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Adriana Dabija, Lăcrămioara Rusu and Georgiana Gabriela Codină
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Today, companies blend innovation with tradition to create new products, as the food
business is continually looking for fresh product ideas that reflect worldwide trends. The
demand for functional foods, dietary foods, etc. as well as the depletion of conventional
raw materials forces the adoption of novel raw materials in assortment diversification.
Researchers are working to identify new sources of basic materials, such as those that can
take the place of salt, sugar, and gluten from baked products, as well as animal proteins and
lipids. For experts in the industry, the utilization of these unconventional raw materials in
recipe creation presents a significant problem, both in terms of customer acceptance and
applicable law.

Wang et al. [1] provided a summary of the research on the synergism of sweeteners
that has been carried out so far, analyzed it, and offered comments on it. Additionally,
although there has been significant progress in recent years in understanding the molecular
mechanisms underlying the synergism of sweeteners, it is still hampered by a number of
technological limitations. They then went over a number of hypotheses that have been
put forth to explain the molecular mechanism underlying the synergism of sweeteners,
particularly the interaction that results from the combination of sweeteners’ effects on
sweet taste receptors, and evaluated their scientific viability and shortcomings generally.
Food and drink products such as candies, biscuits, and beverages have all been known
to combine sweeteners. To improve the acceptability, functionality, and economics of the
products, a combination of artificial intense sweeteners (such as sucralose, aspartame, and
acesulfame-K) and natural bulk sweeteners (such as fructose, erythritol, and stevioside) can
be used. These formulations include health and nutritional benefits in addition to reducing
the amount of some sweetener components to comply with dosage restrictions (such as the
current, well-liked sugar-free Coke) [1].

Another study illustrates the potential for greater capitalization of grape seeds from
the seven grape types grown in Romania due to their unique qualities. Proanthocyanidins,
which have an antioxidant potential 20 times higher than vitamin E and 50 times greater
than vitamin C, are among the phenolic chemicals found mostly in grape seeds. Due to
their antioxidant capacity, grape seeds have positive effects on cardiovascular disorders,
anti-inflammatory, anti-cancer, and immune-boosting properties. They can currently play
a significant role in finding new food as a source of bioactive compounds. Consumers
are currently showing a lot of interest in items that are as natural as possible, which helps
the body’s immunity grow. Natural ingredients can be a significant alternative in the
food industry [2].

Tit,a et al. [3] used three types of volatile oils, namely, volatile mint oil, volatile fennel
oil, and volatile lavender oil to improve the quality of a kefir-type acid dairy product. In
both conducted examinations, the finished product enhanced with volatile oils outper-
formed the control sample. Kefir samples that included volatile oils remained more sensory
and texturally consistent during the duration of storage. All of these aspects demonstrated
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that the investigated items are accepted from a sensory point of view in addition to the
positive effects they have on the health of the consumer. The investigated product follows
current trends because it incorporates bioactive components that are advantageous for
the consumer’s health [3,4]. Another study sought to evaluate the antibacterial activity
of volatile oils and the changes in the chemical composition of kefir enhanced with en-
capsulated volatile oils by enzymatic techniques. The fundamental benefit of employing
encapsulation is that sodium alginate protects the volatile oils’ beneficial constituents,
allowing them to slowly diffuse into the kefir sample. Due to the volatile oils’ antibacterial
and antioxidant characteristics, products with high nutritional values were produced that
are good for the consumer’s health and have a longer shelf life [5].

An important source of non-conventional raw materials that can be successfully used
to obtain food products is represented by secondary products resulting from various
technological processes of the food industry. Spent grain is an important by-product that
should be fortified to produce foods that are beneficial to health. A study used mathematical
modeling and statistical optimization to provide a spelt pasta recipe that includes spent
grain. Goods that have been enriched with spent grain are known as fortified foods.
It is known that spent grain is a useful by-product rich in nutrients, including dietary
fibers, minerals, vitamins, and lipids. A significant amount of bioactive substances with
strong antioxidant properties, such as hydroxycinnamic acids, particularly ferulic and
p-coumaric, are present in spent grain. According to the findings, 11.70% was the ideal
determination for spelt pasta formulation that established a good balance between sensory
and nutritional considerations. Products with a high fiber and protein content, antioxidant
activity, and high polyphenol concentration include spelt pasta supplemented with spent
grain. The achieved color of the pasta was acceptable, and the cooking losses were under
12%, which places them in the category of high-quality goods. These findings demonstrate
that spent grain can be successfully included in a fortified pasta recipe to provide high-
quality outcomes. Because they may enhance the products’ nutritional value and have a
lower glycemic index than pasta made with durum wheat white flour, spent grain flours
can be employed in food compositions [6]. According to the results of another study, the
inclusion of spent grain in the wafer formulation produced goods with a high level of
acceptance, altered batter texture, enhanced all parameters, and only lowered adhesiveness.
The samples that included spent grain had a lower pH and density. In comparison to the
control sample, the fracturability of the goods with spent grain reduced as it was added,
and the color darkened due to the spent grain’s particular color. Adding spent grain boosts
the amount of fiber and protein, antioxidant capacity, and baking loss because of the fibers
it contains [7]. Another by-product, grape pomace, was used in obtaining flour by Gerardi
et al. [8]. They studied the effects of time and temperature on the stability of bioactive
molecules, color, and volatile compounds during the storage of grape pomace flour. They
concluded that once pomace flour was stored for six months at four degrees Celsius, the
activity of various health-relevant bioactive compounds remained constant, suggesting its
potential use as a functional food ingredient [8].

Identification, measurement, and extraction of plant compounds with positive effects
on human health that can be used in food have recently attracted increasing interest. New
nutritional supplements or food products may be created as a result of the identification
of these compounds. Through the application of contemporary extraction techniques,
blackberries can offer even more to healthy foods and food ingredients. Anthocyanins
may be found in agricultural and food processing waste from the blackberry industry.
Blackberries can replace artificial food additives such as colorants and stabilizers. Blackber-
ries are used as a traditional raw material to make jam, compote, as well as unfermented
and fermented beverages. Additionally, adding blackberries increases the finished food’s
nutritional content and shelf life [9]. Due to the rising demand for the commercial synthesis
of compounds with therapeutic properties, Crăciun and Gutt [10] established the ideal
experimental settings for the extraction of trans-resveratrol in order to obtain a higher
yield from the material of the vine prunings. Resveratrol has the potential to exert positive
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therapeutic effects on slowing down the aging process. It also has antioxidant properties
that fight free radicals, anti-aging effects on the skin by inhibiting the enzymes that cause
aging, antibacterial and antifungal properties, anti-inflammatory activity, anti-carcinogenic
properties, cardioprotective properties, and benefits for diabetes symptoms.

The replacement of some conventional raw materials in the manufacturing processes of
some fundamental foods is another area of research. For instance, Voinea et al. investigated
the effects of substituting reduced sodium sea salt for sodium chloride in a bread recipe. It
is well known that the World Health Organization (WHO) advises the food sector to lower
the salt (sodium chloride, NaCl) content in foods to achieve a maximum salt intake of 5 g
per day for people. One of the main sources of sodium in the average person’s diet is bread
and other bakery products. As a result, the majority of initiatives to cut back on sodium
consumption concentrate on lowering the amount of sodium chloride in these items. With
the increased level of sea salt with low sodium content added in wheat flour, the bakery
goods produced with sea salt with low sodium content were of greater quality compared
to the control sample, displaying better physical and textural qualities, a darker color, and
being more well-liked by consumers [11]. Ziarno et al. [12] investigated the link between
spreadability and other specified structural, physicochemical, and chemical factors by
analyzing market samples of butter and butter replacements in terms of spreadability. The
study’s findings can be used to create new and enhanced butter and butter replacements
that have comparable features for spreading without compromising other crucial qualities
such as flavor, texture, and nutritional value. Since these fats vary not only in their calorific
value and hence in their chemical composition, but also in their functional features, such
as spreadability, it might be challenging for certain consumers to choose which fat to use
in spreads.

Recent years have seen an increase in research towards the production of food items
using previously ignored or underutilized basic materials. One of these is hemp, which is
often processed for the textile industry due to its high fiber content, but in recent years, it
has emerged as a novel raw material in food. Baldino et al. [13] researched the prospect of
increasing the yield of oil extraction from seeds and enhancing the waste was examined
using stable oil-in-water emulsions based on hemp oil and commercial hemp protein
isolates. The created emulsion is stable, which can promote process development and the
use of hemp seed extraction waste for the valorization of by-products and waste in order
to produce complete food products with high nutritional content. For those with unique
dietary demands, the product can alternatively be utilized as a foundation to obtain slightly
structured products. Another study showed that adding hemp inflorescence to rice-based
gluten-free bread can be beneficial. Significant alterations in the physical characteristics of
the bread were brought on by the addition, which was utilized at concentrations between
1% and 4%. The bread’s volume and the color of the crumb both considerably changed
after 1% of the additive was added. Because hemp inflorescence has never been utilized
to make bread and is a good raw material for health reasons, this study suggested using
it to make gluten-free bread [14]. Ciocan et al. [15] suggested that the physicochemical
and sensory characteristics of samples of wort and beer be evaluated in relation to the
use of unmalted and malted buckwheat. Buckwheat is one of the pseudocereals that is
most frequently used as a raw material in studies on the production of malts, gluten-free
beers, and functional beers because it consistently produces excellent results in terms of
productivity, enzymatic activity, and chemical composition of the finished product. The
results obtained suggest that, in future studies, beer should only be made from unmalted
buckwheat with enzyme addition, which is far more advantageous from an economic and
technological aspect. This is due to the fact that by just adding enzyme preparations to the
brewing process, buckwheat can be used to make beer without first being malted [15].

In relation to some of the chosen wort characteristics, Rydzak et al. [16] investigated
the impact of vacuum impregnation on the steeping process and the modifications to
the structure of barley grains. It can reduce the time it takes to moisten barley grain to
42% moisture content by around 6 h by vacuum-impregnating it under varied conditions.
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The biggest benefit of vacuum impregnation in the malting of grain is that it makes it
possible to drastically shorten the malt production cycle, which is now prolonged by the
need to soak the grain before malting [16].

All of these studies have one thing in common: they all focus on finding new raw
materials that can be used in food manufacturing recipes. These raw materials have been
studied from a physico-chemical, sensory, and food safety perspective.
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Abstract: Sweetener synergy is the phenomenon in which certain combinations of sweeteners work
more effectively than the theoretical sum of the effects of each components. It provides benefits in
reducing sweetener dosages and improving their sweetness. Many mixtures of sweeteners with
synergistic effects have been reported up to now. Both artificial high-intensity sweeteners and natural
sweeteners are popularly used in sweetener mixtures for synergism, although the former seem to
display more potential to exhibit synergy than the latter. Furthermore, several evaluation methods
to investigate sweetener synergy have been applied, which could lead to discrepancies in results.
Moreover, structurally dissimilar sweeteners could cooperatively bind at the different sites in the
sweet taste receptor T1R2/T1R3 to activate the receptor, and their hydration characters/packing
characteristics in solvents could affect their interaction with the receptor, providing the preliminary
explanations for the molecular basis of sweetener synergy. In this article, we firstly present a
systematic review, analysis and comment on the properties, evaluation methods and molecular
mechanisms of sweetener synergy. Secondly, challenges of sweetener synergy in both theory and
practice and possible strategies to overcome these limitations are comprehensively discussed. Finally,
future perspectives for this important performance in human sweet taste perception are proposed.

Keywords: sweetener; synergy; evaluation methods; sweet taste receptor; molecular basis;
interaction; mixture

1. Introduction

Sweetener is an important food additive that provides a pleasant sense for humans
and other animals. Some sweeteners such as sugars are important nutrient and energy
sources [1,2]. According to the original producing methods of the sweeteners, they can be
divided into natural sweeteners (e.g., sugars, sugar alcohols and sweet-tasting proteins) and
artificial sweeteners (e.g., sucralose, saccharin and aspartame) [3,4]. With the development
of diet and nutrition in human beings, high standards for sweeteners in food and beverages
are needed [5].

A single sweetener often has the disadvantage of high calories (e.g., sucrose) that
are a potential inducer for obesity, oral health problems, diabetes and hyperlipemia, or
has an aftertaste and bitter taste (e.g., stevioside) [6,7]. Furthermore, artificial sweeteners
have long been controversial for their safety, which requires their use only under strict
control and below specific dose levels [8]. Therefore, different sweeteners are often used
together to provide certain sensory properties and to take advantage of the cooperative
effect that occurs in certain sweeteners combinations [9]. Based on the comparison of the
sweet intensities of the mixed sweeteners with that of the sum of the unmixed components,
the effect of sweetener mixtures can be categorized as addition (equal), synergism (greater)
and suppression (less). Until now, many sweetener mixtures with synergistic effects have
been reported [10–12].
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Mixtures of sweeteners can be divided into binary and polynary combinations, ac-
cording to the categories of sweeteners used. Generally, the polynary mixtures can lead
to more complex and pleiotropic effects than the binary mixtures, accounting for their
distinct properties in sweeteners’ synergism [13]. In this paper, we summarize, analyze
and comment on the findings for sweeteners’ synergism reported up to now as well as
their evaluation methods. Furthermore, insight into the molecular basis of sweeteners’
synergism has seen substantial progress in recent years, although it is still limited due
to several technological constraints [14]. We then describe several explanations reported
so far for understanding the molecular mechanism of sweeteners’ synergism, especially
the consequent interaction between the sweeteners and sweet taste receptors due to the
mixture of sweeteners, and analyze their scientific merit and deficiency in a broad context.
Moreover, the future challenges and perspectives of sweeteners’ synergism in performance
improvement, development and application are proposed. This article provides meaningful
and helpful guidelines for further research on sweetener synergy and promotion of its
applications in the food industry.

2. Methods to Determine the Synergistic Effect of Sweetener Mixtures

Different methods have been applied in the evaluation of the synergistic effect of
sweetener mixtures. Besides the long- and popularly used sensory evaluation, some novel
methods have emerged in recent years, such as biosensors and electronic tongues [15,16].
However, most of the results for sweetener synergy were obtained by sensory evaluation.
Basically, the discrepancy among these methods lies mainly in the comparison modes for
the sweet intensity between the mixed sweeteners and the sum of the unmixed components.
On the other hand, variable outcomes in the evaluations of specific sweetener mixtures
could be obtained when different evaluation methods were adopted. We briefly describe
the main points of these methods as follows.

2.1. Sensory Evaluation Method I

The first method is the most common and simple approach that has been popularly
used [11,17]. In this method, which is called the simple additive model, the perceived
sweetness of the mixture is directly compared to the sum of the sweetness of the unmixed
components. If the sweetness of the mixture is equal to, greater or less than the summed
sweetness of its components, then it is regarded as having additive, synergistic and suppres-
sive effects, respectively. However, this method has been questioned by many researchers
because it does not consider the effect of sweetener concentrations on the results; thus,
contradictory findings in the research on sweeteners’ synergism could often arise when
different doses of the components were added in the sweetener mixtures [18]. Furthermore,
it should be noted that in this method, the concentrations of used sweeteners were usually
expressed as a % (weight of sweetener/weight of solvent) rather than a molarity (moles of
sweetener/volume of solvent), which cannot address the fact that sweeteners have differ-
ent molecular weights and thus are not scientifically rational for studying the mechanical
interactions between the sweeteners as well as the sweeteners and receptors [17].

2.2. Sensory Evaluation Method II

Because the perceived sweetness of some sweeteners show a sigmoidal rather than
linear relationship with their concentrations, so many researchers assessed the sweet
intensity of self-mixtures (mixtures of each individual component with itself) to compare it
with the sweet intensity of blend mixtures to determine the interactive effect of different
sweeteners, which is essential to discriminate between superadditivity (which means that
the self-mixture of a sweetener produces more sweetness than the summed sweetness of
this sweetener in isolation) and synergism [19]. Based on this principle, the sweetness of
sweetener mixtures is compared with the average of the sweetness ratings of the two pure
components in the mixture (e.g., comparing the sweetness of a 3%A + 3%B mixture with the
average sweetness of a 3%A + 3%A and 3%B + 3%B). This self-mixture model accounts for
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the concentration-dependent and non-linear psychophysical functions and considers the
effect of interactions between sweeteners on their synergism [20,21]. Although this method
has been popularly used, it was thought by some researchers to be too straightforward to
elucidate the complex response toward the interactive sweet stimulus [22].

2.3. Sensory Evaluation Method III

A modified isobole analysis method was proposed by Sühnel in 1993, in which evaluating
the effect of sweeteners’ interactions was based on the comparison between the observed effect
of the sweetener mixtures and what would be expected from each sweetener in isolation [23].
This method has been widely used to evaluate drug combinations with synergistic action [24].
Specifically, an equation (cA/CA) + (cB/CB) = I is adopted in this approach, where cA and
cB are the concentrations of sweeteners A and B in the mixture, respectively, and CA and CB
are the concentrations of A and B that would individually produce the same sweet intensity
as the mixture, respectively. A value of I less than 1 indicates synergy, more than 1 indicates
suppression and around 1 indicates no interaction. This method has been suggested to have
the advantage of demonstrating the empirical concentration–effect relationships, which is
completely independent of the mechanism of interaction [22,25].

2.4. Other Evaluation Methods

Besides the traditional sensory evaluation methods, other methods have also been
devised to assess the sweeteners’ synergism. For instance, Fujiwara et al. carried out a cell-
based Ca2+ mobilization assay that represented the elicited signal upon sweet-taste-receptor
activation to investigate the synergistic effects of sweetener mixtures, and the results were
in good agreement with that of sensory evaluations [26]. Moreover, the electronic tongue
and bioelectronic tongue technologies, also called sensors and biosensors, respectively, have
made significant advances in recent years, which show their great potential in evaluations
of sweeteners’ synergism [15,16,27,28]. For example, an in vitro binding assay with cloned
human sweet taste receptors could well reflect the taste properties of sweeteners, which
indicates that the taste-cell- and receptor-based biosensors can exhibit great advantages in
obtaining taste-related qualitative/quantitative information of ingredients in food, thus
enabling a more logical recognition of sweet substances in complex systems [28,29]. In
this regard, with the improvement and development of the performance of these taste
biosensors, their future practical application in evaluations of sweeteners’ synergism could
be greatly prospective [27,28].

3. Synergism in Mixtures of Sweeteners

3.1. Binary Mixtures of Sweeteners

Initially, research on sweeteners’ synergy was mainly focused on high-intensity artifi-
cial sweeteners such as acesulfame-K, aspartame, cyclamate and sucralose. For example,
early in 1969, Stone and Oliver reported that cyclamate was synergistic with sucrose and
saccharin [30]. In 1989, Wells summarized the sweetener combinations exhibiting syner-
gism, most of which were high potency sweeteners [31]. The most popular high-intensity
sweeteners in these mixtures were acesulfame-K, cyclamate and saccharin. For instance,
both acesulfame-K and cyclamate were synergistic with alitame, aspartame, stevioside
and sucralose, respectively, while saccharin was synergistic with aspartame, cyclamate,
neohesperidin dihydrochalcone (NHDC) and the sweet-tasting protein thaumatin. Based on
these findings, it could be presumed that the high-intensity artificial sweeteners could have
more potency to elicit synergy than natural sweeteners. Many other sweetener combinations
showing synergism have also been reported [11,17]. However, there is no physicochemical or
structural patterns or principles found in these mixtures of sweeteners that exhibit synergism.

Later, it was found that natural sugars and proteins could also elicit synergistic effects.
In 1995, Schiffman et al. systematically examined the presence and degree of synergism
among all binary mixtures of 14 sweeteners including 3 sugars (fructose, glucose and su-
crose), 2 polyhydric alcohols (mannitol and sorbitol), 2 natural glycosides (rebaudioside-A
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and stevioside), 2 dipeptide derivatives (alitame and aspartame), 1 sweet-tasting protein
(thaumatin), 1 sulfamate (sodium cyclamate), 2 amides (acesulfame-K and sodium sac-
charin) and NHDC [32]. Notably, the results of the synergism assessment were obviously
concentration-dependent. Specifically, when two sweeteners with a sweetness equal to 3%
sucrose were respectively added in the mixture, significant synergistic effects were found.
However, only a few mixtures of sweeteners with a sweetness equal to 5% sucrose exhibited
synergism, and no synergy was found for mixtures of sweeteners with a sweetness equal
to 7% sucrose. Furthermore, two evaluation methods (Method I and II) were separately
used in their investigation but led to some different conclusions, especially for mixtures of
two sweeteners with a sweetness equal to 5% and 7% sucrose, respectively.

Reyes et al. advanced sweetener synergy research through an isobole analysis using
Method III in 2019 [22]. They used 15 representative sweeteners at 3 different concen-
trations equal to 4%, 6% and 8% sucrose in sweet intensity, respectively, to investigate
their synergism. However, no obvious effect of the concentrations on the results was
found with this evaluation method. Furthermore, as expected, the highly synergistic mix-
tures (I < 0.6, see the equation in 2.3 Method III) included most high-intensity artificial
sweeteners such as acesulfame-K and NHDC. For instance, the long-tested combinations
acesulfame-K/aspartame and acesulfame-K/rebaudioside-A exhibited full synergistic ef-
fects, and NHDC showed significant synergism with acesulfame-K, sucralose, thaumatin
and rebaudioside-A, respectively. The natural fructose showed partial synergy (I = 0.6–0.9)
with acesulfame-K or rebaudioside-A. However, a few findings in their study, such as the
mixture of acesulfame-K/rebaudioside-A, showed full synergy conflicts with the previously
reported corresponding data that were revealed with Method I or II [22,32].

A lot of results about binary sweeteners’ synergism have been reported up to
now [11,17,33–39], which cannot be elaborated herein due to the page limit. In addition,
alternative models were also proposed to account for the interaction between sweeteners in
binary mixtures [40]. However, these models seem to be too mathematically complicated
to be popularly used. Table 1 summarizes the previously reported most popular binary
mixtures of sweeteners showing significant synergism, as well as their concentrations and
the evaluation methods applied [20,22,32].

Table 1. The popular binary mixtures of sweeteners showing significant synergism reported up to now.

Sweetener 1 Sweetener 2 Concentration of 1 Concentration of 2
Evaluation

Method
References

Acesulfame-K Aspartame Equal sweetness to 3% or 5% sucrose 1 Same as sweetener 1 I [32]
Acesulfame-K Cyclamate Equal sweetness to 3% or 5% sucrose Same as sweetener 1 I [32]

Alitame NHDC 2 Equal sweetness to 3% or 5% sucrose Same as sweetener 1 I [32]
Aspartame Saccharin Equal sweetness to 3% or 5% sucrose Same as sweetener 1 I [32]
Aspartame Stevioside Equal sweetness to 3% or 5% sucrose Same as sweetener 1 I [32]

NHDC Fructose Equal sweetness to 3% or 5% sucrose Same as sweetener 1 I [32]
Fructose Sorbitol Equal sweetness to 3% or 5% sucrose Same as sweetener 1 I [32]
NHDC Glucose Equal sweetness to 3% or 5% sucrose Same as sweetener 1 I [32]
Glucose Sorbitol Equal sweetness to 3% or 5% sucrose Same as sweetener 1 I [32]

Cyclamate Stevioside Equal sweetness to 3% or 5% sucrose Same as sweetener 1 I [32]
Saccharin Rebaudioside-A Equal sweetness to 3% or 5% sucrose Same as sweetener 1 I [32]

NHDC Rebaudioside-A Equal sweetness to 3% or 5% sucrose Same as sweetener 1 I [32]
NHDC Stevioside Equal sweetness to 3% or 5% sucrose Same as sweetener 1 I [32]

Cyclamate Sucrose 5.6/12.5/22.6 mM 3 0.1/0.25/0.5 M II [20]
Cyclamate Aspartame 5.6/12.5/22.6 mM 0.7/2.7/4.9 mM II [20]
Cyclamate Acesulfame-K 5.6/12.5/22.6 mM 1.0/4.0/6.0 mM II [20]
Cyclamate Glucose 5.6/12.5/22.6 mM 0.39/0.88/1.69 M II [20]
Cyclamate Xylitol 5.6/12.5/22.6 mM 0.2/0.6/1.0 M II [20]
Stevioside Aspartame 0.25/0.62/1.1 mM 0.7/2.7/4.9 mM II [20]
Stevioside Acesulfame-K 0.25/0.62/1.1 mM 1.0/4.0/6.0 mM II [20]
Saccharin Sucrose 0.39/1.95/4.87 mM 0.1/0.25/0.5 M II [20]
Saccharin Aspartame 0.39/1.95/4.87 mM 0.7/2.7/4.9 mM II [20]
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Table 1. Cont.

Sweetener 1 Sweetener 2 Concentration of 1 Concentration of 2
Evaluation

Method
References

Acesulfame-K Sucrose 1.0/4.0/6.0 mM 0.1/0.25/0.5 M II [20]
Acesulfame-K Glucose 1.0/4.0/6.0 mM 0.39/0.88/1.69 M II [20]
Acesulfame-K Fructose 1.0/4.0/6.0 mM 0.15/0.39/0.74 M II [20]
Acesulfame-K Xylitol 1.0/4.0/6.0 mM 0.2/0.6/1.0 M II [20]
Acesulfame-K Aspartame 1.0/4.0/6.0 mM 0.7/2.7/4.9 mM II [20]
Acesulfame-K Aspartame Equal sweetness to 4%, 6% or 8% sucrose 4 Same as sweetener 1 III [22]
Acesulfame-K NHDC Equal sweetness to 4%, 6% or 8% sucrose Same as sweetener 1 III [22]
Acesulfame-K Rebaudioside-A Equal sweetness to 4%, 6% or 8% sucrose Same as sweetener 1 III [22]

NHDC Sucralose Equal sweetness to 4%, 6% or 8% sucrose Same as sweetener 1 III [22]
NHDC Thaumatin Equal sweetness to 4%, 6% or 8% sucrose Same as sweetener 1 III [22]
NHDC Rebaudioside-A Equal sweetness to 4%, 6% or 8% sucrose Same as sweetener 1 III [22]

1 Each sweetener with specific concentrations in the mixtures displayed a sweetness intensity equal to that of 3% or
5% sucrose (w/w), respectively. 2 NHDC, neohesperidin dihydrochalcone. 3 Three molar concentrations divided by
“/” were applied for each sweetener in the mixtures, respectively. 4 Each sweetener with specific concentrations in
the mixtures displayed a sweetness intensity equal to that of 4%, 6% or 8% sucrose (w/w), respectively.

3.2. Polynary Mixtures of Sweeteners

The only detailed study on the synergism of polynary mixtures of sweeteners was per-
formed by Schiffman et al. in 2000, who extended their binary mixture study to investigate
the ternary mixture synergism with the same 14 sweeteners previously used [41]. Each
sweetener in the mixture had a sweetness equal to 2% sucrose, and interactive effects were
analyzed by comparing the sweetness of each ternary mixture with the average sweetness
of the self-mixtures of its three constituent sweeteners (Method II). The results indicated
that no obvious trend was found to predict the combinational effect in ternary mixtures
of sweeteners, although the ternary combinations exhibited relatively less synergism than
the binary combinations of their constituent sweeteners. Similar to the binary mixtures,
the highest synergistic effect in ternary mixtures was found with three high-intensity
sweeteners (alitame + NHDC + rebaudioside-A), whereas less synergistic effects in ternary
mixtures were found with natural sugars (e.g., glucose and fructose). Considering the
lower amount of information on the synergism of polynary mixtures, we proposed that
further investigations should be performed to reveal their unique properties [35,41], such as
studying the quaternary or polynary mixtures with multifarious concentrations, evaluation
methods and sweeteners to be applied.

4. Mechanism for Synergism in Mixtures of Sweeteners

Why can combinations of two or more sweeteners exert synergism? It is well known
that sweet taste perception is mediated by a class C G protein-coupled receptor (GPCR)—
the heterodimer T1R2 (taste type 1 receptor 2)/T1R3 (taste type 1 receptor 3) [42,43].
Accordingly, this question certainly leads to elucidating the sweet taste elicitation process
in which the sweeteners in mixtures cooperatively interact with and then activate the
human sweet taste receptor T1R2/T1R3 [44–46]. However, due to the lack of structural
information on the receptor, mechanical insights into the interplay between sweeteners
and receptor are still elusive [47]. Nevertheless, molecular simulations and functional
mutagenesis/chimera analysis can provide meaningful guidance for understanding the
sweetener–receptor interaction as well as sweeteners’ synergism [48–50].

In principle, different sweeteners have different weights, shapes and configurations,
which definitely affect their specific interactions with the sweet taste receptor. In this
regard, compared with the separate sweeteners, the mixing of sweeteners can result in
a change or modification of their contact properties with the receptor, thus leading to
activation of the receptor and eliciting their distinct sweetness [51]. Indeed, many previous
studies have revealed that there are multiple binding sites in the sweet taste receptor for
various sweeteners [47,48]. For example, the artificial high-intensity sweeteners aspartame,
neotame, saccharin and acesulfame K interact with the VFTM (Venus flytrap module) of
human T1R2, while natural sugars (e.g., glucose and sucrose) and sucralose bind to the
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VFTMs of both T1R2 and T1R3 [52–54]. However, cyclamate and NHDC act on the TMD
(transmembrane domain) of human T1R3 [55,56]. The sweet-tasting protein thaumatin
was proposed to bind into the CRD (cysteine rich domain) of T1R3 [47,57]. We have
demonstrated that the intense sweeteners perillartine and saccharin (at high concentrations
above 3 mM) can bind to the TMD of human T1R2 (Figure 1) [58–60].

Figure 1. Graphic representation of the modeled structure of the human sweet taste receptor
T1R2/T1R3 and its binding sites for different sweeteners. The extracellular VFTM (Venus flytrap
module), CRD (cysteine rich domain) and TMD (transmembrane domain) are colored in red, light-
green and blue, respectively. This figure was made with the PyMOL software. The binding sites of
various sweeteners in the receptor are indicated by arrow lines.

According to these findings, it was postulated that the different sweeteners in the
mixture could bind at different sites in the receptor to concertedly increase the efficiency
of receptor activation, thus displaying synergism. This hypothesis has been supported
by some sweetener combinations with synergistic effects that interact with different
monomers/domains of human T1R2/T1R3, as demonstrated by a cell-based receptor
function analysis [26]. Specifically, two high-intensity artificial sweeteners, NHDC and
cyclamate, which have been identified as binding at the TMD of T1R3, significantly enhance
the sweetness of various sweeteners including sucrose, aspartame, neotame, rebaudioside-
A, saccharin, sucralose and thaumatin, which have been identified as interacting with
the VFTM or CRD of T1R2/T1R3. Figure 1 shows the distinct binding sites of various
sweeteners in the human sweet taste receptor. Based on these results, the authors suggest
that NHDC and cyclamate act as positive sweet modulators to exert their synergistic effects
with other sweeteners [50,61]. This finding is in line with the previous results that in mix-
tures, structurally dissimilar sweeteners interacting with different sites in the receptor have
the potential to exhibit synergy, whereas structurally similar sweeteners interacting with
parallel sites in the receptor have the potential to show suppression [22,32]. Furthermore,
the relatively less effective synergism in polynary mixtures than binary mixtures could be
partly explained by the distinct binding sites for various sweeteners, as the more sweeteners
appear in the mixtures, the more possibilities for overlapping binding and contact with the re-
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ceptor, resulting in an overall counteracted or alleviatived effect in sweeteners’ synergism [41].
Moreover, a recent study has used molecular dynamics simulations to illuminate the potential
structural basis of receptor activation by full synergistic combinations of sweeteners [14].

It was also proposed that synergy occurs when the components in the sweetener
mixtures have identical hydration characters (e.g., hydrophobic or hydrophilic), which was
explained by increases in the mobility of water molecules and reductions in the volume of
hydrated sweetener molecules, but its link to the receptor activation and origin of sweetener
synergy has not been elucidated [62]. Another study investigated the packing characteristics
of blend sweetener molecules in water to account for their synergistic effect [63]. The results
indicate that sweetener–sweetener, sweetener–solvent and solvent–solvent interactions
have essential effects on the properties of binary sweeteners. The bulk sweeteners (sucrose
and maltitol) appear to dominate the properties of the mixtures due to their molar excess
over the intense sweeteners (acesulfame K, aspartame and cyclamate), while the intense
sweeteners play an important role in modifying the structure of water in solution. The
molecular volumes, hydrophobicity, ionic character and isentropic compressibility of the
sweeteners in the binary mixtures are of obvious relevance to their interaction as well
as the solvent’s packing, thus affecting their accession to the sweet taste receptor and
their sweet intensities [63]. Another interesting study pointed out that in some sweetener
mixtures, across-adaption and synergism display opposite relationships, with the most
across-adaption combinations showing the least synergism, and vice versa, suggesting a
complex interplay between the sweetener components [64,65]. It is worthy to note that
the sweeteners’ synergism at the level of molecular interactions are sweetener-dependent,
which should be analyzed carefully when specific sweetener combinations are considered
or applied [63,65].

Other explanations of the molecular mechanisms of sweetener synergy have also been
proposed. For instance, because some artificial sweeteners exhibiting synergism often
have a bitter side taste, some researchers suggested that synergy may partly be due to the
suppression of the bitter taste of one sweetener by another, whereas the bitterness of com-
ponents could reduce their sweetness in isolation [66,67]. Furthermore, some researchers
proposed that sweeteners’ synergism may result from their simultaneous stimulation of
multiple receptors, but no experimental evidence supports this hypothesis [68,69]. More-
over, it was suggested that different sweeteners could induce different downstream signal
transduction cascades, leading to sweet taste signal convergence in a broadly tuned TRC
(taste receptor cell) [70]. However, the mechanisms of sweetener synergy at the level of
cellular signaling are still unknown, which should be explored in further investigations.

5. Factors Affecting the Results of Sweeteners’ Synergism

As previously stated, there are usually obvious discrepancies among the results in
evaluating the synergism of sweetener combinations [11,32]. A lot of factors may affect
the evaluation results of the sweeteners’ synergism. Firstly, the sweeteners used in these
investigations may differ in source, purity and concentration, and the latter has been
shown to be crucial for the resulted conclusions [19]. Furthermore, as described above, the
evaluation methods have an important influence on the outcome, which has been shown in
many previous investigations [22,32]. Based on their design principles, we propose that
method III is the most logical approach for evaluating sweeteners’ synergism. Moreover,
the participants in the sensory tests were variable in age, nationality and health conditions,
and different taste propensities in different populations have been reported [71]. All these
factors could individually or cooperatively affect the results of synergism in mixtures of
sweeteners, so researchers and manufacturers should pay attention to their conditions and
background and use these data carefully.
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6. Applications of Sweeteners’ Synergism in Food and Beverages

Mixing of sweeteners has been widely used in food and beverage such as candy,
chutty, biscuits and drinks [72]. Both natural bulk sweeteners (e.g., fructose, erythritol and
stevioside) and artificial intense sweeteners (e.g., sucralose, aspartame and acesulfame-K)
can be mixed to achieve optimization of the acceptability, functionality and economics
of the products [73]. These formulations not only reduce the amount of some sweetener
components to conform to their dosage restrictions, but also have healthy and nutritional
advantages (e.g., the popular and welcomed sugar-free coke nowadays) [74]. It should be
noteworthy herein that the aim of sweeteners’ synergism applied in practice is not only to
take advantage of the synergism of sweet intensities, but also to acquire a specific taste or
flavor in certain sweetener mixtures. However, the latter topic is beyond the scope of the
present paper and could be discussed elsewhere.

7. Challenges, Strategies and Outlooks

Since the phenomenon of sweeteners’ synergism became of academic concern around
80 years ago, a great deal of data have been reported on this interesting topic. However,
there seems to be confusion in some ways when analyzing and categorizing this information.
This is largely due to the varied aims, conditions, methods or experimental designs in these
different investigations [11,22,32]. In the future, it is necessary to set up relatively unified
criterions effective both in research and practice for the sweeteners’ synergism. For instance,
specific dose ranges for certain sweeteners, generally acknowledged evaluation methods
and standards requirements for various sweeteners, test panels and conditions should
be normalized to better define the sweeteners’ synergism. Furthermore, new evaluation
methods (e.g., biomimetic sensors and biosensors) could be optimized to improve the
accuracy of the results of sweeteners’ synergism [15,16,27–29]. Moreover, emphasis should be
taken on the functional performances of sweeteners’ synergism (e.g., decreasing the usage
of specific sweeteners, improving the sensory quality and reducing the calories of sweetener
mixtures) to design the distinct and optimal combinations of chemically diverse sweeteners.

Despite several considerable proposals having been raised, the molecular mechanisms
of sweeteners’ synergism are still obscure, which limits the further development of the
design and application of sweetener mixtures. The molecular basis for the onset of sweet
perception that is dependent on the interaction between the sweetener (or mixture of
sweeteners) and the sweet taste receptor is elusive due to the lack of structure of the receptor
and its complexes with various sweeteners [75]. The recent breakthrough of AlphaFold
in predicting GPCR structures could facilitate research on the mechanisms of interaction
between the cooperative sweeteners and receptors, especially for molecular simulation
studies [76]. Furthermore, with technological innovations such as cryo-electron microscopy,
more and more structures of GPCRs have been solved in recent years, which could greatly
promote the deciphering of the mechanisms of sweeteners’ synergism at a structural
basis [77,78]. Lastly, because sweeteners’ synergism is a complex psychophysical process
and involves many signal transduction pathways, elucidating the molecular mechanisms
of sweeteners’ synergism needs further multidisciplinary cooperation of scientists in many
fields such as food, structural biology, neuroscience, physiology and biochemistry [79,80].
These efforts could jointly achieve the theoretical and practical development of sweeteners’
synergism in the future, which will ultimately benefit the diet and health of human beings.
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Abstract: Grape seeds are a by-product of the wine industry. They represent 38–52% of grape
pomace and about 5% of the weight of grapes. The main objective of this study is to establish some
important characteristics of grape seeds from red varieties cultivated in Romania. The analyzed
grape varieties were Cabernet Sauvignon, Merlot, Pinot noir, Burgund Mare, Cadarcă, Syrah, Novac.
The grape seeds were dried and ground and the following determinations were made: determination
of total polyphenol content, antioxidant capacity, antiradical capacity and determination of phenolic
compounds. The analyses were performed on the first day after obtaining the grape extract, on the
14th day and the 30th day. The obtained results demonstrate that all the analyzed samples have a
high content of polyphenols and show antioxidant and antiradical capacity. The highest values were
obtained on the first day after separation, drying, grinding and extraction of the grape seeds and
began to decrease almost constantly in time, so that for 30 days from storage the values obtained
could ensure good operating yields. The seeds from the Novac grape variety obtained the best results
throughout the analysis period. In the case of the total polyphenol content, the average value of the
three samples Novac was 394.57 mgGAE/g dry extract and the average value of antioxidant capacity
was 284.35 mgAAE/g dry extract. The greatest antiradical capacity was presented by the seeds of
the Syrah and Novac varieties. The average value of the three samples from the Syrah variety was
62.1%, and in the case of the Novac variety was 61.33%. The paper demonstrates the opportunity of
superior capitalization of seeds from the seven grape varieties cultivated on the territory of Romania
due to the characteristics it possesses. At present, there is a major interest of consumers in the most
natural products, with a major contribution to increasing the body’s immunity. The use of natural
compounds in the food and pharmaceutical industry can be an important alternative.

Keywords: antioxidant capacity; antiradical capacity; natural products; biotechnology; polyphenols

1. Introduction

Wine production is one of the most important agricultural activities, and grapes are
a very valuable food product. The by-products of the wine industry are rich in a wide
range of bioactive compounds. In recent years, grape by-products have been considered an
alternative source for obtaining high value-added materials due to their antioxidant and
antimicrobial activities. Grape seeds are a by-product of the wine industry. They represent
38–52% of grape pomace and about 5% of the weight of grapes. Grape seeds have a high
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content of fiber (40% w/w), protein (11% w/w), lipids (16% w/w), polyphenolic compounds
(7% w/w), carbohydrates and minerals. Due to the benefits they bring to human health,
the use of grape seed extracts has increased in recent years [1,2].

1.1. The Benefits of Grape Seeds

Grape seeds contain two main groups of compounds: polyphenols and oils [3]. Grape
seeds contain significant concentrations of specific polyphenols such as proanthocyani-
dins [4], with an antioxidant role that helps lower blood pressure, protecting the heart,
blood vessels and brain [5–8]. They form oligomeric proanthocyanidins complexes to pro-
tect against free radicals, acting positively in reducing allergies and together with phenolic
acids and flavonoids combat oxidative stress [9–11]. It is involved in protecting healthy
cells in the body by acting against toxins and stimulating nitric oxide. Studies to date con-
firm that polyphenols in grape seeds protect the heart and blood vessels leading to lower
blood pressure and thrombotic complications, preventing the formation of clots [12,13].
Recent research claims that the use of grape seed extracts leads to an improved cognitive
decline being recommended in the pathology of Alzheimer’s disease and its prevention.
These studies have shown that polyphenols in grape seeds reduce the damage induced by
free radicals in the hippocampus by increasing the level of antioxidants, preventing the
protein mutations responsible for this disease [14,15]. A beneficial role is also found in the
antimicrobial effect of ointments based on grape seed extract, phenolic compounds acting
in faster wound healing and infection prevention. Including internal organs can benefit
from the beneficial action of grape seed components, such as resveratrol [16]. In this respect,
studies carried out with polyphenolic extracts from grape seeds introduced as medicine
have led to a decrease in liver enzymes, protecting the liver from the accumulation of
fats (fatty liver), toxins, aflatoxins, heavy metals, chemicals or various medicines [17–20].
It was also noted a reduction in inflammation of the kidneys, with a sharp stimulation
of renal functions and an increase in protective molecules. The beneficial compounds in
these seeds have a positive role in stimulating insulin secretion, in rheumatoid arthritis,
arthrosis, osteoarthritis, blood sugar, diabetes [21–24]. The antibacterial action of these
polyphenol-rich grape seed extracts is manifested by inhibition and lysis of Gram-negative
cells such as Escherichia coli, Bacillus cereus, Staphylococcus aureus, Salmonella, Pseudomonas
aeruginosa, bacteria commonly found in human infectious pathology [25–30]. The US Food
and Drug Administration (FDA) has awarded the grape seed extract the Certification
Generally Recognized As Safe (GRAS) because it can be a potential nutritional supplement.
High doses of grape extract (1–4 g/kg) have shown a protective and safe effect in vari-
ous experiments on the metabolic effect in animals and humans [31]. In 2021, Zhao et.al
demonstrated that grape seed extract improved the disturbance and metabolic function of
intestinal flora induced by 2-Amino-1-methyl-6-phenylimidazo (4,5-b) pyridine (PhIP) in
rats [32].

1.2. The Antioxidant and Antiradical Capacity of Grape Seeds

Most of the compounds with antioxidant effect that can be found in grapes are an-
thocyanins, catechin, gallic acid and resveratrol [33]. Resveratrol is a polyphenol found
in grapes in greater quantities than in other fruits. This compound is found in vines in
roots, seeds and stems, but the largest amount is found in the skin of grapes. The content
of polyphenols with antioxidant action in wines is variable. It varies depending on the
grape variety, the geographical location of the vineyard, the cultivation system, the climate,
the type of soil, the harvest time or the oenological methods [34].

Catechin has a higher concentration of resveratrol in grapes. Malvidin 3,5-diglucoside
is an anthocyanin compound found in grapes, which has a higher antioxidant activity than
alpha-tocopherol. In red wine, anthocyanin compounds increase their antioxidant effect.
The antioxidant effects of red wine are 50 times higher than that of white wine, so regular
consumption of red wine reduces the risk of cardiovascular disease [34].
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The polyphenolic content of wine, responsible for the antiradical activity, consists of
two classes of components, flavonoids and non-flavonoids. They depend on the grape
variety, the location of the vineyards, the cultivation system, the climate, the type of soil,
the cultivation of the vines, the harvest time, the production and ageing process [35].

In a study conducted in 2016 by Karasu et al., five grape varieties were analyzed,
and in all cases, the highest antiradical capacity was identified in seeds [36]. In 2016,
Carbone and Fiordiponti analyzed a local variety of wine grown in the Lazio region and
concluded that macerated wines showed the highest antiradical capacity using the DPPH
(2,2-diphenyl-1-picrylhydrazyl) and ABTS (2,2′-Azinobis-(3-Ethylbenzthiazolin-6-Sulfonic
Acid)) methods [37]. In 2009, Biagi et al. carried out a study in which they wanted to
determine the antiradical capacity of Italian red wines. All types of wine analyzed showed
high antiradical activity, always greater than 50% and a high antioxidant capacity, over
80%. Following the results obtained, it was concluded that the antiradical properties of the
wine depend on the total polyphenolic content, especially on anthocyanins [35].

This research aims to highlight the importance of existing compounds in grape seeds.
Most of the seeds left after processing the grapes are considered waste and remain unused.
To carry out this study we analyzed seven varieties of grapes grown exclusively in Romania.
We aim to highlight natural alternatives obtained from plants for use in the food and
pharmaceutical industry.

2. Materials and Methods

2.1. Materials

Seven varieties of red grapes were selected for this study, namely Cabernet Sauvignon,
Merlot, Pinot noir, Burgund Mare, Cadarcă, Syrah, Novac from the hilly area of Banat.

Cabernet Sauvignon is a red grape variety with the aroma of berries that have a thick
and weather-resistant skinand the wine obtained has a high tannin content [38]. Following
several studies and HPLC analysis, it was found that the Cabernet Sauvignon grape variety
has a high content of resveratrol (52.3 and 49.6 mg/kgDW) [39].

Merlot is the second most planted variety in the world after Cabernet Sauvignon.
The variety adapts to different microclimates, resistant to colder temperatures, in such
conditions, it expresses itself better [40]. In the wine obtained from the Merlot grape variety,
there is a high content of glycerol, ethyl acetate and succinic acid. These are giving the
wine a specific taste and a well-pronounced flavor [41].

The grapes of the Pinot noir variety have thin skin and do not load the grape must.
Pinot noir wines are always transparent. This variety likes cooler areas where it draws its
freshness and subtle fruitiness that does not overwhelm other flavors [42]. Pinot noir is
considered to be a difficult variety of product, being sensitive to the environment, with
thin skin, has a high susceptibility to disease and lower concentrations of anthocyanin that
often lead to reduced intensity of wine color [43].

The Burgund Mare variety has existed in Romania for over a century, but it has
expanded considerably in culture after 1975 and offers high grape production. The wine
does not have a specific personality, but it is balanced, with extractive and medium color
intensity, reaching an alcoholic strength of 11–12 vol% [44].

“Cadarcă” or “Cadarcă de Minis, ” is a traditional grape variety originating from
the Minis, –Măderat vineyards, Arad area, where it was first prepared in 1744. The wine
obtained is called from ancient times “bull’s blood”, a reputation that the locals keep even
today, defining the red-ruby color, personality and strength. The grapes are medium-sized,
cylindrical, sometimes winged, with the berries often placed in clusters and uneven in
size. The bean is medium, spherical, slightly ovoid, with thin skin and unevenly colored in
bluish-black. The variety is resistant to frost but has low resistance to drought, summer
rains in sunny weather with a detrimental effect on plant development and medium
resistance to grey rot of grapes [45].
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Syrah is a red grape variety from France, from the Rohne Valley. Being a traditional
French wine, Syrah expresses floral aromas in its youth, and over time, it develops aromas
of black and white pepper, grassy notes, skin and smoke [46].

Novac is a grape variety with red grapes for red wines. It was obtained at SCDVV
Drăgăs, ani by sexual hybridization between the varieties Negru vârtos and Saperavi,
being approved in 1987. It has medium-sized grains, weighing in the range of 168–
315 g/100 grains, ovoid in shape, with black-bluish skin, covered with plum. The flesh is
red, juicy, with a pleasant sweet and sour aroma and taste. The main climatic data from the
test period were represented by the average temperature, with values between 11.4 and
12.5 ◦C [47].

Grapes were crushed by hand, the seeds separated by pulp and shell. The seeds were
then washed under running water and then dried at room temperature. After drying, they
were ground. The powder obtained was subjected to extraction with petroleum ether for
8 h. For each seed sample, 20 g of product was placed in an extraction cartridge and so on
degreased, applying the Soxhlet method at a temperature of 50 ◦C. The samples were then
homogenized with 50 mL solvent consisting of nine parts acetone and one part distilled
water for the extraction of polyphenols for 12 h. Subsequently, they were centrifuged for
30 min at 3500 revolutions/min, filtered and evaporated in rotavapor—1:10. To obtain the
most conclusive results, three samples of each variety selected for the study were used (1,
2, 3). The extracts obtained were stored at a temperature between 0 and 4 ◦C in dark glass
containers.

2.2. Procedure Methods

The analyses were performed after extraction, in three periods, on the first day after
their drying, on the 14th day and on the 30th day of storage of the grape seed extract.
The purpose of making the determinations in the three periods was to demonstrate the
preservation of the characteristics of the grape seed extract and the possibility of preserving
it. To eliminate as many errors as possible, such as those related to equipment, human
errors, temperature or humidity, we decided to analyze three samples from each grape
extract on each day of analysis.

2.2.1. Determination of the Total Polyphenol Content of the Grape Seeds

The determination of the total polyphenol content was carried out by the Folin–
Ciocâlteu method. A UV–VIS Cecil 1200 spectrophotometer was used, measuring at the
wavelength of 665 nm. The results obtained were compared with the standard curve and
expressed in mg gallic acid equivalent—GAE/g dry extract [48].

2.2.2. Determination of the Antioxidant Capacity of the Grape Seeds

The antioxidant capacity was determined by the method of reduction with phospho-
molibdenum (Prieto et al. 1999), the reading of the samples being carried at the wavelength
length of 695 nm with the spectrophotometer Cecil 1200. The results are expressed in mg
ascorbic acid—AAE/g dry extract. In total, 0.1 mL of sample was homogenized in an
Eppendorf tube with 1 mL of 0.6 M sulfuric acid, 28 mm sodium phosphate and 4 mm
ammonium molybdate. The coated tubes were incubated for 90 min at 95 ◦C, cooled, then
the absorbance was read at a wavelength of 695 nm on the Cecil 1200 spectrophotometer in
the presence of the control sample. The control sample consists of the same reagents used
and the procedure minus the extract. The results are expressed in mg ascorbic acid (AAE/g
dry extract), the calibration line was performed in a range of 50 mg/g–350 mgAAE/g dry
extract [49].

2.2.3. Determination of the Antiradical Capacity of the Grape Seeds

The antiradical capacity was determined by the Brand–Williams et al. method and
Yalcin et al. method which involves homogenizing the grape seed extract with 2,2-diphenyl-
1-picrilhydrazil in the presence of methanol, keeping in the dark for 30 min and then reading
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the absorption at 516 nm with the Cecil 1200 spectrophotometer. A blind sample lacking
the seed extract was used as the standard sample. The results are expressed by applying
the standard formula which implies [50,51]:

Ar [%] = 100 × (1 − Ap:Ae) (1)

where Ap represents the absorption of the sample; Ae represents the absorption of the
standard sample.

2.2.4. Determination of the Phenolic Compounds of the Grape Seeds

The determination of phenolic compounds was carried out by the HPLC (Knauer)
a method involving the direct injection of the samples and the separation was carried
out on a monolithic column C18. The chromatograph was equipped with a UV/DAD
detector, and the solvent had a constant flow rate of 1.2 mL/min at a temperature of 22 ◦C.
Solvent A was composed of distilled water and glacial acetic acid 0.15%, and solvent B of
acetonitrile and glacial acetic acid 0.15%. The extraction steps were established according
to the protocol as follows: gradient B: 0–4 min 9–12%, 4–10 min 12–15%, 10–20 min 25–70%,
20–30 min 100%. The amount injected was 1 μL and the reading was performed at the
wavelengths of the spectra of the identified phenolic compounds: at 225 nm vanilic acid;
at 280 nm: gallic acid, catechin, epicatismin, epicatchin gallate, P-hydroxybenzoic acid,
M-hydroxybenzoic acid, syringic acid; at 305 nm P-cumaric acid, resveratrol; at 330 nm
caffeic acid and chlorogenic acid; at 360 nm rutin and quercetin. Calibration curves were
designed on compound concentrations starting from: 0.1, 0.5, 1, 5, 10, 15, 25, 50, 100, and
150 mg/L, all standards being of chromatographic purity—Sigma Aldrich [52].

2.2.5. Statistical Analysis

Results are expressed by mean ± standard deviation (SD) for each group. Graphical
representation and statistical processing were performed using the Minitab 14 statistical
softwareand p < 0.05 was considered significant.

3. Results

3.1. Determination of the Total Polyphenol Content of the Grape Seeds

Figure 1A shows the total polyphenols content in the seeds on the first day of the
following grape varieties: Cabernet Sauvignon, Merlot, Pinot noir, Burgund mare, Cadarcă,
Syrah, Novac. The highest total polyphenol content was recorded in the case of Novac
seeds, the average value of the three samples being 394.57 mgGAE/g dry extract. A high
content of polyphenols was also recorded in the case of Syrah seeds. The average value of
the three samples is 384.36 mgGAE/g dry extract. Lower values of the total polyphenol
content were recorded for the varieties Cadarcă (344.42 mgGAE/g dry extract), Cabernet
Sauvignon (340.49 mgGAE/g dry extract), Pinot noir (334.38 mgGAE/g dry extract) and
Burgund mare (326.64 mgGAE/g dry extract). Among the analyzed varieties, the lowest
level of the total polyphenols content was registered in the case of seeds from the Merlot
variety, being registered an average value of 230.45 mgGAE/g dry extract.

Figure 1B shows the total polyphenol content determined from the seeds of the seven
grape varieties on the 14th day. Compared to the first day of analysis, we find a slight
decrease in the total polyphenol content for all seven grape varieties. On this day of
analysis, the Novac variety has the highest polyphenol content, the average value of the
three samples being 390.83 mgGAE/g dry extract. The lowest polyphenol content on this
day of analysis was recorded in the Merlot variety, the average value of the three samples
being 218.42 mgGAE/g dry extract.

Figure 1C shows the total polyphenol content determined from the seeds of the seven
grape varieties on the 30th day. The lowest values of polyphenol content of the seven
grape varieties were recorded on this day of analysis. Even on this day, the Novac variety
recorded the highest polyphenol content, the average value of the three samples being
387.36 mgGAE/g dry extract. The lowest polyphenol content on this day of analysis
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was recorded in the Merlot variety, the average value of the three samples being 211.21
mgGAE/g dry extract.

3.2. Determination of the Antioxidant Capacity of the Grape Seeds

Figure 2A shows the antioxidant capacity of grape seeds on the first day from the
seven varieties studied: Cabernet Sauvignon, Merlot, Pinot noir, Burgund mare, Cadarcă,
Syrah, Novac. The highest antioxidant capacity was registered in the case of Novac
seeds. The average value of the three samples is 284.35 mgAAE/g dry extract. The
Pinot noir seeds reported a fairly high antioxidant capacity, the average value of the three
samples being 241.07 mgAAE/g dry extract. The seeds of the Syrah, Cadarcă and Cabernet
Sauvignon varieties have antioxidant capacities between 220.58 and 237.52 mgAAE/g dry
extract. The lowest antioxidant activities were reported in the Burgund mare and Merlot
varieties. The average value of the three samples in the case of the Burgund mare variety is
214.38 mgAAE/g dry extract, and in the case of the Merlot variety, it is 133.91 mgAAE/g
dry extract.

Figure 2B shows the antioxidant capacity determined from the seeds of the seven
grape varieties on the 14th day. Compared to the first day, there is a slight decrease in
the antioxidant capacity of the seven grape varieties. On this day, the highest antioxidant
capacity was recorded for the Novac variety, the average value of the three samples being
281.27 mgAAE/g dry extract. The lowest value was obtained in the case of the Merlot
variety, the average value of the three samples being 130.37 mgAAE/g dry extract.

Figure 2C shows the antioxidant capacity determined from the seeds of the seven
grape varieties on the 30th day. On this day, the lowest values of antioxidant capacity were
registered. Additionally, on this day, in the case of the Novac variety the highest values
were obtained, the average value of the three samples being 277.04 mgAAE/g dry extract.
The Merlot variety recorded the lowest values on this day, the average value of the three
samples being 127.46 mgAAE/g dry extract.

Figure 1. Cont.
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Figure 1. (A) The total polyphenol content determined from the seeds of the seven grape varieties on
the first day; (B) the total polyphenol content determined from the seeds of the seven grape varieties
on the 14th day; (C) the total polyphenol content determined from the seeds of the seven grape
varieties on the 30th day.

3.3. Determination of the Antiradical Capacity of the Grape Seeds

The antiradical capacity of extracts obtained from the red grape seed is an important
indicator in assessing their quality for their widespread use in various contexts.

Figure 3A shows the antiradical capacity of grape seeds on the first day from the seven
varieties studied: Cabernet Sauvignon, Merlot, Pinot noir, Burgund mare, Cadarcă, Syrah,
Novac. The greatest antiradical capacity is presented by the seeds of the Syrah and Novac
varieties. The average value of the three samples from the Syrah variety is 62.1%, and in
the case of the Novac variety, it is 61.33%. The antiradical capacities of Pinor noir and
Cadarcă varieties are quite close, the average values being 47.45% and 45.36%. The lowest
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values were obtained for the Cabernet Sauvignon, Merlot and Burgund Mare varieties. The
average values of their antiradical capacities are 33.75%, 33.55% and 33.3%.

Figure 3B shows the antiradical capacity determined from the seeds of the seven grape
varieties on the 14th day. Compared to the first, there is a slight decrease in antiradical
capacity. The highest values of antiradical capacity were recorded for Syrah and Novac
varieties. The average value of the three Syrah samples was 59.84% and the average value
of the three Novac samples was 59.64%. The lowest value of the antiradical capacity was
registered in the case of the Burgund Mare variety, the average value of the three samples
being 31.61%.

 

Figure 2. Cont.
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Figure 2. (A) Antioxidant capacity determined from the seeds of the seven grape varieties on the
first day; (B) antioxidant capacity determined from the seeds of the seven grape varieties on the 14th
day; (C) antioxidant capacity determined from the seeds of the seven grape varieties on the 30th day.

Figure 3C shows the antiradical capacity determined from the seeds of the seven grape
varieties on the 30th day. The lowest values were recorded on this day of analysis. The
highest values were recorded for Syrah and Novac varieties. The average value of the three
Syrah samples was 58.38% and the average value of the three Novac samples was 58.33%.
The lowest values were obtained in the case of the Burgund Mare variety, the average value
of the three samples being 29.92%.

Figure 3. Cont.
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Figure 3. (A) Antiradical capacity determined from the seeds of the seven grape varieties on the first
day; (B) antiradical capacity determined from the seeds of the seven grape varieties on the 14th day;
(C) antiradical capacity determined from the seeds of the seven grape varieties on the 30th day.

3.4. Determination of the Phenolic Compounds of the Grape Seeds

Table 1 shows the phenolic compounds identified in the seven grape varieties stud-
ied: Cabernet Sauvignon, Merlot, Pinot noir, Burgund mare, Cadarcă, Syrah, Novac. The
phenolic compounds identified and quantified by the HPLC (high performance liquid
chromatography) method have values that vary greatly depending on the nature of the
compound but also on the variety from which the seeds come. It is noted that the most
significant values are syringic acid, being between 121.22 and 136.66 mg/L. The richest
varieties in syringic acid are Syrah and Novac, followed by Burgund Mare and Cadarcă.
The lowest values are observed in the case of Cabernet Sauvignon and Merlot extracts.
Gallic acid and vanillic acid are found in amounts of tens of mg/L, the most significant
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values being present in the Novac variety—39.22 and 20.91 mg/L. Catechin has values
between 6.05 and 9.01 mg/L and chlorogenic acid has values between 4.82 and 8.02 mg/L.
M-hydroxybenzoic acid is about 2–3 times more significant than p-hydroxybenzoic acid,
with values ranging from 1.2 to 5.62 mg/L. Epicatechin and p-coumaric acid are around
five with oscillations of 1–2 units up or down. Epicatechin gallate varies from 1.84 to
2.56 mg/L, the most significant values being in the case of seed extract from the Pinot
noir variety. Caffeic acid is present with values starting from 0.94 mg/L and reaching a
maximum of 1.56 mg/L, specific to the Novac variety. Subunit values are observed in the
case of ferulic acid with a maximum of 0.96 mg/L for Pinot noir, quercetin with a maximum
of 0.96 mg/L for Syrah and 0.41 mg/L for Cadarcă. Resveratrol is found in the seeds of
all varieties with values between 1.91 and 2.92 mg/L for Cabernet Sauvignon, 1.41 and
2.23 mg/L for Merlot, 1.93 and 2.37 mg/L for Pinot noir, 1.66 and 1.88 mg/L for Bur-
gund Mare, 1.71 and 2.46 mg/L for Cadarcă, 2.12 and 2.34 mg/L for Syrah and 2.16 and
2.38 mg/L for Novac variety.

Table 1. Identification and quantification of valuable phenolic compounds in the seeds of the seven grape varieties.

Compound
Composition (mg/L ppm (Parts per Million))

Cabernet
Sauvignon

Merlot Pinot noir
Burgund

Mare
Cadarcă Syrah Novac

Catechin 8.17 ± 0.01 7.28 ± 0.01 6.98 ± 0.01 7.15 ± 0.01 8.12 ± 0.01 8.46 ± 0.01 8.78 ± 0.01
Epicatismin 5.11 ± 0.01 5.12 ± 0.01 5.16 ± 0.01 4.82 ± 0.01 4.43 ± 0.01 5.98 ± 0.01 6.17 ± 0.01

Epicatechin gallate 2.15 ± 0.01 2.18 ± 0.01 2.26 ± 0.01 1.95 ± 0.01 2.24 ± 0.01 2.02 ± 0.01 2.46 ± 0.01
Gallic acid 26.34 ± 0.05 0.71 ± 0.01 31.46 ± 0.05 31.02 ± 0.05 32.46 ± 0.05 33.80 ± 0.05 35.46 ± 0.05

P-hydroxybenzoic acid 1.85 ± 0.05 1.23 ± 0.05 1.77 ± 0.05 2.04 ± 0.05 2.09 ± 0.05 2.22 ± 0.05 2.30 ± 0.05
Vanilic acid 18.02 ± 0.01 15.57 ± 0.01 16.15 ± 0.01 13.24 ± 0.01 18.65 ± 0.01 18.45 ± 0.01 20.08 ± 0.01

Syringic acid 122.87 ± 0.25 130.13 ± 0.25 129.40 ± 0.25 129.81 ± 0.25 133.20 ± 0.25 134.26 ± 0.25 134.12 ± 0.25
M-hydroxybenzoic acid 4.58 ± 0.01 4.60 ± 0.01 4.20 ± 0.01 3.69 ± 0.01 3.44 ± 0.01 5.32 ± 0.01 5.26 ± 0.01

Caffeic acid 1.01 ± 0.01 1.08 ± 0.01 0.96 ± 0.01 1.19 ± 0.01 1.27 ± 0.01 1.33 ± 0.01 1.35 ± 0.01
Ferulic acid 0.59 ± 0.01 0.47 ± 0.01 0.90 ± 0.01 0.61 ± 0.01 0.70 ± 0.01 0.62 ± 0.01 0.54 ± 0.01

Chlorogenic acid 7.67 ± 0.01 6.95 ± 0.01 8.24 ± 0.01 5.32 ± 0.01 6.54 ± 0.01 6.67 ± 0.01 7.90 ± 0.01
P-coumaric acid 5.22 ± 0.01 3.50 ± 0.01 4.49 ± 0.01 4.68 ± 0.01 4.45 ± 0.01 5.27 ± 0.01 6.01 ± 0.01

Resveratrol 2.27 ± 0.01 1.22 ± 0.01 0.84 ± 0.01 1.74 ± 0.01 2.01 ± 0.01 2.28 ± 0.01 2.41 ± 0.01
Rutin 0.15 ± 0.01 0.41 ± 0.01 0.21 ± 0.01 0.36 ± 0.01 0.37 ± 0.01 0.36 ± 0.01 0.31 ± 0.01

Quercetin 0.82 ± 0.01 32.43 ± 0.05 2.14 ± 0.01 0.47 ± 0.01 5.84 ± 0.01 2.33 ± 0.01 1.06 ± 0.01

4. Discussion

All four ascertainments, the determination of the total content of polyphenols, the
determination of antioxidant and antiradical activity, as well as the determination of
phenolic compounds were performed on all seven grape varieties. The grapes came from
plantations in Romania, more precisely from the Banat area. The analyses were performed
after extraction, in three periods, on the first day after their drying, on the 14th day and on
the 30th day of storage of the grape seed extract. To eliminate as many errors as possible,
such as those related to equipment, human errors, temperature or humidity, we decided to
analyze three samples from each grape extract on each day of analysis.

According to the obtained results, in the case of determining the total content of
polyphenols, antioxidant and antiradical capacity, a slight decrease of these contents was
found in the three days of analysis. This decrease was slight in all seven grape samples. The
highest values were obtained in the case of the Novac variety. This is also demonstrated by
the analysis of phenolic compounds because this variety has high values for all identified
components. Merlot seeds have the lowest values in all three determinations, analysis of
total polyphenol compounds, antioxidant and antiradical analysis.

Using the HPLC method, we identified several phenolic compounds contained in the
analyzed seeds. In all seven samples, the following proportion has the highest proportion:
syringic acid, gallic acid and vanilic acid. Syringic acid is an excellent compound to be
used as a therapeutic agent and possesses antioxidant, antimicrobial, anti-inflammatory
and antiendotoxic capabilities [53]. Gallic acid has various properties, including antifungal,
antimicrobial, and anticancer capabilities [54]. Vanillic acid reduced collagen accumulation
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and hydroxyproline content [55]. According to the results obtained from this determination,
we notice that the seeds of the Novac variety contain the highest amounts of syringic acid,
gallic acid and vanillic acid, and the seeds of the Merlot variety have a low content
of vanillic acid and gallic acid. These values justify the results obtained in the case of
determining the antioxidant and antiradical capacity. In the case of both determinations,
the best results were obtained in the case of seeds of the Novac variety, and the lowest
in the case of seeds of the Merlot variety. In addition to the three compounds, HPLC
analysis showed others that possessed antioxidant properties, such as catechin, caffeic acid,
ferulic acid, coumaric acid, resveratrol and quercetin, and antiradical properties, such as
chlorogenic acid and rutin [56–63]. Extraction yields differ depending on the quality of the
solvent and the working conditions. The obtained results attest to the fact that grape seeds
contain significant amounts of polyphenols with strong antioxidant activity.

Antioxidants are widely used as food additives to prevent food degradation. Antioxi-
dants also play an important role in preventing a variety of lifestyle-related diseases and
ageing, as they are closely linked to active oxygen and lipid peroxidation. Finding viable
solutions for the realization of basic products in food, with the widest possible destination,
which in addition to a longer life cycle to ensure at the same time a healthy lifestyle, is of
utmost importance. Making foods that increase the body’s immunity and bring several
benefits to the consumer is an effective alternative to ensuring physical and mental health.
In addition, it can be a sustainable and efficient activity [64].

5. Conclusions

Grape seeds are an important source of valuable compounds for human health. Grape
seeds mainly contain phenolic compounds, such as proanthocyanidins with an antioxidant
capacity 20 times higher than vitamin E and 50 times higher than vitamin C. Due to their
antioxidant capacity, grape seeds have antiallergic, anti-inflammatory, anticancer, immune
boosting action, as well as beneficial effects in cardiovascular diseases. They are a source of
bioactive substances and can currently be an important solution in obtaining new medicines
of plant origin.

Several very valuable products have been identified qualitatively and quantitatively
such as catechin, epicatismin, epicatechin gallate, gallic acid, P-hydroxybenzoic acid, vanilic
acid, syringic acid, M-hydroxybenzoic acid, caffeic acid, ferulic acid, chlorogenic acid, P-
coumaric acid, resveratrol, rutin and quercetin with special importance demonstrated for
antioxidant and antiradical activity.

The analyses performed at 30 days showed a reduction in the content of useful sub-
stances contained in grape seeds, a reduction due to transformations that take place during
the storage period of the seeds under analysis, oxidation and degradation. Under the
required storage conditions, it is clear that the extraction yields for the active compounds
justify the interest. It is more than certain that more adequate special storage conditions—
protection against oxidative processes or seed storage humidity in the range of 10–12%—can
significantly extend the storage period of yields, on the extraction of useful products on a
longer period.

The superior recovery of these by-products and the obtaining of high value added
bioproducts for use in the food, pharmaceutical and cosmetics industries are becoming an
increasingly important practice. Bioproducts will have a complex biochemical composition
and high antioxidant potential, is intended for the prevention and diet therapy of diseases
caused by oxidative stress. The orientation towards the use of natural products with
bioactive compounds must be a priority for the processors in the food and pharmaceutical
industry both from a sustainable and economic point of view. Grape seeds fit perfectly into
these product categories and represent an important alternative.
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Abstract: (1) Background: The demand for healthy and nutritious food is growing worldwide.
Fermented dairy products are highly valued by consumers for their health benefits. Kefir is a
fermented dairy product that brings many benefits to the consumer due to its antioxidant, anticancer,
antidiabetic, antihypertensive and antimicrobial properties. Extracts from various plants in the form
of volatile oils have a beneficial efct on consumer health. Following the research, their antioxidant
and antimicrobial activities were demonstrated. (2) Methods: In the present study, the main purpose
was to obtain a fermented dairy product with a high nutritional value; therefore, kefir, enriched
with three types of volatile oils, namely, volatile mint oil, volatile fennel oil and volatile lavender
oil, was made. The kefir samples obtained were sensory and texturally analyzed. The beneficial
effect on health must also be studied in terms of the acceptability of these products by consumers
from a sensory point of view. A non-numerical method based on several multi-personal approval
criteria was used to interpret the results obtained in the sensory analysis. In the textural analysis,
the consistency, cohesiveness and firmness of the kefir samples were analyzed. (3) Results: The
samples enriched with volatile oils obtained superior results compared to the control sample in
both conducted examinations. Kefir samples with volatile oils retained their sensory and textural
characteristics for a longer time during storage. (4) Conclusions: The volatile oils added to kefir
positively influenced the sensory and textural characteristics of the finished product.

