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Current Research in Food Safety and Biotechnology

Mircea Oroian and Georgiana Gabriela Codină *

Ştefan cel Mare, Faculty of Food Engineering, University of Suceava, 13 Universitatii Street,
720229 Suceava, Romania; m.oroian@fia.usv.ro
* Correspondence: codina@fia.usv.ro

Biotechnology is a field at the interface of biology and industry, being part of the
applied sciences field. The term biotechnology encompasses quite a large field and includes
the processing of raw materials with the obtainment of food products via enzymatic
processes or with the help of microorganisms. Different food products, such as milk, beer,
alcohol, starch, meat, fruit juices, sugar, bakery products, etc., may be obtained using
different enzymatic processes or with the help of microorganisms. This Special Issue of
the 8th International Conference of Biotechnologies, Present and Perspectives, organized
by Ştefan cel Mare University, Faculty of Food Engineering, Suceava, Romania, presents
the latest developments in the food industry field, with a focus on the biotechnological
processes that take place in various branches of the food industry, which have major
implications in determining the overall quality of food products.

Today, the role of the food industry is to process different raw materials of vegetable
or animal provenience or by-products at a higher level and to increase their value through
processing. The food industry ensures not only the preservation of raw materials but also
increases the nutritional value of food products. The development of biotechnologies has
led to the production of food products for which their maximum nutritional values can
be ensured. The current orientation of the food industry is focused on minimum food
processing, which implies simplified, economical processing that results in maintaining
a nutritional value of food products that is as high as possible. The article written by
Ghinea et al. [1] underlined the possibility of obtaining apple chips from three different
low-cost apple cultivars through a drying process with good physico-chemical and sensory
characteristics. This will lead to the possibility of their preservation and consumption for a
long period of time. Taking into account the fact that apple fruits present high nutritional
value, being rich in phenolic compounds, dietary fibers, vitamins, etc., their transformation
in value-added products such as apple chips may help us to obtain health benefits from
their consumption. The possibility of using a heating treatment in order to improve the
nutritional value of two sorghum varieties (red and white) with different particle sizes
was reported by Batariuc et al. [2]. According to them, a dry heat treatment applied to
sorghum flour will improve its nutrition value, which may be helpful for food producers
who want to use sorghum flour as a raw material at the industrial level. The application
of a minimum food processing procedure with low costs may lead to improvements in
the nutritional value of various raw materials which may be used to obtain different food
products. According to Cot,ovanu and Mironeasa [3], the use of different particle sizes
of amaranth flour obtained through milling and sieving may lead to different nutritional
values of amaranth flour. This may be an important criterion when obtaining food products
with amaranth addition with high nutritional values. From the technological perspective,
the addition of amaranth with different particle sizes in bread making leads to optimal
results; a 9.41% addition level of amaranth enables large changes to nutritional values, a
level of 9.39% enables medium changes, and a level of 7.89% enables small changes. Due
to amaranth’s high nutritional value, amaranth seed compounds have been intensively
studied in recent decades. In our Special Issue, amaranth seeds were also studied by
Procopet and Oroian [4], who concluded that they are a valuable source of fatty acids,
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from which 16.54% were saturated acids and 83.45% were unsaturated acids. Additionally,
amaranth seeds are rich in essential amino acids such as isoleucine, histidine, leucine,
methionine, lysine, phenylalanine, tryptophan, threonine, and valine and polyphenols such
as vanillic acid, rosmarinic acid, chlorogenic acid, p-coumaric acid, and caffeic acid.

The increases in the nutritional value of the food products obtained using different
biotechnological processes through the addition of active components had been intensively
studied in recent years. In this Special Issue, the effects of the use of hemp seed oil on dough
and bread quality were analyzed by Ropciuc et al. [5]. Hemp seed oil contains high amounts
of essential fatty acids and is a valuable ingredient due to its omega-6 and omega-3 fatty
acid ratio of 3:1. It is used in bread making, and a 5–10% addition in wheat flour will lead
to good bread quality from the textural and sensorial perspectives. Another improvement
by using an ingredient that may increase the nutritional value of food products in which
the main raw material is wheat flour, such as pasta, was reported by Ungureanu-Iuga and
Mironeasa [6]. According to them, the use of grape peels, which are rich in polyphenols
and fibers, in levels of up to 5% in wheat flour will lead to improvements in quality
characteristics from the technological and nutritional perspectives. As an ingredient in
bakery products, the analysis of nine samples of margarine was also carried out due to its
nutritional and technological characteristics. The data reported by Păduret [7] showed that
bakery margarine is a plastic material with a high fracturability, and from the nutritional
perspective, palmitic acid is the dominant fatty acid within it.

The use of fibers (psyllium and pectin) and plant-based milks from almonds and hemps
in order to obtain vegetable milk ice cream with no additive additions was discussed in
this Special Issue by Leahu et al. [8]. They concluded that it is possible to obtain a vegetable
ice cream with high nutritional value as an alternative to milk-based ice cream, which
may be marketed to consumers who follow a plant-based diet or have an intolerance to
milk products.

Trans-resveratrol accumulation in pruned vine shoots was also investigated by Crăciun
and Gutt [9] in order to obtain this supplement for pharmacological and medical purposes.
Additionally, increased amounts of macronutrients and micronutrients in different herbal
raw materials such as summer savory, marjoram, and lemon balm through the use of
biostimulants were reported in this Special Issue by Majkowska-Gadomska et al. [10].

Food safety is the most important criteria that food must meet. Food products must
be useful to the human body and must not become a source of life-threatening illness.
The consumption of crops contaminated with a certain level of mycotoxins that has been
established by European Union legislation as harmful can lead to toxic effects. An overview
analysis of the presence of mycotoxins such as deoxynivalenol, fumonisins, and zearalenone
in maize and maize-derived products from eastern Romania was presented by Mihalcea
and Amariei [11]. According to their study, the mycotoxins analyzed were within legal
limits in the products they examined, which indicates that these products are safe for
food production. Additionally, another aspect of food safety that was discussed in this
Special Issue concerned water quality in bottled drinking water for babies. For this purpose,
Ungureanu et al. [12] used 19 samples of bottled baby water to analyze 12 potentially toxic
elements (Ba, Cu, Co, Zn, Ni, Mn, Li, Fe, Cd, Pb, Cr, and Sb) using ICP-MS. According
to the data obtained, the levels of all of the elements analyzed, except iron, adhered to
the legislation in force. Therefore, all of the samples analyzed can be safely consumed by
children and babies.

The works published in this Special Issue presented various aspects of research relating
to the main current trends regarding the obtainment of safe food with high preservation
and nutritional values by improving the biotechnologies applied in the food industry. Thus,
based on their own research and data from the literature, the authors presented food safety
aspects and different issues regarding the use or obtainment of raw materials that lead to
the creation of products with high nutritional value. Biotechnological aspects of obtaining
food products such as bakery products, pasta, and ice cream were also described.
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By presenting this complex theme and high-level approaches, the works from this Spe-
cial Issue of the 8th International Conference of Biotechnologies, Present and Perspectives
organized by Ştefan cel Mare University, Faculty of Food Engineering, Suceava, Romania,
will be of use to those interested in the future trends regarding biotechnologies in the food
industry, applied engineering sciences, food product quality, food safety, environment
protection, and equipment in the food industry.

Funding: This work was funded by the Ministry of Research, Innovation and Digitalization within
Program 1—Development of national research and development system, Subprogram 1.2—Institutional
Performance—RDI excellence funding projects, under contract no. 10PFE/2021.
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Physico-Chemical and Sensory Quality of Oven-Dried and
Dehydrator-Dried Apples of the Starkrimson, Golden Delicious
and Florina Cultivars

Cristina Ghinea *, Ancuta Elena Prisacaru and Ana Leahu

Faculty of Food Engineering, Stefan cel Mare University of Suceava, 720229 Suceava, Romania;
ancuta.prisacaru@fia.usv.ro (A.E.P.); analeahu@fia.usv.ro (A.L.)
* Correspondence: cristina.ghinea@fia.usv.ro

Abstract: Apple fruits are high in phenolic compounds, sugar and dietary fiber content and are
rich in malic acid and vitamins, with a significant impact on the organoleptic quality and its health-
promoting properties. They can be turned out in value-added product such as apple chips due to the
low cost of raw material. The aim of the study was to obtain apple chips, fat-free, healthy, traditionally
dried and without added sugar, which can be easily obtained and capitalized economically, as well as
the evaluation of their physico-chemical and sensory qualities. The apple chips were produced from
three apple cultivars (‘Starkrimson’, ‘Golden Delicious’ and ‘Florina’) by drying the apple fruits in an
oven and a dehydrator at 65 ◦C. To inactivate the browning enzymes, the apple slices were immersed
in a solution of lemon salt (4%) for 7 min before drying. Apple chips were sensory-evaluated and
relevant parameters were analyzed at defined intervals during storage at room temperature up to
21 days. The water activity (aw) values of apple chip samples dried in the oven ranged from 0.544 to
0.650, while for the samples dried in the dehydrator, aw values were between 0.374 and 0.426. During
the storage, the pH of apple chips varied very little, while titratable acidity increased for all samples.
Compared with fresh apple slices, it was observed that the total soluble solids (TSS) content of all
dried apple chip samples decreased. Color parameters and browning and whitening indexes differed
depending on the apple cultivars and dryer type used.

Keywords: apple chips; drying; physico-chemical characteristics; sensory analysis

1. Introduction

Apple (Malus domestica) is an important fruit produced in large quantities worldwide,
ranked third after bananas and watermelons according to FAO [1], while in the European
Union (EU), apples are ranked first, followed by oranges [2]. Fresh apple consumption
in the EU is approximately 15 kg per capita and is expected to increase by 1 kg by 2030,
while consumption of processed apples is around 8 kg per capita [3]. Apples are popular
due to their availability throughout the year in various forms: fresh and dried fruits,
juice, cider, puree. It is well known that the consumption of apples has various benefits
for human health [4–6]. Current demand for natural products involves the continued
development of small producers who process apples in various forms, apple chips or
apple cider in food markets, restaurants and bars. Koutsos et al. [7] affirmed that apple
consumption positively affects lipid metabolism, vascular function, inflammation and
weight management. Apple snacks can increase the amount of consumed fruits. In the
food industry, drying is a widely used method of producing apple snacks [8,9]. Apple
fruits are not only preserved by drying, but the dried products obtained can be stored and
transported at a relatively low cost [10,11]. Dried fruits can be consumed at breakfast and as
snacks or incorporated in prepackaged cereals and baked goods [12–14]. Carughi et al. [15]
suggested that dried fruits contribute to good health as well as fresh fruits, and they
ensure satiety and have beneficial influence on the glycemic index and blood pressure.

Appl. Sci. 2022, 12, 2350. https://doi.org/10.3390/app12052350 https://www.mdpi.com/journal/applsci5
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Kowalska et al. [11] stated that consumers are interested in food products rich in dietary
fiber and macro- and micronutrients. Traditional dried fruits (with no added sugar) are
appreciated for their sweetness, higher fiber content and long-term stability. They have a
nutritional profile similar to the original food. In addition, it is considered that increasing
the consumption of natural sweeteners can have a positive effect on body weight and
metabolism [16]. Oven-drying and microwave-drying techniques are the most used for
fruit drying. It is considered that drying with hot air is the most commonly utilized drying
method [17]. There are various pre-treatment methods applied; among them are sulfite
treatment, osmotic dehydration, steam blanching, ultrasonic treatment, etc. [18–20], which
may influence the dry products’ properties. Color and visual appearance are evaluated
first by the consumers, followed by taste and aroma [21]. The color and sensory attributes
change during fruit drying [22,23]. The dried apple color can change due to the drying
method: the apple may darken, and the color may change from green to red or from yellow
to blue [12]. Marzec et al. [24] suggested that polyphenol oxidase and non-enzymatic
reactions can be responsible for product darkening. It is considered that the water activity
of the fruit decreases during the dehydration process, thus influencing the enzymatic
activity and possible alteration [25]. The water activity during apple drying is reduced to a
level that ensures microbiological safety [12,26].

The apple fruits used in this study were purchased from the North East of the country,
known for its centuries-old tradition of growing fruit trees, especially apples. Between
1978 and 1982, the state system organized the first huge orchard in Curtesti (10 km from
Botosani) on a scientific basis. The orchard had over 400 hectares all cultivated with
apples. Even though only 60 hectares are still cultivated with apples today, the tradition
is continued, and the orchard has been rejuvenated. The fruit-growing area from North
East of the country is revived following the investments of the last years, is known as
a major apple production nationwide and has many small farms that use family and
local labor [4]. Current demand for natural products involves the continued development
of small producers who process apples in various forms, apple chips or apple cider in
food markets, restaurants and bars. To support these small producers, dried apple chips
were produced from readily available raw materials, from abundant cultivars of apples
existing in this area of the country, and evaluated in terms of physico-chemical and sensory
properties. These products can be easily obtained and economically capitalized. The easiest
way to obtain apple chips is by drying them in the oven, maintaining the temperature
between 60 and 70 ◦C, without the need for special equipment. Drying in the oven is faster
compared to drying in the sun or in a food dehydrator [27]. For small producers, who
operate in the food markets, restaurants and bars, it can be quite useful in preserving the
fruits and for their economic aspects, especially if the fresh fruits remain unsold.

The aim of this study was to obtain a healthy and appreciated product, dried apple
chips, fat-free, with no sugar added, from available and abundant low-cost raw materials,
namely three apple cultivars ‘Starkrimson’, ‘Golden Delicious’ and ‘Florina’.

In this study, drying of apple fruits was performed by using two types of dryers
(oven and dehydrator). Physical and chemical quality attributes, including moisture,
water activity, active acidity, titratable acidity, total soluble solids and total sugar contents,
electrical conductivity, color of fresh apple slices and traditional dried apple chips, were
evaluated. In addition, sensory and statistical evaluation was performed. Physico-chemical
and sensory quality of dried apple chip samples were also determined at 7, 14 and 21 days
during storage at room temperature. Finally, statistical correlations between physico-
chemical parameters were obtained.

2. Materials and Methods

2.1. Sample Preparation and Drying

Apples (‘Starkrimson’ (S), ‘Golden Delicious’ (G) and ‘Florina’ (F) cultivars, Figure 1)
were procured from a local apple orchard of Botosani, Romania. Fresh apples were selected,
washed and sliced longitudinally, following their vertical axis, into slices 4 mm and 3–7 cm
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thick using a kitchen knife (after removing the apple core) and then dipped in a lemon
salt solution (4%) for 7 min to inactivate browning enzymes, according to the methods
described by Nyangena et al. [28] and ElHana [29] with minor modifications. The dipping
was performed under normal conditions (light and room temperature). The apple slices
were removed from the solution and washed with distilled water. After that, the adhering
water was removed at the end of immersion by using paper towel. Samples were then
loaded in perforated trays and subjected to drying, up to constant weight. Drying was
performed by using two types of dryers: oven (Indesit on gas) and dehydrator (Gorenje,
electric). The dehydrator controls and keeps the internal temperature constant, while
the oven tends to fluctuate the temperature. The oven door was kept slightly open (1 to
2 inches) during drying, and a thermometer was used to check the oven temperature [27].
The drying temperature was 65 ◦C; all samples were dried to constant weight (Figure 1).
There are numerous studies on apple chip drying at temperatures between 40 and 90 ◦C
(convective drying) [30] but also between 35 and 85 ◦C (microwave, infrared or vacuum
freeze-drying) [31]. According to Önal et al. [32], drying apples at 65 ◦C seems to be a good
process to produce healthy, high-quality snacks for both consumers and the food industry.

 

Figure 1. Steps included in sample preparation and drying.

Dried samples were cooled down and packed in plastic bags (HDPE) and stored at
room temperature. Approximately 194 g of dried apple chips (172 g ‘Golden Delicious’
cultivar, 201 g ‘Florina’ cultivar and 209 g ‘Starkrimson’ cultivar) can be obtained from
1 kg of apples dehydrated in the oven, while from 1 kg of apples dried in dehydrator, an
average of about 167 g of dried apple chips (158 g ‘Starkrimson’ cultivar, 169 g ‘Florina’
cultivar and 175 g ‘Golden Delicious’ cultivar) can be obtained. After removing the apple
core, between 12 and 16% of the apple content can be lost, depending on the cultivar
of apple (10.36–12.91% ‘Starkrimson’ cultivar, 15.44–16.33% ‘Golden Delicious’ cultivar,
11.79–19.21% ‘Florina’ cultivar).

2.2. Physico-Chemical Analysis

Apple water extract for determination of active acidity, titratable acidity, total soluble
solids contents and electrical conductivity was prepared as follows: 50 mL of distilled
water was added to 20 g of fresh/dried apples measured with a precision of 0.01 g. The
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content was heated on a water bath brought to boil for 30 min. After boiling, the extract
was cooled, and the content was brought to 250 mL with distilled water and then filtered.

Moisture (M) was determined by oven-drying method; thus 5 g of apple slices from
each sample was weighed and dried at 105 ◦C until constant weight [20,33].

Water activity (aw) was determined by using a water activity meter AquaLab Lite
(Decagon, WA, USA). The determinations were performed at 25 ◦C, and all samples were
measured in triplicates. In a special cuvette was introduced approximately 3 g of the sample;
after that, the cuvette was placed in aw chamber, and the water activity was measured and
displayed on the water activity meter screen [33].

Active acidity was determined by pH measurements at ambient temperature using
laboratory pH meter Fisher Scientific ACCUMET Bio Set AE150 (Fisher, Waltham, MA,
USA). For each sample, a 10 mL volume of apple extract was measured, the pH electrode
was inserted, and after stabilization, the pH value was displayed on the pH meter screen [34].

Titratable acidity (TA) was obtained by titrating 50 mL of apple water extract with
0.1 N NaOH solution, in the presence of 1% phenolphthalein solution. The TA values were
calculated according to Sadler and Murphy [35], and the results are expressed as malic
acid (%) [36]. In apple, malic acid is the predominant acid (80–90% of the organic acids)
that contributes to sourness of fruits [35,37].

Total soluble solids contents (TSS) were measured by using a digital hand-held
refractometer standardized with distilled water. Two drops of fresh/dried apple extract
were placed on the refractometer lens and measured. The obtained values were corrected
to the equivalent reading at 20 ◦C [38,39] and reported as ‘degrees Brix’ (◦Brix) which is
equivalent to percentage (%) [40].

Total sugar contents in fresh and dried apple samples were determined by applying
Fehling’s method. Into a 300 mL Erlenmeyer flask, was placed 20 mL of the defecated
extract, then 10 mL of Fehling I solution and 10 mL of Fehling II solution. The vessel was
heated on an asbestos sieve, adjusting the flame for boiling, and boiled for exactly 2 min.
The flask was cooled rapidly under running water, and then 20 mL of KI solution and
15 mL H2SO4 were added. Released iodine was titrated with 0.1 N Na2S2O3 in the presence
of starch (1%) as an indicator. Results were expressed in %.

Sugar/acid ratio was calculated as the total sugars content divided by titratable acidity.
Electrical conductivity (EC) of samples was measured with a laboratory conduc-

tometer VioLab COND 51+ Set (ROTH, Germany) and was expressed in μS/cm. The
conductometer electrode, after calibration, was inserted into 10 mL of apple extract, and
after stabilization, the electrical conductivity value was displayed on the conductometer
screen. Three readings were performed for each sample analyzed.

Color analysis was performed by using Konika Minolta CR 400 colorimeter (Konica
Minolta, Tokyo, Japan). The samples were introduced in a 20 mm cuvette and measured
in a white spectrum. In order to establish the results, three readings were performed. The
measurements were displayed in L* (light–dark spectrum, from 0 = black to 100 = white),
a* (green–red spectrum; −a = green, +a = red), b* (blue–yellow spectrum; −b = blue,
+b = yellow) and ΔE (total change in the color of samples) values [9,39,41].

Browning index (BI) was calculated with Equation (1) and represents the brown
color purity, due to enzyme activity, in the apple [17,33], while whitening index (WI),
which corresponds to apple discoloration and lesser browning, was calculated according to
Equation (2) [42,43].

