in the nutritional AI and TI indexes, as well as
increased the amount of the PUFAs and h/H ratio. Thus, a hydrogel emulsion enriched
with encapsulated oil and açai extract along with the addition of flaxseed flour in a burger
recipe instead of beef fat results in a healthier alternative that is rich in fiber.
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Abstract: Oregano (Origanum vulgare L.) and thyme (Thymus vulgaris L.) have long been known for
their organoleptic properties. Both plants are widely used in cuisine worldwide in fresh and dried
form and as a pharmaceutical raw material. The study aimed to assess if the type of cultivation
influenced chosen chemical parameters (total polyphenols by Folin-Ciocalteu method; carotenoids
and chlorophyll content by Lichtenthaler method), antimicrobial activity (with chosen reference
microbial strains) and shaped cytotoxicity (with L929 mouse fibroblasts cell line) in water macerates
of dry oregano and thyme. Polyphenols content and antimicrobial activity were higher in water
macerates obtained from conventional cultivation (independently from herb species), unlike the
pigments in a higher amount in macerates from organic herbs cultivation. Among all tested macerates
stronger antimicrobial properties (effective in inhibiting the growth of Pseudomonas aeruginosa, Bacillus
cereus and Salmonella enteritidis) and higher cytotoxicity (abilities to diminish the growth of L929
fibroblasts cytotoxicity) characterized the conventionally cultivated thyme macerate.

Keywords: thyme; oregano; dry herbs; polyphenols; chlorophyll; carotenoids; microbial; cytotoxicity

1. Introduction

Oregano (Origanum vulgare L., also known as wild marjoram), and thyme (Thymus
vulgaris L.) are popular and widely used in cuisines and the cosmetic industry. Oregano
and thyme are native species of the Mediterranean region [1,2] although they became
popular herbs in the Baltic Sea region as well [3–5]. Due to their chemical composition,
both herbs are willingly used in the cuisines and medicine/herbal medicine and cosmetics
industries.

The properties of the oregano are connected not only with its flavor and scent, but this
plant also supports the digestive system (secretion of gastric juices and bile), respiratory
system (helps with catarrh of the upper respiratory tract), has a relaxing and expectorant
effect, but also has antifungal and bactericidal properties [1,3]. Some of these pro-health
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properties are the result of the antioxidant effect of oregano [6]. This effect is related to the
presence of numbers of compounds such as phenolic acids, flavonoids, and essential oils
like sabinene, carvacrol, geranial, terpineol, linalool or cymene [1]. The concentration of
these compounds is shaped not only by the variety and the environmental conditions of
the plant during growth (greater exposure to sun, rain, the season of picking the plant) but
also by the type of cultivation (organic, conventional), the geographical position but also
by the method of oil extraction [6]. The beneficial antioxidant effect is a derivative of the
(variable) composition, and therefore these properties will also be influenced by the factors
mentioned. Antimicrobial activity of oregano is connected with compounds like carvacrol,
thymol, γ-terpinene, and p-cymene [1], Faleiro et al. estimated the concentration as 33% for
thymol, 26% for γ-terpinene and 11% for p-cymene [7].

Thyme in the cuisine is used as a spice for meat, potato, and mushroom dishes. The
healing properties of thyme focus on the respiratory system’s effect; hence thyme is used
in cough syrups, expectorants, and soothing throat irritations, in the form of ointments,
drops used in the case of upper respiratory tract catarrh [8]. Thyme is also used in dental
prophylaxis as a toothpaste component and liquids for teeth cleaning and oral care (also in
endodontics, during disinfecting root canals) [9]. Thyme, similar to oregano, is used against
digestive problems and has antibacterial, antifungal, and antiviral properties [6]. These
effects are, inter alia, a derivative of the presence of thymol and carvacrol in thyme. These
antioxidant compounds (phenolic derivatives) are present in thyme in large amounts: about
18–80% and 1–20% (for thymol and carvacrol, respectively) [10,11]. Two of these phenolic
compounds (carvacrol and thymol) have strong antimicrobial activity against both bacteria
and fungi, therefore, are considered to be useful as future fighting agents against drug-
resistant microbial [12]. Detailed examination pointed on carvacrol with high anti-Listeria
monocytogenes properties [13], experiments conducted by Rota et al. showed that carvacrol
and thymol had a high inhibitory effect against the Gram-positive L. monocytogenes and S.
aureus, the Gram-negative S. enteritidis, E. coli O157:H7, Yersinia enterocolitica, and Shigella
flexneri [14].