Keywords: kefir; volatile oils; sensory analysis; textural analysis; bioactive compounds

1. Introduction

Fermented dairy products are highly valued by consumers for their health benefits.
They can be consumed from an early age [1]. The nutritional characteristics of fermented
dairy products are determined by the nutrients present in the milk, those from other
ingredients and those resulting as metabolites generated by the fermentation of lactic
acid bacteria. Lactic fermentation causes changes in the composition, consisting of the
production of lactic acid from lactose and the formation of peptides and amino acids from
proteins and fatty acids from lipids [2].

The demand for healthy and nutritious foods is growing worldwide. It is desirable to
make food products that, in addition to satisfying the need for food, also bring numerous
nutritional contributions to the health of the consumer [3]. Due to the intensification of food
production, many changes take place in terms of the quality and safety of these products [4].
Creating products capable of meeting food and health needs is of great interest due to the
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increase in economic competitiveness [5]. Food processors must produce foods that prevent
consumers from becoming sick and help to improve their physical and mental health [3].

A major stress factor for people is the current situation caused by the COVID-19
pandemic, as well as the strict but necessary measures that have been taken to prevent the
spread of the virus. Doctors recommend adopting a healthy lifestyle so that the transition
is easier over this period and to mitigate the effects caused by the pandemic stress. Without
adopting a healthy lifestyle, or avoiding sedentarism as much as possible, people can
develop anxiety, depression or cardiovascular and mental diseases [6].

After several studies, it was found that volatile oils make an extraordinary contribution
to the health of consumers. These oils are extracted either from the aerial part of the plant
or from its root [7]. Volatile oils are increasingly being used in the pharmaceutical and
food industries due to their antimicrobial and antioxidant properties. The rising interest
in natural substances has led to the growing interest in finding new applications for these
substances [8].

The volatile oils extracted from certain plants have antimicrobial action. This action
is visible on the pathogenic bacteria Listeria monocytogenes, Listeria innocua and Salmonella
typhimurium. Volatile oils also have antioxidant activity. Free radicals cause the oxidation of
biomolecules, including proteins, amino acids and DNA, and produce molecular changes
related to aging, arteriosclerosis and cancer [9].

Fennel (Foeniculum vulgare L.) belongs to the Umbelliferae family and is an aromatic
plant considered one of the oldest cultivated medicinal plants in the world [10]. In Romania,
fennel is grown in the Moldova, Dobrogea, Timis, and Oltenia areas. The most important
fennel compounds are trans-anethole (63.30%), pinene (11.11%) and fencone (8.32%) [11].
Fennel volatile oil has antioxidant and antimicrobial capacities [12]. Regarding antimicro-
bial activity, in 2013, Thompson et al. conducted a study investigating its antimicrobial
capacity against Escherichia coli bacteria. The results showed that this type of volatile oil
has high antimicrobial activity [13]. In 2018, Salma et al. conducted another study using
the disc diffusion method, which is also called the Kirby–Bauer method. The result of this
method demonstrated high antimicrobial activity [14]. In the study conducted by Pande
and Preetha in 2017, the antioxidant activity of fennel essential oil was measured using the
DPPH (2,2-diphenylpicryl hydrazyl) method. This study showed that fennel volatile oil
has a high antioxidant activity [15].

Lavender (Lavandula angustifolia) is part of the Lamiaceae family and is an aromatic plant
used in folk medicine to relieve stress and anxiety [16]. Lavender volatile oil is a complex
blend of mono alcohols and sesquiterpenoids, esters, oxides and ketones [17]. The main
components of lavender volatile oil are the monoterpenoids linalool, linalyl acetate, 1,8-
cineole, β-ocimen, terpinen-4-ol and camphor [18]. Lavender essential oil is recognized for
being used in the treatment of anxiety, migraines, stress, irritability, exhaustion, depression,
headaches, digestion, colds, flatulence, insomnia, loss of appetite, upset stomach, liver
disease, nervousness and aroma [19]. In 2017, Zhao et al. showed that lavender volatile
oil is effective in inhibiting the tumor growth of human carcinogenic xenografts in mice.
Linalool mainly contributed to this effect [20]. Regarding antimicrobial activity, in 2015,
Kunicka-Styczyńska et al. investigated this against Staphylococcus aureus, Escherichia coli,
Candida spp. and Aspergillus niger. The result obtained was a positive one; this type of oil
showed high antimicrobial activity [21]. In the 2017 study by Andrys et al., the antioxidant
activity of volatile lavender oil was investigated. The DPPH method was used according to
the procedures described by Kumaran and Karunakaran (2007) and Wojdyło et al. (2007).
The reduction in the DPPH radical was determined spectrophotometrically by measuring
the absorbance at 517 nm. Finally, it has been shown that volatile lavender oil has a high
antioxidant capacity [22].

Mint (Mentha piperita L.) is part of the Lamiaceae family and is a perennial plant
with a characteristic taste and smell [23]. The main components of volatile mint oil are
menthol, mentofuran, isomentone, caryophyllene, eucalyptol, linalool, limonene, carvone,
pulegone and α-terpinol [24]. Numerous specialized studies have been performed over
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the years to demonstrate the antimicrobial and antioxidant activities of volatile mint oil.
In 2017, Ramos et al. conducted a study demonstrating the antimicrobial and antioxidant
activities of volatile mint oil. The antimicrobial activity of this oil was tested against two
strains of bacteria: Staphylococcus aureus and Escherichia coli. The test results indicated
high antimicrobial activity against these bacteria. Regarding the antioxidant activity,
the 2,2-diphenyl-1-picrylhydrazyl method was used. The reading was performed on a
spectrophotometer at an absorbance of 517 nm, and it was shown that volatile mint oil has
a high antioxidant activity [25]. In Singh’s 2015 study, the antioxidant activity of volatile
mint oil was also studied using the DPPH method. The reading was also performed on a
spectrophotometer at an absorbance of 517 nm, and the result was identical to that of the
previously presented study [26].

Kefir is a dairy product that is obtained from kefir grains that contain a specific
combination of bacteria and yeast [27]. It is obtained by adding a culture called “kefir
grains” to milk, thus producing a creamy texture, sour taste and low effervescence [28]. The
microbial composition of kefir varies depending on the type and composition of the milk,
the culture medium, the fermentation period and the temperature, as well as the storage
conditions. Lactobacillus, Lactococcus, Streptococcus and Leuconostoc are the most common
bacteria and Saccharomyces, Kluyveromyces and Candida are the most common yeasts in
kefir [27]. Kefir has various health benefits due to its antioxidant, anticancer, antidiabetic,
antihypertensive and antimicrobial properties [29].

In the present study, the main objective was to obtain a fermented dairy product with
a high nutritional value, and for this purpose, kefir enriched with three types of volatile oils,
namely, volatile mint oil, volatile fennel oil and volatile lavender oil, was made. The kefir
samples obtained were sensory and texturally analyzed. The beneficial effect on health
must also be studied in terms of the acceptability of these products by consumers from a
sensory point of view.

2. Materials and Methods

2.1. Extraction of Volatile Oils

Mint and lavender, the dried and crushed aerial parts (grass), and fennel seeds were
used to extract and dose the volatile oils. The volatile oil was extracted by entrainment with
water vapor using the Neo-Clevenger apparatus modified by Moritz (method according to
the Romanian Pharmacopoeia edition X) [30]. The volatile oils obtained had a characteristic
odor and were pale yellow to greenish yellow (for mint). The plants were harvested from
plantations in Sibiu, Romania.

2.2. Encapsulation of Volatile Oils in Sodium Alginate

Volatile oils extracted from various vegetable products require special storage condi-
tions and are very sensitive to the action of environmental factors. Because of this, it was
decided to encapsulate these oils in sodium alginate. Alginate is a natural polysaccharide
extracted from brown algae [31]. To make the capsules with volatile oils, three varieties
of oils were used: volatile mint oil, volatile fennel oil and volatile lavender oil. From each
assortment of volatile oil, 30 μL and over 10 mL of 2% sodium alginate solution were
added. The capsules obtained had a characteristic odor of each type of volatile oil used
and an opalescent white color. The size of each capsule was about 240 μm, and they had a
gelatinous structure.

2.3. Obtaining Samples of Kefir from Cow’s Milk with the Addition of Volatile Oils Encapsulated in
Sodium Alginate

Raw milk was pasteurized for 25 min at a temperature of 85–90 ◦C. Cow’s milk came
from a farm in Sibiu, Vulpăr village. After cooling to 20 ◦C, pre-mixed powder milk was
added with a quantity of warm milk and a starter culture. A mix of LYOFAST cultures, MS
059 DT, manufacturer SACCO, was used. Starter culture composition was Lactococcus lactis
subsp. lactis, Lactococcus lactis subsp. cremoris, Lactococcus lactis subsp. lactis biovar diacetylactis

35



Appl. Sci. 2022, 12, 790

and Leuconostoc. The amount of powder milk used was 150 g for 2 L of milk, and the amount
of starter culture was 0.15 g for the same amount of milk. The seed milk was poured into
plastic containers with a capacity of 250 g, and then the capsules with volatile oils were
added. Then, 1 g of the capsules was added to 100 g of the kefir sample. The thermostat
was set in two stages; thermostat 1 was set at 18 ◦C for 10 h, and thermostat 2 was set at
10 ◦C for 8 h. The plastic containers with kefir samples were stored in a refrigerator at
a temperature of 4 ◦C and covered with cling film. In the end, four types of kefir were
obtained: cow’s milk kefir with the addition of encapsulated volatile mint oil, cow’s milk
kefir with the addition of encapsulated lavender volatile oil, cow’s milk kefir with the
addition of volatile fennel oil encapsulated and a control sample (cow’s milk kefir in which
no volatile oil was added).

2.4. Sensory Analysis

The tasting was carried out by a team of seven amateur tasters who regularly consume
kefir, and the selected periods were the first day, on the 10th day and on the 20th day of
storage. To perform the sensory analysis, a non-numerical method was used based on
several multi-person approval criteria described by Fadhil and collaborators in 2017 and
2020 [32].

The assessed characteristics of each kefir assortment were consistency, color, viscosity,
taste and odor. Table 1 shows the evaluation scale used to gather the tasters’ opinions, and
Table 2 shows the level of importance of the criteria based on the scale.

Table 1. Linguistic assessment scale [32].

Scale Description Abbreviation

1 Like very much LV
2 Like moderately LM
3 Like slightly LS
4 Neither like nor dislike NT
5 Dislike slightly DS
6 Dislike moderately DM
7 Dislike very much DV

Table 2. Criteria importance level [32].

Scale Description Abbreviation

1 Very high LV
2 High LM
3 Neither like nor dislike NT
4 Low DM
5 Very low DV

After establishing the evaluation scale and the level of importance of the criteria, a
matrix of evaluation criteria was formulated based on the opinion of the evaluators and
the chosen alternatives. By using Formula (1), the denial importance level of criteria was
determined.

Neg (Wk) = (Wq−k+1) (1)

where:
Neg (Wk) = negation of criteria k;
k = index;
q = scale amount.

For the approval process based on criteria, Formula (2) was used.

Vij = min [Neg (Wak)  Vij (ak)] (2)
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where:
Vij = alternative i by person j;
Vij (ak) = alternative i by person j on criteria k;
k = 1, 2, . . . , m.

Formula (3) was used to determine the value weights.

Qk = Int [1 + (k · (q − 1)/r)] (3)

where:
Qk = score k;
Int = integer;
R = number of assessors.

Formula (4) was used to determine the tasting process of the tasters.

Vi = f(Vi) max [Qj  bj] (4)

where:
Vi = total score for alternative i;
Qj = score j;
j = 1, 2, . . . , m;
bj = order from the biggest alternative score i from alternative score j [32].

2.5. Texture Profile Analysis

The analysis of the texture profile of the kefir samples was performed at room temper-
ature (25 ◦C) using the texture analyzer TA.XTpulsC equipped with specialized software
for texture analysis. The calibration of the force was performed with the help of a weight of
160 g [33]. A disc extruder was used to extrude the product up and around the edge of the
disc. The effort to do this was measured, and the results indicate viscosity [34]. Firmness is
defined as the peak force obtained during the first compression cycle. Cohesion is defined
as the working area of the negative force, representing the work required to remove the
compression probe. Consistency is defined as the energy required to chew solid food [33].

3. Results

3.1. Sensory Analysis
3.1.1. Determining Alternatives

In the initial stage, the calculation of the negation of the importance level of the criteria
was performed using Formula (1), so the negation of the value of the criteria weight was
obtained based on each index k. The results of the calculation of the negation of the criteria
are presented in Table 3.

Table 3. Negation of criteria importance level [32].

Criteria Importance Level The Negation of Criteria Importance Level

Criteria 1 = Very high Criteria 1 = Very low
Criteria 2 = High Criteria 2 = Low

Criteria 3 = Neither like nor dislike Criteria 3 = Neither like nor dislike
Criteria 4 = Low Criteria 4 = High

Criteria 5 = Very low Criteria 5 = Very high

The opinions of the tasters obtained from the distribution of the questionnaire are
presented in Table 4.
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Table 4. Criteria of assessment by each person of all alternatives.

Person Alternative

Criteria

Consistency Viscosity Color Taste Smell

Day
1

Day
10

Day
20

Day
1

Day
10

Day
20

Day
1

Day
10

Day
20

Day
1

Day
10

Day
20

Day
1

Day
10

Day
20

D1

A1 LM LV LM LS LV LM LM LV LM LS LM LM LM LV LM
A2 LS LM LM LS LM LS LM LM LS LM LV LM LM LV LM
A3 LM LM LM LM LM LM LM LV LM LM LV LM LM LV LM
A4 LM LM LS LS LM NT LM LM NT LS LS NT LS LS NT

D2

A1 LM LV LM LM LV LM LV LV LM LM LV LM LM LV LM
A2 LM LM LM LM LM LS LM LV LM LV LV LM LV LV LM
A3 LM LV LM LM LV LM LV LV LM LV LM LS LV LV LM
A4 LM LM LM LS LM LS LM LM NT LS LS NT LM LM NT

D3

A1 LM LV LM LM LV LM LM LM LS LV LM LS LV LV LS
A2 LM LM LS LV LM LS LV LV LM LV LV LS LV LV LS
A3 LM LM LM LM LV LM LV LV LM LM LV LM LM LV LM
A4 LM LM NT LM LS NT LM LM NT LM LS NT LM LS NT

D4

A1 LS LM LS LS LM LS LV LV LS LM LV LS LM LV LS
A2 LS LM LS LS LM LM LM LM LM LS LM LS LS LM LS
A3 LM LM LM LM LV LM LM LV LM LM LM LM LM LV LM
A4 LS LM NT LS LM NT LS LM NT LS LS DS LM LS DS

D5

A1 LM LM LS LM LV LS LV LV LM LM LV LS LV LV LS
A2 LM LV LM LS LM LM LM LM LM LM LM LS LM LM LS
A3 LS LM LS LS LV LM LM LM LM LM LM LM LM LV LM
A4 LS LM NT LS LM NT LS LS NT LS LS NT LS LS NT

D6

A1 LM LM LS LM LV LS LV LV LM LV LV LM LM LV LS
A2 LM LM LS LS LM LS LM LM LS LS LM LS LM LM LS
A3 LM LM LM LM LM LS LM LM LS LM LM LS LM LM LM
A4 LS LS NT LS LM DS LS LM DS LS LS DS LM LM DS

D7

A1 LM LV LM LV LV LM LM LM LS LM LV LS LM LV LS
A2 LM LM LM LM LM LM LS LM LS LM LV LM LM LV LM
A3 LM LM LM LS LM LS LS LM LS LM LM LS LM LV LS
A4 LS LM DS LS LM DS LS LM DS LM LM NT LM LM NT

A1 = Cow’s milk kefir enriched with encapsulated lavender volatile oil; A2 = Cow’s milk kefir enriched
with encapsulated mint volatile oil; A3 = Cow’s milk kefir enriched with encapsulated fennel volatile oil;
A4 = Control sample.

3.1.2. Determining the Criteria

According to the tester’s opinion, the approval criteria for each alternative were
calculated using Formula (2), so, for each alternative, the following results were obtained:

1. Day 1 of storage
The results of the approval criteria for alternative 1 are =LS, LM, LM, LS, LM, LM
and LM.
The results of the approval criteria for alternative 2 are =LS, LM, LM, LS, LS, LS
and LS.
The results of the approval criteria for alternative 3 are =LM, LM, LM, LM, LS, LM
and LS.
The results of the approval criteria for alternative 4 are =LS, LS, LM, LS, LS, LS and LS.

2. Day 10 of storage
The results of the approval criteria for alternative 1 are =LM, LV, LM, LM, LM, LM
and LM.
The results of the approval criteria for alternative 2 are =LM, LM, LM, LM, LM, LM
and LM.
The results of the approval criteria for alternative 3 are =LM, LM, LM, LM, LM, LM
and LM.
The results of the approval criteria for alternative 4 are =LM, LM, LS, LM, LS, LS
and LM.

3. Day 20 of storage
The results of the approval criteria for alternative 1 are =LM, LM, LS, LS, LS, LS
and LS.
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The results of the approval criteria for alternative 2 are =LS, LS, LS, LS, LM, LS and LS.
The results of the approval criteria for alternative 3 are =LM, LM, LM, LM, LS, LS
and LS.
The results of the approval criteria for alternative 4 are =NT, NT, NT, NT, NT, DS
and DS.

3.1.3. Determining the Tasters

Before calculating the approval process of a taster, we used Formula (3) to determine
the value weights.

The value weights for Q1, Q2, Q3, Q4, Q5, Q6 and Q7 are DM, DS, NT, NT, LS, LM
and LV, respectively.

We used Formula (4) to determine the process of approval of the tasters.

1. Day 1 of storage
The result of the tasters’ approval process for alternative 1 on day 1 is LS (Like slightly).
The result of the tasters’ approval process for alternative 2 on day 1 is LS (Like slightly).
The result of the tasters’ approval process for alternative 3 on day 1 is LS (Like slightly).
The result of the tasters’ approval process for alternative 4 on day 1 is LS (Like slightly).

2. Day 10 of storage
The result of the tasters’ approval process for alternative 1 on day 10 is LM (Like
moderately).
The result of the tasters’ approval process for alternative 2 on day 10 is LM (Like
moderately).
The result of the tasters’ approval process for alternative 3 on day 10 is LM (Like
moderately).
The result of the tasters’ approval process for alternative 4 on day 10 is LS (Like
slightly).

3. Day 20 of storage
The result of the tasters’ approval process for alternative 1 on day 20 is LS (Like
slightly).
The result of the tasters’ approval process for alternative 2 on day 20 is LS (Like
slightly).
The result of the tasters’ approval process for alternative 3 on day 20 is LS (Like
slightly).
The result of the tasters’ approval process for alternative 4 on day 20 is NT (Neither
like nor dislike).

The best results obtained from the sensory analysis of the kefir samples were obtained
on day 10. On this day, the kefir samples enriched with volatile oils obtained the grade
“Like moderately”, and the control sample obtained the grade “Like slightly”. On day 1,
all sensory tests of the kefir samples obtained the grade “Like slightly”. On day 20, the
kefir samples enriched with volatile oils obtained the grade “Like slightly”, and the control
sample obtained the grade “Neither like nor dislike”.

3.2. Texture Profile Analysis

Figure 1 shows the profile analysis of the kefir samples on the first day of storage.
The control sample has the highest firmness of 152.53 g, and the kefir sample with volatile
lavender oil has the lowest firmness of 125.56 g. The kefir sample with volatile mint oil
has a firmness of 142.98 g, and the kefir sample with volatile fennel oil has a firmness
of 131.56 g. A high firmness value can lead to increased syneresis over time. In terms
of cohesiveness, the lowest value is recorded in the control sample of −25.67 g, and the
highest value is recorded in the sample of kefir with volatile fennel oil of −17.76 g. The
kefir sample with volatile lavender oil has a cohesiveness of −19.7 g, and the kefir sample
with volatile mint oil has a cohesiveness of −22.53 g. Cohesion represents the negative
values (which tend to infinity) of the retraction forces and represents the risk of syneresis.
The control sample has the highest consistency of 3542.55 g·s, and the kefir sample with
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volatile fennel oil has the lowest consistency of 3034.3 g·s. The consistency of the kefir
sample with volatile lavender oil is 3069.18 g·s, and the consistency of the kefir sample
with volatile mint oil is 3178.04 g·s.

Figure 1. Analysis of the texture profile of kefir samples on the first day of storage.

where:

Red line—Cow’s milk kefir enriched with encapsulated lavender volatile oil;
Green line—Cow’s milk kefir enriched with encapsulated mint volatile oil;
Blue line—Cow’s milk kefir enriched with encapsulated fennel volatile oil;
Black line—Control sample.

Figure 2 shows the analysis of the profile of the texture of kefir samples on the tenth day
of storage. The sample of kefir with volatile lavender oil has the highest value of firmness
of 160.34 g, and the sample of kefir with volatile fennel oil has the lowest value of firmness
of 130.52 g. The kefir sample with volatile mint oil has a firmness of 141.21 g, and the
control sample has a firmness of 149.84 g. The control sample has the lowest cohesiveness
of −21.97 g, and the sample of kefir with volatile fennel oil has the highest cohesiveness
of −16.41 g. The kefir sample with volatile lavender oil has a cohesiveness of −18.87 g,
and the kefir sample with volatile mint oil has a cohesiveness of −20.82 g. The sample of
kefir with volatile oil of lavender has the highest value of consistency of 4008.5 g·s, and the
sample of kefir with volatile oil of fennel has the lowest value of consistency of 3263.12 g·s.
The kefir sample with volatile mint oil has a consistency of 3530.25 g·s, and the control
sample has a consistency of 3746.07 g·s.
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Figure 2. Analysis of the texture profile of kefir samples on the tenth day of storage.

where:

Light blue line—Cow’s milk kefir enriched with encapsulated lavender volatile oil;
Green line—Cow’s milk kefir enriched with encapsulated mint volatile oil;
Blue line—Cow’s milk kefir enriched with encapsulated fennel volatile oil;
Black line—Control sample.

Figure 3 shows the profile analysis of the kefir samples on the twentieth day of storage.
The kefir sample with volatile lavender oil has the highest value of firmness, 152.56 g,
and the control sample has the lowest value of firmness, 109.58 g. The kefir sample with
volatile mint oil has a firmness of 146.94 g, and the kefir sample with volatile fennel oil has
a firmness of 147.43 g. The highest value of cohesiveness is recorded in the control sample
of −12.95 g, and the lowest value is recorded in the kefir sample with volatile lavender
oil of −22.89 g. The kefir sample with volatile mint oil has a cohesiveness of −20.82 g,
and the kefir sample with volatile fennel oil has a cohesiveness of −18.86 g. The highest
consistency is recorded in the kefir sample with volatile lavender oil, 3696.22 g·s, and the
lowest consistency is recorded in the control sample of 2528.45 g·s. The kefir sample with
volatile mint oil has a consistency of 3648.5 g·s, and the kefir sample with volatile fennel oil
has a consistency of 3589.43 g·s.
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Figure 3. Analysis of the texture profile of kefir samples on the twentieth day of storage.

where:

Red line—Cow’s milk kefir enriched with encapsulated lavender volatile oil;
Green line—Cow’s milk kefir enriched with encapsulated mint volatile oil;
Blue line—Cow’s milk kefir enriched with encapsulated fennel volatile oil;
Black line—Control sample.

4. Discussion

Four samples of cow’s milk kefir were obtained, three with the addition of volatile oil
of mint, lavender and fennel and one control sample. Studies have shown that volatile oils
extracted from various herbs have antimicrobial and antioxidant properties. The volatile
oils used were extracted with the help of the Neo-Clevenger device modified by Moritz,
and the plants were harvested from crops in Sibiu County. In this study, the analysis of
kefir samples from a sensory and textural point of view was considered.

For the sensory analysis, a team of seven amateur tasters was formed who regularly
consume kefir, and the analysis periods were on the first day, on the 10th day and on the
20th day of storage. A non-numerical method based on several multi-personal approval
criteria was used to interpret the results obtained. Following the sensory analysis, the
results obtained show that for the kefir samples with volatile oils, the sensory characteristics
are highlighted during storage; on day 10, the best grades are obtained, and by day 20, the
characteristics begin to decrease, reaching those recorded on day 1 of the analysis. In the
case of the control sample, the sensory characteristics are approximately stable in the first
10 days of storage, and then they begin to decrease, obtaining the lowest rating on day 20.
The added volatile oils contributed to the kefir samples, as the sensory characteristics of
these samples were much more appreciated compared to the control sample. The sensory
characteristics of the kefir were influenced by the addition of volatile oils, improving them
during its storage. Compared to the control sample whose characteristics deteriorated
during storage, the kefir samples with volatile oils reached a peak of these characteristics
on the tenth day of storage.

The analysis of the texture profile of the kefir samples was performed at room tem-
perature (25 ◦C) using the texture analyzer TA.XTpulsC. For this purpose, the firmness,
consistency and cohesiveness of the four kefir samples were analyzed. The results obtained
for the samples of kefir with encapsulated volatile oils are superior to those obtained in the
case of the control sample, which indicates a higher elimination of whey during storage.
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Thus, we can conclude that the added volatile oils bring not only a sensory aspect but also
a physico-chemical aspect, because they influence the syneresis index.

The regular consumption of dairy products can prevent many cardiovascular diseases
and digestive diseases. Kefir is a fermented dairy product highly appreciated by consumers,
which is traditionally obtained with kefir grains consisting of a specific combination of
yeast and bacteria.

Enrichment with bioactive components extracted from mint, fennel and lavender, in
the form of encapsulated volatile oil, is a beneficial option for increasing the value of the
product. The use of sodium alginate encapsulation ensures the stability of the volatile oils
used. Due to the sensitivity of volatile oils to the action of environmental factors, it was
decided to encapsulate them in sodium alginate and introduce them as spherical capsules to
the dairy product. The amount of volatile oil extracted depends on the growing conditions
and the soil and climatic conditions of the plants used. According to previous studies, it has
been concluded that volatile oils have antimicrobial and antioxidant actions, representing
an opportunity to use them in food products due to the health benefits brought to the
consumer. Creating foods that contain natural antioxidants and antimicrobial compounds
should be a priority in food management. Making foods that help boost the body’s
immunity or alleviate many chronic health problems is an effective and safe alternative to
ensuring physical and mental health [35].

The use of volatile oils can eliminate the use of synthetic preservatives in dairy prod-
ucts because they have antimicrobial capacity. Food preservatives affect the health of
consumers, often causing food poisoning [35].

In addition to the benefits of the products developed, they must be accepted by the
consumer. The results obtained from the sensory and textural analysis certify an acceptance
of kefir enriched with volatile oil of mint, fennel and lavender. All the results obtained in
the case of these samples are superior to those obtained for the control sample in all three
analysis periods.

5. Conclusions

Acidic dairy products are appreciated by consumers. They bring many benefits to the
health of the consumer and can be consumed from an early age.

The kefir samples obtained were analyzed from a sensory point of view and a textural
point of view. The sensory analysis was performed on the first day, on the 10th day and
on the 20th day of storage of the kefir samples. A non-numerical method based on several
multi-personal approval criteria was used to interpret the results obtained. The best results
were obtained on the 10th day of storage, and the kefir samples enriched with volatile oils
were much more appreciated compared to the control sample, to which volatile oils were
not added.

The textural analysis analyzed the consistency, cohesiveness and firmness of the four
kefir samples. The analysis period was identical to the one chosen for the sensory analysis.
The results obtained for the samples of kefir with encapsulated volatile oils are superior to
those obtained in the case of the control sample, which indicates a higher elimination of
whey during storage.

We can conclude that the volatile oils added in both types of kefir positively influenced
the sensory and textural characteristics of the finished product. The samples enriched with
encapsulated volatile oils obtained superior results compared to the control sample in the
case of both determinations performed.

All of these aspects show that the products analyzed, in addition to the beneficial
action they bring to the consumer’s health, are also accepted from a sensory point of view.
The studied product is in accordance with the current trends due to the benefits for the
health of the consumer by incorporating bioactive components.
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17. Sokovicx, M.; Glamoćlija, J.; Marin, P.D.; Brkić, D.; Van Griensven, L.J.L.D. Antibacterial effects of the essential oils of commonly
consumed medicinal herbs using an in vitro model. Molecules 2010, 15, 7532–7546. [CrossRef]

18. Woronuk, G.; Demissie, Z.; Rheault, M.; Mahmoud, S. Biosynthesis and therapeutic properties of lavandula essential oil
constituents. Planta Med. 2011, 77, 7–15. [CrossRef]

19. Benny, A.; Thomas, J. Essential Oils as Treatment Strategy for Alzheimer’s Disease: Current and Future Perspectives. Planta Med.
2019, 85, 239–248.

20. Zhao, Y.; Chen, R.; Wang, Y.; Qing, C.; Wang, W.; Yang, Y. In Vitro and in Vivo Efficacy Studies of Lavender angustifolia Essential
Oil and Its Active Constituents on the Proliferation of Human Prostate Cancer. Integr. Cancer Ther. 2017, 16, 215–226. [CrossRef]

44



Appl. Sci. 2022, 12, 790
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Abstract: Although durum wheat flour is conventionally used to produce pasta, in this study,
emphasis was placed on the use of spelt flour in the formulation of the pasta recipe, with the
replacement with spent grain obtained from distilleries for its content of fiber and protein. D-optimal
design was used to optimize the influence of spent grain addition for the quality attributes of spelt
pasta. In order to optimize the spelt pasta matrix, the spent grain content was varied (5%, 10%, 15%,
and 20%) so that all responses were optimized (maximize cohesiveness, fracturability, proteins, total
dietary fiber, total phenolic content, and antioxidant activity, minimize cooking loss, in-range firmness,
and color paste). The optimal addition of spent grain in the spelt pasta recipe was 11.70%, yielding
values with differences of less than 5% from the values predicted by the model and producing finished
products with good nutritional properties without negative consequences on quality. Spent grain
is a valuable byproduct that deserves to be used for fortification in order to obtain pro-health food.
This study presents a formulation of spelt pasta with the addition of spent grain using mathematical
modeling and statistical optimization.

Keywords: spelt pasta; optimization; spent grain; valorisation; pasta; pro-health food

1. Introduction

The agro-industry results in substantial quantities of by-products that have an in-
creased content of organic compounds with significant environmental pollution impacts.
On the other hand, the growing demand for food worldwide encourages the identifica-
tion of alternatives at reasonable prices and nutritional qualities. Spent grain (SG) is the
main by-product produced by the beer industry and the distillation industry after wort
production, accounting for about 85% of the total by-products generated [1,2]. The whisky
industry generates, on average, 8–15 L of effluent and 2.5–3.0 kg of spent grain for every
liter of whisky produced, and brewing generates 0.2 kg of wet brewer’s spent grain per liter
of beer [2,3]. Spent grain is a valuable by-product rich in nutrients, such as dietary fibers
(hemicellulose, cellulose, and lignin), digestible protein, monosaccharides (glucose, xylose,
and arabinose), minerals, vitamins, and lipids, and the products enriched with it are called
fortified foods [4–9]. Spent grain contains a substantial amount of bioactive compounds
with high antioxidant capacities, such as hydroxycinnamic acids, especially ferulic and
p-coumaric [10,11]. The composition of SG is affected by the differences in grain variety,
harvest time and condition, the malting and mashing methods, and the type of adjunct
grains, resulting in different variants of this by-product [12,13].

The capitalization of these by-products and the development of sustainable processes
is an urgent necessity in the industry [12]. Spent grain is the insoluble fraction left after
the malted barley is grounded and mixed with water to produce wort, i.e., the liquid
fermentation medium [14]. Before using spent grain in foods, it needs to be dried and
turned into flour, although its use has some limitations because of its brownish color and
its flavor [3]. Dried spent grain has been studied and has been found to be applicable in
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various food products with health-promoting properties, such as bread, cookies, flakes,
pasta, biscuits, breakfast cereals, and snacks [15–19].

Spelt (Triticum aestivum var. spelta) has been cultivated extensively in Europe since
ancient times and has returned to the attention of researchers and consumers because of
its nutritional qualities and its resistance and ability to adapt to climatic conditions [9].
Consumer feedback shows that spelt flour-based products are more digestible and have
therapeutic effects compared to products based on common wheat [14]. Climate change is
another reason for the interest in spelt wheat since it has shown more resilience to drought
and other extreme weather conditions than common wheat [8].

In the food industry, spelt grain has great technological potential for specialty breads,
organic food, and food products, with characteristics that differ from regular wheat prod-
ucts [20]. Spelt grain can be used in brewing as an unmalted adjunct during mashing [21].
Other examples of foods that can be obtained from spelt grain are pasta, baked goods,
high-fiber breakfast cereals, snacks, crackers, and beverages [6,22,23].

Spelt flour is used as a raw material to improve the nutritional and functional proper-
ties of pasta [24,25]. Spelt flour contains a higher fiber quantity and phenolic compounds,
with health benefits such as reduced risk of some types of diseases; lower concentrations
of blood lipids; stable blood glucose and insulin levels; a positive impact on minimiz-
ing fatigue and energy loss and removing toxins and lowering cholesterol levels in the
blood; reduced risk of cardiovascular disease and better control of diabetes; the absence of
constipation; and better weight management [14].

Consumers need good quality and affordable ready-to-eat food products that have a
good glycemic index and long shelf life [26]. Among the most consumed foods that meet
these requirements is pasta [2,27]. Furthermore, the production of pasta is simple (it is
obtained by the extrusion of a mixture of flour from durum wheat and water), and it has
a healthy nutrient content and good sensory qualities. Researchers have improved the
matrix of pasta by enriching the nutritional potential by mixing durum wheat flour with
different flours (e.g., pseudo-cereal flours and legume flours) [4,6,28]. Today, the use of
high-functionality ingredients for value addition to pasta is a developing field of research
to achieve innovative product categories, among which is the use of ancient grain flours,
such as spelt flour [7]. Pasta is a good source of energy with high amounts of carbohydrates,
moderate amounts of protein, and low lipids [10]. Fortifying these foods is a challenge, not
only in terms of increasing nutritional properties and health but also the effects on cooking,
texture, and sensory properties. The current research does not provide much information
about the use of spelt flour and spent grain flour for pasta production, nutritional value,
and spelt grain and spent grain’s effects on health [6,7].

– The response surface method is used to find the optimal response and changes its
direction because of the design variables, which can be seen as a visual graph. An
experimental design should take into account the design constraints [29]. Some
advantages of optimization methods are the following: computational efficiency;
better description of the factors’ influence in the process, both alone or in combinations;
the relationship between the responses and the factors; and the achievement of a
sustainable processing industry [30].

This study aimed to optimize the effect of the fortification of spent grain flour on the
chemical composition, nutritional values, and selected quality properties of novel spelt
pasta formulation. The novelty of this study is its use of spelt flour with the addition of
spent grain from the process of producing whisky in the formulation of pasta recipes. Most
previous studies have focused on spent grain from the beer industry [9,31–34], with few
papers focusing on spent grain from distilleries; this is why little information is available
about the nutritional value and fortification.
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2. Materials and Methods

2.1. Materials

Spent grain from whisky production was collected from a local factory, Alexandrion
Group (Ploiesti, Romania); wet spent grain was stored at −18 ◦C, dried at 50 ◦C for 24 h,
ground by a mill, and then sieved. Spent grain flour was obtained from a fraction of less
than 200 μm and was stored in paper bags at room temperature until further use. Spelt
flour was purchased from a local market and had a Romanian origin.

All chemicals used in this paper were of analytical grade and were purchased from
Sigma Aldrich (St. Louis, MO, USA).

2.2. Pasta Processing

The pasta dough was mixed with a Kitchen Aid mixer (Whirlpool Corporation, Benton
Harbor, MI, USA) by adding spelt flour and different percentages of spent grain (5–20%) to
obtain 32% dough moisture. The pasta was modeled after a resting time of 45 min, during
which time the dough temperature was maintained at 40 ◦C using a small macaroni mold.
Pasta drying was performed in an air oven for 6 h at 40 ◦C [26].

2.3. Dough Texture

The dough texture profile analysis (TPA) was performed using a Perten TVT-6700
texturometer (Perten Instruments, Hägersten, Sweden). From the dough, 50 g balls were
prepared, which were analyzed to determine the firmness and cohesiveness. The sample
was subjected to double compression at 50% height with a 35 mm cylinder probe at a speed
of 5.0 mm/s and a trigger force of 20 g [35]. All measurements were made in triplicate.

2.4. Dry Pasta Color

A Konica Minolta CR-400 colorimeter (Tokyo, Japan) was used to measure the dry
pasta color using CIELab color space coordinates, where L* values describe black to white
(0 to 100), a* is the degree of redness (positive) or greenness (negative), and b* is yellow-
ness (positive) or blueness (negative) [36]. The color change equation (Equation (1)) is
described below:

ΔE =
√

(ΔL)2 + (Δa)2 + (Δb)2 (1)

where ΔL = L* sample − L* control, Δa = a* sample − a* control, and Δb = b* sample
− b* control. All measurements were made in triplicate.

2.5. Dry Pasta Fracturability

A Perten TVT-6700 device (Perten Instruments, Hägersten, Sweden) equipped with
an aluminum breake rig set adjusted to a 10 mm width was used to determine dry pasta
fracturability using the maximum force F (g) needed to break a pasta piece. The test speed
was 2 mm/s and the trigger force was 5 g, and measurements were made in duplicate [37].

2.6. Crude Proteins and Total Dietary Fiber

Protein determination was carried out using Kjeldahl nitrogen analysis with a 5.7 con-
version factor (Velp Scientifica, Usmate, Italy) [37]. A Megazyme total dietary fiber assay
kit (Megazyme, Ireland) was used to determine the total dietary fiber using the enzymatic
method [37].

2.7. Total Phenolic Content

A sample of 2 g of raw pasta was ground and mixed with 20 mL of methanol 80%
(v/v) and sonicated for 40 min in a sonication bath at 37 ◦C and 45 Hz; then, the mixture
was centrifuged for 5 min at 4000 rpm [38]. Then, 0.2 mL of extract was mixed with 2 mL
of Folin–Ciocalteau reagent, diluted to 1:10, and mixed with 1.8 mL of sodium carbonate
7.5% (w/v) in a tube. The mixture was left for 30 min at room temperature in the dark.
The total polyphenolic content was determined at a 750 nm wavelength using a UV–VIS–
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NIR Shimadzu 3600 (Shimadzu Corporation, Kyoto, Japan). The calibration curve of the
polyphenols was performed by using gallic acid at concentrations of 10–200 mg/L with the
regression coefficient R2 = 0.99872 and the equation y = 0.00949x + 0.02950. The samples
were analyzed in triplicate, and the results were expressed in μg gallic acid equivalents per
gram (μg GAE/g).

2.8. Antioxidant Activity of Pasta

2,2-Diphenyl-1-picrylhydrazyl (DPPH) was used to assess the antioxidant activity.
Following the methods of Iuga and Mironeasa [35], a sample of 2 g of raw pasta was ground
and mixed with 20 mL of methanol 80% (v/v) in a sonication bath at 37 ◦C and 45 Hz for
40 min and then centrifuged for 5 min at 4000 rpm. Then, 2 mL of extract was mixed with
2 mL of DPPH solution 0.1 mM in methanol [30]. Absorbance was determined at 517 nm
using a UV–VIS–NIR spectrophotometer (Shimadzu Corporation, Kyoto, Japan) against a
blank sample. The antioxidant capacity was measured in triplicate using Equation (2).

% Inhibition of DPPH = [(1 − As/Ab)] × 100 (2)

where As = absorbance of the sample and Ab = absorbance of the blank sample.

2.9. Pasta Cooking Behavior

Cooking loss (CL) was determined gravimetrically by the evaporation of the water
that resulted after boiling for an optimal cooking time of 10 g of pasta in 100 mL of water
without salt addition. The residue was weighed and expressed as grams of matter loss per
100 g of pasta [34]. Cooking loss was determined in triplicate.

2.10. Optimization of Spent Grain Level and Model Validation

A trial version of Design-Expert software (Stat-Ease, Inc., Minneapolis, MN, USA)
was used for experimental design development, data analysis, regression modeling, and
optimization. To validate the model, pasta produced with the optimal level of spent grain
was analyzed, and real values were compared to the control sample made with no spent
grain addition. D-optimal design with one factor varied at four levels (5%, 10%, 15%, and
20%) was used for the assessment of the spent grain addition on spelt pasta quality. The
model’s fit was evaluated through a sequential Fisher test, coefficients of determination
(R2), and adjusted coefficient of determination (Adj.-R2) at a 95% confidence level.

2.11. Sensory Analysis of Pasta

For organoleptic analysis, samples of pasta cooked at a ratio of 1:10 (pasta:water) and
served without any accompaniment were given to a group of seven experts selected and
trained in order to identify particular attributes and in terms of sensory vocabulary. In this
respect, the preferential method with a nine-point evaluation scale was used. Among the
parameters evaluated were appearance, color, smell, taste, firmness during chewing, and
general acceptability. During sample evaluation, talking among panelists was not allowed.

2.12. Statistical Analysis

All measurements in the present study were made in triplicate. Results are presented as
means ± standard deviation (SD). XLSTAT for Excel 2021 (Addinsoft, New York, NY, USA)
was used for the statistical analysis of the data. To evaluate significant differences (p < 0.05)
among samples, the t-test was used.

3. Results and Discussion

3.1. Model Fitting and Statistical Analysis

A D-optimal design was used, which has an independent variable with four levels and
three replications at the center point. The D-optimal design was used for the optimization
of the formulation of spelt pasta, and different parameters of the optimized formulation
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were evaluated. The linear and quadratic models that were fitted on each response were
evaluated. The chemical composition of spelt flour is described in Table 1, which we
obtained from a previous study [39].

Table 1. Chemical composition of spent grain flour and spelt flour [39].

Chemical Composition Spent Grain Flour Spelt Flour

lipids 7.11 ± 0.39 3 ± 0.01
fiber 22.67 ± 0.42 8 ± 0.05

protein 18.88 ± 0.37 14 ± 0.09
ash 3.47 ± 0.02 2.11 ± 0.04

moisture 5.04 ± 0.42 11.26 ± 0.08
Results are expressed as g reported at 100 g dry matter.

The mathematical models were significant and presented the responses accurately;
in all cases, the F-value was significant (p < 0.01), and R2 values were more than 0.87,
according to the ANOVA results presented in Table 2.

Table 2. ANOVA results for spent grain pasta and dough.

Response Model F-Value p-Value R2 Adj.-R2

Cohesiveness quadratic 14.6 <0.01 0.87 0.81
Firmness linear 100.76 <0.01 0.95 0.94

Color linear 15.18 <0.01 0.75 0.70
Fracturability quadratic 105.81 <0.01 0.98 0.97

Crude proteins quadratic 415.93 <0.01 0.99 0.99
Total dietary fiber linear 247.60 <0.01 0.98 0.97

Total phenolic content linear 364.43 <0.01 0.98 0.98
Antioxidant activity quadratic 63.25 <0.01 0.96 0.95

Cooking loss quadratic 253.08 <0.01 0.99 0.98

R2 represents the coefficient of determination, defining the ratio of the variation of
the answers that is explained by the model. The closer the R2 is to 1, the better it fits the
model. Adjusted R2 is a correction of the value R2 dependent on the number of degrees of
freedom [40]. The color results, firmness, total dietary fiber, and total polyphenol content
were fitted to the linear model with 75%, 95%, 98%, and98% of the data variation explained,
respectively. The quadratic model explained 87%, 98%, 99%, and 99%, respectively, of the
data variation for dough cohesivity, fracturability, crude proteins, and cooking loss.

3.2. Optimization of Parameters and Validation of the Models

Small particle size (200 μm in this study) did not give significant differences in the
cohesiveness, with the linear term having the most significant influence in Equation (3)
(p < 0.01). Multiple regression analysis was used to analyze the experimental data, and
thus a quadratic polynomial equation was obtained as follows (*** p < 0.001; ** p < 0.01;
* p < 0.05). A small decrease in cohesiveness with spent grain addition level increase
was observed in Figure 1A. Cohesiveness is the ability of the material to withstand two
successive compressions [41]. Petitot et al. (2010) showed in their study that the addition of
flour to pasta with vegetables had no impact on cohesiveness [41].

Cohesiveness = 0.289 − 0.021A*** + 0.008A2 (3)

Firmness represents the cutting force required to penetrate pasta dough and was
significantly increased by the linear term in Equation (4). The shaping of the pasta is
influenced by the firmness of the dough, with a stronger dough desirable for shaping the
short pasta to keep its shape [42,43]. A rise in firmness with an increase in spent grain
addition level was observed (Figure 1B). Zhao et al. reported that a pasta enriched with
legume flour (navy bean, pinto bean, lentil, and green pea) or protein concentrates caused
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an increase in pasta firmness [44]. Tazrart et al. showed that an increase in bean flour levels
resulted in a slight increase in pasta dough firmness [45].

Firmness = 5861.87 + 533.081A*** (4)

 
(A) 

 
(B) 

 
(C) 

 
(D) 

 
(E) 

 
(F) 

 
(G) 

 
(H) 

 
(I) 

Figure 1. Effect of spent grain on (A) dough cohesiveness, (B) firmness of pasta dough, (C) pasta
color, (D) pasta fracturability, (E) protein content, (F) total dietary fiber content, (G) total phenolic
content, (H) antioxidant activity of pasta, and (I) pasta cooking loss.

The first factor governing food acceptability is the product appearance; in the case of
spent grain incorporation, the color of the products is darker with increased incorporation.
The same results were observed in other studies [34,46–48]. Products with high fiber
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contents have a positive feature of dark coloring, which consumers associate with products
rich in fiber [34]. Pasta color was affected by spent grain incorporation; a significant increase
in C* was observed with the additional level increase. The linear term had the greatest
significant influence, as can be seen in Equation (5). Figure 1C shows the increase of color
with spent grain addition.

Color (C*) = 17.715 + 1.100A*** (5)

Fracturability (g) is the maximum force needed to break a pasta piece [35,37]. The
fracturability of dried pasta decreases with the increase of the addition of spent grain; the
linear term had the greatest negative effect on the response, while the quadratic term had
a significant positive effect on the dry pasta fracturability (Equation (6)). The decrease of
fracturability with spent grain addition is shown in Figure 1D; the enriched fish pasta had
the same decrease of fracturability, possibly because of the fiber content or fat composition
of each assortment of the pasta [49]. Naibaho and Korzeniowska showed that the addition
of spent grain in corn snacks decreased the fracturability of the products [15].

Fracturability = 3635.83 − 2505.19A*** + 1909.53A2*** (6)

A protein content increase with spent grain addition can be observed in Figure 1E.
Pasta proteins were significantly influenced by the linear and quadratic terms in Equation
(7). This tendency for protein levels to increase with increased levels of added spent grain
was also observed in other studies [45,50].

Proteins = 6.658 + 1.115A*** + 0.192A2** (7)

A total dietary fiber increase with spent grain addition can be observed in Figure 1F.
The total dietary fiber of pasta was significantly influenced by the linear term in Equation (8).
Nocente et al. obtained an increased total dietary fiber content with the increase of
spent grain in pasta production [32]. The same results were obtained in other stud-
ies [14,31,45,46,50,51].

Total dietary fiber = 36.244 + 1.483A*** (8)

The total phenolic content increased with spent grain addition (Figure 1G), and from
Equation (9), it can be observed that the linear term had the highest positive effect and the
quadratic term had a significant negative effect on the response. Spelt pasta can be used to
produce precooked pasta with a high content of biologically active compounds compared
to refined flour [14]. Pasta supplemented with native spent grain or fermented spent grain
had an increase in phenolic content [34]. Spinelli et al. obtained fortified spent grain pasta
with an increase in phenolic content [33].

Total phenolic content = 22.023 + 2.728A*** − 1.875A2*** (9)

An antioxidant activity increase with spent grain addition can be observed in Figure 1H.
The DPPH test was significantly influenced by the linear and quadratic terms in Equation (10).
In their study, Reis and Abu-Ghannam obtained snacks with 10–40% spent grain addition,
which increased the phenolic content and antioxidant activity [52]. Nocente et al. obtained
spent grain pasta with a total antioxidant capacity of up to 19% compared with the control
durum flour pasta [48].

Antioxidant activity = 20.654 + 9.327A*** + 5.901A2*** (10)

A value below 12% of cooking loss indicates good quality products, and cooking loss
is considered an indicator of the general cooking performance of pasta [53–55]. Cooking
loss increased with the increase of spent grain addition (Figure 1I), but cooking losses were
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below the values reported for good quality durum wheat pasta (<7%) [56]. The linear
term had the most significant positive effect, as can be seen in Equation (11). Cooking loss
increases as cohesiveness decreases, according to Vital et al. [53]. Pasta rich in fiber tends to
have a higher cooking loss, probably due to the weakening of the protein network by the
presence of fiber content [32]. According to Rousta et al., as the amount of protein and fiber
increased in the pasta recipe, the cooking loss increased [27].

Cooking loss = 6.026 + 0.972A*** (11)

The predicted results for the responses were verified, and differences of ≤5% were
obtained between the predicted and verified values.

3.3. Optimization of Spent Grain Level and Model Validation

Optimizing the spent grain level in the pasta recipe showed that spent grain can be
added at a rate of 11.70% with desirability of 0.371 without affecting the quality characteris-
tics, obtaining maximum nutritional benefits, applying the constraints (Figure 2).

 

Figure 2. Pasta samples obtained in this research study.

The results obtained made it possible to locate the lower and upper limits according
to the target, as shown in Table 3. The following objectives were chosen to take into
account the measured quality characteristics: minimization of cooking losses; maximization
of cohesiveness, fracturability, crude proteins, and total dietary fiber content; and total
phenolic content and antioxidant activity, keeping in range the firmness and color of pasta.

Table 3. Optimization constraints for pasta recipe.

Name Goal Lower Limit Upper Limit Importance

A:SG level (%) in range 5 20 3
Cohesiveness (adim.) maximize 0.27 0.329 3

Firmness (g) in range 5359 6437 3
Color chroma (adim.) in range 15.53 18.88 3

Fracturability (g) maximize 2935 8120 3
Crude proteins (g/100 g d.b.) maximize 5.68 7.99 3

Total dietary fiber (g/100 g d.b.) maximize 34.64 37.95 3
Total phenolic content (μg GAE/g) maximize 17.21 23.03 3
Antioxidant activity (% inhibition) maximize 15.6 35.55 3

Cooking loss (%) minimize 5.01 6.992 3

A sample was made with the optimal value predicted to validate the model, and the
answers were evaluated in triplicate; the predicted value and verified value of the optimal
sample can be seen in Table 4.

A pasta sample was obtained with the optimal level of spent grain resulting after
the optimization process. All responses were checked in triplicate, and the values of the
experimental results were less than 5% different from the predicted ones. The addition of
spent grain in the pasta recipe in the presented conditions allowed the production of pasta
with a short preparation time and an attractive texture after hydration with warm water.
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Table 4. Predicted and verified optimal sample.

Factor
Spent Grain Pasta

Predicted Value Verified Value Relative Deviation * (%)

SG level 11.70 11.70
Cohesiveness (adim.) 0.291 a 0.302 a 3.64

Firmness (g) 5805.01 a 5786.06 a −0.33
Color (adim.) 17.59 a 17.69 a 0.52

Fracturability (g) 3924.74 a 3976.25 a 1.30
Crude proteins (g/100 g d.b.) 6.54 a 6.67 b 1.96

Total dietary fiber (g/100 g d.b.) 36.08 a 36.42 a 0.92
Total phenolic content (μg GAE/g) 21.71 a 22.84 a 4.94
Antioxidant activity (% inhibition) 19.72 a 20.12 a 1.96

Cooking loss (%) 5.92 a 5.71 a −3.71

* relative deviation = ((experimental value − predicted value)/experimental value) × 100, a,b indicates that
differences among predicted and observed values are significantly different (p < 0.05).

3.4. Sensory Analysis of Pasta

The appearance of the pasta with spent grain addition was pleasant, obtaining a
slightly higher score than the control sample obtained only from spelt flour. The panelists
also appreciated the color and smell parameters positively compared to the reference
sample. The sensory properties of cooked pasta are shown in Figure 3. The highest values
were obtained for color, appearance, and smell parameters, while the taste parameter
obtained the lowest score.

Figure 3. Sensory scores for pasta.

4. Conclusions

The purpose of this work was to establish the optimal value of spent grain in spelt
pasta with the preservation in parameters of the desired responses. Spent grain is an
important source of protein, fiber, and compounds with antioxidant properties. As the
results show, the optimal value for spelt pasta formulation with a good balance between
sensory and nutritional aspects was 11.70%. The optimal level of spent grain was used
without compromising the acceptability of the product. Spelt pasta fortified with spent
grain is included in products with a high fiber and protein content and with antioxidant
activity and high polyphenol content. The color of the pasta obtained was acceptable, and
the cooking losses were within the limit of 12%, which fits them into good quality products.
These results show that spent grain can be used successfully in the recipe for fortified
pasta, obtaining high-quality products. Spent grain flours can be used in food formulations
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because of their potential to improve the nutritional quality of the product and may have
a lower glycemic index compared to pasta based on white flour from durum wheat. The
valorization of spent grain can improve the sustainability of the brewing process and the
whisky production process. With the help of experimental modeling, pasta recipes can be
developed to meet consumer requirements or by directing recipes to certain categories of
consumers, depending on needs.
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Abstract: Background: Grape pomace is highly attractive for the food industry as it contains numer-
ous bioactive molecules relevant for human health. However, in order to exploit pomace flour as
a functional food ingredient for food industry, it is important understand how long-term storage
affects the stability of both bioactive molecules and volatile compounds, in addition to color. To this
end, we analyzed whole pomace flour from red grape during a six-month storage period in the dark,
either at 4 ◦C or 25 ◦C. Methods: The specific parameters monitored of grape pomace flour included:
antioxidant activity (TEAC assay), total phenol content (Folin-Ciocalteu assay), phenol composition
(high performance liquid chromatography), fatty acid composition (gas chromatography-mass spec-
trometry), volatile compound profiles (headspace-solid phase micro-extraction) and color. Results:
Prolonged storage did not significantly affect total phenol content, antioxidant activity and char-
acterized bioactive molecules (polyphenols, fatty acids). The only detected effect of storage was a
slight whitening of the pomace flour and a small increase of volatile long chain esters and ketons
after 6 months at 25 ◦C. Conclusions: The activity of several health-relevant bioactive compounds
remained stable following storage of pomace flour for 6 months at 4 ◦C, supporting its possible use
as a functional food ingredient.

Keywords: grape pomace flour; polyphenols; fatty acids; shelf life; functional food

1. Introduction

In conventional wine processing, large amounts of grape pomace (GP) are produced
annually, accounting for 25% of the original fruit mass [1]. Although GP represents an
excellent source of dietary fibers and polyphenols, this renewable natural resource is still
underutilized in nutraceutical products [2,3]. However, deterioration of biologically active
compounds caused by processing represents a major bottleneck for GP utilization in food
production chains. Several studies have disclosed the possibility of creating value-added
products by incorporating grape by-products in bakery products or pasta [4–6]. For exam-
ple, the addition of GP to semolina has a positive impact on functional and physio-chemical
properties of pasta such as adhesiveness, firmness and volatile profile. The inclusion of GP
also leads to an increase in total polyphenol content and antioxidant activity and a decrease
in the glycemic index as a result of an increase in resistant starch content [7]. As reported
by Ungureann-Iuga and coworkers [8], grape peel powder also improves the technological
properties of doughs used for the production of high quality gluten-free foods. The most
economically viable approach of longterm storing GP is by reducing its highwater content
(75–80%) by drying. That also leads to reduction in volume, thus lowering transportation
costs. The drying method adopted is an important factor that affects both the content and
activity of phenols, as well as functional properties of GP. In particular, high temperatures
can compromise the bioactivity of thermally sensitive compounds. Thus, there is strong
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interest in the development of an economically and technically feasible technology for GP
preservation at an industrial scale that results in a stable product with minimum presence
of water and a high concentration of biomolecules. An optimal drying step could enhance
the potential use of pomace as a powerful natural antioxidant ingredient in functional foods.
To avoid the loss of bioactive compounds due to their thermal instability, freeze-drying is
considered superior to oven drying [9]. However, this approach is time-consuming and too
costly for industrial application [7]. However, as reported by Gerardi et al. [10] freeze or
oven dried (50 ◦C) GP skin showed no significant difference in total phenol content. More-
over, it has been shown that heat treatment over long periods can favorize the extraction of
low molecular weight molecules, thus increasing their bioavailability [11]. Oven drying
at 50◦ is preferred because it is faster, more reproducible and it allows for the storage of
grape pomace [10]. GP stabilization and grape pomace flour (GPF) storage conditions
play a significant role in their subsequent utilization as functional ingredients [12]. In fact,
phenols (such as catechins, soluble acids, flavonols, stilbenes and anthocyanins) and fatty
acids present in GP exhibit antioxidative, cardioprotective, antidiabetic, gastroprotective
and antilipemic effects [10]. The bioactive compounds that contribute to the positive health
properties of grape-pomace-added foods are presumed to be poly and monounsaturated
fats, fiber and antioxidants [13]. Moreover, previous studies [14,15] have demonstrated
potential applications of polyphenols in food preservation and product shelf life. In pre-
vious investigations, GP obtained from winemaking of white or red grape cultivars was
studied for antimicrobial and antioxidant properties [14,16]. The results suggested that
the antioxidant and antimicrobial activities of different grape variety extracts were related
to their phenolic profile. Given these results, flour pomace could be exploited for future
applications in food, pharmaceutical and cosmetic industries. In this study, we prepared
GPF as a functional food ingredient aimed at increasing the daily intake of dietary bioactive
antioxidant compounds. To this end, we applied a simple dehydration technology to whole
GP originating from individual varieties of grape and analyzed the content and stability of
biomolecules present in GPF during a six month period at two different storage tempera-
tures. We also assessed factors relating to shelf life such the stability of different classes of
polyphenols and fatty acids, total phenols (T.P.) and antioxidant activity. Furthermore, to
evaluate sensory changes over time, we monitored GP volatile profiles and color. To our
knowledge, this is the first work that describes the effects of storage on the shelf life of GPF
obtained from GP.

2. Materials and Methods

2.1. Reagents

Trans-resveratrol was obtained from by ICN Biomedicals (South Chillicothe Road,
Aurora, OH, USA), whereas catechin, quercetin, quercetin-3-glucoside, epicatechin, rutin
and oenin were purchased by Extrasynthese (Genay, France). All other compounds were
provided by Sigma-Aldrich (St. Louis, MO, USA).

2.2. Raw Material and Sample Preparation

GP (skins and seeds) from the grape cultivar Vitis vinifera cultivar Negroamaro was
obtained from a local winery. GP was dried in an oven at 50 ◦C, until constant weight
(48 h in the dark) [10]. GPF was obtained by a laboratory sample mill (FOSS, Hillerød,
Denmark). For the six-month storage study, GPF was stored in sealed polypropylene bags.
GPF were prepared for sampling and stored either at 4 ◦C or 25 ◦C in the dark at ambient
humidity. Samples were analyzed at time point (T0) and at monthly intervals for a period
of six months (T1–T6).

2.3. GPF Polyphenol Extraction and HPLC Analysis

GPF samples (1 g) were extracted with methanol/ethanol/formic acid (75:20:5, v/v/v)
in a ratio of 1:10 (GPF/solvent, w/v) [10]. Supernatants were collected in fresh tubes and
stored at −20 ◦C until analysis. GPF extracts were quali-quantitatively examined by an
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1100 Series HPLC system (Agilent) equipped with a Luna 5 μm C18(2) 100 Å column
(250 × 4.6 mm) (Phenomenex, Torrance, CA, USA) as reported by Gerardi et al. [16]. The
wavelengths used for quantification of phenol compounds were 280, 306, 320, 370 and
520 nm. The qualitative analysis of phenolic compounds was carried out on the basis of
their retention times and spectroscopic spectrum. Weighted amounts of each standard
compound were dissolved in 80% (v/v) methanol-water mixture to prepare the requested
stock solutions. Each sample was independently injected into the HPLC column and then
eluted using the above method in order to establish its chromatographic retention time
and collecting UV spectrum. The working solutions were obtained by diluting the stock
solutions with the methanol-water mixture (80% v/v), thus allowing to achieve for each
compound a ten-point regression curve (r2 ≥ 0.99). Quantification of single compounds
was achieved by employing a ten-point regression curve of the UV absorption data sampled
at the wavelength of maximum absorbance of each analyte and expressed in μg/g.

2.4. High Performance Liquid Chromatography (HPLC) Characterization of Anthocyanins

To quantify and characterize the anthocyanin molecules in alcoholic extract from grape
pomace flour we performed an HPLC analysis using an Agilent-1100 liquid chromatograph
equipped with a DAD detector as described in Gerardi et al. [10]. The column was a
C18 Luna (Phenomenex, 250 × 46 mm, 5 μm) in conjunction with a C18 guard cartridge
column, both maintained at 30 ◦C temperature. The mobile phase was (A) H2O/formic
acid = 95/5 and (B) acetonitrile/formic acid = 95/5. The samples were eluted following a
linear gradient: 1 min of isocratic elution with 6.7% B, 25 min of linear gradient from 6.7
to 16.7% B, 9 min of linear gradient from 16.7 to 55.6% B, 5 min of isocratic elution with
55.6% B, 3 min of linear gradient from 55.6 B to 80% B and 8 min of isocratic elution with
80% B. Flow rate: 0.7 mL/min. Chromatograms were acquired at 520 nm. Quantification of
total anthocyanins was directly performed by HPLC/DAD using a five-point regression
curve (r2 ≥ 0.99) generated through the use of malvidin 3-O-glucoside (oenin) as reference
compounds and was expressed as oenin equivalents (OEs).

2.5. Total Polyphenols Content

A previously optimized Folin-Ciocalteu method was carried out to measure the total
amount of polyphenols. The amount of total phenols in GPF extracts was assessed by
determining the absorbance at 760 nm [16]. Results were expressed as milligram of Gallic
Acid Equivalents per gram of GPF (mg GAEs/g of GPF).

2.6. TEAC Antioxidant Capacity Determination

The Trolox Equivalent Antioxidant Capacity (TEAC) assay is based on the scavenging
capability of antioxidant molecules to reduce the radical cationic action of 2,2′-azinobis
(3-ethylbenzoithiazolone 6-sulphonate) (ABTS•+). The analysis was performed as previ-
ously described [17]. To generate the ABTS•+ radical cation, ABTS (7 mM) was dissolved
in water added with potassium persulfate solution (2.45 mM) and incubated at 25 ◦C in
absence of light for 12–16 h. To produce the calibration curve, 20 μL of Trolox standard
solution (from 0 to 25 μM) was added to the ABTS•+ solution diluted to an absorbance
value (734 nm) of 0.40 ± 0.02. Absorbance was determined at 734 nm and obtained values
were expressed as μmol Trolox Equivalents (TE)/g of GPF.

2.7. GPF Fatty Acids Extraction and GC Analysis

Total lipids were extracted from aliquots (0.1 g DW) with 4 mL of n-hexane and
stirring (3000 rpm) overnight at 4 ◦C. Samples were centrifuged (6000× g 10 min) and a
stream of nitrogen was used to vaporize the organic phase. Lipids were subjected to fatty
acids derivatization, as previous reported [18]. Briefly, each sample was solubilized in a
methanol solution (3 mL) of 0.5 M NaOH, incubated at 100 ◦C for 5 min and cooled to
room temperature. Two mL of boron trifluoride in methanol (12% w/v) was added and
boiled at 100 ◦C for 30 min. After cooling, 1 mL di n-hexane and 1 mL of NaCl (0.6% w/v)
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were added. The organic phase was diluted with n-hexane to 1:10 (v/v) and analyzed by
GC-MS employing the Agilent 5977E Series GC/MS system (Agilent Technologies, Santa
Clara, CA, USA) using a DB-Wax column (60 m, 0.25 mm i.d., 0.25 mm film thickness,
Agilent) [18]. The GC parameters were as follows: the temperature of the column was
50 ◦C after injection for 1 min, then programmed at 25 ◦C/min to 200 ◦C, at 3 ◦C/min to
230 ◦C and maintained at constant temperature of 230 ◦C for 23 min. Split injection was
conducted with a split ratio of 5:1, the flow-rate was 1.0 mL/min, carrier gas used was
99.999% pure helium, the injector temperature was 250 ◦C and the column head pressure
was 40 psi for 0.4 min, constant pressure at 20 psi. The MS detection conditions were as
follows: transfer line temperature 250 ◦C, mode Scan, source and quadrupole temperature
230 ◦C and 150 ◦C respectively, scanning method of acquisition, ranging from 46 to 500, for
mass/charge (m/z) was optimized. Spectrum data were collected at 0.5 s intervals. Solvent
cut time was set at 2 min and 40 min retention time sufficient for separating all the fatty
acids. Compounds were identified by using online NIST-library spectra and published MS
data. Furthermore, authentic standards were used to confirm MS data.

2.8. Analysis of Volatile Compounds

The Headspace-Solid phase micro-extraction (HS-SPME) technique was adopted to
identify and quantify GPF volatile compounds. For each analysis, 0.5 g of sample was
placed in a 20 mL glass vial, containing 0.5 g of sodium chloride and 2 mL of distilled water
and then stirred for 20 min in a water bath (50 ◦C). The n-tridecane (100 mg/L) was used as
internal standard A DVB/CAR/PDMS (Divinylbenzene/Carboxen/Polydimethylsiloxane)
fiber was inserted, maintained for 40 min, and then it was removed and inserted in the
GC injector to desorb the volatile molecules. Flour samples were analyzed with the 5977E
Series GC/MS system (Agilent Technologies, Santa Clara, CA, USA) furnished with a
DB-Wax column (60 m, 0.25 mm i.d., 0.25 mm film thickness). Oven temperature increased
from 40 ◦C for 5 min to 50 ◦C at a rate of 3 ◦C/min, and finally to then 225 ◦C at a rate of
5 ◦C/min. The MS acquisition mode was full scan (40–450 m/z). The identity of molecules
was determined by comparison of spectra with the NIST14 library and confirmed by
injection of the pure reference standards when available. The semi-quantitative analysis
was performed using the internal standard method [19].

2.9. Color and Moisture Evaluation

GPF color was measured during the six-month storage in the dark at 4 ◦C and 25 ◦C,
using a Minolta CR-410 chromatometer (Konica Minolta Camera Co., Ltd., Osaka, Japan).
The CIELAB color space was used to determine the parameters L* from black (0) to white
(100), a* (red (+a) to green (−a) color) and b* (yellow (+b) to blue (−b) color). Color
measurement was replicated three times for each flour sample.

Grape pomace moisture was evaluated by utilizing a moisture measuring balance
(AND MX50, A&D Company, Limited, Tokyo, Japan). The temperature for the measure-
ment was 120 ◦C for 30 min. Moisture measurement was replicated three times for each
flour sample.

2.10. Statistical Analysis

The statistical significance of the differences between the measured data was assessed
by performing both a parametric method (two sample-t-test) and a non-parametric one
(Mann-Whitney U Test) by means of the SigmaStat software Version 3.1 (Jandel Corp.,
Erkrath, Germany). The Principal Component Analysis and the heatmap were obtained
using routines written in the MATLAB program design. Data are the mean ± standard
deviation of three independent replicates (n = 3).
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3. Results and Discussion

3.1. Stability of Polyphenols in Negroamaro Pomace Flour Extracts during Storage

GPF stored for six months in the dark at 4 and 25 ◦C, showed no significant differences
in total anthocyanin and oenin content (Table 1).

In the chromatographic profile of the GPF extracts, we detected phenolic acids such
as caffeic, caftaric, cutaric and gallic acids and these metabolites had a similar relative
distribution during storage (Table 1).

Stilbenes content, and in particular resveratrol, shows significant differences among
V. vinifera cultivars [20]. Table 1 shows the results related to the analysis of stilbene levels in
Negroamaro GPF. It can be seen that trans-resveratrol levels increase during the six months
storage period, both at 4 ◦C and 25 ◦C.

In grape, flavanols can be found as monomers (epicatechin 3-gallate, gallocatechin,
catechin, epigallocatechin and epicatechin), oligomers and polymers (i.e., tannins and
proanthocyanidins) that show antioxidant activity both in vitro and in vivo [21–23]. In
this study we identified the flavanols catechin and epicatechin in GPF (Table 1). While
storage at 4 ◦C did not affect their content significantly, we observed a slight but statistically
significant decrease following storage for six months at 25 ◦C.

Flavonols are considered bioactive grape/wine compounds that are potentially rel-
evant for human health and nutrition [24,25]. Moreover, in a process known as co-
pigmentation anthocyanins can interact with flavonols, leading to an increase in red color.
In our GPF we identified the flavonols quercetin and quercetin 3-glycoside (Table 1). In this
study GPF prolonged storage do not affect flavonols content. Conversely, the concentration
of other compounds such as stilbenes increased over time. This later is in agreement
with other studies of food ingredients, that reported a storage-related increase in phenol
content [26,27]. Storage can lead to changes in plant and cell tissue structure, as well as
degradation of covalently bound phenolic molecules. In turn, that lead to an increase in
solubility and consequently an improved extraction of such compounds. These results
confirmed the hypothesis that GPF can be stored at both 4 ◦C and 25 ◦C without losing of
several of its biological properties.

3.2. Assessment of Total Phenols and Antioxidant Activity of GPF during Storage at
Different Temperatures

During six months, at 28-day intervals, we monitored variations in the concentration
of phenolic compounds present in GPF using the Folin Ciocalteu assay. The obtained
results indicated that the total phenol content in grape flour does not change significantly
throughout the entire period either at 4 ◦C or 25 ◦C (Figure 1) remaining comparable to the
control sample (T0).

Total antioxidant activity (AA) was determined using the TEAC/ABTS•+ assay. This
assay, despite its limitations mainly due to the steric accessibility of ABTS•+, has been
and still is used to monitor changes in antioxidant activity during food processing or
storage, as the sample components with antioxidant activity are constant. We observed no
significant changes in antioxidant activity across all timepoints analyzed during the six
month storage period. The above findings highlighted a correlation with the stability of
different polyphenol groups (in Table 1), and their synergic activity (Figure 2).
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Figure 1. Comparison of Total Phenols content in Negroamaro GPF during six months storage at
4 ◦C and 25 ◦C in the dark. Data represent mean values ± standard deviation (n = 3). “*” indicates a
timepoint that was significantly different (p < 0.05) relative to T0 as determined by the two sample-t-
test and the Mann-Whitney U Test.