BI =
100
0.17

(
a∗ + 1.75L∗

5.645L∗ + a∗ − 3.012b∗ − 0.31
)

(1)

WI = 100 −
√
(100 − L∗)2 + a∗2 + b∗2 (2)
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2.3. Sensory Evaluation

Sensory analysis can be performed in order to establish if the obtained apple chips
are different and what the magnitude of these differences is. In this case, according to
Ackbarali and Mahara [44], 8 to 12 panelists or 6 to 10 trained panelists are required to
assess intensity for sensory attributes, and analysis of variance assessment should be
applied to determine whether the means are statistically different. Velickova et al. [33]
indicated 15 evaluators with experience in descriptive evaluation of crunchy products that
were used to evaluate apple chips. Cliff et al. [45] indicated that 20 students and staff
performed a sensory evaluation of fresh-cut apple slices, while in Chauhan et al.’s [10]
study, the sensory attributes of osmo-dried apples were evaluated by a trained panel of
10 staff members of their laboratory. In addition, a panel of 15 people (after training)
evaluated the color, texture, aroma, sweetness and acidity of the dried apples obtained by
Wang et al. [20], while dried red apple cubes produced by Kidoń and Grabowska [26] were
evaluated only by a 5-member panel with formal classroom training in sensory evaluation,
and a 5-member panel evaluated color, texture and taste of dried apples gamma-irradiated
in Hussain et al.’s [46] study.

In the current study, the sensory evaluation was performed in laboratory conditions
by a panel of 11 engineers from food industry, with experience and familiarity with sensory
assessment method. Each of the panelists evaluated the appearance, color, aroma, taste and
overall acceptability of the dried apple chip samples. The scoring was based on the nine
points of the standard hedonic scale, where 9 denoted ‘like extremely’, 5 ‘neither like nor
dislike’, and 1 indicated ‘dislike extremely’ [9,20,21,47]. The sensory evaluation experiment
was repeated three times.

2.4. Statistical Analysis

All experiments were performed in triplicates, and the results were expressed as
mean values ± standard mean error. The procedure for performing the experiments in
triplicate was simply adopted by tradition. Singer et al. [48] investigated the use of m-
plicates and demonstrated that m-plicates do not significantly improve the accuracy of
the estimates. Triplicate measurement for determination of chemical composition of apple
fruits from eight apple cultivars (‘Delicious’, ‘Golden Delicious’, ‘Ralls’, ‘Fuji’, ‘QinGuan’,
‘Jonagold’, ‘Granny Smith’ and ‘Orin’) was performed by Wu et al. [49], while Preti and
Tarola [50] adopted the same procedure in triplicate to determine antioxidant capacity
and polyphenolic and major mineral composition of 14 ancient apple cultivars in Italy.
In addition, Ergün [51] determined the biochemical contents of peel and pulp of fresh,
oven-dried and sun-dried apple samples from the following apple cultivars: ‘Amasya’,
‘Braeburn’, ‘Golden Delicious’, ‘Granny Smith’ and ‘Starking’, in triplicate.

An analysis of variance (ANOVA) with a confidence interval of 95% (p < 0.05), with
Tukey test, was used for comparison of physico-chemical and sensory evaluation results.
Pearson correlations between measured and calculated parameters were determined. The
statistical analysis was performed by using statistical software Minitab, version 17. Accord-
ing to Minitab [52]: ‘the null hypothesis states that the parameter means are all equal’.

3. Results and Discussion

3.1. Moisture and Water Activity

Moisture content in the fresh apple samples was in the range of 83.97 ± 0.08%
(‘Starkrimson’ cultivar) to 86.27 ± 0.31% (‘Florina’ cultivar). In the case of fresh samples
from the ‘Golden Delicious’ cultivar, the moisture content was determined as 86.03 ± 0.06%.
These values are close to those reported in other papers. For example, Iordănescu et al. [53]
obtained the following values for apple moisture content: 83.04 ± 0.87% ‘Starkrimson’
cultivar, 86.12 ± 1.35% ‘Florina’ cultivar and 84.61 ± 0.58% ‘Golden Delicious’ cultivar.

After drying in the oven, the following moisture values were obtained for the apple
samples: 6.63 ± 0.01% (‘Florina’ cultivar), 6.83 ± 0.03% (‘Golden Delicious’ cultivar) and
7.08 ± 0.04% (‘Starkrimson’ cultivar). The moisture content of apple chip samples dried in

9



Appl. Sci. 2022, 12, 2350

the dehydrator ranges between 5.06 ± 0.03% (‘Florina’ cultivar) and 6.29 ± 0.03% (‘Golden
Delicious’ cultivar). For samples of the ‘Starkrimson’ apple cultivar dried in a dehydrator,
an average moisture of 5.55 ± 0.05% was obtained. These values are close to those reported
by Velickova et al. [33] who obtained, by conventional drying, apple chips with moisture
values between 5.17 ± 0.23 and 6.04 ± 0.31%, from fresh ‘Idared’ apples with 88.7 ± 3.9%
water content.

Water activity shows how closely the water in an apple slice is bound. If aw values are
less than 0.8, it means that the food has low water activity, and the most enzymatic reactions
are slowing down. It is considered that the target value of dried products is aw = 0.6, which
is the general level limit for the growth of molds, yeasts and bacteria [13,54–56]. In Figure 2
are illustrated the aw values obtained for fresh and dried apple chip samples. The aw of
dried apple chip samples was investigated also at 7, 14 and 21 days during storage at room
temperature. The highest value of aw (0.910) for the fresh apple sample was obtained for
samples from the ‘Golden Delicious’ cultivar, followed by samples from the ‘Starkrimson’
cultivar with a mean value of 0.906. The aw mean value obtained for samples from the
‘Florina’ cultivar is slightly lower than those obtained for the samples of the other two
cultivars. The water activity values for the oven-dried apples range from 0.544 to 0.650 with
the highest value obtained for samples from the ‘Starkrimson’ cultivar and the lowest for
the samples from the ‘Florina’ cultivar. In the case of apple chips dried in the dehydrator,
it was observed that the highest mean value (0.426) was obtained for samples from the
‘Golden Delicious’ cultivar, while the lowest value (0.374) was determined for samples from
the ‘Starkrimson’ cultivar. According to the results obtained, the water activity is below
0.6 for almost all samples of dried apple chips, with one exception. The obtained values are
close to those reported by Klewicki et al. [55] for osmo-convectively-dried ‘Idared’ apple
samples (aw = 0.542) and Kahraman et al. [17] (2021) who dried ‘Gala’ apples using hot air
drying (aw = 0.345) and non-thermal ultrasound contact drying (aw = 0.386).

Figure 2. Water activity (aw) evaluation of fresh and dried apple chips during storage under am-
bient conditions (S1—apple chips ‘Starkrimson’, oven; S2—apple chips ‘Starkrimson’, dehydrator;
G1—apple chips ‘Golden Delicious’, oven; G2—apple chips ‘Golden Delicious’, dehydrator; F1—
apple chips ‘Florina’, oven; F2—apple chips ‘Florina’, dehydrator). Notes: 0*—fresh apple samples,
0—dried apple samples. Different lowercase letters (a–e) show significant differences between the
groups (p < 0.05).

It can also be observed that the samples dried in the dehydrator have lower water
activity values than those dried in the oven. Over time, up to 21 days, the aw values of
dried apples vary, and it was observed that aw increases by about 41% and 10% in the
case of ‘Starkrimson’ cultivar samples dried in a dehydrator and oven, respectively. The

10



Appl. Sci. 2022, 12, 2350

aw value of ‘Florina’ cultivar samples dried in a dehydrator increases by 24% until the
twenty-first day, while for the samples dried in the oven, the aw value increase was only
3%. In the case of ‘Golden Delicious’ cultivar samples, the aw values increase only for the
samples dried in the oven by 5%, while for the samples obtained in the dehydrator, an
insignificant variation of aw values with time was observed.

3.2. pH, Titratable Acidity and Total Solids Content

In Figure 3, the pH values obtained for the samples of fresh and dried apples are
illustrated. It can be seen that the samples of fresh apple slices have average values between
4.02 and 4.19, while the pH values of dried apple chips decreased compared to the fresh
samples and ranged from 3.85 to 4.02. Patras [57] obtained, for the same apple cultivars,
pH values between 3.68 and 4.20, while Iordănescu et al. [53] reported pH values between
5.34 and 5.60 for fresh samples. According to Kahraman et al. [17] and Owusu et al. [58],
decreases in pH values of dried apple samples may be associated with the dissociation of
organic acids with temperature. The pH of dried apple chip samples during storage varies
very little compared to the pH obtained for the freshly dried samples, and on the 21st day
of storage, the mean pH values were between 3.61 (S2) and 3.80 (F2).

Figure 3. pH evaluation of fresh and dried apple chips during storage under ambient conditions
(S1—apple chips ‘Starkrimson’, oven; S2—apple chips ‘Starkrimson’, dehydrator; G1—apple chips
‘Golden Delicious’, oven; G2—apple chips ‘Golden Delicious’, dehydrator; F1—apple chips ‘Florina’,
oven; F2—apple chips ‘Florina’, dehydrator). Notes: 0*—fresh apple samples, 0—dried apple samples.
Different lowercase letters (a–d) show significant differences between the groups (p < 0.05).

Perception of fruit taste is given by the apples’ acidity. Moreover, it is considered that
sour taste depends on organic acid contents such as malic or citric acids, while soluble
solids content is responsible for the sweet taste [59]. According to Sadler and Murphy [35],
the typical malic acid content in apple fruit is between 0.27 and 1.02%. In this study, the
values obtained for the TA of fresh apple samples from ‘Golden Delicious’ and ‘Florina’
cultivars fall between these values. The higher content of malic acid was registered in apple
samples from the ‘Golden Delicious’ cultivar (0.33 a ± 0.03% acid malic) followed by apple
samples from the ‘Florina’ cultivar (0.29 b ± 0.01% malic acid) and ‘Starkrimson’ cultivar
(0.17 c ± 0.03% acid malic). TA values are close to those obtained by Nour et al. [59]: 0.30%
for ‘Golden Delicious’, 0.20% for ‘Florina’ and 0.10% for ‘Starkrimson’. Butkeviciute et al. [6]
reported a titratable acidity for other apple cultivars that varied between 0.24 and 0.61%.
Titratable acidity values of dried apple chip samples are presented in Table 1. It can be
observed that all dried apple chip samples have higher values of TA than fresh samples,
regardless of cultivar or type of drying. The TA values of dried apple chips increased
compared to the TA of fresh apple samples due to the organic acids in apples that become
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more concentrated as the temperature increases [58]. During storage, TA values increase
for all samples.

Table 1. Titratable acidity of dried apple samples.

Sample

Titratable
Acidity (TA),

% Malic
Acid

Sample
Titratable

Acidity (TA),
% Malic Acid

Sample

Titratable
Acidity (TA),

% Malic
Acid

Sample

Titratable
Acidity (TA),

% Malic
Acid

Dried
apple chip

samples

S1 0.72 c ± 0.11 Dried
apple
chip

samples
(7th day)

S1 0.72 cd ± 0.02
Dried

apple chip
samples

(14th day)

S1 0.73 c ± 0.05
Dried

apple chip
samples

(21st day)

S1 0.80 b ± 0.05
S2 0.95 a ± 0.15 S2 0.95 a ± 0.09 S2 0.97 a ± 0.01 S2 1.04 a ± 0.05
G1 0.63 d ± 0.01 G1 0.65 e ± 0.05 G1 0.67 d ± 0.01 G1 0.75 b ± 0.05
G2 0.71 c ± 0.03 G2 0.74 c ± 0.05 G2 0.80 b ± 0.02 G2 0.81 b ± 0.01
F1 0.87 b ± 0.05 F1 0.91 b ± 0.01 F1 0.95 a ± 0.00 F1 1.04 a ± 0.06
F2 0.71 c ± 0.15 F2 0.71 d ± 0.05 F2 0.72 c ± 0.05 F2 0.75 b ± 0.01

Means that do not share a letter are significantly different (p ≤ 0.05).

The total solids content of fresh apple slices varies from 15.00 ◦Brix (‘Golden Delicious’
cultivar samples) to 16.46 ◦Brix (‘Starkrimson’ cultivar samples). These values are close to
those obtained by Patras [57]: 15.01 and 15.3 ◦Brix for ‘Golden Delicious’ and ‘Starkrimson’
cultivars available on the market in 2018. In the case of ‘Florina’ cultivar fresh samples, a
mean value of 15.40 ◦Brix for TSS (Figure 4) was obtained, a value close to that obtained by
Nour et al. [59] (15.00 ◦Brix) for apples of the same cultivar.

 
Figure 4. Total soluble solids (TSS) evaluation of fresh and dried apple chips during storage under
ambient conditions. Notes: 0*—fresh apple samples, 0—dried apple samples. Different lowercase
letters (a–e) show significant differences between the groups (p < 0.05).

Iordănescu et al. [53] reported TSS values ranging between 13.0 and 15.3 ◦Brix for
‘Starkrimson’ apples, between 10.6 and 14.2 ◦Brix for apples from the ‘Florina’ cultivar and
12.2–15.8 ◦Brix for ‘Golden Delicious’ apples. The total solids content for three apple culti-
vars determined by Egea et al. [60] varied from 13.78 to 17.61%, while Butkeviciute et al. [6]
reported that the soluble solids content of ten different apple cultivars ranged between
12.40 and 14.00%.
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After the drying of apple samples, the TSS values decreased for all types of apple
cultivars (Figure 4). TSS values of dried apple samples decrease compared to values of
fresh apple samples due to reactions that occur when the temperature rises [58]. It was
observed that the TSS value decreased a lot (55%) for ‘Starkrimson’ cultivar samples dried
in the oven, while the smallest decrease (22%) was recorded for ‘Golden Delicious’ cultivar
samples dried with a dehydrator. According to Figure 4, it can be seen that the TSS values
vary during the storage process, and all decreased on the 21st day compared to the TSS
values obtained from the dried apple chip samples immediately after drying.

The flavor and quality of fruit products are given by acid and sugar content, and the
sugar/acid ratio can better predict the flavor impact [35]. Apple fruits with sugar/acid
ratios below 20 are characterized by a strong sour taste and are only suitable for processing;
if the ratios are higher than this value, the fruits are perceived as sweet and suitable for
consumption [61]. In the case of fresh samples investigated in this study, sugar/acid ratios
were: 55.88 for the ‘Starkrimson’ cultivar, 46.06 for the ‘Golden Delicious’ cultivar and
39.31 for the ‘Florina’ cultivar. The values obtained are close to the values obtained in
other papers. For example, Li et al. [61] obtained for the ‘Starkrimson’ cultivar sugar/acid
ratios of between 28.07 and 59.73, while for the ‘Golden Delicious’ cultivar, the sugar/acid
ratios were between 22.39 and 44.32 depending on the growth sites. Patras [57] reported
a sugar/acid ratio of 41.36 for the ‘Florina’ cultivar. In this study, the sugar/acid ratio
decreased in dried apple chip samples as follows: G1 (36.19) > S1 (33.33) > G2 (29.57) > F2
(26.90) > F1 (24.94) > S2 (24.31).

3.3. Electrical Conductivity

Electrical conductivity is a function of food components and a complex function of
temperature and other physical properties; thus the components of salt, acids and moisture
are very effective in increasing the conductivity of electricity, while total solids content,
sugar, fats, lipids and alcohols decrease it [62,63]. It was demonstrated that with the
increase of temperature, the electrical conductivity increases due to an increase in mobility
of the tissue constituents as a result of higher temperature [63]. In addition, the nature of
the product itself influences the conductivity of the food materials. According to [63], the
interest in the EC of food is increasing greatly as advances in food processing technology,
food quality assessment and food preservation increase. The mean values obtained for
the electrical conductivity of apple samples (fresh and dried) are presented in Figure 5.
Results show that fresh apple samples have EC values between 626 (‘Golden Delicious’
cultivar) and 727 (‘Florina’ cultivar) μS/cm, while apple samples dried in the oven have
EC values ranging from 548 (‘Florina’ cultivar) to 1854 (‘Starkrimson’ cultivar) μS/cm.
From Figure 5, it is possible to observe the increase of the EC values for all the samples
of apple chips dried in the dehydrator; thus values between 1880 (‘Florina’ cultivar) and
2020 (‘Golden Delicious’ cultivar) μS/cm were obtained. Over time, a decrease in almost
all the values recorded for the electrical conductivity of the dried apple samples can be
observed (Figure 5). The EC values of dried ‘Starkrimson’ cultivar apple samples decrease
with time with 42% in the case of samples dried in the oven and 45% for the samples dried
in the dehydrator. In the case of the other apple cultivars, it was observed that the EC
values increased with time for apple chip samples dried in the oven and decreased for the
samples obtained by drying in the dehydrator.

3.4. Color Parameters, Browning and Whitening Index

Color is one of the principal quality factors that highly influence food acceptance [64].
It was observed that processed fruits are more acceptable by consumers if their colors are
close to unprocessed fruits [65]. Results of color parameters measured for fresh and dried
apple chips are presented in Table 2. The degree of freshness of the fruit is described by the
lightness index (L*) [6]. The L* values of dried samples are higher than the L* values of fresh
samples, which means that the dried fruits are lighter in color than the fresh ones, possibly
due to the lemon salt solution used in the preparation of the samples [66]. According to
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Butkeviciute et al. [6], the yellow color of the apple fruit is given by the carotenoids, while
the presence of anthocyanins leads to the red color of the fruit. All fresh apple samples had
a* values situated in the negative region more toward green, while a* values measured for
dried apple samples were situated in the positive region which means more toward red, in
accord with [23]. The yellowness (b*) of fresh apple samples was between 18.36 ± 0.45 and
27.30 ± 1.64. The b* values increased for S1, S2 and F2 and decreased for G1 and F2 dried
apple samples compared with the b* values of fresh apple samples.

Figure 5. Electrical conductivity (EC) evaluation of fresh and dried apple chips during storage under
ambient conditions (S1—apple chips ‘Starkrimson’, oven; S2—apple chips ‘Starkrimson’, dehydrator;
G1—apple chips ‘Golden Delicious’, oven; G2—apple chips ‘Golden Delicious’, dehydrator; F1—
apple chips ‘Florina’, oven; F2—apple chips ‘Florina’, dehydrator). Notes: 0*—fresh apple samples,
0—dried apple samples. Different lowercase letters (a–e) show significant differences between the
groups (p < 0.05).

Table 2. Color parameters of fresh and dried apple chips during storage under ambient conditions.

Sample L* a* b* ΔE BI WI

Fresh apple
samples

S0 51.93 a ± 1.13 −1.42 a ± 0.14 18.36 b ± 0.45 - 40.27 b ± 1.23 48.52 a ± 1.14
G0 64.28 a ± 4.86 −2.29 a ± 0.55 27.30 a ± 1.64 - 50.63 a ± 0.94 54.85 a ± 2.94
F0 57.7 a ± 7.03 −3.47 b ± 0.33 19.83 b ± 1.51 - 36.29 b ± 1.09 53.02 a ± 5.73

Dried apple
chip samples

S1 57.69 e ± 2.42 10.62 a ± 0.93 20.56 c ± 0.40 40.17 a ± 2.32 57.02 a ± 2.28 51.76 d ± 2.28
S2 67.39 c ± 0.93 5.09 c ± 0.19 24.41 b ± 0.62 32.81 c ± 1.08 49.63 b ± 1.27 58.94 c ± 1.09
G1 71.83 b ± 0.43 3.02 d ± 0.33 24.77 b ± 0.81 29.47 de ± 0.40 44.42 b ± 0.67 62.36 ab ± 0.38
G2 76.10 a ± 1.05 2.09 d ± 0.37 27.56 a ± 0.47 28.76 e ± 0.26 45.86 b ± 0.13 63.44 a ± 0.36
F1 65.85 cd ± 0.94 12.08 a ± 0.32 17.59 d ± 0.29 32.49 cd ± 0.93 44.05 b ± 0.84 59.73 bc ± 0.95
F2 63.65 d ± 1.01 7.10 b ± 0.80 25.53 b ± 0.29 36.78 b ± 1.08 58.42 a ± 1.54 55.01 d ± 1.06

Dried apple
chip samples

(7th day)

S1 47.39 c ± 1.17 9.31 a ± 0.65 18.39 d ± 0.76 48.41 a ± 0.95 62.73 ab ± 1.51 43.48 c ± 0.97
S2 71.51 a ± 3.01 3.98 b ± 1.12 25.44 ab ± 1.42 30.32 c ± 3.27 47.39 cd ± 3.93 61.58 a ± 3.29
G1 61.63 b ± 1.01 9.14 a ± 0.91 25.96 ab ± 0.31 39.09 b ± 0.78 64.44 a ± 0.93 52.77 b ± 0.77
G2 70.31 a ± 0.40 3.73 b ± 0.22 26.94 a ± 0.73 32.22 c ± 0.64 51.09 cd ± 1.10 59.72 a ± 0.63
F1 58.09 b ± 1.26 8.21 a ± 0.03 21.13 c ± 0.48 39.43 b ± 0.90 54.84 bc ± 0.20 52.34 b ± 0.90
F2 73.57 a ± 2.86 4.05 b ± 0.78 24.52 b ± 0.99 28.33 c ± 1.37 43.76 d ± 0.42 63.65 a ± 1.53
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Table 2. Cont.