Different factors have been demonstrated to influence the content of the biologically
active compounds, such as technological process, cultivation method, climatic conditions
or variety. Among them technological processes such as drying increase the herbs’ avail-
ability on the market throughout the year, thereby not tied to climatic and cultivation
conditions [15]. It enables transport over long distances, thus increasing the availability
of these herbs on the market. Moreover, drying, by limiting the water content, helps to
inhibit the growth of microorganisms on the product [16]. It needs to be remembered that
the drying process changes the chemical composition of plants [15].

Other factors that influence the content of the biologically active compounds in plants
are cultivation method, climatic conditions, variety, therefor content of, e.g., polyphenols
may differ in published articles [17].

As mentioned before, oregano and thyme possess antioxidant properties connected
with the presence of polyphenols compounds like phenolics: acids, diterpenes; flavonoids
and volatile oils [18]. These broad group of secondary metabolites of plants are present in
flowers, fruits, leaves, stems, roots, and tubers. The antioxidant properties of polyphenols
are connected with the ability to scavenge free radicals, counteract lipid peroxidation, and
reduced enzymes’ activity [17]. Polyphenols are sensitive for high temperatures; therefore,
the drying process reduces their plant tissue content [19]. Consumers’ important factors
during shopping are the color of dried spices, preferably intensive green (most similar to
fresh plant) and less popular discolored in grey shades [20]. The color of a dried green
plant is related to the content of chlorophyll and carotenoids. These pigments decompose
during the technological procedures of drying herbs; therefore, except for visual evaluation
of herbs color, the chemical analysis of chlorophylls and carotenoid content is useful.

The cultivation method influences all the features mentioned above. They compare
organic and conventional method points on differentials in the usage of synthetic substances
during and before plant growth. Organic cultivation method prohibits the use of synthetic
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plant protection products and fertilizers, which are substituted with pheromone traps,
plant extracts and sticky boards (as a substitute of synthetic plant protection products) or
manure (of different origin) and compost (as a substitute of synthetic fertilizers) [21,22].
Organically cultivated herbs are expected to be richer in bioactive compound due to
elicitation phenomenon: “this process induces a defense response in a plant and leads
to several biochemical processes resulting from which numerous groups of secondary
metabolites are produced” [23].

The possibility to use both spices in cuisines is connected with their usage in the
water solution. Therefore, important is to conduct an experiment with water macerates (of
oregano and thyme) and examine their chemical and biological properties to evaluate the
pro-healthy values.

The authors focused on determining the content of chosen compounds in water
macerates of oregano and thyme, obtained from organic and conventional cultivation, its
cytotoxicity, and the assessment of their impact on microorganisms’ development.

2. Results
2.1. Chemical Composition
2.1.1. Polyphenols

The highest content of total polyphenols was determined in conventionally cultivated
thyme (0.42 mg GAE/mL sample) and the lowest in “organic” oregano (0.20 mg GAE/mL
sample). Total polyphenols content in water macerates for both herbs were higher in
conventional cultivations of oregano and thyme; significant differences were obtained
in “organic” oregano comparing to other samples. There were no significant differences
among the thyme samples (Table 1).

Table 1. The chosen chemical compounds are determined in water macerates of dry oregano and thyme cultivated in
conventional (CONV) and organically (ORG).

Herb Cultivation Type
Polyphenols Chlorophyll a Chlorophyll b Carotenoids

mg GAE/mL Sample µg/1 mL Sample

oregano ORG 0.20 a 7.81 cd 12.32 cd 2.07 bcd

CONV 0.36 bc 4.84 ab 7.21 ab 1.03 abcd

thyme ORG 0.40 bcd 7.35 cd 11.40 cd 1.67 abc

CONV 0.42 cd 2.96 ab 4.56 ab 0.76 abc

According to Duncan’s test, the means in columns followed by the same letters are not significantly different at p = 0.05.