Figure 2. Comparison of TEAC values (AA) in Negroamaro GPF during the six month storage period
at 4 ◦C and 25 ◦C in the dark. Data represent mean values ± standard deviation (n = 3).

3.3. Effect of Storage on Fatty Acids and Volatile Composition of Negroamaro GPF

Analysis of the FA profile shows that polyunsaturated fatty acids (PUFA) accounted
for approximately 57% of the total percentage of fatty acids identified, followed by mo-
nounsaturated (MUFA, ~24%) and saturated (SFA, ~19%) acids (Table 2).

Linoleic acid (C18:2n6) represented approximately 54% of the total fatty acids, followed
by oleic (C18:1 n9, ~24%), palmitic (C16:0, ~11%) and stearic (C18:0; ~7%) acid. During the
storage period of six months, we observed a significant increase in SFA at 5 and 6 months
(p < 0.05) in GPF stored at 4 ◦C or 25 ◦C, compared to T0 (Table 2). However, neither
MUFA nor PUFA content changed significantly across the time period analyzed, indicating
excellent stability with regard to fatty acid oxidation. The presence of antioxidants such as
polyphenols in GPF could play an important role in protecting unsaturated fatty acids from
oxidation. Likewise, olive pomace by-products, that are characterized by a high content of
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phenolic compounds, have also been shown to increase oxidative stability and improving
the quality and shelf life of food products [28].

Table 2. Characterization and comparison of different fatty acids composition in GPF stored for six
months at 4 and 25 ◦C in the dark.

Time Storage (Months)

0 1 2 3 4 5 6 0 1 2 3 4 5 6

% of Total Fatty Acids Identified

Fatty Acids 4 ◦C 25 ◦C

Palmitic acid
(C16:0) 11.55 12.46 12.72 12.81 13.09 14.37 14.72 * 11.55 12.71 12.57 12.77 13.10 13.66 15.28

Palmitoleic acid
(C16:1) 0.71 1.01 0.95 0.96 0.78 0.76 0.91 * 0.71 0.95 * 0.99 * 0.92 * 1.20 * 0.93 * 1.07 *

Stearic acid
(C18:0) 6.81 7.43 7.04 7.22 7.19 9.49 * 9.52 * 6.81 7.23 * 7.03 * 7.94 * 7.63 * 9.12 * 9.96 *

Oleic acid
(C18:1 n9) 23.57 23.64 23.09 23.50 23.76 21.50 21.09 23.57 23.17 23.31 23.82 23.67 22.02 20.97

Linoleic acid
(C18:2 n6) 53.85 52.39 53.40 52.88 52.35 51.27 51.16 53.85 52.96 53.20 51.58 51.58 51.69 50.17

Linolenic acid
(C18:3 n3) 2.97 2.47 2.29 2.14 * 2.12 * 1.99 * 2.08 * 2.97 2.44 2.40 2.26 * 2.20 * 2.06 * 2.00 *

Arachidic acid
(C20:0) 0.54 0.60 0.51 0.49 0.71 * 0.62 * 0.52 0.54 0.54 0.50 0.71 * 0.62 0.52 0.55

SFA 18.90 20.49 20.27 20.52 20.99 24.48 * 24.66 * 18.90 20.48 20.10 21.42 * 21.35 * 23.30 * 25.79 *
MUFA 24.28 24.65 24.04 24.46 24.54 22.36 22.10 24.28 24.12 24.30 24.74 24.87 22.95 22.04
PUFA 56.82 54.86 55.69 55.02 54.47 53.16 53.24 56.82 55.40 55.60 53.84 53.78 53.75 52.17

Standard deviation is less than 10%. “*” indicates statistically significant differences (p < 0.05) between each
treatment after T1, T2, T3, T4, T5 and T6 time (months) versus initial storage time (T0) as determined by the two
sample-t-test and the Mann-Whitney U Test.

Although the total lipid content in GPF is not very high, if GPF is subjected to storage
conditions at temperature higher than 4 ◦C, enzymatic and non-enzymatic processes could
contribute to lipid oxidation leading to rancidity. Therefore, we investigated whether
changes in SFA, MUFA and PUFA content significant contribution to the oxidation stability
of grape pomace flour. The stability of oleaginous component in the stored whole grape
pomace flour containing seeds was assessed. Fatty acids (FAs) have a variable number
of carbons and double bonds [29]. Generally, in foods containing a fatty component
then, lipid oxidation is one of the main factors linked to oxidative rancidity, the loss
of essential fatty acids, and the development of unpleasant flavor and smells in food
ingredients. Polyphenols perform their antioxidant action by: (i) inactivating free radical,
(ii) scavenging and neutralizing reactive oxygen species (ROS), (iii) enhancing the electron
transfer, (iv) preventing the oxidation propagation phase and avoiding the formation of
peroxides [30,31].

We also characterized the volatile profile of Negroamaro GPF during six months of
storage at different temperatures. In total, 30 volatile compounds were identified, quantified
by triphasic fiber coupled GC-MS analysis and grouped according to the class of volatile
(esters, alcohols, aldehydes, ketons, furans and hydrocarbons). As shown in Figure 3 the
differences between samples collected at T0 and after six months at 4–25 ◦C (T6_4 ◦C and
T6_25 ◦C, respectively) appear to be quantitative rather than qualitative [32].
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Figure 3. Total ion chromatogram of Negroamaro pomace flour at initial and final time point (T0 and
T6, respectively) at 4 ◦C and 25 ◦C in the dark.

In all samples, esters, alcohols and aldehydes were the main groups of compounds
identified in GP. Esters ranged from 51.65% of the total peak area in T0 sample to 63.38
and 77.40% in T6_4 ◦C and T6_25 ◦C, respectively. Alcohols ranged from 31.49% in T0 to
31.38 and 36.88% in T6_4 ◦C and T6_25 ◦C, respectively. Ethyl esters of fatty acids with a
linear chain from 6 to 18 carbon atoms, are the molecules with the highest concentration
detectable in all samples. The volatile fraction of Negroamaro grapes is also characterized
by ethyl esters in free form whose content depends from ethanolysis of acetyl-CoA during
fatty acids synthesis or degradation [33]. Among acetate esters, ethyl acetate showed a
decrease during storage from 4.24 mg/kg at T0 to 1.34 and 1.011 at T6_4 ◦C and T_25 ◦C,
respectively. Lower concentrations of ethyl acetate in processed samples may be due to
glucose reduction via Maillard reactions, or inactivation by microorganisms produced
during storage [34]. The detection of esters in control sample and their increase during the
storage suggests that the fruity odor of the initial raw material is well preserved. While,
the defined mechanism underlying the increase in esters is unknown [34], so it could be
hypothesized that it results from oxidative breakdown of unsaturated fatty acids [35].

The aldehyde content varied from 11.13% at T0 to 15.94 and 20.93% in T6_4 ◦C and
T6_25 ◦C samples, respectively. The large amount of linear aldehydes identified in GPF
could result from oxidation degradation of unsaturated fatty acids, especially oleic, linoleic,
linolenic [36], while the increase in aromatic aldehydes such as benzaldehyde and pheny-
lacetaldehyde resulted from the degradation of aromatic amino acids during drying [37].
We found that 2-hexenal, a commonly used indicator of food rancidity, decreased during
storage; i.e., from 0.41 mg/Kg in T0 to 0.06 and 0.08 mg/Kg in T6_4 ◦C and T6_25 ◦C sam-
ples, respectively. Furthermore, both values were lower than the concentration associated
with rancid odors [38]. Moreover, we found no significant difference betweenT6_4 ◦C and
T6_25 ◦C. It could be considered that constant antioxidant activity with a non-significant
decrease in PUFA and MUFA contributes to reduce lipid oxidation.

While there is limited literature reporting changes in 2-hexenal content GP during
storage, the decrease in 2-hexenal could be linked to oxidative breakdown processes. As C6
compounds are products of fatty acid oxidation, we also detected 1-hexanol in concentration
varying from 0.26 mg/Kg at T0 to 0.14 and 0.15 mg/Kg in T6_4 ◦C and T6_25 ◦C, samples
respectively. Volatile alcohols, in particular 1-hexanol and 1-octen-3-ol are produced at low

67



Appl. Sci. 2022, 12, 3956

temperature by oxidation of linoleic acid [39,40]. Therefore, it is probable that a decrease in
C6 alcohols is linked to a decrease in the level of its precursor.

In the light of this, the low percentage of 2-hexenal and the absence of pentanal
considered responsible for off flavor, the increase in esters and aromatic aldehydes during
the six months of storage suggest a preservation of sensory quality. To identify main
volatile compounds that discriminated GPF samples collected at two different times and
temperatures, we performed a principal component analysis (PCA) on data obtained
by SPME-GC/MS. As shown in Figure 4, two principal components (PC), PC1 and PC2
accounted for all variation; i.e., 60.23 and 39.77%, respectively.

Figure 4. Principal Component Analysis of volatile compound concentrations detected in GPF stored
for six months at 4 ◦C and 25 ◦C in the dark. PCA biplots on the PC1-PC2 plane combining score
plots of major volatiles variables and the final sampling of GPF stored at 4◦ C (T6) and at 25 ◦C (T6).

PCA allowed us to differentiate the three samples collected at two different times and
temperatures, based on the concentration of specific volatiles. PC1, which explained 60.23%
of variance, clearly differentiated T0 and T6_4 ◦C samples from the T6_25 ◦C sample. On
the other hand, PC2, that explained 39.77% of variation, separated the samples into three
different groups. The T0 sample was located in the negative region of PC2 and positive PC1
for the higher values of C6 molecules. The T6_4 ◦C sample located in the positive region of
PC1 and PC2, was characterized by an increase of specific esters (hexadecanoic methyl ester,
ethyl acetate, ethyl hexanoate), alcohols (2-ethyl-1-hexanol and 1-octen-3-ol) and aldehydes
(hexanal, 2,4-heptadienal). Finally, T6_25 ◦C sample is described by component negative of
PC1 for the high content of long chain esters and ketones. In generally, alcohols, esters and
aldehydes are derived from oxidation of unsaturated fatty acids [39,40]. Previous reports
have indicated that higher storage temperature might also be responsible for loss of GPF
phenol content [41,42]. However, the above results suggest the lack of any significant effect
of temperature the quality of GPF.

The heatmap shown in Figure 5 illustrates the changes in the amounts of different
volatiles at T0_4 ◦C or T6_25 ◦C relative to T. Alcohols and esters, the two main groups
of molecules identified, showed significant changes from T0 to T6 at either tempera-
ture. Among aldehydes C6-C10, heptenale, 2-octenale, benzaldehyde, 2-nonenale and
2-phenylacetaldehyde increased during storage and with increasing temperature as previ-
ously reported [40]. The increase in the concentrations of alcohols and aldehydes could
be associated with variation in the percentage of mono and polyunsaturated fatty acids
detected. The formation of ketones, 2-phenylethylalcohol, 2-pentylfuran and some hy-
drocarbons seems to depend on both time and temperature. The two factors, time and
temperature, led to a significant increase in alcohols and esters, the latter associated with
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sensory notes of fruitiness, while no significant variation was found of the remaining of
molecules detected [43].

Figure 5. Heatmap of volatile compounds.

69



Appl. Sci. 2022, 12, 3956

The evaluation of the volatile component, aldehydes were detected after six months of
storage at the both temperatures, which could accompany the rancidity process of the GPF
mostly at 25 ◦C. The concentrations of these compounds suggest a start of production of
the volatile component, which is generally very subjective in individual perception.

3.4. Color Profile and Moisture Percentage of Negroamaro Flour Pomace after Six Months of
Storage at Different Temperatures

GFP color is a quality parameter that affects both the appearance and consumer
perception. L*, a* and b* (see Materials and Methods section) values of GPF at T0 and T6
samples stored at 4 ◦C and 25 ◦C in the dark and air conditions, are shown in Table 3. GPF
samples showed positive a* and b* values, indicating that a GPF is more red than green
and more yellow than blue, respectively.

Table 3. Color and moisture of GPF stored for six months at 4 and 25 ◦C in the dark.

Time
(Months)

Color Parameter Moisture

L * a * b * %

T0 44.23 ± 0.08 6.13 ± 0.06 4.89 ± 0.06 7.56 ± 0.06

Temperature of storage 4 ◦C

T6 44.48 ± 0.38 6.38 ± 0.20 5.07 ± 0.20 7.69 ± 0.08

Temperature of storage 25 ◦C

T6 45.61 ± 0.19 * 6.83 ± 0.13 * 5.59 ± 0.09 * 7.9 ± 0.09
Standard deviation is less than 10%. “*” indicates statistically significant differences (p < 0.05) between T6 time
(months) versus initial storage time (T0) as determined by the two sample-t-test and the Mann-Whitney U Test.

Table 3 showed that storing pomace flour during six months lead to a significant
increase of L*, a* and b* values. On the other end storage of pomace flour for six months at
4 ◦C does not effect L*, a* and b* values. Increase of L*, a* and b* values suggests that storage
at 25 ◦C of GPF leads to a mild whitening and an intensification of red and yellow color.
This effect could be a direct consequence of the initial anthocyanins degradation in grape
pomace during the storage at 25 ◦C [44,45]. With regards to the percentage of moisture,
no significant differences were found between sampling time nor storage temperature
(Table 3). Moisture content of food ingredients affect physical and chemical aspects related
to freshness and stability during long term storage. Moreover, even slight deviations from
a defined standard can adversely affect the physical properties of a food. Interestingly, in
the case of wheat flour, fluctuation in moisture content during storage may be associated
with changes in flavonoids and antioxidant activity [46].

4. Conclusions

This study is the first to assess the effect of two commonly employed storage tempera-
tures on the chemical and technological properties of GPF. Our results show that the content
of total phenols and other bioactive molecules such as polyphenols and fatty acids are
largely preserved at both temperatures. However, minor changes in GPF color and volatile
component content occur following a storage period of six months at 25 ◦C. In particular,
GPF color becomes slight whitened and shows and small increase in the volatile long chain
esters and ketones. Based on this data, we conclude that the optimal storage temperature
for GPF storage is 4 ◦C. Furthermore, our results lend further support to include GPF as a
sustainable natural ingredient in functional foods.
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Abstract: Blackberries are rich in antioxidants due to their high polyphenol and vitamin content,
making them an excellent source of health protection. It is well known that good quality juices and
fruit extracts can be obtained only from high quality fruits. The aim of this research is to characterize
the antioxidant properties of garden blackberries fruits grown in Turia (Romania). Extracts were
made from blackberry fruits with four different solvents, and the antioxidant capacity was studied
by applying DPPH and FRAP assay. The total phenolic content (with Folin–Ciocâlteu reagent), total
anthocyanin content (with the pH differential method), and total flavonoid content (with aluminum
chloride colorimetric method) were also measured. The quercetin and gallic acid content were also
determined by HPLC-DAD. As the best results were obtained with 90% v/v acidified acetonitrile, the
Hansen parameters analysis was performed for the acetonitrile-water solvent mixture as a solvent
and cyanidin-3-O-glucoside as a solute.

Keywords: blackberry; antioxidant capacity; solvent selection; Hansen solubility parameters

1. Introduction

Blackberries belong to the thorny shrubs (genus Rubus) group and are members of the
rose family (Rosaceae). Wild species are found on five continents, and low-growing shrubs
are common in temperate forests and tropical highlands. Some species prefer cool mountain
habitats, others grow better in marshy tundra areas. Researchers have identified hundreds
of species, but only the fruits of a few species are commercially available [1]. Blackberries
(Rubus fruticosus L.) are widely cultivated edible fruits in Europe and North America. Their
composition and nutritional value depend on several agro-geo-climatological factors, such
as genotype, environmental conditions, agronomic practices, harvesting time, post-harvest
storage, and processing techniques [2,3]. Among the most important bioactive compounds
in blackberries—flavonoids, phenolic acids, tannins, anthocyanins, and vitamins—have
been found [4,5]. The dietary consumption of blackberries has been associated with several
health benefits, such as preventing and treating metabolic syndrome, supporting the
digestive and immune systems, preventing inflammatory diseases and cardiovascular
diseases, and providing protective effects against gastrointestinal cancers [3,4,6].

Blackberry presents multiple health benefits for food consumers due to its antioxidant
activity and the polypharmacological effects of anthocyanins [7]. Blackberries are used
as conventional raw materials in obtaining jam, compote, as well as unfermented and
fermented beverages, but they may replace synthetic additives from foodstuffs such as
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colorants, stabilizers, etc. [8,9]. Additionally, the use of blackberries improves the nutritional
value and shelf life of finished food. The anthocyanins from blackberries can be applied in
food packaging systems and as food colorants, since natural dyes are rarely toxic as well as
easy to prepare and pollution free [10–12]. The possible applications are shown in Figure 1.

 

Figure 1. The main unconventional applications of blackberries in the food industry.

During fruit processing, a large by-product quantity is generated with an important
bioactive compound content [3,5,13]. Through food by-products utilization, it is possible to
simultaneously recover the valuable bioactive compounds and minimize the waste quan-
tity. This way, the fruit processing industry has become more environmentally friendly by
removing phenolic compounds from the waste, which has a bacteriostatic effect on degra-
dation microorganisms [14]. There are also difficulties in recovering bioactive compounds
from food industry by-products. Extractions involve the co-extraction of non-phenolic sub-
stances, such as sugars, organic acids, and proteins, which require subsequent purification
processes. The temperature decreases solvent viscosity and surface tension, enhancing
diffusion and extraction efficiency. However, high temperatures may accelerate the degra-
dation of polyphenols, reduce antioxidant capacity, and produce solvent evaporation.
Extraction of polyphenols is usually carried out at low pH, as, in acidic environments,
these compounds take a neutral form, which is best suited for solubilization. However,
excessive acidification may impair extraction, as the profile of native polyphenols may
be distorted by the hydrolysis of simple glycosides. Extraction time is also crucial, as
prolonged exposure to oxygen/light can degrade phenols. In addition, other polyphenols
are susceptible to oxidation or volatility and therefore require short processes or condi-
tions that protect the dissolved fraction from oxygen/light damage. Current extraction
methods (ultrasound-assisted extraction, supercritical fluid extraction, hot-pressurized
liquid extraction, microwave-assisted extraction, enzyme-assisted extraction) are generally
efficient, sustainable, potentially cost-effective, and easier to scale up. Nevertheless, the
optimal feasibility of extracting plant by-products is still far from being within reach. Ef-
forts should be made to find the optimal compromise between maximum recovery and
minimum disturbance of polyphenol structure [15].

In recent years, more and more studies have been frequently published looking at red
berries’ composition and antioxidant properties. Several methods have been adapted to
determine antioxidants in plants, foods, dietary supplements, and food supplements. The
total antioxidant capacity of food does not necessarily correlate with the value obtained by
summing the levels of individual antioxidants from a composite food matrix. Antioxidant
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activity can be monitored by various assays with different mechanisms, including hydrogen
atom transfer (HAT), single electron transfer (SET), reducing power, and metal chelation.
Among the methods using the SET reaction mechanism, the FRAP (Ferric reducing antiox-
idant power), the Folin–Ciocâlteu method, and the DPPH (2,2-diphenylpicrylhydrazyl)
radical scavenging method are widely used. Flavonoids and anthocyanins can also be
quantified by UV-Vis spectrophotometry.

In parallel, extensive research is taking place worldwide to find the optimal extraction
methods to obtain antioxidant-rich products for a range of berries. Although conventional
solvent extraction is the most widespread technique for extracting antioxidant compounds
from red berries, new non-conventional methods have emerged as environmentally friendly
alternatives to the first method, such as ultrasound, microwave, and pressure-assisted
extractions, applied alone or in conjunction with the use of solvents, to reduce energy and
solvent requirements [16,17].

The traditional method for anthocyanins extraction is Soxhlet extraction with acidi-
fied ethanol or methanol. Acid addition is necessary because anthocyanins are reactive
compounds and are sensitive to pH changes. Anthocyanins present instability and tend to
change their color in response to changes in environmental parameters such as pH, heat,
light, oxygen, and co-existing substances [18]. Anthocyanins can be found in different
chemical forms that depend on the solution’s pH (Figure 2).

 
Figure 2. The structures of cyanidin-3-O-glucoside at different pHs.

The presence of ascorbic acid in an environment containing anthocyanins causes a loss
of color, thus suggesting a direct interaction between the two molecules. At the same time,
the presence of oxygen in the environment will favor faster degradation of anthocyanins by
ascorbic acid, thus determining the formation of the polymeric pigment and the whitening
of the anthocyanin pigment. The specific degradation process is unknown; however, adding
ascorbic acid to anthocyanins increases the decomposition rate of both molecules. The
presumed mechanisms by which this phenomenon would occur are the direct condensation
of ascorbic acid with anthocyanins or the formation of hydrogen peroxide and oxidative
cleavage [19].
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The most commonly used extraction solvents are acidified methanol and ethanol,
but in the food industry, ethanol is preferred because of the toxicity of methanol. Among
ethanol and methanol extractions, many other extraction solvents have been mentioned in
the literature, such as: ethyl acetate, chloroform, acetone/water 10–90% (v/v), n-hexane,
isooctane [20]. Solvents with high polarity (ethanol and methanol) are favorable for use in
the extraction of polar compounds such as phenolic compounds and flavonoids. Non-polar
solvents, such as ether, or solvents with low polarity, such as chloroform and ester, are
used in specific cases with a low frequency of use. In addition to the extraction method
and solvent selection, one should pay great attention to the extraction temperature and
pH. Different extraction temperatures may affect the types of polyphenols extracted. At
high extraction temperatures, the formation of new compounds, known as products of the
Maillard reaction, also involves the polyphenols extraction, and thermal degradation of the
polyphenols may occur [21].

A solvent mixture can display more affinity with the chemical target than a pure
solvent and can enhance the extraction yields. The solubility of the different compounds
in variable solvents was predicted, initially, by comparing the Hildebrand solubility pa-
rameters of the solute and solvent. Still, this method had many discrepancies between the
practice and theory. The Hildebrand solubility parameter is the square root of cohesive
energy density, and this is mainly applicable for nonpolar (van der Waals) interactions.

Improvement was made by Hansen (2007) by introducing three partial solubility
parameters (δD, δP, δH), characterizing the different physical interactions separately (disper-
sive, polar, hydrogen-bond) that can occur between the solvent and solute molecules [22].
Mathematically, the original Hildebrand parameter was treated, somehow, as a vector in
three-dimensional space (having three components), with the value of the Hildebrand
parameter representing the length of the vector, given by the square root of the sums of the
square of its components, as in Equation (1):

δ =
√

δ2
D + δ2

P + δ2
H (1)

Two components mix easily if their value of Hildebrand parameters differs only by
2 MPa0.5. However, experience shows that it is also important that at least two of the
Hansen parameters have close values to ensure good solubility. Therefore, comparison of
the Hansen parameters would give more plausible predictions.

The aim of this research is to characterize the antioxidant properties of garden black-
berries fruits grown in Turia, Romania. To obtain more accurate and comprehensive
results, we used several solvents for extraction. Using Hansen’s solubility parameters, we
want to calculate the optimal concentration of a solvent mixture suitable for extracting
anthocyanins.

2. Materials and Methods

In this study, frozen garden blackberries were used, collected from own cultivation in
Turia, Covasna County, Romania (46◦3′51.678′′ N and 25◦58′40.8828′′ E) in September 2020.
The village has a temperate continental climate (hot summers, cold winters), with average
annual temperatures ranging from 2–7 ◦C. Annual rainfall in Turia varies between 500 and
1100 mm. The type of soil is eutricambosol soil. The blackberry fruits were hand-harvested
at full maturity from randomly selected plants, the fruits without any damage were picked
and stored at −20 ◦C until the analysis.

2.1. Chemicals

Ascorbic acid, Folin–Ciocâlteu’s phenol reagent, 2,4,6-tris(2-pyridyl)-1,3,5-triazine
(TPTZ), 2-diphenyl-1-picrylhydrazyl (DPPH), aluminum chloride, quercetin, and gallic
acid were purchased from Sigma–Aldrich Chemie GmbH (Hamburg, Germany). The
solvents (methanol, ethanol, acetonitrile, acetone, hydrochloric acid, acetic acid, and formic
acid) were LiChrosolv HPLC grade, purchased from Merck KGaA (Darmstadt, Germany).
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Sodium acetate, ferric chloride, sodium carbonate, and potassium chloride were of analyti-
cal grade and purchased from VWR International (Batavia, IL, USA).

2.2. Sample Preparation

The frozen garden blackberries were homogenized using a domestic blender, and
20 mL of the following solvents were added to 1 g of sample:

- Et: 80% (v/v) ethanol [23];
- A: 70% (v/v) acetone + 2% (v/v) acetic acid [24–26];
- Met: 60% (v/v) methanol + 3% (v/v) formic acid [27];
- ACN: 90% (v/v) acetonitrile + 10% (v/v) 6 molar HCl [28].

The samples were sonicated for 20 min for a better cell wall rupture, centrifuged at
3461 RCF (6000 RPM) for 10 min, and the supernatant was removed and used for further
determinations. Each sample was independently extracted in triplicate, and analyses were
performed on the same day. Among the utilized solvents, only ethanol and acetone (in
some cases) are allowed for food industry purposes. However, our research aimed to map
the antioxidant capacity of blackberries and not to produce an extract suitable for human
consumption. Therefore, we used some other solvents that do not belong to the GRAS
(Generally Recognized As Safe) category.

2.3. Determination of the Dry Matter Content of Blackberries

The dry matter content was determined using 2 g of the sample in an oven at
105 ± 2 ◦C (Memmert, Memmert Gmbh, Schwabach, Germany) until constant weight.

2.4. Antioxidant Activity Determination
2.4.1. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Assay

For the measurement, first, a methanolic DPPH solution was prepared (9 mg DPPH
dissolved in 100 mL methanol), and then, sample mixtures were prepared. To 1 mL
DPPH solution, 20 μL blackberry extract and 980 μL distilled water were added. The
mixture was incubated for 30 min at room temperature in the dark, and the absorbance
was measured at λ = 517 nm on Varian Cary 50 UV–VIS spectrophotometer (Varian Co.,
Palo Alto, Santa Clara, CA, USA) [29]. Measurements were performed in triplicate from
all samples. The percentage of the DPPH consumed was calculated with the following
equation (Equation (2)):

E% = 100 × (A0 − A1)/A0 (2)

where: A0—the initial absorbance, and A1—the absorbance in the presence of the extract.

2.4.2. Ferric Reducing Antioxidant Power (FRAP) Assay

The antioxidant potential of blackberries extract was also determined using a FRAP
assay measuring the change in absorbance at λ = 593 nm due to the formation of a blue-
colored Fe2+-tripyridyl-triazine compound from colorless oxidized Fe3+-form by the action
of electron-donating antioxidants [30]. The stock solutions required for the FRAP solution
were prepared as follows: acetate buffer: 3.1 g sodium-acetate + 16 mL acetic acid + 1 L
distilled water; TPTZ solution: 0.312 g TPTZ + 100 mL distilled water + 336 μL hydrochloric
acid (37% v/v); Ferric chloride solution: 0.54 g FeCl3 + 100 mL distilled water. The FRAP
solution was prepared as follows: 25 mL acetate buffer + 2.5 mL TPTZ solution + 2.5 mL
ferric chloride solution.

The absorbance was measured at λ = 593 nm (Varian Cary 50 UV–VIS spectrophotome-
ter, Varian Co., Palo Alto, Santa Clara, CA, USA). Calibration was performed with ascorbic
acid, and results were expressed as milligrams of ascorbic acid equivalents (AAE) per 100 g
of the dry weight of berries. Triplicate measurements were performed from all samples.
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2.5. Determination of Total Polyphenol Content (TPC)

The total polyphenol content was determined with the Folin–Ciocâlteu reagent, ac-
cording to the method modified by Singleton [31], using gallic acid as a standard. There
were 50 μL of the sample diluted with 200 μL of methanol: water (4:1) solution was mixed
with 0.25 mL of Folin–Ciocâlteu reagent, and 1 min later, 1 mL of sodium carbonate (0.7 M)
was added. The mixture was heated to 50 ◦C and kept at this temperature for 5 min. After
cooling, the absorbance was measured at λ = 760 nm. Gallic acid was used as standard, and
the results were expressed as milligrams of gallic acid equivalents (GAE) per 100 g of dry
weight (DW) of blackberries. Measurements were performed in triplicate on each sample.

2.6. Determination of Total Flavonoid Content (TFC)

The aluminum chloride colorimetric method was used to determine the total flavonoid
content of the sample. For calibration, the following concentrations of quercetin solution
were used: 12.5; 25; 50; 100; 200 μg/mL quercetin.

For the sample mixtures, 1.2 mL of aluminum chloride solution (2% m/v) were added
to 0.6 mL of blackberry extract and incubated for 60 min at room temperature. Then,
absorbances were measured at λ = 420 nm wavelength on a Varian Cary 50 UV spectropho-
tometer (Varian Co., Palo Alto, Santa Clara, CA, USA) [32]. Results were expressed as mg
quercetin per 100 g dry weight. Measurements were performed in triplicate on each sample.

2.7. Determination of Total Anthocyanin Content (TAC)

Total anthocyanin content was determined according to the pH differential method [31].
The sample mixtures were prepared as follows:

- 0.2 mL blackberry extract + 1.8 mL 0.025 M potassium chloride solution (pH = 1);
- 0.2 mL blackberry extract + 1.8 mL 0.4 M sodium-acetate solution (pH = 4.5).

The sample mixtures were measured serially at λ = 510, and λ = 700 nm wavelengths,
and the results were calculated using Equations (3) and (4) [33]. Results are expressed as
mg cyanidin-3-glucoside/100 g dry matter.

A = (A510 nm − A700 nm)pH1.0 − (A510 nm − A700 nm)pH4.5 (3)

TAC (mg/L) = A × MW × DF × 1000/ε × l (4)

where: A—absorbance; MW—molecular weight (449.2 g/mol); DF—dilution factor; ε—molar
absorption coefficient (26,900 L/(mol·cm)); l = optical path length (cm).

2.8. Determination of Gallic Acid and Quercetin by HPLC-DAD

In the first step, 10 g of frozen blackberry sample was poured into 100 mL of methanol
and was sonicated in an ultrasonic bath (ultrasound-assisted extraction, UAE) for 30 min.
The supernatants were filtered through a 0.45 μm syringe filter. The analyses were operated
on an Agilent 1260 HPLC system (Agilent, Santa Clara, CA, USA) with a photodiode array
detector, with Betasil C18 (150 mm × 4.6 mm, 5 μm) analytical column (Thermo Scientific®,
Waltham, MA, USA ). The mobile phase was a binary solvent mixture of A (0.1% formic
acid in water) and B (methanol). The solvents used were filtered through a 0.45 μm filter
and degassed. The mobile phase flow rate was 0.6 mL·min−1. The gradient program
was: 0–2 min: 15% B; 2–7 min: 15–30% B; 11–15 min: 30–80% B; 15–20 min: 80–15% B
(UV absorbance was monitored in the interval λ = 20–400 nm [34,35]. The calibration
curve was constructed by plotting standard solutions’ peak area against the concentration
(5–100 μg/mL for gallic acid and 2.5–50 μg/mL). The determination coefficient (R2) was
0.9918 for gallic acid and 0.9952 for quercetin. The LOD and LOQ were 0.85 and 2.17 μg/mL
for gallic acid and 0.17 and 0.32 μg/mL for quercetin.
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2.9. Calculation of a Solvent Mixture Optimal Concentration for Anthocyanin Extraction Using
the Hansen Solubility Parameters

The theoretical optimal concentration of a solvent mixture (e.g., acetonitrile-water
solution) could be calculated by using the δP-δH coordinate system. In this coordinate, the
solvent-water solution is represented by a line, and the flavylium cation is shown by a
point (P). The coordinate of the intersection of the perpendicular lines from the point P
to the line will give the two Hansen parameter of the optimal solvent composition. The
equation of the line for solvent-water mixture is given by:

δs
P = m·δs

H + n (5)

where: δs
P—the polar Hansen parameter of the solvent mixture; δs

H—the hydrogen-bond
Hansen parameter of the solvent mixture; m-slope; n-intercept. The numerical values for
the slope and intercept are determined by linear regression.

The point, representing the flavylium cation, is marked as P(δf
H,δf

P).
The coordinates of the closest point of the line to the P point, representing the optimal

solvent composition (P*(δ*H,δ*P)), are given by:

δ*H = (δf
H + m(δf

P − n))/(1 + m2) (6)

and
δ*P = m·δ*H + n (7)

As the dependency V%S-δs
H is also linear, given by V%S = a·δs

H + b (where a-slope,
b-intercept, both determined by linear regression), the optimal solvent composition could
be expressed as:

Vs% = a·δ*H + b (8)

2.10. Statistical Analysis

Data are expressed as the means ± standard deviation for at least three independent
measurements. Statistical analysis and graphical representation were made using Microsoft
Excel 2016 and Statistica 8.0 (StatSoft Inc., Tulsa, OK, USA). The normal distribution of
the experimental data was tested with Kolmogorov–Smirnov and Shapiro–Wilk tests. The
normality test was performed on three variables from three independent measurements.
The relationship between bioactive compounds and antioxidant capacity was tested using
Pearson correlation in SPPS 19.0 (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

Ultrasound-assisted extraction allows low concentrations of solvents and lower tem-
peratures to extract anthocyanins [36]. Therefore, we opted for ultrasound-assisted extrac-
tion, at room temperature, with different extraction solvents [17].

3.1. Dry Matter Content of Blackberries

The dry matter content of the blackberries was obtained as 13.55 ± 0.92%. Hereafter,
the results are expressed in terms of dry matter content.

3.2. Total Anthocyanin, Flavonoid, and Polyphenol Concentrations

The total anthocyanin, flavonoid, and polyphenol concentrations in the blackber-
ries tested are summarized in Table 1. The results show that the total anthocyanin
content ranges from 642.96 ± 71.24 to 885 ± 59.81 mg cyanidin-3-glucoside/100 g DW
(average 780.13 ± 98.54 mg cyanidin-3-glucoside/100 g DW), and the total flavonoid
content ranges from 129.75 ± 9.5 to 240.93 ± 16.95 mg quercetin/100 g DW (average
183.38 ± 14.87 mg quercetin/100 g DW). The total polyphenol concentration varies from
2143 ± 321.21 to 3311.83 ± 54.38 mg gallic acid/100 g DW (average 2872.69 ± 231.65 mg
gallic acid/100 g DW) depending on the solvent. The values obtained agree with several
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literature data points [23,26–28,37,38]; total phenolic compounds present in blackberries
could vary based on variety, climatic conditions of the year, soil fertility, harvest time, or
extraction method. The Folin–Ciocâlteu test for TPC has several advantages, including sim-
plicity, reproducibility, and robustness. However, it has several disadvantages. Firstly, the
test is sensitive to pH, temperature, and reaction time, and secondly, overestimation of TPC
in the Folin–Ciocâlteu test is a serious concern, as reducing sugars and ascorbic acid can be
present in high amounts in fruit extracts and can reduce the effect of the Folin–Ciocâlteu
reagent, which distorts the TPC results.

Table 1. Total anthocyanin, flavonoid, and polyphenol content of blackberry extracts obtained with
different solvents.

Extraction
Solvent

TAC
(mg C3G/100 g

DW)

TAC
(mg C3G/100 g

FW)

TFC
(mg Q/100 g

DW)

TFC
(mg Q/100 g

FW)

TPC
(mg GAE/100 g

DW)

TPC
(mg GAE/100 g

FW)

ACN 885.08 ± 59.81 120.01 ± 8.11 240.93 ± 16.96 32.64 ± 2.29 3311.84 ± 54.84 449.08 ± 7.43
Met 773.30 ± 68.34 104.86 ± 9.26 129.75 ± 9.51 17.58 ± 1.28 2789.97 ± 211.79 378.32 ± 28.71
A 819.18 ± 194.8 97.67 ± 29.8 199.85 ± 19.45 27.08 ± 2.63 3245.97 ± 338.77 440.15 ± 45.93
Et 642.96 ± 71.24 87.18 ± 9.66 163.01 ± 13.57 22.09 ± 1.83 2143.00 ± 321.21 290.59 ± 43.55

C3G: cyanidin-3-glucoside; Q: quercetin; GAE: gallic acid equivalents; DW: dry weight; FW: fresh weight.

The use of acetonitrile is common in research and analytical measurements, but it
is not allowed in industrial-scale extractions due to its toxicity and flammability. In our
study, we also investigated this solvent because it is known to be an excellent HPLC solvent
for the analysis of anthocyanins. Even though acetonitrile is rarely used to extract plant
bioactive components, our results showed that these extracts had the highest antioxidant
activity. Sellappan et al. (2002) also used acetonitrile extraction with acetic acid pickling.
In their case, the total anthocyanin concentration of blackberries from the state of Geor-
gia was 116.59 ± 8.58 mg C3G/100 g FW, while the total polyphenol concentration was
486.53 ± 97.13 mg GAE/100 g FW [28].

The least effective solvent was found to be 80 v/v% ethanol even though, in our previ-
ous study, 50–70 v/v% ethanol was the most effective solvent for blackcurrant by-products,
and other literature data also showed 50 v/v% ethanol to be the most effective [39]. This
result can be explained by the fact that the extraction was carried out without acidification.
Celant et al. (2016) also used 80% ethanol as solvent, when the total anthocyanin con-
centration varied between 6.76 ± 0.03 and 9.42 ± 0.03 mg C3G/g FW, the total flavonoid
concentration between 0.46 ± 0.02 and 1.14 ± 0.01 mg Q/g FW, while the total polyphenol
concentration ranged from 8.23 ± 0.16 to 14.98 ± 0.54 mg GAE/g FW [23]. Cho et al.
(2005) used methanolic extraction with formic acid acidification. In their case, the total
polyphenol concentration ranged between 292.2 and 446.4 mg GAE/100 g FW, depending
on the blackberry ssp., which is very similar to our results [27]. For extracts obtained with
acetone extraction, our results and the literature data do not always agree; however, the
results of Moyer et al. (2002) (average of blackberry cultivars in the state of Oregon) are
pretty close to our values since, in their case, the total anthocyanin content was 164 ± 36 mg
C3G/100 g FW, while the total polyphenol concentration was 577 ± 56.1 mg GAE/100 g
FW [26].

Despite the anthocyanins belonging to the group of flavonoids, in this case, the
detected flavonoid content was lower than that of anthocyanins, although this should be
inverse. A similar trend was observed by Celant et al. (2016), indicating that the aluminum
chloride colorimetric method cannot detect all flavonoids [23]. This theory is supported
by Tabart et al. research. They found that the pH differential method is very specific
for anthocyanins, but different anthocyanins respond very differently. In contrast, the
aluminum chloride method seems appropriate only for flavanols. Some other flavonoids,
such as flavanones, could also be detected, but with lower sensitivity. Anthocyanins were
not detected [40].
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The standard deviation indicates the reproducibility of the measurements, the average
precision of the measured results, and the deviation from the mean. Studying the standard
deviations (Figure 3), the highest value was observed for the acetonic extracts, especially
for TPC, which could be mainly due to the high volatility of acetone and their poor water
miscibility. This latter property may be important because of the high moisture content of
the plant samples. Due to the limited immiscibility, the availability of the solute contained
in the solvent is highly influenced by the mixing intensity of the suspension, through
the variation of the diffusivity of the solvent through the moisture film, around the plant
material particles.

Figure 3. Comparison of standard deviations for different solvents and methods.

3.3. Antioxidant Capacity

In the determination of the DPPH radical binding activity, it was observed that the
antioxidant capacity is also affected by the solvents, with the extract prepared with ace-
tonitrile showing the highest antioxidant capacity by both FRAP and DPPH methods. The
results are shown in Table 2. This could explain that components extracted with solvents
of higher polarity are less effective at binding the DPPH radical than their lower polarity
counterparts. However, changes in the polarity of solvents alter their ability to leach certain
antioxidants, thus affecting the measurements [23]. This tendency is also evident in the
present case, as acetonitrile has a relatively low polarity (0.460) and was found to be the best
solvent. In contrast, ethanol has a higher polarity (0.654) and, therefore, inefficiency [41].

Table 2. The antioxidant capacity of blackberry extracts, obtained with different solvents, measured
by three different methods.

Extraction Solvent E% (DPPH Assay)
FRAP

(mg AAE/100 g DW)
FRAP

(mg AAE/100 g FW)

ACN 76.4078 ± 1.43 3547.68 ± 154.76 481.06 ± 20.98
Met 63.1294 ± 3.45 2455 ± 141.31 332.92 ± 19.16
A 71.9624 ± 3.04 2853.13 ± 413.98 386.88 ± 56.13
Et 47.2017 ± 2.47 1682.22 ± 357.37 228.11 ± 48.46

The obtained data suggest that the garden blackberries have excellent antioxidant
potential due to their high polyphenol and anthocyanin content. The total antioxidant
concentration values agree with Koczka et al.’s results, where the total antioxidant concen-
tration of blackberries averaged 150 μmol ascorbic acid/100 g dry matter (2.64 g ascorbic
acid/100 g dry matter) [42].
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The standard deviations also follow the trend in the present case. Figure 4 shows that
the highest standard deviation is for acetone, which is due to its higher volatility in an
aqueous mixture, in comparison to the other used solvents.

Figure 4. FRAP assay of blackberries extracts in mg AAE/g DW.

3.4. Statistical Correlations

Blackberries contain many phytochemicals, and to elucidate which components are
responsible for the main antioxidant effect, we examined whether the data were normally
distributed, and then, we applied the Pearson correlation between the antioxidant capacity
and the total anthocyanins, flavonoids, and polyphenols. Table 3 shows that, in all cases,
the distribution is normal, the values obtained for the Z-test fall within the 95% confidence
interval (−1.96; +1.96), and both the Kolmogorov–Smirnov and Shapiro–Wilk tests also
show that the distribution is normal at p = 0.05 significance level. Since the distribution is
normal, the Pearson correlation could be applied.

Table 3. The normality testing results of the measurement error distribution.

N = 12 TAC TPC TFC DPPH Assay FRAP Assay

Skewness −0.3 −0.682 0.211 −0.669 −0.158

Standard error 0.637 0.637 0.637 0.637 0.637

Z test

z = Skewness
Standard error

−1.459 −1.07 0.331 −1.05 −0.248

Kurtosis −1.049 −0.294 −1.176 −1.050 −0.769

Standard error 1.232 1.232 1.232 1.232 1.232

Z test

z = Kurtosis
Standard error

−1.292 −0.238 −0.954 −0.852 −0.624

Kolmogorov-Smirnov
Statistics 0.105 0.162 0.123 0.177 0.172

Significance 0.200 0.200 0.200 0.200 0.200

Shapiro-Wilk
Statistics 0.956 0.947 0.959 0.883 0.951

Significance 0.850 0.592 0.769 0.096 0.648

In Table 4, the Pearson correlation analysis results are summarized. The result shows
that there is a significant positive correlation between DPPH radical scavenging activity
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and total polyphenol content (r = 0.95; p < 0.01), a similar correlation has been reported
in the literature [23,28,37,43,44]. Furthermore, it was shown that DPPH stable radicals are
mainly able to be reduced by more reactive components than polyphenolic compounds.
They are the main components responsible for the high antioxidant capacity of the extracts.
This trend is also characteristic of the FRAP method (r = 0.836; p < 0.01), as pointed out by
other authors such as Koczka et al., by the polyphenol’s Fe3+ ion reducing ability [42].

Table 4. The results of Pearson linear correlation analysis.

TAC TPC TFC DPPH Assay FRAP-Assay

DPPH radical
scavenging activity

Pearson correlation 0.614 ** 0.950 ** 0.630 * 1 0.903 **
Significance level (2-tailed) 0.004 0.000 0.028 - 0.000

N 12 12 12 12 12

FRAP-assay
Pearson correlation 0.491 0.836 ** 0.732 ** 0.903 ** 1

Significance level (2-tailed) 0.065 0.001 0.007 0.000 -
N 12 12 12 12 12

* The correlation is significant at 0.05 significance level (2-tailed). ** The correlation is significant at 0.01 significance
level (2-tailed).

The correlation between total anthocyanins-total flavonoids, as well as between the
DPPH–FRAP results are also significant. Still, the correlations are looser in comparison to
the radical scavenging activity-total polyphenol content, indicating that anthocyanins and
flavonoids are only moderately responsible for the antioxidant effect: a phenomenon that
has been observed by other researchers [28,42].

Using linear regression in Microsoft Excel, the Figure 5 graphically illustrates the
positive linear correlation between total polyphenol content and the DPPH scavenging
activity of the extracts (R2 = 0.9026).

Figure 5. Relationship between radical-binding activity and total polyphenol content of the extracts
obtained with different solvents.
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3.5. Determination of Quercetin and Gallic Acid

The quercetin content was 0.465 ± 0.058 mg/100 g fresh weight, while the gallic acid
content was 88.25 ± 0.478 mg/100 g fresh weight. The values for quercetin content from
the literature are quite variable. Still, Ungureanu et al. (2020) obtained similar values [38],
as in their case, the concentration of quercetin is 2.96 ± 0.05 mg/100 g dry weight, while
Cho et al. (2005) obtained 0.63 ± 0.01 mg/100 g fresh weight [27]. This can be explained by
the result obtained by Ungureanu et al. that higher precipitation and lower temperature led
to an increase in the quercetin and gallic acid content of blackberries [38]. For gallic acid, our
results were relatively close to the values obtained by Jacques et al. (2010): 113.13 mg/100 g
fresh weight [45].

3.6. Theoretical Study of the Effect of Acetonitrile-Water Concentration on Anthocyanin Extraction
Based on Hansen Solubility Parameters

Theoretical tools and models are often used to predict the solubility of bioactive
molecules. These tools are phase solubility studies, quantitative structure-property rela-
tionships, calculation of Hansen solubility parameters by the group contribution method,
the Flory–Huggins interaction parameter, the real solvent conductive screening model
(COSMO-RS), and the COSMO segmental activity coefficient model. These models can be
applied to the extraction process of anthocyanins to predict which solvent is most effective
against which molecule. However, these models have varying degrees of complexity, and
there is no literature available to evaluate which model would be preferable for this pur-
pose. The Hansen solubility parameters are the most suitable for finding the most optimal
organic solvent-water mixture ratio. Finding the most optimal ratio of organic solvent
to water is important because it gives a higher dissolution rate. Using this mixture will
shorten the analysis time, and the amount of anthocyanins extracted will be as high as
possible, giving the closest value to the true antioxidant content. Due to the good solubility,
the amount of solvent used can also be significantly reduced.

The difference in solvent efficiency could be explained by the terms of Hansen and
Hildebrand solubility parameters of the solvents and solutes, as summarized in Table 5.
Cyanidin and cyanidin-3-O-glucoside were chosen for solutes because they are the domi-
nant anthocyanins in blackberry [46].

Table 5. Hansen and Hildebrand parameters of the main bioactive components of blackberry [47,48]
and the used solvents [21].

Solvents and Solutes
Hansen Parameters Hildebrand Parameter

äD (Dispersive)
MPa0.5

äP (Polar)
MPa0.5

äH (H-Bond)
MPa0.5

ä
MPa0.5

Acetone 15.50 10.40 7.00 19.93
Acetonitrile 15.30 18.00 6.10 24.39

Ethanol 15.80 8.80 19.40 26.52
Methanol 15.10 12.30 22.30 29.60

Water 15.60 16.00 42.30 47.80
Cyanidin 27.15 18.01 27.06 42.35

Cyanidin-3-O-glucoside 25.70 19.48 28.08 42.76

Both acetone and acetonitrile are polar solvents (Table 5), and their intermolecular
hydrogen bond forming ability is low. Acetonitrile has the highest polar Hansen param-
eter among the used solvents and, therefore, is better able to extract more polar active
compounds, some of which may have strong antioxidant activity, although, more precise
correlations could be made only when the individual components in the extracts are known.
In the case of aliphatic alcohols, strong hydrogen bonds are formed between the solvent
molecules (polar protic solvents), making them suitable solvents, but in the case of alcohols,
solubility decreases with increasing the carbon chain length, which explains why methanol
is a better solvent than ethanol [49].
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As the best results were obtained with 90% v/v acidified acetonitrile, the Hansen
parameters analysis was performed for the acidified acetonitrile-water solvent mixture as a
solvent and cyanidin-3-O-glucoside as a solute. The addition of acid shifts the equilibrium
towards the more stable flavylium form and conforms to Figure 2, changing the δH value
of cyanidin-3-O-glucoside.

Similar to malvidin, the difference between the Hansen solubility parameters of the
flavylium and carbinol pseudobase forms of cyanidin is expected to be equal, as the
structural changes between the tautomers don’t affect the side structures that differentiate
the two anthocyanidins [48]. Accordingly, the decrease in the HSPs during the carbinol-
flavylium transformation, caused by acidification, could be approximately:

ΔδP ≈ 0 MPa0.5, ΔδD = 1.85 MPa0.5, and ΔδH = 6 MPa0.5, respectively.
The Hansen solubility parameters (HSP) of solvent mixtures differ from pure solvents.

Still, they could be the volumetric fraction-weighted average of the components’ HSPs,
even for solvents in a supercritical state, as seen in Equation (9) [50].

δj,mix = Σn
i = 1Φiδj,i (9)

where: δj,mix the HSPs of the solvent mixture; Φi the volumetric fraction of i-th component; n
is the number of components of the mixture, and the j index denoting the different solubility
parameters as follows: j = D, P, H− dispersion, polar and hydrogen bond partial HSPs.

Knowing the HSPs of water and acetonitrile, the solubility parameters of the mixture
were calculated for the whole concentration range, as in Equation (10):

δj,mix = ΦWδW + ΦAcNδAcN (10)

In water-acetonitrile mixtures, the dispersion Hansen parameter varies minimally
(DδD,mix ≈ 0 MPa0.5), as changing the acetonitrile concentration would change the solubility
of cyanidin-3-O-glucoside only through the other two members. The δP values of water
and acetonitrile are also quite close (ΔδP,mix ≤ 2 MPa0.5), but the variation of δH had a wide
variation range (ΔδH,mix ≤ 36.2 MPa0.5).

The value of the polar component of the flavylium cation (δP = 19.48 MPa0.5) doesn’t
change in comparison to the natural cyanidin-3-O-glucoside before the acidification, but
this value is near to the values of the acetonitrile-water mixtures (δP ≈ 16–18 MPa0.5). The
value of the dispersive component of the flavylium cation (δD = 23.85 MPa0.5) is closer
than of the original form (δD = 25.7 MPa0.5) to the values of the acetonitrile-water mixtures
(δD ≈ 15.4 MPa0.5), but the difference remains considerable. In this situation, the solvent
optimization task is, mainly, to find the acetonitrile-water ratio with the δH value closest to
the δH value of the flavylium ion (δH = 22.08 MPa0.5). As for the acetonitrile, the hydrogen-
bond component had a low value (δH = 6.1 MPa0.5), and for water, it had a very high value
(δH = 42.3 MPa0.5). Obviously, with the increase in the water amount, the optimum could
be reached. In Figure 6, it could be observed that acidification decreases the cyanidin-3-O-
glucoside point distance, substantially, to the acetonitrile-water curve. The hydrogen-bond
component of the solvent mixture increases significantly with water content increase, but
the polar component decreases slightly and has an opposite effect on distance. Therefore,
the optimum concentration could differ from c ≈ 56% v/v acetonitrile (δH ≈ 22 MPa0.5)
and should be calculated by an exact mathematical method. From Figure 6, we obtained
data that, for the extraction of cyanidin-3-O-glucoside, predicted the optimal theoretical
concentration of acetonitrile-water mixture will be copt = 56.2% v/v, which is in good
agreement with the previous estimation.

For extractions at a higher temperature, such as Soxhlet and, especially, for pressurized
liquid extraction (PLE), the Hansen parameters should be calculated, taking into account
the temperature dependence of these parameters [50,51].
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Figure 6. The Hansen space representation of solubility parameters of the acetonitrile-water mixture
(solvent) and cyanidin-3-O-glucoside in natural and protonated form (solute).

4. Conclusions

The results obtained in our study show that the garden blackberry from Turia, Romania
presented high antioxidant capacity. With our results, we would like to emphasize the
nutritional role of blackberries. The obtained data suggest that the blackberries growing
and harvested in our region are suitable for the production of premium functional foods.
With modern and efficient extraction methods, pure blackberry anthocyanin extracts can
be produced. Agricultural and food processing wastes from the blackberry industry are
potential sources of anthocyanins. Blackberry has been used as a beneficial food and food
ingredient, and it can contribute even more through modern extraction methods.

Our measurements showed that the best solvent is the acidified acetonitrile-water
mixture. Still, it is known that it is only suitable for analytical tests and is not approved for
use in the food industry. Based on theoretical calculations, 56.2% v/v acetonitrile would
be the optimal solvent for the main anthocyanin. Acetonitrile is a widely used solvent in
chromatography, so data on the solubility of different bioactive substances in this solvent
can be very useful. The resulting extract can be used for quantitative chromatographic
analysis without any other sample preparation

The Hansen parameters for different anthocyanidins show quite similar values, so
our method can be further developed and extended to other solvent mixtures and other
anthocyanins.
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Abstract: The aim of this study was to analyze the effects of the addition of sea salt with low sodium
content (SS) in a refined wheat flour at the levels of 0.3%, 0.6%, 0.9% 1.2% and 1.5% on the rheological
properties of the dough during mixing, extension, pasting and fermentation and the bread quality
in terms of bread physical properties, crumb and crust color, texture and sensory characteristics.
According to the data we obtained, the SS presented a strengthening effect on the dough network by
increasing its stability, dough development time, energy and resistance. Moreover, the SS addition
resulted in an increase in dough extensibility, to a delay of the gelatinization process and an increase
of the falling number value. The bakery products obtained with the SS were of a higher quality
compared to the control sample, presenting better physical and textural characteristics, a darker color
and being more appreciated by consumers with the increased level of SS addition in the wheat flour.
According to the sodium content from the bread recipe, the bread samples obtained may be classified
as products with a very low sodium content of up to a 0.6% SS addition in the wheat flour or with a
low sodium content if at least 0.9% SS is contained in the bread recipe.

Keywords: sea salt; rheological behavior; bread making; bread quality; sodium content

1. Introduction

The World Health Organization (WHO) promotes and encourages the food industry to
reduce the salt (sodium chloride, NaCl) content in foods to achieve a maximum salt intake
of 5 g per day for adults [1]. Worldwide, one-third of all deaths are due to cardiovascular
diseases such as heart attacks and strokes. High blood pressure, a major risk factor for these
diseases, is directly related to high daily sodium intake. Many consumers are unaware
that more than 70% of salt consumption comes from processed foods, which are a major
component of many diets, which may explain why many consumers are not concerned
about excessive salt (sodium) in their diets [2–4]. Cardiovascular diseases are the leading
cause of death in the world, with Europe alone estimated to have more than four million
deaths each year, accounting for almost half of all deaths [5]. However, it seems that no
European country meets the WHO recommended level for salt consumption (≤5 g/day);
therefore, a salt reduction strategy of 16% is currently being applied over 4 years to reach
a sodium chloride intake of less than 5 g per day by 2025 [6,7]. Although consumers
are now becoming aware of the negative health effects of excess salt, they do not have
much information about the link between salt and sodium, sodium intake in processed
foods and recommended consumption. In developed countries, consumer awareness of
proper nutrition and nutritionally healthy behavior increases with increasing education.
Unfortunately, in middle- and low-income countries, this correlation does not apply, so
regardless of the level of education they have access to, awareness of the negative effect
of excessive sodium consumption on health is low [8]. Since salt (sodium chloride) is one
of the four main ingredients that are used in bread making, and bread is one of the most
consumed foods in the world nowadays, people are trying to find solutions to reduce
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its salt content [9,10]. Studies have shown that the addition of sodium chloride has an
important effect on the development of the structure of gluten, on the fermentation process
of the dough and the level of water activity in bakery products [11]. The addition of salt
increases dough strength, presumably by affecting the distribution of charges on the protein.
Salt anions in a dough system reduce the repulsion between the protein chains, favoring
their interaction due to the fact that they can bind with the positive charges on the gluten
proteins [12]. It affects dough rheological properties because it generates an additional
conductivity due to the ion migration. According to Fanari et al. [13], salt addition has
increased compliance values of the dough samples by having a negative effect on dough
deformability and, as a consequence, it had an increased effect on dough strength. However,
it seems that this effect is only when salt addition is in a concentration higher than 0.5%.
Despite this, when salt addition in wheat flour was higher than 1.5%, it reduced dough
elasticity and machinability stiffening of it in a significant way [12]. Still, it seems that salt’s
effect on dough mixing depends on the flour variety. For example, some studies reported a
decrease of the storage (G′) and loss modulus (G”) [14], while others reported an increase
of their values when salt was added in wheat flour [15]. Salt also has a controlling effect
on fermentation, affecting the color of the crumbs and crust. Bread made without salt has
a bland and unacceptable taste. However, it is very important not to use too much salt,
as it masks the flavors created by fermentation and the addition of other ingredients. In
addition to its contribution to taste, sodium plays an important role in bread acceptability
by consumers [16]. In the absence of the addition of sodium chloride in a bread recipe, the
activity of yeast is stimulated. This leads to a significant increase in the height of the dough,
which cannot hold the gas that is formed very well, leading to products with low volume
and porosity [17]. Moreover, the shelf life of the bread decreased, the crust became light-
colored, the flavor was reduced and the taste became more of yeast. Although there are
different methods reported for sodium chloride replacement or reduction in bread recipes,
there are some difficulties, especially due to the salty taste produced by it [3,5,18]. The most
used methods to reduce sodium chloride in bread making are by its substitution with other
salts such as potassium chloride, magnesium salts and calcium salts, which are effective due
to the fact that these salts may have a similar effect as sodium chloride on dough rheology
and therefore on bread quality [3,6,19]. The aim of this study was to replace the sodium
chloride with sea salt with low sodium content (SS), which is a combination between
different chloride salts, namely sodium, potassium and magnesium, and to evaluate its
impact on dough rheology and bread quality. This type of sodium chloride substitution
may be useful in order to reduce the sodium content from bread in order to comply with
World Health Organization recommendations and consumer demands. A few different
studies related to the effect of sea salt on dough rheology and bread making have been
previously made. However, to our knowledge, none of the previously reported studies
were similar to our study. This is due to a multitude of factors. First of all, a wide variety of
sea salt may exist with several chloride salt contents and sometimes different compounds
that may contribute to the bread flavor [20]. Moreover, different combinations between
sea salt and different ingredients that may improve bread sensory characteristics have also
been studied [21,22], but their combined effects on dough rheology and bread quality were
very different than those obtained with a single type of ingredient addition to wheat flour.
Moreover, the studies previously made had also reported the effect of sea salt on dough
behavior or bread quality in a limited way. For example, Arena et al. [23] reported the
effect of low-sodium sea salt containing approximately 65% NaCl, 30% KCl, 1% MgSO4
and 0.5% CaSO4 only on durum wheat bread quality. Miller and Jeong [2] reported the
effect of different commercial sea salts with high (48% sodium), medium (21.5% sodium)
and low sodium contents (17.8% sodium) on dough rheology and bread quality (only
consumer acceptance test). Simsek and Martinez [9] analyzed the effect of sea salt, of which
the composition was not mentioned, on dough mixing, extension and bread quality (with
no sensory analysis). Our study completes the previous studies made in a more complex
manner, analyzing the effect of a sea salt with a low sodium content as sodium chloride
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(max. 7%) and other types of chloride salts (MgCl2 and KCl) on dough rheological behavior
during all bread-making processes (mixing, extension, pasting and fermentation) and bread
quality (physical, textural, color parameters and sensory characteristics). It can offer a
solution for bread producers to obtain bakery products of a good quality with a reduced
sodium content that may have an important effect on daily sodium intake.

2. Materials and Methods

2.1. Materials

Refined wheat flour (harvest 2019) of 650 type provided by S.C. Mopan S.A. (Suceava,
Romania) was used. The sea salt with low sodium content (SS) obtained from the Dead Sea
was used. The sea salt presented the following composition: sodium as sodium chloride
(max. 7%), magnesium chloride (31 ÷ 35%), potassium chloride (21 ÷ 27%) and water
insoluble max. 0.1%. The wheat flour used in this study was analyzed for the following
characteristics according to the Romanian and international standard methods: ash content
according to ICC 104/1, moisture content according to ICC 110/1, protein content according
to ICC 105/2, falling number according to ICC 107/1, wet gluten according to ICC106/1 and
gluten deformation index according to SR 90:2007 [24,25]. The wheat flour data obtained
were: 0.65 g/100 g ash content, 14.0 g/100 g moisture content, 12.67 g/100 g protein content,
442 s falling number value, 30 g/100 g wet gluten content and 6 mm gluten deformation
value.

2.2. Dough Rheological Properties during Mixing and Extension

In order to analyze dough rheological properties during mixing and extension, a farino-
graph, 300 g capacity (Brabender, Duigsburg, Germany), and an extensograph (Brabender,
Duigsburg, Germany) were used according to ICC methods 115/1 and 114/1, respec-
tively [24]. The mixing values analyzed were water absorption (WA), dough stability (ST),
dough development time (DDT) and degree of softening after 10 min (DS). The extension
values analyzed were resistance to extension (R50), extensibility (Ext), maximum resistance
to extension (Rmax), extensograph ratio number (R/E) at a proving time of 135 min and
energy.

2.3. Dough Viscometric Rheological Properties

Dough viscometric rheological properties were analyzed using the amylograph (Braben-
der OGH, Duigsburg, Germany) and the Falling Number (Perten Instruments AB, Häger-
sten, Sweden) devices according to ICC methods 126/1 and 107/1, respectively [24]. The
following parameters were determined: gelatinization temperature (Tg), temperature at
peak viscosity (Tmax), peak viscosity (PVmax) and falling number value.

2.4. Dough Rheological Properties during Fermentation

Dough rheological properties during fermentation were determined by using the
rheofermentometer (Chopin Rheo, type F3, Villeneuve-La-Garenne Cedex, France) device
according to the American Association of Cereal Chemists (AACC) method 89-01.01 [26].
The following parameters were determined: maximum level of gas production (H’m),
volume of gas retained in the dough at the end of the test (VR), total volume of CO2
production (VT) and retention coefficient (CR).

2.5. Bread Making

Bread samples were made by using as raw materials refined wheat flour of 650 type,
sodium sea salt with low sodium content, deionized water according to the water absorp-
tion value and compressed yeast of Saccharomyces cerevisiae type in a level of 3% reported
to the wheat flour used. The sea salt with low sodium content (SS) was added to the bread
recipe in the following levels: 0.0% (control sample), 0.3% (SS_0.3), 0.6% (SS_0.6), 0.9%
(SS_0.9), 1.2% (SS_1.2) and 1.5% (SS_1.5). All ingredients were mixed in a laboratory mixer
(Kitchen Aid, ARTISAN 4.8 L Tilt-Head Stand Mixer 5KSM175PS Whirlpool Corporation,
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Tulsa, OK, USA) at a low speed for 15 min until the dough presented elastic properties,
began to detach from the wall of the mixing vat, the moisture from its surface disappeared
and the surface of the dough became smooth and dry. After the dough was mixed, it was
then divided, shaped and fermented in a leavening chamber (PL2008, Piron, Cadoneghe,
Padova, Italy) for 40 min at 30 ◦C and 85% relative humidity. The dough was baked in an
oven (Caboto PF8004D, Cadoneghe, Padova, Italy) for 50 min at 180 ◦C.

2.6. Bread Samples Analysis
2.6.1. Physical, Color, Texture Profile Analysis, Sensory Evaluation of Bread Samples

The bread’s physical characteristics such as specific volume, elasticity and porosity
were determined according to SR 91: 2007 methods [27]. Color characteristics L*, a* and
b* of crumb and crust of the bread were determined using a CR-700 colorimeter (Konica
Minolta, Tokyo, Japan). Textural parameters such as gumminess, firmness, chewiness,
elasticity and cohesiveness were determined using the TVT-6700 texture analyzer (Perten
Instruments, Hägersten, Sweden). Sensory evaluation of the bread samples was performed
using a nine-point hedonic scale by a panel of thirty semi-trained judges. The acceptance
test was carried out with students from Stefan cel Mare University, who were screening
based on their sensory acuity according to ISO 3972, ISO8586-1 and ISO8586-2 of the sensory
laboratory of the Faculty of Food Engineering in an individual panel [28–30]. Bread samples
were served at a temperature of approximately 20 ◦C (room temperature) in black dishes
with dimensions of 10 cm × 3 cm. Every sample was labelled with random 3-digit codes.
The bread appearance was evaluated for bread samples cut in half. The bread’s sensory
characteristics that were evaluated were appearance, color, flavor, texture, taste, smell and
overall acceptability using a 9-point hedonic scale with the following meaning: 1 represents
dislike extremely, 2 represents dislike very much, 3 represents dislike, 4 represents dislike
slightly, 5 represent neither like nor dislike, 6 represents like slightly, 7 represents like,
8 represents like very much and 9 represents like extremely. Evaluators cleaned their
mouths with water between every bread sample analysis, and no information was given to
the evaluators about bread samples.

2.6.2. Sodium Analysis of Bread Samples

Chemical composition analysis of bread samples was carried out by atomic absorption
spectroscopy (AAS) method, according to SR EN 14082:2003: 10 g ± 10 mg of sample
was weighed in the crucible, the samples were calcined starting with the temperature
of 100 ◦C, then the temperature was raised by 50 ◦C/hour up to 450 ◦C. The samples
were kept overnight at 450 ◦C. Ash digestion was performed with concentrated HCl
(6 mol/L). Evaporation of the acid was performed on the electric hob, and the residue was
dissolved with 10 mL of HNO3 (0.1 mol/L). The samples were diluted with deionized water.
The absorbance of samples was measured by atomic absorption spectroscopy (AAS)-AA-
6300-Shimadzu (Shimadzu Corporation, Kyoto, Japan) in order to determine the sodium
concentrations. In order to achieve the calibration curve, solutions with 0, 1, 2, 3, 4, 5
and 6 mg Na/L stock solution were used. The atomization of the elements present in the
samples was performed by a C2H2 flame; subsequently, the atoms interacting with the
specific light of the element were provided by a hollow cathode lamp (Na, 589 nm). The
analysis method of samples was configured to measure each sample five times, then to
average three of them.

2.7. Statistical Analysis

Statistical software XLSTAT (free trial version, Addinsoft, NY, USA) was used for
data processing. Data were expressed in triplicate as mean ± standard deviation. In
order to evaluate the differences between means of the data, the one-way ANOVA was
applied using Tukey’s test at a 5% significance level. At p < 0.05, p values were considered
statistically significant differences.
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3. Results

3.1. Dough Rheological Properties during Mixing and Extension

The dough rheological mixing properties were shown in Table 1. As can be seen, the
addition of the SS gradually decreased the water absorption and the degree of softening
after 10 min by up to 6.9% and 26.3% for the sample with the highest level of SS addition in
wheat flour compared to the control one. It can be seen that the development time and the
dough stability increased with the increased level of SS addition in the wheat flour. For the
samples with 1.5% SS addition, the ST values have been doubled, whereas for the DT this
value has significantly increased (p < 0.05) up to 42.1%.

Table 1. Farinograph parameters of the dough samples with different levels of sea salt with low
sodium content (SS) additions.

Dough Samples WA (%) DT (min) ST (min) DS (UB)

Control 60.5 ± 0.2 a 1.9 ± 0.1 bc 2.00 ± 0.1 e 76 ± 3.2 a

SS_0.3 59.5 ± 0.1 b 2.0 ± 0.05 c 2.9 ± 0.1 e 68 ± 0.5 b

SS_0.6 59.0 ± 0.1 bc 2.2 ± 0.05 abc 3.2 ± 0.1 cd 66 ± 1.5 b

SS_0.9 58.4 ± 0.2 c 2.4 ± 0.1 ab 3.5 ± 0.05 bc 62 ± 2.5 bc

SS_1.2 57.2 ± 0.1 d 2.5 ± 0.2 a 3.7 ± 0.05 b 60 ± 0.5 cd

SS_1.5 56.3 ± 0.2 e 2.7 ± 0.05 a 4.2 ± 0.1 a 56 ± 1.5 d

WA: water absorption; DT: development time; ST: dough stability; DS: degree of softening after 10 min. The
results are the mean ± standard deviation (n = 3). Dough samples contain sea salt with low sodium content (SS).
a–e: mean values in the same column followed by different letters are significantly different (p < 0.05).

All dough rheological properties during extension increased with the increased level
of the SS addition in the wheat flour, as can be seen from Table 2. Therefore, the highest
values for dough rheological properties during extension were recorded for the sample
with a 1.5% SS addition in the wheat flour of which all rheological values significantly
increased (p < 0.05) up to 24.77% for R50, up to 28.69% for Ext, up to 27.87% for Rmax and
up to 66.66% for E compared to the control sample.

Table 2. Extensograph parameters at the proving time of 135 min of the dough samples with different
levels of sea salt with low sodium content (SS) additions.

Dough Samples R50 (BU) Ext (mm) Rmax (BU) E (cm2)

Control 327 ± 2.3 f 115 ± 1.3 e 226 ± 2.1 e 57 ± 1.0 f

SS_0.3 346 ± 1.5 e 122 ± 2.5 d 231 ± 1.5 e 66 ± 1.0 e

SS_0.6 352 ± 2.1 d 128 ± 1.0 cd 245 ± 1.5 d 75 ± 1.5 d

SS_0.9 374 ± 1.5 c 132 ± 1.4 bc 254 ± 2.1 c 81 ± 1.0 c

SS_1.2 397 ± 1.5 b 137 ± 1.0 b 277 ± 1.0 b 88 ± 1.0 b

SS_1.5 408 ± 0.7 a 148 ± 1.0 a 289 ± 1.0 a 95 ± 0.7 a

R50: resistance to extension up to 50 mm; Ext: extensibility; Rmax: maximum resistance; E: energy. The results are
the mean ± standard deviation (n = 3). Dough samples contain sea salt with low sodium content (SS). a–f: mean
values in the same column followed by different letters are significantly different (p < 0.05).