Sample L* a* b* ΔE BI WI

Dried apple
chip samples

(14th day)

S1 52.22 d ± 2.20 11.16 a ± 0.55 22.43 c ± 1.34 45.87 a ± 1.53 70.72 a ± 0.28 46.01 d ± 1.49
S2 75.96 a ± 0.13 3.23 d ± 0.30 27.11 a ± 0.17 28.59 c ± 0.19 46.24 c ± 0.33 63.62 b ± 0.18
G1 69.91 b ± 0.27 4.47 c ± 0.41 25.72 ab ± 0.45 31.69 b ± 0.37 49.58 b ± 0.80 60.16 c ± 0.34
G2 77.17 a ± 0.80 0.64 e ± 0.15 24.28 b ± 0.29 25.37 d ± 0.67 37.46 d ± 0.60 66.66 a ± 0.71
F1 64.49 c ± 1.13 8.09 b ± 0.17 20.52 d ± 0.34 33.65 b ± 0.75 46.93 c ± 0.17 58.19 c ± 0.77
F2 63.78 c ± 0.87 2.77 d ± 0.20 19.90 d ± 0.11 32.98 b ± 0.84 39.82 d ± 0.66 58.57 c ± 0.83

Dried apple
chip samples

(21st day)

S1 52.26 e ± 1.03 9.84 b ± 0.75 20.02 e ± 0.42 44.57 a ± 0.98 61.34 a ± 1.42 47.29 e ± 0.95
S2 69.63 b ± 1.09 5.97 c ± 0.10 26.31 a ± 0.60 32.58 d ± 0.54 52.78 b ± 0.48 59.36 b ± 0.59
G1 64.76 c ± 0.78 6.19 c ± 0.24 23.70 bc ± 0.19 34.67 c ± 0.58 51.72 b ± 0.40 57.07 c ± 0.58
G2 72.39 a ± 0.08 3.31 d ± 0.03 24.75 b ± 0.03 29.09 e ± 0.07 44.27 c ± 0.07 62.77 a ± 0.07
F1 58.65 d ± 0.57 12.42 a ± 0.53 21.44 d ± 0.25 40.23 b ± 0.69 60.30 a ± 0.96 51.77 d ± 0.68
F2 68.56 b ± 1.03 3.75 d ± 0.51 23.30 c ± 0.72 31.03 d ± 0.69 44.69 c ± 1.06 60.67 b ± 0.70

Values are mean ± standard deviation (n = 3). Means that do not share a letter are significantly different (p ≤ 0.05).

The color difference between fresh and dry samples is greater when the browning
index values are higher [17]. Temperature and the duration of exposure influence the
evolution of color parameters [67]. Cruz et al. [23] stated that the change in color during
drying is associated with the development of browning reactions, attributed to the activity
of the enzyme polyphenol oxidase. Generally, the browning increases with temperature [58]
(observed for S1, S2, F1 and F2 samples); thus the decrease in the browning index was
unexpected for samples G1 and G2. The browning index (BI) at 0 days of storage was
between 44.05 ± 0.84 (F1) and 58.42 ± 1.54 (F2), while the whitening index (WI) varied
between 51.76 ± 2.28 and 63.44 ± 0.36. WI values of S1 and S2 and F1 and F2 are statistically
significantly different. WI values differ depending on the drying method for S and F
cultivars, while for cultivar G, WI values are not so influenced by the drying method.
During storage, BI values for S1 increased and then decreased and for S2 decreased and
then increased, while for WI values, the reverse was observed. In the case of G1 and
G2 samples, BI values fluctuated and finally increased on the 21st day; for F1 and F2
samples, the BI values also increased on the last day of the observations compared to the
values on the first day. The differences between the color parameter values are statistically
significantly different. It was observed that p-values are less than 0.05, the null hypothesis is
rejected, and not all group means are equal [52]. In addition, according to results obtained
by applying Tukey’s method, the means that do not share a letter are significantly different
(Table 2). The model fits our data, since R-sq explains 90.74% of the variation in the response
in the case of the BI values of dried samples on the first day of drying, 89.48% on the 7th
day of storage, 99.52% on the 14th day of storage and 96.75% on the 21st day of storage.
R-sq explains 96.84% of the variation in the response in the case of WI values of dried
samples on the first day of drying, 97.25% on the 7th day of storage, 98.83% on the 14th day
of storage and 99.03% on the 21st day of storage.

3.5. Sensory Evaluation

For the statistical evaluation of the results, α = 0.05 was set. Results show that
p-value = 0.000 < α, and it can be considered that the mean of the results is statistically
significant. By applying Tukey’s pairwise comparisons, considering the scores obtained for
the appearance, color, aroma, taste and overall acceptability of the dried apple samples, it
was determined that the highest mean was obtained by sample F2 (8.63 a ± 0.18), followed
by S2 (8.52 ab ± 0.11) that shares a letter with F2 but also with G1 (8.29 b ± 0.22), which
means that they are not significantly different. In addition, the statistical evaluation of the
scoring obtained for sensory assessment showed that sample S1 with a mean of 7.89 c ± 0.22
is not statistically different from the mean obtained for G2 (7.89 c ± 0.04). It can be observed
that all panelists highly appreciated (‘like very much’ to ‘like extremely’) apple chips
‘Florina’ dried in a dehydrator (sample F2), while the last sample F1 (7.38 d ± 0.11) was
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liked moderately. It seems that the apple chips from ‘Florina’ and ‘Starkrimson’ cultivars
are more liked if they are obtained with a dehydrator, while apple chips obtained from the
‘Golden Delicious’ cultivar are more appreciated if they are obtained by dehydration in an
oven (Figure 6).

Figure 6. Sensory evaluation of apple chip samples (S1—apple chips ‘Starkrimson’, oven; S2—apple
chips ‘Starkrimson’, dehydrator; G1—apple chips ‘Golden Delicious’, oven; G2—apple chips ‘Golden
Delicious’, dehydrator; F1—apple chips ‘Florina’, oven; F2—apple chips ‘Florina’, dehydrator), on
the first day.

3.6. Correlations of Measured Data

Positive and negative correlations between physico-chemical parameters measured
or calculated for apple chips dried in the oven (Table 3) and apple chips dried in the
dehydrator (Table 4) were determined.

Table 3. Correlations between physico-chemical parameters measured or calculated for apple chips
dried in the oven (Pearson correlation).

M aw pH TA TSS EC L* a* b* ΔE BI

aw 0.997 *
pH −0.722 −0.668
TA −0.246 −0.173 0.849
TSS −0.959 −0.935 0.888 0.511
EC 0.995 0.999 * −0.646 −0.144 −0.924
L* −0.858 −0.894 0.263 −0.287 0.676 −0.906
a* 0.264 0.336 0.477 0.870 0.020 0.363 −0.723
b* 0.007 −0.068 −0.697 −0.971 −0.290 −0.097 0.508 −0.963
ΔE 0.927 0.953 −0.410 0.134 −0.783 0.961 −0.988 0.606 −0.368
BI 0.997 * 0.999 * −0.664 −0.168 −0.933 0.999 * −0.896 0.341 −0.073 0.954
WI −0.941 −0.963 0.444 −0.097 0.806 −0.971 0.981 −0.576 0.333 −0.999 * −0.965

* Statistically significant at p < 0.05. Values in bold show very high positive/negative correlation (according to
Mukaka [68]).
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Table 4. Correlations between physico-chemical parameters measured or calculated for apple chips
dried in dehydrator (Pearson correlation).

M aw pH TA TSS EC L* a* b* ΔE BI

aw 0.473
pH −0.571 0.453
TA −0.373 −0.994 −0.549
TSS 0.485 −0.541 −0.995 0.631
EC 0.819 −0.119 −0.939 0.228 0.899
L* 0.988 0.331 −0.692 −0.225 0.615 0.898
a* −0.964 −0.222 0.769 0.113 −0.700 −0.942 −0.994
b* 0.879 0.836 −0.110 −0.771 0.008 0.445 0.794 −0.72
ΔE −0.930 −0.116 0.833 0.006 −0.772 −0.972 −0.976 0.994 −0.641
BI −0.820 0.116 0.938 −0.225 −0.898 −0.999 * −0.899 0.943 −0.447 0.973
WI 0.942 0.149 −0.814 −0.039 0.751 0.964 0.982 −0.997 * 0.666 −0.999 * −0.965

* Statistically significant at p < 0.05. Values in bold show very high positive/negative correlation (according to
Mukaka [68]).

Strongly positive correlations were observed between M and aw (0.997) or BI (0.997),
and strongly negative correlations were noticed between M and TSS (−0.959) or WI (−0.941)
in the case of apple samples dried in the oven (Table 3). From Table 4, it can be observed that
there are strongly positive correlations between M and L* (0.988) or WI (0.941) and strongly
negative correlations between M and a* (−0.964) or ΔE (−0.930) when apples are dried
in the dehydrator. In the case of apple chip samples dried in the oven, strongly positive
relationships were found between aw and EC or BI (0.999), between pH and TSS (0.888) or
TA (0.849), between TA and a* (0.870), between TSS and WI (0.806) and between EC and BI
(0.999) (Table 3). In addition, strongly negative relationships were observed between aw
and WI, pH and BI, TA and b*, TSS and BI and EC and WI. Strongly positive correlations
between parameters, when apples were dried in the dehydrator, were registered between
aw and b*, pH and BI, TSS and EC and EC and WI, while strongly negative relationships
were observed between aw and TA, pH and TSS, TA and b*, TSS and BI and EC and BI
(Table 4). Many negative or positive significant correlations were observed between color
parameters [42].

4. Conclusions

Apple quality is influenced by color, sugar content and acid composition. A ready-
to-eat product, apple chips were produced from three different apple cultivars by drying.
Apple chips preserved the good color, and it can be concluded, after analyzing the color
parameters, that samples F1, G1 and S1 are closer to the color of fresh apple samples,
followed by samples S2, G2 and F2. The drying of the apple chip samples in the dehydrator
leads to a decrease in the values of water activity, which varied between 50 and 60%
compared to the aw of the fresh samples, while for the samples obtained in the oven, the
aw values decreased and varied between 28 and 30%. During storage, samples of apple
chips dried in the oven are less influenced in terms of water activity, and the increase in aw
values is smaller compared to the values obtained for samples from the dehydrator, except
for the samples of the ‘Golden Delicious’ cultivar. Instead, it was observed that during
apple chips storage, aw does not exceed the value 0.6, except for a single sample S1. During
storage, TA values increased more for apple samples obtained in the oven (10.00–16.35%)
than for those obtained in the dehydrator (5.33–12.35%), while TSS values decreased and
varied from 34.11 (G2) to 42.87% (F2) (apple chips obtained in the dehydrator) and from
18.79 (S1) to 38.72% (F1) for apple chips obtained in the oven. After analyzing all the results
obtained regarding the physico-chemical parameters and the sensory analysis, it can be
concluded that the apple chips obtained by drying in a dehydrator on the first day are the
most appreciated in the following order: S2, F2 and G2, followed by F1, G1 and S1; after
twenty-one days, the order changes in the following way: F2 > G2 > G1 > S2 > F1 > S1.
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Overall, this study concludes that the apple cultivar must also be considered in order to
obtain apple chips, not just the dehydration method.
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Abstract: This study aimed to highlight the effects of grains dry heat treatment, flour particle size
and variety on sorghum flour nutritional, functional, and molecular characteristics. The results
obtained showed that dry heat treatment led to fat, fiber and water absorption capacity increase,
while the moisture, protein, ash, water retention capacity, solubility index, foaming capacity, and
FT-IR absorption bands characteristic to phytic acids decreased with temperature applied raised.
Particle size reduction determined lower protein, solubility index, and emulsifying activity and
higher fat content, oil absorption capacity, swelling power, and foaming capacity. White sorghum
flour fractions presented lower protein content, except when they were treated at 140 ◦C, lower
carbohydrates and fibers and higher fat content compared to those made of red sorghum. Moderate
significant correlations (p < 0.05) were observed between some of the functional properties and
proximate composition of flours. Thus, both dry heat treatment conditions and particle size exerted
significant influences of sorghum flour chemical and functional properties. These results showed the
importance of particle size and dry heat treatment on sorghum flours functionality, being helpful for
further optimizations and choices for bakery products use.

Keywords: sorghum flour; roasting; proximate composition; functional properties; particle size;
FT-IR spectra

1. Introduction

Sorghum (Sorghum bicolor (L.) Moench) is the fifth most cultivated cereal in the world,
after corn, wheat, rice and barley [1], being a staple food crop in the semi-arid tropical
regions of Africa, Asia, and Latin America [2]. Originally from East Africa (Sudan and
Ethiopia), it has been cultivated all over the world due to its agronomic advantages, being
resistant to drought, pests, and diseases, and flexible in planting time [3].

Sorghum is a small spheroid grain of approximately 3 mm in diameter that includes the
germ and the endosperm inside the grain and the outer layers which give the red, brown,
white, or black color [4]. Sorghum nutritional profile contains carbohydrates (54.6–77.2%),
dietary fiber (4.5–26.3%), proteins (4.7–19.0%), and lipids (1.6–5.0%) [5–7]. Sorghum grains
are also a good source of minerals (phosphorus, zinc, iron, calcium, magnesium, and
potassium), B vitamins, vitamin E, β-carotene, and bioactive compounds (polyphenols and
anthocyanins) [5,8]. Their high nutritional value varies depending on variety, cultivation
region, and pericarp color [9]. Sorghum’s outstanding nutritional properties make it a
promising functional ingredient that offers the opportunity to produce foods with high
levels of dietary fibers and antioxidants, and also with various natural colors [10,11] due to
the specific pigment of each variety.
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Different food products such as breads [12,13], tortillas [14,15], snacks [16], pasta [17]
and noodles [18] were produced using sorghum flour as functional ingredient. In addition,
due to its content in resistant starch and glucans, sorghum can be used as a prebiotic food
ingredient [19]. Being deficient in gluten protein, sorghum grain can supply the needs of
people with gluten intolerance [1,20], while also being suitable for patients with diabetes
and cardiovascular diseases [21].

During roasting, a variety of changes can inevitably occur and it is thus necessary to
control the roasting time and temperature to obtain optimal characteristics. Roasted cereal
grains may influence milling yield since they are generally characterized by decreased
kernel hardness, due to the increased internal porosity of the endosperm [22]. Thermal
changes induced by roasting impact kernel hardness by making it softer due to the loss of
endosperm structure [23]. The roasting method and conditions under which processing is
performed impact the product properties [24]. As Schoeman et al. [24] states, roasting could
potentially serve as a pre-processing step to enable the use of less energy for milling, to
produce value-added products, or to extend the shelf life of products. Sorghum flour siev-
ing to different particle sizes might be a necessary processing step, taking into account to
improve the quality of certain food. Dayakar Rao et al. [25] affirmed that biscuits produced
from sorghum flours of 180 and 251 μm particle sizes had a better consumer acceptance
than those produced from flours with smaller particle sizes (below 180 μm). In contrast,
60% sorghum extraction flour used to produce gluten-free bread showed a higher specific
volume and softer texture than gluten-free bread from whole-grain sorghum flour [26].
On the other hand, transferring results research from lab-scale mills to an industrial scale
milling system represents a challenge. Recently, Rumler et al. [27] investigated the effec-
tiveness of sorghum milling when using two different milling systems and showed their
impact on the chemical and physical properties of flour fractions and whole sorghum flours
obtained.

Flour particle size and composition affect the functionality of the sorghum flour such as
water absorption capacity, water solubility index, swelling power, pasting properties, and
product quality [26,28,29]. The particle size is frequently associated with the surface area
available for enzymatic action [29]. The sorghum cultivar and climatic conditions impact
grain hardness [30]. Moreover, the sorghum cultivar determines the amylose/amylopectin
ratio, which influences the extent of gelatinization and retrogradation, higher amylose
content promoting retrogradation [18], A decrease in starch gelatinization properties was
found due to the presence of kafirins, storage proteins with high hydrophobicity [31].
In addition, these proteins, stabilized by disulfide bonds, determined and a decrease in
starch and protein digestibility due to the tight starch–protein matrix formed [32]. These
undesirable aspects can be diminished by using thermal treatment such as roasting. Addi-
tionally, this processing method can decrease the antinutritional components found in raw
sorghum grains (e.g., tannins, phytic acid, and protein cross-linker) [33,34] which reduces
the feed efficiency [8], improving thus their nutritional value and products. In comparison
with other grains, sorghum develops a pleasant taste and crispiness after roasting, a treat-
ment that extends the shelf-life and safety of products by lowering the water activity [34].
Several studies have been undertaken to investigate the effects of roasting as a pre-milling
treatment of sorghum grains. Ranganathan et al. [35] found that roasting of sorghum grains
increased the water absorption capacity, offering beneficial effects for the preparation of
instant mixes, porridge, and soup. Roasted sorghum flour exhibited better functional,
pasting, and antioxidant properties when microwave processing was applied [36].

The aim of the present study was to investigate the effects of dry heat treatment of two
sorghum varieties (red and white) on the functional, chemical composition, and molecular
characteristics of flours with different particle sizes. For this purpose, the proximate
composition of flours in terms of proteins, fat, carbohydrates, moisture, and ash were
determined along with the molecular structures and functional properties in terms of
hydration capacity, water absorption capacity, oil absorption capacity, solubility index,
water retention capacity, swelling power, bulk density, emulsifying and foaming properties.
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2. Materials and Methods

2.1. Sorghum Treatment

White sorghum grains (ES Albanus hybrid) were purchased from the Secuieni Agri-
cultural Development Research Station (Neamt,, România) and red sorghum grains (ES
Alize hybrid) were purchased from a farmer (Suceava, România).

Dry heat treatment of sorghum grains at different temperatures (121 ◦C—T1 and
140 ◦C—T2) was done for 15 min in a Binder ED53L convection oven (Binder, Tuttlingen,
Germany). Untreated sorghum grains were considered as control samples.

Integral sorghum flours (I) were obtained by grains milling with a laboratory grinder
(Grain Mill, KitchenAid, Model 106 5KGM, Benton Harbor, MI, USA). In order to obtain
sorghum flour at three different particle sizes, large (L > 300 μm), medium (200 μm < M <
250 μm), small fractions (S < 200 μm), the integral flour was sieved in a Retsch Vibratory
Sieve Shaker AS 200 basic (Haan, Germany).

2.2. Proximate Composition

The nutritional composition (moisture, protein, fat, ash) of sorghum flours were
analyzed using ICC methods: moisture (101/1), fat (104/1), protein (105/2), and ash
(105/1). Total dietary fiber was determined by using Megazyme kit (K-TDFR-200a 04/17),
according to the AACC 32-05.01 method. The carbohydrate content was calculated by
difference, by applying the equation [37] (Equation (1)):

Carbohydrates (%) = 100 − (protein + fat + ash + fiber + moisture) (1)

The energetic value (kcal/100 g) of the samples was also calculated by multiplying
nutrients values by their corresponding conversion coefficients [37] (Equation (2)):

Energy (kcal/100 g) = (4 × protein) + (9 × fat) + (4 × carbohydrates) + (2 × fiber) (2)

2.3. Functional Properties of Sorghum Flours
2.3.1. Hydration Capacity

The hydration capacity was determined in duplicate, according to the method de-
scribed by Bordei [38]. For this purpose, 5 g of flour were weighed into a 50 mL tube
and 30 mL of tap water was added. After mixing with a rod for 30 s at 10 min intervals
for 1 h, the rod was washed over the tube with 10 mL of water and the suspension was
centrifuged for 20 min at 2300 rpm. After removal of the supernatant, the sample was kept
at 50 ◦C for 25 min and weighed after cooling. The hydration capacity was calculated with
Equation (3):

Hydration capacity (%) =
(m2 − mo)− m1

m1
× 100 (3)

where mo—the weight of the tube, m1—the weight of sample taken into analysis, m2—the
weight of sample which absorbed water.

2.3.2. Water Absorption Capacity

The water absorption capacity was determined in duplicate, according to the method
described by Oladiran and Emmambux [39] with modifications. An amount of 2.5 g of
the sample was placed in a centrifuge tube with 30 mL of distilled water. The sample was
kept in a water bath with continuous stirring at 30 ◦C for 30 min and after centrifugation
at 3500 rpm for 15 min the supernatant was removed and the residue was weighed. The
results were calculated by using Equation (4):

Water absorption capacity (%) =
m1

mo
× 100 (4)

where mo—the weight of sample taken into analysis, m1—the weight of the sample after
supernatant removal.
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2.3.3. Oil Absorption Capacity

Oil absorption capacity was determined in duplicate according to the method de-
scribed by Elkhalifa and Bernhardt [40] with modifications. An amount of 3 g of sample
was placed in a centrifuge tube with 30 mL of sunflower oil. The sample was stirred for
1 min, every 10 min for 30 min. After centrifugation at 3000 rpm for 15 min, the supernatant
was decanted and the tubes were allowed to drain for 5 min, then the residue was weighed.
The results were calculated by using Equation (5):

Oil absorption capacity (%) =
m1

mo
× 100 (5)

where mo—the weight of sample taken into analysis, m1—the weight of the sample after
supernatant removal.