2.1.2. Chlorophyll and Carotenoids

Oregano had a higher content of chlorophyll (a and b) than thyme. The highest chloro-
phyll a and b content was determined in “organic” oregano (7.81 µg/mL and 12.23 µg/mL
of macerates, for chlorophyll a and b, respectively), the lowest in “conventional” thyme
(2.96 µg/mL and 4.56 µg/mL of macerates, for chlorophyll a and b, respectively). Chloro-
phylls (a and b) were significantly higher in organically cultivated herbs (for both species).

Carotenoids were in higher amount in macerates of organically cultivated herbs (2.07
and 1.67 µg/mL for oregano and thyme, respectively) than a conventional one (1.03 and
0.76 µg/mL for oregano and thyme, respectively).

The determined results (higher content of pigments in organic herbs) were not notice-
able during the preparation (Figures 1 and 2) of macerates, where colors of organic and
conventional cultivated, dry plants were similar.
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2.2. Antimicrobial Activity

The effects of the water macerates of both herbs on tested standard microbial are
presented in Table 2. Four strains of Gram-negative bacteria and five strains of Gram-
positive bacteria were used in the research. The experiment was repeated triplicate, and
the results were consistent.

The macerates of both herbs obtained from organic cultivation did not exhibit antibac-
terial activity against standard strains of Gram-negative bacteria MIC/MBC > 50 mg/mL
(Table 2). Oregano macerate obtained from conventional cultivation exhibited weak ac-
tivity against E. coli and Salmonella Enteritidis (MIC/MBC = 50 mg/mL) and moderate
activity against P. aeruginosa with MIC/MBC= 12.5 mg/mL. Thyme macerate received
from conventional cultivation had been effective in inhibiting the growth of S. enteritidis
(MIC/MBC = 12.5 mg/mL). The highest sensitivity to the conventional thyme macerate
showed the tested strains of P. aeruginosa (MIC/MBC = 0.626 mg/mL).

210



Molecules 2021, 26, 1047

Table 2. Determined values of MIC and MBC for tested water macerates in relation to standard microorganisms.

Microorganisms
Water Macerates Antimicrobial Reference

Standard *

Thyme
CONV

Thyme
ORG

Oregano
CONV

Oregano
ORG Gentamicin Fluconazole

MIC/MBC (mg/mL) MIC/MBC (µg/mL)

Gram-Positive Bacteria

Staphylococcus aureus ATCC 25923 12.5/12.5 >50/>50 6.25/6.25 50/50 0.5 nt
Enterocococcus faecalis ATCC 29212 25/25 >50/>50 25/25 >50/>50 16 nt

Bacillus cereus PCM 1948 6.25/6.25 12.5/12.5 3.125/3.125 6.25/6.25 0.25 nt
Bacillus subtilis ATCC 6635 25/25 50/50 6.25/6.25 25/25 0.25 nt

Listeria monocytogenes PCM 2191 50/50 50/50 25/25 25/25 0.25 nt

Gram-Negative Bacteria

Escherichia coli ATCC 25922 >50/>50 >50/>50 50/50 >50/>50 2 nt
Pseudomonas aeruginosa ATCC 27853 0.625/0.625 >50/>50 12.5/12.5 >50/>50 2 nt

Shigella flexneri ATCC 12022 50/50 >50/>50 >50/>50 >50/>50 nd ˆ nt
Salmonella Enteritidis ZMF 279 12.5/12.5 >50 50/50 >50/>50 0.25 nt

Fungi

Candida albicans ATCC 10241 >50/>50 >50/>50 >50/>50 >50/>50 nt 5/>5
Aspergillus brasiliensis ATCC 16404 >50/>50 >50/>50 >50/>50 >50/>50 nt 5/>5

* Gentamicin—broad-spectrum antibiotic, fluconazole—antifungal chemotherapeutic; ˆ not detection; nt—the activity of fluconazole
(against bacteria) and gentamicin (against fungi) have not been tested.