3.2. Dough Viscometric Rheological Properties

The effects of the addition of SS in the wheat flour on the rheological properties of
viscosity are presented in Table 3. A significant increase (p < 0.05) of the gelatinization
temperature (Tg) up to 2.4% and of the maximum viscosity (PVmax) up to 12% was observed
with the increased level of the SS addition in the wheat flour. Moreover, a significant
increase (p < 0.05) of the temperature at maximum viscosity (Tmax) up to 1.4% was observed
for the sample with an addition level of 1.5% SS in the wheat flour compared to the control
one. The falling number value also increased by 10.24% for the sample with the highest
level of SS addition in the wheat flour compared with the control one.
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Table 3. Viscometric rheological properties of the dough samples with different levels of sea salt with
low sodium content (SS) additions.

Dough Samples Tg (◦C) PVmax (BU) Tmax (◦C) FN (s)

Control 62.3 ± 0.12 b 1081 ± 4.7 f 88.4 ± 0.18 c 322 ± 2.0 a

SS_0.3 63.3 ± 0.15 a 1092 ± 2.5 e 88.7 ± 0.05 bc 328 ± 1.5 b

SS_0.6 63.4 ± 0.05 a 1107 ± 3.5 d 89.0 ± 0.15 abc 342 ± 1.0 c

SS_0.9 63.4 ± 0.15 a 1153 ± 1.5 c 89.2 ± 0.15 abc 349 ± 1.0 d

SS_1.2 63.6 ± 0.12 a 1198 ± 2.0 a 89.4 ± 0.20 ab 352 ± 1.5 de

SS_1.5 63.8 ± 0.15 a 1211 ± 2.0 b 89.7 ± 0.05 a 355 ± 1.0 e

Tg: gelatinization temperature; PVmax: peak viscosity; Tmax: temperature at peak viscosity; FN: falling number
value. The results are the mean ± standard deviation (n = 3). Dough samples contain sea salt with low sodium
content (SS). a–f: mean values in the same column followed by different letters are significantly different (p < 0.05).

3.3. Dough Rheological Properties during Fermentation

Dough rheological properties during fermentation are shown in Table 4. As can be
seen, the values obtained on the rheofermentometer device showed that the maximum
height of gas production (H’m), the total volume of CO2 produced during fermentation
(VT) and the volume of gas retained in the dough at the end of the test (VR) increased
significantly (p < 0.05) with the increased level of SS addition in the wheat flour up to
0.6%, whereas at high levels they decreased. The retention coefficient decreased with the
increased level of SS addition in the wheat flour.

Table 4. Rheological properties during fermentation of the dough samples with different levels of sea
salt with low sodium content (SS) additions.

Dough Samples H’m (mm) VT (mL) VR (mL) CR (%)

Control 67.3 ± 1.8 e 1287 ± 8.3 e 1066 ± 7.3 e 82.8 ± 1.3 a

SS_0.3 82.7 ± 1.1 c 1551 ± 6.8 c 1272 ± 6.1 a 82.0 ± 1.4 a

SS_0.6 89.3 ± 1.2 a 1694 ± 4.1 a 1290 ± 4.2 b 76.1 ± 1.2 c

SS_0.9 85.1 ± 1.2 b 1631 ± 5.1 b 1238 ± 3.4 c 75.9 ± 1.1 c

SS_1.2 78.6 ± 1.5 d 1557 ± 5.5 c 1169 ± 3.5 d 75.0 ± 1.1 b

SS_1.5 78.0 ± 1.5 d 1506 ± 4.5 d 1043 ± 3.4 e 69.2 ± 1.4 c

H’m: maximum height of gaseous production; VT: total volume of CO2 produced during fermentation; VR:
volume of the gas retained in the dough at the end of the test; CR: retention coefficient. The results are the
mean ± standard deviation (n = 3). Dough samples contain sea salt with low sodium content (SS). a–e: mean
values in the same column followed by different letters are significantly different (p < 0.05).

3.4. Physical Characteristics of the Bread Samples

As can be seen from Table 5, significant differences (p < 0.05) were obtained between
the control sample and bread samples with different levels of SS addition in the wheat flour.
Moreover, the physical characteristics for the bread sample with a 1.5% sodium chloride
addition (CS_1.5) had been determined. The highest physical characteristics were obtained
for bread samples with a 0.6% SS addition in the wheat flour. However, when high levels
of SS were added in the bread recipe, the bread physical characteristics began to decrease.
This decrease is in agreement with the results reported by Arena et al. [23], who concluded
that salts inhibit the activity of yeast, which leads to a decrease in CO2 production and
therefore to the bread’s physical characteristics. The bread sample with a 1.5% sodium
chloride addition in the wheat flour presented a significant (p < 0.05) lower specific volume
compared to the bread samples with a sea salt addition in the bread recipe. However, this
physical characteristic was higher than those obtained for the control sample with no salt
addition in the wheat flour. The elasticity values were very close to those of the control
sample, whereas the porosity did not present significant (p < 0.05) differences to the values
obtained for the samples with a 0.9 and 1.2% sea salt addition in the wheat flour.
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Table 5. Physical characteristics of the bread samples with different levels of sea salt with low sodium
content (SS) additions.

Bread Samples
Specific Volume

(cm3/100 g)
Porosity (%) Elasticity (%)

Control 325.25 ± 0.42 a 63.53 ± 0.31 a 95.08 ± 0.32 ab

SS_0.3 347.54 ± 0.86 d 69.30 ± 0.27 d 96.33 ± 0.23 d

SS_0.6 349.12 ± 0.12 e 72.67 ± 0.31 e 97.66 ± 0.21 e

SS_0.9 340.43 ± 0.64 c 68.09 ± 0.42 c 96.18 ± 0.32 d

SS_1.2 339.52 ± 1.03 c 67.99 ± 0.22 c 95.78 ± 0.42 c

SS_1.5 347.54 ± 0.86 d 66.97 ± 0.18 b 95.46 ± 0.23 bc

CS_1.5 332.97 ± 1.20 b 67.88 ± 0.12 c 95.00 ± 0.15 a

The results are the mean ± standard deviation (n = 3). Bread samples contain sea salt with low sodium content,
SS and 1.5% sodium chloride (CS_1.5). a–e: mean values in the same column followed by different letters are
significantly different (p < 0.05).

From the point of view of the color of the crumbs, it can be seen from the Table 6 that
the samples with SS addition in the wheat flour have lower brightness (L* value), yellow
(b* value) and a higher tint of red (a* value) compared to the control sample. From the point
of view of the color of the bread crust, it can be seen that the samples with the addition of
SS have the same color parameters tendency as in the case of the breadcrumbs with the
increased level of SS addition in the wheat flour. According to the color data obtained, it
can be concluded that the bread samples become darker by adding SS in the bread recipe
compared to the control sample.

Table 6. Color parameters of the bread samples with different levels of sea salt with low sodium
content (SS) additions.

Bread Samples
Crust Color Crumb Color

L* a* b* L* a* b*

Control 69.48 ± 0.32 a −4.40 ± 0.22 ab 19.58 ± 0.27 a 74.94 ± 0.41 a 2.97 ± 0.11 c 36.81 ± 0.27 b

SS_0.3 68.34 ± 0.51 d −4.32 ± 0.14 b 19.32 ± 0.32 b 73.65 ± 0.71 b 3.34 ± 0.21 b 25.55 ± 0.42 a

SS_0.6 66.05 ± 0.24 c −4.21 ± 0.22 b 18.94 ± 0.41 c 72.78 ± 0.37 c 3.52 ± 0.14 f 24.83 ± 0.31 b

SS_0.9 65.65 ± 0.72 b −3.99 ± 0.12 ab 18.36 ± 0.27 d 71.09 ± 0.18 d 3.78 ± 0.31 d 22.99 ± 0.34 c

SS_1.2 64.34 ± 0.58 e −3.97 ± 0.31 a 18.32 ± 0.42 d 69.49 ± 0.71 e 3.97 ± 0.22 a 22.47 ± 0.22 d

SS_1.5 63.55 ± 0.92 f −3.92 ± 0.42 a 17.67 ± 0.11 e 68.03 ± 0.31 f 4.22 ± 0.11 e 22.11 ± 0.22 d

The results are the mean ± standard deviation (n = 10). Bread samples contain sea salt with low sodium content
(SS). a–f: mean values in the same column followed by different letters are significantly different (p < 0.05).

The firmness and gumminess textural parameters of the bread samples decreased up
to a level of 0.9% SS addition in the wheat flour, after which these values increased as it
may be seen from the Table 7. The cohesiveness and resilience parameters decreased with
the increased level of SS addition in the wheat flour up to 35.93% and 35.07%, respectively,
for the bread sample with the highest level of SS addition in the wheat flour compared to
the control one.

As can be seen from Figure 1, from a sensory point of view, in general the sample
with the addition of 1.5% SS in the wheat flour was the most appreciated. It received the
maximum score for overall acceptability, flavor, taste and smell. However, for color and
texture characteristics, the sample with 1.2% SS addition in the wheat flour was the most
appreciated, whereas for appearance the sample with 0.6% SS in the bread recipe received
the maximum score value.
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Table 7. Texture parameters of the bread samples with different levels of sea salt with low sodium
content (SS) additions.

Bread Samples Firmness (N) Gumminess (N)
Cohesiveness

(Adimensional)
Resilience

(Adimensional)

Control 23.83 ± 0.16 a 15.29 ± 0.11 a 0.64 ± 0.01 ab 1.34 ± 0.02 b

SS_0.3 18.33 ± 0.32 b 11.08 ± 0.21 b 0.65 ± 0.01 ab 1.32 ± 0.01 b

SS_0.6 18.24 ± 0.22 b 10.29 ± 0.32 c 0.56 ± 0.01 b 1.14 ± 0.02 c

SS_0.9 14.31 ± 0.56 c 9.21 ± 0.37 d 0.52 ± 0.01 a 1.07 ± 0.03 a

SS_1.2 21.08 ± 0.22 a 14.31 ± 0.16 c 0.49 ± 0.02 c 0.99 ± 0.02 d

SS_1.5 21.47 ± 0.11 a 14.90 ± 0.21 a 0.41 ± 0.01 d 0.87 ± 0.02 e

The results are the mean ± standard deviation (n = 3). Bread samples contain sea salt with low sodium content
(SS). a–e mean values in the same column followed by different letters are significantly different (p < 0.05).

Figure 1. Sensory characteristics of the bread samples.

3.5. Sodium Content of the Bread Samples

The sodium content of the bread samples with sea salt addition in the wheat flour is
shown in Table 8. As can be seen, the sodium value increased with the increased level of SS
addition in the wheat flour. This increase is a significant one (p < 0.05) of ten times more for
the sample with a 1.5% addition in the wheat flour compared to the control one.

Table 8. Sodium content of the bread samples with different levels of sea salt with low sodium
content (SS) additions.

Bread Samples Na (mg/100 g)

Control 8.14 ± 0.2 f

SS_0.3 23.22 ± 0.1 e

SS_0.6 38.35 ± 0.1 d

SS_0.9 53.75 ± 0.07 c

SS_1.2 67.25 ± 0.1 b

SS_1.5 82.5 ± 0.1 a

The results are the mean ± standard deviation (n = 3). Bread samples contain sea salt with low sodium content
(SS). a–f mean values in the same column followed by different letters are significantly different (p < 0.05).

4. Discussion

Dough rheological properties with different levels of SS addition in the wheat flour
provide information about dough behavior during mixing, extension, pasting and fermenta-
tion underlining the technological impact of SS on bread making. The SS addition decreased
the water absorption (WA) value in agreement with the results reported by others [21,22].
This decrease is due to sea salt’s ionic nature, which favors a higher association between
gluten proteins as a consequence of their hydrophobic interactions, which increased by
SS addition in the wheat flour. This leads to a decrease of the water-uptake ability of the
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wheat flour and therefore to the farinograph water absorption value. The SS addition in the
wheat flour has a strength effect on wheat flour dough by increasing its stability (ST) and
dough development time (DT) and by decreasing the degree of softening after 10 min (DS).
This effect is due to a more compact gluten in the SS presence that may be attributed to
the higher aggregation between gluten proteins, which presents almost 40% hydrophobic
amino acids in their structure [31]. Our results are in agreement with other studies that
have been reported by different research [31–33]. All the extensograph values increased
with the increased level of SS addition in the wheat flour. These data also confirm the
strengthening effect that SS has on wheat dough. SS increases dough resistance and energy,
meaning that higher forces are necessary to stretch it. However, SS addition also increases
dough extensibility. This may be due to the fact that SS ions affect the protein hydration
from the dough system, competing for water with them. The fact that SS cannot hold water
during all dough preparation periods may lead to an increase of free water amount from
the dough system, causing an increase of its extensibility during proofing time. Similar
data have also been reported by previous studies when different types of salts were added
in the dough recipe [19,21,22,34,35]. During pasting, SS increases all the amylograph values
and the falling number index. According to Nogueira et al. [36], the increase of the dough
peak viscosity may be due to the suppression of the enzymatic activity in the SS presence.
Another explanation is that SS may affect starch granule behavior, which remains intact
before being broken down for a longer period of time. Moreover, the gelatinization temper-
ature and temperature at peak viscosity increase with the increased level of SS addition
in the wheat flour, indicating a delay of starch gelatinization and of dough maximum
viscosity. The increase of dough viscosity is directly connected with falling number values,
which are proportionally increasing with the increase of dough viscosity [37]. According
to our data, SS addition in the wheat flour leads to an increase of dough viscosity and
consequently to an increase of falling number values, these results being in agreement with
those reported in other studies [21,22,38]. During fermentation, the maximum height of
gaseous production (H’m), total carbon dioxide production (VT) and volume of the gas
retained at the end of the test (VR) increased up to a level of 0.6% SS addition in the wheat
flour, after which these values decreased. These behaviors are due to the yeast activity,
which ferments the carbohydrates present in the dough system and also affects the dough’s
capability to retain the gas formed during the fermentation process. The yeast activity
is expressed through the carbon dioxide released, which increases the H’m, VT and VR
values. A higher value of these parameters indicates a more intense fermentation process
by yeast of the fermentable sugars present in the wheat flour dough [39]. However, when
high levels of SS are present in the wheat dough, the yeast activity is inhibited, probably
due to the plasmolysis action of the yeast cells. Higher levels of SS addition in the wheat
flour will induce an osmotic pressure on the yeast cells, which will lead to a decrease of the
yeast activity and therefore of the H’m, VT and VR values [22]. The retention coefficient
is related to VT and VR values being the ratio between VR and VT. A slight decrease of
this parameter with the increased level of SS addition in the wheat flour, even when VT
and VR are increased up to a 0.6% SS addition in wheat flour, indicates that the VR increase
is lower than the VT one in the dough system. The data obtained by us were similar to
those reported by others, who also concluded that higher levels of chloride salt addition in
a wheat flour may lead to a decrease of the rheofermentometer values [19,21,22,40,41].

Bread’s physical characteristics were improved up to a 0.6% SS addition in the wheat
flour, after which these values decreased. However, these values were higher than those
recorded for the control sample, which indicates the fact that for all bread samples that SS
addition in the wheat flour improved bread quality. This improvement was a predictable
one since SS addition increased the gas formed and dough height during the fermentation
process, as the rheofermentometer data indicated. These data were in agreement with other
studies that also reported an improvement of bread physical characteristics by chloride
salts addition in wheat flour [17,23,41]. Moreover, compared to the bread sample with
the 1.5% sodium chloride addition in the wheat flour, the samples with SS addition in the
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bread recipe presented higher values for bread physical characteristics, meaning that these
samples were of a better quality. The sea salt is a mix of different chloride salts such as
magnesium, potassium and sodium ones. According to Tuhumury et al. [34], the effects
of KCl are very similar to those of NaCl on dough behavior due to its closeness in the
Hofmeister series. However, the magnesium chloride, which represent 31 ÷ 35% from the
sea salt that was in the highest level from the chloride salts, may cause a soluble effect on
gluten proteins because they are situated in the destabilizing zone of the Hofmeister series.
It can destabilize folded proteins, weakening the dough system [42]. On dough behavior,
magnesium divalent cations had a similar effect as those with any salt addition [34]. Along
with sodium and potassium, a chloride salt mix improves dough behavior to a higher level
than in the case when only sodium chloride was added in the dough recipe, such as the
data previously published by Voinea et al. [21]. This will affect bread quality, which will
generally present lower values for the bread’s physical characteristics than those obtained
when sea salt was added in the bread recipe. The bread color characteristics indicate a
darker color for samples with the increased level of SS addition in the bread recipe. This
effect is due to the Maillard reaction, which takes place between amino acids and reducing
sugars. The presence of SS will lead to a less intense fermentation of yeast in the initial
stages of bread making, a fact that will allow a higher number of sugars and amino acids
in the dough in the baking phase. SS will slow down the yeast activity, a fact that will
increase the number of free sugars from the dough system, which will be involved in the
Maillard reaction in the last stage of bread making [3,43]. From a textural point of view, the
SS addition decreases the cohesiveness and resilience values and at high levels increases the
firmness and gumminess ones. The increase in firmness and gumminess at high levels of SS
addition in the wheat flour may be explained by gluten protein behavior, which becomes
more compact by SS addition in the wheat flour. More of these variations of textural values
may be correlated with a specific volume of bread sample values [44], which increased
at high levels of SS addition and decreased at low ones. In general, the bread sensory
characteristics were improved by SS addition in the wheat flour. This sensory improvement
may have multiple explanations. First of all, SS addition has an important contribution
to the Maillard reaction. Besides the fact that during this reaction the bread darkens in
color, flavor compounds are also formed which contribute to the sensory perception of
the bread [43,45]. Moreover, it is well known that SS decreases the amount of free water
in the bread, a fact that will decrease the flavor compound’s volatility [3]. Moreover, SS
addition improves the bread’s physical characteristics, which presented higher values than
the control sample, a fact that will influence sensory perception of the bread by consumers.
The most important effect that SS has on the bread’s sensory characteristics is its salty
taste, an effect which the Na+ ions from its content have on consumers [46]. Therefore, the
increased amount of SS addition in the bread recipe may improve the taste perception of the
bread by consumers. SS is a salt with low sodium content. However, increasing its amount
in the bread recipe will increase the sodium content from the bread samples. According
to our data, bakery products with levels up to a 0.6% SS addition in the wheat flour can
be classified according to the European Commission (EC) Regulation no. 1924/2006 as
products with a very low sodium content because their value is less than 0.04 g/100 g of
sodium. Bread products with the addition levels of 0.9, 1.2 and 1.5% SS incorporated into
the bread recipe may be classified as products with low sodium content because they have
values lower than 0.12 g/100 g of sodium [3,7]. Generally, the sodium chloride from bread
varied between 1.00–1.50 g/100 g [22]. Our formulation leads to backery products with
10–15 times lower sodium than those obtained in regular bread products, which may have
a major impact on daily sodium intake.

5. Conclusions

Bread and other bakery products are some of the major sources of sodium in the daily
diet of the population. Therefore, most initiatives to reduce sodium consumption focus
on reducing the sodium chloride content in these products. In many European countries,
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bread, together with a wide range of bakery products, accounts for about 30% of the
daily dietary sodium intake. The reduction of sodium from bread by using sea salt with
low sodium content may be an alternative for bakery producers. The effect of SS from
a rheological point of view was similar to those obtained by using sodium chloride salt
in bread making. Its addition resulted in a strengthening effect on wheat flour dough by
increasing its stability, dough development time, energy, dough resistance and decreasing
the degree of softening after 10 min. During heating, SS addition increased peak viscosity,
gelatinization temperature, temperature at maximum peak viscosity and falling number
values. In terms of fermentation behavior, the SS addition improved the rheofermentometer
values, which presented maximum values to a 0.6% SS addition in the wheat flour. The
bread quality was better appreciated from the sensory point of view with the increased
level of SS addition in the wheat flour. The bread with SS incorporated into the bread recipe
presented higher physical values and lower textural characteristics compared to the control
sample. Depending on the dose of SS added in the wheat flour, the bread samples may be
marketed as bread samples with a very low sodium content or with low sodium content if
SS exceeds a 0.9% addition in the bread recipe.
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Abstract: This study aimed at determining the quality parameters of the wafer formulated with the
addition of grain spent (SG), resulting from the obtainment of whisky. In this sense, wafers were
formulated from chickpea flour, spent grain, wild garlic paste, golden flaxseed, and hemp seeds.
These food products were analyzed in terms of texture, density, and pH of the batter, but also of the
final product for proximate analysis, baking loss, texture, water activity, color, antioxidant capacity,
water holding capacity and oil holding capacity, microstructure, and sensorial analysis. The addition
of spent grain in the wafer formulation led to products with a high acceptability, the texture of the
batter underwent changes due to the addition of spent grain, all parameters increased, and only
adhesiveness decreased. The density and pH of the samples with SG decreased. The fracturability
of the products with SG decreased with the addition of SG compared to the control sample, and
the color becomes darker, influenced by the specific color of the SG. With the addition of spent
grain, it increases the fiber and protein content, the antioxidant capacity, but also the baking loss
due to the fibers contained in it. The microstructure of samples with the addition of SG shows a
heterogeneous distribution of pores on the cross section of the samples, with larger pores in the center
of the wafer samples.

Keywords: by-product; valuable resources; valorization; nutritional value; sensorial characteristics

1. Introduction

Wafers are food products obtained from thin batter, baked on metal molds, and
characterized by the fact that they are found in the form of sheets, empty round figures or
covered with chocolate, ice cream cones, and wafer sticks, but also dub other shapes [1].
Baked wafers are used for the manufacture of several confectionery products by spraying
a liquid batter between two heated closed plates to allow the dough to spread evenly [2].
Along with crackers, pretzels, and cookies, wafers belong to the category of bakery products
with a long shelf life [3]. Flour products in this category are known in a wide variety of
assortments, obtained by baking in special forms a fluid batter prepared from wheat
flour, water, salt, leaving agents, and other materials used for taste and aroma, which are
presented in the form of sheets or different alveoli formats with a high porosity and without
filling [4]. The disadvantages lie in the fact that part of these products may have a low
nutritional value and poorly outlined sensory characteristics, with a low level of essential
amino acids and dietary fiber [5]. Although the basic ingredient in the formulation of
waffles is wheat flour, lately, the partial or total replacement of wheat flour has become
increasingly used. Crispiness is one of the defining parameters for wafers and reflects
the density of the cellular structure [6]. The crispiness of the waffles is given by their low
moisture of 1–2%, the crispy texture losing approximately6–7% moisture. The term wafer
is often confused with waffle, but between the two products there are major differences:
waffles have a soft texture with a moisture of 10% or more, while wafers have a crispy
texture, are thin, and with a moisture content of 1–2% [7]. Non-creamed wafers refer to
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crispy wafers without typical cream fillings, an option being the use of other flours besides
wheat, such as chickpea flour or corn flour, or the use of fermented batters to give it a
special flavor.

Spent grain is the main by-product resulting in huge quantities in the beer industry
and whisky production, with a rich content of fiber and protein, but also minerals, vitamins,
and phenolic compounds. Even if lately, it is trying to reuse it, much of the spent grain
remains to be managed efficiently still. There is a growing focus on exploring sustainable
recovery processes for active compounds released from spent grain [8,9]. In food products,
spent grain tends to improve the nutritional value of spent grain-added food products.
Due to the biologically active compounds contained, spent grain shows antioxidant activity,
antimicrobial, and anti-inflammatory activity, but also potential as a functional ingredient
in food or as a nutraceutical ingredient [10,11].

Chickpea (Cicer arietinum L.) beans are known all over the world, being used in a
wide range of foods as such or used for the fortification of some foods. Chickpea flour can
improve the quality of products and increase their nutritional value [12]. Chickpea flour is
an excellent source of proteins, carbohydrates with a low and easily digestible glycemic
index, dietary fiber, mineral substances: potassium, phosphorus, calcium, manganese,
copper, iron and zinc, and vitamins of the B complex, provitamin A, vitamins C, E, and
K [12]. Wild garlic (Alliumursinum) contains allyl sulfide, vitamin A, vitamin C, carotenoids,
ethereal oil, volatile oils, allicin, adenosine, and mineral substances [13]. The seeds of
golden flax (Linumusitatissimum) and hemp (Cannabis sativa L.) are rich in fatty acids,
easily digestible proteins, and rich in essential amino acids, carbohydrates, soluble and
insoluble fiber, B-complex vitamins, vitamin E, β-carotene, calcium, magnesium, iron, and
zinc [14]. Frequent consumption of products based on chickpea flour is effective in reducing
cardiovascular risk, type 2 diabetes, some types of cancer and obesity. Wild garlic has
depurative, detoxifying, antiseptic, antiviral, antimicrobial, blood fluidifying, expectorant,
and antitumor action. Spent grain flour, through fiber intake, has major implications in
digestion by slowing down gastric emptying, prolonging the intestinal transit time, and
reducing the speed of absorption of nutrients in the small intestine. Golden flax and
hemp seeds have potentially beneficial effects on immune function, chronic-degenerative
inflammatory diseases, obesity, cancer prevention, and glucose metabolism regulation.

The aim of this study is to develop wafers with sensorial characteristics and improved
nutritional value by using the addition of spent grain from malt whisky. The finished
product was analyzed in terms of texture, water activity, color, antioxidant capacity, water
holding capacity and oil holding capacity, microstructure, and sensorial analysis.

2. Materials and Methods

2.1. Materials

Spent grain from distillery industry was provided from a local factory, Alexandrion
Group (Ploiesti, Romania); wet spent grain was stored at −18 ◦C, dried at 50 ◦C for 24 h,
ground by a mill, and then sieved. Spent grain flour was obtained from a fraction of
less than 200 μm and was stored in paper bags at room temperature until further use.
Spent grain used in this study has the following characteristics: moisture—5.04 ± 0.42,
ash—3.47 ± 0.02, fiber—22.67 ± 0.42, protein—18.88 ± 0.37, and lipids—7.11 ± 0.39, as
described in our previous study [15]. Chickpea flour, wild garlic, golden flax, and hemp
seeds were purchased from a local market.

All chemicals used in this paper were of analytical grade and were purchased from
Sigma Aldrich (St. Louis, MO, USA).

2.2. Wafer Making

The realization of the product provides for the qualitative and quantitative reception of
raw and auxiliary materials, dosing and preparation of raw and auxiliary materials, mixing
components with the obtainment of fluid batter, filtering the batter for the separation of
possible agglomerations, pouring into molds, baking in electric oven, and cooling and
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packaging of the finished product. In Table 1, the recipe and quantity percentage of wafers
used in this study is presented.

Table 1. Wafers recipe.

Ingredients Control Sample Wafer (kg) Spent Grain Wafer (kg)

Chickpea flour 60 60
Spent grain flour - 10
Wild garlic paste 20 20
Golden flax seeds 5 5

Hemp seeds 5 5
Leaving agents 1.5 1.5

Salt 2.5 2.5

2.3. Batter Texture

The density of the wafer can be changed by changing the water–flour ratio used in the
formulation of the liquid batter or by using a process trick to release additional moisture.
Using a Perten TVT-6700 texturometer (Perten Instruments, Stockholm, Sweden), the batter
wafer parameters (batter gumminess, chewiness, springiness, firmness, adhesiveness, and
cohesiveness) were analyzed. Texturometer was equipped with a 35 mm compression
plate, the flask diameter was 65 mm. Batter was analyzed directly from the glass jar (bowl
height = 60 mm; diameter = 50 mm). Two compression cycles were performed for each
sample analyzed in the present study at a trigger force of 7 g, test speed 1 mm/s, and
retract speed 5 mm/s, method adapted by Oroian et al., 2022 [16] and Iuga and Mironeasa,
2021 [17]. All the measurements have been done in triplicate.

2.4. Batter Density and pH

The density of the waffle batter was determined by the method of Ekramian et al., 2021 [3],
with a measuring cylinder by means of the relationship between the weight of the batter and
the same volume of distilled water. The density of the dough batter gives us information
about how fluffy (aerated) a batter is: the lower its density, the more aerated the batter [18].
The pH of the batter was measured using a Mettler Toledo pH-meter (Columbos, OH, USA)
and the optimum pH-value for wafer batter is between pH 5.5 and 7.0 [19].

2.5. Proximate Analysis of Wafers

The moisture of wafers was determined by the method of drying in the air oven at
105 ◦C until the constant weight. The ash content was determined in an oven at 550 ◦C
for 8 h, until a white or light grey residue is obtained [20]. The protein content was
determined by standard Kjeldhal method and lipids content was determined by standard
Soxhlet method [20]. Total dietary fibre was assessed by enzymatic method using the
AOAC Method 2011.25 with a Megazyme total dietary fiber assay kit (Megazyme, Ireland),
according to Lee et al., method [21]. All samples were measured in triplicate.

2.6. Baking Loss

Baking loss was calculated to the following Equation (1) and gives information on the
moisture loss during baking [18]:

Baking loss (%) = [1 − (wafer weight [g]/batter weight [g])] × 100 (1)

2.7. Wafers Texture

A very important sensory property is the texture that affects consumer choices and
food stability [22]. Dry wafer fracturability was determined using the maximum force F (N)
needed to break a wafer piece. A Perten TVT-6700 device (Perten Instruments, Stockholm,
Sweden) equipped with an aluminum break rig set adjusted to 50 mm width was used. The
test speed was 2 mm/s and the trigger force 0.0005 N [23]. Instrument settings were pulled
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to break mode: test speed 2 mm/s [24,25]. Three replicates of wafer from each formulation
were determined.

2.8. Water Activity

Water activity was measured 2 h after baking, at 25 ◦C, using the water activity meter
AquaLab 4TE (Decagon Devices Inc., Pullman, WA, USA) [3,15].

2.9. Wafers Color

The color of the dried pasta was evaluated with a Konica Minolta CR-400 colorime-
ter (Tokyo, Japan), using the coordinates of the CIELab color space. The samples were
measured in triplicate and the chromameter was calibrated with a whiteboard of the
device [20,26,27].

2.10. Antioxidant Capacity of Wafers

The phenolic content was determined by the Folin–Ciocalteau method: 2 g of wafers
were ground and mixed with 20 mL 80% methanol (v/v) and sonicated for 40 min in a
sonication bath at 37 ◦C and 45 Hz, then the mixture was centrifuged for 5 min at 4000 rpm.
A volume of 0.2 mL of the extract was mixed with 2 mL of 1:10 Folin–Ciocalteau reagent
and 1.8 mL of 7.5% (w/v) sodium carbonate in a container. The mixture was left for 30 min
at room temperature in the dark [23]. The total polyphenol content was determined at
750 nm using a UV–VIS–NIR spectrophotometer (Shimadzu Corporation, Kyoto, Japan).
The calibration curve of polyphenols was achieved using gallic acid at concentrations
of 10–200 mg/L with regression coefficient R2 = 0.99872. The samples were analyzed
in triplicate.

Total antioxidant activity was determined by DPPH assay scavenging activity by
adding 2 mL of extract described above with 2 mL of DPPH solution 0.1 mM in methanol [28].
The mixture was vortexed for 2 min and kept for 30 min at room temperature in a dark
place, and then the absorbance was determined at 517 nm using a UV–VIS–NIR spectropho-
tometer (Schimadzu Corporation Kyoto, Japan). The antioxidant capacity was measured in
triplicate, using distilled water as a blank sample, as described in Equation (2).

% Inhibition of DPPH = [(1 − As/Ab)] × 100 (2)

where As= absorbance of sample, Ab = absorbance of blank sample.

2.11. Water Holding Capacity and Oil Holding Capacity

To determine the water holding capacity (WHC), 1 g of sample and 10 mL of distilled
water are placed in a centrifuge tube and vortexed for 30 min, left to stand for 30 min
at room temperature, then centrifuged for 25 min at 3000 rpm [6,24]. Subsequently, the
sediment is weighed and water holding capacity is calculated with the Equation:

WHC (%) = (W2− W1) × 100/W0 (3)

where W0 is the weight of the sample, W1 is the weight of the centrifuge tube plus sample,
and W2 is the weight of the centrifuge tube plus sediments.

Oil holding capacity (OHC)was determined by 0.5 g of sample over which is added
5 mL canola oil placed in a centrifuge tube and vortexed for 30 min, left to stand for 30 min
at room temperature, then centrifuged for 25 min at 3000 rpm [24]. Oil holding capacity is
determined in the same way as water holding capacity, using the Equation:

OHC (%) = (W2− W1) × 100/W0 (4)

where W0 is the weight of the sample, W1 is the weight of the centrifuge tube plus sample,
and W2 is the weight of the centrifuge tube plus sediments.
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2.12. Microstructure (SEM)

The microstructure was characterized by a scanning electron microscope (SEM) VEGA
II LSH (Tescan, Czech Republic) at an acceleration strain of 30 kV and a magnification of
100× and 200× by capturing different images of the cross-section to measure the size of the
pores [2,3,29]. The samples were fixed with double adhesive carbon bands.

2.13. Sensory Analysis

For sensory analysis, a trained consumer test panel was recruited by a panel of fifteen
experts selected according to their sensorial skills and trained in sensory vocabulary and
identification of particular attributes. Panelists were selected based on interest and time
availability. The samples were coded and presented randomly. The sensory panel was used
to determine the texture rated according to appearance, color, taste, crunchiness, smell, and
general acceptance. Panelists used a 5-point scale for sensory evaluation: 5 = appreciated
extreme; 4 = pleasant; 3 = I neither liked nor liked; 2 did not like, and 1 =did not liked it
extremely [4,30,31]. The acceptability index (AI) was calculated according to the equation

AI (%) = Y × 100/Z (5)

where Y =the average score obtained for the product and Z = the maximum score given to
the product.

2.14. Statistical Analysis

All of the analyses in the present study were performed in triplicate. Statistical soft-
ware SPSS 25.0 (trial version) (IBM, New York, NY, USA) was used to calculate the mean
values and standard deviations for the quantitative data (https://www.ibm.com/analytics/
spss-trials (accessed on 21 June 2022)). A principal component analysis (PCA) was per-
formed to observe the similarities or dissimilarities between the evaluated parameters and
formulated samples.

3. Results and Discussion

The textural characteristics of batter wafer are affected by the structural components
of the ingredients and manufacturing processes [16]. Gumminess, chewiness, springiness,
firmness, and cohesiveness increased in the spent grain sample, while the adhesiveness
decreased with the spent grain addition. The wafers batter textural parameters are pre-
sented in Table 2. The protein and fibre contents of spent grain affected all those parameters.
In comparison, Iuga, 2020 [32] and Chetrariu and Dabija, 2021 [23] obtained the same
tendency in their study.

Table 2. Wafer batter textural parameters.

Gumminess
(g)

Chewiness (g)
Springiness

(%)
Firmness (g)

Adhesiveness
(g × s)

Cohesiveness
(Adim.)

Control sample 94.46 ± 3.7 a 90.20 ± 4.1 a 0.9995 ± 0.0 a 64.5 ± 1.5 a −359.86 ± 7.0 b 1.42 ± 0.0 a

Spent grain
wafers 717.85 ± 52.9 a 725.27 ± 44.0 b 1.00045 ± 0.0 a 203.93 ± 24.9 b −904.30 ± 33.8 a 3.61 ± 0.7 b

p value n.s. <0.001 n.s. 0.001 <0.001 0.006

Mean values with different letters in the same column are significantly different (p < 0.05), n.s.—not significant.

The batter control sample density was higher (105.26% ± 0.05%) than the batter sample
density (89.71% ± 0.03%), which means that the sample density was decreased with adding
spent grain into formula wafers; those results are in accord with Ekramian et al., 2021 [3].
The low density indicates that more air is embedded in the batter and is desirable in the
wafer batter, being tied to more gas bubbles in the wafers, leading to more bubbles during
baking and making a larger volume of the finished product.
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A proximate analysis of the wafers is shown in Table 3. The pH value of the samples
(6.78 for wafer sample and 6.88 for control sample) are relatively close and fall within the
optimal values found in Huber’s and Schoenlechner’s 2017 study [18]. A slight decrease in
pH has been observed with the addition of spent grain to the wafer formulation and these
changes can be attributed to the enzymatic reactions between the components of the wafers.
A small addition of baking soda gives a slight increase in the pH value of the dough and
influences the formation of the more intense Maillard reaction [33].

Table 3. Proximate analysis of spent grain wafer.

Determination Control Sample(%)
Spent Grain Wafer

Sample(%)
p Value

Proteins 9.66 ± 0.35 a 11.17 ± 0.21 a 0.001
Lipids 16.03 ± 0.02 a 17.69 ± 0.03 b <0.001
Fibers 9.82 ± 0.03 a 11.64 ± 0.04 b <0.001

Carbohydrates 51.28 ± 0.06 b 47.40 ± 0.05 a 0.003
Ash 7.35 ± 0.01 b 6.22 ± 0.01 a <0.001

Moisture 5.86 ± 0.02 a 5.88 ± 0.02 a n.s.
Mean values with different letters in the same column are significantly different (p < 0.05), n.s.—not significant.

The moisture content contributes predominantly to the stickiness of the batter, but
also to the crispiness of final products and a small moisture extended shelf life of food
products [27]. The value for the moisture of the control sample was close to the value of
the spent grain wafer sample (5.86% ± 0.02% vs. 5.88% ± 0.02%);the results found in this
study were in agreement with Raza et al., 2016 [20]. Matinez-Navarrete et al., 2004, showed
a good shelf-life stability and reported that wafers contain 7.00% ± 0.02% moisture and less
than 0.52 water activity [34]. Most of the moisture evaporates during the baking process,
resulting in a porous foamed cellular structure [29].

The crude proteins content is contributed to by spent grain addition and chickpea
flour, with the highest content in the spent grain sample (11.17% ± 0.21%) compared to the
control sample (9.66% ± 0.35%), in accordance with Raza et al., 2016 [20].

The lipids content was highest (17.69% ± 0.03%) in the spent grain sample and
16.03% ± 0.02% was the fat content in the control sample, due to the lipid contents of hemp
seeds and golden flax seeds. Silva et al., 2022, obtained in their study a lower fat content,
between 2.2% and 3.7% [35].

The total dietary fiber content was higher in the wafer sample (11.64% ± 0.04%)
compared to the control sample (9.82% ± 0.03%) due to the addition of spent grain that
contains a higher amount of fiber; the same trend was observed in study reported by
Chetrariu and Dabija, 2022 [36].

The ash content was found to be highest in the control sample (7.35% ± 0.01%)
followed by the spent grain sample (6.22% ± 0.01%), in accordance with Tiwari et al.,
2020 [26].

The force measured at the first maximum point of the first significant change of the
first curve is the force recorded at the breaking or destruction of the sample, i.e., the
fracturability. If under stress a material can be fractured then it is considered to be a fragile
material [23]. The fracturability of dried wafers decreases with the increase in the addition
of spent grain (control sample 5.47 ± 0.09 N, spent grain wafers 3.86 ± 0.07 N), the same
result obtained by Iuga, 2020 [32], and with a decrease in pasta fracturability with the
increase in the content of whey powder and corn starch and by Chetrariu and Dabija [23]
in their study about spent grain pasta.

Baking loss can be influenced by several factors: baking temperature, batter moisture,
or leaving agents used. The values for baking loss were 50.15% for the control sample and
56.12% for the spent grain sample, respectively, compared to 19.52–27.48% baking losses in
the case of waffle [18], which is to be expected because the wafer humidity is much lower
than that of waffles.
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Water activity (Aw) is a simple instrumental measure of crispness in wafer, making it
an excellent way to monitor crispness over time and from batch to batch [37]. Traditionally,
crispness intensity decreases as Aw increases. In their study, Goerlitz et al., 2007, found
values for ice cream cones between 0.387 and 0.520, in agreement with this study (0.4302 for
the control sample and 0.4350 for the spent grain sample) [37].

The acceptability of a product given by consumers is also influenced by the color of
the product. The lightness of the spent grain wafer sample decreased compared to the
control sample (Figure 1), a process due to the addition of spent grain, which has a specific
dark color. There is a decrease in yellowness (b*) and an increase in redness (a*) in the
spent grain wafer sample compared to the control sample (Table 4), in accordance with a
study made by Chetrariu and Dabija, 2021 [23].

  
(A) (B) 

Figure 1. Control sample (A) vs. spent grain sample (B).

Table 4. Wafer colors.

L a* b* ΔL* ΔE*

Spent grain
wafersample 48.86 ± 0.08 2.10 ± 0.03 29.39 ± 0.05 −45.3 ± 0.08 51.93 ± 0.04

Control sample 61.6 ± 0.21 −6.27 ± 0.04 35.65 ± 0.21 −32.57 ± 0.21 45.67 ± 0.01

The total content of polyphenols increased in the spent grain wafer sample (6.46μg GAE/g)
compared to the blank sample (5.29 μg GAE/g), which means that spent grain has a polyphenol
intake in the finished product. Spent grain had a contribution of polyphenols also in the case
of pasta with the addition of spent grain flour, where the polyphenol content increased with
the percentage of added spent grain (17.21 ± 0.19 μg GAE/g—23.06 ± 0.11 μg GAE/g) [23].
The radical scavenging activity on DPPH was higher for the spent grain wafer sample
(24.44 ± 0.04) compared to the control sample (1.71 ± 0.01).

The water holding capacity refers to retained water that cannot be removed by ordi-
nary drying processes, bound by electrostatic or chemical interactions. This correlates with
the level of protein or ash. The water holding capacity (WHC) is often used to determine the
interactions between fiber and water [6]. WHC is closely correlated with the degree of hy-
dration of both proteins and other polar constituents, but also their hydrophilic interactions
through hydrogen bonds [38]. The values of the two samples are close (301.88% ± 9.36%
for spent grain wafers and 298.22% ± 17.16% for the control sample), with a higher WHC
for the sample of spent grain wafers, which is due to the increase in fiber content, in
accordance to Dom et al., 2020 [24]. The high protein content could be responsible for the
formation of a large number of hydrogen bonds.

The oil holding capacity (OHC) is determined by the size and porosity (density) of
the particles, the content of starch, and the concentration and hydrophobic nature of flour
proteins [38]. The mechanism of foil absorption is mainly attributed to the physical retention
of oils and their binding to the non-polar protein chain by hydrophobic interactions. The
retention of oils has significant effects on the rheology of the dough and the quality of the
finished product. The values for OHC are close for the two samples (135.28% ± 11.46%
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for the spent grain wafers and 136.02% ± 11.88% for the control sample), these functional
properties not being influenced by the addition of spent grain.

The wafer sheet was examined with a scanning electron microscope (SEM) to deter-
mine the dimensions of the wafer as well as to characterize the internal microstructure, as
can be seen in Figure 2.

  
(a) (b) 

  
(c) (d) 

Figure 2. Wafer microstructure by scanning electron microscopy (SEM) of control sample and spent
grain sample.(a) Control sample at magnification 100×; (b) Spent grain sample at magnification 100×;
(c) Control sample at magnification 200×; (d) Spent grain sample at magnification 200×.

The samples were carefully placed inside the SEM so that the cross-section of the
sample was directed towards the microscope lens. The characterization of the internal
microstructure of the wafers was made using a scanning electron microscope, a suitable
choice for imaging studies in that the samples are easy to use, do not require prior sample
preparation, and the data acquisition is fast. The microstructure of the wafers is represented
by a compact aggregate, giving it a fragile appearance. The presence of a considerable
number of air bubbles and surface pores thatpenetrate the matrix is the main textural
trait of tenderness and crispness. The microstructure is important because this method
can understand why the viscosity and aeration of the batter are important for the quality
and resistance of the wafers [39]. SEMs are also an attractive choice for imaging studies
because they have an easy-to-use interface, are easy to operate, and require minimal
sample preparation. The microstructure of baked wafers is usually associated with the
cross-sections of the entire wafer that have dense skin and porous regions of the core, in
accordance with Ekramian et al., 2021 [3], and Butt, 2017 [2]. A heterogeneous distribution
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of pores was observed on the cross section of the samples, with larger pores in the center
of the wafer samples, in accordance with the study conducted by Butt, 2017 [2], and
Mohammed et al., 2011 [29].

Sensory evaluation, from a statistical perspective, is a scientific method in which
experimental results are collected on a set of consumers expressing preferences and reac-
tions to the characteristics of food [2]. The sensory properties of the wafers are shown in
Figure 3. The general acceptability showed acceptable values with scores higher than four
throughout the analyzed range, indicating that the wafers were pleasant to some extent [35].
The spent grain wafers sample obtained a higher score than the control sample for each of
the properties analyzed. The appearance of a food is an important attribute that influences
the consumer’s perception of a particular product [26]. The biggest difference between the
averages of the spent grain wafers sample compared to the control sample was recorded for
appearance, and the closest scores were recorded for taste, crunchiness, and smell, which
means that the addition of spent grain did not alter these properties, but on the contrary,
enriched them. Sensory analysis is useful to see whether or not consumers can detect
differences between products or changes in the product’s recipe [2]. The acceptability index
was higher for spent grain wafers (92%) compared to the control sample (86%).

Figure 3. Sensory scores for spent grain wafers.

The principal component analysis (PCA) has been used to highlight similarities or
differences between specified characteristics (Figure 4). The loads of the characteristics
studied on the first main component, FC1 (70.58%), and the second main component, FC2
(15.22%), described 85.80% of the total variance. The moisture and water holding capacity
has a small contribution to the variation of the data, as suggested by their position on
the graph, close to the center. In contrast, the proximity of some individual parameters,
for example for proteins, firmness, overall acceptability, lipids, color, chewiness, fibers,
and total polyphenols content, confirm a close pair correlation, as well as the association
between fracturability, adhesiveness, ash, and antioxidant activity (DPPH).
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Figure 4. Principal component analysis.

PC1 has been associated with fiber, carbohydrates, fracturability, chewiness, ash, lipids,
overall acceptability, color, baking loss, adhesiveness, DPPH, cohesiveness, total polyphe-
nols content, firmness, proteins, and springiness, while PC2 has been associated with water
activity, OHC, and gumminess. It may be noted that a high opposition betweenwater
holding capacity and moisture, oil holding capacity, and water activity.

4. Conclusions

The study verified that the addition of spent grain can be used to prepare wafers with
good sensory and nutritional value, which provide a substantial amount of protein, fat, and
dietary fiber. It has been concluded that spent grain wafers are the potential nutritional food
that can increase demand and change the consumption pattern of food by-products. The
product is economical and can be easily manufactured on a commercial scale compared to
other snack products. The addition of spent grain had a positive impact on the formulation
of wafers, increasing the protein and fiber content, and antioxidant capacity; wafer samples
with the addition of spent grain also led to darker samples. Fracturability decreases with
the addition of grain spent. The microstructure of samples with the addition of SG shows a
heterogeneous distribution of pores on the cross section of the samples, with larger pores in
the center of the wafer samples. The results of the sensory analysis reveal that the addition
of spent grain in the wafers recipe leads to valuable value-added products with a high
acceptability among consumers. Because of the recent global context, the application of
sustainable, clean, and waste-free technologies is no longer just an innovative solution,
but an imperative requirement. Therefore, it is very important to adopt a sustainable
approach to the management of food by-products, which represent valuable resources from
a nutritional and economic or environmental point of view, revealed in the implementation
of the system solutions based on the fundamentals of a circular economy.
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Abstract: (1) Background: Natural antioxidants are health products found in many plants and may
have a therapeutic effect on various diseases caused by oxidative stress. The purpose of this research
is the antioxidant analysis of some kefir samples enriched with volatile oils extracted from three
aromatic plants; (2) Methods: The volatile oils were extracted from lavender, fennel and mint. Four
samples of kefir were made: kefir enriched with encapsulated lavender volatile oil, kefir enriched
with encapsulated mint volatile oil, kefir enriched with encapsulated fennel volatile oil and a control
sample without volatile oils. The analysis took place in three periods of storage: on the first day, on
the 10th day and the 20th day; (3) Results: The antioxidant activity of kefir samples had decreased
during the storage. The kefir sample with fennel and lavender volatile oil had the highest antioxidant
activity, while the control sample had the lowest activity; (4) Conclusions: We can conclude that the
volatile oils add value to the finished product.

Keywords: kefir; lavender; mint; fennel; volatile oils; antioxidants; oxidative stress; bioactive compounds

1. Introduction

Stress is a response to environmental stressors that affect the lives of individuals, and
relationships with other people. Stress can cause social, physical and mental problems.
People may experience many symptoms, such as irritability, difficulty concentrating, sleep
disturbances, diarrhea, fatigue, anger, palpitations, frequent urination, constipation and
headaches [1]. Long periods of stress lead to reduced cell proliferation and neurogenesis,
thus playing a significant role in depression and Alzheimer’s disease (AD). Environmental
stressors cause immune system symptoms and hormonal effects, neuroplastic changes
that result in neurogenesis and impaired neurotransmission. Eventually, this can lead to
neurodegenerative changes, dementia, and cognitive decline [2,3].

At high levels, oxidative stress could degrade lipids, proteins and deoxyribonucleic
acid (DNA). This leads to inflammation and cell death. It also has an important role in
many cardiovascular diseases, such as heart failure, cardiac arrhythmia, atherosclerosis
and ischemia-reperfusion injury [4–7]. It can influence the development of leukemia [8]
and can harm male fertility [9].

Antioxidants are health care products that can be sold worldwide without a prescrip-
tion. Many types of research show the benefits of antioxidants, but only a few mention
their possible harmful effects. The balance between free radicals and antioxidants in the
human body is offset when any of these predominate [10].

Plants activate antioxidant defense mechanisms under abiotic stress, which helps
maintain the integrity of cellular components and attenuates oxidative damage [11]. Im-
portant compounds with antioxidant properties found in medicinal and aromatic plants
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include polyphenols, stilbene, flavonoids, chalcone, capsaicinoids and casinoids, lignans
and curcuminoids, carotenoids, isothiocyanates and catechins. Thus, natural antioxidants
have therapeutic potential for many diseases caused by stress [12].

The antioxidant activity of plants is the result of their phenolic compounds. Phenolic
compounds are functional compounds synthesized by plants. They play an important role
in human nutrition for a healthy life, and mint is an important source [13]. Mint (Mentha
piperita L.) is a medicinal and aromatic plant used in traditional medicine and drugs for its
antimicrobial and antioxidant properties [14]. The antioxidant activity of mint prevents ox-
idative stress at the cellular level by its chemical composition [15]. Mint-derived secondary
metabolites are antioxidants that have immunostimulatory, cardio-tonic and antiviral prop-
erties [16]. Mint contains volatile components, flavonoids, organic acids, and quinones,
necessary for the digestive system, central nervous system, and respiratory system. It has
antioxidant, antimicrobial, anti-inflammatory and anesthetic properties [14,17–19]. The
most important components of volatile oil are menthol, menthone, menthofuran, isomen-
thone, caryophyllene, eucalyptol, linalool, limonene, carvone, pulegone and α-terpinol [20].
In the study conducted by Bleiziffer et al., in 2017, it was observed that mint and sage
oil are the freest amino acids (>4 mg·g−1) [21]. In 2013, Tsai et al., demonstrated that the
most important compound of mint essential oil is menthol and it has a high antimicrobial
activity against Pseudomonas aeruginosa, Staphylococcus aureus and Escherichia coli. Antiox-
idant activity has been demonstrated using the 2,2-Diphenyl-1-picrylhydrazyl (DPPH)
method and the β-Carovtene-linoleic acid test [14]. Brahmi et al., in 2018 demonstrated
that mint essential oil is a good source of compounds with antioxidant, cytoprotective and
immunomodulatory properties [22]. In 2019, Park et al., using high-performance liquid
chromatography (HPLC) analysis demonstrated that the mint flower has a higher level of
phenolic compounds, flavonoids and anthocyanins that offer antimicrobial and antioxidant
effects compared to the stem and leaves [23]. Two other studies conducted in 2019 and 2021
by Wu et al., and Hejna et al., respectively, demonstrated the antioxidant activity using the
Trolox equivalent antioxidant capacity test and the DPPH method [24,25].

Fennel (Foeniculum vulgare L.) is part of the family Apiaceae Lindl. [26]. It is a medicinal
plant used as an analgesic, diuretic, anti-inflammatory and antispasmodic [27–29]. The
essential oil is used as a component in cosmetics, pharmaceuticals and flavoring agents
in different food products. Fennel essential oils have hepatoprotective and antispasmodic
effects. It is also known for its diuretic, analgesic, anti-inflammatory and antioxidant
properties [26,27,30]. The most important components of the essential oil are α-pinene [31],
estragol, trans-anethole, a-phellandrene and fenchone [27]. Numerous studies have shown
its antioxidant, anti-inflammatory and antimicrobial action [28,30,32–36]. In 2021, Korinek
et al., showed that volatile fennel oil had a positive effect on human neutrophils [37] and
Mazandrani et al., in 2015 studied the antioxidant and antimicrobial effects during the
storage of silver carp fillet [38].

Lavender (Lavandula angustifolia Mill.) belongs to the Lamiaceae Martinov family [39] and is
used as a culinary herb and medicine for burns, skin wounds, headaches, digestive problems,
insect bites [40], analgesic, antiseptic, sedative and urinary tract improvement [41,42]. Laven-
der is rich in essential oil, and studies have concluded that it has antimicrobial, antioxidant,
insecticidal and anticholinesterase inhibitory activities [39,40]. The essential oil contains many
compounds such as borneol, fenchon cineole, terpineol, camphor [41], linalool, linalyl acetate
and β-ocimene [43]. Research has concluded that the essential oil has antimicrobial, antioxidant,
anti-inflammatory and antiseptic properties due to its high content of flavonoids and polyphe-
nols [39,40,44–48]. In 2017, Küçükyilmaz et al., concluded that supplementing levels of 24 to
48 mg/kg of lavender essential oil is effective in exerting antioxidant and growth-promoting
activities [49]. In 2021, Adaszynska-Skwirzynska et al., showed that by adding it as an additive
to the drinking water of broilers it can become an excellent alternative to banned antibiotics to
stimulate growth [50]. In a study performed on mice by Kozics et al., in 2017, it was concluded
that cell death mediated by oxidative stress in liver tissue can be prevented by treatment with
lavender essential oil [51].
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Kefir is an acidic fermented milk drink with a creamy consistency produced by bacteria
through the alcoholic and lactic fermentation of kefir grains. Kefir is a milk-based drink
with antioxidant properties and benefits, such as reduced symptoms of lactose intolerance,
immune system stimulation, lower cholesterol, and antimutagenic and anticancer activity. The
health benefits have been attributed to various bioactive compounds such as vitamins, minerals,
lipids, proteins, amino acids and trace elements [52–57]. The antioxidant and anti-inflammatory
properties of kefir have been demonstrated in numerous studies [58–63]. Sabokbar et al., in
2014 and 2015 made drinks based on kefir and added apple and pomegranate juice, and the
results obtained showed a high antioxidant activity [64–66].

Current studies targeting the use of encapsulated volatile oils in foods are limited [67].
The encapsulation of oils is used especially for their antimicrobial effect to inhibit certain
pathogenic microorganisms that can develop in food products [68–71].

In the present research, we propose the antioxidant analysis of some kefir samples
enriched with volatile oils extracted from aromatic plants. The volatile oils were extracted
from lavender, fennel and mint, and due to their sensitivity to external factors, it was
decided to encapsulate them. Four types of kefir were made: kefir enriched with encap-
sulated mint volatile oil, kefir enriched with encapsulated lavender volatile oil and kefir
enriched with encapsulated fennel volatile oil and a control sample in which no volatile
oils were added. The samples were made in the laboratories of the Faculty of Agricultural
Sciences, Food Industry and Environmental Protection in Sibiu, Romania. To ensure that
these products are accepted by consumers, we initially tested the sensory acceptance and
texture of these kefir samples [72].

2. Materials and Methods

2.1. Extraction of Volatile Oils

For the extraction were used dried and crushed lavender (Lavandula angustifolia Mill.),
mint (Mentha piperita L.) and fennel (Foeniculum vulgare L.) seeds. For the extraction, the
Neo-Clevenger apparatus modified by Moritz with water vapor was used. This method
was used according to the Romanian Pharmacopoeia edition X [73]. Table 1 presents the
volatile oil extraction efficiency. The highest extraction efficiency was obtained in the case
of fennel due to the use of seeds. For volatile oils extracted from the herb, the mint had the
highest efficiency and lavender had the lowest.

Table 1. Volatile oil extraction efficiency.

Aromatic Plant Efficiency [%]

Mint (herb) 2.93
Fennel (seeds) 5.17

Lavender (herb) 1.21

The volatile oils obtained had a pale yellow to greenish yellow color—for mint—and a
characteristic odor, the strongest being that of fennel, followed by lavender and mint. All
the plants used came from authorized plantations in Sibiu, Romania [72].

2.2. Encapsulation of Volatile Oils

To protect the volatile oils from environmental factors, we encapsulated them in
sodium alginate. Three types of oils were used to make the capsules with volatile oils: mint,
fennel and lavender. 30 μL of each volatile oil in 10 mL of 2% sodium alginate solution
was added [72].

The 2% sodium alginate solution was prepared the day before forming the capsules,
this was necessary for it to clear.

After mixing the volatile oil with the sodium alginate, we proceeded to the formation
of the capsules. The solution was pipetted dropwise into 250 mL of 2% calcium chloride
in an ultrasonic water bath (manufacturer Bandelin Sonorex) at 25 ◦C. After pipetting the
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entire solution of sodium alginate with volatile oil, solution was held in the water bath for
another 10 min. A solution of calcium chloride and capsules with volatile oils was filtered
with the help of a muslin cloth. The capsules were washed with distilled water, after which
they were left to dry at room temperature for 10 min. The procedure was identical for each
type of volatile oil.

The structure of a capsule was gelatinous and the size was 240 μm. They had an
opalescent white color and a characteristic odor of the plant [72].

2.3. Obtaining Samples of Kefir with Volatile Oils Encapsulated

The pasteurization of raw milk was made for 25 min at 85–90 ◦C. The starter culture of
0.15 g:2 L of milk and pre-mixed powder milk of 150 g:2 L of milk were added after cooling
the milk to 20 ◦C. The capsules were added at 1 g for every 100 g of kefir. Afterwards the
milk was placed into plastic containers to a final weight of 250 g. The thermostat had two
stages: the first thermostat at 18 ◦C for 10 h, and the second thermostat at 10 ◦C for 8 h. The
glasses with samples were covered with cling film and stored at 4 ◦C. Raw milk came from
healthy animals from an authorized farm in Vulpăr village, Sibiu, Romania. The starter
culture was a mix of LYOFAST cultures, MS 059 DT, manufacturer SACCO [72].

2.4. Extraction of Compounds to Determine Antioxidant Capacity

For the extraction of compounds the method adapted from Patel et al. (2016) was
used [74]. 0.5 g of the sample was extracted with 10 mL solvent containing methanol, water
and hydrochloric acid 0.12 M = 70:29:1 (v/v/v) for 24 h at room temperature. For 30 min
the mixture was kept in the ultrasonic bath (manufacturer Bandelin Sonorex) at 25 ◦C, then
it was centrifuged at 8000 rpm for 10 min, and the supernatant was collected. The second
extraction was performed exactly like the first, except the time spent in the ultrasonic bath
was 15 min. The total quantity of supernatant was evaporated using the rotary evaporator
(manufacturer Hei-VAP Precision). After evaporation the residue was taken up with 10 mL
of methanol and then the mixture was filtered and filled with methanol to a total volume
of 10 mL [75].

2.5. Determination of Antioxidant Activity

To determine the antioxidant activity a method adapted from Tylkowski et al. (2011)
was used [76]. A DPPH solution with a concentration of 25 μg/mL was prepared by
solubilizing a quantity of DPPH in absolute methanol. To complete the solubilization, the
mixture was prepared in advance for 2 h. Seven DPPH solutions made from methanol
in the range of 0.1–1 μg/mL were prepared for plotting the calibration curve, starting
from a stock DPPH solution. 970 μL of a 25 μg/mL DPPH solution was added into 30 μL
od methanol extract, obtained using the extraction described above. Absorbance was
measured at 515 nm using a spectrophotometer (manufacturer Shimadzu 1900 UV-VIS),
and an absorbance graph was plotted as a function of concentration [75].

The concentration of the solutions was calculated with Formula (1):

C =
A − i.c.c

s.c.c.
(1)

where:
C—the concentration of the DPPH solution (μg/mL);
A—sample absorbance;
i.c.c.—the intercept of the calibration curve;
s.c.c.—the slope of the calibration curve.
The antioxidant activity expressed as a DPPH radical inhibition process was calculated

according to Formula (2):

AA =
C0 − C1

C0
· 100 (2)

where:

118



Appl. Sci. 2022, 12, 10287

AA—antioxidant activity (%);
C0—the concentration of the blank solution (DPPH solution in methanol without sample);
C1—the remaining concentration of DPPH in the sample [76].
For each sample, three repeats were performed, and the analysis took place at three

periods of storage: on the first day, on the 10th day and the 20th day.

2.6. Statistical Analysis

All results obtained from the determination of the antioxidant activity were expressed
according to the following statistical indicators: mean value, standard error of the mean
(SEM), median, standard deviation (SD), maximum value, minimum value, skewness.
Statistical significance was determined using correlation analysis of data obtained using
the Pearson correlation. Thus, we correlated the data obtained for the samples with volatile
oils with those of the control sample [77]. All statistical analyses were performed using
Minitab version 14 and p < 0.05 was considered significant.

3. Results

3.1. Realization of the Calibration Curve to Determine the Antioxidant Activity

To achieve the calibration curve, we prepared seven DPPH solutions made from
methanol in the range of 0.1–1.0 μg/mL starting from a stock solution of DPPH.

According to Figure 1, the slope of the calibration curve is 0.0411, and the intercept
of the calibration curve is 0.0349. The absorbance at which the measurements were made
is equal to 515 nm. Depending on the absorbance of each sample, we determined the
concentration of the solutions, and then the antioxidant activity.

 
Figure 1. Calibration curve with DPPH to determine antioxidant activity.

3.2. Determination of Antioxidant Activity for Volatile Oil Samples

Figure 2 shows the antioxidant activity for the three assortments of volatile oils used
in encapsulation. Fennel volatile oil has a mean value of 30.623 ± 0.012. The median is
30.63 and the histogram is tilted to the left, the skewness being −1.73. The mean value for
the antioxidant activity of lavender volatile oil is 12,757 and the standard deviation is 0.015.
The skewness is −0.9, the histogram is tilted to the left, and the median value is 12.76. The
mean antioxidant activity for mint volatile oil is 25.62 and the standard deviation is 0.01.
The median is 25.62 and the histogram is perfectly symmetric because the skewness is 0.
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Figure 2. Antioxidant activity for the three assortments of volatile oils used in encapsulation.

3.3. Determination of Antioxidant Activity for Kefir Samples Enriched with Encapsulated Volatile Oils

Figure 3 shows the comparative variation of antioxidant activity in the kefir sample
with lavender volatile oil and the control sample. On the first day of storage, the antioxidant
activity mean value for the sample of kefir with lavender volatile oil is 65.39, and the
standard deviation is 0.021. The median value is 65.38, and the skewness is 1.29, so the
histogram is oriented to the right. In the case of the control sample, the mean value of
the antioxidant activity is 59.96 and the standard deviation is 0.006. The median value
is 59.96, and the skewness is −1.73, the histogram is oriented to the left. On the 10th
day, the kefir with lavender volatile oil has an antioxidant activity mean value of 59.78,
and the standard deviation is 0.006. The median value is 59.78, and the skewness is 1.73,
with the histogram being oriented to the right. For the control sample, the mean value
of the antioxidant activity is 35.05 and the standard deviation is 0.01, the median value
is 35.05 and the histogram is perfectly symmetrical because the skewness is 0. On the
20th day, the kefir with lavender volatile oil has an antioxidant activity mean value of
13.71 ± 0.01, the median value is 13.71 and the histogram is perfectly symmetrical because
the skewness is 0. In the case of the control sample, the mean value of the antioxidant
activity is 10.95 and the standard deviation is 0.012. The median value is 10.94 and the
skewness is 1.73, the histogram is oriented to the right. On the first day, the Pearson
correlation coefficient between the control sample and the kefir with lavender volatile oil is
0.693, which indicates a strong positive association between the two variables. On the 10th
and 20th days, the correlation coefficient between the two samples is 0.177, the association
being weakly positive.

Figure 4 shows the comparative variation of the antioxidant activity in the kefir sample
with mint volatile oil and the control sample. On day 1, the kefir with mint volatile oil
has an average antioxidant activity value of 72.47 and the standard deviation is 0.006. The
median value is 72.47 and the skewness is −1.73, the histogram is oriented to the left. The
mean value of the antioxidant activity for the control sample is 59.96 and the standard
deviation is 0.006. The median value is 59.96, and the skewness is −1.73, the histogram is
oriented to the left. On day 10 of storage, the antioxidant activity mean value for the kefir
sample with mint volatile oil is 41.15 and the standard deviation is 0.01. The value of the
median is 41.15, and the histogram is perfectly symmetrical because the skewness is 0. For
the control sample, the mean value of the antioxidant activity is 35.05 and the standard
deviation is 0.01, the median value is 35.05 and the histogram is perfectly symmetrical
because the skewness is 0. On the 20th day of storage, the antioxidant activity mean value
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for the kefir sample with volatile mint oil is 11.64 ± 0.012. The median value is 11.65
and the skewness is −1.73, the histogram is oriented to the left. The mean value of the
antioxidant activity for the control sample is 10.95 and the standard deviation is 0.012. The
median value is 10.94 and the skewness is 1.73, the histogram is oriented to the right. For
the correlation between the kefir sample with mint volatile oil and the control sample, the
Pearson coefficient from day 1 is 1, the association being strongly positive. On day 10 the
coefficient is equal to −0.5, the association between the two variables being moderately
negative, and on day 20 the coefficient is equal to 0.5, the association between the two
variables being moderately positive.

 

Figure 3. Comparative variation of antioxidant activity in kefir sample enriched with encapsulated
lavender volatile oil and control sample.

 

Figure 4. Comparative variation of antioxidant activity in kefir sample enriched with encapsulated
mint volatile oil and control sample.

Figure 5 shows the comparative variation of antioxidant activity in the kefir with
fennel volatile oil and the control sample. On the first day of storage, the kefir sample with
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fennel volatile oil has an antioxidant activity mean value of 78.59 ± 0.006. The median is
78.59, and the skewness is −1.73, the histogram being oriented to the left. The mean value
of the antioxidant activity for the control sample is 59.96 and the standard deviation is
0.006. The median value is 59.96, and the skewness is −1.73, the histogram being oriented
to the left. On the 10th day, the kefir with fennel volatile oil has an antioxidant activity
mean value of 41.32 ± 0.017. The median is 41.33, and the skewness is −1.73, the histogram
being oriented to the left. For the control sample, the mean value of the antioxidant activity
is 35.05 and the standard deviation is 0.01, the median value is 35.05 and the histogram
is perfectly symmetrical because the skewness is 0. On the 20th day, the mean value of
the antioxidant activity for the kefir sample with fennel volatile oil is 12.59 ± 0.012, and
the skewness is −1.73, the histogram being oriented to the left. The mean value of the
antioxidant activity for the control sample is 10.95 and the standard deviation is 0.012.
The median value is 10.94 and the skewness is 1.73, the histogram being oriented to the
right. In the case of the kefir with fennel volatile oil and the control sample, the Pearson
coefficient is 1 on the first day, the association being strongly positive. On the 10th day,
the correlation coefficient is 0.866, the association being strongly positive, and on the 20th
day, the correlation coefficient is 0.5, the association being moderately positive between the
two variables.

 
Figure 5. Comparative variation of antioxidant activity in kefir sample enriched with encapsulated
fennel volatile oil and control sample.

Figure 6 shows the decline in antioxidant activity on day 10 and day 20 of storage
compared to day 1 of storage for kefir samples. For the kefir sample with fennel volatile oil,
the decline on day 10 compared to day 1 has a mean value of 8.75%, and that on day 20 is
79.03% compared to day 1. For the kefir sample with lavender volatile oil, the decline on
day 10 compared to day 1 is 43.22%, and that on day 20 is 83.93%. For the kefir sample with
mint volatile oil, the decline on day 10 is 47.42% and on day 20 it is 83.98%. The control
sample has a decline in antioxidant activity on day 10 compared to day 1 of 41.54%, and on
day 20 has a decline of 81.74%. We can conclude that the kefir with fennel volatile oil is
the most stable in terms of antioxidant activity because it has the lowest value of decline
compared to day 1. In the case of the other three kefir samples, the value of the decline on
day 10 is approximately equal. The largest decrease is recorded between day 10 and day 20
of storage, this being visible by the high value of the decline on day 20 compared to day 1
for all four kefir samples.
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Figure 6. The decline in antioxidant activity on day 10 and day 20 of storage compared to day 1 of
storage for kefir samples.

4. Discussion

Stress is one of the factors that can affect people’s mental health. Long-term stress
leads to various cellular and neuronal disorders, playing a significant role in the onset of
depression and Alzheimer’s disease [1–3].

Oxidative stress influences physiological and pathological conditions leading to the
appearance of various cardiovascular and neuronal diseases. To avoid and reduce the
effects of stress on the human body, studies recommend the external intake of antioxidants.
Medicinal and aromatic plants have been excellent sources of antioxidants. Creating food
products that meet certain food needs, but also contribute to health [78] is a growing interest
for many processors in the food industry.

The antioxidant character of the three plants used in this study is given by their dif-
ferent compounds. The main compound in fennel volatile oil is α-pinene [31]. α-pinene
is a natural and active monoterpene that is very often used as a flavoring or pharmaceu-
tical agent [79]. This compound is known to have notable antioxidant activity [80]. The
antioxidant character of the volatile mint oil is given by menthone, caryophyllene and
linalool [20]. Menthone is generally used in the flavoring industry. It is very often found in
combination with menthol in various types of volatile oil. This compound has antimicrobial
and antioxidant properties, its insecticidal potential has been proven in rice control [81].
Caryophyllene is a sesquiterpene found in reasonable amounts in the volatile oils of many
plants [82]. Following studies, it has been shown that caryophyllene gives volatile oil
antioxidant and antimicrobial properties [83]. Linalool is a linear monoterpene alcohol [81]
that has been shown to have antimicrobial and antioxidant activity [84]. The compounds
present in lavender volatile oil that give it antioxidant properties are linalool [43] and terpi-
neol [41]. Terpineol is a monoterpene that has a wide range of properties: antimicrobial [85],
antioxidant, anti-inflammatory, anticancer, and insecticidal [81]. The mechanism of action
may be due to cytoplasmic membrane compromise or organic membrane penetration that
induces deformation, damage and ultimately death of microbial cells [86].