2.3.4. Determination of Solubility Index

The method for solubility index determination was adapted according to that pre-
sented by Oladiran and Emmambux [39]. The supernatant from the water absorption
capacity determination was dried in metal capsules at 100 ◦C to constant mass and weighed
after cooling in the desiccator. The amount of soluble solids expressed as a percentage was
defined as the solubility index.

2.3.5. Water Retention Capacity

Water retention capacity was determined in duplicate according to the method de-
scribed by Zhu et al. [41]. For this purpose, 1 g of sample was placed in a centrifuge tube
with 30 mL of distilled water. After 18 h of resting, the sample was centrifuged at 3000 rpm
for 20 min and the supernatant was removed. The sample was dried for 2 h at 105 ◦C
in a convection oven. The results expressed as an average of two determinations were
calculated with Equation (6):

Water retention capacity (g/g) =
m1 − m2

m2
× 100 (6)

where m1—the weight of the sample before drying, m2—the weight of the sample after
drying.

2.3.6. Swelling Power

The swelling power was determined according to the method described by Elkhalifa
and Bernhardt [40] with modifications: 0.5 g of sample were mixed with 15 mL of distilled
water in a weighed centrifuge tube, which was heated in a water bath at 90 ◦C for 30 min
and mixed well to prevent lumps. After cooling to room temperature for 15 min, the sample
was centrifuged at 3000 rpm for 25 min. The supernatant was carefully removed and the
swollen flour sediment was weighed.

2.3.7. Emulsion Activity and Stability

The emulsifying properties were determined in duplicate according to the method
presented by Elkhalifa and Bernhard [40]: 2 g of sample was mixed with 20 mL of distilled
water cooled at 4 ◦C and 20 mL of sunflower oil, in a centrifuge tube. The sample was
stirred for 20 min and centrifuged at 4000 rpm for 10 min, then the height of the emulsion
layer formed was observed. The emulsion activity was calculated with Equation (7):

Emulsifying activity (%) =
height of emulsion layer

height of whole layer
× 100 (7)

For emulsion stability evaluation, the emulsion formed was heated in a water bath
at 80 ◦C for 30 min, followed by cooling to room temperature for 20 min. The tube was
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centrifuged again at 4000 rpm for 10 min. The height of the emulsified layer was measured
and the stability of the emulsion was calculated with Equation (8):

Emulsion stability (%) =
height of the emulsion layer after heating

height of whole layer
× 100 (8)

2.3.8. Bulk Density

For bulk density measurement, 10 g of flour were placed in a 25 mL graduated cylinder.
The cylinder was lightly beaten ten times to even out the flour and the final volume of the
flour was measured and expressed as g/cm3 [40].

2.3.9. Foaming Capacity and Stability

Foaming capacity and stability were determined according to the methods described
by Elkhalifa and Bernhardt [40]. In a 500 mL beaker, 2 g of sample were transferred with
100 mL of distilled water, and the suspension was mixed with an electric blender, at room
temperature, for 1 min. The contents were immediately transferred to a 250 mL graduated
cylinder and the volume of foam was measured. The foaming capacity was expressed
using the following formula (Equation (9)):

Foaming capacity (%) =
volume after whipping − volume before whipping

volume before whipping
× 100 (9)

Foam stability was determined by monitoring the fall in the volume of the foam as a
function of time after every 10 min for 1 h and expressed using Equation (10):

Foam stability (%) =
Foam volume after set of time

Initial foam volume
× 100 (10)

2.4. FT-IR Spectra Collection and Interpretation

FT-IR spectra of sorghum flours were acquired in the range of 650 to 4000 cm−1, from
a Thermo Scientific Nicolet iS20 (Waltham, MA, USA) device equipped with and ATR
module, at a resolution of 8 cm−1 and with 64 scans. The spectra were analyzed with
OMNIC software and the carbohydrates, protein, lipid, and polyphenols structures were
identified according to previous studies [42–44].

2.5. Statistical Analysis

Statistically significant differences at 95% confidence level were evaluated by means of
three-way ANOVA with Tukey’s test, by using XLSTAT for Excel 2021 version (Addinsoft,
New York, NY, USA). Principal component analysis (PCA) based on Pearson correlations
was employed to evaluate the relationships between the sorghum flour characteristics and
to underline similarities or dissimilarities between them.

3. Results

3.1. Proximate Composition

Dry heat treatment, particle size, and sorghum variety significantly influenced (p < 0.05)
sorghum flour proximate composition (Table 1). The protein content decreased with par-
ticle size decrease, while the increase of treatment temperature led to lower values, red
sorghum fractions being richer in protein compared to white variety. Sorghum flour fat
content registered proportional increases with particle size reduction, higher amounts
being observed in white sorghum compared to the red one. Dry heat treatment produced
an increase in fat content as the temperature was higher, depending on the particle size.
The ash content showed significant raise as the particle size was lower, slightly higher
values being obtained for white sorghum, while dry heat treatment induced a slight de-
crease of this parameter. Sorghum grain treatment caused flour moisture decrease, while
in the case of particle sizes irregular trends were observed. Particle size reduction led to
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higher carbohydrates content compared to integral flour, except for L particle size, sorghum
grain treatment temperature increase determining slightly higher values compared to the
control, while the red variety showed higher flour carbohydrates contents than the white
one. Sorghum flour fiber content increased until M particle size and then decreased for
S samples, grains treatment causing significant increases compared to the control. Red
sorghum showed higher fibers content compared to the white one.

Table 1. Effect of dry heat treatment on the proximate composition of sorghum flour fractions.

Treatment
Protein

(%)
Fat
(%)

Ash
(%)

Moisture
(%)

Total Dietary Fiber
(%)

Carbohydrates
(%)

Energetic Value
(kcal/100 g)

CW_I 10.35 ± 0.08 ef 3.07 ± 0.03 ijk 1.16 ± 0.03 j 11.50 ± 0.01 c 8.35 ± 0.24 cde 65.56 ± 0.29 i 348.01 ± 0.44 hi

CW_L 11.84 ± 0.06 a 3.12 ± 0.01 ijk 0.76 ± 0.01 l 11.29 ± 0.01 d 5.38 ± 0.51 k 67.59 ± 0.51 efg 356.59 ± 1.12 ef

CW_M 8.84 ± 0.01 mn 3.15 ± 0.03 ij 1.15 ± 0.01 j 11.20 ± 0.03 e 5.81 ± 0.02 jk 69.86 ± 0.02 abc 354.74 ± 0.14 fg

CW_S 10.62 ± 0.19 d 3.20 ± 0.03 hi 2.26 ± 0.03 a 10.98 ± 0.01 g 5.30 ± 0.34 k 67.64 ± 0.43 efg 352.45 ± 0.82 g

T1W_I 10.28 ± 0.07 fg 3.45 ± 0.04 f 1.17 ± 0.01 j 8.19 ± 0.04 p 6.18 ± 0.31 ijk 70.73 ± 0.27 a 367.45 ± 0.65 b

T1W_L 11.14 ± 0.04 c 1.62 ± 0.06 n 0.30 ± 0.01 n 9.53 ± 0.01 i 6.49 ± 0.58 hijk 70.93 ± 0.62 a 355.74 ± 1.08 f

T1W_M 10.44 ± 0.05 def 4.64 ± 0.15 c 1.54 ± 0.03 n 9.52 ± 0.01 i 6.59 ± 0.10 ghijk 67.26 ± 0.09 fgh 365.78 ± 0.59 bc

T1W_S 8.68 ± 0.03 no 5.14 ± 0.06 b 2.15 ± 0.01 b 10.01 ± 0.01 h 6.48 ± 0.48 hijk 67.53 ± 0.51 efg 364.08 ± 0.87 c

T2W_I 9.48 ± 0.06 jk 3.01 ± 0.02 k 1.37 ± 0.01 i 8.74 ± 0.01 n 7.14 ± 0.60 efghi 70.25 ± 0.57 ab 360.35 ± 1.29 d

T2W_L 10.16 ± 0.03 gh 2.49 ± 0.04 m 0.80 ± 0.07 l 8.73 ± 0.01 n 6.81 ± 0.48 fghij 71.00 ± 0.46 a 360.69 ± 1.05 d

T2W_M 10.08 ± 0.03 hi 4.30 ± 0.03 d 1.53 ± 0.03 h 8.96 ± 0.01 k 7.57 ± 0.19 efgh 67.55 ± 0.17 efg 364.40 ± 0.37 c

T2W_S 8.58 ± 0.02 o 6.32 ± 0.03 a 2.03 ± 0.02 c 8.91 ± 0.01 k 5.42 ± 0.16 k 68.73 ± 0.18 cde 377.00 ± 0.28 a

CR_I 11.40 ± 0.05 b 2.84 ± 0.02 l 1.34 ± 0.00 i 11.08 ± 0.03 f 7.82 ± 0.28 defg 65.51 ± 0.28 i 348.89 ± 0.54 h

CR_L 11.94 ± 0.18 a 2.77 ± 0.04 l 0.88 ± 0.04 k 11.15 ± 0.06 e 9.94 ± 0.39 ab 63.32 ± 0.54 j 345.84 ± 0.85 i

CR_M 9.66 ± 0.18 j 3.10 ± 0.03 ijk 1.75 ± 0.03 f 11.80 ± 0.03 b 7.69 ± 0.39 defgh 66.00 ± 0.36 hi 345.91 ± 0.80 i

CR_S 10.58 ± 0.13 d 3.28 ± 0.04 gh 2.30 ± 0.03 a 12.01 ± 0.05 a 6.49 ± 0.31 hijk 65.33 ± 0.31 i 346.16 ± 0.60 i

T1R_I 10.53 ± 0.05 de 2.73 ± 0.16 l 1.39 ± 0.04 i 8.02 ± 0.03 q 9.41 ± 0.08 bc 67.92 ± 0.06 defg 357.21 ± 0.86 ef

T1R_L 11.48 ± 0.03 b 1.16 ± 0.04 o 0.66 ± 0.01 m 8.80 ± 0.02 lm 10.75 ± 0.95 a 67.14 ± 0.98 gh 346.43 ± 1.85 hi

T1R_M 9.29 ± 0.03 l 3.40 ± 0.03 fg 1.52 ± 0.01 h 8.75 ± 0.01 mn 8.38 ± 0.40 cde 68.65 ± 0.39 cde 359.13 ± 0.88 de

T1R_S 8.51 ± 0.03 o 4.04 ± 0.06 e 1.91 ± 0.03 e 8.94 ± 0.01 k 8.02 ± 0.01 def 68.58 ± 0.10 cdef 360.75 ± 0.07 d

T2R_I 9.35 ± 0.00 kl 3.04 ± 0.04 jk 1.54 ± 0.01 h 8.67 ± 0.01 o 7.64 ± 0.37 defgh 69.76 ± 0.37 abc 359.07 ± 0.66 de

T2R_L 9.93 ± 0.05 i 1.62 ± 0.03 n 0.93 ± 0.01 k 8.82 ± 0.02 l 8.11 ± 0.68 cdef 70.58 ± 0.67 a 352.88 ± 1.30 g

T2R_M 9.21 ± 0.05 l 3.40 ± 0.03 fg 1.64 ± 0.01 g 9.07 ± 0.01 j 7.64 ± 0.26 defgh 69.03 ± 0.29 bcd 358.90 ± 0.48 de

T2R_S 8.93 ± 0.03 m 4.13 ± 0.03 e 1.97 ± 0.01 d 8.96 ± 0.01 k 8.95 ± 0.51 bcd 67.05 ± 0.52 gh 359.02 ± 0.94 de

CW—Control white sorghum, CR—control red sorghum, T1—dry heat treatment at 121 ◦C, T2—dry heat treatment at 140 ◦C, L/M/S—
particle sizes, I—integral. Each experiment was carried out in duplicate and data were reported as means ± standard deviation (SD).
Means in the same column with different letters are significantly different (p < 0.05).

Dry heat treatment caused an increase in energetic value compared to the control and
with temperature raise, the values for white and red varieties being close to each other. An
increasing trend for the energetic values was observed in treated samples with particle size
reduction, while for CW the opposite trend occurred.

3.2. Functional Properties

Sorghum grains dry heat treatment, milling and variety showed significant variations
(p < 0.05) in flours functional properties. The water absorption capacity of flours generally
decreased as the particle size was lower, except for CR, CW, and T1W which showed the
highest values for the M fraction (Table 2). Sorghum grains dry heat treatment led to an
increased water absorption capacity. Flours oil absorption capacity raise was proportional
with particle size reduction, while red sorghum variety showed slightly higher values
compared to the white one, and dry heat treatment produced irregular small changes
depending on the particle size. Water retention capacity registered the lowest values in the
case of M particle size, except for the T2R sample where it was the greatest, close values
being observed between the two varieties, sorghum treatment determining a decrease
of this parameter with temperature increase. Flours hydration capacity decreased with
particle size reduction, except for treated white sorghum with M particle size and red
sorghum with L particle size samples.
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Table 2. Effect of dry heat treatment on the water absorption, oil absorption capacity, water retention capacity, hydration
capacity, swelling, and solubility index of sorghum fractions.

Treatment
Water Absorption

Capacity (%)
Oil Absorption

Capacity (%)
Water Retention

Capacity (g/g)
Hydration

Capacity (%)
Swelling Power

(g/g)
Solubility Index

(%)

CW_I 208.80 ± 1.13 defghi 162.05 ± 0.25 g 1.29 ± 0.04 ab 92.41 ± 0.55 fgh 3.35 ± 0.01 kl 0.10 ± 0.00 ab

CW_L 202.00 ± 1.41 hij 152.36 ± 0.76 ij 1.31 ± 0.11 ab 98.11 ± 1.26 e 3.51 ± 0.01 h 0.04 ± 0.00 fgh

CW_M 208.60 ± 0.28 defghi 166.71 ± 0.54 e 1.06 ± 0.03 defg 97.80 ± 1.98 e 3.98 ± 0.01 d 0.12 ± 0.01 a

CW_S 207.40 ± 0.14 efghij 171.33 ± 0.61 bc 1.32 ± 0.02 ab 91.30 ± 2.12 ghi 4.31 ± 0.01 a 0.08 ± 0.00 bc

T1W_I 201.00 ± 0.54 hij 163.45 ± 0.00 f 1.30 ± 0.11 bcd 94.60 ± 0.30 f 3.38 ± 0.07 jk 0.08 ± 0.00 bc

T1W_L 209.10 ± 1.27 defgh 151.95 ± 0.41 jk 1.21 ± 0.03 abcd 94.58 ± 0.01 f 3.28 ± 0.00 m 0.02 ± 0.00 h

T1W_M 216.50 ± 0.71 bcd 176.99 ± 0.47 a 0.84 ± 0.01 h 99.60 ± 0.57 cde 3.82 ± 0.00 e 0.03 ± 0.01 gh

T1W_S 200.50 ± 0.71 ij 170.99 ± 0.15 bc 0.85 ± 0.05 h 89.00 ± 0.28 i 4.02 ± 0.00 cd 0.04 ± 0.00 fgh

T2W_I 199.00 ± 1.98 jk 166.38 ± 0.08 e 1.05 ± 0.01 defg 99.40 ± 1.13 cde 4.04 ± 0.00 c 0.03 ± 0.00 gh

T2W_L 221.60 ± 1.41 cde 151.01 ± 0.49 k 0.89 ± 0.13 fgh 101.29 ± 0.43 bcd 3.42 ± 0.00 ij 0.02 ± 0.00 h

T2W_M 219.40 ± 3.11 abc 166.53 ± 0.93 de 0.77 ± 0.00 h 102.29 ± 0.42 b 4.21 ± 0.00 b 0.03 ± 0.00 gh

T2W_S 209.20 ± 2.26 cdef 170.90 ± 0.61 bc 0.81 ± 0.04 h 89.91 ± 0.30 hi 4.35 ± 0.00 a 0.05 ± 0.03 efg

CR_I 208.78 ± 1.72 defghi 163.97 ± 0.61 f 1.27 ± 0.14 abc 93.30 ± 0.42f g 3.32 ± 0.00 lm 0.11 ± 0.00 a

CR_L 199.50 ± 0.70 jk 160.11 ± 0.83 h 1.39 ± 0.01 a 98.74 ± 0.88 de 3.32 ± 0.00 lm 0.08 ± 0.00 bc

CR_M 209.55 ± 0.78 defg 171.66 ± 0.60 b 1.09 ± 0.01 cde 97.50 ± 0.99 e 3.63 ± 0.00 g 0.05 ± 0.00 efg

CR_S 209.30 ± 0.14 defgh 170.00 ± 0.82 c 1.30 ± 0.02 ab 91.65 ± 1.48 gh 3.70 ± 0.01 f 0.07 ± 0.00 cde

T1R_I 201.99 ± 1.68 ghij 168.05 ± 0.08 d 1.21 ± 0.11 abcd 93.04 ± 3.08 fg 3.43 ± 0.00 i 0.08 ± 0.01 bcd

T1R_L 226.80 ± 0.57 a 160.00 ± 0.48 h 0.87 ± 0.08 gh 107.71 ± 1.00 a 3.37 ± 0.00 k 0.05 ± 0.05 defg

T1R_M 210.08 ± 0.96 defg 168.16 ± 0.71 d 0.90 ± 0.03 efgh 101.50 ± 0.42 bc 3.60 ± 0.01 g 0.03 ± 0.00 gh

T1R_S 191.10 ± 0.99 k 170.99 ± 0.61 bc 0.88 ± 0.01 fgh 91.21 ± 0.83 ghi 3.68 ± 0.01 f 0.04 ± 0.00 fgh

T2R_I 203.39 ± 3.12 fghij 163.50 ± 0.70 f 1.07 ± 0.02 def 105.50 ± 1.27 a 3.77 ± 0.08 e 0.06 ± 0.02 cdef

T2R_L 224.76 ± 5.71 ab 153.65 ± 0.66 i 0.87 ± 0.06 gh 107.60 ± 0.28 a 3.32 ± 0.00 lm 0.02 ± 0.00 h

T2R_M 210.08 ± 0.57 abc 167.27 ± 0.87 de 1.31 ± 0.26 ab 107.10 ± 0.15 a 3.42 ± 0.00 ij 0.02 ± 0.01 h

T2R_S 210.08 ± 1.41 cde 170.09 ± 0.94 c 0.89 ± 0.01 fgh 93.01 ± 0.59 fg 3.79 ± 0.00 e 0.05 ± 0.01 efg

CW—Control white sorghum, CR—control red sorghum, T1—dry heat treatment at 121 ◦C, T2—dry heat treatment at 140 ◦C, L/M/S—
particle sizes, I—integral. Each experiment was carried out in duplicate and data were reported as means ± standard deviation (SD).
Means in the same column with different letters are significantly different (p < 0.05).

Dry heat treatment induced slight increases in flour hydration capacity in almost all
cases, while red sorghum flours presented higher values compared to the white variety.
A proportional raise of swelling power was obtained with particle size decrease, while
white sorghum flours showed higher values compared to the red ones. Solubility index
decreased with particle size reduction for almost all the tested samples (except for CW_M),
and dry heat treatment led to the slight decrease of these parameter’s values. Flour bulk
density was influenced irregularly by particle size, the lowest values being observed for M
particle sizes (Table 3). A similar irregular trend was determined by dry heat treatment,
while the values between the two sorghum varieties were close.

The emulsifying activity recorded significant decreases (p < 0.05) with particle size
reduction, except for L for both red and white varieties, while dry heat treatment induced
irregular changes. Emulsion stability recorded higher values for L and S compared to
M particle size for both sorghum varieties. The increase in temperature determined the
increase of emulsion stability in all fractions of white sorghum, excepting T2W_S, while for
the red variety the values followed an irregular trend.
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Flour foaming capacity was affected by particle size, dry heat treatment, and sorghum
variety (Figure 1). Particle size reduction led to the increase of foaming capacity, the
differences between varieties being not noticeable. On the other hand, dry heat treatment
caused lower foaming capacity values compared to the controls and with temperature
increase, excepting T2R_S.

Figure 1. Effect of dry heat treatment on sorghum flour fractions foaming capacity: CW—Control
white sorghum, CR—control red sorghum, T1—dry heat treatment at 121 ◦C, T2—dry heat treatment
at 140 ◦C, L/M/S—particle sizes, I—integral. Means with distinct letters are significantly different
(p < 0.05).