Both macerates obtained from organic herbs were less active in inhibiting the growth
of all the tested strains of Gram-positive bacteria, excluding L. monocytogenes, compare
to conventional macerates (Table 2). The bactericidal effect of thyme conventional mac-
erate against S. aureus was achieved at the concentration of 12.5 mg/mL, against E. fae-
calis and B. subtilis at 25 mg/mL. Thyme organic macerate was active against B. subtilis
at concentration 25 mg/mL and did not inhibit the growth of S. aureus and E. faecalis
(MIC/MBC > 50 mg/mL). The thyme and oregano macerates obtained from herbs cul-
tivation in organic and conventional condition demonstrated weak activity against L.
monocytogenes with MIC/MBC values, 50 mg/mL, and 25 mg/mL, respectively.

The “organic” oregano macerate was not active against E. faecalis (MIC/MBC > 50 mg/mL),
but oregano conventional macerate was effective at concentration 25 mg/mL. The highest
inhibitory effect on the tested strains of S. aureus and B. subtilis showed the oregano
conventional macerate, resulting in MIC/MBC 3.125 mg/mL and 6.25 mg/mL, respectively
(Table 2). The oregano organic macerate demonstrated activity against S. aureus and B.
subtilis in higher concentrations with MIC/MBC 6.25 mg/mL and 25 mg/mL, respectively.

The highest sensitivity of conventional oregano and thyme macerates demonstrated
Bacillus cereus’ strain, resulting in MIC/MBC 3.125 mg/mL and 6.25 mg/mL, respectively.
The thyme and oregano organic macerates showed the same effect at twofold higher
concentrations, 6.25 mg/mL, and 12.5 mg/mL, respectively.

The macerates’ antifungal activity was tested against two fungal strains—C. albicans
(yeast fungus) and A. brasiliensis (mould fungus). None of the tested macerates and those
obtained from herbs cultivation in organic and conventional conditions did not inhibit the
fungal strains’ growth ((MIC/MBC > 50 mg/mL).

The tested macerates’ antibacterial activity was lower than the activity of gentamicin
or fluconazole used as the antimicrobial reference standard.

The “conventional” thyme in the highest concentration of 50; 25 mg/mL and 12.5 sig-
nificantly diminished the growth of L929 fibroblasts (43–71% of dead cells) (Figure 3),
while thyme “organic” did not show cytotoxic activity at any of the tested concentrations
(Figure 3). Moreover, “organic” thyme significantly increased the ability of L929 cells
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to reduce MTT within the range 5–50 mg/mL compare to extract isolated from thyme
“conventional” (Figure 3).
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Figure 3. Cytotoxic effect of plants extracts: (A) thyme, (B) oregano towards L929 cells. The cytotoxicity was assessed by
MTT [(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)] reduction assay. The cell viability was calculated for
four experiments, including three repeats for each compound. Complete RMPI-1640 medium (cRPMI) was used as a positive
control (PC) of cell viability (100% viable cells) and 0.03% H2O2 as a negative control (NC) of cell viability (100% dead
inactive cells). Statistical significance: * p < 0.05; * untreated cells vs cells treated with tested plants extracts “conventional”
extract (light grey bars) vs “organic” extract (dark grey bars).
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Oregano “conventional” has a stronger inhibitory effect on L929 cell metabolic activity
at range concentrations 10–50 mg/mL (40–60% of dead cells), while thyme “organic” in
the highest concentration 50 and 25 mg/mL significantly diminished the growth of L929
fibroblasts (44–47% of dead cells) (Figure 3). Furthermore, oregano “organic” significantly
increased the ability of L929 cells to reduce MTT within the range 50–2.5 mg/mL compare
to extract isolated from oregano “conventional” (Figure 3).