In 2019 we started the study of the antioxidant activity of various yoghurt samples
enriched with encapsulated volatile oils, and due to the positive results obtained we
decided to test these effects on other dairy products. We chose kefir because of its notoriety
and the benefits it brings to consumers’ health. Before the antioxidant analysis, we analyzed
consumer acceptance of the new kefir assortments through sensory and textural analysis.

The purpose of this study was to produce a dairy product with high nutritional
properties. Thus, three types of kefir with volatile oils were made: lavender, mint and
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fennel. The volatile oils are sensitive to various external factors, and they were encapsulated
and introduced as spherical capsules into the dairy product. According to studies, these
volatile oils have a high antimicrobial and antioxidant capacity.

Initially, we tested the antioxidant activity of the volatile oils obtained from their
extraction from plants harvested from authorized crops in Sibiu, Romania. The highest
value of the antioxidant activity of pure volatile oils belongs to the volatile oil of fennel,
followed by the volatile oil of mint, and the lowest value belongs to the volatile oil of
lavender. Three spectrophotometer readings were taken for each volatile oil.

The antioxidant activity of kefir samples decreased during the twenty days of storage.
The highest values of antioxidant activity were obtained on the first day of storage, and the
lowest values were obtained on the 20th day of storage. The largest decrease was recorded
between day 10 and day 20 of storage for all kefir samples. The highest antioxidant activity
for the entire storage period was the kefir sample with fennel volatile oil. This was followed
by the kefir with mint volatile oil, and then the lavender volatile oil sample. The control
sample showed the lowest values over the entire storage period.

Compared to the study carried out in 2019, the antioxidant activity of kefir samples
was higher. The fennel volatile oil brought a significant contribution to both types of dairy
products; both the kefir and yogurt samples obtained the highest values during the entire
analysis period. In the current study, kefir samples with lavender volatile oil had the lowest
antioxidant activity, and in the 2019 study, the yogurt sample with mint volatile oil had the
lowest antioxidant activity. In both cases, the volatile oils used added value to the dairy
product, giving it a superior antioxidant capacity.

5. Conclusions

We can conclude that volatile oils add value to the finished product. All three samples
with volatile oils have good results compared to the control sample for the entire analysis
period. The use of medicinal and aromatic plants in the preparation of food is an excellent
alternative due to their antioxidant properties.

All these aspects show that the obtained products are an important source of antioxi-
dant compounds that can bring benefits to the health of consumers and can also increase
the shelf life of the product due to the incorporation of bioactive compounds.
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73. Agenţia Naţională a Medicamentului. Farmacopeea Română, 10th ed.; Medicală: Bucharest, Romania, 1993.
74. Patel, M.K.; Mishra, A.; Jha, B. Non-targeted metabolite profiling and scavenging activity unveil the nutraceutical potential of

psyllium (Plantago ovata forsk). Front. Plant Sci. 2016, 7, 431–432. [CrossRef] [PubMed]
75. Tit,a, O.; Constantinescu, M.A.; Tit,a, M.A.; Georgescu, C. Use of yoghurt enhanced with volatile plant oils encapsulated in sodium

alginate to increase the human body’s immunity in the present fight against stress. Int. J. Environ. Res. Public Health 2020, 17, 7588.
[CrossRef] [PubMed]

76. Tylkowski, B.; Tsibranskaa, I.; Kochanova, R.; Peeva, G.; Giamberini, M. Concentration of biologically active compounds extracted
from Sideritis ssp. L. by nanofiltration. Food Bioprod. Process. 2011, 89, 307–314. [CrossRef]

77. Pearson’s Correlation Using Minitab. Available online: https://statistics.laerd.com/minitab-tutorials/pearsons-correlation-
using-minitab.php (accessed on 26 March 2021).

78. Bătus, aru, C.M. Sustainability of the small business environment in Romania in the context of increasing economic competitiveness.
Manag. Sustain. Dev. 2019, 11, 37–41. [CrossRef]

79. Niu, F.X.; Huang, Y.B.; Ji, L.N.; Liu, J.Z. Genomic and transcriptional changes in response to pinene tolerance and overproduction
in evolved Escherichia coli. Synth. Syst. Biotechnol. 2019, 4, 113–119. [CrossRef] [PubMed]

127



Appl. Sci. 2022, 12, 10287

80. Elansary, H.O.; Abdelgaleil, S.A.M.; Mahmoud, E.A.; Yessoufou, K.; Elhindi, K.; El-Hendawy, S. Effective antioxidant, antimicro-
bial and anticancer activities of essential oils of horticultural aromatic crops in northern Egypt. BMC Complement. Med. Ther. 2018,
18, 214. [CrossRef]

81. Tahghighi, A.; Maleki-Ravasan, N.; Dinparast Djadid, N.; Alipour, H.; Ahmadvand, R.; Karimian, F.; Yousefinejad, S. GC-MS
analysis and anti-mosquito activities of Juniperus virginiana essential oil against Anopheles stephensi (Diptera: Culicidae). Asian
Pac. J. Trop. Biomed. 2019, 9, 168–175. [CrossRef]

82. Oppong-Damoah, A.; Blough, B.E.; Makriyannis, A.; Murnane, K.S. The sesquiterpene beta-caryophyllene oxide attenuates
ethanol drinking and place conditioning in mice. Heliyon 2019, 5, e01915. [CrossRef]

83. De Oliveira, J.R.; Camargo, S.E.A.; De Oliveira, L.D. Rosmarinus officinalis L. (rosemary) as therapeutic and prophylactic agent. J.
Biomed. Sci. 2019, 26, 5. [CrossRef] [PubMed]

84. Chua, L.Y.W.; Chua, B.L.; Figiel, A.; Chong, C.H.; Wojdyło, A.; Szumny, A.; Choong, T.S.Y. Antioxidant Activity, and Volatile
and Phytosterol Contents of Strobilanthes crispus Dehydrated Using Conventional and Vacuum Microwave Drying Methods.
Molecules 2019, 24, 1397. [CrossRef] [PubMed]

85. Dore, S.; Ferrini, A.M.; Appicciafuoco, B.; Massaro, M.R.; Sotgiu, G.; Liciardi, M.; Cannas, E.A. Efficacy of a terpinen-4-ol based
dipping for post-milking teat disinfection in the prevention of mastitis in dairy sheep. J. Essent. Oil Res. 2019, 31, 19–26. [CrossRef]

86. Fikry, S.; Khalil, N.; Salama, O. Chemical profiling, biostatic and biocidal dynamics of Origanum vulgare L. essential oil. AMB
Express 2019, 9, 41. [CrossRef] [PubMed]

128



Citation: Baldino, N.; Carnevale, I.;

Mileti, O.; Aiello, D.; Lupi, F.R.;

Napoli, A.; Gabriele, D. Hemp Seed

Oil Extraction and Stable Emulsion

Formulation with Hemp Protein

Isolates. Appl. Sci. 2022, 12, 11921.

https://doi.org/10.3390/

app122311921

Academic Editor: Adriana Dabija

Received: 25 October 2022

Accepted: 18 November 2022

Published: 22 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Hemp Seed Oil Extraction and Stable Emulsion Formulation
with Hemp Protein Isolates

Noemi Baldino 1,*, Ilaria Carnevale 1, Olga Mileti 1, Donatella Aiello 2, Francesca R. Lupi 1, Anna Napoli 2 and

Domenico Gabriele 1

1 Department of Information, Modeling, Electronics and System Engineering, University of Calabria, Via P.
Bucci, Cubo 39C, 87036 Rende, Italy

2 Department of Chemistry and Chemical Technologies, University of Calabria, 87036 Rende, Italy
* Correspondence: noemi.baldino@unical.it; Tel.: +39-0984-494011; Fax: +39-0984-494009

Abstract: Industrial hemp (Cannabis sativa L.) is traditionally processed for its high fibre content in the
textile industry, but in recent years, it has come to constitute a new raw material in the food industry.
Hemp seeds, but also the seed meal, are rich in protein (25%) and oil (30%), the latter consisting of
80–90% of unsaturated fatty acids; they represent a rich and balanced nutritional source to replace
the classic animal sources, and they are used in the food industry to supply new food trends. In
this work, the hemp oil extraction process was studied, taking advantage of the supercritical CO2

and ultrasounds, and comparing it with the exhaustive Soxhlet technique. The residual cake from
extraction is a protein-rich waste that can be used for food formulations. From this perspective,
the hemp oil extracted was used to formulate emulsions with the consistency of vegetable drinks,
enriched with standard hemp protein isolate and stabilized with the addition of 0.05% w/w of
thickening polysaccharides (Gellan gum). The formulated emulsion is stable, and this can encourage
the process improvement and the use of the waste from hemp seed extraction for the valorisation of
by-products and waste to obtain complete food products with high nutritional value.

Keywords: hemp seed oil; emulsion; gellan gum; assisted extraction; rheology

1. Introduction

The hemp plant (Cannabis sativa L.) is widely cultivated and used in industrial produc-
tion because of its multi-functionality. It is possible to obtain isolated proteins, fibres for
paper and textile, oil from seeds and flours either for food or for cosmetics and pharmaceu-
tical industries [1–3].

Particularly, the oil from hemp seeds has a high nutritional profile because of polyun-
saturated essential fatty acids (EFAs) contained in this oil, which are linoleic acid (C18:2ω6)
and α-linolenic acid (C18:2ω3) contained in the hemp seed oil at a ratio of 3:1 [4]. In
addition, hemp seed oil has a rare acid, γ-linolenic acid, that is advantageous for hormonal
balance. Linolenic acid also a positive impact on rheumatoid arthritis, atopic dermati-
tis, and allergies and has anti-inflammatory, antihypertension, anti-vasoconstrictive, and
anti-cancer effects [5]. Additionally, the oil is suitable for both human nutrition and the
preparation of several oils and body creams, thanks to its good absorption through the
skin. Tocopherols contained in hemp oil are also used to reduce the risk of cardiovascular
diseases, cancers and skin-ageing alterations within the blood vessels [6,7], and the well-
balanced quantity of linolenic acid and α-linolenic acid gives hemp seed oil unique healthy
properties [5].

Hemp oil is generally produced by solvent extraction or by cold pressing. The first
type of extraction uses solvents, and for this reason is dangerous for the environment and
can contain toxic residue. Thus, in the last few years, cold pressing has come to be preferred
despite the lower yield of extraction [8]. The cold-pressing extraction can recover up to
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65% of the oil in the seeds, and 35% of the available oil remains in the seed cake, but a high
chlorophyll pigment content is also present in the oil [9]. The pigments modify the oil colour
from dark to light green and promote the oxidation of lipids, which leads to the degradation
of hemp oil quality, requiring its storage in dark or matt packaging [9,10]. Therefore, other
extraction techniques are investigated by researchers such as supercritical extraction with
CO2 (SFE-CO2), which can give an oil of very high quality also in the presence of an
ultrasound pre-treatment [8,10]. SFE-CO2 is becoming an important technology to obtain
oil with a high purification degree for nutritional purposes or pharmaceutical applications.
The solvent used is nontoxic and easy to separate from the extract, and moreover, it is
tunable; the use of ultrasounds, coupled with this green technique, can improve the yield of
oil obtained because they can disrupt the oil bodies [8]. The ultrasonic pretreatment was also
evaluated to extract oil with SFE-CO2 from hemp seeds and other types of seeds [8,11–13].
The use of ultrasonic conditions reduces the extraction time [12–14], but when ultrasounds
are used, they generate heat, the amount of which is directly proportional to the ultrasonic
power used.

It should be pointed out that In recent years, food industries have also focused their
attention on the use of hemp proteins because hemp proteins consist of albumin and
edestin, and these are an excellent source of digestible amino acids [15–18]. The amount of
protein inside the hemp seeds is around 25%, and it is possible to extract them as hemp
protein isolates after extracting the oil from the seeds and after performing particular steps
to isolate them [15,17].

This type of protein can be used for different foods, such as baked goods [19], food
foams, or emulsions [15,17,20,21] because they are also easily digested [20,22]. Unfortu-
nately, hemp proteins have low solubility at neutral pH, making their use limited in systems
such as foams or emulsions [20].

Tang and co-workers [21] studied the stability of hemp protein emulsions to find a
trend with pH and compare their functional properties with those of soy protein isolate.
Other literature works have looked for a correlation between the ways of isolation of hemp
proteins, their solubility and the stability of the emulsions [17,21,23]. It is also possible
to stabilize emulsions prepared with hemp protein isolate using nanoparticles [20] in a
complex of hemp globulin (HG) with sodium caseinate (SC) via a pH-cycling method, even
if the obtained stable emulsion has a solid-like consistency, or by adding pectins [24]. With
the aim of obtaining hemp seed oil emulsion from hemp seeds, two nonionic surfactants,
tween and span, were also used in the literature [25]. The use of polysaccharides in
addition to proteins is suitable for stabilizing emulsions because of the stabilizing effect
of the interaction between the two biopolymers but also because of the thickening effect
induced by polysaccharides [22,26].

Due to the interesting hemp seed oil properties and high-quality profile of the hemp
proteins, which are also characterized by interesting interfacial activity [15], this work aims
at preparing stable oil-in-water emulsions based on hemp oil and commercial hemp protein
isolates, trying also to investigate the possibility of maximizing the yield of oil extraction
from seeds and enhancing the waste. Oil extraction by SFE-CO2 was also investigated,
combining the extraction with ultrasound pretreatment and comparing the lipidic profile
with the oil extracted by cold pressing and by classical Soxhlet extraction.

2. Material and Methods

2.1. Raw Material and Samples Pre-Treatment

Hemp seed (Cannabis sativa L.) samples with 11.50 ± 0.28% w/w moisture and water
activity of 0.385 ± 0.004 were collected from experimental cultivation of hemp Futura
75 carried out at Spezzano Sila (Cosenza, Italy).

The hemp seed oil was obtained from grounded seeds. A quantity of 30 g of hemp
seeds was ground for 5 min in a stainless-steel blender to obtain hemp seed particles. After
this first step, the hemp seed particles were put in a beaker without any solvent according to
the literature [8] and pretreated before extraction with an ultrasound bath Bandelin Sonorex
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RK 102 H (BANDELIN electronic GmbH & Co., Berlin, Germany) or directly processed by
SFE-CO2 or Soxhlet extractor. The ultrasound bath works at a fixed frequency of 35 kHz
and has a power of 120/480 W. The device is equipped with a thermostat suitable to change
the bath temperature (range: 20–80 ◦C).

Different sonication times (10, 20, and 40 min) were used to investigate the effect of
the ultrasounds pretreatment on the hemp oil obtained by SFE-CO2 to increase the yield of
extraction without altering the lipid profile. The temperature during ultrasound pretreat-
ment increases, and for this reason during sonication, the temperature was maintained at
the desired level, between 20 and 30 ◦C, by controlling the ultrasound bath. The sample
temperature was also monitored by a thermocouple during the sonication time. Table 1
shows the samples investigated and the sample identifiers.

Table 1. Hempseed samples processed by Soxhlet and SFE-CO2 at different conditions.

Sample ID Pre-Treatment Type Type of Extraction

HS_SFE - SFE-CO2

HS_SFE _10U 10 min ultrasounds SFE-CO2

HS_SFE _20U 20 min ultrasounds SFE-CO2

HS _SFE_40U 40 min ultrasounds SFE-CO2

HS_S - Soxhlet extraction

2.2. Soxhlet Extraction

30 ± 1 g of hemp seeds and 250 mL of n-hexane of analytical grade (Sigma-Aldrich Co.,
Milano, Italy) were used. Ground hemp seeds were placed into a thimble filter and located
in the Soxhlet extractor. N-hexane was added, and the system was heated until boiling.
Reflux was kept for 8 h. A mixture of n-hexane rich in hemp seed oil was collected [8].

To remove water, anhydrous sodium sulphate was added to the mixture of oil and
n-hexane before evaporation [27]. After the water removal, the oil was isolated thanks to a
Rotavapor at 50 ◦C (Heidolph G3, Hei-VAP Value) [8]. In the end, the yield was calculated
after weighting. Extractions were done in triplicate and the maximum yield was computed
according to the following equation:

Yieldmax(%) =
mass o f oil extracted [g]

mass o f hemp seed f eed [g]
× 100 (1)

Determination was done in triplicate.

2.3. Supercritical CO2 Extraction (CO2-SFE)

25 ± 2 g of grounded hemp seeds were put in the vessel extractor. Supercritical CO2
extraction experiments were carried out in a laboratory-scale plant (Spe-ed SFE, Applied
Separations, Allentown (PA), USA) using a temperature of 40 ◦C and a pressure of 300 bar
according to Da Porto and coworkers [8]. The used carbon dioxide (purity >99.99%) is
supplied by SIAD Spa (Bergamo, Italy).

The SFE procedure is composed of alternated static and dynamic extraction steps.
After an initial static phase of 30 min, to promote intimate contact between the fluid and
the matrix, the extraction was carried out for 4 h and 30 min. During the total extraction
time, two steps were alternated: one of 15 min in dynamic and another one of 15 min in
static conditions. Extracts obtained from hemp seeds were collected in a volumetric flask
and weighed during extraction. The yield max was calculated according to Equation (1).
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2.4. Determination of Fatty Acids Compositions
2.4.1. Oil Sample Preparation

The oil samples to be analysed were diluted to a ratio of 1:10 with chloroform (CHCl3)
saturated with NaCl. Solvents (CHCl3 HPLC grade) and NaCl were purchased from Sigma
Aldrich Fluka (Milano, Italy).

2.4.2. Mass Spectrometry

Each sample was directly spotted three times on 384-well insert Opt-TOFTM stainless
steel MALDI plates (AB SCIEX. Darmstadt. Germany). Mass spectrometric analyses were
performed using a 5800 MALDI-TOF-TOF Analyzer (AB SCIEX. Darmstadt. Germany)
equipped with an Nd: YLF Laser with λ = 345-nm wavelength of <500 ps pulse length and
p to 1000 Hz repetition rate, in reflectron positive mode with a mass accuracy of 5 ppm.
Mass spectra were acquired automatically in the positive reflector mode between 200 and
2000 with fixed laser intensity. Spectra with signal-to-noise below 200 were discarded
automatically by the instrument. The operation parameter was optimized for the mass
region of interest. Laser intensity was adjusted manually to avoid detector saturation. At
least 4000 laser shots are typically accumulated with a laser pulse rate of 400 Hz in the
MS mode. After acquisition, spectra were handled using Data Explorer version 4.11 (AB
Sciex). All data presented in this work are averages of three replicates. LD MS spectra
were evaluated against a computationally generated database of lipids [28] by entering a
list of precursor ion m/z values restricted to 10 ppm of mass tolerance, and to commonly
occurring acyl chains in edible oil, Chain positions and double bond regiochemistry and
geometry was not specified.

2.5. Emulsion
2.5.1. Emulsions Preparation

In this study, gellan gum (G) (Sigma Aldrich, Hamburg, Germania) was used as
a stabilizing agent with hemp protein isolate (H). The H used is a commercial product
purchased from Bulk Powders® (Brunel Way, Colchester, UK) and its composition, as
described in the datasheet supplied by the manufacturer, is 47% w/w of protein, 15.3% w/w
of carbohydrate, 12.7% w/w of fat and 20% w/w of fibre.

All the emulsions were prepared with distilled MilliQ ultrapure water (W) (Millipore,
Burlington, VT, USA), hemp seed oil and H. The hemp oil used is obtained by SFE-CO2
without ultrasound pretreatment because of the light green colour of the other extracts
obtained with sonication. The H was mixed into a beaker at 35 ◦C with water for 2 h
with a magnetic stirrer (AREX Heating Magnetic Stirrer, Velp Scientifica, Usmate (MB),
Italia), and then the solution was centrifuged at 2900 rpm (centrifuge 5810, Eppendorf,
Hamburg Germany) for 30 min to remove the fiber part. After centrifugation, NaCl and
CaCl2 were added and the solution was mixed for 30 min by a magnetic stirrer (AREX
Heating Magnetic Stirrer, Velp Scientifica, Italia) [22]. All solutions were prepared by
considering the real protein content in raw materials, then calculating the protein content
purity, and then using, for each sample, the protein isolate amount suitable for giving the
correct protein content in the investigated samples reported in the label sample in Table 2
(i.e., H_2 means that 2% w/w of hemp protein is present in the formulation).

When emulsions with stabilizing agents were prepared, the right quantity of stabilizing
agent was added to bidistilled MilliQ ultrapure water (Millipore, USA), and the solution
was kept at 90 ◦C for 10 min [15] to ensure the solubilization by magnetic stirrer with
temperature control (AREX Heating Magnetic Stirrer, Velp Scientifica, Italia); then the H
was added.

After obtaining the aqueous solution, the production of emulsions followed a typical
direct homogenization method. Two steps of homogenization were carried out [29]: In the
first step, the two phases were mixed at high shear rates with a rotor-stator device (UT
T50, IKA, Königswinter, Germany, tool S50N G45F) at 4000 rpm for 120 s, whereas the
second step was carried out with gentle mixing with a magnetic stirrer (AREX Heating
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Magnetic Stirrer, Velp Scientifica, Italia) at room temperature to complete the emulsion
stabilization [30]. The pH of samples was not varied, and nor were reverse methods.

Table 2. Emulsions formulation.

Emulsion ID
H

(% w/w)
Hemp Seed Oil

(% w/w)
W

(% w/w)
G

(% w/w)
NaCl

(% w/w)
CaCl2

(% w/w)

H_1.5 3.20 5 91.69 - 0.1 0.01

H_2 4.26 5 90.63 - 0.1 0.01

H_3 6.38 5 88.51 - 0.1 0.01

H_2_G 4.26 5 90.58 0.05 0.1 0.01

Following [20], the dispersion of one emulsion droplet into the water and hemp oil
was analysed, and it was found that the emulsions are of O/W type. After emulsion
preparation, the samples were transferred into a beaker and covered with parafilm to
prevent drying for 3 h, and after this time, the characterization was performed [31].

2.5.2. Emulsion Morphology and Determination of Droplet Size

The morphology of the emulsion droplets was observed with a contrast phase micro-
scope (MX5000, Meiji, Chikumazawa, Japan) equipped with a phase contrast 20× lens. The
samples were prepared according to [31,32].

Particle size distribution (PSD) was obtained with the statistical analysis of data mea-
sured thanks to the contrast phase optical microscope (MX5300H, MEIJI, Japan, magnifica-
tion 20× for all samples). The statistical analysis of the DSD (Droplets size distribution) was
obtained with the image processing software Dhs Particle Analysis (DHS image database,
Greifenstein, Germany), which by the selective colouring of the particles allows tracing their
average diameter (ds) and the standard deviation of the log-normal distribution (σs) [31,32]
through an analysis of the number of pixels necessary for the selective colouring of the
single particle.

The drop size distribution can be well described by a lognormal model:

f (d) =
1

d·σln·
√

2π
exp

[
−(ln(d)− dln)

2

2σ2
ln

]
(2)

where dln and σln are, respectively, the mean and the standard deviation of the normal
model [31,32], which allow the evaluation of the mean diameter ds and the variance σ2

s :

ds = edln+σ2
ln/2 (3)

σ2
s = e2dln+σ2

ln(e
σ2

ln−1) (4)

σs, is the standard deviation and it is commonly considered an index of polydisper-
sity [31,32].

2.5.3. ζ-Potential Measurements

The ζ-potential measurements were performed with a zeta potential analyser (Zeta-
sizer Nano ZS, Malvern Instrument, Malvern, UK) using electrophoretic dynamic light
scattering. A static electrical field was applied by electrodes to the emulsion sample in
a cell in order to move charged oil drops towards the oppositely charged electrode. The
ζ-potential was calculated from the Smoluchowski equation. The absolute zeta potential
gives information about the stability of the emulsions; in particular, for absolute zeta
potential greater than 30 mV, the emulsion can be considered stable [33]. For the testing,
the emulsions were diluted to a droplet concentration of about 0.001 wt% using buffer
solutions of the appropriate pH according to Noshad and coworkers [34].
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2.5.4. Rheological Characterization

The stable emulsion was characterized by rheological investigation with a rotational
rheometer ARES (Rheometric Scientific, New Castle, DE 19720, USA) adopting parallel
plates geometry (diameter = 50 mm) thermostated with a Peltier system (±0.1 ◦C). Flow
curves were performed at 25 ◦C in triplicate, and the data are shown as mean and standard
deviation.

3. Results and Discussion

3.1. Comparison of SFE-CO2 Extraction and Solvent Extraction

Before analysing the ultrasound effect on the yield of extraction, the yield max and the
composition of hemp seed oil obtained with supercritical CO2 are compared. It was found
that 35.33 ± 2.00 g hemp oil/100 g of hemp seed and 14.77 ± 0.82 g hemp oil/100 g of
hemp seed feed of oil was extracted by soxhlet and supercritical CO2 method, respectively.

Figure 1 shows the yield obtained for the samples processed at 300 bar and 40 ◦C to
evaluate the effect of pretreatment with ultrasounds.

Figure 1. Yield (% w/w) of oil extracted by supercritical CO2 from untreated and ultrasound pre-
treated seeds.

From the obtained trend, it is possible to point out that the penetration of CO2 inside
the tissue is favoured by ultrasound pretreatment because it facilitates the oil extraction, as
evidenced by the higher slope of the three pretreated samples compared with the untreated
one. In particular, the slope increases increase the sonication time even if the amount of the
extracted hemp oil does not increase in a relevant way.

Specifically speaking, a longer ultrasound pretreatment from 10 to 40 min causes
extraction yields of 19.85 ± 0.02, 20.04 ± 0.03 and 20.92 ± 0.02 (% w/w) compared with the
yield obtained without pretreatment, but it is possible to observe a slight greenish colour
due to the probable presence of chlorophyll [10].

The increase in the penetration rate of supercritical CO2 solvent into the tissue is
evidenced by the differences in the slopes of the curve with and without ultrasound
pretreatment. Moreover, it is possible to observe that the penetration velocity of the
supercritical fluid increases with increasing the ultrasound time from 10 to 20 min because
of the higher yield at the same extraction time. According to Ivanovs and Blumberga [35],
ultrasound pretreatment decreases the extraction time and solvent consumption, also giving
a higher penetration of chosen solvent into the cellular material and an enhanced release
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of cell content, even if it is possible to highlight that the quantity of oil extracted as the
pretreatment time increases remains unchanged contrary to Da Porto and coworkers [8].

The quality of the extracted oil is fundamentally related to the extraction technique
employed. Hemp seed oil is generally extracted by cold pressing, avoiding the use of
organic solvents if intended for human consumption. Solvent extraction takes a long time,
and the presence of toxic residues in the final product is a disadvantage, but it is in general
used to know the maximum yield of extraction [10]. A green alternative with relatively
low extraction times could be optimal because the oil colour is yellow without sonication
pretreatment, contrary to cold pressing, and light green using the sonication. Moreover,
SFE is considered a clean technology (green process/eco-friendly) that allows the use of
low-environmental-impact solvents such as carbon dioxide that allow you to work at low
temperatures and extraction pressures [10].

3.2. LD TOF MS Analysis of Hemp Seed Oil

Considering that the high nutritional quality of hempseed oil is essentially determined
by its fatty acid composition, the application of MS-based chemical component profiling
offers significant opportunities to obtain detailed information that can be directly correlated
to oil quality [36].

A typical distribution of the major fatty acids in industrial hemp seed oil is as fol-
lows [37]: palmitic acid (C16:0; 6.66–6.98%), stearic acid (C18:0; 2.08–2.82%), oleic acid (C18:l;
9.38–13.00%), linoleic acid (C18:2; 55.56–56.58 %), α-linolenic acid (C18:3; 14.69–17.27%)
γ-linolenic acid (C18:3; 2.56–4.49%). The fatty acid composition of the hemp seed oils,
determined in accordance with [38,39] obtained by Soxhlet and supercritical CO2 extraction
with and without ultrasound pretreatment is reported in Table 3.

Table 3. Fatty acid composition of hempseed oil, cultivar Futura 75, extracted by supercritical CO2

from untreated and ultrasound pre-treated hemp seeds and Soxhlet. Each data represents the mean
value of three replicates ± standard deviation.

HS_SFE HS_SFE_10U HS_SFE_20U HS_SFE_40U HS_S

Monounsaturated of 11.74 ± 0.04 11.8 ± 0.2 11.71 ± 0.07 11.54 ± 0.04 11.5 ± 0.2
Oleic acid (C18:1) 11.74 ± 0.04 11.8 ± 0.2 11.71 ± 0.07 11.54 ± 0.04 11.5 ± 0.2

PUFA sum of 81.71 80.67 81.46 81.29 81.77

Linoleic acid (C18:2) 59.88 ± 0.09 59.37 ± 0.05 59.6 ± 0.3 59.79 ± 0.08 59.86 ± 0.08
alfa-linolenic gamma-linolenic (C18:3) 21.8 ± 0.2 21.3 ± 0.2 21.8 ± 0.2 21.51 ± 0.06 21.91 ± 0.01

ω-6/ω-3 ratio 2.74 2.79 2.73 2.78 2.73
Saturated 7.18 ± 0.03 7.5 ± 0.1 7.18 ± 0.04 7.28 ± 0.07 7.28 ± 0.05

PUFA sum/saturated 11.39 10.7 11.35 11.16 11.24

No significant differences were found when the hemp seed oil was extracted by super-
critical fluid extraction using CO2 as a fluid or by Soxhlet. The main components were oleic
acid (O) (18:1), linolenic acid (L) (18:2) and linolenic (Ln) (18:3) (Table 3). The determined
polyunsaturated fatty acids (PUFA) were 81% of total fatty acids, while the monounsat-
urated and saturated fatty acids amounted to 11.4–11.7% and 7–7.5%, respectively. The
ratio of polyunsaturated to saturated components was 11–11.5%. The determined omega
6/omega 3 ratio for all samples (2.7–2.9%) is slightly different from the commonly accepted
value (3–3.3%) because this approach does not allow for distinguishing α-linolenic acid
from γ-linolenic acid. This composition agrees with results reported in Canada [40,41] and
for hemp cultivated in Europe [10].

3.3. Droplet Size Distribution of Emulsions

The emulsifying properties of the vegetable proteins were investigated, varying the
protein concentration in the emulsions. Drop size distributions (DSD) were obtained by
image analysis of emulsion microphotographs; the images were captured for the emulsions
after 3 h storage time and are reported in Figure 2.
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H_1.5 H_2 

  
H_3 H_2_G 

  

Figure 2. Microphotographs of O/W emulsions (dilution 1:10) after a storage time of 3 h (magnifica-
tion 20×).

As it is possible to observe in the microphotographs, the emulsions show a broad
distribution of oil droplets. The average droplet diameter (ds) and standard deviation (σs)
of emulsions were evaluated from the lognormal model to investigate the effects of the
increased hemp protein isolate fraction in the emulsions as well as the gellan gum effect,
which allows for stabilizing the sample with a final quantity of 2% w/w of hemp protein.

Experimental data show the mean droplet diameter and the standard deviation for
all the tested emulsions. It is possible to point out that both mean diameter and standard
deviation increase by increasing the quantity of the protein from 1.5 to higher values in
the emulsions. It is possible to observe that emulsions with only protein isolate have an
average droplet diameter that goes from 2.1 μm at 1.5% w/w up to 2.8 μm at the highest
protein concentration. The value found at the lowest protein level is compatible with the
mean droplet diameter found by Dapčević-Hadnad̄ev and coworkers [17], who prepared
emulsions with protein isolates from hemp seed meal obtained using two different isolation
techniques [17].

The emulsions with only protein show instability phenomena after about 6 h from
the preparation. For this reason, it was necessary to add a stabilizing agent. The gellan
gum in the quantity of 0.05% w/w was found to be suitable for obtaining a stable emulsion,
but as seen in Figure 3, the mean diameter and the standard deviation increase after the
addition of the gellan gum as compared with the same emulsion without it. The increase in
ds after the addition of a polysaccharide had already been observed in the literature [31]
and was attributed to the thickening effect of the polysaccharide and to the variations in
the adsorption behaviour of proteins at the interface O/W. These phenomena can make it
difficult to form small droplets of oil. The polydispersity has also a similar trend after the
gellan gum addition.
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Figure 3. Average droplet diameter, ds and standard deviation, σs, for the different O/W emulsions.
The square symbol indicates samples without stabilizing while the circle symbol is for the emulsion
with gellan gum (H_2_G).

3.4. Rheology and ζ-Potential Emulsions Measurements

The emulsions prepared using only vegetable proteins as stabilizing agents were all
unstable, indicating that the interfacial properties controlled by vegetable proteins are
not sufficient to stabilize the whole system. The instability phenomena are not only due
to the interface but also to the difference in density between the mixed phases (oily and
aqueous), which leads to obvious phenomena of phase separation, such as the creaming
of large drops, or sedimentation. On the contrary, the emulsion with gellan gum was
also visually monitored to verify the formation of any layers, and it was observed that no
stratification had occurred within one week. Therefore, the visual observation evidence that
the polysaccharide, in the quantity of 0.05% w/w, can avoid destabilization phenomena.
In light of these results, the viscosity of the sample H_2_G was measured because this
is an important measure for understanding the structural organization and the network
formation. The viscosity is also an important commercial parameter that influences the
texture and the sensory properties [17]. A previous work of literature shows that emulsions
prepared with only hemp protein isolate have a Newtonian behaviour [17] while, as Figure 4
shows, the emulsion prepared with gellan shows a non-Newtonian behaviour. The shear
thinning behaviour can be due to the stabilizing agent added to control the instability
phenomena. In fact, as reported by Herrera [22], emulsions obtained with gellan gum
show high viscosity, probably caused by the presence of Ca2+ that causes carboxylate–
cation2+–carboxylate interactions increasing the gel structure [22]. The same result was
found by Feng and coworkers [24] using pectin as a stabilizing agent. Pectin as gellan gum
probably forms a three-dimensional network, and this network gives a high-viscosity and
shear-thinning behaviour to the emulsion [24].

The result found is also confirmed by the charge analysis of the emulsions carried out
at the different protein quantities as shown in Figure 5. Before measuring the zeta-potential,
pH was measured, obtaining a pH of 6.8 ± 0.1 for all the emulsions.

As is possible to observe, all the samples have a negative charge in accordance with
the H isoelectric point [15]. For the studied emulsions, it is worth noting that the ζ-potential
seems to slightly decrease with increasing protein quantity, but only after the addition
of gellan gum, the ζ-potential absolute value at 2% w/w of H increase from −33 ± 2 to
–26.5 ± 2.6 mV. As is well known, absolute zeta potential greater than 30 mV indicates a
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stable system. The electrostatic repulsion between the polysaccharide and protein parti-
cles, coupled with the tridimensional network formation, enhances the stability and the
result obtained thanks to the polysaccharide addition, which was also obtained for oil-
in-water hemp emulsions with another polysaccharide, pectin, as a stabilizing agent by
Feng et al. [24].

Figure 4. Flow curve of the sample with 2% w/w of hemp protein and 0.05% of gellan gum (H_2_G)
at 25 ◦C.

Figure 5. ζ-potential values for investigated samples. The square symbol indicates samples without
stabilizing while the circle symbol is for the emulsion with gellan gum (H_2_G).

This formulation can give the possibility of creating food-grade emulsions, capable
of valorising both the oil and the hemp protein isolate. Interesting applications could
be in creating high nutritional food thanks to the good amino acid profile of the isolate
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proteins [17,25,42]; even if the sample H_2_G has a non-Newtonian behaviour with high
viscosity, which does not yet make it in line with the rheological characteristics of other
systems based on vegetable proteins as vegetable drinks, it is possible in any case to use
the formulation for other food applications (i.e., desserts or soft foods).

4. Conclusions

In this work, the possibility of extracting oil from hemp seeds using supercritical CO2
was investigated. It is noted how the lipid profile remains optimal even in the presence
of pretreatment with ultrasounds, which increases the extraction yield even if a slight
green colouring is observable. The oil extracted by the supercritical process was then
used to obtain oil-in-water emulsions, by adding isolated hemp proteins. A commercial
isolate was used to give a standard residue for the formulation of the emulsions. The
emulsions obtained were characterized, and the 2% w/w protein emulsions were stabilized
by adding 0.05% w/w of gellan gum. Although the emulsion obtained was stable, the
sample showed a relatively high viscosity, which contributed to the stability of the system
but which requires optimizing for eventual marketing as a beverage. The product can
instead be used as a base for obtaining slightly structured products for people with special
dietary needs (e.g., dysphagia).
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17. Dapčević-Hadnad̄ev, T.; Dizdar, M.; Pojić, M.; Krstonošić, V.; Zychowski, L.M.; Hadnad̄ev, M. Emulsifying Properties of Hemp
Proteins: Effect of Isolation Technique. Food Hydrocoll. 2019, 89, 912–920. [CrossRef]

18. Gorissen, S.H.M.; Gorissen, S.H.M.; Crombag, J.J.R.; Senden, J.M.G.; Waterval, W.A.H.; Bierau, J.; Verdijk, L.B.; van Loon, L.J.C.
Protein Content and Amino Acid Composition of Commercially Available Plant-Based Protein Isolates. Amino Acids 2018, 50,
1685–1695. [CrossRef]

19. Baldino, N.; Carnevale, I.; Laitano, F.; Lupi, F.; Curcio, S.; Gabriele, D. Formulation of Bread Model Doughs with Resistant Starch,
Vegetable Proteins and Transglutaminase. Eur. Food Res. Technol. 2020, 246, 397–408. [CrossRef]

20. Chuang, C.-C.; Ye, A.; Anema, S.G.; Loveday, S.M. Concentrated Pickering Emulsions Stabilised by Hemp Globulin–Caseinate
Nanoparticles: Tuning the Rheological Properties by Adjusting the Hemp Globulin : Caseinate Ratio. Food Funct. 2020, 11,
10193–10204. [CrossRef]

21. Tang, C.H.; Ten, Z.; Wang, X.S.; Yang, X.Q. Physicochemical and Functional Properties of Hemp (Cannabis Sativa L.) Protein
Isolate. J. Agric. Food Chem. 2006, 54, 8945–8950. [CrossRef]

22. Sosa-Herrera, M.G.; Berli, C.L.A.; Martínez-Padilla, L.P. Physicochemical and Rheological Properties of Oil-in-Water Emulsions
Prepared with Sodium Caseinate/Gellan Gum Mixtures. Food Hydrocoll. 2008, 22, 934–942. [CrossRef]

23. Wang, X.S.; Tang, C.H.; Yang, X.Q.; Gao, W.R. Characterization, Amino Acid Composition and in Vitro Digestibility of Hemp
(Cannabis Sativa L.) Proteins. Food Chem. 2008, 107, 11–18. [CrossRef]

24. Feng, Y.; Yu, D.; Lin, T.; Jin, Q.; Wu, J.; Chen, C.; Huang, H. Complexing Hemp Seed Protein with Pectin for Improved Emulsion
Stability. J. Food Sci. 2021, 86, 3137–3147. [CrossRef] [PubMed]
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Abstract: The past few decades have seen a marked expansion in market demand for food supple-
ments with therapeutic value. Due to this demand, the recovery of vine waste for obtaining certain
phytochemicals or plant synthesized compounds with health-promoting activities can be an impor-
tant economic component, principally with the agreement of the European Union for resveratrol as a
new food ingredient. For the sake of economic capitalization, it is necessary to determine optimum
extraction parameters for maximum recovery. In this paper, we have determined the optimum
parameters for the solvent extraction of trans-resveratrol from vine prunings. We tested different
extraction conditions: 35 different types of solvents, 10 types of solid-to-liquid ratios, 10 extraction
times, 10 types of granulosity of the ground material and 7 consecutive extractions on the same
material. The optimal parameters determined were: solvent ethanol:diethyl ether 4:1 ratio, 1:35 solid
liquid ratio g/mL, 4 days for extraction time, 500 μm–350 μm granulosity of powdered material and
one extraction on the material. These findings are confirmed by optimization of extracting parameters
according to Box–Behnken design.

Keywords: trans-resveratrol; pruning wastes; food supplements; HPLC; phytoalexin

1. Introduction

Recently, there has been a rising interest in the identification, quantification and ex-
traction of plant compounds with a beneficial effect on human health that can be utilized in
the food, cosmetic or para-pharmaceutical industry. The identification of these compounds
can generate new food supplements or food products [1].

Resveratrol (3,5,4′-trihydroxystilbene) is a natural phenol compound which is a part
of the stilbene family [2] and it is synthesized by plants as a result of exposure to various
stressful factors, such as exposure to ultraviolet radiation [3], damage and fungal parasites,
etc. [4]. This compound offers potential positive therapeutic effects on slowing down the
aging process [5], antioxidant effect against free radicals [6], anti-aging effects on skin by
suppressing the responsible enzymes, antibacterial effects [7], antifungal effects [8], anti-
inflammatory activity [9], anti-carcinogenic effect, cardio protective effects [10], protection
against diseases of the nervous system [11] and beneficial effects on the symptoms of
diabetes [7].

Due to the positive impact of resveratrol intake to the human body confirmed by re-
search, resveratrol supplements have been commercialized since 2012 [12]. This antioxidant
is further used in the cosmetic [13] and food industries, with the permission of the Com-
mission Implementing Decision (EU) 2016/1190 for the use of resveratrol as a new food
ingredient in the European Union [14]. In the food industry, resveratrol started to be used
in many areas, such as in manufacturing edible films enriched with this compound [15,16]
or in the chocolate industry as an antioxidant [17].

Although resveratrol has been successfully extracted from several types of waste
from the wine industry (seeds [18], grape skins [19], grape marc [4,20–23], stems [24,25],
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leaves [26]), the highest level of resveratrol was determined in the prunings resulting from
the annual winter pruning of the vineyard [27].

A wide range of research has shown that vine punings contain a large amount of
trans-resveratrol [28]. In pruning waste, the predominant stilbenoids identified were
trans-ε-viniferin and trans-resveratrol [24].

Moreover, after the pruning, vine wastes still accumulate this compound [29], due to
structural genes, 4CL, PAL, C4H, and STS (forming trans-resveratrol), which are still active,
the content of trans-resveratrol rising by up to 40 times post-harvest [30]. Ji et al. (2014)
analyzed the content of some parts of vine and grapes and reported that trans-resveratrol
content starts rising in the spring months, meeting a maximum level in autumn, and then
declines with the reduction in temperatures [27].

Both the plant growth conditions (climatic conditions and plant management) as
well as the type and variety of Vitis genus significantly influence the composition and
concentration of stilbenes in the shoots. The content of stilbene can fluctuate depending
on the variety, although the climatic conditions of agricultural cultivation of vines are the
same. This is because stilbenes are a part of the plant’s protection to pathogen infecion, and
varieties resistant to these infections will synthesize a greater amount of stilbenes [31].

Grapes (Vitis spp.) are one of the world’s largest fruit crops, with 74.5 million tons
cultivated in 2014 [16]. The cultivation of vines annually generates significant amounts
of viticulture waste, such as shoots, tendrils, leaves and wood, with an estimated amount
of 1–5 t per hectare per year [30]. These wastes can represent a source of bioactive sub-
stances, especially due to the fact that they are usually composted or burned for disposal [1].
Polyphenols were extracted often from pruning wastes using different techniques, super-
critical fluid extraction method being used lately [32,33].

Lately, due to a rising widespread consumption of grapes and the masive waste
generation, multiple uses were found for this waste. Vine prunings, pomace and grape
seeds are valuable wastes, rich in polyunsaturated fatty acids, phenolics, vitamin E and
phytosterols, with uses in the food industry for preservation or nutritional value, for the
production of bio-fuel, aclohols, animal feed and fertilizers [34]. Extraction of resveratrol
from puning wastes is one of the uses among many others.

Due to the promising health benefits of this antioxidant and the high amount con-
tained by pruning wastes, an optimization of extraction parameters is necessary due to
economic reasons and industrialization practice.

The abundance of trans-resveratrol in vine shoots such as routine pruning, has already
been demonstrated in numerous studies over the last decade [31].

Statistical analysis was made with Box–Behnken design, which is a proficient and
effective statistical method to obtain the optimized experimental conditions, despite the
effect of various process variables such as solid–liquid ratio, type of solvent, maceration
time, granulosity and number of extractions [35]. The aim of this study was to determine
the optimal experimental parameters for the extraction of trans-resveratrol in order to
obtain a higher yield from the material of the vine prunings due to the growing demand on
the commercial preparation of compounds with therapeutic effects.

2. Materials and Methods

2.1. Vine Pruning Samples

Vine pruning samples Fetească Neagră variety were collected from region Cotnari,
Ias, i on 7 November 2020.

2.2. Reagent and Chemicals

Diethyl ether and the trans-resveratrol standard (99% GC) was bought from Sigma-
Aldrich (Hamburg, Germany). Acetonitrile, methanol and ethanol (LiChrosolv for HPLC)
were purchased from Merk (Darmstadt, Germany). The PTFE membrane filters with
0.22 μm dimension were obtained from Phenomenex (Torrance, CA, USA).
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2.3. Standard Solutions

A set of 11 standards diluted in methanol of different concentrations were prepared to
obtain the calibration curve. Resveratrol standards were kept in brown glass jars at −20 ◦C,
away from exposure to light to prevent the phenomenon of photochemical isomerization,
which resveratrol is susceptible of.

2.4. Sample Collection and Processing

The prunings samples collected in November 2020 were stored for 12 weeks at 20 ◦C
until they were dry. After that, the samples were dried in a thermostat at 45 ◦C for 24 h.
Then, the samples were grinded in a laboratory grinder and the powder obtained was kept
in a plastic container until maceration, away from direct sunlight and moisture.

2.4.1. Solvent Selection

The powder obtained was macerated with 35 different solvents, 5 mL/g of the pow-
dered material for 72 h at room temperature in darkness. The selected solvents are as
follows: 10% ethanol (Et), 20% Et, 30% Et, 40% Et, 50% Et, 60% Et, 70% Et, 80% Et, 90%
Et, 96.6% Et, 10% methanol (Met), 20% Met, 30% Met, 40% Met, 50% Met, 60% Met, 70%
Met, 80% Met, 90% Met, 99.9% Met, 10% acetone (Ac), 20% Ac, 30% Ac, 40% Ac, 50%
Ac, 60% Ac, 70% Ac, 80% Ac, 90% Ac, 99.9% Ac, Met-HCl 99:1, Met-HCl-H2O 1:88:19,
ethanol-diethyl ether (Et-Diet) 1:4, Et-Diet 1:1 and Et-Diet 4:1. The extract obtained was
then filtered through filter paper and kept at 4 ◦C until use in analysis.

2.4.2. Solid–Liquid Ratio

The solid-to-liquid ratio was varied to determine the optimal parameters of extraction.
The powdered material was macerated with ethanol:diethyl ether 4:1 ratio for 72 h at room
temperature in darkness with the ratio of solvent as follows: 1:5 (5 mL solvent/g of the
powdered material), 1:10, 1:15, 1:20, 1:25, 1:30, 1:35, 1:40, 1:45 and 1:50. The extract obtained
was then filtered through filter paper and kept in a refrigerator at 4 ◦C until use.

2.4.3. Maceration Time

The powdered material was macerated with ethanol:diethyl ether 4:1 ratio with
35 mL/g of the powdered material for 1, 2, 3, 4, 5, 6 and 7 days at room temperature
in darkness. The extracts were collected every day, filtered through filter paper and stored
at refrigeration temperature.

2.4.4. Granulosity Selection

The powdered material was sieved in stirring sieve system (Sieve shaker Retsch,
Haan, Germany) and then was macerated with ethanol:diethyl ether 4:1 ratio with 35 mL/g
of the powdered material for 4 days. The granulosities used were particles larger than
1000 μm, particles between 1000 μm and 710 μm, 710 μm–630 μm, 630 μm–500 μm,
500 μm–350 μm, 350 μm–250 μm, 250 μm–200 μm, 200 μm–180 μm, 180 μm–125 μm and
smaller than 125 μm. A sample was taken from each type of powder, depending on the
granulosity, and was macerated with ethanol:diethyl ether 4:1 ratio with 35 mL/g for 4 days.
The extracts obtained were then filtered through filter paper and kept at 4 ◦C until use.

2.4.5. Number of Extractions on the Same Material

The powdered material with a granulosity of particles between 500 μm–350 μm was
macerated with ethanol:diethyl ether 4:1 ratio with 35 mL/g of the powdered material for
4 days. After 4 days, the extract was filtered through filter paper and the remaining powder
was then extracted in the same conditions 9 times. All the 10 extracts were kept at 4 ◦C
until use in analyses.

145



Appl. Sci. 2023, 13, 823

2.5. Analytical HPLC Procedure

Prior to HPLC analysis, the extracts were partially purified. Using a rotary evaporator
(Rotary evaporator with water bath HS-2005S-N HAHNSHIN-Korea) the extracts were
evaporated closer to dryness and then were resolved in diethyl ether. The diethyl ether
layer was extracted three times with 5% sodium bicarbonate solution in a separatory funnel
and then was recovered, rotary evaporated closer to dryness and resolved in methanol.
The final extract obtained was filtered through 0.22 μm PTFE membrane filters.

The analysis of the resveratrol content was carried out with the HPLC chromatograph
(Shimadzu, Kyoto, Japan), with SPD-M-20A photodiode array detector equipped with a
Phenomenex Kinetex 2.6 μm Biphenyl 100 Å 150 × 4.6 mm HPLC column, thermostated at
20 ◦C. The injection volume was 8 μL.

Elution was executed by a method described by Marshall et al. (2012) with some
modifications, with a solvent system composed of two solvents: pure water (solvent A)
and acetonitrile (solvent B). A binary gradient was used as follows: linear gradient from 0%
to 10% B in 42 min, 10–40% B in 42.6 min, 40–90% B in 46.5 min. The analysis conditions
were a total running time of 49.5 min and a solvent flow rate of 0.5 mL/min [36].

The standard calibration curves were obtained from peak area and had a high degree
of linearity (R2 > 0.99). For data collection and processing, the version 1.21 version of
LC solution software was used (Shimadzu, Kyoto, Japan). Analyses were performed
in duplicate.

2.6. Statistical Analysis

The results with trans-resveratrol content of the extracts were entered to analysis of
variance (ANOVA) using XLSTAT (trial version, Addinsoft Inc., New York, NY, USA) using
the Fisher’s test at the 95% confidence level (p < 0.05).

The second experiment was conducted in a three-factor full factorial design according
to Box–Behnken design. Each independent variable (solid–liquid ratio, time, granulosity)
had at least 3 levels, as follows: ratio (1:20, 1:35 and 1:50 g/mL), time (2, 4 and 6 days)
and granulosity (>1000 μm, 500–350 μm and <125 μm). Design Expert 12 (trial version,
Stat-Ease Inc., Minneapolis, MN, USA) was used for the full factorial design.

3. Results

3.1. Statistical Analysis of Variance

The analysis of variance (ANOVA) for trans resveratrol content of the extracts are
presented in Table 1.

Table 1. Analysis of variance for trans-resveratrol content for the samples extracted with different solvents.

Solvent Type Resveratrol, mg/kg D.W. F-Value

Et 10% 0.29 (0.007) af

1 × 107 ***

Et 20% 0.46 (0.024) ae

Et 30% 1.27 (0.017) z

Et 40% 1.58 (0.018) w

Et 50% 3.11 (0.039) t

Et 60% 3.28 (0.033) s

Et 70% 18.51 (0.012) o

Et 80% 66.86 (0.012) h

Et 90% 39.00 (0.014) l

Et 96% 55.11 (0.014) k

Met 10% 0.44 (0.027) ae

Met 20% 1.27 (0.028) z

Met 30% 1.13 (0.024) aa

Met 40% 0.95 (0.012) ad

Met 50% 1.00 (0.010) ac

Met 60% 1.93 (0.012) v
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Table 1. Cont.

Solvent Type Resveratrol, mg/kg D.W. F-Value

Met 70% 5.73 (0.031) p

Met 80% 33.86 (0.012) m

Met 90% 75.30 (0.020) f

Met 99.9% 84.06 (0.015) d

Acet 10% 1.34 (0.014) y

Acet 20% 1.48 (0.012) x

Acet 30% 1.05 (0.011) ab

Acet 40% 2.02 (0.012)u

Acet 50% 1.94 (0.011) v

Acet 60% 4.72 (0.018) r

Acet 70% 4.90 (0.025) q

Acet 80% 18.69 (0.018) n

Acet 90% 66.46 (0.020) i

Acet 99.9% 61.29 (0.012) j

Met-HCl 99:1 92.06 (0.013) c

Met-HCl-H2O 1:88:19 67.84 (0.012) g

Et-Diet 1:4 76.80 (0.009) e

Et-Diet 1:1 92.12 (0.012) b

Et-Diet 4:1 147.14 (0.011) a

(Mean values ± standard deviation), a–z—different letters in the same column indicate significant differences
between samples (p < 0.0001) according to the LSD test with α = 0.05. *** p < 0.001. (Et = ethanol; Met = methanol;
Acet = acetone; Et-Diet = ethanol-diethyl ether).

3.2. Solvent Selection

For appraising the efficacy of solvents to extract trans-resveratrol, the requirement
was that the solvent efficiently extracts the intended compound from vine shoots material.
The extraction yield of trans-resveratrol from pruning waste for 35 different solvents is
presented in Figure 1.
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Figure 1. Extraction yield of resveratrol of different solvents from vine shoots of Fetească Neagră variety.
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3.3. Solid–Liquid Ratio

Ten different solid–liquid ratio of maceration solvents was tested in order to identify
the one who will offer a better extraction yield of resveratrol from vine shoots and the
results are presented in Figure 2.
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Figure 2. Extraction yield of resveratrol from vine shoots for different solid–liquid ratio.

3.4. Time of Maceration

Figure 3 shows the high difference in extraction yield of resveratrol depending on the
extraction time.
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Figure 3. Extraction yield of resveratrol from vine shoots for different time of maceration.
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3.5. Granulosity Selection

The extraction yield should increase by the reduction of the particle size because
in that case, the superficial area available is larger and facilitates the mass transfer [37].
The results of resveratrol extraction are presented in Figure 4. and the grinded pruning
waste were divided into 10 categories according to the size of the particles, as shown in
Figure 5.
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3.6. Number of Extractions on the Same Material

Seven extractions were performed on the same material in an attempt to improve
extraction yield and to reduce the loss by recovering any resveratrol that could not be
extracted on the first extraction and the results are shown in Figure 6.

3.7. Optimization of Extracting Parameters

The experimental and coded values presented in Table 2. were used to analyze the
variance with Box–Behnken design. The measured response and the predicted response
obtained are shown in Table 3 and the 3D graphs of trans-resveratrol content evolution
after extraction are shown in Figure 7.
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Figure 6. Extraction yield of resveratrol after 7 extractions on the same material.

Table 2. Experimental and coded values according to Box–Behnken design.

Factor −1 0 1

Ratio S/L (g/mL) A 1:20 1:35 1:50
Time (days) B 2 4 6

Particle size intervals (μm) C <125 500–350 >1000
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Table 3. Measured response and predicted response according to Box–Behnken design.

No.
Ratio S/L

(g/mL)
Time (Days)

Particle Size
Intervals (μm)

Measured
Response

Predicted
Response

1 1:35 6 1 mm 148.55 147.43
2 1:20 2 500 67.13 91.65
3 1:20 4 1 43.91 42.95
4 1:20 6 500 43.70 45.78
5 1:50 2 500 128.12 126.04
6 1:50 4 125 89.17 90.13
7 1:35 2 125 108.64 109.76
8 1:20 4 125 92.35 66.71
9 1:50 4 1 158.98 184.62

10 1:20 2 1 184.39 160.83
11 1:20 6 125 104.2 127.76
12 1:50 6 500 201.02 176.50
13 1:35 4 500 205.16 205.16

Figure 7. Three-dimensional graphs of trans-resveratrol content evolution after extraction with
ethanol:diethyl ether 4:1 ratio.

152



Appl. Sci. 2023, 13, 823

4. Discussion

4.1. Solvent Selection

Figure 1 presents the result of the extraction of resveratrol by different solvents. Among
the extractions with different concentrations of ethanol, the 80% ethanol solvent stood
out with the highest content of resveratrol extracted (66.86 mg/kg dry weight (D.W.)). Of
the methanol solvents, 99.9% methanol extracted the highest concentration of resveratrol
(84.06 mg/kg D.W.), exceeding 80% ethanol solvent. Series 10–99.9% acetone solvents had
the lowest concentration of resveratrol after extraction. By adding 1% HCl to the 99.9%
methanol solvent positively improved the extraction yield, reaching 92.06 mg/kg D.W.
By adding 19% water to this solvent, the extraction yield dropped. Among the solvents
with ethanol–diethyl ether in different ratio, the ethanol–diethyl ether 4:1 ratio stood
out, obtaining the highest concentration of resveratrol (147.14 mg/kg D.W.), exceeding
all solvents.

In the work of Rayne et al. (2008) a broad spectrum of protic and aprotic solvents were
examined for extracting trans-resveratrol. Aprotic solvents gave optimum yields at solvent
dielectric constants (ε/ε0) between 36 and 42. That indicates that any solvent mixture giving
this volumetrically averaged (ε/ε0) range would give an optimum analyte yield. This
optimal polarity range matches up with solutions of 70:30 and 80:20 ethanol:water (v/v) for
protic systems. Changes in the protic solvent polarity from this optimum quickly reduced
trans-resveratrol yields [38]. This could explain the higher yields of trans-resveratrol for
80:20 ethanol:water among the ethanolic solvents.

Soural et al. (2015) compared methanol and acetone as extraction solvents for resvera-
trol from vine shoots. Their findings are in agreement with the results of this study, as they
conclude that the extraction yield is decreasing when acetone is used. The highest differ-
ence between methanol and acetone resulted when extractions were performed on cut vine
shoots at laboratory temperature, in which case the extracts obtained with acetone solvents
had a very low content of trans-resveratrol in comparison with the extracts obtained with
methanol [39].

A few studies are focused on establishing the optimal solvents for trans-resveratrol
extraction, and the majority tend to search for the optimal solvents for extracting all
polyphenols or stilbenes from grape cane [40] and grape pomace [41]. Therefore, all of
them recommend ethanol and methanol as extracting solvents in different concentrations
(60–80%). Romero-Perez et al. (2001) established in their study that the optimal solvent
for extracting trans-resveratrol from grape berry skins is ethanol 80% and the lowest
concentration was obtained using acetone 99.9% [42].

The result that shows resveratrol is more soluble in solutions with a higher content
of alcohol were confirmed by Angelov et al. (2016), who separated the vine stems extract
in two fractions, containing either ethanol or water-soluble compounds. The aqueous
fraction was essentially free of resveratrol and the ethanol fraction had 284.6 mg/kg trans-
resveratrol [2].

The most frequent solvents used for the extraction of resveratrol from pruning wastes
were ethanol 80% [1,42,43] and methanol 80% [39]. Although methanol offers high extrac-
tion yields due to the fact that it is a polar organic solvent, it is not a selective solvent for
polyphenols [37]. Resveratrol has also been extracted from the bark of Pinus sibirica [44]
and from the bark of spruce Picea mariana [45] by using diethyl ether with great results.

Furthermore, despite the fact that it is a fairly nonpolar solvent, diethyl ether is
more recommended for extraction due to the selectivity for polyphenols, including trans-
resveratrol. In addition, due to the selectivity for polyphenols, this solvent eases the further
steps of the purification methodology [46].

In the attempt to partially purify the dry extracts of vine shoots obtained by maceration
with 80% ethanol solvent, Aavikasaar et al. (2003) reported that these were insoluble in
diethyl ether. To overcome this issue, diethyl ether was added to the extraction solvent
in a 1:4 ratio, resulting in the appearance of a precipitate and facilitating the decrease in
brown colored impurities, without the loss of stilbenoids [28]. Although the solvent diethyl
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ether was used in the prepurification procedure to precipitate the impurities, in this study
it was used as a solvent for maceration to establish the selectivity for trans-resveratrol.
Surprisingly, this solvent managed to extract the largest amount of resveratrol when it was
used together with ethanol in a ratio of 1:4. The solvent used, 80/20 (v/v) ethanol/diethyl,
is in the range of 70–80% ethanol, a range that has been reported as having a high extraction
affinity to resveratrol [38].

4.2. Solid–Liquid Ratio

As it can be seen in Figure 2, 1:35 liquid–solid ratio seemed to suit the resveratrol
extraction perfectly, providing the highest concentration. This fact is confirmed by the
results obtained for the other extractions, who showed an increase for resveratrol con-
tent from 1:5 liquid–solid ratio to 1:35 liquid–solid ratio, and decreased after that, until
1:50 liquid–solid ratio.

Preliminary studies have established that, to provide an effective interphase contact
for an optimal wetting of raw material, a ratio of 5:1 solvent/solid is necessary (hydro
module). From this value upwards the solubility constraints because of insufficient quantity
of solvent are prevented [2].

Garcia et al. (2016) reported an optimal solid–liquid ratio of 1:40 in their attempt to
extract resveratrol from peanut grass Aracis repens with the highest resveratrol content of
3.93 ± 0.35 mg/L. This result is near to the result obtained for vine shoots [47].

4.3. Time of Maceration

After one day, the degree of resveratrol extraction was the lowest. The resveratrol
content of the extract obtained on day 3 was double that of the previous day. The highest
concentration of resveratrol was obtained on day 4—167.74 mg/kg D.W. After the 4th day,
the content of resveratrol extracted decreased, continuing to decline in the other days.

Soural et al. (2015) tested different temperatures and different maceration times for the
extraction of resveratrol from vine shoots with different solvents. The time intervals tested
for maceration at laboratory temperature were 8 h, 2.4 and 7 days. The results obtained
after this test showed an increasing slope for the concentration of resveratrol until day 4,
the day when the maximum amount of resveratrol extracted was reached, after which it
started to decrease slightly. This was observed for both solvents used in the extraction,
methanol and acetone [39]. These results are in agreement with the result of this study.

The effect of the contact time (respectively 1, 4, 7 and 10 days) and variation of
ethanol concentration of the solvent (0, 4, 7.5 and 13%) on extraction of the phenolics
was tested by Gambuti et al. (2009) on the skins and seeds of the grapes of Uva di Troia
and Aglianico variety (Vitis vinifera). The results indicate that many compounds reach
a maximum concentration on 4th day of maceration, compounds such as anthocyanins,
vanillin reactive flavones, phenolics and proanthocyanidins [48]. These results validate the
findings of this study.

4.4. Granulosity Selection

The material of the grounded vine shoots was sieved in 12 separate sieves and was
macerated under the same conditions and with the same solvent to determine whether
the granulosity of the material has an effect on the extraction content of trans-resveratrol
(Figure 5).

Figure 4 shows that there were significant disparities in yield depending on the
granulosity of the material, highlighting the material with 500 μm–350 μm granulosity,
with a yield of 205.16 mg/kg D.W. Unexpectedly, the lowest yield (23.67 mg/kg D.W.) was
recorded for the least granular material—125 μm. This is unexpected, because the surface
area for mass transfer is larger than that of other materials. An amount of 55.1% of the
chemical composition of vine prunings is represented by holocellulose (31.9% α-cellulose
and 23.2% hemicellulose), followed by lignin, with 38.5% [49]. These differences in the
extraction yield can be attributed to the non-uniformity of the chemical composition in the
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composition of the shoots. This result highlights the fact that it is not necessary for the solid
material to be grinded to fine particles in order to obtain a superior extraction yield. Thus,
in the process of obtaining trans-resveratrol from vine shoots, the grinding of the material
can be carried out through an energy-saving process by grinding the material up to 350 μm.

Soural et al. (2015) compared the resveratrol content of extracts for cut material (~1 cm)
and powdered material (>1 mm) from vine shoots using methanol and preceding the
extraction at laboratory temperature. Although the dimensions of the extraction material
used in this study are different, a slight positive difference was recorded (4189.0 μg/g D.W.
for the cut material and 4109.0 μg/g D.W. for the powdered material) [39].

4.5. Number of Extractions on the Same Material

The second extraction managed to extract another 5% resveratrol content compared
to the first extraction, and the third only 0.67%. The next four extracts did not contain
resveratrol (Figure 6).

From an economical point of view, further extractions on the same material are not
advantageous. The use of solvents, time and manufacture practice are not economical
for the second and third extraction, which together add up to only 5.67% out of the total
content of trans-resveratrol from vine shoots. This attempt to increase the amount of
trans-resveratrol extracted from the same material highlights the fact that the optimal
parameters of the first extraction are well chosen, thus extracting 94.33% of the amount of
resveratrol available.

Soural et al. (2015) conducted multiple Soxhlet extractions with methanol on vine
shoots and compared the extraction yield of stilbene for each extraction. The yield of
stilbene for the second extraction is under 5%, and the yields of the third and further
extractions were under 1% [39]. These results are the same with the result obtained by
conventional maceration with diethyl ether–ethanol 1:4 ratio.

4.6. Optimization of Extracting Parameters

The experimental results of trans-resveratrol content at different solid–liquid ratios
(1:20, 1:35 and 1:50 g/mL), time (2, 4 and 6 days) and granulosity (<125, 500–350 μm and
>1000 μm) were placed to the quadratic equation using the response surface analysis. The
equation for trans-resveratrol content is displayed in Equation (1):

Trans − resveratrol
= 205.16 + 41.27 × A + 1.15 × B + 17.68 × C + 24.08 × AB + 29.56 × AC − 7.85 × BC
−67.75 × A2 − 27.41 × B2 − 41.30 × C2

(1)

where A—solid/liquid ratio g/mL, B—Time, C—particle size interval.
The analysis of variance indicated that the quadratic regression model is statistically

significant (p < 0.05) with a coefficient of regression R2 = 0.90. Figure 7 displays the 3D
evolution of trans-resveratrol content in the function of the parameters employed (Table 2).

According to Figure 7, the highest trans-resveratrol content is recorded at the correla-
tion of the following parameter values 1:35 g/mL solid:liquid ratio, 4 days with 500–350 μm
(148.55 mg/kg D.W.), having as extraction solvent ethanol:diethyl ether in a ratio of 4:1. At
these conditions, the predicted response for the optimized value is the same as the mea-
sured response, namely a resveratrol content of 205.16 mg/kg dry weight. The lowest value
was observed at 1:20 g/mL solid–liquid ratio, 6 days with 500–350 μm (43.70 mg/kg D.W.).
These results are in compliance with those reported by Soural et al. (2015) on the extrac-
tion of resveratrol from vine shoots [39] and Gambuti et al. (2009) on the extraction of
resveratrol from skin and seeds of grape [48], regarding obtaining a maximum yield on
day 4 of extraction. Additionally, Garcia et al. (2014) reported an optimum solid–liquid of
sample/solvent ratio of 1:40 for extracting resveratrol from peanut grass Aracis repens [47],
results that are near the results obtained, namely an optimal ratio of 1:35 solid/liquid.
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The predicted optimum conditions for trans resveratrol extraction (Table 3) were very
similar to the experimental concentration achieved under these conditions. Any increase or
decrease in the value of the extraction parameters negatively affected the extraction yield.

5. Conclusions

Numerous studies have highlighted the evidence of the therapeutic effect of trans-
resveratrol on the human body. Due to the fact that vine wastes are recently considered a
valuable source of this compound through the high amount that they contain, the optimiza-
tion of the extracting parameter is needed. Various extracting conditions were applied to
determine the optimal method.

The results of the present study showed that the solvent ethanol:diethyl ether in a ratio
of 4:1 is recommended for the extraction of trans-resveratrol from vine shoots, obtaining by
its use the highest yield compared to other solvents (147.14 mg/kg D.W.). By increasing the
diethyl ether quantity, the extraction yield was negatively affected. Acetone was a weak
solvent for extracting trans-resveratrol, resulting in lower quantities extracted. Among
the ethanol and methanol series, Et 80% (66.86 mg/kg D.W.) and Met 99.9% (84.06 mg/kg
D.W.) had a good yield, but it was almost half that of the solvent with diethyl ether. Adding
HCl to Met 99.9% positively improved the extraction yield, being the second solvent by the
quantity extracted (92.06 mg/kg D.W.).

Among the different reports of the solid liquid, 1:35 liquid:solid ratio had extracted
the highest content of trans-resveratrol (43.91 mg/kg D.W.). The optimal time of extraction
was 4 days (167.74 mg/kg D.W.) and the optimal granulosity of the grinded vine shoots
was 500 μm–350 μm (205.16 mg/kg D.W.).

With the extraction method described above, the yield of trans-resveratrol extraction
was 94.33%. Economically, another extraction on the same material is not recommended.

The result obtained was confirmed by optimization of extracting parameters ac-
cording to Box–Behnken design, in which the predicted response was similar to the ob-
tained response. The highest trans-resveratrol content was recorded at the association of
the following parameter values: 1:35 g/mL solid:liquid ratio, 4 days with 500–350 μm
(148.55 mg/kg D.W.).
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Featured Application: This study shows that the use of the vacuum impregnation process of

barley grain for the production of light malt significantly reduces the soaking time of the grain,

which speeds up the malt production process without causing significant negative changes in the

parameters of wort. Vacuum impregnation is not used in industrial beer production. However, it

can be quickly implemented with a small investment, i.e., the purchase of a vacuum pump and

vacuum chamber.

Abstract: In this study, the process of the vacuum impregnation of Kangoo barley grain, at the stage
of soaking, was used in the production of light malt. The influence of vacuum impregnation on the
speed of the water uptake by the barley, at temperatures of 12, 14, 16 and 18 ◦C, was also analyzed. At
this stage of the research, the grain was soaked in water to obtain a moisture content of approximately
42%. The samples for the moisture content tests were taken every 2 h. The grain intended for malt
was soaked in an air–water system and was kept submerged in water for 6 h. It was then removed
from the water and kept for 18 h. The grain was aerated during the soaking process. The malting and
soaking lasted eight days at temperatures of 12, 14, 16 and 18 ◦C. The samples for further testing were
taken daily. Then, each of the samples was dried, following the same procedure. The sprouts were
removed immediately after the dried samples contained approximately 4% moisture. Following a
3-month maturation process, the congress wort was produced from the malt. The pH and the extract
content in the wort were tested. It was found that the process of vacuum impregnation significantly
accelerates the uptake of water by the grain. In almost all cases, the influence of the tested factors on
the pH of the wort and the extract content was also observed.