The variation of red and white sorghum flours foaming stability with dry heat treat-
ment temperature increase and particle size decrease in time is presented in Table 3.
Foaming stability registered an increase with particle size decrease, except for CW where
an irregular trend was observed. Sorghum grains dry heat treatment caused an irregular
variation of foaming stability, the lowest values being observed for T2W_L and T2R_L,
the samples treated at 121 ◦C (T1W_L and T1R_L not presenting any foaming capacity).
As expected, foaming stability decreased in time for all the studied samples.

3.3. Molecular Characteristics

FT-IR spectra of red and white untreated and treated sorghum flours with different
particle sizes are shown in Figure 2. Many peaks can be observed on the FT-IR spectra that
could be associated with the molecular bindings of sorghum chemical compounds such as
starch, proteins, and polyphenols. Particle size reduction, sorghum variety, and dry heat
treatment led to changes in the intensities of absorption band and the appearance of peaks
in some regions. There can be observed two prominent peaks in the region 1700–1600 cm–1

(at 1649 cm–1) and in the region 1060–960 cm–1 (997 cm–1), the first one being ascribed to
Amide I expression of proteins, while the second band to carbohydrates fingerprint [45].
The peaks found in 3800–3600 cm−1 may be attributed to the O-H groups of phenols
intermolecular bonded [36], while the peak found at about 3296 cm–1 was given by the
O-H stretching vibration [46].
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Figure 2. FT-IR spectra of untreated (C) and treated (T1, T2) red (R) and white (W) sorghum flours at different particle sizes:
integral (I), large (L), medium (M), and small (S).
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The absorption bands found at about 2923 and 2352 cm–1 could be due to the C–H
stretching vibration and could suggest the presence of the alkane group and/or cis–olefinic
group [2]. Interesting changes of FT-IR spectra were observed in the 2352 cm–1 region,
in CR_L, CW_S, CW_M, T2R_M, and integral flours samples which showed higher peak
absorbances compared to other samples (Figure 3). The absorption bands found at about
1151 and 1077 cm−1 could be attributed to the fiber fractions such as small hemicellulose
and cellulose [45]. On the other hand, 1154 and 1416 could be due to the P–H, P–H banding,
phosphine, and phosphoric acid which may be associated with the presence of phytic
acid [43]. In the integral flours, the reduction of absorption intensity in 1154 and 1416 cm−1

was observed with the increase of sorghum grain dry heat treatment temperature. The
peaks observed in 750–880 cm−1 region and 1150–1500 cm−1 zone could be associated with
aromatic rings deformation, revealing the presence of phenols, with stretching given by
them and C–C, C–H, O–H deformations suggesting the presence of phenolic acids and
flavonoids [42]. The decrease of particle size led to higher absorbances in these regions,
while white sorghum exhibited higher absorbances compared to the red one, except for L
particle size. Dry heat treatment showed differential contribution in absorbances intensities,
higher values compared to the controls being observed in the case of L, M, and S particle
sizes. For the L particle size sample, the highest absorption intensities were observed for
T1R_L, while for M and S particle sizes T2W samples exhibited the highest absorbances
compared to the other studied samples.

Figure 3. Principal Component Analysis (PCA) bi-plot: CW—Control white sorghum, CR—control
red sorghum, T1—dry heat treatment at 121 ◦C, T2—dry heat treatment at 140 ◦C, L/M/S—particle
sizes, I—integral.

3.4. Relations between Variables

The correlations between variables are presented in Table 4. Foaming capacity was
positively correlated with the fat (r = 0.52, p < 0.05) and ash contents (r = 0.78, p < 0.05) and
negatively with carbohydrates (r = −0.37, p < 0.05). Oil absorption capacity was correlated
at p < 0.05 significance level with fat (r = 0.67), ash (r = 0.84), protein (r = −0.50) and foaming
capacity (r = 0.72). Moderate correlations were observed between hydration capacity and
ash (r = −0.46, p < 0.05), fat contents (r = −0.48, p < 0.05) and foaming capacity (r = −0.50,
p < 0.05). Swelling power was positively correlated with foaming capacity (r = 0.44), fat
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(r = 0.69), ash (r = 0.66) and oil absorption capacity (r = 0.60) and negatively with protein
content (r = −0.51) and fibers (r = −0.48), significant at p < 0.05 level. Moderate correlations
were obtained between solubility index and flours moisture content (r = 0.48, p < 0.05),
carbohydrates (r = −0.36, p < 0.05) and water retention capacity (r = 0.45, p < 0.05). Bulk
density was positively correlated with the protein content (r = 0.45) and negatively with fat
(r = −0.50), ash (r = −0.59) and oil absorption capacity (r = −0.73), significant at p < 0.05.
Similar, but stronger correlations were obtained between emulsifying activity and protein
content (r = 0.64), fat (r = −0.77), ash (r = −0.80), oil absorption capacity (r = −0.84) and
hydration capacity (r = 0.55). Emulsion stability was moderately correlated with the protein
content of flours (r = 0.46, p < 0.05). Significant negative (p < 0.05) correlations between
carbohydrates and moisture (r = −0.63) and carbohydrates and fibers (r = −0.40) were
obtained, while fat and ash contents were positively correlated (r = 0.69). The hydration
capacity, swelling power and emulsifying activity were moderate correlated with fiber
content (p < 0.05).

Table 4. Pearson’s correlation coefficients.

Variables FC Protein Fat Ash Moisture Fiber Carbohydrates Energy WAC OAC WRC HC SP SI BD EA ES

FC 1.00 −0.34 0.52 0.78 0.27 −0.16 −0.37 0.04 −0.26 0.72 0.11 −0.50 0.44 0.35 −0.63 −0.64 −0.20
Protein 1.00 −0.57 −0.57 0.33 0.19 −0.38 −0.53 0.09 −0.50 0.53 0.13 −0.51 0.18 0.45 0.64 0.46

Fat 1.00 0.69 −0.04 −0.40 −0.12 0.70 −0.23 0.67 −0.35 −0.48 0.69 −0.04 −0.50 −0.72 −0.17
Ash 1.00 0.12 −0.23 −0.26 0.23 −0.18 0.84 −0.14 −0.46 0.66 0.08 −0.59 −0.80 −0.17

Moisture 1.00 −0.23 −0.63 −0.62 −0.14 0.05 0.52 −0.33 0.00 0.48 0.05 −0.04 −0.08
Fiber 1.00 −0.40 −0.45 0.18 −0.07 −0.07 0.34 −0.48 0.00 0.22 0.31 0.08
Carbohydrates 1.00 0.54 0.08 −0.31 −0.32 0.27 0.06 −0.38 0.01 0.09 −0.11

Energy 1.00 −0.09 0.24 −0.52 −0.13 0.49 −0.36 −0.31 −0.38 −0.06
WAC 1.00 −0.15 −0.32 0.56 −0.09 −0.24 0.12 0.14 0.08
OAC 1.00 −0.20 −0.37 0.60 0.17 −0.73 −0.84 −0.36
WRC 1.00 −0.18 −0.37 0.45 0.18 0.19 0.01
HC 1.00 −0.29 −0.38 0.12 0.55 0.14
SP 1.00 −0.01 −0.55 −0.64 −0.16
SI 1.00 −0.15 −0.03 −0.33

BD 1.00 0.54 0.25
EA 1.00 0.46
ES 1.00

Values in bold are significant at p < 0.05, FC—foaming capacity, WAC—water absorption capacity, OAC—oil absorption capacity, WRC—
water retention capacity, HC—hydration capacity, SP—swelling power, SI—solubility index, BD—bulk density, EA—emulsifying activity,
ES—emulsion stability.

Similarities and oppositions between variables were underlined by means of Principal
Component Analysis (Figure 3), 58.93% of the total variance being explained. The first
component (PC1) explained 37.27% of data variation, while the second one (PC2) explained
21.66% of the variance.

Emulsifying activity, bulk density, fiber content swelling power, fat content, oil absorp-
tion capacity, ash content, and foaming capacity were associated with PC1, while moisture
content, solubility index, water retention capacity, carbohydrates content, and energetic
value were associated with PC2. Emulsion stability, fiber content and hydration capacity
position close to the origin underlined their smaller contribution to the data variation.

Control samples with different particle sizes were positioned in the upper part of the
graphic and were associated with water retention capacity, moisture content, solubility
index, and protein content, while treated sorghum flours with different particle sizes were
placed on the lower side. Treated samples with L particle size were grouped and were
associated with water absorption capacity, hydration capacity, and emulsifying activity.
On the other hand, treated samples with M and S particle sizes were associated with
energetic value, swelling power, fat and ash contents, foaming capacity, solubility index
and oil absorption capacity.

4. Discussion

The nutritional and functional characteristics of food products are affected by structure-
property relationships [24]. Modifications of chemical components proportions and func-
tional properties determined by dry heat treatment and milling have been reported for
cereals [24,25]. Protein content decrease with particle size decrease (Table 1) could be due
to the localization of nutrients in the grain, being known that aleurone layer in the pericarp
and the peripheral endosperm tissue are formed of cells with high amounts of proteins [47].

32



Appl. Sci. 2021, 11, 11881

Fat and ash contents increases and carbohydrates decrease with particle size reduction
agreed with the results reported by Alvarenga et al. [47]. In the case of a constant milling
process, differences in dissociation between constituent parts of the sorghum grains are
determined by the ability to remove the aleurone layer from the peripheral endosperm, the
intercellular adherence at the interface of aleurone-endosperm layers being determined by
the degree of bonding of arabinoxylan chains [48]. Another important aspect is led to the
distribution of endosperm proteins such as kafirins and glutelins [48]. Our results showed
that dry heat treatment induced the decrease of moisture and protein, and raised fat, carbo-
hydrates and energetic value. Protein content decrease could be possibly attributed to the
damage of amino acids as a result of heat [49]. He et al. [50] also reported increased metab-
olizable energy and net energy values induced by sorghum heat-related processing. The
differences among red and white sorghum chemical composition were in line with those
reported by Vargas-Solórzano et al. [48]. The significant (p < 0.05) correlations between,
carbohydrates and ash, and between fat and ash contents were in agreement with those
reported by Queiroz et al. [51] for sorghum chemical constituents. The results obtained
for sorghum fractions fiber content were in line with those reported in the literature [52],
the genotype and extraction rate playing a decisive role in fiber variation [26]. The dietary
fiber of sorghum grains is mainly composed of cellulose and pentosan [53].

The water absorption capacity of flours decreased as the particle size was lower
(Table 2) probably due to the loss of fiber which has great potential to hold water [54]
and/or to the different chemical compounds of milling fractions and/or to the particle size
distribution and its morphology [55]. For the acceptable food texture of baked goods, higher
values for water absorption capacity are recommended [56]. Dry heat treatment caused the
increase of water absorption capacity, similar to the trend reported by Adebowale et al. [57]
for red sorghum starch treated by annealing and heat moisture treatment, probably due
to the starch amylose and amylopectin chains reorganizations. Fat enhances the flavor
retention and mouth feel of food products which means that oil retention capacity is
an important quality characteristic to govern the ability of flour to physically entrap fat
content [25]. Oil absorption capacity increase with particle size decrease could be possibly
explained by the presence of lignin, its structure and surface characteristics, overall charge
density, thickness, hydrophobic character, and particle size [58]. Grains milling may affect
the absorption characteristics due to the increase in surface area. The differences between
white and red sorghum could be due to the concentration of hydrophobic amino acids as
lipid binding is determined by their concentration [54]. Water retention capacity showed
the lowest values for M particle size samples (except for T2R). The hydrophilic compounds
found in milling fractions such as polysaccharides present high water retention capacity,
while the polar amino acid residues of proteins exert affinity for water molecules, enhancing
thus the water binding capacity [55]. Dry heat treatment of sorghum grains caused the
decrease of water retention capacity which may be explained by the changes induced by
heat such as protein denaturation, starch gelatinization, and swelling of the crude fiber [59],
a statement supported also by the correlations (p < 0.05) obtained between water retention
capacity with protein and moisture content (Table 4). Flour swelling power increases with
particle size reduction, probably as a result of starch damage during milling [60]. Swelling
power is related to the intermolecular non-covalent linkages of starch, the degree of swelling
being influenced by the molecular weight distribution, amylose-amylopectin ratio, and
chain length [54]. Protein solubility decrease caused by dry heat treatment of sorghum
grains could be responsible for solubility index decrease. Protein solubility is influenced by
the intrinsic factors such as hydrophilic and hydrophobic properties of protein molecules,
their dimension and charge, and the interaction with other grain components, and also by
external factors such temperature [61]. Bulk density as an indicator for flour heaviness was
influenced in an irregular way (Table 3) by particle size, similar to the results presented by
Cairano et al. [60]. The presence of fat which could play a binder role in agglomeration of
flour particles and the milling process conditions can affect flour granulometry and, thus,
bulk density [60], a fact also supported by the significant correlation (p < 0.05) between
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bulk density and fat content (Table 4). In the case of sorghum flour samples with low lipid
content (T1W_L, T2W_L, T1R_L, and T2R_L), the increase in bulk density was observed,
and therefore using these flours may offer a significant advantage in terms of baked product
volume [62]. The emulsion activity and stability values were in line with those reported
by Siroha et al. [63] for millet flours and decreased with particle size reduction which
may be related to the variations of the interfacial tension and surface hydrophobicity.
Flour foaming capacity is determined by protein molecules structures and carbohydrates
content [64], a fact confirmed also by the significant correlation (p < 0.05) obtained in this
study. Particle size reduction led to the increase of foaming capacity and stability (Figure 1
and Table 3) probably due to the increase in proteins ability to form an elastic, flexible, and
cohesive interfacial film that can catch and maintain air for enough time to slow down
the coalescence rate [54]. Sorghum grains heat treatment induced the reduction of flour
foaming capacity may be due to protein denaturation.

Regarding the molecular characteristics (Figure 3), the decrease of particle size de-
termined proportional absorbances increases, dry heat treatment presenting differential
contribution in absorbances intensities by inducing higher values compared to the controls
in the case of L, M, and S particle sizes. The differences found at 3011 and 3292 cm−1

may be attributed to the changes in the activity of N-H of primary and secondary amines
and/or O-H of either carboxylic acid, alcohols, or starch [36]. These modifications of
the amine groups in 3292 cm−1 may also be assigned to their reactions with reducing
sugars and α-dicarbonyls, resulting in pyrazinium radical cation and leading to the for-
mation of brown pigments in the heat-treated sorghum flour [36]. The changes of FT-IR
spectra intensities for CR_L, CW_S, CW_M, T2R_M samples at about 2352 cm−1 could
be possibly attributed to the –NH3

+ changes in amines or hydrohallides and –PH in the
phosphine functional groups [36]. Furthermore, Maillard reactions could determine the
raise of unsaturated carbonyl compounds, the disintegration of amino acids to aldehydes,
and their condensation with carbohydrates parts, furfurals, and other compounds to form
chromophores and off-flavors and could be possibly led to the changes in 2300–2400 cm−1

region [36]. The changes in absorbances values at about 1151 and 1077 cm−1 could be
related to the distribution of fiber fractions in the flours with different particle sizes [45].
The reduction of phytic acid content after sorghum grains dry heat treatment was observed
by the decrease in absorbances at 1154 and 1416 [43], confirming thus the applicability of
this kind of treatment for antinutrients reduction. The peaks found in the region 1200 to
1900 cm−1 are associated with different functional groups such as amides, amino acids,
-C=O in aldehydes, C-O in esters, CO in anhydrides, =O in lactones, t-butyl groups, N-O
pyridine groups, esters, lactones [36]. The production of chromophores and condensation
reactions occurrence, such as reactions of furfurals or dehydro-reductones during Mail-
lard reaction result in the formation of unsaturated brown nitrogenous polymers named
melanoidins, depending on the heat treatment condition [36,65]. The changes observed
in region 900–1100 cm−1 could be determined by the angular C-H linkage deformation in
the sorghum flour, skeletal vibration of 1–4 glycosidic bonds (C–O–C), development of
new groups, and stretching vibration of the C-O bond in the esters formed between the
non-starch component such as –COOH in the protein and starch molecules [36].

5. Conclusions

Sorghum grain is an important alternative to conventional corps and its functionality
and nutritional value can be modified by dry heat treatment, depending on the particle
size. Dry heat treatment applied to white and red sorghum grains resulted in higher fat
and fiber and lower protein, moisture, and ash contents. Particle size reduction caused
protein content decrease and fat contents increase. The results of this study showed that
red sorghum is richer in protein, ash, and fibers and less abundant in fat compared to the
white variety. Dry heat treatment led to higher flour water absorption and lower water
retention capacity, solubility index, and foaming capacity as the temperature increased.
Particle size decrease induced the raise of flour oil absorption capacity, swelling power,
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and foaming capacity, while flour solubility index, emulsifying activity decreased. The
molecular characteristics of sorghum flours showed significant differences among varieties,
particle sizes, and dry heat treatment temperatures. Grains heat treatment led to lower
intensities of peaks characteristics for phytic acid, suggesting the utility of this process
in antinutrients diminishing. These results evidenced the opportunity to use dry heat
treatment to enhance the nutritional and functional profiles of sorghum flours, at the same
time underlying the importance of particle size and variety. This information could be
helpful for processors to better decide the destination of sorghum flours to obtain further
nutritious foods.
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Featured Application: Particle size offers valuable information about the quality of amaranth

flour, depending on milling fractions, and can be used to potentially predict the quality charac-

teristics of new baked goods developed in the future.

Abstract: Amaranth flour (AF) is recognized as high-quality raw material regarding nutrients and
bioactive compounds, essential in supplying human health benefits, compared with white flour (WF).
In this study, the effects of factors, different particles sizes (large, medium, and small), and levels of
AF (5, 10, 15, and 20%) substituting WF on the responses, empirical and dynamic dough rheological
properties, and some quality parameters of bread were successfully modeled using predictive models.
Finally, the optimization of a formulation to maximize the AF level whilst maintaining bread quality
for each type of particle size (PS) was performed based on the response surface methodology
models generated. The rheological properties of the composite flour formulated were evaluated
using Mixolab, alveograph, rheofermentometer, and dynamic rheometer. In addition, bread quality
parameters, loaf volume, instrumental texture features, and firmness were evaluated. The anticipation
of the optimal value for each response in terms of dough rheological properties during mixing, protein
weakening, starch gelatinization and retrogradation, biaxial extension, fermentation, viscoelastic
moduli, and creep and recovery compliance depending on PS. The optimal addition level was
determined by a multi-objective optimization approach. The optimal addition level was 9.41% for
large, 9.39% for medium, and 7.89% for small PS. The results can help manufacturers to develop
bread products with the desired particle size with optimal technological and physical features.

Keywords: amaranth flour; bread characteristics; dough rheology; particle size; wheat flour

1. Introduction

Bread is one of the most consumed foodstuffs that can satisfy daily requirements
and its fortification would provide an opportunity to upgrade the nutritional level of
the human diet [1]. The tendency to include pseudocereals to improve the nutritional
value of bakery products has become more popular [2]. The addition of amaranth flour
could improve the nutritional quality of bread and bakery products because amaranth is a
pseudocereal very rich in protein and carbohydrates that fulfills the needs of people with
celiac disease, individuals allergic to wheat, and vegetarians [3]. The protein content of
amaranth seeds is characterized by a well-balanced amino acid composition. Furthermore,
amaranth seeds are rich in lipids with high levels of unsaturated fatty acids, dietary
fiber, minerals (zinc, copper, and manganese), vitamins (thiamine, niacin, riboflavin, and
folate), and bioactive components (squalene, tocopherols, and phenolic compounds) [4–6]
with important beneficial effects on human health [7]. Moreover, scientific investigations
have demonstrated that amaranth has beneficial effects on health, such as decreasing
hypocholesterolemic activity, improving the immune system, decreasing blood glucose
levels, acting on liver functions, and decreasing hypertension, as well as having antitumor
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effects, anti-anemic effects, antioxidant activity, antiallergic actions, and beneficial effects
on celiac disease [8]. The partial replacement of gluten with gluten-free flours represents a
major technological challenge because gluten is the principal factor of structure-building
protein, which is reflected in the quality attributes of many baked products. Furthermore,
the gluten network is necessary for describing the rheological properties of dough, such as
mixing ability, resistance to extension, elasticity, extensibility, and gas-holding capacity [9].