3. Discussion

According to the authors’ best knowledge, there was no conducted analysis of organic
and conventional cultivated oregano and thyme water macerates (not infusions). Available
in literature are results over chemical analysis of herbs infusion dedicated as beverages
(melissa, mint) or macerates based on other solution (methanol, ethanol), mostly used as a
solvent in the method of extraction or infusions (pouring with hot water).

In conducted analysis higher polyphenol content was determined in thyme than in
oregano that stands according to values obtained by Dragland et al. which determined
45 mmol/100 g and 63.7 mmol/100 g for oregano and thyme respectively in commercial
cultivation [24]. Moreover, Vallverdú-Queralt et al. determined total polyphenols in
dried oregano and thyme at the level of 2.23 and 3.36 mg GAE/g DW for oregano and
thyme, respectively [25]. Jałoszyński determined polyphenols in dry oregano at the level:
63.96–168.87 mg GAE/100 g, where the lower content is similar to obtained in presented
work (calculate on DM herbs) [19]. Taghipour et al. determined thyme’s polyphenols at
a level of 30 mg GAE/g DM that is similar to values obtained in presented work [26]. It
also needs to be highlighted that phenolic losses during drying of herbs can reach 50%
(dependently of temperature and drying method). Generally, the compound degrades at a
higher level with higher temperature applied [19].

Although determined higher polyphenols content in macerates for conventional culti-
vation stands against the work of Matłok et al., who determined the much higher bioactive
potential of dry oregano cultivated with organic fertilizers comparing to conventional
cultivation [27]. However, Lv et al. compared peppermint and cinnamon cultivated organi-
cally and conventionally and determined in both herbs higher total phenolic content in
conventionally cultivated herbs [28].

Still, there is no clear explanation of higher polyphenol content in a specific type of
plant cultivation (sometimes higher in organic, sometimes in conventional). Some authors
divide polyphenols (into soluble and hydrolysable), where soluble are more stable during
processing (cooking) [29], although there are still no data available about polyphenols
profiles in dry herbs, together with water macerates. Moreover, the water content of fresh
plant might decrease polyphenols content, since the drying process of high-water content
must undergo a more extended drying time procedure, or higher temperature must be
applied. In any case, both factors are reducing polyphenols content in the final product.

Chlorophylls play an important role in the photosynthetic membranes, where they
are present usually in a ratio of 3:1 [30], although this content can be shaped by the growth
conditions and environmental factors [31,32]. Chlorophyll a and b differ in a side chain’s
composition, which for chlorophyll a its methyl group and chlorophyll b its aldehyde
group.

Matłok et al. pointed on a strict correlation between chlorophylls content and carotenoids
in foliar plants due to general biosynthetic pathways in the plants’ chloroplasts [27].
Therefore, the higher content of pigments involved in photosynthesis is related to higher
carotenoid content (beta carotene) [21].

In the experiment over water macerates of herbs from organic and conventional
cultivation, higher content of chlorophylls and carotenoids were determined in organic
cultivation, which is opposite to Hallmann et al. [21]. Although Onofrei et al. pointed on
a higher content of pigments presents in organically cultivated thyme and oregano [33].
It needs to be added that Hallmann et al. refer to lower content only of beta-carotene,
and in the conducted experiment, the authors were determining the total carotenoids
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content [21]. Simultaneously Halmann et al. [21] pointed to the fact of a higher content of
lutein and zeaxanthin (belonging to carotenoids) in organically cultivated herbs comparing
to conventional one and in case of thyme major carotenoid is zeaxanthin [34].

Onofrei et al. explained the higher content of pigments in herbs cultivated with organic
fertilizers by the possible improvement in the availability of nutrients caused by these
fertilizers, and thus enhancing the metabolic pathways (e.g., photosynthesis) synthesis of
several plant secondary compounds [33]. According to Skubij and Dzida, over the influence
of organic fertilizers on the plants’ chemical compounds [35]. The other factor influencing
carotenoid content is UV radiation that also increases antioxidant content [21,27].

Manukyan determined higher content of chlorophyll a and b in thyme at a level of
0.03–0.052 mg/g and 0.13–0.21 mg/g, (for chlorophyll a and b, respectively) [34]. Tzima
et al. obtained the lower results: 88.6 mg/100 g DM for chlorophyll a, and 24.00 mg/100 g
DM for chlorophyll b [36].