Keywords: vacuum impregnation; malt; barley; wort

1. Introduction

Impregnation, i.e., filling materials with additional liquid components, has been
a known and widely used process for over 100 years. Since the end of the 1960s, the
appearance of and the expansion in the use of the impregnation process under reduced
pressure conditions can be observed on an industrial scale. Such impregnation is called
vacuum impregnation, in both the scientific and trade literature. Its importance can be
proven by the fact that it is among the processes covered by the standards of the American
defense industry (MIL-STD-276A) [1].

In traditional applications, the purpose of impregnation is to ensure tightness and to
eliminate the porosity of various materials. It is mostly used in the production of engine
blocks and cylinder heads in the automotive industry, as well as in power systems, brake
systems and landing gear components in the aviation industry. The knowledge already
gathered allows us to state that impregnation is a process that modifies the structure and
the sensory and functional properties of products and increases their physicochemical
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stability by creating a coating of liquid material on the surface of a solid body [2,3]. In
recent years, there has been a rapid development of a new branch of food engineering,
referred to as the food matrix engineering (spatial architecture) of materials [4,5].

In comparison to vacuum impregnation, it was demonstrated that freezing/thawing
and compression caused more changes in the internal microstructure of apple tissue,
resulting in the formation of cell cavities [6]. Regardless of the changes in the microstructure
caused by vacuum impregnation, the integrity of the plant tissue cells is unaffected [7,8].

Vacuum impregnation can be carried out in many ways:

• Dry vacuum impregnation (DVI), in which the contact of the liquid and the impreg-
nated material takes place in the reduced pressure phase;

• Wet vacuum impregnation (WVI), in which the contact of the liquid and the impreg-
nated material takes place before the reduced pressure phase, under atmospheric
pressure [9].

In the course of vacuum impregnation, two groups of related phenomena can be
distinguished:

• Deformation relaxation phenomena, DRPs;
• Hydrodynamic mechanism, HDM [10–12].

Many different factors influence the impregnation process. Most often, they are
divided into two groups: the external and internal factors [13].

In the group of external factors, the most important is the impregnation pressure
(p1). It is the driving force behind the entire process. Most often, in the impregnation of
biological materials, pressures ranging from 50 to 600 hPa are used [12–19].

The t1 and t2 times are identified in the literature as important factors. The longer the
time, the lower the pressure is maintained and the lesser the weight loss, which results
in a greater degree of impregnation [20]. In the scientific literature on impregnation, the
ranges of the t1 and t2 time variations, assumed by the researchers, are quite extensive.
Some apply pressure in the range from 0 to 10 min, others conduct research in the range
from 10 to 120 min [17,18,21,22]. The viscosity index, temperature and concentration of the
impregnating liquid also affect the effectiveness of the impregnation [2,13,17,22].

Among the internal factors, the properties of the impregnated material and its structure
should be mentioned. Porous materials with numerous voids in their tissues, such as fruit
and vegetables, are particularly susceptible to impregnation. They show a higher degree of
porosity compared to meat, fish and cheese [10,14,15,23].

There are many studies on the use of vacuum impregnation in food production [12–15,17–19]
and there are many reports on the beneficial effect of vacuum impregnation on the structure
of tissues. The use of this treatment reduces the probability of thermal damage to the
organic tissue and also prevents the loss of the aroma and color of fruit and vegetables [24].
This is only possible by removing oxygen from the pores, without the need for antioxidants.

Other researchers present the possibility of introducing antioxidants or antimicrobial
agents into the structure of the material, which can extend shelf life [3]. The results of studies
on the application of impregnation as a pretreatment before freezing are available [25].
Impregnation is often used as a pretreatment that precedes heat treatment [26,27].

There is a scarcity of scientific data on the vacuum impregnation of cereal grains in the
scientific literature [28].

Barley is subjected to steeping. In this phase, the barley reaches a moisture content of
42 to 44% [29].

Steeped barley is then directed to the malting department called the sprouting room.
In modern malting houses, sprouting boxes or drums are used for sprouting barley, in
which the process is completely mechanical. The barley sprouting cycle lasts 5–8 days at a
temperature of 12–20 ◦C. The duration of the process depends on the variety of barley, the
method of malting and the sort of malt [29,30].

Kilning takes place at a temperature of 30–85 ◦C, measured in the malt, and lasts
12–36 h for light malt, depending on the kilning method. Munich-type dark malt is kilned
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for 48 h, and the temperature in the final phase of this process should be 105 ◦C. Next, the
rootlets are removed [29,30].

The use of vacuum impregnation at the steeping stage can significantly speed up this
process, which can shorten the malt production cycle, because it significantly accelerates
mass transfer processes in the liquid–solid system [10].

The aim of this study was to establish the effects of vacuum impregnation on the
steeping process and the structural changes in barley grains in relation to some of the
selected parameters of wort.

2. Materials and Methods

2.1. Materials

The research material used was malting barley grain of the Kangoo variety (Soufflet
Agro Poland Ltd., Kościan, Poland). The grain used for the research was uniform in variety.
The grain was cleaned and sorted, using a sieve-pneumatic separator. The grains with a
fraction over 2.5 mm were tested. The moisture content of the barley was 13.7%, the protein
content was 10.9% d.m. and the weight of 1000 grains was 49.8 g.

2.2. Methodology of the Vacuum Impregnation of the Grain

Water was used as an impregnating liquid in all of the cases. Wet vacuum impregnation
(WVI) was applied. The process was run in a 2 dm3 chamber coupled with a vacuum pump,
facilitating the adjustment of the pressure in the chamber in the range of 5–100 kPa. To
ensure complete immersion, all grains were placed in a special container. The investigations
were carried out at a temperature of 20 ◦C, the same as that of the impregnating liquid.
The grain samples were placed in a chamber filled with the liquid and, after closing the
chamber, the pressure was reduced to 5 kPa, at a rate of 30 kPa·s−1. Immediately after
the pressure reduction, the atmospheric pressure was restored in the chamber, at a rate of
30 kPa·s−1, and the grains were separated from the chamber. The duration of the vacuum
period and the relaxation time were therefore reduced to a minimum. Concurrently, the
impregnation at an atmospheric pressure (about 100 kPa), which served as a reference
system, was carried out.

2.3. Methodology of the Malt Preparation

The barley was soaked in the two-phase air–water system. The water phase lasted
6 h, and the air phase lasted 18 h. The air–water soaking took place in three such cycles.
In the water phase, half of the grains were soaked under atmospheric pressure. The
remaining raw material, in the final stage of the water soaking, was subjected to vacuum
impregnation. During the water soaking, the grain was aerated. Then, the grain was
subjected to malting, which took place in a climate chamber at temperatures of 12, 14, 16
and 18 ◦C. The germinating grain bed was periodically mixed. The malt samples were taken
once a day for the next eight days. The collected samples were subjected to convection
drying, gradually increasing the temperature from 40 ◦C to 60 ◦C, at a rate of about 1 ◦C/h.
Next, the temperature was increased, at a rate of 1 ◦C/min from 60 ◦C to 75 ◦C. For the
final 5 h, the malt was dried at a constant temperature of 75 ◦C. Immediately after drying,
the rootlets were separated, using a sieve with a mesh size of 1 mm. The samples prepared
in this way were matured for a period of 3 months.

These experiments were carried out in triplicate.

2.4. Methodology of the Mashing

After 3 months of maturation, the malt was ground in an ML 155 laboratory mill and
was subjected to mashing, to produce a congress wort.

In the congress mashing, each portion of the ground malt was transferred to a mash
beaker and thoroughly mixed with a spatula. A portion of 50 g was weighted in the mash
beaker. The mashing bath was set to 45 ◦C. A volume of 200 mL of water was stirred into
each beaker and the mash was mixed using a glass rod, to avoid balling. The temperature
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of the mash was maintained at 45 ◦C for exactly 30 min. Next, the temperature of the
mash was increased at 1 ◦C per minute for 25 min, up to 70 ◦C. When the temperature
reached 70 ◦C, a further 100 mL of water with a temperature of 70 ◦C was added. The
saccharification rate was measured from this point (after 55 min from the beginning of
the mashing). A drop of the mash was transferred to a spot on the porcelain plate, and a
drop of an iodine solution was added. This test was repeated at 2 min intervals until the
saccharification was completed: that is, when a clear yellow spot was obtained. Following
the saccharification, the mashing was terminated [31].

The mash was then filtered and cooled to 20 ◦C. The spent grains were washed with
a small amount of water, dried outside of the beaker, and then the contents of the beaker
were replenished to 450 g, with the addition of water. Then, the pH and the extract content
were determined.

The determinations of the extract content in the wort were established, according to
the Analytica EBC methods (2019) [31]. These parameters were expressed using a PAL1
digital refractometer. The measurements of the pH value of the congress wort were also
obtained, by Analytica EBC (2019). The Elmetron CP-411 pH meter, with an accuracy of
0.01, was used to measure the pH of the wort. All testing procedures followed the Analytica
EBC methods (2019).

2.5. Methodology of Measuring the Rate of the Increase in the Grain Moisture Content

Tests on the speed of the water uptake by the barley grain subjected to vacuum
impregnation and soaked under atmospheric pressure were also carried out. During these
tests, the grain was kept under water and aerated throughout the entire period. The
grain was subjected to vacuum impregnation periodically, every 30 min. The tests were
carried out at temperatures of 12, 14, 16 and 18 ◦C. The barley moisture content was tested
with samples taken every 2 h [31]. The determinations were performed in triplicate. The
moisture content was measured, according to the PN EN ISO 712:2012 standard [32].

2.6. Statistical Analysis

The statistical analysis was performed using Statistica version 13.3. A three-stage
statistical analysis was performed to evaluate the statistical significance of the differences in
the examined properties of the wort. In the first stage, the Shapiro–Wilk test was performed,
in order to confirm that the probability distribution of the examined parameters was normal.
In the second stage, multivariate analysis of variance (ANOVA) was performed, and finally,
all of the results were analyzed for significance by means of Tukey’s reasonable significant
difference (HSD) test, at a significance level of α = 0.05, because this test is considered to be
less conservative than the Scheffé test but more conservative than the Newman–Keuls test.

3. Results

Figure 1 shows the changes in the moisture content of the Kangoo barley grain, which
was vacuum-impregnated every 30 min and soaked under atmospheric pressure at the
tested temperatures.

The grain subjected to cyclic vacuum impregnation did not lose its viability and
absorbed more water in a shorter amount of time. The vacuum impregnation of the grain
during the soaking in the tested temperatures of 12, 14, 16 and 18 ◦C made it possible to
obtain the moisture levels required for malting after approximately 30 h, i.e., around 6 h
faster than in the case of the non-impregnated grain. Table 1 presents the results of Tukey’s
reasonable significant difference (HSD) test used to assess the significance of the effect of
the grain moistening conditions on the final moisture content.
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Figure 1. Changes in the moisture content during the barley grain moistening at the tested tem-
peratures. (K12I, K14I, K16I and K18I: vacuum-impregnated grain, soaked at 12, 14, 16 and 1 ◦C,
respectively; K12A, K14A, K16A and K18A: grain not subjected to vacuum impregnation, soaked at
12, 14, 16 and 18 ◦C, respectively).

Table 1. The results of the analysis of Tukey’s reasonable significant difference (HSD) test of the
influence of the selected factors on the moisture content of the tested barley grain cultivars.

Factor Value Average Value/Homogeneous Groups *

1. Pressure [kPa]
5 35.26 a

100 30.34 b

2. Temperature [◦C]

12 29.53 a

14 29.88 a

16 30.52 a

18 34.67 b

3. Time [h]

0 25.22 a

4 26.75 b

8 28.24 c

12 30.15 d

16 33.26 e

20 35.38 f

24 35.62 f

28 38.85 g

32 39.18 g

36 41.76 h

* Different letters mean statistically significant differences at the level of α = 0.05.
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The influence of the factors tested on the moisture content showed statistically signifi-
cant differences. The temperature changes in the range of 12–16 ◦C did not cause significant
changes in the final moisture content. Rather, the changes in the final moisture content
observed in the case of the soaking grain at 18 ◦C showed statistically significant differences.

Figure 2 shows the changes in the pH value of the congress wort obtained from the
Kangoo malted barley at the tested temperatures.

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Changes in the pH value of the congress wort obtained from the malt created from the
Kangoo variety barley. (K12I, K14I, K16I and K18I: vacuum impregnated grain, soaked at 12, 14, 16
and 18 ◦C, respectively; K12A, K14A, K16A and K18A: grain not subjected to vacuum impregnation,
soaked at 12, 14, 16 and 18 ◦C, respectively). a, b, c, . . . - different letters mean statistically significant
differences at the level of α = 0.05.

The pH value is one of the most important parameters in the production of wort.
The tested parameter changed its values, depending on the temperature and the malt
production model. The highest pH value (6.2) was recorded for the wort obtained from
kilned malt from barley, steeped in the atmospheric conditions, and malted for one day at a
temperature of 16 ◦C.

The wort from the malt obtained from the grain steeped and impregnated under a
pressure of 5 kPa showed a greater decrease in the value of the tested parameter. The lowest
pH value was found in the wort obtained from grain steeped under atmospheric pressure
and malted at 14 ◦C.

Figure 3 shows a diagram of the changes in the extract content in the congress wort
obtained from the Kangoo variety malt that was vacuum impregnated at a temperature of
12–18 ◦C, under an atmospheric pressure of 5 kPa.
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Figure 3. Changes in the extract content in the congress wort obtained from the malt created from the
Kangoo variety barley. (K12I, K14I, K16I and K18I: vacuum-impregnated grain, soaked at 12, 14, 16
and 18 ◦C, respectively; K12A, K14A, K16A and K18A: grain not subjected to vacuum impregnation,
soaked at 12, 14, 16 and 18 ◦C, respectively). a, b, c, . . . - different letters mean statistically significant
differences at the level of α = 0.05.

Table 2 presents the results of Tukey’s reasonable significant difference (HSD) test
used to assess the significance of the effect of the steeping and malting conditions on the
pH and extract content.

Table 2. The results of the analysis of Tukey’s reasonable significant difference (HSD) test on the
influence of the selected factors on the extract content and the pH.

Ordinal
Number

Factor Value
Average Extract

[◦Bx]/Homogeneous
Groups *

Average
pH/Homogeneous

Groups *

1.
Pressure

[kPa]
5 7.25 a 5.58 a

100 8.15 b 5.71 b

2.
Temperature

[◦C]

12 7.95 a 5.67 a

14 7.61 b 5.52 ab

16 7.22 c 5.45 b

18 7.31 c 5.38 c

3.
Malting time

[days]

1 4.58 a 6.02 a

2 5.25 b 5.98 ab

3 5.78 c 5.91 b

4 5.91 d 5.83 c

5 6.27 de 5.71 d

6 6.41 ef 5.57 de

7 7.16 f 5.41 ef

8 7.89 f 5.35 f

* Different letters mean statistically significant differences at the level of α = 0.05.
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The course of changes in the extract content for the wort obtained from the malt
created from the Kangoo barley variety that was steeped under atmospheric pressure and
malted at 12 ◦C shows an increasing linear trend with values above 8◦Bx, except for the
kilned malt samples obtained after the first day of malting, where the extract content in
the wort was 6.6◦Bx. In the case of the malt obtained from grain steeped and impregnated
at a pressure of 5 kPa, the lowest value of the wort extract content was 7.1◦Bx, and then it
increased slightly to 8.3◦Bx for the kilned malt sampled on the last day of the malting. The
extract content in the individual congress wort samples differed from each other by about
0.5◦Bx in all of the tested samples within eight days of malting.

The malt produced at higher temperatures behaved in a similar way. Table 2 presents
the results of the statistical analysis of the influence of the examined experimental factors
on the extract content and pH values.

The influence of the examined factors showed statistically significant differences. The
temperature changes in the range of 16–18 ◦C did not cause any significant changes in
the extract content. To the contrary, the changes in the extract content observed at 12 ◦C
showed statistically significant differences.

4. Discussion

The analysis performed in this study revealed no negative effects of vacuum impregna-
tion on the brewing process or on the final product quality. In our previous studies, vacuum
impregnation did not cause significant changes in the germination efficiency of the tested
cereals, i.e., barley, wheat and rye. It was found that the impregnation did not affect the
internal structure of the grain [28]. Other authors noticed that the integrity of plant tissue
cells is unaffected despite changes in microstructure caused by vacuum impregnation [7,8].

In the current study, a decrease in the pH of the congress wort was observed during
malting. Wort from malt obtained from vacuum-impregnated grain, under a pressure of
5 kPa, showed a greater decrease in pH. This has been confirmed in other studies that the
optimum pH for α-amylase is 5.6 to 5.8, and for β-amylase, it is 5.4 to 5.5. Higher pH values
are considered unfavorable, in contradistinction to lower pH values. At a low pH, higher
amounts of fermentable sugars are obtained, which results in an increase in the degree of
fermentation [30]. The pH values of the wort produced from malt, which was created from
impregnated grain, were slightly lower than optimal. These low pH values do not cause
enzyme inactivation and may only slightly slow down the starch saccharification process.

The literature does not indicate the optimal extract content. It should be as high as
possible. In the case of malt obtained from impregnated grain, the extract content was
slightly lower, but at further stages of beer production, during beer brewing, the extract
content can be increased [29,30]. To produce high-quality beer, the malting industry requires
malt with a high extract yield. Brewing barley is the primary raw material used in the
production of beer, and its quality is critical. To meet these requirements, the barley must
be able to germinate vigorously [33]. The extract is one of the most important malt quality
parameters. During the mashing stage, it determines the amount of received soluble solids.
The extract content slowly decreases at mash-in temperatures higher than 65 ◦C [34].

Obtaining the wort with the highest extract and the desired pH is the main goal of
mashing. The pH value is crucial for the quality of the beverage produced. The lowest
extract value was obtained in the wort produced from 100% Special X malt, whereas the
highest extract values were obtained from the wort produced from 100% Vienna malt and
100% Melanoidin malt. Surprisingly, the combination of Caramel pils and Special X malt
also resulted in the high extract of the wort produced. The use of a mixture of Vienna malt,
melanoidin malt and Special X malt resulted in the highest extract of the wort produced
from ternary mixtures. The pH values obtained by the researchers were very diverse and
ranged from 6.5 to 8.4 [35].

O’Rourke [36] states that the optimum pH of the wort should be 5.6 ± 0.2. Based on
the results obtained, the optimal parameters of the wort can be obtained by combining
Vienna and Melanoidin malts in a 2:1 ratio.
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It is an issue of utmost importance to control the pH value within the desired range
in the different phases of beer production. Mash pH is an important factor affecting the
isomerization and solubility of α-acids, yeast flocculation, enzymatic activity and extract
yield. When it comes to beer, pH affects its flavor (acidity), flavor stability, non-biological
stability and biological stability [37].

Both the raw materials at the various stages of beer production and the final product
should be tested for pH. Its value has a decisive influence on the taste, prevents the
development of microorganisms and is a key factor influencing the maturation of beer, its
stability and its durability [38,39].

5. Conclusions

Based on the obtained research results and their analysis, the following conclusions
were formulated:

1. The results of the research have shown that vacuum impregnation under a pressure of
5 kPa significantly influences the final grain moisture. In the tested temperature range
of 12–18 ◦C, during 36 h of moistening, the grain soaked and malted under atmo-
spheric pressure reached the final moisture level of 42%. The vacuum-impregnated
Kangoo grain required 6 h less soaking time. This confirms the observation of many re-
searchers, that vacuum impregnation accelerates the mass transfer in the solid–liquid
system, despite the low susceptibility of the cereal grains to grain vacuum impregna-
tion, in relation to, for example, fruit tissues.

2. The pH value in the obtained congress wort changed, depending on all of the tested
factors (pressure, temperature and malting time), during the production of malt. The
wort obtained from the malt subjected to vacuum impregnation showed a greater
decrease in the pH value in the range of temperature changes of 12–18 ◦C. A detailed
analysis of the pH changes shows that the eight-day malting caused an excessive
decrease in the pH of the wort. The analysis of the pH changes also shows that the
vacuum-impregnated grain should be malted for five days.

3. It was observed that, in the wort composed of non-vacuum-impregnated malt, the
value of the extract content increased twofold. Such an increase was observed at
temperatures of 14–18 ◦C.

4. The vacuum impregnation of barley grain under various conditions allows us to
shorten the amount of time for moistening this grain to 42% moisture content by
approximately 6 h. This is the greatest advantage of using vacuum impregnation in the
malting process of grain. It allows for a significant shortening of the malt production
cycle, in which soaking the grain before malting is a time-consuming process.
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Abstract: With the goal of introducing specialty beers with full flavor and effective processing, craft
and functional beer have revived old assortments and established new assortments in countries
throughout the world. These unique selections are produced utilizing various ingredient combina-
tions or changes to the brewing process. Given the rise in celiac disease sufferers in recent years,
research investigations on the use of buckwheat in brewing, particularly gluten-free beer, have
intensified. In this study, malted and unmalted buckwheat were proposed for use in brewing, and
the results were contrasted with those of beer made entirely of malted barley. Commercial enzymes
were added to the technical mashing process in order to optimize it and increase output yield. It
was simple to incorporate buckwheat in the technological process to produce a final product that, in
many respects, resembled conventional beer, making buckwheat suitable for regular beer drinkers.
In terms of original extract, apparent extract, alcohol content, and energy value, the beer obtained
from 100% barley malt differs from the final beer, but only minor variations were found in color,
pH, and bitterness value. Ethyl alcohol, a particularly significant distinguishing characteristic, was
impacted by the use of buckwheat malt and unmalted buckwheat. The beer made from buckwheat
was acceptable from a sensory perspective in terms of flavor, aroma, texture, bitterness, etc. The
results demonstrate that the researched raw materials can be successfully used in the production of
beer, both in malted and unmalted forms. For the latter option, it is recommended to use enzyme
preparations to speed up the mashing and filtration of the wort.

Keywords: gluten-free beer; buckwheat; malted buckwheat; brewing; beer properties

1. Introduction

Beer production is a well-established sector with a long history. It is currently the third
most consumed beverage worldwide, behind tea and water, and the most popular alcoholic
beverage [1–5]. Consumers today seek out authentic, original products made from ingredients
that give the completed product a distinct flavor and a touch of uniqueness [6–8]. The addition
of new ingredients represents a constant challenge for the beer industry, through creativity and
innovation, responds to the changing demands of consumers [4,9,10].

The traditional ingredients for beer are barley malt, water, hops, and yeast. Unmalted
cereals, pseudocereals, and possibly exogenous enzymes may also be used [11–13].

The beer market is continually expanding, and producers use new raw materials in the
both malted and unmalted forms to make new varieties of beer, such as other grains such
as sorghum, corn, rice, and millet, as well as pseudocereals such as buckwheat, amaranth,
and quinoa [8,14–16]. Every raw material is different, and its composition qualities can
add a new sensory element and have both favorable and unfavorable effects on brewing.
Currently, it is thought that between 85 and 90 percent of the world’s beer production uses
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locally sourced adjuncts, which, in addition to saving money, provide authentic goods of
higher quality with distinct flavors and aromas [8,12,17,18].

In studies on the topic of the production of malts and gluten-free beers, as well as
functional beers, buckwheat is one of the pseudocereals that is most frequently cited as
a raw material because it has consistently demonstrated outstanding results in terms of
productivity, enzymatic activity, and chemical composition of the final product [13,19,20].
For the production of biscuits, snacks, pasta, and other food items, as well as bakery, pastry,
and confectionery products, buckwheat is frequently utilized in the food industry as flour
or grits. Without gliadin and glutenin (gluten-generating proteins) in their composition, it
is used as a source of protein for products designed for patients with celiac disease [9,13,19].

The method of brewing using unmalted and malted buckwheat has been the subject of
several studies: Wijngaard et al. (2005, 2006) have published results of their own research
on the optimization of the process of malting buckwheat and brewing from unmalted and
malted buckwheat [20–22]. Phiarais et al. (2010) obtained a beer from 100% buckwheat
malt with characteristics such as wheat beer in terms of pH, nitrogen content, degree of fer-
mentation, and alcohol content [23]. Duliński et al. (2019, 2020, 2021) studied the use of dif-
ferent enzymes in the technology of buckwheat beer production [24–26]. Brasil et al. (2020)
showed that unmalted buckwheat could be used as a beer adjunct in association with barley
malt in proportion a 45–55% (m/m) [19]. According to Cela et al. (2022), brewing with 40%
unmalted buckwheat created a final product with acceptable quality attributes [18]. It was
discovered that the physico-chemical composition and sensory qualities of the final product
are all impacted by the use of this raw material in brewing. Because of this, buckwheat
contains a higher level of proteins and polyphenols of significant importance that can
generate noticeable variations in the final beer [19,27,28].

Researchers who malted buckwheat came to the conclusion that the malt’s amylolytic
activity was lower than that of barley malt [13]. The ability of amylolytic enzymes to
hydrolyze non-fermentable starch into simple carbohydrates makes them essential for the
brewing process [29]. Buckwheat malt also displayed a low percentage of fermentable
carbohydrates in wort and a high friability when compared to barley malt. Exogenous
enzymes may be used to promote starch breakdown and boost alcohol content to correct
this issue [19,30]. On the other hand, malting requires a lot of energy. Thus brewing with a
proportion of non-malting adjuncts has grown in appeal. As a result, the use of buckwheat
as an unmalted adjunct in brewing has also been investigated in order to enable the creation
of novel products with particularly desirable properties [31]. Since these enzyme systems
are activated and generated during the malting process, the biggest disadvantage in terms
of processability when including unmalted buckwheat is the decrease in enzyme activity
(amylolytic, proteolytic, and cytolytic) [31].

The quality of beer made entirely from buckwheat malt has shown promise in research
to date, but further research is required to optimize the malting and brewing processes.
Additionally, the physicochemical and sensory characteristics of final buckwheat beer as
well as buckwheat malt, have not been thoroughly studied [32]. The aim of our research
was to use buckwheat grown in our country to produce a variety of gluten-free beers
because making beer from unmalted and malted buckwheat is a novelty in Romania.

This study’s objective was to evaluate the effects of using unmalted and malted
buckwheat on the physicochemical and sensory properties of wort and beer samples. The
results were compared to those of beers made entirely with barley malt.

2. Materials and Methods

2.1. Raw Materials

Buckwheat (Fagoporium esculentum) grown in the NE part of Romania from the 2020
harvest and buckwheat malt from the Pennsylvania Craft Malt, USA, were used in the
experiments. For the comparative study, barley from the 2020 harvest and Pilsner-type
barley malt from Slovakia from the Osivo Company (Zvolen, Slovakia) were used.
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Also, to obtain the beer in laboratory conditions, Amarillo Yachima Chief hops (Yakima,
WA, USA), 2019 harvest, Fermentis brewer’s yeast type 74/30 (Marquette-lez-Lille, France),
and enzyme preparation from the Novozyme Company (Bagsvaerd, Denmark), namely
Termamyl Classic with thermostable α-amylase, were used.

The raw materials used in the manufacturing recipes were initially weighed, mixed,
and then subjected to grinding.

2.2. Obtaining Beer in Laboratory Conditions

All the mash samples were obtained in Mash Bath R12 with PC connection (1-CUBE,
Havlíckuv Brod, Czech Republic) according to EBC method 4.5.1. (Analytica EBC, European
Brewery Convention, 2004) [33]. Physical and chemical analyses of wort produced by the
Congress method (for samples of barley malt) and the modified Congress method (for
samples of buckwheat malt) were used to determine the quality of the malt. The initial
variants of the tested brewing recipes are depicted in Table 1, with variant 0 representing
brewing with 100% buckwheat malt. The proportion of unmalted buckwheat used in these
experiments ranged from 0 to 30%, while buckwheat malt made up the difference up to
100% (70–100%). The enzyme Termamyl Classic proportions from Table 1 were added
based on recommendations from the specialized literature and industrial experience (the
ideal amount of the enzyme used industrially when producing beer from unmalted and
malted barley and barley is 2%). The enzyme was added at the beginning of the mashing
at a temperature of 35 ◦C.

Table 1. Variant mashing recipes used in experiments.

Ingredient
Brewing Recipe Variant

0 1 2 3 4 5 6 7 8

Buckwheat malt, % 100 90 90 80 80 80 70 70 100
Unmalted buckwheat, % 0 10 10 20 20 20 30 30 0
Termamyl classic enzyme

preparation, % 0 2 3 3 4 5 4 5 2

The variants shown in Table 2 were suggested for the manufacturing of beer based on
the preliminary findings obtained for the mashing recipes described in Table 1.

Table 2. Experimental variants of obtaining beer in laboratory conditions.

Ingredient
Brewing Recipe Variant

CS B1 B2 B3 B4

Barley malt, % 100 - - - -
Buckwheat malt, % 0 70 60 50 -

Unmalted buckwheat, % 0 30 40 50 100
Termamyl classic enzyme preparation, % 2 2 2 2 2

The proposed brewing recipes were developed using knowledge from both the spe-
cialized literature and the author’s own experimental brewing results. These buckwheat
beers (B1, B2, B3, B4) obtained were compared with beer obtained exclusively from 100%
barley malt (CS).

All laboratory experiments, both for mashing variants and for beer production, had
been repeated at least three times.

2.2.1. Mashing

The malt and buckwheat samples were subjected to milling with a laboratory disc mill
(the gap between the grinding discs 0.20 mm) type Perten LM 3310 (Cheltenham, UK). The
Congress method was applied to the barley malt (EBC method 4.5.1) (Figure 1) [33]. The
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modified Congress method, shown in Figure 2, has been used with buckwheat malt and
buckwheat as an unmalted ingredient [22].

Figure 1. Congress mashing.

Figure 2. Modified Congress mashing.

The saccharification rate was determined with a negative iodine test—a yellow color is
produced with iodine rather than a violet color. After keeping variant 0 at 72 ◦C for 60 min,
the sample with 100% buckwheat malt did not become saccharified.

This experiment’s findings suggest that using enzyme preparations to shorten the
duration of saccharification of mash should be tried. Finding the right amount of enzyme
for brewing needed more investigation.
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2.2.2. Mash Filtration

After mashing, the contents of each mash beaker were brought to 450 g with distilled
water, followed by homogenization and separate filtration through a folded filter (Sartorius
with diameter 290 mm, 1602 N grade). The first 100 mL of wort was returned to the filter to
give a high clarity of the obtained Congress wort. Before boiling, the quality characteristics
of the wort were separately determined.

2.2.3. Wort Boiling

The obtained Congress wort from three mash beakers (2–2.2 L) was boiled with hops
(1.52–1.54 g Amarillo hops with 7.8% alpha bitter acids) in Erlenmeyer flasks for 1 h. The
aimed wort bitterness was 20 IBU. After boiling, the wort (1.5–1.7 L) was cooled to 20 ◦C
and left to rest for 30 min in order to allow sedimentation of the hot tub and decanted into
glass fermentation vessels with a capacity of 2 L equipped with CO2 exhaust valves. Before
inoculation with yeast, the wort was analyzed.

2.2.4. Fermentation

After cooling to 12 ◦C, the wort (1.5 L) was inoculated with 25 g of yeast type 74/30
Fermentis, the quality of which was previously determined using the Nucleocounter YC-
100 (ChemoMetec A/S, Allerod, Denmark), the number of total cells being 24 × 108/mL
biomass, of which dead cells 1.42%. The primary fermentation took place in glass fer-
mentation vessels type Erlenmayer (Brand with 2 L volume) to 12 ◦C for 6 days, in an
industrial refrigerator with the possibility of digital regulation, after which the young beer
was bottled and subjected to secondary fermentation and maturation for 30 days at 4 ◦C in
the same refrigerator industrial. Each beer recipe was repeated three times.

2.3. Methods of Analysis
2.3.1. Analysis of Raw Materials and Wort

The raw materials and wort properties were determined for the barley and buckwheat
samples according to the standard procedures of the latest versions of Analytica EBC by the
European Brewery Convention. The moisture (EBC 4.2) [34], foreign matters (EBC 4.22) [35],
saccharification rate and filtration speed (EBC 4.5.1) [33], the color of wort (EBC 4.7.1) [36] and
free amino nitrogen in wort (FAN, EBC 8.10.1) [37] with spectrophotometer Hach Lange DM
6000 (Hach Lange GmbH, Düsseldorf, Germany); pH of wort (EBC 8.17) WTW Inolab 720
table pH meter (Xylem Analytics, Ingolstadt, Germany) [38], original extract (EBC 8.3) [39],
extract of malt, Congress mash (EBC 8.2.1) [40], fermentability, final attenuation of laboratory
wort from malt (EBC 4.11.2) [41] with Anton Paar Alex (Anton Paar Austria 158 GmbH, Graz,
Austria); Total nitrogen of malt (EBC 4.3.1) [42], soluble nitrogen of malt (EBC 4.9.1) [43], with
Velp Scientifica UDK129 (Velp Scientifica Srl, Usmate, Italy).

Each mashing, a beaker was made for analytical determination, and the result presents
the mean and standard deviation. The determinations from the same sample were per-
formed in triplicate for analysis, and the mean values were used in this report.

2.3.2. Analysis of Beer

For the final beer, the following physico-chemical analyses were performed according
to the standard procedures of the latest versions of Analytica EBC by the European Brewery
Convention: the original extract and density (EBC 9.43.2) [44], the alcohol content (%
v/v, % m/m; EBC 9.2.1) [45], turbidity, turbidity S25/S0, turbidity S90/S0; EBC 9.29) [46],
pH (EBC 9.35) [47], CO2 content (EBC 9.28.3) [48], O2 content (EBC 9.37.1) [49], calories
kJ/100 mL (EBC 9.45) [50] Anton Paar modular DMA meter (Anton Paar Austria 158 GmbH,
Graz, Austria), color (EBC 9.6) [51] and bitterness (EBC 9.8) [52] with spectrophotometer
Hach Lange DM 6000 (Hach Lange GmbH, Düsseldorf, Germany).

Three determinations from the same sample were performed in parallel for analysis,
and the mean value was used in this study.
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2.3.3. Sensory Analysis

The sensory analysis of the beer samples was conducted with the help of a semi-trained
panel of 54 evaluators. A 9-point hedonic scale was used to evaluate the beer samples
from 1 to 9, where: 1—dislikes extremely, 5—neither like nor dislike, and 9—like extremely.
Nine attributes were evaluated for each beer sample as follows: appearance, color, aroma,
general taste, bitterness, carbonation, body, mouthfeel, and general acceptability. The test
was performed in the Sensory Analysis Laboratory of the Stefan cel Mare University of
Suceava, Faculty of Food Engineering. Approximately 70 mL of beer samples coded with
three-digit numbers were served to the panelists in random order at 8 ◦C in glass cups.
Between samples, the panelists used unsalted crackers and water to cleanse their mouths
to reduce taste transfer from one sample to another. The tasting area and equipment were
in concordance with EBC 13.2 [53].

2.3.4. Statistical Analysis

The results were the mean of three values ± standard deviation. For the statistical
evaluation of the data, we performed a one-way analysis of variance (ANOVA) and Tukey’s
HSD test for multiple comparisons. The differences between the means were considered
statistically significant for p values ≤ 0.01. The data showing the variation of beer pa-
rameters according to the various levels of buckwheat flour and buckwheat malted flour
were plotted using the design of experiment software (DOE) (Design Expert, trial version,
Stat-Ease, Inc., Minneapolis, MN, USA). Using Microsoft Excel, the evaluators’ mean value
of the sensory data was graphically represented (Microsoft, Redmond, WA, USA). Principal
component analysis (PCA) was performed using the software XLSTAT (version 2020.3.1.,
Addinsoft, Paris, France) to underline the correlations and differences between sensory and
physicochemical characteristics of beers and their variability according to these variables.

3. Results and Discussion

3.1. Evaluation of the Quality of Buckwheat and Buckwheat Malt

The first step in assessing the potential of buckwheat as an unmalted raw material
and buckwheat malt in brewing was their analysis. In Table 3, the raw materials, unmalted
buckwheat, and unmalted barley, are compared in terms of their quality attributes.

Table 3. Results of the physico-chemical evaluation of the unmalted barley and buckwheat samples
used in the experiments.

Characteristics
Values Obtained for:

Barley Buckwheat

Moisture, % 11.00 ± 0.20 10.63 ± 0.15

Protein content, %/d.w. 10.80 ± 0.26 11.30 ± 0.17

Starch content, %/d.w. 62.00 ± 2.00 67.00 ± 1.00
Results represent mean values ± standard deviation (SD), n = 3.

It is seen that the moisture content of buckwheat grains (10.63%) is lower than the moisture
content of barley grains (11%). This is a small difference and may be due to transport and
storage conditions. The content of foreign matter is double in buckwheat compared to barley,
which can be explained by the fact that the buckwheat came from a small producer who did
not have the equipment to clean it, but this does not mean that if controlled quality buckwheat
from a large producer is used, the losses will be of this magnitude.

The starch content is higher in buckwheat (67%) compared to barley (62%), which will
contribute to obtaining a malt with a higher extract content. In the specialized literature, the
content of starch varies between 62–91%; and the content in starch for barley varies between
52.10–69.08%. The low used buckwheat content of starch can be explained by the fact that the
starch content is influenced by variety, production area, and crop year [13,14,16]. Correlated
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with the high content of starch, the two raw materials have a lower content of protein substances,
namely barley 10.8%, and buckwheat 11.3%, which will be beneficial to the malting process.
The results obtained for buckwheat are consistent with those of the studies conducted by
Bobkov, S. (2016), Pirzadah et al. (2020), and Huda et al. (2021) [54–56]. Table 4 summarizes the
quality characteristics of buckwheat malt and barley malt used in the study.

Table 4. Physico-chemical characteristics for barley malt and buckwheat malt.

Characteristic Barley Malt Buckwheat Malt

Moisture, % 5.30 ± 0.10 8.90 ± 0.09
Color, EBC-unit 3.10 ± 0.20 6.77 ± 0.10

Extract of Congress wort, ◦P 8.85 ± 0.50 7.30 ± 0.60
Saccharification rate, min. 8.00 ± 0.35 >90.00

Filtration speed, min. 15.00 ± 2.00 >150.00
Wort pH 6.00 ± 0.10 6.77 ± 0.21

Kolbach Index 38.00 ± 2.00 30.57 ± 0.60
Wort appearance clear weak opal

Results represent mean values ± standard deviation (SD), n = 3.

A traditional malt analysis can be subdivided into five key groups: starch conversion,
carbohydrate conversion, extract content, color, and enzyme potential. Malt analysis
guides the brewer in many ways by advising them on how to adjust the mashing or
grinding conditions in order to prevent challenges in the technological process [57]. The
obtained buckwheat malt presents comparative values with barley malt in terms of moisture
and pH of the wort, with lower values being recorded for the content in the extract
and the Kolbach Index. Given that the durations of saccharification and filtration were
substantially longer than they were in the case of barley malt, it was suggested that
enzyme preparations be used in the experiments in order to shorten these durations.
Wijngaard et al. (2005) explained that due to the botanical differences between barley and
buckwheat, enzyme production and, therefore, the malting process would differ, and the
finished malt product would have some different physicochemical characteristics [20]. It is
well known that barley is a monocotyledonous plant, and buckwheat is a dicotyledonous
plant. The levels of amylolytic activity and, therefore, the yield in the extract is low
compared to barley malt, but the brewing process can be optimized by adding commercial
enzyme preparations [19,54]. For example, Nic Phiarais et al. (2006) showed that the
addition of commercial enzyme preparations improved the filtration process and the
quality of buckwheat beer by increasing extract content, yield, and total fermentable
extract [58]. These effects were also obtained by Wijngaard & Arendt (2006), who developed
a mashing diagram for 100% buckwheat malt by perfecting the two important parameters,
temperature, and mashing time [13,22]. Myncke E. et al. (2022) investigated additionally,
40% of unmalted buckwheat mashes’ lautering was enhanced by grinding the unmalted
buckwheat more finely or by adding brewing enzymes, which contain α-amylase, protease,
and β-glucanase. Finally, the small-scale lautering of 40% unmalted buckwheat mashes
was enhanced by the addition of other enzyme solutions (β-amylase and β-glucanase). The
mash filtration was unaffected by protease, in contrast [59].

3.2. Experimental Brewing with Buckwheat Malt and Buckwheat

At the start of brewing, the ground ingredients were mixed with water to form the
mash. During the gradual increase in temperature (infusion mash), the enzymes in the
malt and those added according to the recipe broke down the complex compounds into
smaller molecules [60]. The saccharification rate indicator is a general measure of malt
starch degradation, dependent on the activity of amylolytic enzymes in the mash. It is
known that a particularly important factor in starch decomposition is its gelatinization
temperature [60]. Giménez-Bastida et al. (2015) reported that gelatinization temperatures
of buckwheat malts ranged from 65.76–67.12 ◦C [61].
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The values of the determinations made on the resulting wort for all eight variants
of brewing recipes studied are summarized in Table 5. Variant 0 is missing from Table 5
because the parameters are presented in Table 4 under the name of buckwheat malt.

Table 5. Physico-chemical properties of Congress wort for mashing variants.

Characteristic
Mashing Recipe Variant

1 2 3 4 5 6 7 8

Saccharification rate,
minutes 5.00 ± 0.58 5.00 ± 0.58 5.00 ± 0.00 5.00 ± 0.58 5.00 ± 0.58 5.00 ± 0.00 5.00 ± 0.58 10.00 ± 0.00

Filtration speed, minutes 20.00 ± 1.0 20.00 ± 1.0 20.00 ± 1.0 20.00 ± 0.58 20.00 ± 1.0 20.00 ± 1.0 20.00 ± 1.0 30.00 ± 0.58
Extract of Congress wort, ◦P 7.40 ± 0.06 7.50 ± 0.12 7.50 ± 0.06 7.60 ± 0.06 7.60 ± 0.06 7.50 ± 0.12 7.60 ± 0.06 7.40 ± 0.06

Extract yield, % d.w. 64.33 ± 0.07 65.27 ± 0.04 65.27 ± 0.02 66.22 ± 0.08 66.22 ± 0.05 65.27 ± 0.07 66.22 ± 0.04 64.33 ± 0.07
Colour, EBC 7.54 ± 0.02 8.04 ± 0.03 8.22 ± 0.02 7.99 ± 0.06 8.36 ± 0.04 7.86 ± 0.02 8.19 ± 0.04 8.27 ± 0.03

pH 6.07 ± 0.05 6.10 ± 0.06 6.12 ± 0.08 6.11 ± 0.04 6.12 ± 0.02 6.15 ± 0.04 6.16 ± 0.05 6.12 ± 0.02
Wort appearance clear clear clear clear clear clear clear Faint opal

Results represent mean values ± standard deviation (SD), n = 3.

The duration of saccharification for each of the versions examined, independent of
the amount of buckwheat malt used, was found to be 5 min during the experiment, with
the exception of variant 8 (utilizing 100% buckwheat malt and 2% Termamyl enzyme), for
which the duration of saccharification was 10 min. Following the mashing, the EBC method
called for cooling the mash to 20 ◦C and adding water up to a weight of 450 g. The duration
of filtration depends on the composition of the raw material, the content of β-glucans, other
fibers, high molecular weight proteins, starches, and the viscosity of the mash. In studies
of unconventional brewing raw materials or adjunct additives, a significant increase in
the viscosity of the wort was seen, resulting in a longer filtration than when using barley
malt or wheat malt [30,62]. Also, β-glucans can decrease the yield in the extract and lead
to an increase in the risk of turbidity of the finished beer [30]. In this case, the special-
ized literature recommends the use of exogenous enzymes (β-glucanase) that allow the
decomposition of β-glucans [18,63]. Recent studies showed very low levels of β-glucans
for alternative cereals and pseudocereals [16,59]. The most important indicator of malt,
which affects the efficiency of beer production, is the extract yield. The obtained results
showed that buckwheat malt and unmalted buckwheat could be used to obtain beer. In
other studies, for buckwheat malt, the mean extract yield levels were around 65% compared
to 80% for the control sample (barley malt) [22]. Comparable results were obtained by
Phiarais et al. (2006), who obtained an extract yield between 61.8% and 69.2% [58]. More-
over, the research conducted emphasizes the fact that the wort obtained from buckwheat
and buckwheat malt presented low fermentability values and high levels of viscosity com-
pared to the wort obtained from barley malt [22,23,64]. The color of the wort presented
close values for all eight variants; the lowest value was recorded for variant 1 (7.54 EBC),
and the highest value was presented by variant 5 (8.36 EBC). All variants showed higher
values for color than barley malt (3.1 EBC, shown in Table 4). The pH for all variants studied
showed close values in the range of 6.07–6.16, while the pH of barley Congress wort varies
from 6.00–6.10, which shows that pH does not seem to have an important influence on beer
quality. Lowering the pH of the wort is beneficial because many processes occur faster and
better at lower pH [60]. For instance, the pH level affects the mash’s viscosity, enzymatic
decomposition processes, the solubilization of proteins, bitter hop compounds, and the
color of the boiling wort. The pH of the wort and that of the beer produced from it are
correlated. Beers with high pH values are exposed to physico-chemical disturbances due to
insufficient protein coagulation during boiling. Although variant 8 showed higher values
for saccharification rate and filtration speed, no considerable differences were observed for
the other parameters at variants 2–7. We considered that increasing the percentage of the
enzyme (3–5%) will not lead to a significant increase in extract, so from an economic point
of view does not make sense. For this reason, we chose the beer recipes presented in Table 2.
because we wanted to see how the mixtures of unmalted buckwheat and buckwheat malt
would behave by adding only 2% Termamyl enzyme.
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3.3. Study on the Production of Beer from Buckwheat and Buckwheat Malt under Laboratory Conditions

The physico-chemical parameters of beer wort in all experimental variants are sum-
marized in Table 6.

Table 6. Physico-chemical properties of wort for the second experiment.

Characteristic
Brewing Recipe Variant

CS B1 B2 B3 B4

Saccharification rate,
minutes 15.00 ± 1.00 a 8.00 ± 1.00 b,A 10.00 ± 1.00 c,A 12.00 ± 1.00 d,A 10.00 ± 1.00 e,A

Filtration speed, minutes 15.00 ± 1.00 a 15.00 ± 1.00 a,A 15.00 ± 1.00 a,A 10.00 ± 1.00 b,B 8.00 ± 1.00 c,D

Extract of Congress wort, ◦P 9.10 ± 0.15 a 7.40 ± 0.10 b,A 7.40 ± 0.08 c,A 7.30 ± 0.12 d,A 7.10 ± 0.11 e,B

Extract yield, % d.w. 82.20 ± 0.30 a 64.33 ± 0.26 b,A 64.33 ± 0.34 c,A 63.40 ± 0.42 d,B 61.53 ± 0.26 e,C

Colour, EBC 3.30 ± 0.08 a 7.82 ± 0.04 b,A 7.76 ± 0.06 c,A 7.78 ± 0.08 d,A 8.35 ± 0.04 e,B

pH 6.10 ± 0.10 a 6.16 ± 0.12 a,A 6.16 ± 0.10 a,A 6.16 ± 0.20 a,A 6.21 ± 0.16 a,A

Total proteins, % d.w. 10.46 ± 0.08 a 10.75 ± 0.06 a,A 10.85 ± 0.08 b,A 10.81 ± 0.07 a,A 11.00 ± 0.05 c,B

Soluble nitrogen, mg/L 695.20 ± 1.52 a 630.28 ± 1.24 a,A 645.28 ± 1.22 c,B 640.60 ± 1.20 d,C 686.70 ± 1.16 e,D

Total nitrogen, % d.w. 1.68 ± 0.10 a 1.72 ± 0.20 a,A 1.74 ± 0.10 a,A 1.73 ± 0.40 a,A 1.76 ± 0.20 a,A

Kolbach Index 37.50 ± 0.75 a 30.74 ± 0.82 b,A 34.51 ± 0.90 c,B 35.02 ± 1.00 d,B 38.96 ± 0.82 e,C

FAN, mg/100 g 121.35 ± 0.84 a 80.29 ± 0.68 b,A 79.29 ± 0.50 c,A 80.90 ± 0.66 d,B 72.23 ± 0.64 e,D

Apparent degree of
fermentation, % 83.10 ± 0.40 a 77.02 ± 0.50 a,A 77.02 ± 0.30 a,A 76.71 ± 0.60 a,A 77.40 ± 0.50 a,B

Results represent mean values ± standard deviation (SD), n = 3; Different letters indicate (a, b, c, d) that the result
presents significant differences from the control (CS) at p < 0.01 level; Different letters indicate (A, B, C, D) that the
result presents significant differences between the variants (B1, B2, B3, B4) at p < 0.01 level.

It is seen that, compared to the control sample (CS), the four experimental samples
have close values in terms of wort pH, total nitrogen, and apparent degree of fermenta-
tion. Significant differences were obtained in saccharification rate, filtration speed, extract
content, wort color, extract yield, soluble nitrogen, Kolbach index, and FAN. Between
the variants, the saccharification rate, pH, and total nitrogen content are not had signif-
icant differences (at p < 0.01 level). The filtration speed is the best in B4 (1:1, unmalted
buckwheat:buckwheat malt with 2% Termamyl enzyme). These data show that unmalted
buckwheat has a positive effect on speed filtration. This variant shows smaller extract and
extract yield, FAN content, and apparent degree of fermentation. Cela et al. (2022) showed
that the yield in the extract depends on the chemical composition of the raw materials,
mainly on the content of sugars and dextrin, and also on the content of nitrogenous com-
pounds [18]. Comparing buckwheat malt to other gluten-free malts, Buiatti et al. (2018)
found that buckwheat malt produced the highest extract yields for beer (40%) [65]. For
this parameter, we achieved higher values between 61.53% and 64.33%. The latter is an
important source of nutrition for yeast during fermentation and influence the physical and
sensory properties of beer, such as colloidal stability, foam stability, and flavor profile [66].
The total nitrogen content of the wort will depend on both the raw materials used during
brewing and the parameters of the brewing process [67]. The results obtained are con-
sistent with those highlighted in other research carried out on unmalted buckwheat and
buckwheat malt as raw materials in the beer industry [18,65,68]. The wort obtained was
subjected to the boiling process with hops. The physico-chemical characteristics of wort
after boiling with hops are summarized in Table 7.

After 60 min of boiling the samples with hops, a slight decrease in pH was observed
compared to the same samples before boiling. The extracted content increased in B1, B2, B3,
and B4 samples as a result of the boiling operation due to water evaporation. Compared to
the wort obtained from barley malt, where the content in the extract increased after boiling to
the value of 11◦P, all four wort samples had the content in the extract lower, between 11 and
12◦P. To improve the extracted content of wort, Cela et al. (2022) propose the gelatinization of
unmalted raw materials during brewing [18]. Boiling led to an increase in color of all tested
buckwheat samples from about 7–8 EBC to 11–12 EBC. After cooling to 12 ◦C, the wort was
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inoculated with yeast. The primary fermentation lasted 6 days, after which the young beer was
bottled and subjected to secondary fermentation and maturation for 30 days. The final beer
presented the physico-chemical characteristics displayed in Table 8.

Table 7. Physico-chemical properties of wort after boiling.

Characteristic
Brewing Recipe Variant

CS B1 B2 B3 B4

Wort extract, ◦P 11.00 ± 0.20 a 9.10 ± 0.10 b,A 9.20 ± 0.10 c,A 9.00 ± 0.20 d,A 8.90 ± 0.16 e,B

Colour, EBC 4.40 ± 0.18 a 11.80 ± 0.14 b,A 11.00 ± 0.12 c,B 11.40 ± 0.10 d,C 12.00 ± 0.12 e,D

pH 5.98 ± 0.02 a 6.04 ± 0.04 a,A 6.05 ± 0.01 a,A 6.04 ± 0.02 a,A 6.10 ± 0.04 a,A

Bitterness value, IBU 38.90 ± 0.42 a 41.90 ± 0.38 a,A 38.60 ±0.54 b,B 39.60 ± 0.26 c,C 41.80 ± 0.32 d,A

Results represent mean values ± standard deviation (SD), n = 3; Different letters indicate (a, b, c, d) that the result
presents significant differences from the control (CS) at p < 0.01 level; Different letters indicate (A, B, C, D) that the
result presents significant differences between the variants (B1, B2, B3, B4) at p < 0.01 level.

Table 8. Physico-chemical characteristics of beer final product.

Characteristic
Brewing Recipe Variant

CS B1 B2 B3 B4

Original extract, % m/m 11.05 ± 0.40 8.98 ± 0.05 8.92 ± 0.04 10.65 ± 0.05 9.52 ± 0.09
Apparent extract, % m/m 2.28 ± 0.02 2.63 ± 0.07 2.64 ± 0.06 3.13 ± 0.06 2.87 ± 0.07

Alcohol content, % v/v 4.59 ± 0.06 3.32 ± 0.09 3.29 ± 0.05 3.97 ± 0.04 3.49 ± 0.08
Alcohol content, % m/m 3.58 ± 0.05 2.60 ± 0.08 2.57 ± 0.05 3.10 ± 0.04 2.73 ± 0.08

Density, g/cm3 1.00840 ± 0.0001 1.00841 ± 0.0003 1.00843 ± 0.0002 1.01036 ± 0.0002 1.00936 ± 0.0001
Turbidity, EBC 0.86 ± 0.02 3.19 ± 0.04 3.03 ± 0.03 1.98 ± 0.01 1.19 ± 0.01

Turbidity, S25/S0 1.05 ± 0.01 6.59 ± 0.05 4.13 ± 0.06 3.97 ± 0.04 1.99 ± 0.04
Turbidity S90/S0 1.09 ± 0.02 3.28 ± 0.02 3.05 ± 0.01 2.03 ± 0.01 1.15 ± 0.02

pH 4.53 ± 0.03 4.82 ± 0.09 4.73 ± 0.05 4.93 ± 0.05 4.84 ± 0.05
Color, EBC 5.40 ± 0.12 6.77 ± 0.18 6.11 ± 0.16 8.00 ± 0.11 6.30 ± 0.10

Bitterness value, IBU 25.80 ± 0.53 24.90 ± 0.95 18.80 ± 0.60 20.00 ± 0.69 21.50 ± 0.56
CO2, g/L 5.12 ± 0.07 4.42 ± 0.03 4.43 ± 0.01 4.36 ± 0.01 4.49 ± 0.01
O2, mg/L 0.01 ± 0.01 3.09 ± 0.03 3.79 ± 0.13 4.59 ± 0.13 4.47 ± 0.07

Calories, kJ/100 mL 190.00 ± 2.00 134.00 ± 2.00 134.00 ± 2.65 160.00 ± 0.58 143.00 ± 1.52

Results represent mean values ± standard deviation (SD), n = 3.

Insignificant differences were found in color, pH, and bitterness value. However, the
beers obtained by the four variants differ from the control sample in terms of original
extract, apparent extract, alcohol content, and energy value. The amount of ethyl alcohol, a
crucial distinguishing factor, was influenced by utilizing buckwheat malt and unmalted
buckwheat. Beer color is a consequence, among others, of products resulting from the
Maillard reaction between FAN compounds and reducing carbohydrates [60]. In the study
conducted by Steiner et al. (2012), a higher FAN content in 100% barley malt caused
an increase in beer color due to the Maillard reaction [69]. The results obtained are in
accordance with those obtained by Agu et al. (2012) and Deng et al. (2019) in their
works [66,70]. For example, a study realized by Deng et al. (2019) concluded that doubling
the amount of buckwheat malt as a brewing adjunct (from 20% to 40%) led to a further
increase in beer color to approximately 5.1 EBC [66]. The bitter value of buckwheat beer
decreased slightly compared to that of 100% barley malt beer. These differences may be due
to evaporation losses when boiling the wort with hops. Because the same hopping regime
was used, the isohumulone content was similar among the four varieties. The estimated
global overall influence of unmalted buckwheat and buckwheat malt on the original extract,
apparent extract, alcohol content, and density of the beer is shown in Figure 3.
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Figure 3. The graphical representations of the original extract (a), apparent extract (b), alcohol content
(c), and density (d) as affected by the levels of unmalted buckwheat and buckwheat malt used in the
beer recipe.

When the amount of unmalted buckwheat in the beer recipe is increased, the original
and apparent extract of the beer rises; however, when buckwheat malt is added in large
quantities, it falls. The beer’s extract concentration is a significant qualitative indicator of
it. Nitrogenous substances and carbohydrates make up the majority of their composition.
The data obtained regarding the content in the extract are unexpected, and we believe
that this aspect is due exclusively to the enzyme used in the mashing process (Termamyl
classic). Besides these, the beer extract also contains glycerine, mineral substances, bitter
substances, tannins, dyes, and organic acids. During the fermentation of wort, the alcoholic
fermentation of carbohydrates takes place with the formation of ethyl alcohol and carbon
dioxide. By transforming the sugars into alcohol, the density of the wort decreases, and
that way, the dynamics of the fermentation can be checked by measuring the concentration
of the wort extract.

A graphical representation of the beer turbidity and carbon dioxide levels is shown
in Figure 4.
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Figure 4. The graphical representations of the beer turbidity (a), turbidity S25/S0 (b), turbidity
S90/S0 (c), and carbon dioxide (d) as affected by the levels of unmalted buckwheat and buckwheat
malt used in a beer recipe.

All turbidity readings followed a similar trend, with values falling as unmalted buck-
wheat malt addition levels increased. This may be explained by the fact that unmalted
buckwheat contains more soluble nitrogen and polyphenolic tannins than malted buck-
wheat and is, therefore, more protein-rich, favoring the appearance of a beer with a higher
turbidity value [71]. Proteins and other particles smaller than 1 μm, which are measured
under 90◦ and shown in Figure 4c, scatter light predominantly. The majority of forward-
scattered light is caused by particles larger than 1 μm, such as diatomaceous earth and
yeast, which are measured under 25◦ and are shown in Figure 4b. Since our samples
were analyzed in an unfiltered form, the greater turbidity S25/S0 values can be explained.
Brewing with raw materials with a high Kolbach Index (which is higher for wort with high
levels of unmalted buckwheat than for those with a high level of buckwheat malt), causes
an increase in turbidity of the beer [18]. The absence of a malting process for buckwheat
will lead to a decrease in its proteolytic activity. Therefore, when unmalted buckwheat
is used in brewing as a partial replacement for buckwheat malt, there is a decrease in
low-molecular nitrogen compounds and protein content, preventing haze formation. The
carbon dioxide content of the beer samples varies between 4.36–4.49 g/L, while the control
sample (CS) had 5.12 g/L. The absorption capacity of carbon dioxide in beer is influenced
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by its composition, especially by the colloid’s distribution with a high contact surface [72].
For instance, some protein macromolecules may be important in stabilizing carbon dioxide,
which appears to occur more frequently in malted flours [73].

Figure 5 shows the values of pH, color, bitterness, and oxygen content according to
the various proportions of unmalted and malted buckwheat used in the beer recipe. There
is no conclusive trend in color, pH, bitterness, and oxygen values depending on the dose of
malted or unmalted buckwheat used. Bitterness is a cause of α-acids isomerization from
hops during boiling. No definite trend based on the brewing recipe was seen because the
identical hopping regime was followed for the manufacture of all beers. Similar findings
were also reported by Phiarais et al. (2010), who came to the conclusion that the color of
the beer made from buckwheat malt was likely similar to that of beers made from natural
grains because no significant changes between malted and unmalted buckwheat grain were
seen [23]. Since all laboratory-scale productions employed the same brewing regime, the
pH and oxygen content readings were comparable across beers.

When creating products that live up to consumer expectations, sensory analysis plays a
key role. As a result, studies exploring the addition of nutritious functional ingredients such
as buckwheat to conventional recipes are frequently supplemented by evaluations of overall
quality, appearance, scent, taste, and texture using standardized techniques involving
professional judges or consumer panels. The sensory evaluation of flavor is frequently
accompanied by analytical workflows aimed at isolating and determining the concentration
of volatile compounds in food and determining the impact of food components on overall
flavor intensity and/or final product perception. Flavor is of particular importance in
influencing consumer preferences [74,75]. The sensory analysis data are shown in Figure 6.

The CS sample earned the greatest for overall acceptability, whereas the B2 sample
scored the lowest, according to the data collected. All of the beer samples were enjoyed to
a certain extent by the panelists. The CS, B1, and B4 samples obtained a like very much
score of 8.1, 7.8, and 7.6, respectively, whereas the B3 and B2 samples obtained a mean like
moderate score of 7.0 and 6.6, respectively. These results are consistent with those found by
Sebestyén et al. (2013), who determined in the sensory analysis that the buckwheat beer
had the aroma of roasted sunflower seeds and a chestnut-like aroma and was positively
evaluated by the tasters [76]. Also, Phiarais et al. (2005) have reported that buckwheat
beers were acceptable regarding taste purity, odor, mouthfeel, bitterness, and tingling [77].
The sensory characteristics that contributed to the general acceptability varied depending
on the recipe for beer making. The best sensory results were obtained for the CS sample.
However, for the color parameter, gluten-free beer samples obtained better sensory results.
These data were in disagreement with those obtained by Brasil et al. (2020) who reported a
paler beer with an increased level of buckwheat malt addition in the beer recipe [19]. From
non-gluten beer samples, the highest acceptability was recorded for B1 samples which
contained the highest level of buckwheat malt in its recipe. These data were in agreement
with those reported by Dezelak et al. (2014), who concluded that beer from buckwheat malt
has high scores from the sensory point of view [78].
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Figure 5. The graphical representations of the beer pH (a), color (b), bitterness (c), and oxygen (d) as
affected by the levels of unmalted buckwheat and buckwheat malt used in the beer recipe.

Figure 6. Sensory characteristics of the beer samples.
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3.4. Principal Component Analysis of the Physico-Chemical and Sensory Characteristics of the
Beer Samples

Principal Component Analysis (Figure 7) highlighted the correlation between physic-
ochemical data and sensory characteristics of the beer samples. The first two principal
components explain 69.47% of the total variance (PC1 = 37.82% and PC2 = 31.65%). The
PCA graph shows a clear distinction between the beer samples in terms of their physio-
chemical and sensory properties. Beer made from malted barley (CS) is positioned on the
graph’s right side among the sensory qualities, indicating that these qualities are crucial
to understanding how to appreciate it. These characteristics have a high association with
this sample since, based on previously collected data, this beer was the one that consumers
liked the most. These samples had a similar score for overall acceptability from consumers
and were the most well-liked non-gluten beer. Due to the fact that all of the B1, B4, and
CS samples are alongside the PC2 component on the PCA graph, these samples were also
the closest to a malted barley beer from a sensory and physico-chemical perspective. The
placement of B2 beer in the primary component area indicates that it is the most distinctive
from the other beers, with this sample receiving the lowest consumer approval.

Figure 7. Principal component analysis of the physicochemical and sensory characteristics of the
beer samples.

B2 and B3 are both samples that are most closely related to the PC2 component of the
PCA graph, and both are located near the top of the graph. This result is consistent with the
observation that both the B3 and B2 samples received similar levels of consumer appreciation
based on our prior research. Relationships between physico-chemical and sensory values of
beer samples show that is a good correlation between original extract and alcohol content with
an r = 0.962, between body and original extract with an r = 0.968 between appearance and color
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(r = 0.877), between alcohol content and energy value (r = 0.999) for a level of 0.01. The original
extract is one of the most important parameters from a financial point of view. This serves as an
indicator of the amount of dry matter in the wort used to make the examined beer. This will
have an impact on the beer’s body, which consumers will feel as being heavier or denser on
the tongue [18]. Also, with respect to the first principal component PC2, it may be seen direct
positive correlations between body and density (r = 0.625), original extract (r = 0.968), and alcohol
content (r = 0.917). During alcohol fermentation, chemical reactions take place, which transforms
fermentable sugars into alcohol and carbon dioxide. Therefore, the higher the quantity of real
extract is, the higher the alcohol content is. The highly significant correlation between energy
value, alcohol content (r = 0.999), and original extract (r = 0.949) may be explained by the fact
that the energetical value of a beer is calculated according to its alcohol content and original
extract value [79]. The two plots underline a close association between the physico-chemical
trait carbon dioxide and sensory carbonatation (r = 0.942) which was explainable given that
beer carbonatation is experienced as a burning and stinging sensation on the tongue, being
influenced by the amount of carbon dioxide and the size of the bubbles [18]. Other notable
correlations were found between sensory characteristics such as general acceptability, general
taste, aroma, mouthfeel, and bitterness, as well as between the measured sensory bitterness
and the analytically determined bitterness characteristics (r = 0.884). In evaluating the sensory
quality of beer, the highest rating was the taste and its impact on the consumers [80]. The sensory
quality of beer taste is correlated to some extent with all the elements strongly associated with
general acceptance (aroma, mouthfeel, bitterness).

4. Conclusions

The technological method of making beer from buckwheat and buckwheat malt is
effortless, and the final product is essentially equivalent to a standard beer in many ways,
making buckwheat a potential raw material for habitual beer drinkers who are looking for
new sensory experiences.

The different fermentation profile for buckwheat beer with a higher first concentration
of glucose is crucial for alcohol and other fermentation products, positively changing its
aroma and taste. However, its high content of polyphenolic compounds can cause a slightly
astringent taste and a spicy and sweet aroma appreciated by tasters.

The beer made with 50% unmalted buckwheat and 50% buckwheat malt with 2%
Termamyl Classic enzyme had the best results out of all the studied recipes in terms of
the key physico-chemical traits: original extract was 10.65%, apparent extract was 3.13%,
alcohol content was 3.97% (v/v), and turbidity was 1.98 EBC. The sample made entirely
of unmalted buckwheat with 2% Termamyl Classic enzyme was the most well-liked from
a sensory perspective. We achieved our research objective to create a final beer that had
good physico-chemical properties, was well-liked by consumers, and was produced at the
lowest cost.

As a result of the findings, it is suggested that in subsequent experiments, beer only
be produced from unmalted buckwheat with enzyme addition, which is much more advan-
tageous from an economic and technological standpoint. This is because it is possible to
produce beer from buckwheat without it being malted by simply adding enzyme prepara-
tions to the brewing process.
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30. Blšáková, L.; Gregor, T.; Mešt’ánek, M.; Hřivna, L.; Kumbár, V. The Use of Unconventional Malts in Beer Production and Their
Effect on the Wort Viscosity. Foods 2021, 11, 31. [CrossRef]

31. Yorke, J.; Cook, D.; Ford, R. Brewing with unmalted cereal adjuncts: Sensory and analytical impacts on beer quality. Beverages
2021, 7, 4. [CrossRef]

32. Dabija, A.; Ciocan, M.E.; Chetrariu, A.; Mîrzan, D. Comparative evaluation of the physico-chemical characteristics of buckwhweat
malt and barley malt. Int. Multidiscip. Sci. GeoConference SGEM 2021, 21, 51–58.

33. EBC Analytica, 4.5.1—Extract of Malt: Congress Mash (IM), 2004. 22 October 2018. Available online: https://brewup.eu/ebc-
analytica/malt/extract-of-malt-congress-mash/4.5.1 (accessed on 10 February 2022).

34. EBC Analytica, 4.2—Moisture content of malt, 2000. 22 October 2018. Available online: https://brewup.eu/ebc-analytica/malt/
moisture-content-of-malt/4.2 (accessed on 10 February 2022).

35. EBC Analytica, 4.22—Sieving Test for Malt, 2005. 22 October 2018. Available online: https://brewup.eu/ebc-analytica/malt/
sieving-test-for-malt/4.22 (accessed on 10 February 2022).

36. EBC Analytica, 4.7.1—Colour of Wort: Spectrophotometric Method (RM), 2000. 22 October 2018. Available online: https:
//brewup.eu/ebc-analytica/malt/colour-of-malt-sepctrophotometric-method-rm/4.7.1 (accessed on 10 February 2022).

37. EBC Analytica, 8.10.1—Free Amino Nitrogen in Wort (FAN), 2015. 23 October 2018. Available online: https://brewup.eu/ebc-
analytica/wort/free-amino-nitrogen-in-wort-by-spectrophotometry-manual-method-im/8.10.1 (accessed on 10 February 2022).

38. EBC Analytica, 8.17—pH of Wort, 1999. 23 October 2018. Available online: https://brewup.eu/ebc-analytica/wort/ph-of-wort/
8.17 (accessed on 10 February 2022).

39. EBC Analytica, 8.3—Extract of Wort, 2004. 23 October 2018. Available online: https://brewup.eu/ebc-analytica/wort/extract-of-
wort/8.3 (accessed on 10 February 2022).

40. EBC Analytica, 8.2.1—Determination of the Specific Gravity of the Wort, 2004. 22 October 2018. Available online: https:
//brewup.eu/ebc-analytica/wort/specific-gravity-of-wort-using-a-pyknometer/8.2.1 (accessed on 10 February 2022).

41. EBC Analytica, 4.11.2—Fermentability, Final Attenuation of Laboratory Wort from Malt: Rapid, 1999. 22 October 2018. Available
online: https://brewup.eu/ebc-analytica/malt/fermentability-final-attenuation-of-laboratory-wort-from-malt-rapid-242/4.11.2
(accessed on 10 February 2022).

42. EBC Analytica, 4.3.1.—Total Nitrogen of Malt: Kjeldahl Method (IM), 2004. 22 October 2018. Available online: https://brewup.
eu/ebc-analytica/malt/total-nitrogen-of-malt-kjeldahl-method-im/4.3.1 (accessed on 10 February 2022).

43. EBC Analytica, 4.9.1.—Soluble Nitrogen of Malt: Kjeldahl Method, 1997. 22 October 2018. Available online: https://brewup.eu/
ebc-analytica/malt/soluble-nitrogen-of-malt-kjeldahl-method/4.9.1 (accessed on 10 February 2022).

44. EBC Analytica, 9.43.2—Specific-Gravity-of-Beer-Using-a-Density-Meter, 2004. 23 October 2018. Available online: https://brewup.
eu/ebc-analytica/beer/specific-gravity-of-beer-using-a-density-meter/9.43.2 (accessed on 10 February 2022).

45. EBC Analytica, 9.2.1—Alcohol-in-Beer-by-Distillation, 2008. 23 October 2018. Available online: https://brewup.eu/ebc-analytica/
beer/alcohol-in-beer-by-distillation/9.2.1 (accessed on 10 February 2022).

46. EBC Analytica, 9.29—Haze in Beer 2015. 23 October 2018. Available online: https://brewup.eu/ebc-analytica/beer/haze-in-
beer-calibration-of-haze-meters/9.29 (accessed on 10 February 2022).