The rheological properties of dough can be evaluated by using empirical and fun-
damental tests. Fundamental dough rheological properties, such as oscillation, stress
relaxation, and creep–recovery measurements have been previously studied to evaluate the
mechanical behavior of wheat doughs [9–11], which influences the quality attributes of the
end-product. In general, supplementation with non-wheat flour dilutes the gluten content
in wheat flour which adversely affects the rheological properties of dough [12]. Some
studies on white flour/pseudocereal composite flour highlighted that the bread properties
(such as specific volume, crumb texture, and density) were positively related to dough rhe-
ological properties, and the bread’s specific volume decreased as the doses of pseudocereal
flour was increased [3,13,14]. Additionally, several studies demonstrated that incorporat-
ing pseudocereal flour significantly improved the nutritive values of wheat-based bakery
products [15,16]. Compared with the continuous network and unique viscoelasticity of the
wheat dough protein network, the protein matrix of pseudocereal flour was less desirable
for bread making [17]. Including pulse flours into bread dough dilutes the gluten protein
and affects both gluten development and starch–protein complexes, which are important
to the dough rheology and the quality of the bread [18,19].

Mathematical modeling and statistical optimization in food processing manufacture
represent a necessity in order to achieve a sustainable processing industry [20]. The re-
sponse surface methodology (RSM) technique permits the study of the effects of the factors
involved in processing and their interactions, using a reduced number of experimental
runs, without being time-consuming.

This study aimed to optimize the formulation of amaranth flour addition levels
for each particle size to enhance the dough’s rheological and bread properties. To our
knowledge, no other studies have examined amaranth flour’s addition to wheat flour
from a complex rheological properties point of view. The technological importance of
each particle size could be highlighted by the chemical properties of each AF fraction, the
rheological properties of the dough, and the technological properties of the bread obtained
from the amaranth–wheat flour blend.

2. Materials and Methods

2.1. Materials

Wheat flour (flour yield 65%) from S.C. Mopan S.R.L., Suceava, România was used.
Amaranth flours were obtained from amaranth seeds (acquired from S.C. Solaris Plant
S.R.L., Ilfov, Romania). The flours were analyzed according to the international ICC
standard methods [21]: moisture content was measured according to the gravimetric
method (ICC 110/1); ash content was determined in a muffle oven by incineration at 900 ◦C
(ICC 104/1); protein content was determined with a rapid Kjeldahl device, with digestion
and steam distillation (VELP Scientifica, Usmate Velate (MB), Italy), and calculated with a
general factor of 6.25 for wheat flour and 5.53 for amaranth flour fractions (ICC 105/2); fat
content was determined with the Soxhlet method (VELP Scientifica, Usmate Velate (MB),
Italy) (ICC 136); wet gluten content and the gluten deformation index were determined
according to the SR 90:2007 method [22], as a percentage of the dried substances; and total
carbohydrate content was calculated by difference [13]. Salt (S.C. Sanovita S.R.L., Vâlcea,
Romania) and fresh Saccharomyces cerevisiae yeast (S.C. Rompak S.R.L., Pascani, România)
acquired from the local market were used in the bread recipe.
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2.2. Flours Formulation and Bread Manufacturing

Amaranth seeds were milled with a laboratory Grain Mill (KitchenAid, Whirlpool
Corporation, Benton Harbor, MI, USA), then sieved with a Retsch Vibratory AS 200 basic
(Haan, Germany) for 30 min at 70 Hz amplitude. Three different amaranth flour (AF)
particle sizes were obtained: large (L > 300 μm), medium (M > 180 μm < 300 μm), and
small fractions (S < 180 μm). Amaranth flours at each particle size were added at 0, 5,
10, 15, and 20% to refined wheat flour according to the experimental design (Table 1) and
mixed for 30 min in a Yucebas Y21 mixer (Izmir, Turkey). For bread manufacturing, flour
blend (0.3 kg), water (at water absorption capacities of the flours previously tested on the
Mixolab device, Chopin, Tripette et Renaud, Paris, France), and yeast (1.8%) were used.
The bread recipe followed a biphasic method, making leaven from the quantity of water
and fresh yeast, and half of the quantity of WF–AF. This mixture was left to ferment until it
doubled in volume, at 30 ◦C and relative humidity (85%), for approximately two hours in a
fermenting chamber (PL2008, Piron, Cadoneghe, Padova, Italy). The leaven obtained, and
the other part of WF–AF flours with salt, were kneaded in a laboratory mixer for another
10 min (Kitchen Aid, Whirlpool Corporation, Benton Harbor, MI, USA), and left for one
hour for fermenting, for each dough formulation, in the same conditions [3]. At the end
of the process, the dough was cut to 400 g/piece, molded, placed in aluminum trays for
one hour to produce the final fermentation, and baked for 25 min, at 220 ◦C (oven Caboto
PF8004D, Cadoneghe, Padova, Italy).

Table 1. Factors and their levels in the experimental design.

Run
A Particle Size (μm) B Amaranth Flour (%)

Coded Values Real Values Coded Values Real Values

1 +1.00 380 0.00 10
2 −1.00 180 −0.50 5
3 0.00 280 −1.00 0
4 0.00 280 −0.50 5
5 −1.00 180 −1.00 0
6 +1.00 380 +1.00 20
7 −1.00 180 0.00 10
8 +1.00 380 −1.00 0
9 +1.00 380 −0.50 5
10 +1.00 380 +0.50 15
11 0.00 280 0.00 10
12 0.00 280 +1.00 20
13 −1.00 180 +1.00 20
14 0.00 280 +0.50 15
15 −1.00 180 +0.50 15

2.3. Empirical Dough Rheological Properties

The rheological behavior of the dough during the mixing and heating–cooling cycle
was determined with the Mixolab equipment (Chopin, Tripette et Renaud, Paris, France)
according to ICC standard method no. 173 (ICC, 2010) [21]. The mixing parameters from
the registered Mixolab curves—water absorption (WA), dough development time (DT),
dough stability (ST), torques related to protein weakening (C1-2), the starch gelatinization
phase (C3-2), the stability of hot starch gel (C3-4), and the final starch paste viscosity after
cooling at 50 ◦C (C5-4)—were reported.

The Falling Number index (FN) of the wheat flours and flour blends was determined
by using a Falling Number device (FN 1305, Perten Instruments AB, Stockholm, Sweden)
in order to determine the amylolytic activity. The dough rheological properties during
extension were determined with an alveograph device (Chopin Technologies, Villeneuve-la-
Garenne, France) according to ICC method no. 121 method at constant hydration to a 14%
moisture basis. The determined parameters were: dough tenacity (P), dough extensibility
(L), dough strength (W), and alveograph curve ratio (P/L).
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The rheological properties of dough during fermentation were determined with the
rheofermentometer device (Chopin Rheo, type F4, Villeneuve-La-Garenne, France) accord-
ing to the AACC 89–01.01 method. The analyzed parameters were: maximum height of the
gas release curve (H’m), the total volume of CO2 production (VT), the volume of the gas
retained in the dough at the end of the test (VR), and the retention coefficient (CR).

2.4. Fundamental Dough Rheological Properties

Dynamic oscillatory measurements as non-destructive tests were performed using
HAAKE, MARS 40 (Thermo Scientific, Karlsruhe, Germany) with parallel plate–plates
geometry. For this purpose, oscillatory frequency sweep, temperature sweep, and creep–
recovery tests were performed, as reported by Iuga et al. [23]. Dough samples were
preliminarily tested for the linear viscoelastic region (LVR) by applied strain sweep tests
from 0.00 to 100 Pa at a constant oscillation frequency of 1 Hz. The dough, prepared at
optimum water absorption capacity, but without the addition of the fresh yeast, was left to
rest for 5 min before testing [23]. The excess dough was trimmed just before the measure-
ment, and a layer of vaseline was applied to the exposed edge to avoid the evaporation
of moisture during the resting period. The results, registered from a frequency sweep test
applied in the LVR from 0.01 to 20 Hz, at 10 Pa stress and 20 ◦C, were evaluated by the
elasticmodulus (G′) and the viscous modulus (G′′) at 1 Hz, and the loss tangent (tan δ). A
temperature sweep test was applied to determine the maximum gelatinization temperature
(Tmax), considered at the maximum G′ value by heating the dough from 20 to 100 ◦C at a
rate of 4.0 ± 0.1 ◦C/min, a constant strain of 0.10%, and a frequency of 1 Hz.

A creep–recovery test at a constant shear stress of 25 Pa for a creep time of 60 s and a
relaxation time of 180 s after removing the shear stress was applied to simulate different
stresses during bread dough production [23]. Results were evaluated in terms of the
maximum creep compliance (Jcmax), which corresponds to the maximum deformation at
the end of the creep phase, and the maximum recovery compliance (Jrmax), associated with
partial reformation after stress removal.

2.5. Bread Physical and Textural Parameters

After cooling, the bread samples obtained were analyzed for their bread volume (BV)
according to the Romanian standard SR 90: 2007 by seed displacement method [22].

The textural parameter, bread firmness (BF), was evaluated based on the TPA mode
by using a TVT-6700 texture analyzer (Perten Instruments, Hägersten, Sweden). The test
speed of the probe was 1.0 mm/s. The compression strain was set at 20% while the auto-
trigger force was 5.0 g, with an interval of 15 s between compressions. The firmness (BF)
was recorded and processed by TexCalc 5 software (5.1.0.x. version, Perten Instruments,
Hägersten, Sweden).

2.6. Factorial Design and Statistics

The study of PS and AF addition level effects on wheat dough rheological and bread
characteristics and the optimization process were performed using Design-Expert software
(Stat-Ease, Inc., Minneapolis, MN, USA). A full factorial design was used to study the
main and interaction effects of two factors on 24 responses. The studied factors were three
amaranth flour particle sizes (large, medium, and small) and five addition levels to wheat
flour (0, 5, 10, 15, and 20%). The responses considered were the following: Falling Number
(FN) index, the water absorption of the composite flour (WA), dough development time
(DT), stability (DT), the consistency reached during the protein weakening stage (C1-2), the
consistency reached during the starch gelatinization stage (C3-2), the consistency reached
during the stability of hot starch gel (C3-4), the consistency during the starch retrogradation
stage (C5-4), dough tenacity (P), dough extensibility (L), dough strength (W), alveograph
configuration ratio (P/L), the maximum height of the gas release curve (H’m), the total
volume of CO2 production (VT), the volume of the gas retained in the dough at the end of
the test (VR), the retention coefficient (CR), elastic modulus (G′), viscous modulus (G′′), loss
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tangent (tan δ), maximum gelatinization temperature (Tmax), maximum creep compliance
(Jcmax), maximum recovery compliance (Jrmax), bread volume (BV), and bread firmness
(BF).

An experimental design that consists of fifteen combinations was conducted and the
coded versus the real values of the factors are presented in Table 1. The simultaneous effect
of these two factors on the responses was investigated through response surface method-
ology (RSM). The effects of PS and AF addition levels on dough and bread properties
were evaluated through mathematical modeling. The most suitable model for predicting
data variation for each response was selected according to F-test results, the coefficient
of determination (R2), and adjusted coefficients of determination (Adj.-R2). The effects of
the factors and their interactions were underlined using Analysis of Variance (ANOVA),
considering a significance level of 95%.

In order to establish the optimal value of the factors, amaranth flour particle size,
and addition level, a multiple responses analysis was applied to the predictive models
in conjunction with the desirability function approach. For the numerical optimization
applied in this study, the desired goal established for each response included: addition
level, ST, C3-4, H’m, VT, VR, CR, W, Jrmax, and BV at maximum value, while C1-2, C5-4,
P/L were minimized, and the levels of all remaining responses which are considered in
this study were kept within range.

3. Results

3.1. Flour Chemical Characteristics

The values of the chemical characteristics of the wheat flour and amaranth particle
sizes, large (AL), medium (AM), and small (AS), are presented in Table 2. The wheat flour
studied presented a low α amylase activity, 30.00% wet gluten content, and 6.00 mm gluten
deformation index, characteristics that made it suitable for bread making according to
Romanian standard SR 90:2007 [22].

Table 2. One-way analysis of variance (ANOVA) of the chemical composition of the wheat flour in
comparison with amaranth flour fractions: large particle size (AL), medium particle size (AM) and,
small particle size (AS).

Parameters Wheat Flour

Amaranth Flour

Particle Size

AL AM AS

Moisture (%) 14.08 ± 0.08 a 10.61 ± 0.05 b 10.19 ± 0.06 c 9.35 ± 0.06 d

Ash (%) 0.69 ± 0.05 e 1.62 ± 0.02 c 3.54 ± 0.04 b 4.45 ± 0.04 a

Protein (%) 12.45 ± 0.15 c 10.18 ± 0.44 d 25.33 ± 0.25 b 29.36 ± 0.01 a

Fat (%) 1.41 ± 0.01 d 7.49 ± 0.02 b 8.09 ± 0.04 a 7.11 ± 0.01 c

Carbohydrates (%) 71.36 ± 0.02 a 71.16 ± 0.06 a 52.85 ± 0.53 b 49.74 ± 0.09 c

FN 312 ± 3.12 - - -
WGC 30.00 ± 0.15 - - -
GDI 6.00 ± 0.12 - - -

AL—amaranth large particle size; AM—medium particle size; AS—small particle size. FN—Falling Number index;
WGC—wet gluten content; GDI—gluten deformation index. Lower-case letters (a–e) refer to the comparison of the
same compound between the different particle size amaranth flour samples; results followed by the lowercase
letter are significantly different according to Tukey’s HSD post hoc test (p < 0.05).

A decrease in sample moisture can be observed as the particle size decreased, being
significantly (p < 0.05) lower than wheat flour. The ash content varied between 1.62 and
4.45%, which was significantly higher than ash from wheat flour (0.69%), which increased
when the particle size decreased, being significantly different between samples. The
protein content from amaranth fractions ranged between 10.18 and 29.36% and followed
the same upward trend, as did the ash content, and was significantly higher than wheat
flour (12.45%). The fat content of amaranth particle size flours ranged between 7.11 and
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8.09%, the highest values were observed in medium particle size (AM), with all samples
showing significant (p < 0.05) differences between them, and all fractions being significantly
higher than the fat content from wheat flour (1.41%). The total carbohydrate content for the
amaranth particle fractions presented significant (p < 0.05) differences between all samples,
the highest content being at large fractions, while the lowest carbohydrate content was
present in small fractions (AS).

3.2. Influence of Particle Size and Addition Level of Amaranth Flour to Wheat Flour on FN
Index, Dough Rheological Properties during Mixing and Heating-Cooling Cycle, and Dough
Biaxial Extension

The accuracy test of the model (Table 3) showed that the quadratic and 2FI models
properly predict the studied parameters as a function of the formulation factors. The data
for the Falling Number index, Mixolab, and alveographic parameters were successfully
fitted (p < 0.05) to the quadratic model, which explained proportions of 66–96% of the
variation data, as the ANOVA results showed (Table 3). The 2FI mathematical model
chosen for dough development time (DT) and the consistency reached during the starch
gelatinization stage (C3-2) data fitting explained 68 and 95%, respectively, of the variation,
and it was significant at p < 0.05 in both cases.

Table 3. The coefficients in the predictive models for the FN index, Mixolab, and alveograph
parameters.

Factors

Parameters

Falling
Number

Mixolab Alveograph

FN (s) WA (%) DT (min) ST (min) C1-2 (Nm) C3-2 (Nm) C3-4 (Nm) C5-4 (Nm) P (mm) L (mm) W (10−4 J) P/L

Constant 317.06 58.65 2.98 9.65 0.61 1.23 0.15 0.80 95.77 48.53 160.70 1.87
A −1.96 −0.52 ** 0.45 1.17 ** −0.05 ** 0.05 ** 0.08 ** −0.00 −6.38 1.88 6.08 −0.17
B −2.98 0.39 ** 1.53 ** −1.06 ** 0.04 ** −0.15 *** 0.12 *** −0.27 *** 9.62 ** −28.55 *** −50.94 ** 1.38 ***

A × B −5.85 * −0.77 ** 0.47 0.77 * −0.04 ** 0.03 * 0.07 ** −0.03 −4.50 2.50 −5.30 −0.43
A2 −2.40 −0.42 * −0.55 0.00 - −0.02 −0.03 2.40 −2.30 −5.30 0.08
B2 −7.90 * 0.58 * −0.52 0.03 * - 0.03 0.07 1.33 13.43 ** 33.90 * 0.29
R2 0.71 0.93 0.68 0.83 0.93 0.95 0.96 0.89 0.69 0.96 0.85 0.86

Adj.-R2 0.55 0.89 0.59 0.74 0.90 0.93 0.94 0.82 0.51 0.93 0.76 0.79
p-value 0.0265 <0.0001 0.0047 0.0028 <0.0001 <0.0001 <0.0001 0.0005 0.0352 <0.0001 0.0018 0.0011

*** p < 0.001; ** p < 0.01; * p < 0.05; A—particle size (μm); B—level of amaranth flour added to refined wheat flour
(%); R2, Adj.-R2—measures of model fit; FN—Falling Number; WA—water absorption; DT—development time;
ST—stability; C1-2—consistency reached during protein weakening stage; C3-2—consistency reached during
starch gelatinization stage; C3-4—consistency reached during the stability of hot starch gel; C5-4—consistency
during starch retrogradation stage; P—dough tenacity; L—dough extensibility; W—deformation energy; P/L—
alveograph curve ratio.

The ANOVA for the quadratic model, as fitted to the experimental results, showed
significance (p < 0.05). The FN index ranged from 289 to 321 s for the composite flours’
formulation. The FN was significantly correlated (p < 0.05) with the interaction effect of
the AF addition level to WF and particle size and, also, with the quadratic effect of the
AF addition level, in a negative way. The effects of particle sizes and AF addition level
is shown in Figure 1a, indicating a decrease in the FN index with an increase in the AF
addition and PS.

During mixing, the dough was influenced by PS and AF addition to wheat flour.
Water absorption registered a significant (p < 0.05) decrease (Figure 1b) when the PS
increased and the AF addition level decreased, while the interaction between factors
had a significant (p < 0.05) negative influence (Table 3). The dough development time
(DT) showed a significant (p < 0.05) increase (Figure 1c) when the AF addition level was
increased, while the PS had a non-significant effect (p > 0.05), which ranged between 1.33
and 5.75 min. The dough stability (ST) was significantly (p < 0.05) negatively affected by
the AF addition level (Table 3), while the PS and the interaction between the factors had a
positive significant influence on the ST, which ranged between 5.60 and 10.53 min. The rise
in AF amounts led to proportionally lower dough stability (Figure 1d).
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Figure 1. Three-dimensional response surface plots showing the interaction between amaranth flour
particle size and addition level on (a) the Falling Number index (FN), (b) water absorption (WA),
(c) development time (DT), and the (d) dough stability (ST) achieved during mixing.

Protein weakening (C1-2) values decreased significantly (p < 0.05) when the PS in-
creased (Figure 2a), while this parameter was raised when the AF addition level was
increased. The interaction between factors significantly affected protein weakening (C1-2
torque), indicating a decrease in protein weakening speed under the effect of temperature
increase. The starch gelatinization stage showed a significant (p < 0.05) decrease as the
addition level of AF was increased, while the PS and the interaction between factors sig-
nificantly positively influenced C3-2. The effect of particle size and the AF addition level
to wheat flour can be seen in Figure 2b, indicating an increase in C3-2 with particle size
increase. The stability of hot starch gel (C3-4) was significantly positively affected by both
factors and by the interaction between them. The effect of particle size and addition level
on C3-4 is presented in Figure 2c, showing the capacity of the AF fractions, the addition
level, and their interaction to increase the C3-4. The starch retrogradation during cooling
was significantly (p < 0.05) decreased with AF addition (Figure 2d), while particle size and
the interaction between factors showed a non-significant influence on C5-4 (p > 0.05).

The effects of factors on dough extension properties are presented in Figure 3. It can be
seen from Table 3 that dough tenacity was significantly (p < 0.05) affected by the AF addition
level, while particle size showed a non-significant effect (p > 0.05) on this parameter. It can
be observed in Figure 3a that when the AF amount was increased, the dough tenacity was
also increased. At the same time, when the dough tenacity increased with AF addition,
the dough extensibility decreased significantly (p < 0.05) with an increase in this factor.
The quadratic term of AF influences in a positive way the extensibility (Figure 3b). The
quadratic regression model was fitted for the dough strength, which indicates that this
alveograph parameter was significantly (p < 0.05) influenced by the linear and quadratic
term of the AF addition level. It can be observed in Figure 3c that when the AF amount
increased, the dough strength decreased. The alveograph configuration ratio presented a
significant (p < 0.05) increase only with AF addition level increase (Figure 3d).
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Figure 2. Three-dimensional response surface plots showing the interaction between amaranth flour
particle size and addition level on: (a) protein weakening (C1-2; (b) starch gelatinization (C3-2); (c) the
stability of hot starch gel (C3-4); and (d) starch retrogradation (C5-4).