Kulbat-Warycha et al. determined similar to presented in work content of chlorophyll
a in oregano but lower chlorophyll b and higher of total carotenoids (0.009 g/L; 0.002 g/L
and 0.004 g/L FW for chlorophyll a, b, and carotenoids, respectively) [37].

Antimicrobial activity of water macerates was higher in conventional cultivated
herbs. The obtained results go along with higher polyphenols content determined in these
macerates. The highest antimicrobial activity (of “conventional” thyme) was determined
against Bacillus cereus, which is especially important in dry herbs. These products may
have a high number of bacteria and molds, which in favorable conditions, can quickly
develop [38]. Research of Fogele et al. and Boer et al. pointed on a high level of Bacillus
cereus determined in dry spices [38,39]. Boer et al. determined antimicrobial activity
of 2% water macerates and pointed of weak or non-antimicrobial abilities of most of
examined herbs solutions (rosemary, basil, ginger, sage) [38]. Other investigation showed
that 20% cold water oregano extract was effective against the strains of P. aeruginasa and K.
pneumoniae [40]. Our study demonstrated the highest antibacterial effect of thyme water
macerate obtained from conventional cultivation against the strains of P. aeruginosa. This
opportunistic human pathogen was found to contaminate herbal plants and spices caused
by the unsafe collection, drying, preparation or storage [41].

Quadir et al. examined antimicrobial activity of chosen herbal extracts, but they have
not confirmed any activity of thyme extract against B. subtilis, explanation to this fact may
be connected with used solution concentrate (1:10) [42]. Our investigation shows that
“conventional” oregano macerate exhibited moderate activity against B. subtilis.

Our study demonstrated that water macerates of oregano obtained from the conven-
tional method of cultivation had been effective in inhibiting the growth of S. aureus. Other
studies also pointed to a high activity oregano water extract against this microorganism [43].
S. aureus is most commonly isolated from dry herbs [41].

Research is connecting herbs’ antimicrobial ability with the presence of phenols that
can precipitate proteins (or react with cells by sulfhydryl groups of proteins causing
unavailability of the substrate) and inhibit microorganisms’ enzymes [44,45].

Plant extracts including thyme and oregano have been used in the traditional medicine
for the treatment of several respiratory diseases like asthma and bronchitis [46] as well
as other pathologic processes, thanks to several properties such as antiseptic, antispas-
modic, antitussive, antimicrobial, antifungal, antioxidative, and antiviral [47,48]. Our
study showed that extract isolated from thyme “organic” does not show cytotoxic activity
according to ISO 10993-5 in all concentrations used in this study (1–50 mg/mL) whereas
the activity of extract isolated from thyme “conventional” was below the cytotoxicity norm
in the range 12.5–50 mg/mL. Similar results were observed in the study by de Oliveira
et al. [49]. They showed that the T. vulgaris extract at 25, 50 and 100 mg/mL provided
cell viability above 50% to RAW 264.7, FMM-1, MCF−7 and HeLa cell line [49]. New
plant extracts are also tested for antioxidant activity in conjunction with the modulation
of the inflammatory response. For example, Loizzo et al. examined different oregano’s
oils varieties inhibition of NO production in the murine monocytic macrophage cell line
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RAW 264.7, obtaining an IC50 value of 66.4 µg/mL and >200 µg/mL for O. ehrenbergii and
O. syriacum, respectively [50]. The antioxidant activity of our preparations with the use
of gastric epithelial cells is planned to be tested in the context of minimizing the risk of
epithelial damage and the development of an inflammatory reaction. Plant preparations
with a cytotoxic effect against cancer cells are extremely valuable. Jamali et al. show that
thymol induced toxicity, apoptosis, and cell cycle arrest in MDA-MB231 BC cells [51]. Our
study shows that oregano extracts have strong cytotoxic activity against L929 fibroblasts.
Oregano extracts: ethyl acetate and ethanol extracts from leaves also have reported the
cytotoxicity activity against human breast cancer cells (MCF7) [52]. On the other hand,
carvacrol, the major component of oregano, showed antimutagenic activity, which seems
to be mainly linked to the induction of mitochondrial dysfunction [53,54].