47. EBC Analytica, 9.35—pH of Beer (Formerly Published as IOB Method 9.42) 2004. 23 October 2018. Available online: https:
//brewup.eu/ebc-analytica/beer/ph-of-beer-formerly-published-as-iob-method-9-42/9.35 (accessed on 10 February 2021).

48. EBC Analytica, 9.28.3—Carbon Dioxide in Beer: Pressure Method, 2007. 23 November 2018. Available online: https://brewup.
eu/ebc-analytica/beer/carbon-dioxide-in-beer-pressure-method/9.28.3 (accessed on 10 February 2022).

49. EBC Analytica, 9.37.1—Measurement of Dissolved Oxygen by Optical Sensors, 2015. 23 November 2018. Available online: https:
//brewup.eu/ebc-analytica/beer/measurement-of-dissolved-oxygen-by-optical-sensors/9.37.1 (accessed on 10 February 2022).

50. EBC Analytica, 9.45—Energy Value of Beer by Calculation, 2015. 23 November 2018. Available online: https://brewup.eu/ebc-
analytica/beer/energy-value-of-beer-by-calculation/9.45 (accessed on 10 February 2022).

51. EBC Analytica, 9.6—Colour of Beer: Spectrophotometric Method (IM), 2004. 23 October 2018. Available online: https://brewup.
eu/ebc-analytica/beer/colour-of-beer-spectrophotometric-method-im/9.6 (accessed on 10 February 2022).

52. EBC Analytica, 9.8—Bitterness of Beer (IM), 2004. 23 November 2020. Available online: https://brewup.eu/ebc-analytica/beer/
bitterness-of-beer-im/9.8 (accessed on 10 February 2022).

53. EBC Analytica, 13.2—Sensory Analysis Tasting Area Equipment Conduct of Test, 2010. 24 October 2018. Available online: https:
//brewup.eu/ebc-analytica/sensory/sensory-analysis-tasting-area-equipment-conduct-of-test/13.2 (accessed on 10 February 2022).

54. Bobkov, S. Biochemical and technological properties of buckwheat grains. In Molecular Breeding and Nutritional Aspects of Buckwheat, 1st
ed.; Zhou, M., Kreft, I., Woo, S.H., Chrungoo, N., Wieslander, G., Eds.; Elsevier: Amsterdam, The Netherlands, 2016; pp. 423–440.

188



Appl. Sci. 2023, 13, 2199

55. Pirzadah, T.B.; Malik, B.; Tahir, I.; Ul Rehman, R. Buckwheat journey to functional food sector. Curr. Nutr. Food Sci. 2020, 16,
134–141. [CrossRef]

56. Huda, M.N.; Lu, S.; Jahan, T.; Ding, M.; Jha, R.; Zhang, K.; Zhou, M. Treasure from garden: Bioactive compounds of buckwheat.
Food Chem. 2021, 335, 127653. [CrossRef]

57. Kellershohn, J. Brewing Materials and Processes: A Practical Approach to Beer Excellence, 1st ed.; Elsevier: Amsterdam, The
Netherlands, 2016.

58. Phiarais, B.P.N.; Schehl, B.D.; Oliveira, J.C.; Arendt, E.K. Use of response surface methodology to investigate the effectiveness of
commercial enzymes on buckwheat malt for brewing purposes. J. Inst. Brew. 2006, 112, 324–332. [CrossRef]

59. Myncke, E.; Laureys, D.; Baillière, J.; Vanderputten, D.; De Clippeleer, J. Use of unmalted buckwheat for innovative beer
production. In Proceedings of the Brewers Forum/38th EBC Congress, Madrid, Spain, 29 May–1 June 2022.
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Abstract: There are many types of butter, soft margarine, and blends, e.g., a mixture of butter and
vegetable fats, on the market as bread spreads. Among these, butter and blends of butter with
vegetable fats are very popular. The consumer’s choice of product is often determined by functional
properties, such as texture, and the physicochemical composition of butter and butter substitutes.
The aim of this study was to compare sixteen market samples of butter and butter substitutes in
terms of spreadability and other selected structural (spreadability, hardness, adhesive force, and
adhesiveness) and physicochemical parameters (water content, water distribution, plasma pH, color,
acid value, peroxide number, saponification number, and instrumentally measured fatty acid profile)
to investigate their correlation with spreadability. The parameters determined here were correlated
with factors such as the type of sample, measuring temperature, and physicochemical composition.
The statistical analysis revealed a very strong positive correlation between hardness and spreadability
for all samples tested at 4 ◦C, as well as between hardness and spreadability for all samples tested
30 min after removal from the refrigerator; however, the interpretation of the results was different if
the butter and butter substitute samples were subjected to a multivariate analysis separately.

Keywords: spreadable fats; texture; hardness; adhesive force; adhesiveness; fatty acid profile; multi-
variate analysis; functional food

1. Introduction

Butter is a high-fat product with at least 80%, but no more than a 90% fat content,
and it is obtained from cow’s milk by whipping previously obtained cream or sour cream.
However, the assortment of spreads for bread on the market consists of different types of
butter, soft margarine, and blends such as a mixture of butter and vegetable fats. Among
the wide range of edible fats, in addition to butter and margarine, products called butter
mixtures with vegetable fats are of great interest. All of these edible fats are water-in-
oil emulsions [1]. The decision as to which fat to consume in spreads can therefore be
somewhat difficult for some consumers, since these fats differ not only in their calorific
value and therefore in their chemical composition but also in their functional properties,
such as spreadability [2–5].

The study comparing the spreadability of butter and butter substitutes makes a sig-
nificant scientific contribution to the field of food science and technology. Understanding
the spreadability of food products is essential, as it plays a critical role in consumer accep-
tance and product functionality. In order to improve the spreadability of butter, several
technological steps are taken, starting with the selection of raw materials with a fixed
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fatty acid composition, followed by technological treatments, including parameters for the
physical ripening of the cream, enrichment with a low-melting-point milk fat fraction or
repeatedly churning the butter [6–10]. The spreadability of butter and blends of butter and
vegetable fats can be assessed based on the solid fat content (SFC) in the temperature range
of 4–10 ◦C. In order to achieve good spreadability at a refrigeration temperature, the SFC of
butter should be below 32% (by comparison, pure butterfat has an SFC of 38.8–32.4% at
5–10 ◦C) [6]. In addition, the textural properties of butter are determined by a number of in-
terrelated parameters, such as the concentration, size, shape, and distribution of structural
elements: fat crystals, fat globules, air bubbles, and water phase droplets [3,10–19].

Butter and butter substitutes have different physical and chemical properties, and it is
important to understand how these differences affect the spreadability of these products.
This study can help identify the factors that influence spreadability such as fat content,
viscosity, and solid fat content. The scientific contribution and specific significance of
the study comparing the spreadability of butter and butter substitutes lies in its poten-
tial to improve our understanding of the properties that affect the spreadability of food
products and to inform the development of new and improved products for the food
industry. A real downside to butter is its hard-to-spread texture. Many authors have
attempted to study the spreadability of butter, soft margarine, mixtures of butter and veg-
etable fats, and shortenings using various instruments such as a penetrometer and texture
analyzer (textrometer) with a penetration test, a shear test, a compression test, a texture
profile analysis (TPA), DSC methods, EPR spectroscopic methods and the back extrusion
test [2,9,11,16,20–31]. The results of such studies can be used to model the relationship
between the structure, rheological properties, and textural properties of fat products, taking
into account the morphology of the fat crystal network, the solid fat content of the product,
and the properties of the fat crystal networks [10].

The aim of this study was to compare market samples of butter and butter substitutes
in terms of spreadability and other selected structural, physicochemical, and chemical
parameters to investigate their correlation with spreadability. The results of the study
can be used to develop new and improved butter and butter substitutes that have similar
spreadability characteristics without sacrificing other important properties such as flavor,
texture, and nutritional value. In addition, the results of this study can have practical
applications in the food industry, helping manufacturers to improve the quality and per-
formance of their products. It can also provide valuable information to consumers to help
them make informed choices when buying food.

2. Materials and Methods

2.1. Materials

The study material consisted of eight butter samples coded as follows—LMK, LaME,
LoME, MEG, MEH, MMP, PME, and PrME—and eight samples of butter substitutes (spread-
able fats, consisting of blends of butter with vegetable oils) coded as follows: FM, LuPM,
LaM, PaEM, RMTM, SSO, ZaM, and BGP (Table 1).

These products were available in the Polish food market at the time of the analysis.
All butter samples were declared by the manufacturers as products with an 82% fat content,
and they were unsalted. After purchase, the product samples, packed in insulating bags,
were transported to the laboratory within 0.5 h, where they were stored in a refrigerator
at 4 ◦C until the analyses were carried out. Three independent purchases of each butter
and butter substitute sample were made, representing independent replicates from three
different suppliers.

192



A
pp

l.
Sc

i.
2
0
2
3

,1
3,

26
00

T
a

b
le

1
.

D
ec

la
re

d
co

m
po

si
ti

on
an

d
nu

tr
it

io
na

lv
al

ue
of

te
st

ed
bu

tt
er

an
d

bu
tt

er
su

bs
ti

tu
te

sa
m

pl
es

.

S
a

m
p

le
C

o
d

e
D

e
cl

a
re

d
In

g
re

d
ie

n
ts

E
n

e
rg

y
V

a
lu

e
(i

n
1

0
0

g
)

F
a

t
[g

]
O

f
W

h
ic

h
S

a
tu

ra
te

d
F

a
tt

y
A

ci
d

s
[g

]

C
a

rb
o

h
y

d
ra

te
s

[g
]

O
f

W
h

ic
h

S
u

g
a

rs
[g

]
P

ro
te

in
[g

]
S

a
lt

[g
]

b
u

tt
e

r
sa

m
p

le
s

LM
K

pa
st

eu
ri

ze
d

cr
ea

m
,l

ac
ti

c
ac

id
ba

ct
er

ia
cu

lt
ur

es
30

71
kJ

/7
47

kc
al

82
53

0.
7

0.
7

0.
6

0.
00

La
M

E
pa

st
eu

ri
ze

d
cr

ea
m

30
95

kJ
/7

53
kc

al
83

54
0.

8
0.

8
0.

6
0.

00
Lo

M
E

pa
st

eu
ri

ze
d

cr
ea

m
30

58
kJ

/7
44

kc
al

82
55

0.
7

0.
7

0.
7

0.
00

M
EG

pa
st

eu
ri

ze
d

cr
ea

m
,l

ac
ti

c
ac

id
co

nc
en

tr
at

e,
na

tu
ra

lfl
av

or
in

g
30

61
kJ

/7
44

kc
al

82
57

0.
6

0.
6

1.
0

0.
02

M
EH

pa
st

eu
ri

ze
d

cr
ea

m
30

68
kJ

/7
46

kc
al

82
54

1.
0

1.
0

1.
0

0.
02

M
M

P
pa

st
eu

ri
ze

d
cr

ea
m

30
95

kJ
/7

53
kc

al
83

54
0.

8
0.

8
0.

6
0.

00
PM

E
pa

st
eu

ri
ze

d
cr

ea
m

30
97

kJ
/7

53
kc

al
83

55
0.

7
0.

5
0.

8
0.

02
Pr

M
E

pa
st

eu
ri

ze
d

cr
ea

m
30

63
kJ

/7
45

kc
al

82
57

1.
0

1.
0

0.
7

0.
03

b
u

tt
e

r
su

b
st

it
u

te
sa

m
p

le
s

FM
m

ilk
bu

tt
er

,v
eg

et
ab

le
oi

ls
(r

ap
es

ee
d,

lin
se

ed
),

m
ilk

bu
tt

er
m

ilk
,v

it
am

in
s

(A
,D

)
28

07
kJ

/6
83

kc
al

75
29

1.
1

1.
1

0.
8

0.
00

Lu
PM

bu
tt

er
,r

ap
es

ee
d

oi
l,

w
at

er
,l

ac
ti

c
ac

id
ba

ct
er

ia
cu

lt
ur

es
29

05
kJ

/7
06

kc
al

78
35

0.
6

0.
6

<0
.0

5
<0

.0
1

La
M

cr
ea

m
,r

ap
es

ee
d

ve
ge

ta
bl

e
oi

l,
an

na
tt

o
bi

xi
n

co
lo

r,
fla

vo
ri

ng
25

59
kJ

/6
22

kc
al

68
34

1.
4

1.
4

1.
1

0.
00

Pa
EM

ve
ge

ta
bl

e
fa

t:
no

n-
hy

dr
og

en
at

ed
pa

lm
oi

l,
su

nfl
ow

er
oi

l,
cr

ea
m

,c
er

ea
lf

at
,e

m
ul

si
fie

rs
:E

47
1,

E4
72

c,
E3

22
,a

ci
di

ty
re

gu
la

to
r:

la
ct

ic
ac

id
,b

et
a-

ca
ro

te
ne

,fl
av

or
s

28
22

kJ
/6

86
kc

al
75

33
1.

6
0.

9
0.

6
0.

04

R
M

TM
ra

pe
se

ed
an

d
pa

lm
oi

ls
,b

ut
te

r,
re

co
ns

ti
tu

te
d

bu
tt

er
,w

at
er

,
se

a
sa

lt
,l

ec
it

hi
n,

na
tu

ra
lfl

av
or

in
g,

la
ct

ic
ac

id
,v

it
am

in
s

A
,D

,
ca

ro
te

ne
s

29
94

kJ
/7

17
kc

al
80

30
0.

6
0.

6
<0

.0
5

0.
32

SS
O

pa
st

eu
ri

ze
d

cr
ea

m
,r

ap
es

ee
d

ve
ge

ta
bl

e
oi

l,
la

ct
ic

ac
id

cu
ltu

re
s

25
23

kJ
/6

13
kc

al
67

37
1.

4
0.

8
1.

2
0.

03

Z
aM

cr
ea

m
,r

ap
es

ee
d

oi
l,

an
na

tt
o,

fla
vo

ri
ng

25
59

kJ
/6

22
kc

al
68

34
1.

4
1.

4
1.

1
0.

00

BG
P

Pa
lm

,r
ap

es
ee

d
an

d
su

nfl
ow

er
oi

ls
,w

at
er

,a
nh

yd
ro

us
m

ilk
fa

t,
E4

71
,E

47
2c

,E
32

2,
sa

lt,
fla

vo
ri

ng
s,

E1
60

a,
E3

30
,v

ita
m

in
s

A
,D

30
34

kJ
/7

38
kc

al
82

36
0.

0
0.

0
0.

0
0.

30

193



Appl. Sci. 2023, 13, 2600

2.2. Texture Characteristics of Butter and Butter Substitutes

Spreadability. The tests were performed with a TA.HD.Plus Texture Analyzer (Stable
Micro Systems, Toruń, Poland). This was measured using penetration analysis with a
“spreadability ring” spreadability test unit [31]. During the analysis, the upper cone was
inserted into the lower container (in the form of an inverted cone) at a speed of 3 mm/s
until a gap of one millimeter was obtained between the two elements of this fixture. All
samples were analyzed in triplicate. Samples at 20 ◦C were placed in the bottom reservoir
of the attachment without bubbles.

Hardness, adhesive force, and adhesiveness. The tests were performed with a TA.HD.
Plus Texture Analyzer (Stable Micro Systems, Toruń, Poland). The procedure consisted
of testing the penetration force at a depth of 14 mm applied to a given sample at a speed
of 2 mm/s using a P/5 cylinder probe [31]. The samples were analyzed at given time
intervals: straight from the fridge (at 4 ◦C), 30 min after removal from the refrigerator,
and at 20 ◦C for each type of butter sample and butter substitute. All samples were
analyzed in triplicate. Hardness was expressed as the maximum force necessary to obtain
accurate probe deformation (N). The adhesion force was expressed as the force necessary to
overcome the forces of attraction between the surface of the sample and the surface of other
materials with which the food came into contact (N). Adhesiveness was expressed as the
product of the force required to pull the probe from the sample and the pull time (N × s).

2.3. Physicochemical Properties of Butter and Butter Substitutes

Water content. The weight loss was calculated by determining the weight of the sample
after it was dried with appropriately prepared sea sand and calculating the percentage of
water content in the product [32,33]. A sample was dried in a laboratory oven at 102 ± 2 ◦C
until a constant mass was obtained. All samples were analyzed in triplicate. Formula (1)
used for the calculation was:

W = 100 − B × 100%
A

(1)

where W represents the water content of the sample [%]; A represents the sample weight
before drying (g); and B represents the sample weight after drying (g).

Water distribution. The main principle of the method of water distribution in samples
is to apply indicator paper soaked with an indicator to the freshly cut sample surface [32,34].
The indicator paper turns dark blue where it meets water droplets. All the samples were
analyzed in triplicate. A point scale of 0–3 was used to determine the degree of water
distribution, after which the samples were classified using the criteria given in Table 2.
The analysis was carried out using commercially available indicator paper (Dysperwod,
LABLACTA, Olsztyn, Poland) according to the manufacturer’s instructions. This method
enables the determination of whether the butter and butter substitutes had been properly
kneaded and the water droplets properly dispersed in the butter and butter substitute matrix.

Table 2. Classification of butter and butter substitutes according to the degree of water distribution [32,34].

Verbal Definition of Water
Distribution in Sample

The Size (Diameter) and Density of the Spots
on the Indicator Paper

Class
[Points]

Very bad Diameter 3 mm 8 mm densely occurring (takes
up approx. 20% of the paper surface) 0

Bad Diameter 1 mm 3 mm moderately dense (takes
up approx. 10% of the paper surface) 1

Sufficient Diameter 0.3 mm 1 mm rare (occupies approx.
5% of the paper area) 2

Good No spots 3

Plasma pH. The determination consisted of melting a 40.0 g weight of the butter or
butter substitute sample in a water bath at 50 ◦C, followed by centrifugation in a laboratory
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centrifuge at 1100× g at 20 ◦C for 10 min to separate the aqueous phase (plasma) [32]. The
pH of the separated aqueous phase of the butter and butter substitutes was measured with
a CPO-505 pH meter (Elmetron, Zabrze, Poland) with a conventional electrode at 25 ◦C.
All samples were analyzed in triplicate.

Color. Color components were measured at 3 or 4 locations for each sample using the
reflectance method, using a Minolta CR-200 camera (Konica Minolta, Tokyo, Japan) with
a D65 illuminant, 2◦ observer angle, and 8 mm aperture size. The parameters measured
were lightness (L*), taking values from 0 (black) to 100 (perfect white); redness (a*), taking
negative values for green color shades and positive values for red color shades; and
yellowness (b*), the proportion of blue or yellow color in the sample, taking negative
values for blue and positive values for yellow. All samples were analyzed in triplicate.
To determine the color differences between the butter and butter substitutes, they were
compared to a predetermined standard. The standard was compared to the average results
of the a*, b*, and L* components obtained in the color test. The standard table (Table 3) for
comparing the test samples was taken from the publication of Chudy et al. [35].

Table 3. The standard table for comparing the test samples was taken from the publication of Chudy
et al. [35].

L* a* b*

Standard butter 91.6 5.5 24.7

To assess the changes in CIELab color, a delta E (ΔE) calculated according to Formula (2)
was used to describe the difference between the two sample colors as follows:

ΔE =
√
(ΔL)2 + (Δa)2 + (Δb)2 (2)

where ΔL is the difference in L* components between the butter standard (Table 2) and the
test sample; Δa is the difference in a* components between the butter standard (Table 2)
and the test sample; and Δb is the difference in b* components between the butter standard
(Table 2) and the test sample.

2.4. Additional Characteristics of Butter Milk Fat

Determination of the acid value. The tests were only carried out on butter fat samples
according to [36]. The procedure consisted of neutralizing the free fatty acids present in the
fat sample to be analyzed with a standard potassium hydroxide solution. The 10 g butter
sample was weighed to the nearest 0.01 g in a 200–300 mL Erlenmeyer flask. The sample
was then melted using a water bath (at 40 ◦C). Then, 50 mL of neutralized alcohol–ether
mixture was added to the flask (it was neutralized to phenolphthalein with a KOH solution
before use, to a pale pink color that did not disappear within 30 s) and mixed thoroughly.
It was further titrated from the buret with a 0.1 M KOH versus phenolphthalein to give a
pale pink color which persisted for 30 s. All samples were analyzed in triplicate. The acid
number was calculated using Formula (3):

LK =
(a × 5.611)

m
(3)

where LK is acid value (mg KOH/g fat); a is the amount of 0.1 M KOH solution used for
the titration (mL); m is the sample fat weight (g); and 5.611 is the amount of KOH contained
in 1 mL of 0.1 M KOH solution (mg).

Determination of the peroxide number. The tests were only carried out on butter fat
samples according to [37]. The method consisted of the quantitative determination of iodine
released from potassium iodide by the action of peroxides present in the fat under study.
The released iodine was titrated with a standard solution of sodium thiosulphate (VI).
Approximately 1 g of butter was weighed to the nearest 0.001 g into an Erlenmeyer flask
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with a ground-glass stopper. Immediately, 25 mL of the chloroform–acetic acid mixture and
1 mL of saturated potassium iodide solution were added. The flask was quickly stoppered
and mixed thoroughly. It was left in the dark for 5 min. After this time, 75 mL of distilled
water was added using a cylinder, the stopper was rinsed thoroughly and a few drops
of starch were added; after mixing, the solution was immediately titrated with 0.002 M
sodium thiosulfate standard solution until the solution remained discolored for at least 30 s.
At the same time, a reagent test was carried out. All samples were analyzed in triplicate.
The peroxide number was calculated using Formula (4):

LOO = 1000 × (a − b)× T
m

(4)

where a is the volume of sodium thiosulphate solution used to titrate the sample (mL); b
is the volume of sodium thiosulphate solution used to titrate the reagent sample (mL); m
is the sample fat weight (g); T is the molality of the sodium thiosulphate solution used;
and 1000 is the conversion factor for the volume used (mL) of sodium thiosulphate per
milliequivalent of oxygen in 1 kg of fat.

Determination of the saponification number. Tests were carried out only in butter fat
samples according to [38]. The method involved saponification of esterified and neutralized
free fatty acids with an excess of potassium hydroxide solution, followed by quantification
of unbound KOH by titration with HCl solution. A total of 2 g of butter was weighed to
the nearest 0.001 g into a 100 mL ground-glass Erlenmeyer flask. The sample was then
melted using a water bath. A total of 25 mL of alcoholic potassium hydroxide solution was
pipetted into the sample. An aftercooler was fitted to the flask, and the flask was placed
in the water bath for 30 min with occasional stirring. After this time, the aftercooler was
removed and the hot solution was titrated against phenolphthalein with 0.5 M hydrochloric
acid solution until the indicator color disappeared. If the volume of the solution decreased
during heating, it was made up of the original volume with ethanol before titration. At the
same time, a reagent test was carried out under the same conditions. All the samples were
analyzed in triplicate. The saponification number was calculated using Formula (5):

LZ =
(a − b)× 28.055

m
(5)

where LZ is the saponification number (mg KOH/g fat); a is the volume of standard HCl
solution used to titrate the reagent sample (mL); b is the volume of standard HCl solution
used to titrate the sample (mL); m is the sample weight (g); and 28.055 is the amount of
KOH present in 1 mL of 0,5 M KOH solution (mg).

Chromatographic determination of the fatty acid profile. Tests were carried out only
in butter fat samples according to [39]. The process consisted of separating the components,
which were divided into two phases: one was stationary (stationary phase) and the other
was moving in a given direction (mobile phase). The different distribution of the mixture
components between the two phases leads to different migration and separation speeds of
the components. The effect of the chromatographic separation was plotted in the form of
a chromatogram, showing a graph of the signal obtained at the detector as a function of
time [39].

The evaporated samples were weighed to the nearest 0.001 g and then dissolved in
2 mL of hexane. A total of 0.5 mL of 2 M KOH in methanol was added to the samples
and was then shaken and left for a period of 60 min, with stirring every 10 min for
transesterification. Using a syringe, 1 mL of the upper hexane layer containing fatty acid
methyl esters was carefully collected and transferred to a glass vial. The sample was then
evaporated in a stream of nitrogen, and 0.5 mL of hexane was added.

Determination of fatty acids was carried out using a Shimadzu gas chromatograph
coupled to a mass spectrometer GC–MS QP-2010S (SHIM-POL, Warsaw, Poland), using a ZB
FFAP column (30 m × 0.25 mm × 0.25 μm; Phenomenex, Torrance, CA, USA). The column
operating temperature was initially 40 ◦C for 3 min, with a programmed temperature rise
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at 4 ◦C/min to 230 ◦C, and finally, isotherm for 5 min. The injection chamber and ion source
temperatures were 230 ◦C and 240 ◦C, respectively. The carrier gas was helium and the flow
rate was 1.14 mL/min. The GC–MS coupler temperature was 225 ◦C. Fatty acid methyl
ester analyses were carried out at an ionization energy of 70 eV. The qualitative analysis
(of the obtained fatty acid methyl esters) was carried out based on a comparison of the
retention times of available standards and spectra. All samples were analyzed in triplicate.

2.5. Statistical Analysis

Data were analyzed using a one-way or two-way analysis of variance (ANOVA
method). Mean differences between the statistical groups were tested at a significance level
of α = 0.05. Tukey’s test was used for multiple comparisons (statistical ranking) of mean
responses to the sample groups (for α = 0.05). Multivariate analysis was used to describe
the relationship of multiple variables for each sample (for α = 0.05). The statistical software
Statgraphics Centurion XVII (Kraków, Poland) was used to test the data.

3. Results and Discussion

3.1. Texture Characteristics of Butter and Butter Substitutes

Research into the texture characteristics of butter and blends of butter with vegetable
fats is relevant to consumers because it can provide information about the performance
of these products. The texture is an important attribute for many consumers as it affects
the ease of use and enjoyment of the product. By understanding the texture characteristics
of butter and butter substitutes, consumers can make informed decisions about which
products meet their needs and preferences. Research into the texture characteristics of
butter and vegetable fat blends can play an important role in helping manufacturers to
create high-quality products that meet consumer needs and preferences. By providing
valuable information on the texture and performance of these products, manufacturers
can ensure that their products are competitive in the marketplace and are well received by
consumers.

Spreadability. The ability to spread the bread spread easily is one of its most important
properties [22,40]. It is worth noting that the higher spreadability value of the butter and
butter substitutes tested, as shown in Table 4, indicated poorer spreadability of the product
on the bread. The highest spreadability value was obtained for the butter samples at 4 ◦C.
If the butter was left at ambient temperature for 30 min after removal from the refrigerator,
these values hardly approached the parameters obtained for butter substitute samples
at 4 ◦C; however, for most butter substitute samples, the spreadability value was still
statistically significantly better than for the butter samples. The butter samples coded as
MEH and PrME were the exceptions. In their case, the spreadability value at 4 ◦C was the
lowest of the results obtained for the butter samples, and 30 min after removal from the
refrigerator, the spreadability value reached the same level as the butter substitute samples
at 4 ◦C. By bringing the butter samples to 20 ◦C, the spreadability value measured reached
the value originally obtained for the butter substitute samples at 4 ◦C.

The texture of spreadable fats, and more importantly their spreadability, is one of the
most important differentiators when assessing their quality. The spreadability of butter and
butter blends containing vegetable fats is determined by their chemical composition—the
type of fat used in their manufacture, as well as the ratio of the aqueous phase to the
fat phase and the balance between the liquid and crystalline phases [2,17]. The higher
the degree of crystallization of the fat, the poorer the spreadability of the butter [17].
The spreadability of butter can be improved, among other things, by changing the fat
composition (e.g., changing the diet of the animals from which the milk is obtained) [41].
Bobe et al. [30] found that butter samples from the milk of cows that had a more unsaturated
composition of milk fats due to a special diet had better spreadability.
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Hardness. Butter samples at 4 ◦C were characterized by a high hardness that was
statistically significantly higher than butter substitutes at the same temperature (Table 4).
Increasing the temperature of the butter samples resulted in a decrease in their hardness.
Thirty minutes after removing the butter samples from the refrigerator, their hardness was
already on a similar level to that of the butter substitute samples at a temperature of 4 ◦C. On
the other hand, heating the butter samples to 20 ◦C led to hardness parameters comparable
to those of the butter substitute samples 30 min after removal from the refrigerator.

Table 4. Texture characteristics of butter and butter substitutes.

Butter Samples
Spreadability [N × s]

at 4 ◦C 30 min after Removing it from the Refrigerator at 20 ◦C

LMK 91.49 ± 3.54 i 34.95 ± 5.66 f 15.31 ± 0.79 d

LaME 64.76 ± 2.03 g 31.22 ± 2.99 f 4.79 ± 1.45 c

LoME 70.72 ± 6.04 g,h 30.51 ± 6.31 f 8.70 ± 1.22 d,e

MEG 94.38 ± 6.56 i 38.85 ± 5.24 f 16.40 ± 4.34 d,e

MEH 78.05 ± 1.11 h 27.30 ± 8.33 e,f 20.86 ± 2.46 e

MMP 69.69 ± 4.51 g 37.84 ± 3.48 f 5.71 ± 1.14 b,c

PME 94.62 ± 5.18 i 45.39 ± 7.50 f,g 17.31 ± 7.11 d,e

PrME 56.64 ± 4.65 g 28.03 ± 1.40 e,f 8.14 ± 1.03 c

Butter substitutes samples

FM 20.38 ± 1.41 e 3.35 ± 1.27 b n.d. 1

LuPM 22.39 ± 0.63 e 8.29 ± 1.01 c 1.75 ± 0.40 a

LaM 23.18 ± 1.67 e 7.51 ± 1.37 c 0.53 ± 0.02 a

PaEM 30.94 ± 0.78 f 16.51 ± 1.10 d,e 14.46 ± 1.20 d

RMTM 13.27 ± 0.80 d 7.90 ± 1.86 c 2.12 ± 0.29 a

SSO 26.58 ± 0.96 e 16.26 ± 1.68 d,e 2.21 ± 0.05 a,b

ZaM 26.76 ± 1.10 e 9.35 ± 1.28 c,d 1.57 ± 0.55 a

BGP 13.21 ± 0.49 d 7.80 ± 1.29 c 2.17 ± 0.14 a

Butter Samples
Hardness [N]

at 4 ◦C 30 min after Removing it from the Refrigerator at 20 ◦C

LMK 17.01 ± 0.55 h 6.13 ± 0.65 d 2.04 ± 0.17 b,c

LaME 12.54 ± 0.17 f 5.58 ± 0.48 d 1.02 ± 0.29 b

LoME 13.67 ± 0.34 f 5.85 ± 0.59 d 1.61 ± 0.22 b

MEG 19.28 ± 0.78 i 7.49 ± 0.72 e 3.27 ± 0.81 c

MEH 15.69 ± 0.07 g 6.14 ± 0.93 d 3.41 ± 0.34 c

MMP 14.15 ± 0.69 f,g 7.07 ± 0.79 e 1.23 ± 0.19 b

PME 17.56 ± 0.37 h 7.92 ± 0.63 e 3.92 ± 0.57 c

PrME 10.12 ± 0.82 f 5.21 ± 0.21 d 1.64 ± 0.18 b

Butter substitutes samples

FM 3.85 ± 0.15 c,d 0.65 ± 0.20 a n.d. 1

LuPM 4.02 ± 0.06 d 1.46 ± 0.16 b 0.33 ± 0.06 a

LaM 4.42 ± 0.29 d 1.40 ± 0.21 b 0.12 ± 0.01 a

PaEM 6.91 ± 0.11 d,e 3.15 ± 0.13 c 2.58 ± 0.28 c

RMTM 2.61 ± 0.06 c 1.57 ± 0.35 b 0.46 ± 0.06 a

SSO 5.01 ± 0.15 d 2.85 ± 0.37 c 0.47 ± 0.02 a

ZaM 4.96 ± 0.15 d 1.66 ± 0.35 b 0.30 ± 0.09 a

BGP 3.79 ± 0.05 c,d 1.61 ± 0.33 b 0.38 ± 0.07 a
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Table 4. Cont.

Butter Samples
Adhesive force [N]

at 4 ◦C 30 min after Removing it from the Refrigerator at 20 ◦C

LMK −5.03 ± 0.76 a −2.48 ± 0.33 c −0.84 ± 0.06 d,e

LaME −3.82 ± 0.05 b −2.16 ± 0.27 c −0.50 ± 0.11 e

LoME −3.79 ± 0.19 b −1.92 ± 0.11 c,d −1.39 ± 0.09 d

MEG −3.16 ± 0.40 b −2.23 ± 0.12 c −1.24 ± 0.20 d

MEH −3.79 ± 0.19 b −1.81 ± 0.23 d −1.71 ± 0.73 d

MMP −3.44 ± 0.16 b −2.68 ± 0.26 c −0.59 ± 0.05 f

PME −3.68 ± 0.45 b −2.29 ± 0.07 c −1.15 ± 0.45 d

PrME −3.46 ± 0.14 b −2.28 ± 0.07 c −0.77 ± 0.09 e

Butter substitutes samples

FM −1.49 ± 0.11 d −0.26 ± 0.05 g n.d. 1

LuPM −1.42 ± 0.07 d −0.59 ± 0.06 e −0.16 ± 0.03 g

LaM −1.46 ± 0.05 d −0.58 ± 0.07 e −0.08 ± 0.01 g

PaEM −2.08 ± 0.13 c −1.31 ± 0.05 d −1.16 ± 0.10 d

RMTM −1.01 ± 0.05 d,e −0.66 ± 0.10 e −0.24 ± 0.03 g

SSO −1.47 ± 0.11 d −0.95 ± 0.09 e −0.24 ± 0.02 g

ZaM −1.50 ± 0.06 d −0.63 ± 0.08 e −0.16 ± 0.03 g

BGP −1.26 ± 0.04 d −0.64 ± 0.08 e −0.20 ± 0.03 g

Butter Samples
Adhesiveness [N × s]

at 4 ◦C 30 min after Removing it from the Refrigerator at 20 ◦C

LMK −18.46 ± 0.98 a −12.16 ± 1.67 b −4.12 ± 0.34 e,f

LaME −17.26 ± 0.29 a −10.60 ± 1.23 b,c −2.53 ± 0.50 f,g

LoME −9.43 ± 0.35 c −8.59 ± 1.03 c,d −3.55 ± 0.61 f

MEG −10.82 ± 1.97 c −8.81 ± 1.20 c −5.64 ± 0.83 e

MEH −14.10 ± 0.80 b −7.93 ± 1.02 d −6.93 ± 1.30 d

MMP −16.59 ± 0.44 a −12.68 ± 1.23 b −2.93 ± 0.27 f,g

PME −17.32 ± 1.57 a −10.45 ± 0.70 b,c −6.97 ± 1.32 d

PrME −16.03 ± 0.34 a −11.40 ± 0.34 b −3.84 ± 0.51 f

Butter substitutes samples

FM −6.35 ± 0.32 d −1.15 ± 0.17 h n.d. 1

LuPM −6.13 ± 0.22 d,e −2.61 ± 0.25 g −0.86 ± 0.14 h,i

LaM −5.97 ± 0.87 d,e −2.65 ± 0.38 g −0.52 ± 0.00 i

PaEM −3.30 ± 0.83 f −3.70 ± 0.76 f −3.98 ± 0.45 f

RMTM −3.99 ± 0.13 f −3.13 ± 0.45 f −1.22 ± 0.13 h

SSO −3.86 ± 0.31 f −3.16 ± 1.10 f −1.19 ± 0.07 h

ZaM −6.50 ± 0.75 d −2.83 ± 0.35 g −0.77 ± 0.12 h,i

BGP −3.92 ± 0.12 f −3.14 ± 0.70 f −1.20 ± 0.05 h

a,b,c,d,e,f,g,h,i—within a given parameter that is labeled with the same letters do not differ statistically significantly
at the level of α = 0.05. 1 The analysis of samples under these conditions was not possible.

The high hardness of the butter samples at 4 ◦C can be explained by the higher proportion
of saturated fatty acids, which contribute to the hardness and poor spreadability of butter at
refrigerator temperatures, which has been confirmed by several studies [2,8,23,30,31,42–46]. Lower
temperatures increase the fat solidity; however, it should be noted that both the butter
samples and the butter substitute samples differed in hardness, which could indicate that the
technological process parameters also determine this product quality parameter [23,44,46–48].
The results of Glibowski et al. [31] highlighted that samples with a high content of milk fat
showed a stronger increase in hardness when changing the temperature conditions from
room to cooling temperatures compared with samples that were predominantly vegetable
fats. The authors concluded that the presence of milk fat promoted an increase in hardness.
Queirs et al. [44] found that the hardness of butter depended on the crystallization of the
butter at the manufacturing stage and not only on the storage temperature. Rønholt [48]
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found that the ratio between solid and liquid fats and the water content strongly influenced
the hardness and spreadability of the product. The presence of unsaturated and liquid
fats in the composition of butter and vegetable fat mixtures reduces the hardness of these
products. The higher the water content, the more the ratio of solid-to-liquid fat shifts
in the direction of the liquid phase, so that less fat contributes to crystal formation and
thus influences product hardness and water droplet stability. It should therefore be noted
that the butter substitutes included in this study were characterized by a higher water
content than the butter samples, as is discussed later in this manuscript. With increasing
temperature, the firmness and spreadability of the fat products analyzed decreased, i.e.,
the spreadability improved. The higher the temperature of the product, the more the
product structure approaches that of a liquid. This can be caused, among other things,
by the water content of the product [48]. As the water percentage increases, the total fat
content decreases, affecting the hardness parameter [48]. As has been noted, the higher
water content of the butter/vegetable fat blends allowed for a smoother and therefore more
spreadable product.

Adhesive force. Adhesive force is the force between the surfaces of two different bodies
to hold them together (a food product is perceived as being sticky when the adhesive force
is high) [26]. In the case of butter and butter substitutes, this parameter expresses the
force that allows the butter or butter substitute to spread evenly over the surface of the
bread. Small statistically significant differences in the adhesive force values were found
between the butter samples at 4 ◦C. The same observation was applied to the samples of
the butter substitutes at 4 ◦C (Table 4). The study showed that market samples of butter
had statistically significantly higher adhesion values than samples of the butter substitutes,
which could be related to differences in the fatty acid composition of the butter samples and
butter substitute samples [31]. As the temperature of the samples of the tested products
was increased, changes in the adhesive force values towards a value close to zero were
observed. These changes were statistically significant for both butter and butter substitutes
as early as 30 min after removing the samples from the refrigerator.

Adhesiveness. Adhesiveness is the work required to separate a product from the
surface being tested; its measurement serves to express the adhesive properties by mea-
suring the force needed to separate them. The greater the force required to separate the
two, the stickier the product. The data presented in Table 4 show that the adhesiveness
of both butter and butter substitute samples was statistically significantly higher, but it
was dependent on the product’s temperature. The higher the temperature of the butter
or butter substitute, the lower the adhesiveness, i.e., the samples were less sticky. For
one of the butter substitute samples (coded as FM) raising the product temperature to
20 ◦C made measurement impossible as the sample had already become liquid rather than
sticky. It is also worth noting that the butter and butter substitute samples differed in their
adhesiveness, and this was statistically significant.

For the butter and butter substitute samples examined in this study, it can be seen that
hardness, adhesive force, and adhesiveness were parameters that were partially correlated
with spreadability. If their status changed, the spreadability status would also change.
Some correlations between the results of measurements of the rheological properties of
edible fats were also found by Glibowski et al. [31]. In their study, spreadability and
cohesiveness measured at 5 ◦C correlated very well, but spreadability and cohesiveness at
5 ◦C were not very well correlated. The researchers showed a low correlation coefficient
between spreadability at 20 ◦C and spreadability at 5 ◦C, and between hardness at 20 ◦C
and hardness at 5 ◦C, which very clearly indicates differences in the rheological properties
of edible fats at different temperatures. This was also confirmed by the low correlation
coefficients between spreadability at 5 ◦C and apparent viscosity at 20 ◦C, and hardness at
5 ◦C and apparent viscosity at 20 ◦C [31].
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The statistical analysis performed in this study of the spreadability, hardness, adhe-
sive force, and adhesiveness of the butter and butter substitute samples (Figure 1a,b) re-
vealed a completely different relationship pattern than those found by Glibowski et al. [31].
Figure 1a,b show the corrgrams (i.e., correlation plots) of the correlation matrix, with the col-
ored cells representing the magnitude of the correlation. Correlation coefficients range from
−1 to +1 and measure the strength of the linear relationship between variables (statistically
significant correlations occur at the 95.0% confidence level). The colors ranged from blue for
strong negative correlations to red for strong positive correlations. The interpretation of the
results for butter samples and butter substitutes differed when the samples were subjected
to separate multivariate analyses. Few strong correlations (whether positive or negative)
were observed for the butter samples (Figure 1a) between hardness measurements at spe-
cific temperature conditions (correlation coefficients 0.96–0.86); between adhesiveness and
adhesive force for samples tested 30 min after removal from the refrigerator (correlation
coefficient 0.87); and between adhesiveness and spreadability or hardness for the samples
tested at 20 ◦C (correlation coefficients −0.81 and −0.94, respectively).

Significantly stronger correlations (both positive and negative) were recorded for the
butter substitute samples. This plot of correlations revealed the following strong positive
correlations (Figure 1b): between spreadability and hardness at specific temperature condi-
tions (correlation coefficients 0.89–1.00); between adhesiveness for samples tested at 20 ◦C
and adhesive force for samples tested 30 min after removal from the refrigerator or for
samples tested at 20 ◦C (correlation coefficients 0.90 and 0.99, respectively); and between
adhesive force for samples tested at 20 ◦C and adhesive force for samples tested 30 min after
removal from the refrigerator (correlation coefficient 0.87). Strongly negative correlations
were no less important and were observed between spreadability and adhesive force for
samples tested 30 min after removal from the refrigerator (correlation coefficient −0.93);
between spreadability and adhesive force for samples tested at 4 ◦C (correlation coefficient
−0.81); between spreadability for samples tested at 20 ◦C and adhesive force for samples
tested 30 min after removal from the refrigerator or adhesive force for samples tested at
20 ◦C or adhesiveness for samples tested at 20 ◦C (correlation coefficients −0.85; −1.00
and −0.98, respectively); between hardness and adhesive force for samples tested at 4 ◦C
(correlation coefficient −0.92); between hardness and adhesive force for samples tested
30 min after removal from the refrigerator (correlation coefficient −0.97); and between
hardness for samples tested at 20 ◦C and adhesive force for samples tested 30 min after
removal from the refrigerator or for samples tested at 20 ◦C or adhesiveness for samples
tested at 20 ◦C (correlation coefficients −0.86; −1.00 and −0.98, respectively). However, it
is important to remember that a high correlation coefficient does not necessarily indicate
causality. It simply indicates that the two variables are related in some way. Further
investigation and analysis, such as regression analysis, may be required to determine the
nature of the relationship and to establish causality.
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(a)  

(b)  

Figure 1. Graphs of correlation matrix showing the relationship between the spreadability, hardness,
adhesive force and adhesiveness of butter and butter substitute samples (a) and butter substitute
samples alone (b) measured at different temperatures (with a confidence level of 95.0%).
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3.2. Physicochemical Properties of Butter and Butter Substitutes

Water content. The water contents of the tested butter (Table 5) did not exceed the
set limit of 16 ± 0.5% [49,50], were in line with producers’ declarations (Table 1), and,
importantly, these values were not statistically significantly different from each other at
the significance level α = 0.05. Butter substitutes, on the other hand, were characterized by
significantly higher water content values (in the studies presented here, the water content
of the butter substitutes samples ranged from 17.93 ± 0.35% to 32.97 ± 0.33%), whereby
these samples were divided into three different homogeneous groups with a significance
level of α = 0.05.

Table 5. Physicochemical properties of butter and butter substitutes.

Parameter
Water Content [%]

Degree of Dispersion of
Water [Points]

Plasma pH
Butter Samples

LMK 16.12 ± 0.16 a 3.0 ± 0.0 a 5.45 ± 0.43 b,c

LaME 15.39 ± 0.49 a 3.0 ± 0.0 a 5.94 ± 0.18 c

LoME 15.99 ± 0.44 a 3.0 ± 0.0 a 6.38 ± 0.36 c

MEG 16.08 ± 0.35 a 3.0 ± 0.0 a 5.17 ± 0.18 b

MEH 15.59 ± 0.36 a 3.0 ± 0.0 a 6.32 ± 0.11 c

MMP 15.24 ± 0.18 a 3.0 ± 0.0 a 6.38 ± 0.30 c

PME 15.61 ± 0.27 a 3.0 ± 0.0 a 6.27 ± 0.27 c

PrME 16.08 ± 0.24 a 3.0 ± 0.0 a 6.77 ± 0.16 c

Butter substitutes Samples

FM 24.88 ± 0.40 d 3.0 ± 0.0 a 4.59 ± 0.28 a

LuPM 22.04 ± 0.40 c 3.0 ± 0.0 a 4.56 ± 0.24 a

LaM 32.09 ± 0.29 e 3.0 ± 0.0 a 4.54 ± 0.34 a

PaEM 24.95 ± 0.44 d 3.0 ± 0.0 a 4.05 ± 0.32 a

RMTM 19.93 ± 0.47 c 3.0 ± 0.0 a 4.50 ± 0.17 a

SSO 32.97 ± 0.33 e 3.0 ± 0.0 a 3.98 ± 0.08 a

ZaM 32.10 ± 0.42 e 3.0 ± 0.0 a 4.45 ± 0.28 a

BGP 17.93 ± 0.35 b 3.0 ± 0.0 a 4.43 ± 0.09 a

a,b,c,d,e—values in the same column and marked with the same letters are not statistically significantly different at
the α = 0.05 level.

Butter and butter substitutes are physically composed of fat globules, fat crystals, air
bubbles, and water droplets, all of which play a role in the physical properties of these
products [51,52]. The physical and chemical properties of butter and butter substitutes
(including water content and water droplet size, and textural and rheological properties,
such as hardness and spreadability) are of great importance as they determine the func-
tionality of these products [17,46,53]. Water content is closely linked to the quality of the
end product, such as butter or its vegetable substitutes and blends. As studies [48,54,55]
have shown, the water content of butter is influenced by the technological parameters of
the creamer process and the kneading of the butter, which aims for an even distribution
of water droplets that are as small as possible, in order for the butter to have the right
consistency. Rønholt [48] showed that the water content is also decisive for the smear value.
The water content influences the crystallization of the fat phase, and thus, also the structure
of the butter [56]. The strength of the crystals formed depends on the size of the water
droplets and the amount of fat crystallized. As the water content of the product increases,
interactions between the water droplets can occur and the textural stability of the butter is
consequently lost [57]. Similar effects are observed with butter substitutes [57].

Water distribution. Test samples of butter and butter substitutes received the maxi-
mum score in determining the degree of water dispersion (Table 5). The physical composi-
tion of butter and its vegetable substitutes varies as the different manufacturing processes
result in different microstructures of these products. In addition, butter is less homogeneous
and has a more complex chemical composition than its plant substitutes or blends such as
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margarine, which requires the use of sophisticated analytical techniques in instrumental
analysis to determine water droplet size distribution [58].

The degree of water dispersion is of microbiological importance, as well as being
important for the sensory properties of fat products such as butter [59]. The greater the
degree of water dispersion, the more difficult it is for unwanted microflora to grow. The water
content and degree of distribution can influence the course of fat crystallization, which in turn
can influence the texture of the product, and thus, its spreadability [16,48,51,56,57,60].

Plasma pH. The results of the plasma pH measurements of the analyzed samples of
butter and butter substitutes are summarized in Table 5. The pH of butter plasma ranged
from 5.94 ± 0.18 to 6.77 ± 0.16 and was not statistically significantly different but was
dependent on the butter sample. The statistical analysis allowed the butter samples to be
distinguished into two groups: (a) MEG and LMK; (b) LMK, LaME, LoME, MEH, MMP,
PME, and PrME (Table 5). The plasma acidity of the butter substitutes was statistically
significantly different from the pH of the butter plasma and was the same for all butter
substitute samples tested.

The plasma pH of butter and its vegetable substitutes (blends with other fats) is a
result of the production and storage parameters of the product [61]. An important step
in the production of butter, which later influences the pH value of the milk plasma, is the
biological maturation of the cream, i.e., its fermentation. The lactose contained therein is
converted into lactic acid, which subsequently causes the plasma of the aqueous phase to
acidify and thus improves the shelf life of the product. As can be seen from the analysis
of the butter samples tested in this work, the pH value indicates that the cream had not
undergone biological maturation, i.e., the butter samples were made from sweet cream.
The situation is different with butter substitutes, the production of which usually involves
regulating the plasma pH value by adding chemical acidity regulators such as citric and
lactic acids (what was claimed by some manufacturers, Table 1). It should be noted that
the acidity of butter and butter substitutes is a poorly understood parameter in terms of
its significant relationship to lubricity values. No available literature data were found on
this topic.

Color. It was found that the butter samples tested were different from the chosen
standard (Table 6). The mean values of the L* and b* color components for the test samples
were higher than the corresponding values of the standard, while the mean value of
the a* color component was lower than that of the standard. The measured color of the
butter samples according to the standard tended towards slightly greenish and lighter
tones. The color component a* did not statistically differentiate the butter and butter
substitute samples.

The parameter b* in the color analysis is often used as an indicator of the yellow-blue
color bias in a sample. When discussing color results, the color tendency of parameter b* is
usually described as the amount of yellow or blue present in the sample. The b* component
divided the butter and butter substitutes into seven homogeneous groups at the 0.05 level,
with the majority of butter samples ranking above the majority of butter substitutes on the
CIELab scale. The magnitude of the b* value would provide a measure of the intensity or
saturation of the yellow or blue color. A positive b* value would indicate a yellow color in
the butter sample, while a negative b* value would indicate a blue color. A high positive b*
value would indicate a strong yellow sample, while a low positive b* value would indicate
a lighter yellow color. The samples studied in this work obtained high positive values for
the parameter b*, which in most cases were statistically significantly higher for butter than
for its substitutes.

Regarding the color component L*, all butter samples and the four butter substitutes
(LuPM, LaM, SSO, and ZaM) showed the same value for this parameter, which was
statistically significant, while the other three butter substitutes (FM, PaEM, and RMTM)
were significantly darker. It is worth noting that the butter substitutes compared to the
standard for butter color components a*, b*, and L* gave surprisingly similar results for
each component, despite the differences in chemical composition (e.g., different fats used or
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water content), in textural parameters (e.g., spreadability or hardness) and due to different
technological processes.

Table 6. Color components of butter and butter substitutes.

Parameter
L* a* b* ΔE

Butter Samples

LMK 85.72 ± 0.78 a,b,c,d −6.98 ± 0.10 a 30.25 ± 0.40 c,d,e 14.89 ± 0.11 b,c

LaME 88.44 ± 0.39 c,d −7.24 ± 0.07 a 31.82 ± 0.26 e,f,g 14.94 ± 0.10 b,c

LoME 88.13 ± 0.59 c,d −7.48 ± 0.11 a 29.04 ± 0.37 c 14.13 ± 0.12 b

MEG 87.67 ± 1.41 b,c,d −6.93 ± 0.07 a 31.57 ± 0.94 e,f 14.81 ± 0.17 b,c

MEH 87.50 ± 0.57 b,c,d −7.16 ± 0.05 a 30.67 ± 0.37 c,d,e 14.59 ± 0.09 b,c

MMP 88.69 ± 0.19 c,d −7.32 ± 0.14 a 32.08 ± 0.05 e,f,g 15.08 ± 0.16 b,c

PME 87.12 ± 0.49 a,b,c,d −7.49 ± 0.12 a 33.84 ± 0.63 f,g 16.51 ± 0.44 c

PrME 89.30 ± 0.16 d −7.13 ± 0.02 a 33.06 ± 0.14 f,g 15.32 ± 0.06 b,c

Butter Substitutes Samples
FM 83.70 ± 1.71 a −7.01 ± 0.26 a 25.34 ± 0.70 b 14.88 ± 0.68 b,c

LuPM 86.58 ± 2.26 a,b,c,d −7.24 ± 0.16 a 25.55 ± 1.26 b 13.90 ± 0.48 b

LaM 87.98 ± 0.65 c,d −5.97 ± 0.04 a 30.81 ± 0.48 c,d,e 13.50 ± 0.04 b

PaEM 85.40 ± 1.37 a,b,c −6.74 ± 0.04 a 31.18 ± 0.78 d,e,f 15.23 ± 0.17 b,c

RMTM 84.11 ± 4.17 a,b −0.63 ± 0.09 a 20.92 ± 2.22 a 15.67 ± 3.15 c

SSO 86.82 ± 0.87 a,b,c,d −7.56 ± 0.13 a 26.76 ± 0.33 b 14.09 ± 0.14 b

ZaM 86.63 ± 0.20 a,b,c,d −6.22 ± 0.15 a 29.31 ± 0.23 c,d 13.55 ± 0.06 b

BGP 86.06 ± 0.45 a,b,c,d −5.04 ± 2.98 a 28.04 ± 0.31 c 12.37 ± 2.40 a

a,b,c,d,e,f,g—values in the same column and marked with the same letters are not statistically significantly different
at the α = 0.05 level.

The calculated ΔE* values represented the difference between the color of the test sam-
ple and the color of the standard in CIELab space and therefore expressed the magnitude
of the color change but not its direction. With regard to the expression of this parameter,
the samples of butter and butter substitutes were statistically significantly different in two
homogeneous groups at the α = 0.05 level. The calculated ΔE* values for the butter and
butter substitute samples ranged in excess of 5, indicating large color differences to the
unaided eye of an unexperienced observer between the test butter and butter substitutes
and the standard color [35,62].

A multivariate analysis of the spreadability measurements, selected physicochemical
properties, and the color components of the butter and butter substitute samples did not
reveal any significant strong relationships between these parameters (Figure 2a,b). The
only significant correlation found was between the ΔE* value and b* color compound for
the butter samples (correlation coefficient 0.85). Lapčíková et al. [46] also found no general
relationship between the content and composition of total fat in the samples and the values
of textural parameters (i.e., springiness, cohesiveness, and stringiness). Furthermore, no
correlation was to be expected for the color components, since both butter and butter
substitutes can be colored (while carotenes annatto, bixin, norbixin, and curcumin are
permitted in butter in the EU, as are other fat- and oil emulsions) [63].
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(a)  

(b)  

Figure 2. Graphs of correlation matrix showing the relationship between the spreadability, selected
physicochemical properties, and the color components of butter and butter substitute samples (a) and
butter substitute samples alone (b) measured at different temperatures (with a confidence level of
95.0%).
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3.3. Additional Characteristics of Butter Milk Fat

Determination of the acid value. The acid number is defined as the number of mil-
ligrams of potassium hydroxide required to neutralize the free fatty acids in a gram of
fat sample. The acid number values of the butter samples tested ranged from 1.14 to
1.54 mg KOH/g fat and did not exceed the maximum value of 2 mg KOH/g fat permitted
for butter (Table 7). The acid numbers of the butter tested in this study were statistically
significantly different (at a significance level of α = 0.05). This may be due to different
production dates or because the comparison involves samples from different manufacturers
and technologies.

Table 7. Characteristics of butter milk fat.

Butter Samples
Acid Value

[mg KOH/g fat]
Saponification Number

[mg KOH/g fat]

LMK 1.27 ± 0.03 b 227.58 ± 0.43 b

LaME 1.20 ± 0.02 a 228.03 ± 0.58 b,c

LoME 1.16 ± 0.03 a 226.19 ± 0.80 a

MEG 1.31 ± 0.02 b 230.35 ± 0.32 d

MEH 1.54 ± 0.03 d 228.18 ± 0.36 b,c

MMP 1.14 ± 0.03 a 229.02 ± 0.11 c

PME 1.16 ± 0.03 a 230.30 ± 0.6 d

PrME 1.37 ± 0.02 c 231.18 ± 0.55 d

a,b,c,d—values in the same column and marked with the same letters are not statistically significantly different at
the α = 0.05 level.

These data are consistent with those of other scientists [64,65]. Similar results were
obtained by Bellinazo et al. [64], who examined the properties of butter during storage and
obtained an acid number value of 1.08 mg KOH/1 g fat just after production. The acid
value increased with the storage time and was 2.74 mg KOH/g fat after storage for 90 days.

Determination of the peroxide number. No peroxides were found at detectable levels
in any of the tested samples, which was due to the good quality of the tested products.
These results were consistent with the findings of other researchers [66]. This number is a
measure of the peroxide content and is considered an indicator of the rancidity of the fat.
The butter samples tested were products derived from sweet cream; meanwhile, Khaskheli
et al. [67] showed that the peroxide number of market sweet butter (1.56 ± 0.17 mEq O2/kg fat)
was significantly higher than the peroxide number of butter derived from fermented cream
(1.00 ± 0.08 mEq O2/kg fat), which was determined by changes that were reported to
have occurred during the storage of the tested butter samples. In comparison, the peroxide
number of butter samples freshly prepared from sweet cream or fermented cream under
the laboratory conditions by Khaskheli et al. [67] was 1.00 ± 0.10 mEq O2/kg fat and
1.04 ± 0.11 mEq O2/kg fat, respectively. The observed fluctuations in the peroxide number
values of market butter (0.35 ± 0.24 to 1.80 ± 0.36 mEq O2/kg fat) were explained by
Gonçalves and Baggio [68] by differences in the way the products were packaged, and thus,
their exposure to atmospheric oxygen.

Determination of the saponification number. The saponification number values of the
butter tested were in the range of 226.2–231.2 mg KOH/g fat and did not exceed the usual
range specified for butter, i.e., 220–236 mg KOH/g fat (Table 7). Although the differences
between the values obtained for the different butter samples were small, the values were
significantly different (at a significance level of α = 0.05). Similar results were obtained by
Kahyaoğlu and Çakmakçı [69], who studied butter and obtained a saponification number
of 228.1 mg KOH/g fat. Another study by Kahyaoğlu and Çakmakçı [70] showed that
the saponification number increased with storage time. As the studies mentioned above
have shown, the saponification number (such as the acid number) can be an indicator
of the degree of freshness of the fat and, above all, of its shelf life. Determination of the
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saponification number in fats enables the average molecular weight of the fatty acids to be
determined. Its high levels in butter are due to the presence of palmitic acid.

Chromatographic determination of the fatty acid profile. Table 8 provides a summary
of the percentage of individual fatty acids found in the butter samples tested. Types of
butter, which are products of animal origin, are characterized by a high percentage share of
saturated fatty acids (SFA) and a low content of unsaturated fatty acids: monounsaturated
fatty acids (MUFA) and polyunsaturated fatty acids (PUFA). The analyzed kinds of butter
contained the following fatty acids in the highest proportion: palmitic acid (C16:0), oleic
acid (C18:1 cis 9), stearic acid (C18:0), and myristic acid (C14:0).

Table 8. Percentage of fatty acids present in the fat fraction of butter samples.

Fatty Acids Percentage of Fatty Acids Present in the Fat Fraction [%]

Butter
Samples

LMK LaME LoME MEG MEH MMP PME PrME

C 4:0 0.24 ± 0.13 a,b 0.20 ± 0.04 a,b 0.17 ± 0.20 a 0.71 ± 0.04 c 0.29 ± 0.07 a,b 0.5 ± 0.11 b,c 0.69 ± 0.17 c 0.78 ± 0.08 c

C 6:0 0.52 ± 0.15 a,b 0.36 ± 0.04 a 0.43 ± 0.06 a,b 0.81 ± 0.04 c 0.54 ± 0.09 a,b 0.65 ± 0.04 b,c 0.85 ± 0.09 c 0.89 ± 0.06 c

C 8:0 0.5 ± 0.12 b,c 0.32 ± 0.06 a 0.38 ± 0.07 a,b 0.65 ± 0.04 c,d 0.48 ± 0.04 a,b,c 0.57 ± 0.01 b,c,d 0.62 ± 0.07 c,d 0.69 ± 0.04 d

C 10:0 1.89 ± 0.21 a,c 1.25 ± 0.41 a 1.46 ± 0.2 a,b 2.07 ± 0.10 c 1.71 ± 0.11 a,b,c 1.96 ± 0.08 a,c 2.15 ± 0.09 c 2.15 ± 0.04 c

C 12:0 2.67 ± 0.18 a,b 1.89 ± 0.73 a 2.15 ± 0.31 a,b 2.9 ± 0.11 b 2.55 ± 0.12 a,b 2.83 ± 0.06 a,b 2.96 ± 0.04 b 2.93 ± 0.06 b

C 14:0 9.44 ± 0.74 a,b 8.03 ± 2.79 a 9.32 ± 0.37 a,b 11.01 ± 0.14 a,b 10.44 ± 0.23 a,b 10.82 ± 0.19 a,b 11.41 ± 0.18 b 10.96 ± 0.12 a,b

C 14:1 0.13 ± 0.02 a 0.13 ± 0.05 a 0.15 ± 0.02 a,b 0.18 ± 0.01 a,b,c 0.20 ± 0.01 b,c 0.20 ± 0.01 b,c 0.22 ± 0.01 c 0.23 ± 0.01 c

C 15:0 0.90 ± 0.09 a 0.74 ± 0.29 a 0.93 ± 0.19 a 1.03 ± 0.01 a 0.98 ± 0.03 a 1.14 ± 0.05 a 1.12 ± 0.08 a 1.05 ± 0.03 a

C 16:0 32.49 ± 1.19 a 33.13 ± 2.47 a 37.15 ± 2.31 b 34.61 ± 0.22 a,b 34.56 ± 1.02 a,b 34.85 ± 0.38 a,b 35.11 ± 0.74 a,b 31.37 ± 0.39 a

C 17:0 0.54 ± 0.03 a 0.52 ± 0.17 a 0.58 ± 0.09 a 0.60 ± 0.01 a 0.65 ± 0.04 a 0.69 ± 0.07 a 0.68 ± 0.08 a 0.69 ± 0.02 a

C 18:0 12.10 ± 0.34 a 12.73 ± 1.21 a 11.39 ± 0.60 a 11.59 ± 0.11 a 11.34 ± 0.46 a 11.06 ± 0.11 a 11.17 ± 0.27 a 11.73 ± 0.06 a

C 20:0 0.13 ± 0.01 a 0.15 ± 0.01 a 0.14 ± 0.03 a 0.13 ± 0.00 a 0.17 ± 0.03 a 0.14 ± 0.02 a 0.13 ± 0.02 a 0.12 ± 0.01 a

C 14:1 cis 1.02 ± 0.10 a,b 0.90 ± 0.33 a 1.09 ± 0.05 a,b,c 1.27 ± 0.05 a,b,c 1.25 ± 0.04 a,b,c 1.37 ± 0.02 b,c 1.39 ± 0.06 c 1.39 ± 0.04 c

C 15:1 0.12 ± 0.02 a 0.14 ± 0.06 a,b 0.19 ± 0.03 a,b 0.20 ± 0.01 a,b 0.21 ± 0.02 b 0.23 ± 0.02 b 0.22 ± 0.03 b 0.22 ± 0.01 b

C 16:1 trans 0.14 ± 0.02 a,b 0.13 ± 0.01 a,b 0.13 ± 0.02 a 0.14 ± 0 a,b 0.15 ± 0.02 a,b 0.15 ± 0.01 a,b 0.14 ± 0.01 a,b 0.17 ± 0.01 b

C 16:1 cis9 1.9 ± 0.05 a 2.04 ± 0.13 a 1.98 ± 0.36 a 1.91 ± 0.01 a 1.86 ± 0.13 a 2.01 ± 0.07 a 1.91 ± 0.07 a 1.84 ± 0.03 a

∑C 16:1 cis 0.48 ± 0.05 a 0.41 ± 0.16 a,b 0.59 ± 0.11 a,b 0.58 ± 0.01 a,b 0.55 ± 0.05 a,b 0.63 ± 0.05 a,b 0.60 ± 0.03 a,b 0.64 ± 0.01 b

C 17:1 cis 0.14 ± 0.00 a 0.16 ± 0.02 a 0.19 ± 0.07 a 0.19 ± 0.03 a 0.20 ± 0.04 a 0.23 ± 0.01 a 0.20 ± 0.03 a 0.21 ± 0.02 a

C 17:1 cis izo 0.02 ± 0.01 a 0.05 ± 0.02 a 0.05 ± 0.03 a 0.04 ± 0.00 a 0.06 ± 0.01 a 0.05 ± 0.00 a 0.05 ± 0.01 a 0.04 ± 0.00 a

∑C 18:1 trans 2.13 ± 0.22 b,c 1.12 ± 0.46 a 1.32 ± 0.40 a 1.65 ± 0.02 a,b 1.30 ± 0.14 a 1.73 ± 0.05 a,b 1.49 ± 0.18 a,b 2.84 ± 0.06 c

C 18:1 cis9 25.83 ± 1.88 a,b 28.80 ± 5.12 b 25.18 ± 1.73 a,b 22.90 ± 0.21 a,b 25.34 ± 1.82 a,b 23.07 ± 0.17 a,b 22.27 ± 0.25 a 23.17 ± 0.12 a,b

C 18 1 trans9 1.58 ± 0.25 a,b 1.76 ± 0.68 b 1.13 ± 0.26 a,b 0.98 ± 0.01 a,b 1.01 ± 0.09 a,b 1.01 ± 0.0 a,b 0.89 ± 0.04 a 1.01 ± 0.01 a,b

∑C 18:1 cis 1.18 ± 0.09 b 0.81 ± 0.19 a 0.89 ± 0.20 a,b 1.10 ± 0.01 a,b 0.79 ± 0.06 a 1.11 ± 0.02 a 0.99 ± 0.06 a,b 1.19 ± 0.06 b

C 19:1 cis 0.07 ± 0.02 a 0.06 ± 0.02 a 0.08 ± 0.02 a 0.10 ± 0.01 a 0.11 ± 0.02 a 0.12 ± 0.00 a 0.10 ± 0.01 a 0.11 ± 0.01 a

C 20:1 0.10 ± 0.01 a,b 0.07 ± 0.04 a 0.08 ± 0.02 a 0.08 ± 0.01 a,b 0.13 ± 0.01 b 0.12 ± 0.02 a,b 0.10 ± 0.01 a,b 0.09 ± 0.01 a,b

C 20:1 cis 0.14 ± 0.07 a 0.20 ± 0.15 a 0.07 ± 0.07 a 0.03 ± 0.01 a 0.09 ± 0.04 a 0.04 ± 0.01 a 0.02 ± 0.01 a 0.02 ± 0.01 a

C 18:2 trans 0.12 ± 0.01 b 0.07 ± 0.02 a 0.08 ± 0.02 a,b 0.10 ± 0.00 a,b 0.08 ± 0.02 a,b 0.11 ± 0.01 a,b 0.10 ± 0.02 a,b 0.11 ± 0.01 b

C 18:2
cis9,cis12 2.46 ± 0.34 a,b 2.94 ± 1.32 b 1.89 ± 0.21 a,b 1.62 ± 0.02 a,b 1.74 ± 0.15 a,b 1.73 ± 0.09 a,b 1.40 ± 0.09 a 1.86 ± 0.02 a,b

C 18:3
cis9,cis12,cis15 0.61 ± 0.05 a,b 0.59 ± 0.13 a,b 0.52 ± 0.10 a 0.49 ± 0.02 a 0.83 ± 0.19 b 0.54 ± 0.05 a,b 0.52 ± 0.05 a 0.69 ± 0.06 a,b

C 18:2
trans9,trans11 0.42 ± 0.02 c 0.29 ± 0.08 a 0.29 ± 0.05 a,b 0.37 ± 0.01 a,b,c 0.39 ± 0.02 a,b,c 0.43 ± 0.04 c 0.41 ± 0.04 b,c 0.81 ± 0.03 d

a,b,c,d—values in the same row and marked with the same letters are not statistically significantly different at the
α = 0.05 level.

Among the saturated fatty acids (SFA) found in the butter analyzed in this study, one
can distinguish between short-chain fatty acids (SCFAs) and medium-chain fatty acids,
characteristic of milk fat [71]. Five fatty acids classified as SCFAs were detected in all butter
samples analyzed: butyric acid (C4:0), caproic acid (C6:0), caprylic acid (C8:0), capric acid
(C10:0) and lauric acid (C12:0). SCFAs are also an important component of milk fat due
to their biological properties and health-promoting effects [72,73]. The total saturated fat
percentage share present in the butter tested differed significantly between the samples at a
significance level of α = 0.05.

In all the kinds of butter tested, among the identified MUFA were myristoleic acid
(C14:1), isomers of palmitoleic acid (C16:1), and isomers of margaric acid (C17:1). However,
oleic acid (C18:1 cis 9) was the predominant fatty acid. The total monounsaturated fatty acid
percentage share present in the kinds of butter tested also differed significantly between
the butter samples at a significance level of α = 0.05.

The predominant polyunsaturated fatty acid (PUFA) in the butter samples of this
study was linoleic acid (C18:2: cis 9, cis 12). The total polyunsaturated fatty acid percentage
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share in the kinds of butter studied also differed significantly between the samples, at a
significance level of α = 0.05. The fatty acid composition of butter is primarily influenced
by the raw material selection, and thus, by the genetics (breed), feeding, and environmental
factors (season and region) of the dairy cows that the butter comes from [72,74,75].

The rheological results obtained for the butter samples in this study did not correspond
with other chemical data obtained exclusively for the butter samples and were determined
by the techniques used. A multivariate analysis of spreadability measurements with acid
value, saponification number, or percentage fatty acid content (percentage of saturated fatty
acids, MUFA, and PUFA) of the butter samples showed no significant strong relationships
between these parameters (Figure 3a). In addition, a multivariate analysis was performed
to analyze the correlation between the percentage of each fatty acid identified in the butter
samples and the spreadability for the butter samples measured at different temperatures
(Figure 3b). In this analysis, no correlation was found between the spreadability of the
butter samples and the fatty acid profile.

(a) 

Figure 3. Cont.
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(b) 

Figure 3. Graphs of correlation matrix showing the relationship between spreadability, acid value,
saponification number and SFA, MUFA, and PUFA fatty acid profile (a), as well as between spread-
ability, and the fatty acid percentage share (the percentage for each fatty acid determined) of butter
samples (b) measured at different temperatures (with a confidence level of 95.0%).