  
  

(a) (b) 

  
(c) (d) 

Figure 3. Three-dimensional response surface plots showing the interaction between amaranth flour
particle size and addition level on: (a) dough tenacity (P); (b) dough extensibility (L); (c) dough
strength (W); and (d) alveograph configuration ratio (P/L).
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3.3. Influence of Particle Size and Addition Level of Amaranth Flour in Wheat Flour on Dough
Fermentation, Dynamic Rheological Properties, and Bread Characteristics

The quadratic model successfully fitted (p < 0.05) the data for the maximum height of
the gas release curve (H’m), the volume of gas retained in the dough at the end of the test
(VR), the retention coefficient (CR), elastic modulus (G′), loss tangent (tan δ), maximum
gelatinization temperature (Tmax), maximum creep compliance (Jcmax), maximum recovery
compliance (Jrmax), bread volume (BV), and bread firmness (BF). The variations were
explained in proportions of 66 to 92% (Table 4). For total CO2 volume production (VT) and
viscous modulus (G′′) data prediction, the 2FI model was found to be adequate (p < 0.05),
with an explained variation of 70 and 71%, respectively (Table 4).

Table 4. The coefficients in the predictive models for dough during fermentation, dynamic rheological
properties, and bread properties.

Factors

Parameters

Rheofermentometer Rheometer Bread Parameters

H’m (mL) VT (mL) VR (mL) CR (%) G′ (Pa) G′′ (Pa)
tan δ

(adim.)
Tmax (◦C)

Jcmax

(Pa−1)

Jrmax

(Pa−1)
BV (cm3) BF (g)

Constant 73.61 1268.45 1180.87 91.53 28,093.97 10,500.65 0.3476 79.32 20.27 13.40 360.83 951.01
A 0.25 35.40 16.96 −0.39 3939.00 1632.50 ** 0.0144 −0.14 −7.52 ** −4.42 ** 26.26 ** −365.40 *
B 6.30 ** 84.58 ** 89.36 ** 1.20 8848.23 ** 1463.54 * −0.0375 ** −1.74 ** −1.46 −0.87 −40.73 *** 673.85 **

A × B 1.40 29.40 8.80 −1.15 2667.00 1837.65 * 0.0217 −0.57 −1.71 −1.59 7.70 202.60
A2 0.44 - −14.10 −0.99 −1172.50 - −0.0205 0.52 3.68 1.77 −30.11 ** 602.50 **
B2 −4.53 - −76.57 ** −4.36 ** 9655.71 * - 0.0275 1.67 2.14 1.70 −6.30 195.57
R2 0.80 0.70 0.87 0.80 0.81 0.71 0.72 0.85 0.66 0.71 0.92 0.88

Adj.-R2 0.68 0.62 0.80 0.69 0.71 0.64 0.57 0.77 0.47 0.55 0.87 0.81
p-value 0.0062 0.0032 0.0009 0.0054 0.0041 0.0025 0.0221 0.0015 0.0492 0.0268 0.0001 0.0007

*** p < 0.001; ** p < 0.01; * p < 0.05; A—particle size (μm); B—level of amaranth flour added to refined wheat flour
(%); R2, Adj.-R2—measures of model fit; H’m—maximum height of the gas release curve; VT—total CO2 volume
production; VR—volume of the gas retained in the dough at the end of the assay; CR—retention coefficient;
G′—elastic modulus; G′′—viscous modulus; tan δ—loss tangent; Tmax—maximum gelatinization temperature;
Jcmax—maximum creep compliance; Jrmax—maximum recovery compliance; BV—bread volume; BF—bread
firmness.

Table 4 shows the effects of PS and AF addition formulation factors on the maximum
height of the gas release curve (H’m). The regression model indicates that the linear term
of the addition level had a significant (p < 0.05) influence on the H’m parameter, while the
PS had a non-significant effect (p > 0.05).

A response surface plot, showing the effect of AF level and PS on H’m, is represented
in Figure 4a, and it can be seen that the H’m significantly increased as the AF level increased.
The effect of the particle size and AF addition level on the total CO2 volume production of
amaranth–wheat composite flour dough as their corresponding regression coefficients in
the 2FI model indicated is presented in Table 4. The VT varied from 1123 mL to 1421 mL,
which was lower compared to the wheat control (1168 mL), but an increase in VT can
be observed with the increase of AF addition, while the PS had no significant (p > 0.05)
influence (Figure 4b). The volume of the gas retained in the dough at the end of the test (VR)
was influenced significantly (p < 0.05) by the linear term of the AF addition level and the
quadratic term of this factor (Table 4). The regression model for the VR (Table 4) showed a
non-significant (p > 0.05) effect in linear terms of particle size and in terms of the interaction
between particle size and AF addition level. The AF addition level positively affects
VR, while the quadratic term of the AF addition level negatively influences it (Figure 4c).
The effect of the PS and AF level on the CR, expressed as their corresponding regression
coefficients in the quadratic regression model, is shown in Table 4. The CR was significantly
influenced (p < 0.05) by the quadratic term of the AF level in a negative way. The response
surface obtained for the CR (Figure 4d) showed that the increase in AF level decreased the
CR parameter.

47



Appl. Sci. 2022, 12, 897

 
(a) (b) 

  
(c) (d) 

Figure 4. Three-dimensional response surface plots showing the interaction between amaranth flour
particle size and addition level on: (a) maximum height of the gas release curve (H’m); (b) total CO2

volume production (VT); (c) volume of the gas retained in the dough at the end of the test (VR); and
the (d) retention coefficient (CR).

The dynamic dough rheological properties indicated different trends depending on
particle sizes and AF addition levels. The elastic modulus (G′) was significantly influenced
(p < 0.05) by the level of AF addition to WF, while the particle size had no significant
influence (p > 0.05) (Table 4). G′ was influenced significantly (p < 0.05) by the linear term
of the AF and the quadratic term of the AF addition level (Figure 5a), while the PS and
the interactions between them presented a non-significant (p > 0.05) influence. The 2FI
predictive model results from the regression analysis showed that both the PS and the
addition level of AF and their interaction were significantly (p < 0.05) influenced and fitted
well with the experimental data for G′′ (Table 4). An increasing trend was observed with
the increase in PS and AF addition levels (Figure 5b). The loss tangent (tan δ) decreased
significantly (p < 0.05) as the amount of AF was increased (Figure 5c). Through ANOVA,
the quadratic model was found to adequately represent the experimental data for the
maximum gelatinization temperature (Tmax), the R2 value (0.85), confirming the adequacy
of the model. The linear coefficient of the addition level indicated a significant (p < 0.05)
negative influence on the Tmax, while the linear term of the PS and the interaction between
factors were not significant. The effect of the PS and AF addition level can be seen in
Figure 5d, indicating a decrease in Tmax with the increase in AF.
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(c) (d) 

Figure 5. Three-dimensional response surface plots showing the interaction between amaranth flour
particle size and addition level on: (a) elastic modulus (G′); (b) viscous modulus (G′′); (c) loss tangent
(tan δ); and (d) maximum gelatinization temperature (Tmax).

The maximum creep compliance (Jcmax) was significantly influenced by the PS of ama-
ranth flour, while the addition level did not influence this dynamic rheological parameter
(Figure 6a). The recovery phase compliance was influenced (p < 0.05) by the particle size
levels, while the AF added to wheat flour had a non-significant influence (p > 0.05). It was
found that the PS had a highly significant negative effect (p < 0.01) on Jrmax, showing a
decrease in Jrmax with the increase in PS (Figure 6b).

Bread firmness is an essential parameter in determining product quality, which deter-
mines its shelf-life. The crumb firmness was significantly influenced (p < 0.05) by the linear
term of the PS, AF addition level, and the quadratic term of the PS. The response surface
was generated (Figure 6c) to predict the bread firmness as a simultaneous function of the PS
and AF added to wheat flour, and this physical parameter decreased significantly when the
PS was increased. Otherwise, the bread firmness increased with greater AF amounts. The
bread volume (BV) followed an inverse trend, being significantly positively affected by the
PS, and negatively affected by the AF added to wheat flour. The results showed an increase
in BV when the PS was higher, but it can be observed that this parameter decreased with
the increase in the AF addition level (Figure 6d).

49



Appl. Sci. 2022, 12, 897

 
  

(a) (b) 
 

  
(c) (d) 

Figure 6. Three-dimensional response surface plots showing the interaction between amaranth flour
particle size and addition level on: (a) maximum creep compliance (Jcmax); (b) maximum recovery
compliance (Jrmax); (c) bread volume (BV); and (d) bread firmness (BF).

3.4. Optimal and Control Samples Properties

The optimal addition levels for each PS and the predicted values of the responses are
presented in Table 5.

Table 5. Wheat flour dough and optimized composite flour for each amaranth flour particle size.

Parameters Control Sample O_AL O_AM O_AS

Addition Level 100% WF 9.41% 9.39% 7.89%

FN (s) 312.00 311.00 316.50 316.66
WA (%) 58.50 57.28 58.44 58.63

DT (min) 1.69 3.44 3.01 2.41
ST (min) 9.96 10.23 9.99 8.87

C1-2 (Nm) 0.61 0.56 0.60 0.64
C3-2 (Nm) 1.41 1.30 1.25 1.23
C3-4 (Nm) 0.05 0.22 0.17 0.07
C5-4 (Nm) 1.15 0.76 0.82 0.85

P (mm H2O) 87.00 90.73 93.44 99.10
L (mm) 91.00 48.51 50.60 53.05

W × 10−4 (J) 253.00 162.92 165.33 165.28
P/L (adim.) 0.95 1.74 1.75 1.69
H’m (mm) 62.00 74.22 73.30 72.32
VT (mL) 1168.00 1307.73 1273.44 1230.20
VR (mL) 991.00 1173.33 1178.87 1141.19
CR (%) 84.80 89.34 91.25 90.70
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Table 5. Cont.

Parameters Control Sample O_AL O_AM O_AS

Addition Level 100% WF 9.41% 9.39% 7.89%

G′ (Pa) 26,370.00 30,587.03 28,624.29 23,720.87
G′′ (Pa) 9488.00 12,411.70 10,869.10 9320.63

tan δ (adim.) 0.3600 0.3630 0.3550 0.3460
Tmax (◦C) 83.24 80.15 79.44 80.02

Jcmax × 10−5 (1/Pa) 24.50 16.91 18.47 27.48
Jrmax × 10−5 (1/Pa) 16.62 10.81 12.32 17.38

BV (cm3) 372.20 345.73 368.28 337.11
BF (g) 786.00 1443.42 852.09 1398.75

O_AL—optimized samples with amaranth large particle size; O_AM—optimized samples with amaranth medium
particle size; O_AS—optimized samples with amaranth small particle size; FN—Falling Number; WA—water
absorption; DT—dough development time; ST—dough stability; C1-2—consistency reached during protein
weakening stage; C3-2—consistency reached during starch gelatinization stage; C3-4—consistency reached during
the stability of hot starch gel; C5-4—consistency during starch retrogradation stage; P—dough tenacity; L—dough
extensibility; W—deformation energy; P/L—configuration ratio of the alveograph curve; H’m—maximum height
of the gas release curve; VT—total CO2 volume production, VR—volume of the gas retained in the dough at
the end of the test; CR—retention coefficient; G′—elastic modulus; G′′—viscous modulus; tan δ—loss tangent;
Tmax—maximum gelatinization temperature; Jcmax—maximum creep compliance; Jrmax—maximum recovery
compliance; BV—bread volume; BF—bread firmness.

4. Discussion

4.1. Proximate Composition of Amaranth Particle Sizes

The higher shear force which was applied to the milling process can explain the lowest
moisture in the finest amaranth particle flour. The biggest content of ash and protein
content were in the small fractions, followed by medium PS, a fact that can be linked to
the location of the protein in the germ (65%), and 35% in the endosperm of amaranth seed,
compared to an average of 15 and 85%, respectively, in most cereals [24,25]. The protein
content from the finest amaranth fractions is comparatively higher than the protein content
from the same size of quinoa and buckwheat fractions [3]. Amaranth fractions contain
higher lipids than most cereals [25].

4.2. Influence of PS and AF Addition Level on Falling Number, Mixolab, and
Alveographic Parameters

The FN value is inversely correlated with α-amylase activity, so it may be concluded
that with the increase in the AF addition, α-amylase activity increases. This increase can be
correlated with the presence of calcium ions in amaranth [14,26,27]. High α-amylase activity
is desired for improving the final product quality. The increase in WA with the increase in
AF particle size and addition level may be explained by the gluten dilution, which requires
less hydration, and therefore a lower amount of water is needed [28]. On the other hand, an
increase in WA can be observed when the particle size decreases. This trend can be explained
by the specific surface area of amaranth starch, which is larger than wheat starches, which
can absorb more water compared to large and medium particle fractions. A similar result
was reported by Iuga et al., Mironeasa et al., and Ahmed et al. [23,29,30], whereby small
particle sizes of non-gluten flour increased the values of WA. Dough development time
measures the dough strength and was significantly affected by the PS, demonstrating that
large particles require a long time to reach the optimal elastic and viscosity characteristics.
The addition of non-gluten flour affects gluten quality with an increased degree of softening,
which is reflected in a higher DT and a lower ST. This behavior can be explained by the
presence of larger amounts of crude fiber in the amaranth flour that tend to imbibe and
retain water in the dough, affecting the mixing process parameters. Moreover, a longer
development time could be linked with the difference in the rate of water absorption
by wheat and amaranth flours, due to higher amounts of soluble proteins in amaranth
flour and maybe also due to the water absorption characteristics of amaranth starch and
non-starch polysaccharides. This may cause a delayed formation of the gluten network

51



Appl. Sci. 2022, 12, 897

in the dough [31]. Otherwise, when the PS increases, the DT is improved, this fact being
associated with amaranth albumins that interact with gluten proteins through disulfide
bonds [31,32].

The protein weakening (C1-2) increased when the PS decreased, which can be ex-
plained by the changes in protein network structure, being more available for enzymatic
attacking points and leading to a rise in the speed of protein weakening due to the heat [33].
Excessive mechanical impact weakens dough consistency, which could probably be ex-
plained by the high shear temperature from the milling process, which leads to water-
binding by protein substances. Another factor might be the better retention of the hydration
shell on the protein globules [34]. Starch gelatinization is a key factor in starch behavior,
which occurs when the dough is heated at 60 ◦C. Lower values of C3-2 can be explained
by the increase in the interactions between the low amount of amylose (1–5%) and higher
long-chain amylopectin (20–25%) from amaranth starch, which generate a synergistic effect
on the final viscosity and, thus, on starch retrogradation [35,36]. The combined effect
of starch hydrolysis and a low FN index will lead to a decrease in viscosity [37], which
will increase the water amount from the dough [38,39]. An increase in hot gel stability
values may be related to the starch damage process. Our results indicate that amaranth
flour addition can limit starch retrogradation, increasing bread freshness and shelf-life.
The biaxial extension of the dough can be monitored with an alveograph analysis, which
monitors vital parameters that can improve the fermentation process.

The dough tenacity (P), characterized by the force required for dough rupture, can
predict the bread volume [40,41]. This alveographic parameter increased when the AF
addition level increased, a fact that could be explained by the non-gluten flour incorpo-
ration, or could be a consequence of the higher level of protein and fiber from amaranth
seeds [42,43]. The extensibility of dough (L) is the property of wheat flour dough to obtain
the characteristic structure and volume of baked goods [44], can predict the handling prop-
erties of the dough [45], and was greatly reduced by the AF addition. This phenomenon can
be explained by the small numbers of hydroxyl groups from fiber which has more water
availability and the weakening of the gluten network [46]. Similar data were reported by
Piga et al. [36] when amaranth flour was studied as a potential healthy ingredient for the
development of an innovative gluten-free flatbread. Dough strength or deformation energy
(W) decreased significantly when AF amounts were increased, while the PS did not influ-
ence this parameter, possibly due to the differences in protein content between wheat flour
and amaranth flour [43]. The P/L ratio, which gives information about the elastic resistance
and extensibility balance of dough, was augmented in doughs with amaranth flour.

4.3. Influence of PS and AF Addition Levels on Dough Fermentation, Dynamic Rheological
Properties, and Bread Characteristics

The maximum height of the gas release curve (H’m) is a critical parameter in the
fermentation process and is related to the maximum height of dough development and
the height of dough development at the end of the test. The H’m parameter was closely
related to the bread volume [47], and therefore it is a good attribute for predicting the
final product. The dough, which contains non-diluting gluten, will be more elastic and
will form bread with a continuous sponge structure after baking [48]. The gas retention
was decreased, which may be due to dough permeability when the gluten network was
weakened by the amylose and amylopectin hydrolysis on the presence of enzymes during
the fermentation process. Martínez and Gómez (2017) [49] reported that the structure and
morphology of the starch granules and flour particles were the major determinants of
the dough changes produced during the fermentation and baking phases. Some authors
reported that the greater milling damage to the starch level in superfine-ground flour
gave rise to a decrease in total gas production during dough fermentation [50] due to the
amylase inactivation, thus hindering the formation of fermentable sugars and reducing
the capacity of yeasts to produce gas [51]. The compact particles of the flours produced
dough with high consistency and bread with volume and textural properties lower than
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those obtained with large particles. These changes might be due to the competitiveness
of water uptake between wheat gluten and AF components such as starch, protein, and
fiber. The highest swelling capacity value was found for the small AF particle size due to
an increase in damaged starch, which influences dough behavior [3].

Fundamental rheological tests can offer valuable information about the final product.
An increase in elastic (G′) and viscous (G′′) moduli values could be linked to the presence of
binding agents from the composite dough and attractive forces between starch granules and
amaranth fibers, this trend suggesting a solid, elastic-like behavior of the WF–AF composite
dough. The higher values of G′ and G′′ could probably also be a result of interactions
between proteins and the formation of a protein–starch complex. The significant increase in
G′ with the increased addition level of AF to wheat flour could be related to the increasing
amounts of damaged starch in the composite flour. Hatcher et al. [52] found that the
damaged starch in wheat flour greater affected the viscoelastic properties of noodles
than the particle size, resulting in stiffer doughs, than did flour with low starch damage.
Decreases in loss tangent (tan δ) values are typical for elastic and firm doughs. Similar
results were found by Burešová et al. [53]. The tan δ values are influenced by the level
of starch damage. The dough from flours with high starch damage presents significantly
lower values than those with low or medium starch damage [52].

A decrease in the maximum gelatinization temperature with the increase in the AF
addition could be due to the higher amount of water absorbed by the amaranth grain, and
the greater swelling power and solubility of the amaranth starch granule compared with
the wheat starch granule [54]. A higher amount of water absorbed could be related to the
starch damage from the amaranth flour milling process.

The maximum creep compliance (Jcmax) and the maximum recovery compliance (Jrmax),
measured at the end of the creep and recovery phases, respectively, represent the principal
characteristics from the creep–recovery curves. The results of the creep–recovery measure-
ments are significantly influenced by the protein or starch levels from amaranth fractions,
while the AF addition level did not significantly affect these dynamic parameters. This
strengthening phenomenon can be related to the hydroxyl groups from sugar compounds
from amaranth seeds, which may directly interact with proteins, resulting in non-covalent or
covalent bonding. Protein–polyphenol interactions modify proteins, influencing the quality
and functional properties of a food [23,55]. The bread volume decreased as the AF addition
level was increased, which could be explained by the poor baking quality of this flour, due to
its lack of gluten proteins, which are present in wheat [25]. The proteins present in amaranth
flour consist of three major fractions, albumins (51%), globulins (16%), and glutelins (24%),
and a minor, alcohol-soluble fraction, prolamine, between 1.4 and 2.0% [56,57]. The albumin
fraction is comparable with egg-white proteins and can be used as an egg substitute in
different products [25]. The decrease in bread volume with the AF addition can be linked
to the weakening of the gluten matrix and reduced gas retention of the dough (Table 4),
which is predictable for the higher dough tenacity and lower extensibility (Table 3). Our
results fall in line with those of Tömösközi et al. [31]. The high lipid content from small and
medium amaranth fractions (Table 2) could have functionality as a gas stabilizing agent
during breadmaking, which probably improves the bread’s technological properties based
on medium and small amaranth fractions (volume, elasticity) [58]. Some authors found a
direct relation between dough elasticity/crumb chewiness and crumb firmness [59]. These
results are in agreement with those reported by other authors [27,60–62].