4. Materials and Methods
4.1. Macerates Preparation

Dried oregano and thyme were bought in a local shop. Both types of herbs (organic
and conventional cultivated) were obtained from the same manufacturer. Thyme and
oregano (conventional and organic, separately) were soaked with distilled water (1:5) and
left for five days for the maceration process. The extracts were filtered through a cellulose
filter (fine pore, 0.45 µm) and then subjected to further analysis.

4.2. Chemical Analysis
4.2.1. The Content of Polyphenols

The Folin-Ciocalteu assay was carried out according to the method described by
Singleton and Rossi (1965) [55]. The results were expressed as mg/mL of the sample as
gallic acid. Measurements were conducted in six replicates; absorbance was measured at
750 nm against the blank sample.

4.2.2. The Content of Chlorophylls and Carotenoids

Carotenoids and chlorophyll a and b were determined according to Lichtenthaler
(1983) spectrophotometric method, with the extraction of 80% acetone and absorbance
measured at 470, 646, 663 nm [30].

4.3. Microbial Analysis
4.3.1. Microbial Strains and Culture Conditions

Reference microbial strains were obtained from the American Type Culture Collection
(ATCC), including Staphylococcus aureus ATCC 25923, Enterococcus faecalis ATCC 29212,
Bacillus subtilis ATCC 6635, Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC
27833 and Shigella flexneri ATCC 12022. The Listeria monocytogenes PCM 2191 and Bacillus
cereus PCM 1948 strains were taken from the Polish Collection of Microorganisms (PCM).
One bacterial strain Salmonella Enteritidis ZMF 279 was derived from the collection of
the Department of Pharmaceutical Microbiology and Diagnostic Microbiology, Medical
University of Lodz. Two fungal strains were also used: Candida albicans ATCC 10231 and
Aspergillus brasiliensis ATCC 16404. All tested microorganisms were stored at –80 ◦C in
15% glycerol stocks. Before the investigation, the bacterial strains were transferred to
Mueller-Hinton agar medium (Oxoid, Thermo Fisher Scientific, Waltham, MA, USA) and
cultured overnight at 37 ◦C. Fungal strains were transferred on Sabouraud agar medium
(Oxoid, Thermo Fisher Scientific, Waltham, MA, USA) and cultured for two days at 30 ◦C.

4.3.2. Antimicrobial Assay

Before the investigation, the extracts were concentrated to 100 mg/mL by lyophiliza-
tion. The antimicrobial activity of extracts was assessed according to their minimum
inhibitory concentrations (MIC), and minimum bactericidal/fungicidal concentrations
(MBC) expressed in mg/mL. According to the European Committee on Antimicrobial
Susceptibility recommendations, antibacterial and antifungal activities were determined
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using the broth microdilution method [56]. The Mueller-Hinton broth (pH~7.2) (Oxoid,
Thermo Fisher Scientific, Waltham, MA, USA) was used for bacteria. Liquid medium
RPMI-1640 (w/o red phenol, pH~7.2) (Sigma-Aldrich, Darmstad, Germany) was used
for the fungal strains. Two-fold series dilutions of extract in the growth medium were
performed in 96-well sterile microtiter plates (Kartell Labware, Noviglio, Italy) in concen-
trations ranging from 50 to 0.09 mg/mL. The MIC values were defined as the lowest extract
concentrations with no bacterial growth after the incubation. The MBCs were determined
by seeding 5 µL from all clear MIC wells onto Mueller-Hinton agar plates (Oxoid, Thermo
Fisher Scientific, Waltham, MA, USA) (bacterial strains) or Sabouraud agar medium (Oxoid,
Thermo Fisher Scientific, Waltham, MA, USA) (fungal strains). MBC was defined as the
lowest concentration that killed 99.9% of the final inocula after 24 h incubation at 37 ◦C
(bacterial strains) or 48 h at 30 ◦C (fungal strains). The antimicrobial tests were performed
in triplicate. Gentamicin and fluconazole were used as an antimicrobial reference standard.