Meanwhile, Brunner [76] found that 80% of the differences in butter texture could
be explained by differences in the composition of milk fatty acids. However, Jaeck and
Pabst [77] found differences in butter texture in herds of cows fed similar diets. Meanwhile,
some researchers [43,78,79] have found sufficient variability between cows fed the same
feed to produce butter with different textural characteristics and a healthier fatty acid
composition. This was supported by a study by Bobe et al. [30], who found that butter
samples from milk from cows with a more unsaturated milk fatty acid composition were
more spreadable, softer, and less sticky. Thus, the phenotypic variation in milk fatty acid
composition among cows fed the same diet is sufficient to produce butter with different
textural properties. Meanwhile, Lapčíková et al. [46] found no overall relationship between
the composition of milk fat in the samples of butter, spreads, and shortenings available on
the Czech market and the values of their textural parameters (i.e., springiness, cohesiveness,
and stringiness).

4. Conclusions

The selected structural (spreadability, hardness, adhesive force, and adhesiveness) and
physicochemical (water content, water distribution, plasma pH, color, acid value, peroxide
number, saponification number, and fatty acid profile) parameters of the butter and butter
substitutes tested in this study were correlated with factors such as the type of sample,
measuring temperature and physicochemical composition.

The highest spreadability value (i.e., poorer spreadability of the product on the bread)
value was obtained for butter samples at 4 ◦C, and they were significantly inferior to butter
substitutes at the same temperature. Butter samples at 4 ◦C were also characterized by high
hardness, which was significantly higher than butter substitutes at the same temperature.
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Statistical analysis of the spreadability, hardness, adhesive strength, and adhesiveness
results obtained for the butter and butter substitute samples in this study revealed corre-
lations between the textural parameters studied. These were different for the butter and
butter substitute samples tested at 4 ◦C, as well as between hardness and spreadability for
samples tested 30 min after removal from the refrigerator. In the case of the butter samples,
only very few strong correlations between the spreadability of the products and their other
analyzed characteristics were found. In contrast, such correlations abounded for the butter
substitute samples.

The butter substitutes had significantly higher water content values than the butter
samples. No clear relationship was found between the composition of the butter and butter
substitute samples and the values of the textural parameters, including spreadability. The
a*, b*, and L* butter color components of the butter substitutes compared with the standard
gave surprisingly similar results for each component, despite the differences in chemical
composition and textural parameters, and the differences due to different technological
processes.

Analysis of a number of variable measurements of the spreadability and acid number,
saponification number or percentage of fatty acids in the butter samples, or even the
percentage of each fatty acid identified in the butter samples, did not reveal significant
strong relationships between these parameters and the spreadability of the butter samples
measured at different temperatures.
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Abstract: The present study was designed to determine the changes in the chemical composition of
kefir enriched with encapsulated volatile oils by enzymatic methods and the antimicrobial activity
of volatile oils. Using encapsulated volatile oils (fennel, mint, and lavender) and cow’s milk, we
created three different forms of kefir. To highlight the antiseptic capacity of the volatile oils, we
performed their antimicrobial analysis on three types of molds (Geotrichum candidum, Penicillium
expansum, Aspergillus niger) and one Gram-negative bacterium (Escherichia coli). The technique used to
determine antimicrobial activity was Kirby–Bauer. The changes in the chemical composition of kefir
samples with encapsulated volatile oils were analyzed using enzymatic methods and were compared
with a control sample of kefir. The main analyzed chemical compounds were lactose, D-glucose,
D-galactose, acetic acid, ethanol, L-lactic acid, and L-glutamic acid. The kefir samples enriched with
volatile oils obtained superior results compared to the control sample during the whole analysis
period. The main advantage of using encapsulation is that the bioactive compounds of the volatile
oils are gradually released in the kefir sample due to the protection provided by sodium alginate. As
a result, products with high nutritional values were obtained that are beneficial to the consumer’s
health and have a longer shelf life thanks to the volatile oils’ antimicrobial properties.

Keywords: kefir; volatile oil; antimicrobial; enzymatic analysis; bioactive compounds

1. Introduction

Dairy products contain a large number of proteins and are an important source of
exogenous amino acids that influence metabolic processes and bring important benefits
to the consumer’s health [1]. There is an increased interest in producing fermented milk
drinks with nutritional properties which benefit consumers’ health [2]. Kefir has an acid-
alcoholic taste [3] produced as a result of acid and alcoholic fermentation [4,5]. The
fermentation process plays an important role because the volume of calcium, vitamins, and
amino acids increases [6,7]. Following the studies carried out, it was concluded that kefir
contains numerous substances beneficial to health that have antioxidant, antimicrobial,
and anti-inflammatory properties [8–12]. In addition, kefir consumption lowers the risk of
cardiovascular disease by attenuating the increase in protein C [13].

Current research is mainly based on functional foods that contain plant derivatives
with antioxidant, antimicrobial, anticancer, and anti-inflammatory properties [14,15].

Traditional uses for lavender (Lavandula angustifolia Mill.) include culinary use, treat-
ment of burns and skin wounds, and relief from headaches and digestive problems [16].
Moreover, lavender has antioxidant, antimicrobial, antispasmodic, antidepressant, anal-
gesic, and carminative properties for various diseases [17,18]. Numerous antibacterial,
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antioxidant, and insecticidal activities are present in lavender volatile oil [16,19]. The
most important constituents of the volatile lavender oil are 1,5-Dimethyl-1-vinyl-4-hexenyl
butyrate [17], camphor, cineole, terpineol, and borneol [20]. The antimicrobial properties of
lavender and lavender volatile oil have been studied by various researchers in recent years.
The capacity of volatile lavender oil to prevent Listeria innocua (Gram-positive) was shown
in the study by Marn et al. in 2016 [21]. In 2021, Benbrahim et al. showed that volatile
lavender oil has antibacterial properties against antibiotic-resistant strains of Klebsiella
pneumoniae without cytotoxicity on human lymphocytes [22].

Mint (Mentha piperita L.) is used in gastronomy but also in the pharmaceutical and
cosmetic industry [23,24]. The volatile mint oil contains phenols and flavonoids, which
have antioxidant and antibacterial effects. It is typically used to treat a variety of digestive
illnesses, including diarrhea, intestinal inflammation, and nervous system issues [24,25].
Numerous studies have shown that volatile mint oil can combat a wide range of germs,
including Staphylococcus epidermidis, Escherichia coli, Staphylococcus aureus, Enterococcus
faecalis, Bacillus cereus, and Cronobacter sakazakii [23]. In 2013, Tsai et al. showed that
volatile mint oil contains menthol, alcohol, and terpenes, these compounds giving it an
antimicrobial character against Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus
aureus [26]. In 2019, Park et al. established the antimicrobial propriety of volatile mint oil
due to its high menthol content [27]. According to Kapp et al. in 2020, the antibacterial
action of mint flavoring in sweets and food supplements against Staphylococcus aureus and
Escherichia coli may also help to avoid bacterial illnesses and lessen food contamination [28].

Fennel (Foeniculum vulgare L.) is an aromatic and therapeutic plant [29] with anti-
inflammatory, analgesic, diuretic, and carminative properties [30–32]. In recent years, the
real interest has begun to be given to volatile fennel oil obtained from its seeds [31]. Volatile
fennel oil has a hepatoprotective, anti-inflammatory [30], antioxidant, antimicrobial [33],
and antifungal character [29]. The flavonoids, phenolic compounds [32], phenylpropanoid
derivatives, and monoterpenoids [30], as well as trans-anethole, fenchone, estragole, and
a-phellandrene, are the most significant components of volatile fennel oil [34]. Numerous
research has shown that volatile fennel oil has antibacterial properties. Anwar et al. in 2009
used the disk diffusion method to show that volatile fennel oil has antibacterial properties
against Bacillus subtilis, Aspergillus niger, and Escherichia coli [31]. In 2019, using the same
method, Marín et al. demonstrated the antimicrobial character of this oil on Listeria innocua
(Gram-positive) and Pseudomonas fluorescens [21]. Other studies carried out in 2011, 2018,
and 2021 demonstrated the antimicrobial character by associating this with the components
of volatile fennel oil [33,35,36].

The purpose of our research is to create functional foods that bring nutritional benefits
to the consumer by incorporating bioactive components. In 2019, we started studying
dairy products enriched with different volatile oils [37]. This research has been certified
by articles, and the positive results obtained have led us to analyze as many compounds
in these products as possible. For the present study, we have chosen to continue the
studies carried out for kefir enriched with encapsulated volatile oils. The sensory, textural
acceptability, and antioxidant capacity of the products were studied, and the results were
published in 2022 [38,39].

In this context, the present study was designed to determine the changes in the chemi-
cal composition of kefir enriched with encapsulated volatile oils by enzymatic methods
and the antimicrobial activity of volatile oils.

Enzyme kits from the R-Biopharm company were used. Enzyme analysis is an excel-
lent way to identify numerous compounds in dairy products because the test kits include
selected, multi-tested reagents. For the current study, we decided to use these test kits
because they have many advantages, the most important being the high degree of safety.
These kits are recommended by the IDF (International Dairy Federation) [40]. The ana-
lyzed compounds were lactose, D-glucose, D-galactose, acetic acid, ethanol, L-lactic acid,
and L-glutamic acid. The use of volatile oils with antimicrobial capacity aims to increase
the finished product’s shelf life. So, using encapsulated volatile oils and cow’s milk, we
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created three different forms of kefir. Lavender, mint, and fennel were the volatile oils that
were utilized.

The antimicrobial capacity of the volatile oils used was tested on several types of
microorganisms that poison food products, especially dairy products. Three types of molds
(Geotrichum candidum, Penicillium expansum, Aspergillus niger) and one Gram-negative
bacterium (Escherichia coli) were selected.

Geotrichum candidum, the best-known species in the genus, is a yeast-like fungus
tolerant of acidic environments. Its taxonomic position was revised in 2004 by De Hoog
and Smith, the genus Geotrichum being composed of 22 species [41]. Geotrichum candidum
thrives at temperatures between 5 and 38 ◦C, with an optimum temperature of 25 ◦C. It is
tolerant to a wide range of pH values, with optimum values between 5.0 and 5.5. It has a
low salt tolerance. Unlike yeasts, the growth of G. candidum is limited by the amount of
salt. Concentrations of 1% NaCl lead to slight growth suppression. NaCl concentrations of
5–6% have an inhibitory effect [42].

Blue mold disease caused by Penicillium expansum is the most economically important
post-harvest disease of stored fruit and vegetables. In addition to causing food spoilage,
some strains of the fungus produce patulin mycotoxin [43]. Patulin is a moderately toxic
mycotoxin, but according to studies, it has no carcinogenic or mutagenic effect. Penicillium
species have a highly evolved physiology, resulting in adaptation to a very wide range of
habitats. All Penicillium species can grow in food at a low pH of between 2 and 3. Most
Penicillium species grow at lower temperatures, and none are thermophilic [44].

Aspergillus niger is a type of mold that causes “black mold” on the outside of certain
foods, such as apricots, onions, and grapes [45]. Aspergillus niger is the most common
species of Aspergillus and is more prevalent in warmer climates, both in field situations and
in stored food. Black spores protect against sunlight and UV radiation, giving a competitive
advantage in such habitats. A. niger is very commonly isolated from sun-dried products
such as grapes, where it can produce ochratoxin A [46]. High temperatures and high
relative humidity favor the growth of these organisms. The most favorable temperature
is 25–40 ◦C. At temperatures below 15 ◦C, there is no significant growth, and under
refrigerated conditions, there is no growth at all [47].

Escherichia coli is a member of the family Enterobacteriaceae, which are facultatively
anaerobic Gram-negative rods (possessing both fermentative and respiratory metabolism)
and do not produce the enzyme oxidase [48]. Escherichia coli are introduced into water
bacteriology because it is a useful marker of fecal pollution and thus has become an
important marker in food and water hygiene [49]. Escherichia coli is a bacterium that
is carried in the gastrointestinal tract of humans and dairy animals. Milk collected for
human consumption can become contaminated with E. coli directly through animal feces or
indirectly through media, equipment, and workers [50]. The technique used to determine
antimicrobial activity was Kirby–Bauer.

Due to the oils’ sensitivity to environmental and technological conditions, the tech-
nique of their encapsulation was chosen. To compare the obtained results, we made a
control sample of kefir without the addition of volatile oils. The analyses were completed
on the first, tenth, and twenty-first days that the samples were stored. All results were
statistically processed and correlated using the Pearson correlation.

2. Materials and Methods

2.1. Determination of Antimicrobial Activity for Volatile Oils

The Kirby–Bauer method was employed to ascertain the antibacterial activity. The
culture medium used to activate the molds Geotrichum candidum, Penicillium expansum, and
Aspergillus niger is DRBC Agar (Dichloran Rose Bengal Chloramphenicol Agar). A total of
31.5 g was used to prepare one liter of culture medium, and this was autoclaved for 20 min
at 120 ◦C. After autoclaving, the medium was allowed to cool to 30 ◦C and poured into
the test tube for activation of the molds [51]. The culture medium used for the activation
of Escherichia coli bacteria is Blood Agar. All strains used were obtained from the culture
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collection of the microbiology laboratory of the Faculty of Agricultural Sciences, Food
Industry and Environmental Protection, Lucian Blaga University of Sibiu. The method
involves the use of specific media that are poured hot into Petri dishes. After solidification
of the culture medium on the plates, the suspension of microorganisms is spread in a thin
layer with a sterile buffer, which must have a concentration of 0.5 on the MacFarland scale.
With sterile medical tweezers, discs impregnated with the extract under study are placed
on the plate, the discs having a size of 6 mm. The amounts of extract used for impregnation
were 10 μg/L. It is recommended to place the discs at a minimum distance of 30 mm
between them and 15 mm from the edges of the Petri dish. Incubation was performed in
a Memmert thermostat at 37 ◦C for 24 and 48 h. The reading was performed with a ruler
measuring the resulting zone of inhibition, including the diameter of the disc. The results
are expressed by giving a qualification such as sensitive, intermediate, or resistant to the
studied compound or extract, according to Table 1. For each type of microorganism, two
Petri dishes were made in which the three types of volatile oils were impregnated [51].

Table 1. Definition of the qualifiers sensitive, intermediate, and resistant according to the diameter of
the inhibition zone [52–54].

Qualifiers Diameter of Inhibition Zone [mm]

Sensitive ≥20
Intermediate 15–19

Resistant ≤14

The volatile oils were extracted from lavender, fennel, and mint. The plants originated
from authorized crops in Sibiu county, Romania. The extraction method used was applied
and described in previous research in 2019 and 2022 [37–39]. Volatile oils are very sensitive
to external factors, so we wanted to protect them by encapsulation. The encapsulation
method and technique were described in 2022 research by Tit,a et al. [39].

2.2. Enzymatic Analyses

The method of obtaining kefir samples with added volatile oils was identical to that
presented in the 2022 research by Tit,a et al. [38,39].

Enzyme kits from the R-Biopharm company (Darmstadt, Germany) were used. These
kits were purchased from the authorized distributor in Romania, Diamedix Impex SA.
The test kits from “Boehringer Mannheim Enzymatic BioAnalysis and Food Analysis” are
based on high-quality enzymes, allowing precise measurement of each compound. Enzyme
analyses are recommended by the IDF, and the spectrophotometric method is used to
perform them [40].

2.2.1. Determination of Lactose and D-Galactose Content

The method and sample preparation was carried out according to the method of
the R-Biopharm Cat. No. 10 176 303 035 and IDF 79B (1991) and ISO 5765-2 (1999).
Using a STAT FAX Model 1904 spectrophotometer, calculate the absorbance at 340 nm for
each sample [55].

2.2.2. Determination of D-Glucose Content

The method and sample preparation was carried out according to the method of
the R-Biopharm Cat. No. 10 986 119 035 and IDF 79B (1991) and ISO 5765-1 (1999).
Using a STAT FAX Model 1904 spectrophotometer, calculate the absorbance at 340 nm for
each sample [56].
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2.2.3. Determination of L-Glutamic Acid Content

The method and sample preparation was carried out according to the method of the
R-Biopharm Cat. No. 10 139 092 035 and ISO 4134, D, CH. Using a STAT FAX Model 1904
spectrophotometer, calculate the absorbance at 340 nm for each sample [57].

2.2.4. Determination of Acetic Acid Content

The method and sample preparation was carried out according to the method of the
R-Biopharm Cat. No. 10 148 261 035 and IFU and MEBAK. Using a STAT FAX Model 1904
spectrophotometer, calculate the absorbance at 340 nm for each sample [58].

2.2.5. Determination of Ethanol Content

The method and sample preparation was carried out according to the method of the
R-Biopharm Cat. No. 10 176 290 035 and D, CH, Au, F. Using a STAT FAX Model 1904
spectrophotometer, calculate the absorbance at 340 nm for each sample [59].

2.2.6. Determination of L-Lactic Acid Content

The method and sample preparation was carried out according to the method of
the R-Biopharm Cat. No. 10 139 084 035 and ISO 69B (1987) and ISO 9069 (1986). Us-
ing a STAT FAX Model 1904 spectrophotometer, calculate the absorbance at 340 nm for
each sample [60].

2.3. Statistical Analysis

The following statistical measures were applied to evaluate the antibacterial activity of
volatile oils: mean, standard error of mean, median and standard deviation. The following
statistical indicators were used to express all the data from the enzymatic analyses: mean,
standard error of mean, median, standard deviation, maximum, minimum, and skewness.
Correlation analysis was used to examine the statistical significance of data collected using
Pearson’s correlation [61]. Minitab version 14 was used to conduct all statistical analyses.

3. Results

3.1. Determination of Antimicrobial Activity

The reading was performed 24 h and 48 h after incubating. A ruler was used to take
the reading while also measuring the disc’s diameter and the resulting zone of inhibition.
Two Petri dishes with the three different volatile oil were produced, one for each species
of microorganism.

Figure 1 shows the Petri dishes with the analyzed samples. The three types of volatile
oils were numbered: A, B, and C. A represents the lavender volatile oil sample, B represents
the mint volatile oil sample, and C represents the fennel volatile oil sample. The Petri
dishes were seeded with the four microorganisms, and their numbering was as follows:
1 represents the dish seeded with Geotrichum candidum, 2 represents the dish seeded with
Penicillium expansum, 3 represents the dish seeded with Aspergillus niger, and 4 represents
the dish seeded with Escherichia coli.

In terms of the inhibitory action against Penicillium expansum for volatile fennel oil,
the mean of the zone of inhibition’s diameter is 11.5 ± 0.707 mm after 24 h, and after
48 h, it is 17± 0.707 mm, yielding an intermediate qualification. After the first 24 h, the
inhibitory zone’s mean diameter in the case of volatile lavender oil is 11 ± 0 mm, yielding
a high qualification. After 48 h, the mean is 14.5 ± 0.707 mm, the qualification being
intermediate. In the first 24 h, the volatile mint oil has a mean diameter of the inhibition
zone of 24.5 ± 0.707 mm, the qualification obtained being sensitive. After 48 h, the mean is
27 ± 0 mm; the qualification is still sensitive. The highest sensitivity of Penicillium expansum
is to the volatile mint oil, being resistant or intermediate to the other two.
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Figure 1. Zone of inhibition after 48 h: 1. Geotrichum candidum; 2. Penicillium expansum; 3. Aspergillus
niger; 4. Escherichia coli; A. Lavender volatile oil; B. Mint volatile oil; C. Fennel volatile oil.

Figure 2 shows the inhibitory action of fennel, lavender, and mint volatile oils against
Penicillium expansum, Aspergillus niger, Geotrichum candidum, and Escherichia coli.

 

Figure 2. The inhibitory action of fennel, lavender, and mint volatile oils against Penicillium expansum,
Aspergillus niger, Geotrichum candidum, and Escherichia coli.

Regarding the fennel volatile oil’s ability to inhibit Aspergillus niger, the inhibition
zone’s average diameter over the first 24 h was 9.5 ± 0.707 mm, resulting in the qualification
of resistance. After 48 h, the inhibitory zone’s mean diameter is 12 ± 0 mm; resistance is
therefore qualified. After 24 h, the mean for the volatile oil of lavender is 10.5 ± 0.707 mm,
indicating that it is resistant. After 48 h, the mean is 13 ± 0 mm, the qualification ob-
tained being resistant. The volatile mint oil has a mean diameter of the inhibition zone
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of 10 ± 0 mm in the first 24 h, with the qualifier being resistant. After 48 h, the mean is
12.5 ± 0.707 mm, the qualification obtained being resistant. The inhibitory action increases
between 24 and 48 h for all three volatile oils. All three oils indicate Aspergillus niger
resistance, with volatile lavender oil producing the greatest results and fennel volatile oil
producing the worst.

After 24 h, the fennel volatile oil’s inhibition activity against Geotrichum candidum has a
mean diameter of the inhibition zone of 11.5 ± 0.707 mm, falling into the category of being
resistant. After 48 h, the mean is 14 ± 0 mm; the qualification is still resistant. The average
diameter of the zone of inhibition of volatile lavender oil after 24 h is 11.5 ± 0.707 mm,
with the descriptor “resistant.” After 48 h, the mean is 15.5 ± 0.707 mm, the qualification to
which it falls being intermediate. For volatile mint oil, the mean after 24 h is 22 ± 0 mm, the
qualifier being sensitive. After 48 h, the mean is 24.5 ± 0.707 mm, the qualification is still
sensitive. The inhibitory action increases between 24 and 48 h, the highest increase with
volatile lavender oil. Among all three types of oils, Geotrichum candidum is only sensitive to
mint volatile oil after both 24 and 48 h. Fennel volatile oil has the strongest resistance, and
volatile lavender oil becomes resistant after 24 h and intermediate after 48 h.

After 24 h, the mean width of the inhibition zone for the fennel volatile oil’s inhibition
action against Escherichia coli is 30.5 ± 0.707 mm, with the qualifier being sensitive. The
mean is 39.5 ± 0.707 mm after 48 h, with the qualifying being sensitive. After 24 h, the
inhibition zone’s mean diameter for volatile lavender oil is 34.5 ± 0.707 mm, with the
descriptor “sensitive.” The mean is 39.5 ± 0.707 mm after 48 h, with the qualifying being
sensitive. After 24 h, the mean for the volatile oil of mint is 35.5 ± 0.707 mm, with the
descriptor “sensitive”. The mean after 48 h is 40.5 ± 0.707 mm, with sensitive being the
qualifier. The inhibitory action of all three varieties of volatile oils increases between 24 and
48 h. Escherichia coli show susceptibility to all three types of volatile oils after 24 and
48 h. The volatile oils of mint and fennel caused the greatest and the least amount of
sensitivity, respectively.

3.2. Determination of Lactose Content

Table A1 (Appendix A) presents the results of determining the lactose content for each
kefir sample, as well as the statistical processing of the obtained data. For each kefir sample,
three replicates were performed on each day of analysis.

Figure 3 compares the variations in lactose concentration between the control sample
and the cow’s milk kefir samples that have been enhanced with encapsulated volatile oils.

Regarding the control sample, the first day of storage produced the highest lactose
content value, with a mean of 4.579 ± 0.0006 g/100 g. On day 20, the lowest value of
the lactose content was recorded, the mean being 3.682 ± 0.0015 g/100 g. The lactose
content in the kefir sample with volatile lavender oil increased on the first day of storage,
with a mean of 4.683 ± 0.0017 g/100 g. The 20th day of storage saw the lowest lactose
content value, with a mean of 4.581 ± 0.0015 g/100 g. The kefir with volatile mint oil had a
mean content of 4.664 ± 0.0012 g/100 g, with the highest value being recorded on the first
day of storage. The mean lactose content was 4.567 ± 0.0012 g/100 g on the 20th day of
storage, the lowest value recorded. The kefir sample with volatile fennel oil had the greatest
lactose concentration on the first day of storage, with a mean of 4.607 ± 0.001 g/100 g. The
mean lactose content was 4.506 ± 0.0012 g/100 g on the 20th day of storage, the lowest
number recorded.
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Figure 3. Comparative variation of lactose content determined by the enzymatic method in kefir
samples with encapsulated volatile oils and the control sample.

3.3. Determination of D-Galactose Content

Table A2 (Appendix A) presents the results of determining the D-galactose content for
each kefir sample, as well as the statistical processing of the obtained data. For each kefir
sample, three replicates were performed on each day of analysis.

Figure 4 compares the variance in D-galactose content between the control sample and
the samples of cow’s milk kefir that has been enhanced with encapsulated volatile oils.

 

Figure 4. Comparative variation of D-galactose content determined by the enzymatic method in kefir
samples with encapsulated volatile oils and the control sample.
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On the first day, the D-galactose level in the control sample was greatest, with a mean
of 1.0378 ± 0.0001 g/100 g. The 20th day had the lowest D-galactose level, with a mean of
1.0098 ± 0.0002 g/100 g. With a mean of 1.3021 ± 0.0001 g/100 g, the kefir sample with
volatile lavender oil had the greatest D-galactose level on the first day. On the twentieth
day, the mean amount of D-galactose was 1.2014 ± 0.0003 g/100 g. The D-galactose content
in the kefir sample with volatile mint oil was highest on the first day of storage, and the
mean value was 1.1793 ± 0.0001 g/100 g. On day 20 of storage, 1.0856 ± 0.0002 g/100 g
was recorded as the lowest D-galactose concentration value. The mean of the D-galactose
content from the first day is 1.0848 ± 0.0001 g/100 g for the kefir with volatile fennel oil.
The mean D-galactose content is 1.0662 ± 0.0002 g/100 g on the 10th day of storage and
1.0415 ± 0.0001 g/100 g on the 20th day.

3.4. Determination of D-Glucose Content

Table A3 (Appendix A) presents the results of determining the D-glucose content for
each kefir sample, as well as the statistical processing of the obtained data. For each kefir
sample, three replicates were performed on each day of analysis.

Figure 5 compares the variations in D-glucose content between the control sample and
the kefir samples that have been enhanced with encapsulated volatile oils.

 

Figure 5. Comparative variation of D-glucose content determined by the enzymatic method in kefir
samples with encapsulated volatile oils and the control sample.

All of the kefir samples see a drop in D-glucose content during the 20-day storage period.
On the first day of storage, the control sample has a D-glucose level of 0.0312 ± 0.0001 g/100 g.
The mean is 0.0308 ± 0.0001 g/100 g on day 10 and 0.0304 ± 0.0002 g/100 g on day 20 of
storage. The mean D-glucose concentration for the kefir with volatile lavender oil
on the first day of storage is 0.0344 ± 0.0002 g/100 g. The mean D-glucose content is
0.0338 ± 0.0001 g/100 g on day 10 of storage and 0.0332 ± 0.0002 g/100 g on day 20. The
mean D-glucose concentration for the kefir with volatile oil of mint is 0.0323 ± 0.0001 g/100 g
on the first day of storage. The mean is 0.0318 ± 0.0002 g/100 g on day 10 and
0.0313 ± 0.0001 g/100 g on day 20 of storage. The average amount of D-glucose in the kefir
sample containing volatile fennel oil on the first day of storage is 0.0315 ± 0.0001 g/100 g.
The mean D-glucose content is 0.0312 ± 0.0001 g/100 g on day 10 and 0.0309 ± 0.0001 g/100 g
on day 20 of storage.
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3.5. Determination of L-Glutamic Acid Content

Table A4 (Appendix A) presents the results of determining the L-glutamic acid content
for each kefir sample, as well as the statistical processing of the obtained data. For each
kefir sample, three replicates were performed on each day of analysis.

Figure 6 compares the variations in L-glutamic acid content between the control
sample and the samples of cow’s milk kefir that have been enhanced with encapsulated
volatile oils.

 

Figure 6. Comparative variation of L-glutamic acid content determined by the enzymatic method in
kefir samples with encapsulated volatile oils and the control sample.

All of the kefir samples see an increase in L-glutamic acid content during the en-
tire storage period. On the first day of storage, the control sample’s mean level of L-
glutamic acid was 0.0113 ± 0.0002 g/100 g. The mean L-glutamic acid concentration is
0.0125 ± 0.0001 g/100 g on day 10 of storage and 0.0157 ± 0.0001 g/100 g on day 20. The
mean L-glutamic acid level of the kefir with volatile lavender oil on the first day of stor-
age is 0.0526 ± 0.0001 g/100 g. The mean is 0.0538 ± 0.0001 g/100 g on day 10 and
0.0559 ± 0.0001 g/100 g on day 20 of storage. The mean L-glutamic acid level in the ke-
fir sample containing the volatile oil of mint is 0.0213 ± 0.0002 g/100 g on the first day
of storage. The mean is 0.0224 ± 0.0002 g/100 g on day 10 and 0.0231 ± 0.0002 g/100 g
on day 20 of storage. The mean L-glutamic acid level on the first day of storage is
0.0661 ± 0.0001 g/100 g for the kefir with volatile fennel oil. The mean is
0.0672 ± 0.0002 g/100 g on the 10th day of storage, and it is 0.0686 ± 0.0001 g/100 g on
the 20th day.

3.6. Determination of Acetic Acid Content

Table A5 (Appendix A) presents the results of determining the acetic acid content for
each kefir sample, as well as the statistical processing of the obtained data. For each kefir
sample, three replicates were performed on each day of analysis.

Figure 7 compares the variations in acetic acid levels between the control sample and
the kefir samples that have been enhanced with encapsulated volatile oils.
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Figure 7. Comparative variation of acetic acid content determined by the enzymatic method in kefir
samples with encapsulated volatile oils and the control sample.

The acetic acid content of the kefir samples rises after 20 days of storage. The
average amount of acetic acid in the control sample on the first day of storage was
0.0018 ± 0.0001 g/100 g. The mean acetic acid content is 0.0027 ± 0.0001 g/100 g on the
10th day of deposition and 0.0039 ± 0.0001 g/100 g on the 20th day.

The mean of the acetic acid content from the first day of storage for the kefir sample
with volatile lavender oil is 0.0003 ± 0.0001 g/100 g. The mean acetic acid content is
0.0006 ± 0.0001 g/100 g on day 20 and 0.0004 ± 0.0001 g/100 g on day 10. The mean acetic
acid content of the kefir sample containing the volatile oil of mint is 0.0001 ± 0.0001 g/100 g
on the first day of storage. The average acetic acid concentration on day 20 of storage is
0.0005 ± 0.0001 g/100 g. The average amount of acetic acid in the kefir sample containing
volatile fennel oil on the first day of storage is 0.0003 ± 0.0001 g/100 g. The mean acetic acid
content is 0.0005 ± 0.0001 g/100 g on the 10th day of storage and 0.0007 ± 0.0001 g/100 g
on the 20th day.

3.7. Determination of Ethanol Content

Table A6 (Appendix A) presents the results of determining the ethanol content for
each kefir sample, as well as the statistical processing of the obtained data. For each kefir
sample, three replicates were performed on each day of analysis.

Figure 8 compares the variations in ethanol content between the control sample and
the cow’s milk kefir samples that have been enhanced with encapsulated volatile oils.

All of the examined kefir samples have an increase in ethanol content over the period.
The average amount of ethanol in the control sample on the first day of storage was
0.0005 ± 0.0001 g/100 g. The mean ethanol content is 0.0007 ± 0.0001 g/100 g on the
10th day of storage and 0.0010 ± 0.0001 g/100 g on the 20th day.
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Figure 8. Comparative variation of ethanol content determined by the enzymatic method in kefir
samples with encapsulated volatile oils and the control sample.

The mean ethanol concentration from the first day of storage for the sample of kefir
with volatile lavender oil is 0.0003 ± 0.0001 g/100 g. The average ethanol content is
0.0005 ± 0.0001 g/100 g on the 10th day of storage and 0.0008 ± 0.0001 g/100 g on
the 20th day. The mean of the ethanol concentration from the first day of storage is
0.0003 ± 0.0001 g/100 g in the case of the kefir with volatile mint oil. The ethanol content is
0.0005 ± 0.0001 g/100 g on day 10 and 0.0007 ± 0.0001 g/100 g on day 20 of storage. The
mean ethanol concentration of the kefir sample with volatile fennel oil on the first day of
storage is 0.0001 ± 0.0001 g/100 g. The mean ethanol content is 0.0002 ± 0.0001 g/100 g on
the 10th day of storage and 0.0005 ± 0.0001 g/100 g on the 20th day.

3.8. Determination of L-Lactic Acid Content

Table A7 (Appendix A) presents the results of determining the ethanol content for
each kefir sample, as well as the statistical processing of the obtained data. For each kefir
sample, three replicates were performed on each day of analysis.

Figure 9 compares the variations in L-lactic acid content between the control sample
and the samples of cow’s milk kefir that have been enhanced with encapsulated volatile oils.

The amount of L-lactic acid increases during the 20-day storage period. The mean L-lactic
acid content of the control sample on the first day of storage is 0.7014 ± 0.0001 g/100 g. L-lactic
acid content is 0.7028 ± 0.0001 g/100 g on day 10 of storage and 0.7039 ± 0.0001 g/100 g on
day 20. The mean of the L-lactic acid content from the first day of storage is
0.7021 ± 0.0001 g/100 g for the kefir sample containing volatile lavender oil. The mean L-lactic
acid content is 0.7026 ± 0.0001 g/100 g on day 10 of storage and 0.7029 ± 0.0001 g/100 g on
day 20.The mean L-lactic acid level from the first day of storage is 0.7007 ± 0.0001 g/100 g
for the kefir sample containing volatile mint oil. The mean L-lactic acid content is
0.7009 ± 0.0001 g/100 g on the 10th day of storage and 0.7011 ± 0.0001 g/100 g on the
20th day. The mean L-lactic acid level of the sample containing volatile fennel oil on the
first day of storage is 0.7019 ± 0.0002 g/100 g. The mean is 0.7023 ± 0.0002 g/100 g on day
10 and 0.7025 ± 0.0001 g/100 g on day 20.
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Figure 9. Comparative variation of L-lactic acid content determined by the enzymatic method in
kefir samples with encapsulated volatile oils and the control sample.

4. Discussion

The many components in the plants used in this study contribute to their antibacterial
properties. The most important compounds of fennel are trans-anethole and α-pinene [62].
Trans-anethole has strong antifungal activity by inhibiting the mycelial growth of a wide
range of fungi and could be used as a preservative in food preparation and process-
ing [63,64]. The tested antimicrobial potential of α-pinene is moderate [65]. The antimicro-
bial capacity of volatile fennel oil is also given by compounds such as β-myrcene, eucalyp-
tol [66], γ-Terpinene [67,68], camphor [69], terpinen-4-ol [70], and linalool [71]. γ-Terpinene
is a very potent antimicrobial agent against Gram-positive and Gram-negative bacte-
ria [67], especially Escherichia coli and Staphylococcus aureus bacteria [68]. Lavender volatile
oil compounds with antimicrobial character are α-pinene [65], eucalyptol [66], neroli-
dol [72], p-Cymene [73], β-caryophyllene, camphor [69], terpinen-4-ol [70], linalool [71],
and linalyl acetate [74]. Studies have shown that nerolidol has potent antibacterial activity
against Staphylococcus aureus [72]. The antimicrobial character of volatile mint oil is pro-
vided by compounds such as α-pinene [65], β-myrcene, eucalyptol [66], eugenol [75,76],
p-Cymene [73], γ-Terpinene [67,68], β-caryophyllene [69], pulegone [77], menthone [78],
sabinene [79], and linalool [71]. Eugenol has been reported to have high antibacterial
activity [75], inhibiting the growth of several test microorganisms such as Escherichia coli,
Aeromonas hydrophila, and Salmonella typhi [76].

The study aimed to produce a functional dairy product that brings nutritional benefits
to the consumer’s health. The use of volatile oils with antimicrobial capacity aims to
increase the finished product’s shelf life. The antimicrobial capacity of the volatile oils used
was initially tested on several types of microorganisms affecting food products, especially
dairy products.

Following the antimicrobial determination, volatile mint oil has the highest antibacterial
activity against the chosen microorganisms, with Aspergillus niger being the only microor-
ganism that showed resistance to it. The most sensitive bacteria to this kind of oil include
Escherichia coli, Penicillium expansum, and Geotrichum candidum. Escherichia coli is quite suscepti-
ble to the antibacterial effects of lavender and fennel volatile oils. The antibacterial activity
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of volatile lavender oil is low to moderate against Aspergillus niger and intermediate against
Geotrichum candidum and Penicillium expansum. The remaining chosen microorganisms are
only weakly inhibited by the fennel volatile oil’s antimicrobial properties.

Using encapsulated volatile oils and cow’s milk, we created three different forms
of kefir. We analyzed different chemical compounds in kefir using enzymatic methods.
Enzyme kits from the R-Biopharm company were used. The analyzed compounds were
lactose, D-glucose, D-galactose, acetic acid, ethanol, L-lactic acid, and L-glutamic acid.

The kefir with lavender oil has the highest lactose concentration, while the control
sample has the lowest amount. The lactose level, as assessed by the enzymatic method,
gradually declines during storage in the case of kefir samples enhanced with volatile oils,
especially between days 10 and 20. The lactose concentration of the control sample is lower
than that of the kefir samples with oils, and it decreases more quickly throughout storage.

The D-galactose content of the four kefir samples reduces throughout storage. The
kefir sample with volatile lavender oil has the highest concentration of D-galactose, while
the control sample has the lowest concentration. The loss of D-galactose happens more
gradually in kefir samples that contain volatile oils, particularly between the first and tenth
days of storage. Over the remaining storage term, the fall gradually quickens. In the case
of the control sample, the decline speeds up during the 20-day storage period.

The kefir sample with volatile lavender oil has the highest D-glucose concentration on
day 1 of storage, while the control sample has the lowest. On days 10 and 20 of storage,
similar outcomes were attained. The D-glucose level of kefir samples with volatile oils
falls gradually over the first 10 days of storage in contrast to the subsequent days when
this drop significantly accelerates. For the control sample, the decline would happen more
quickly during the storage period.

During the 20 days of storage, the L-glutamic acid concentration of the kefir samples
rises. The fennel volatile oil kefir sample had higher glutamic acid content than the control
sample, which had a lower level. About kefir samples containing volatile oils, the rise in
L-glutamic acid concentration is gradual for the first 10 days of storage before increasing
rapidly over the next 10. When compared to the control sample, the level of L-glutamic
acid rises more quickly throughout storage.

All four samples of kefir had an increase in acetic acid levels due to storage. The control
sample had the greatest acetic acid content throughout all three days of examination,
whereas the kefir sample with volatile mint oil had the lowest. About kefir samples
containing volatile oils, the increase in acetic acid level is slower during the first 10 days of
storage than it is for the control sample, which has an accelerated increase throughout the
storage period.

The four varieties of kefir all contain more ethanol after 20 days of storage. The kefir
sample with volatile fennel oil has the lowest level of ethanol on day 1 of storage, and the
control sample has the highest level. The control sample has the greatest ethanol content on
days 10 and 20, while the kefir sample with volatile fennel oil has the lowest. Kefir samples
containing volatile oils show a slower increase in ethanol level during the first 10 days of
storage compared to the last 10 days of storage. The greatest levels of ethanol concentration
were found in the control sample, and during the storage period, the growth accelerated at
a faster rate.

The kefir sample with volatile lavender oil has the highest value of the L-lactic acid
content on the first day of storage, whereas the kefir sample with volatile mint oil has
the lowest value. The control sample has the highest L-lactic acid level on days 10 and
20, whereas the kefir sample with volatile mint oil has the lowest. When it comes to kefir
samples that contain volatile oils, the increase in L-lactic acid content happens more slowly
during the first 10 days of storage than it does during the final days. For the control sample,
it happens more quickly, all during storage time.
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5. Conclusions

This research aims to develop functional foods enriched with bioactive compounds.
The food product that we decided to enrich with bioactive components is cow’s milk kefir.
Volatile oils extracted from lavender, mint, and fennel are excellent sources of nutritive
compounds, as they have antimicrobial and antioxidant properties. Due to the fact that
volatile oils are very sensitive to the action of external factors, they were encapsulated in
a natural polymer matrix (sodium alginate). Finally, three types of kefir with volatile oil
capsules were obtained, as well as a kefir control sample.

To highlight, on the one hand, the nutritional intake and the influence of bioactive
compounds in the finished product and, on the other hand, the advantages of using
encapsulation, the enzymatic analysis of several chemical compounds, were used.

The kefir samples enriched with volatile oils obtained superior results compared to
the control sample during the whole analysis period.

Encapsulating the volatile oils in the sodium alginate and adding the capsules to kefir
resulted in a value-added finished product.

The main advantage of using encapsulation is that the bioactive compounds of the
volatile oils are gradually released in the kefir sample due to the protection provided by
sodium alginate.

All these aspects show that the obtained products have a high nutritional value,
bringing benefits to the health of the consumer. The completed product has a longer shelf
life since volatile oils have antibacterial properties.
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4. Kesenkaş, H.; Dinkçi, N.; Seçkin, K.; Kinik, Ö.; Gönç, S. Antioxidant properties of kefir produced from different cow and soy milk
mixtures. J. Agric. Sci. 2011, 17, 253–259.

5. Liu, J.R.; Chen, M.J.; Lin, C.W. Antimutagenic and antioxidant properties of milk-kefir and soymilk-kefir. J. Agric. Food Chem.
2005, 53, 2467–2474. [CrossRef]

6. Aiello, F.; Restuccia, D.; Spizzirri, U.G.; Carullo, G.; Leporini, M.; Loizzo, M.R. Improving kefir bioactive properties by functional
enrichment with plant and agro-food waste extracts. Fermentation 2020, 6, 83. [CrossRef]

7. Farag, M.A.; Jomaa, S.A.; El-wahed, A.A.; El-seedi, H.R. The many faces of kefir fermented dairy products: Quality characteristics,
flavour chemistry, nutritional value, health benefits, and safety. Nutrients 2020, 12, 346. [CrossRef]

8. Darvishzadeh, P.; Orsat, V.; Martinez, J.L. Process Optimization for Development of a Novel Water Kefir Drink with High
Antioxidant Activity and Potential Probiotic Properties from Russian Olive Fruit (Elaeagnus angustifolia). Food Bioprocess Technol.
2021, 14, 248–260. [CrossRef]

9. Paredes, J.L.; Escudero-Gilete, M.L.; Vicario, I.M. A new functional kefir fermented beverage obtained from fruit and vegetable
juice: Development and characterization. LWT 2022, 154, 112728. [CrossRef]

10. Liu, J.R.; Lin, Y.Y.; Chen, M.J.; Chen, L.J.; Lin, C.W. Antioxidative activities of kefir, Asian-australas. J. Anim. Sci. 2005, 18, 567–573.
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Abstract: Hemp inflorescences from byproducts have been proposed as an addition to gluten-free
rice bread. The scope of the research was to bake a control loaf of bread as well as bread loaves
containing 1%, 2%, 3%, 4%, and 5% dried and crushed hemp inflorescence (HI). The loaves of bread
were evaluated in terms of their physical and sensory properties, polyphenol and flavonoid contents,
and DPPH and FRAP antioxidant activities. The study’s findings revealed that the addition of HI
influenced changes in the physical properties of the bread loaves, such as increased specific volume,
decreased bread hardness, increased elasticity, and chewiness of the breadcrumb, especially when the
additive concentrations were greater than 3%. The addition of HI significantly increased the total
amount of polyphenols, flavonoids, and antioxidant activity in the bread. The sensory evaluation
revealed that gluten-free bread can be produced with a maximum of 2% HI without affecting its taste
and aroma.

Keywords: hemp; Cannabis sativa L.; inflorescence; bread physical properties; gluten-free bread

1. Introduction

Hemp (Cannabis sativa L.), belonging to the Cannabaceae family, is one of the world’s
oldest cultivated plants. It is used for textiles, medicinal purposes, food [1–6], and for
fodder purposes [7,8]. As a byproduct of hemp harvesting, hemp inflorescences are used to
make niche products for the cosmetics, pharmaceutical, nutraceutical, and environmentally
friendly insecticide industries [9,10]. Hemp metabolites include flavonoids, fatty acids,
terpenes, amino acids, terpenophenols, and sugars, which are abundant in inflorescences,
and they are gaining popularity [11]. As a result, hemp inflorescences have been identified
as a potentially novel food that requires further investigation [12].

Cannabis sativa L., also known as Cannabis sativa var. spontanea, contains few psy-
choactive cannabinoids and is a good source of terpenoids and polyphenols, including
flavonoids, as well as phenolic acids, phenolic amides, and lignoamides with significant
health benefits [13–15]. The inflorescences of industrial hemp varieties, such as Kompolti
(grown, among other things, in the Italian Alps), are particularly high in cannabidiolic
acid (CBDA), which decarboxylates spontaneously to cannabidiol (CBD) under favorable
environmental conditions [16].

Numerous aromatic compounds are found in cannabis inflorescences, including
pinene, pinene, myrcene, terpinolene, caryophyllene, humulene, and caryophyllene. Hemp
has a pleasant aroma due to the presence of volatile compounds such as terpenes, aliphatic
compounds, and phenylpropanoids/benzenoids, which justifies the use of these hemp-
derived aromatic compounds in the food and cosmetics industries, such as the production
of essential oils as natural flavor and fragrance additives [17,18].
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There are many compounds in cannabis that include terpenoids, sugars, alkaloids,
stilbenoids, quinones, and cannabinoids. Due to the presence of bioactive compounds such
as terpenes and cannabidiol, hemp (Cannabis sativa L.) has become widely used in a variety
of industries [19]. The term “cannabinoid” refers to hemp-derived terpenophenols.

Hemp has the nutritional potential to be used in the food industry as well. It is used in
the baking industry, for example, in the production of bread. Bread has previously included
hemp flour, hemp protein concentrates, or hemp pomace. The addition of these raw hemp
materials to bread improves its antioxidant properties (e.g., by increasing the content of
polyphenols), protein content [20–23], as well as its increase its mineral content.

According to Bădărău et al. [24], the most suitable raw hemp materials for use in bread
processing are 15% hemp flour, 4% hemp seed, and 8% hemp oil, all of which can be added
to the dough. Aside from improving bread’s nutritional value, the benefits of using hemp
products (particularly variants with 15% and 25% hemp flour) as the second auxiliary
ingredient in bread include rinsing out the volume of the bread, improving the structure of
the crumb and increasing the bread’s durability, providing an interesting crumb color due
to the content of natural sugars, and increasing the bread’s organic acids. Furthermore, the
addition of 15% hemp products has the greatest effect on the characteristics of the dough
by improving the crumb quality (porosity and elasticity). As a result, the addition of hemp
products can be used in baking to produce unique and highly demanded bread products.

Other research has shown that up to 10% hemp flour can be used in wheat bread [21],
although too much hemp flour contributes to a decrease in the organoleptic evaluation
of the bread. Furthermore, the addition of hemp flour changes the color of the crumb by
raising its browning index [20]. Several studies have shown that bread with the addition of
5%, 10%, 15%, and 20% hemp flour has better nutritional properties compared to wheat
bread, but the best texture was characterized by the addition of 5% hemp flour [25]. Hemp
and hemp seed cakes were also tested as an addition to wheat bread. The results suggested
that the addition of these hemp by-products in a proportion greater than 1% caused
unfavorable changes in the quality of the bread [26].

Gluten-free bread, as a healthy alternative to wheat bread, may also include hemp
flour and hemp protein concentrate, which are natural nutritional and structure-forming
gluten-free bread ingredients. Hemp flour was used to make sourdough, and it was tested
as an addition to gluten-free bread. The bread’s staining was reduced by using hemp
sourdough. Hemp flour has improved the acceptability of gluten-free corn/rice bread [27].
In a past study, gluten-free bread with 5% hemp flour did not differ significantly from the
control bread and was accepted by consumers [28].

Korus et al. [29] found that replacing some of the starch with hemp flour made bread
dough weaker and more likely to deform, while a 20% share of hemp protein concentrate
made bread dough stronger. The level of fiber increased from 15.2 to 61.0 g·kg−1, and the
level of dietary fiber increased from 29.3 to 90.0 g·kg−1. Hemp protein supplementation
improved the color of the crumb, reducing its brightness from 62.3 to 40.8 and increasing
the bread volume from 633 to 878 mL. Hemp flour and hemp protein concentrate are the
most commonly used ingredients in gluten-free bread production. Although various hemp
products have been added to gluten-free bread, hemp inflorescence has not been added to
this type of bread.

Due to the growing number of people suffering from the consumption of cereals
containing gluten, there is a demand for gluten-free bread on the market. Most often, rice
and corn flour are used for their production. However, consumers perceive gluten-free
bread to be less appealing than traditional wheat bread due to its unsatisfactory texture
and taste. Gluten-free bread also has a lower nutritional value. Various additives are used
to improve the quality of gluten-free bread and they affect the physical properties, taste,
and content of bioactive substances [30–35].

As previously stated, hemp inflorescence is a valuable raw material in terms of health
and it has not previously been used in bread production, which is why it was proposed for
inclusion in gluten-free bread. The scope of the work included determining the changes in
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the physical and sensory properties as well as the antioxidant potential of gluten-free bread
with added hemp inflorescence. Furthermore, we aim to recommend the most nutritionally
valuable and acceptable recipe for customers.

2. Materials and Methods

2.1. Materials

The ingredients for the preparation of the control bread were gluten-free rice flour
(Melvit, Warsaw, Poland). The rice flour, according to the manufacturer’s declaration,
contained 6 g/100 g of protein, 1.4 g/100 g of fiber, 1 g/100 g of fat, 77 g/100 g of carbo-
hydrates, and 14.6 g/100 g moisture content. The hemp inflorescence that was used as an
addition came from crops grown on a farm in the Lublin Province of Poland. The Futura
hemp variety with a CBD (cannabidiol) content of 0.09% and a THC (tetrahydrocannabinol)
content of 0.01% was used for the study. Salt, guar gum (NatVita, Mirków, Poland), and
dry instant yeast (Instaferm, Lallemand Iberia, Setúbal Municipality, Portugal) were also
used in this study to make the breads (Table A1).

2.2. Process of Making the Gluten-Free Bread

A single-phase method was used to produce the gluten-free bread [36]. The gluten-free
rice flour used to make the control loaf was used exclusively, and the recipe also included
guar gum, dry instant yeast, and salt. Hemp inflorescences, both dried and shredded,
were added in various amounts to the control bread recipe (0%, 1%, 2%, 3%, 4%, and 5%).
Together with the addition of the hemp inflorescence, the amount of water was increased
from 120% to 136.7% [37].

A laboratory spiral mixer (Clatronic KM 3630, Clatronic International GmBh, Kempen,
Germany) was used to mix the dough for 5 min at 200 rpm. The dough was then divided
into 300 g pieces and placed into molds where it fermented and proved for 40 min at 30 ◦C
with 75% humidity. A laboratory oven (Sadkiewicz Instruments, Bydgoszcz, Poland) was
used to bake the bread for 40 min at 240 degrees. The baking test was repeated three times.

2.3. Determination of the Basic Physical Parameters of the Bread

After measuring the volume of the bread using the millet seed displacement method,
the specific volume (bread volume divided by weight) was calculated. The pH level of the
breadcrumb was determined using a pH meter (TESTO 206-ph2, Pruszków, Poland) [38].
Color measurements were taken on an L*a*b* scale (4Wave CR30-16) (Planeta, Tychy,
Poland), and ΔE was calculated. The following parameters were measured: L*—lightness,
a*—changes in the color from green to red, and b*—changes in the color from blue to yellow
(higher values of a* and b* indicated a greater intensity of red and yellow, respectively).
The total color change, ΔE, was calculated as follows:

ΔE =

√
(ΔL)2 + (Δa)2 + (Δb)2 (1)

where ΔL, Δa, and Δb are the indices of the differences in the color of the surfaces of the
samples compared with the control bread. In total, three replications of the measurements
of the physical characteristics of the bread were carried out [39].

2.4. Determination of the Texture and Sensory Parameters of the Bread

The textural parameters of the breadcrumbs with dimensions of 30 × 30 × 20 mm
were determined using a ZWICK Z020/TN2S (ZwickRoell, Ulm, Germany) for a double
compression test (TPA–texture profile analysis) to a depth of 50% at a speed of 1 mms−1.
The graphs produced by the TPA test were used to compute the hardness, springiness, co-
hesiveness, and chewiness. In the midst of the bread’s central slices, texture measurements
were made six times. A panel of 72 untrained consumers (aged 22 to 56) evaluated the
bread samples’ flavors, aromas, appearances, textures, and general levels of acceptability
as part of the sensory analysis. The responses were collected using a 9-point hedonic scale:
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1 for extremely dislike, 2 for very dislike, 3 for rather dislike, 4 for moderately dislike, 5 for
neither like nor dislike, 6 for moderately like, 7 for somewhat like, 8 for very much like,
and 9 for extremely like [40].

2.5. Determination of Antioxidants
2.5.1. Preparation of the Extracts for the Chemical Analyses

To prepare the sample extract, 2 g of grinding sample was mixed with 30 mL of
methanol in a 100 mL conical flask. The mixture was placed on a magnetic stirrer and
heated to 30 ◦C. After two hours of stirring, the extract was collected into a separate flask
and the raffinate was mixed with another 30 mL of methanol. After two more hours of
extraction on a magnetic stirrer, the extract was collected and mixed with the previous
portion of extract and centrifuged at 6500 rpm for 15 min.

2.5.2. Determination of the Total Phenolic Content (TPC)

The TPC was examined using the spectrophotometric method described by Singleton
et al. [41], with the slight modification introduced by Kobus et al. [42]. Measurements were
taken three times.

2.5.3. Determination of the Flavonoid Content (TFC)

The flavonoid content was determined according to the methodology described by
Aryal [43], with the slight modification introduced by Kobus et al. [42]. The flavonoid
content was measured in triplicate.

2.5.4. Determination of the Antioxidant Activity (DPPH and FRAP)

The antioxidant activity of the tested solutions was determined using the DPPH and
FRAP reagents. It was determined according to the methodology described by Blois [44]
and that by Benzie and Strain [45], with the slight modification introduced by Kobus
et al. [46,47]. Measurements of the antioxidant activity were made in three repetitions.

2.6. Statistical Analysis

Statistica software version 12.0 (Statsoft, Tulsa, OK, USA) was used for the statistical
analysis. The mean values were compared using analysis of variance (ANOVA) and Tukey’s
test (p < 0.05). Furthermore, Dunnett’s test (p < 0.05) was also used to compare the control
group to the other experimental groups.

3. Results and Discussion

3.1. Basic Physical Properties of the Gluten-Free Bread with the Addition of Hemp Inflorescence

The results indicated that gluten-free bread with added hemp inflorescence had an
increased specific volume (Figure 1a). Bread containing 1% and 4% hemp inflorescence
had higher volumes than the control gluten-free bread. The increase in specific volume
was approximately 24% in the case of the bread with 1% HI. A higher share of HI (2–5%)
caused volume changes of 13% to 20%. There were no significant differences between the
volumes of the breads with the addition of 2%, 3%, 4%, and 5% hemp inflorescence. As
shown in Figure 1b, a clear increase in pH value was observed as the percentage of hemp
inflorescence addition increased from 1% to 5%. The highest pH value was 5.55 for the
5% hemp addition, while the lowest value was 5.3 for the 1% hemp inflorescence addition.
pH changes in the control sample were observed only in the case of 4% and 5% HI addition,
and they were in the range of 2–3.7%.
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Figure 1. Basic physical properties of gluten-free bread with the addition of hemp inflorescence:
(a) specific volumes of the breads and (b) pH values of the breadcrumbs. The mean values in the
same figure marked with different letters were significantly (p < 0.05) different, as determined by the
Tukey test. The means followed by an asterisk (*) differed from the control sample, as determined by
the Dunnett’s test (p < 0.05).

Thus far, no research has been conducted on the addition of hemp inflorescence to
bread; however, other authors have used hemp flour [21–23,48] and discovered that the
addition of hemp flour increased the specific volume of bread. Bread with 15% extruded
hemp–rice flour had a higher specific volume, lower hardness, and larger pores in the crumb
structure according to Wang et al. [49]. Pojic et al. [50] discovered that regardless of the
level of substitution, hemp flour affected the water absorption and development time of the
dough, and thus, it affected the bread volume, color, and structural and textural properties
of the crumb. Hrušková and Švec [48] discovered that the addition of hemp flour reduced
the specific volume of wheat bread while increasing the crumb pore density. According to
these authors, hemp proteins are primarily composed of low-molecular-weight globulin,
and this may have contributed to the volume reduction in the wheat bread.

The addition of HI reduced the crumb lightness significantly, from 75.17 for the control
bread to 51.53 for the bread with the highest (5%) share of hemp inflorescence (Table 1).
Each amount of HI additive caused a significant change in the lightness of the bread. With a
1% HI addition, the brightness decreased by approximately 13%, and with a 5% HI addition,
the brightness decreased by as much as 32%. There were no significant differences in the
lightness levels of the breads with 1% and 2% hemp inflorescence additions, and there was
a decrease, and then no significant differences, in the lightness levels of the breads with 3%
and 4% hemp inflorescence additions. As with the L* index values, the a*, b*, and C* values
increased as the amount of HI added to the bread increased. The a-index was significantly
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different for each HI supplement compared to the control. An addition of 5% increased the
value of a* by more than 200%. There were no statistically significant differences between
the a* samples containing 1%, 2%, and 4% HI. The control b* value increased by 108% for
the 5% hemp bread sample. Figure 2 shows the external appearances and cross-sections of
the breads with different hemp inflorescence contents.

Table 1. The colors of the gluten-free breadcrumbs with the addition of hemp inflorescence.

Addition of Hemp
Inflorescence (%)

Crumb Color Values
L*-Value a*-Value b*-Value C*-Value h

◦
-Value ΔE

0 75.17 ± 0.63 d −0.02 ± 0.03 a 13.59 ± 0.20 a 13.59 ± 0.20 a 90.10 ± 0.12 b

1 65.83 ± 0.26 c,* 0.79 ± 0.09 b,* 19.39 ± 0.39 b,* 19.41 ± 0.39 b,* 87.68 ± 0.24 a,* 11.0
2 64.98 ± 0.64 c,* 0.86 ± 0.06 b,* 21.34 ± 0.33 c,* 21.36 ± 0.33 c,* 87.69 ± 0.09 a,* 12.8
3 57.78 ± 0.64 b,* 1.64 ± 0.06 c,* 24.95 ± 0.33 d,* 25.01 ± 0.33 d,* 86.24 ± 0.09 a,* 20.8
4 56.35 ± 0.86 b,* 1.79 ± 0.10 c,* 26.54 ± 0.26 e,* 26.60 ± 0.26 e,* 86.15 ± 0.17 a,* 22.9
5 51.53 ± 0.61 a,* 2.14 ± 0.10 d,* 28.22 ± 0.42 f,* 28.31 ± 0.42 f,* 85.66 ± 0.17 a,* 27.9

The a–f values in the same row marked with different letters were significantly different (α = 0.05). The means
followed by an asterisk (*) differed from the control sample, as determined by the Dunnett’s test (p < 0.05).

 

Figure 2. External appearances (a) and cross-sections (b) of the breads with different hemp inflores-
cence contents.

The addition of HI to bread reduced the ho value. It was equal to 90.10 for the control
sample and 85.66 for the sample containing 5% HI.

The absolute color difference (ΔE) criterion was also used in the results’ elaboration.
The ΔE for all the tested samples with HI additions exceeded five, indicating a significant
color deviation. All the color parameters changed significantly owing to a significant
difference in the color of the hemp inflorescence addition from the rice flour that was
used as the main raw material in the recipe. The dried hemp inflorescence had a green-
brown color, which influenced the color of the bread significantly. Significant changes and
darkening of the bread color were observed in other studies where hemp seed cake and
hemp seed grit were used as bread additives (with only 1% of the addition) [26].

When cookies with hemp flour were tested, similar results were obtained [51]. The L*
value decreased significantly when the ratio of raw and roasted hemp flour was increased
from 0% to 20%.

The crusts and crumb colors of the breads made with extruded hemp–rice flour were
significantly darker than the control bread [49]. According to other authors [24], the
addition of a hemp product (particularly 15% and 25% hemp flour) as the second auxiliary
ingredient of bread results in an interesting color of the crumb due to the content of natural
sugars and organic acids.
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3.2. Texture and Sensory Analysis of Gluten-Free Bread with the Addition of Hemp Inflorescence

The addition of HI to gluten-free bread slightly affected the hardness of the crumb. A
significant reduction in hardness was observed for only the 1–2% of hemp inflorescence
(Table 2). Bread hardness is frequently related to the distribution of pores in the bread.
The porosity of the crumb increased and the hardness decreased with a smaller addition,
i.e., 1–2%; with a larger addition, the bread was more compact and had a hardness similar
to the control bread. Overall, the addition of hemp inflorescence may have increased the
amount of simple sugars, allowing the yeast to produce more carbon dioxide by creating
more pores. A more compact and hard structure was formed with a higher addition of
3–5% hemp inflorescence, which was difficult to overcome by the forming gas bubbles.
Compounds found in hemp inflorescence, such as fiber, could bind to rice starch and
cause a decrease in hardness once more. The gluten-free bread springiness ranged from
0.74 (for 1% HI addition) to 0.84 (for 4% HI addition). A significant difference from the
control sample was only observed for the 4–5% HI addition. In this case, the breadcrumbs’
springiness increased by approximately 10%. Bread samples with 1–4% HI added had lower
cohesiveness than the control sample; only the addition of 5% HI increased cohesiveness.
The addition of 3–4% HI to the control sample increased the chewiness by approximately
7–8%.

Table 2. The textures of the gluten-free breadcrumbs with hemp inflorescence additions.

Addition of Hemp
Inflorescence (%)

Hardness (N) Springiness (−) Cohesiveness (−) Chewiness (N)

0 15.17 ± 0.08 b 0.75 ± 0.01 a 0.34 ± 0.01 a,b 3.89 ± 0.17 b

1 13.11 ± 0.61 a,* 0.74 ± 0.02 a 0.33 ± 0.02 a 3.18 ± 0.22 a,*
2 13.84 ± 0.89 a,* 0.77 ± 0.02 a 0.32 ± 0.01 a 3.45 ± 0.07 a,b

3 14.82 ± 0.51 a,b 0.79 ± 0.02 a,b 0.33 ± 0.01 a 3.85 ± 0.16 b

4 15.76 ± 0.74 b 0.84 ± 0.04 b,* 0.32 ± 0.01 a 4.23 ± 0.18 c,*
5 14.59 ± 0.52 b 0.82 ± 0.02 b,* 0.35 ± 0.01 b 4.17 ± 0.10 c,*

The a–c values in the same row marked with different letters were significantly different (p < 0.05), as determined
by the Tukey test. The means followed by an asterisk (*) differed from the control sample as determined by the
Dunnett’s test (p < 0.05). Abbreviation: SD—standard deviation.

The addition of hemp inflorescence to bread has not been investigated in previous
studies. However, when hemp flour was added to wheat bread in the range of 5–20%,
a decrease in bread elasticity was observed [25]. The addition of hemp and hemp seed
cakes in a proportion greater than 1% caused an increase in hardness and a decrease in
elasticity [26].

According to Ertaş and Aslan’s research [51], the addition of raw and roasted hemp
flour significantly reduced the hardness and softness of wheat biscuits. Other authors [24]
have claimed that using a hemp product (especially 15% and 25% hemp flour) as the second
auxiliary ingredient of bread improves the structure of the crumb and increases the bread’s
durability, as well as provides an interesting color of the crumb due to the content of natural
sugars and organic acids. Furthermore, the addition of 15% hemp products had the greatest
effect on the dough’s characteristics, improving crumb quality (porosity and elasticity).

The additions of hemp at 1% and 2% did not significantly alter the taste of the bread,
and consumers rated them as the best (Figure 3). The addition of hemp ranging from 3%
to 5% significantly reduced the flavor of the gluten-free bread. The bread with 5% hemp
added had the worst flavor, leaving a bitter aftertaste when swallowed. The addition of 1%
hemp to gluten-free bread improved the taste and smell slightly.
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Figure 3. Sensory evaluations of the gluten-free breads with the additions of hemp inflorescence. The
mean values in the same figure marked with different letters were significantly different (α = 0.05).

The addition of 2% to 5% hemp resulted in a significant deterioration of the bread’s
aroma. All the hemp-infused bread samples had a better appearance compared to the
control sample according to the consumers. In general, the consumers thought that the
breads with 1% and 2% hemp were the best; the lower hardness and chewiness of these
breads may have influenced the ratings. A lower overall consumer rating was obtained for
the bread with the additions of 3%, 4%, and 5% hemp.

Other studies [23] have shown that sensory evaluations of hemp–wheat breads are
poor due to the savory flavor and fatty aftertaste. According to Wang et al. [49], adding
hemp-rice flour to bread reduced its hardness during storage. However, in the sensory
evaluation of biscuits containing up to 20% raw hemp flour and up to 15% roasted hemp
flour, they were found to be more desirable by consumers in terms of overall acceptability
due to their softness [51]. Wheat flour for bread production can be enriched with functional
ingredients by adding partially defatted hemp seed flour. The addition of 5% and 10%
partially defatted hemp seed flour resulted in superior sensory and physicochemical values,
which were comparable to white wheat bread. The quality of bread obtained with 15% and
20% partially defatted hemp seed flour from P4 and P5 mixture samples (15% and 20%
partially defatted hemp seed flour) was comparable to wholegrain bread [52]. The addition
of 10% hemp flour improved the sensory properties of sourdough bread, and the authors
concluded that the addition of up to 20% hemp flour could be used for bakery products to
create an improved nutritional profile [48].
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3.3. The Bioactive Compound Content of Gluten-Free Bread with Hemp Inflorescence Addition

The amount of polyphenols in the tested samples was affected by the addition of hemp
inflorescence (HI). The polyphenol content increased from 36 to 195% with HI addition
in the 1% to 4% tested range of addition (Table 3). There was no statistically significant
difference in the polyphenol content when 2% and 3% hemp were added. Similarly,
the flavonoid content in the bread with hemp additions compared to the control bread
increased from 100% for 1% HI addition to 433% for 5% HI addition (Table 3). All the tested
bread samples had statistically significant differences in flavonoid contents. There are
numerous studies in the literature on the polyphenol content of hemp. However, a majority
of them have focused on the contents of these compounds in seeds, oils, and flours [53–57].
The polyphenol content of the leaves, for example, ranges from 0.09 to 0.56 [54], that
of the inflorescences ranges from 3.02 to 9.35 mg QE·g−1 [58], while for the seeds it is
51.6 mg GAE·g−1 [53,55,56]. According to Izzo’s research [14], the inflorescence contains
significantly more polyphenols than other parts of the plant (10.5–48.9 mg GAE·g−1)
depending on the variety. The polyphenol content in flour ranges between 0.74 and
1.71 mg GAE·g−1 [57].

Table 3. The polyphenols, flavonoids, and antioxidant activities of the gluten-free breads with hemp
inflorescences added.

Addition of Hemp
Inflorescence (%)

TPC (mg GAE·g−1

d.m.)
TFC (mg QE·g−1 d.m.)

DPPH (μM TE·g−1

d.m.)
FRAP (μM TE·g−1

d.m.)

0 0.22 ± 0.0 a 0.03 ± 0.0 a 1.12 ± 0.08 a 1.25 ± 0.06 a

1 0.30 ± 0.01 b,* 0.06 ± 0.0 b,* 1.66 ± 0.12 b,* 1.25 ± 0.18 a

2 0.41 ± 0.01 c,* 0.08 ± 0.0 c,* 2.08 ± 0.16 c,* 1.60 ± 0.08 b,*
3 0.44 ± 0.01 c,* 0.10 ± 0.0 d,* 2.38 ± 0.06 d,* 2.09 ± 0.16 c,*
4 0.58 ± 0.01 d,* 0.13 ± 0.01 e,* 2.92 ± 0.02 e,* 2.27 ± 0.06 c,*
5 0.65 ± 0.00 e,* 0.16 ± 0.01 f,* 3.23 ± 0.06 f,* 3.00 ± 0.06 d,*

The a–f values in the same row marked with different letters were significantly different (α = 0.05). The means
followed by an asterisk (*) differed from the control sample, as determined by the Dunnett’s test (p < 0.05).

Due to the high polyphenol content of hemp flour, its addition to various types of
bakery products helps to strengthen the antioxidant properties of these products. In
comparison to the control samples, the addition of raw or roasted hemp flour to wheat
flour cookies increased the total phenol content (0.559–1.634 mg GAE·g−1) and antioxidant
activity (34.41–40.88%). The TPC values increased with the addition of raw and roasted
hemp flour, with the greatest increase in TPC observed for the biscuit samples containing
20% roasted hemp flour (4.03-fold increase in TPC compared to the control sample) [51].

The antioxidant activity in the tested samples, as measured by DPPH and FRAP,
increased as the hemp addition increased. The DPPH ranged from 1.66 μM TE·g−1 d.m.
for 1% hemp addition to 3.23 μM TE·g−1 d.m. for 5% hemp addition. Compared to the
control sample, with 1% of the additive, there was a 48% increase in the DPPH value, and
with 5%, the increase was 188%.

With the addition of 1% and 5% hemp, the antioxidant activity, expressed as FRAP,
ranged from 1.25 to 3.00 μM TE·g−1 d.m, and so for the highest addition, the value increased
by 140%. The antioxidant activity measured by the FRAP test in the bread without the
addition of hemp was 1.25 μM TE·g−1 d.m (Table 3). There was no statistically significant
difference in the antioxidant activity of FRAP between the control bread and the bread
with the addition of 1% hemp, as well as between the samples with the additions of 3%
and 4% hemp.

4. Conclusions

This study found that hemp inflorescence can be a valuable addition to gluten-free
bread made with rice flour. The additive, which was used at concentrations of 1–4%, caused
significant changes in the physical properties of the bread. After using 1% of the additive,
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the volume of the bread increased significantly and the color of the breadcrumb changed
significantly. The changes in crumb texture were less clear. Based on the organoleptic
evaluation, gluten-free bread with a maximum of 2% HI addition is the most recommended;
however, with a higher proportion of hemp inflorescence, the bread has a bitter aftertaste.
The addition of hemp inflorescence in the acceptable amount of 2% increased the biological
activity of the bread significantly. With this amount of addition, the polyphenol content
increased by 86%, the flavonoid content increased by 167%, and the antioxidant activity
measured with DPPH increased by 86%, while the activity measured with FRAP increased
by 28%.
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Appendix A

Table A1. Model of experimental parameters.

Ingredients 0 1% 2% 3% 4% 5%

Rice flour (g) 300 297 294 291 288 285
Hemp inflorescence (g) 0 3 6 9 12 15

Water (mL) 360 370 380 390 400 410
Guar gum (g) 6 6 6 6 6 6

Dry instant yeast (g) 4 4 4 4 4 4
Salt (g) 6 6 6 6 6 6
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