4.4. Cytotoxicity Studies
4.4.1. In Vitro Cell Culture

According to the ISO (International Organization for Standardization, 2009) norm
10993-5 (Biological evaluation of medical devices—Part 5: Tests for in vitro cytotoxicity),
testing of cytotoxicity was performed using L929 mouse fibroblasts (LGC Standards, Mid-
dlesex, UK). The cells were maintained under standard conditions (37 ◦C, 5% CO2) in
compelled culture medium (cRPMI-1640 medium supplemented with 10% fetal bovine
serum (FBS) and antibiotics: 100 U/mL penicillin and 100 µg/mL streptomycin) Sigma-
Aldrich (Darmstad, Germany) as previously described [57]. Before being used in the
cytotoxicity assay, the cells’ viability was assessed by excluding trypan blue dye and was
in the range of 93–95%.

4.4.2. Measurements of Cellular Metabolic Activity and Global Growth Inhibition

The metabolic activity of the L929 cells was tested after application of water ex-
tracts obtained from dried plants. Cells in culture medium were seeded in 96-well plates
(2 × 105 cells/well) for 24 h at 37 ◦C, 5% CO2. The tested extracts were diluted in cRPMI-
1640 medium in concentrations of 50; 25; 12.5; 10; 5; 2.5 and 1 mg/mL, added to the
cells (100 µL/well), and incubated under standard conditions for 24 h. Following in-
cubation, the cell monolayers were carefully screened using light microscopy, as recom-
mended by ISO norm 10993-5, to evaluate cell morphology. Cell metabolic activity was
estimated by measuring the ability of cells to reduce MTT [(3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide)], which is one of the tests recommended by the Food
and Drug Administration (FDA) and ISO as previously described [57].

4.5. Statistical Analysis

Statistical analysis over chemical parameters was performed with Duncan’s test
(p = 0.05). Obtained results are presented results are shown as the mean value of six
replications. The statistical significance of the cytotoxicity results was determined by
Kruskal-Wallis test (p < 0.05). Data are presented as mean values ± SD. For statistical
analysis, the STATISTICA 12 and 13 PL software was used (Stat Soft, Kraków, Poland).

5. Conclusions

Many commonly used antibiotics are becoming useless due to the increasing resistance
of pathogens. For this reason, there is an urgent need to search for new antimicrobial, anti-
inflammatory and pro-regenerative drugs with high biocompatibility and targeted activity.
Plant biocomponents with well-characterized properties and good biocompatibility are
good candidates for developing new drugs, medicinal food, or dietary supplements. A
significant impact on such formulations expected therapeutic value is the plant’s breeding
conditions, limiting the content of potentially toxic compounds, or determining an active
biological substance’s content.
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Water macerates of oregano and thyme are a valuable solution. Dependently, they can
be a good source of polyphenols and have good antimicrobial abilities (conventional) and
are rich in pigments (organic). It is worth pointing that “conventional” thyme macerate
exhibited strong activity against the strains of P. aeruginosa. This opportunistic pathogen
alleged to cause gastroenteritis in humans if ingested in large numbers. Can be isolated
from soil and water and is commonly associated with spoilage of food such as eggs, cured
meats, fish, and milk and cosmetic.

Thyme “conventional” macerates diminished the growth of L929 fibroblasts cytotoxic-
ity, and “organic” oregano increased the ability of L929 cells to reduce MTT. Cultivation
type had shaped influence on the ability of L929 cells to reduce MTT—both organic herbs
macerates had significant higher abilities to increase this property; however, conventional
cultivated herbs (water macerates) had higher antimicrobial activity and higher polyphe-
nols content. Extracts, isolated from ecological plant cultures, may be used in higher
concentrations in formulations for medical use due to their lower cytotoxic activity. This
allows achieving a higher concentration of biologically active substances while maintaining
biological safety, and faster achievement of the therapeutic and cosmetic effect.
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