The amaranth flour addition level negatively influenced the bread firmness; an increase
in bread firmness was observed when the AF amount was increased. Regarding amaranth
particle sizes, there was a decrease in bread firmness as the particle size was increased
(especially for the 5–10% addition level), a phenomenon that can be explained by the
albumin proteins from amaranth grain, which can act like gluten in the dough and have
the capacity to interact with wheat glutenin protein through disulfide bonds, which does
not weaken the gluten network overmuch. Similar results were obtained by Oszvald et al.
and Miranda Ramos et al. [32,61].
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4.4. Optimal PS and Addition Levels of AF

The numerical optimization procedure revealed that the most suitable composite
flour, based on the large amaranth particle size (380 μm), would have 9.41% amaranth
flour and 90.59% wheat flour; for the medium amaranth particle size (280 μm), a percent
of 9.39% amaranth flour and 90.61% wheat flour would be most suitable; and for the
small amaranth particle size (180 μm), the most suitable amaranth flour addition level is
7.89% to 92.11% wheat flour. According to the obtained results, both optimal and control
flours present dough stability (ST) and protein weakening (C1-2) very close values. The
development time (DT) was considerably higher than the control sample. In this case, the
optimal dough formulations can retain gas easier than the wheat dough. The differences
in the Falling Number, empirical, and dynamic rheological properties, and bread physical
and textural properties between the optimal and control samples can be linked to the
significance of proteins, lipids, carbohydrates, and minerals of the amaranth fractions and
their interactions in the dough network.

5. Conclusions

This research studied the influence of amaranth flour particle size and addition level
on the wheat dough rheological, technological, and textural bread properties, to optimize
dough and bread quality in baking. Small fractions, followed by medium ones, presented
the highest content of protein and ash, while the large particle sizes have a high content
of carbohydrates.

The results obtained revealed that particle size and AF addition level modified dough
behavior during mixing, extension, and fermentation, as well as the bread’s physical and
textural parameters. Dough rheology and bread parameters were significantly influenced
by particle size and the addition level of amaranth flour, all the regression models obtained
for responses being significant (p < 0.05) and with high coefficients of determination
(R2 = 0.66–0.96).

The combined effect of AF particle size and addition level on wheat flour led to a
decrease in the Falling Number, starch gelatinization, the final starch paste viscosity after
cooling, dough extensibility, baking strength, maximum gelatinization temperature, maxi-
mum creep and recovery compliance, and bread volume, while dough development and
stability, protein weakening, the stability of hot starch gel, dough tenacity, the alveograph
curve ratio, all rheofermentometer parameters (maximum height of the gas release curve,
the total volume of CO2 production, the volume of the gas retained in the dough at the end
of the test, the retention coefficient), visco-elastic moduli, loss tangent, and bread firmness
increased proportionally with the amount of AF used.

The optimization of twenty-four responses allowed us to obtain, for each particle size,
the optimal amaranth flour level which can be substituted into wheat flour to obtain dough
and bread with the best rheological and technological properties. It can be concluded that
particle size is very important for obtaining the desired rheological properties together
with the appropriate bread volume and firmness. These optimal composite flours do not
alter the dough network but improve the technological parameters desired to enrich bread
and other bakery products due to particle size and approximate composition.
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Abstract: In this paper, the extraction of polyphenols from amaranth seed using a Box–Benhken
design using four factors—ultra-turrax speed, solid-to-liquid ratio (RSL), methanol concentration and
extraction time—were studied. There were two responses studied for the model: total phenolic con-
tent (TPC) and total flavonoid content (TFC). The factors which influenced the most the extraction of
the TPC and TFC were the RSL, methanol concentration and ultra-turrax speed. Twelve phenolic acids
(rosmarinic acid, p-coumaric acid, chlorogenic acid, vanillic acid, caffeic acid, p-hydroxybenzoic acid,
protocatechuic acid and gallic acid) and flavonoids (kaempferol, quercetin, luteolin and myricetin)
were studied, and the most abundant one was kaempferol followed by myricetin. The amaranth seed
is a valuable source of fatty acids, and 16.54% of the total fatty acids determined were saturated fatty
acids, while 83.45% of the fatty acids were unsaturated ones. Amaranth seed is a valuable source
of amino acids, with 9 essential amino acids being reported: histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, tryptophan and valine.

Keywords: amaranth seed; extraction; polyphenols; fatty acids; amino acids

1. Introduction

Amaranth is a pseudo-cereal which is known to have a high nutritional value thanks
to its amino acids, fiber, trace elements, vitamins, flavonoids, phenolic compounds and
polyunsaturated fatty acids [1,2]. Amaranth seed is rich in different bioactive and nu-
tritional compounds such as tocopherols, sterols, squalene, fatty acids, phenolic acids,
flavonoids (as free molecules of conjugated molecules with sugars or linked to proteins in a
complex matrix through covalent or non-covalent links), dietary fibers and peptides [3–6].

The use of amaranth seeds has increased over the last 10 years both in the ordinary
diet as well as in the diets of people suffering from certain diseases and in the diets of
the people allergic to several types of cereals [7]. Thus, amaranth seeds, considered to
be pseudo-cereals, are characterized by high nutritional and functional values, associated
with the antioxidant quality and quantity of proteins and lipids [2,8,9]. The amaranth
seed flour is a well-known source of polyphenols, and it is recommended by doctors to be
used in balanced diets [8]. The polyphenols are easily degraded in the intestine of humans
and animals because of the abundance of beta-glucosidase enzyme, which liberates the
aglyconic moiety of the molecules [10]. Amaranth seed production has become more and
more popular among the people interested in their own health and especially among high
performance athletes as a consequence of a change in their eating habits [2].

Antioxidants have triggered considerable interest in food technology research. Their
availability in various diets and their high potential role in the fight against different
diseases such as cancer and neurodegenerative or cardiovascular diseases has been outlined
in a variety of studies [11,12].

Some research has shown that amaranth seeds and leaves have antioxidant capabilities
when tested in vitro [13]. Thus, the presence of polyphenols in the amaranth seeds has
been reported [14], and so has the presence of flavonoids and betalaines [15]. In other
research, Amaranthus hypochondriacus seeds have been analyzed, and phenolic compounds
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with antioxidant properties were discovered [10]. The amaranth can be considered a source
for the development of new edible products, as it has a high nutritional value, and there
is a trend in recent years regarding vegan diets. It is well known that vegetable proteins
present functional properties with high potential for human health [16,17].

Extraction of compounds from the matrices is an important process for achieving
the structural composition or a fundamental step for obtaining natural medicines. This
process is influenced by many factors, such as the particle size of the matrices, solvents,
time, technique and temperature [18]. There are various compound extraction methods
for vegetable products. One extraction method uses solvents like ethanol, methanol, ethyl
acetate or hexane among other solvents. Conventional solvents like methanol and hexane
are recognized for their high extraction yield, but for environmental safety, ethanol is a
safer alternative. Various extraction techniques can be used, such as mechanical agitation,
ultrasounds, homogenization, Soxhlet-type extraction, maceration and supercritical fluid
extraction [8,10,13,15]. The particle size of the matrix is important because the smaller
the particle is, the better the extraction process is. The ultra-turrax was used for its high
versatility in the homogenization process in the case of two immiscible systems (solvent
and plant material) [19]. Extraction assisted by an ultra-turrax can be used for bioactive
compound extraction from plant matrices.

The extraction of compounds from plant matrices using an ultra-turrax has many
advantages, such as narrow and uniform particle size distribution, being a fast and low-cost
extraction method and being able to generate high extraction rates at a normal temperature
through crushing the matrices into smaller particles [18,20]. Moreover, under partial
negative pressure permeation, high solubility of the compounds from the matrix into the
solvent can be obtained. The extraction rate is increased because of the particle reduction,
and drastic stirring adds dynamic molecular permeation [20]. The ultra-turrax was used
for the extraction of triterpenoid saponins from Pulsatilla herbs [20], organic acids from
honeysuckle [18], lignans from Schisandra chinensis fruit [21] and flavonoids from the seeds
of Oroxylum indicum [22].

The aim of this study was to evaluate the influence of the ultra-turrax speed, solid-to-
liquid ratio, methanol concentration and extraction time on the total phenolic content and
total flavonoid content from amaranth seed. In addition, the most concentrated solution
was used for the identification and quantification of 12 phenolics. The amino acids and
fatty acids from the amaranth seed were determined using a GC-MS method.

2. Materials and Methods

2.1. Materials

Ecological amaranth seed (Amaranthus cruentus) was procured from Driedfruits sup-
plies (Timisoara, Romania). The seeds were authenticated based on their botanical features,
and the seeds were kept in paper bags until extraction.

Methanol, Folin Ciocalteu reagent, sodium carbonate, gallic acid, rosmarinic acid,
p-coumaric acid, chlorogenic acid, vanillic acid, caffeic acid, p-hydroxybenzoic acid, proto-
catechiuc acid, kaempferol, quercetin, luteolin, myricetin, n-hexane, BF3 and NaCl were
purchased from Sigma Aldrich (Steinheim am Albuch, Germany). Fatty acid methyl esters
(FAMEs) were purchased from Restek (Bellefonte, PA, USA, 35077).

2.2. Methods
2.2.1. Extraction of Bioactive Compounds

The extraction of bioactive compounds was carried out according to the Box–Behnken
design presented in Table 1. The amount mentioned for each experiment was transferred
into a flask, filled to 30 mL with the corresponding solvent and submitted to ultraturrax.
After extraction, the solution was passed to a centrifuge tube and centrifugated for 10 min
at 5000 rpm. The supernatant was collected in a 50-mL flask, filled up with the solvent and
kept at −20 ◦C prior analysis.
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Table 1. Box–Behnken design of the TPC and TFC from amaranth seed.

No. Ultra-Turrax Speed (rpm) RSL Methanol (%) Time (s)

1 10,000 0.02 40 60
2 10,000 0.02 60 30
3 10,000 0.01 60 60
4 10,000 0.03 60 60
5 10,000 0.02 60 90
6 10,000 0.02 80 60
7 20,000 0.02 40 30
8 20,000 0.01 40 60
9 20,000 0.03 40 60
10 20,000 0.02 40 90
11 20,000 0.01 60 30
12 20,000 0.03 60 30
13 20,000 0.02 60 60
14 20,000 0.01 60 90
15 20,000 0.03 60 90
16 20,000 0.02 80 30
17 20,000 0.01 80 60
18 20,000 0.03 80 60
19 20,000 0.02 80 90
20 30,000 0.02 40 60
21 30,000 0.02 60 30
22 30,000 0.01 60 60
23 30,000 0.03 60 60
24 30,000 0.02 60 90
25 30,000 0.02 80 60

2.2.2. Total Phenolic Content Determination

A total of 0.1 mL of extract, according to the design presented in Table 1, was mixed in
1.9 mL water and 0.1 mL of Folin Ciocalteu reagent. The mixture was then homogenized
for 2 min, and after that, 0.8 mL of 5% sodium carbonate was added. The mixture was kept
at 40 ◦C for 20 min and cooled down in an ice bath to stop the reaction. The total phenolic
content was determined at 750 nm, based on a gallic acid calibration curve expressing the
results as a gallic acid equivalent (mg GAE/g) [23].

2.2.3. Total Flavonoid Content Determination

A total of 0.2 mL of extract, according to the design presented in Table 1, was mixed
with 2 mL of methanol and 0.1 mL of 5% AlCl3 (prepared in methanol). The solution was
left for 30 min at room temperature, and its absorbance was measured at 425 nm. The
concentration was determined based on a quercetin calibration curve expressing the results
as mg quercetin equivalent/L (mg QE/L) [23].

2.2.4. Individual Phenolic Determination

The phenolic acids (rosmarinic acid, p-coumaric acid, chlorogenic acid, vanillic acid,
caffeic acid, p-hydroxybenzoic acid, protocatechuic acid and gallic acid) and flavonoids
(kaempferol, quercetin, luteolin and myricetin) were determined from the methanolic
extract using a Shimadzu high-performance liquid chromatograph (Kyoto, Japan) with a
diode array detector. The separation was carried out on a Zorbax SP-C18 column 150 mm in
length, and a 4.6-mm i.d. 5 μm-diameter particle was used for the separation. Elution was
carried out with a solvent system consisting of 0.1% acetic acid in water (solvent A) and
acetonitrile (solvent B) at a flow rate of 1 mL·min−1. The determined phenolic compounds
of gallic acid, vanillic acid, protocatechuic acid and p-hydroxibenzoic acid were determined
at 280 nm, and chlorogenic acid, p-coumaric acid, caffeic acid, rosmarinic acid, myricetin,
quercetin, luteolin and kaempherol were determined at 320 nm [24]. Figure 1 presents an
HPLC-DAD chromatogram at 280 nm and 320 nm for the standards (100 mg/L).
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Figure 1. HPLC-DAD chromatogram at 280 nm and 320 nm for the standard (100 mg/L) for gallic acid
(peak 1 (8.578 min)), protocatechuic acid (peak 2 (16.6 min)), p-hydroxybenzoic acid (peak 3 (21.8 min)),
caffeic acid (peak 4 (24.2 min)), vanillic acid (peak 5 (26.6 min)), chlorogenic acid (peak 6 (26.7 min)),
p-coumaric acid (peak 7 (32.7 min)), rosmarinic acid (peak 8 (39.8 min)), myricetin (peak 9 (44.3 min)),
luteolin (peak 10 (50.5 min)), quercetin (peak 11 (50.9 min)) and kaempferol (peak 12 (57.4 min)).

2.2.5. Fatty Acid Profile

Prior to analysis, the amaranth seed flour was extracted for 48 h with n-hexane at
room temperature. The oil (0.1 g) was mixed with 1 mL of n-hexane and 1 mL of 15%
BF3 in methanol. The mixture was kept for 15 min at 60 ◦C in a water bath. The mixture
was cooled to 20 ◦C and mixed with 5 mL of an NaCl-saturated solution, and the solution
was centrifuged for 5 min at 3000 rpm afterward. The supernatant was filtered with a
0.45-μm nylon filter and kept at −20 ◦C prior to analysis. The separation of the fatty acid
methyl esters (FAMEs) was carried out on a SUPELCOWAX 10 column (60 m × 0.25 mm
i.d., 0.25-μm film thickness; Supelco Inc., Bellefonte, PA, USA) using a Shimadzu GC-MS
instrument (GC MS-QP 2010 Plus, Shimadzu, Kyoto, Japan) equipped with an AOC-01 auto-
injector that was used to perform the gas chromatographic–mass spectrometric analyses.
Identification of FAMEs was performed by comparing their retention times to those of the
known standards (37 component FAME Mix, Restek, Bellefonte, PA, USA, 35077) and the
resulting mass spectra to the ones from our database (NIST MS Search 2.0) [24]. The FAMEs
were quantified by comparison with the standard curves of the FAME 37 mixture, which
was made with different concentrations from 0.1 to 1 mg·mL−1. The results were expressed
as mg of fatty acid per 100 g of amaranth seed.

2.2.6. Determination of Free Amino Acids

For the extraction and identification of free amino acids, 1.75 ± 0.1 g of amaranth
flour was mixed with 15 mL of 15% trichloroacetic acid (TCA). The pH of the mixture
was adjusted to 2.2 with 15% trichloroacetic acid (TCA) (isoelectric precipitation point of
the proteins), and the extract was further diluted to 25 mL with 15% TCA [25]. Then, the
supernatant was collected and filtered using 0.45-μm microfilters, and 100 μL of the filtered
supernatant was subjected to the determination of organic components using the EZfaast
GC-MS kit, following the protocol given by the manufacturer.
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2.2.7. Statistical Analysis
Experimental Design and Statistical Analysis

The three-level Box–Behnken design was adapted in this study to investigate and
optimize the effect of the independent variables of the ultra-turrax speed (X1), solid/liquid
ratio (X2), methanol concentration (X3) and extraction time (X4) on the TPC and TFC. The
coded levels of the variables are shown in Table 1. All calculations and graphics were
carried out using the statistical software Design Expert 11 (trial version, Minneapolis, MN,
USA). Triplicate experiments were conducted in order to validate the optimal extraction
conditions.

The Box–Behnken design was based on a second-order (quadratic) polynomial re-
sponse surface model using the following equation:

y = b0 + ∑n

i=1(bixi) + ∑n

i=1

(
biix

2
ii

)
+ ∑n

ij=1

(
bijxixj

)
(1)

where y is the predicted response (TPC or TFC), xi stands for the coded levels of the design
variable (solvent concentration, time, temperature and ultrasonic frequency (Table 1)), b0 is
a constant, bi is the linear effects, bii is the quadratic effects and bij is the interaction effects.

3. Results and Discussion

3.1. Box–Behnken Design and Model Fitting

The Box–Behnken design was applied to study the combined effects of the four
parameters (ultra-turrax speed, solid liquid ratio, methanol concentration and time) on the
total phenolic content (TPC) and total flavonoid content (TFC) from amaranth seed flour.
The regression coefficients of the two proposed models are presented in Table 2. The two
models were significant ones (p < 0.05), and the F-value was 10.31 for the TPC and 10.29 for
the TFC. As can be seen, the two models were significant in terms of variance analysis, and
the regression coefficients were higher than 0.90. For the two parameters studied (TPC
and TFC), three parameters (ultra-turrax speed, solid-to-liquid ratio (RSL) and methanol
concentration) presented significant linear effects (p < 0.05), and the linear effects were
higher in the case of the TPC than the TFC. The interaction effects between the parameters
studied were not significant ones, while one quadratic effect (methanol concentration) was
a significant one.
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3.2. Fitting of Second-Order Polynomial Equations

The relationship between the extraction parameters and experimental data (TPC
and TFC) was described using the Box–Behnken design using second-order polynomial
equations. The effects which were not significant were eliminated from the equations, and
the final equations are presented below:

TPC = 506.2 + 203.7·X1 + 315.2·X2 + 294.7·X3 + 826.4·X2
3 (2)

TFC = 145.7 + 58.4·X1 + 90.3·X2 + 84.5·X3 + 236.4·X2
3 (3)

3.3. Surface Response 3D Plots

The surface response methodology is a statistical method used to depict the rela-
tionship between two parameters and the experimental data [26]. In our study, the Box–
Benhken design was used for the optimization of the TPC and TFC extraction from ama-
ranth seed flour using four parameters (ultra-turrax speed, solid-to-liquid ratio, methanol
concentration and time). In Figures 2 and 3, the evolution of the TPC and TFC as a function
of the parameters studied are presented.

In the case of the TPC, a positive combined effect of a high RSL and high ultra-
turrax speed was observed, and a high speed corelated with a high amount of matrices
influenced the extraction of phenolic compounds positively. Regarding the combined
effect of the methanol concentration and ultra-turrax speed, it can be observed that a high
ultra-turrax speed and a high methanol concentration generated a high TPC concentration.
Furthermore, at a low methanol concentration, there was a maximum TPC, and one possible
explanation for this may be the complex chemical composition of amaranth that includes
other polyphenols more soluble in high water solvent concentrations. The combined effect
of methanol and RSP showed a maximum point at a high methanol concentration and
high RSL, respectively. In the case of time combined with the ultra-turrax speed and RSL,
a direct correlation between the TPC concentration and time/RSL can be observed. The
combination of the methanol concentration and time shows that the time did not influence
the evolution significantly. In the case of the TFC, a positive combined effect of a high RSL
and high ultra-turrax speed was observed, and a high speed corelated with high amount
of matrices influenced the extraction of phenolic compounds positively. Regarding the
combined effect of the methanol concentration and ultra-turrax speed, it can be observed
that a high TFC concentration was achieved at the maximum speed and concentration,
and at a low methanol concentration, there was a maximum. One possible explanation
may be that because of the complex chemical composition of the amaranth, there can be
other flavones more soluble in high water solvent concentrations. The combination of
the methanol concentration and time shows that the time did not influence the evolution
significantly. The combined effect of methanol and RSP showed a maximum point at a high
methanol concentration and high RSL, respectively. In the case of time, it can be observed
that its combination with the ultra-turrax speed and RSL had a direct correlation between
the TPC concentration and time/RSL.
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Figure 2. 3D evolution of TPC according to the Box–Benhken design. −1 the low value of the
parameter, +1 the highest value of the parameter according to data from Table 1.
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Figure 3. 3D evolution of TFC according to the Box–Benhken design. −1 the low value of the
parameter, +1 the highest value of the parameter according to data from Table 1.

3.4. Individual Phenolic Profile

Table 3 presents the concentrations of individual phenolics (expressed as mg/kg
amaranth seed) determined using the chromatographic method. From the 12 compounds
considered, 8 were determined (vanillic acids, caffeic acid, chlorogenic acid, p-coumaric

67



Appl. Sci. 2022, 12, 2181

acid, rosmarinic acid, myricetin, luteolin and kaempferol), while 4 were under the limit of
detection (gallic acid, protocatechuic acid, 4-hydroxybenzoic acid and quercetin). From the
phenolic acids determined, vanillic acid was the most abundant, followed by rosmarinic
acid, chlorogenic acid, p-coumaric acid and caffeic acid. The most abundant flavonoid
was kaempferol, followed by myricetin and luteolin. Barba de la Rosa et al. determined
three polyphenols in amaranth seed—rutin (10.1 mg/g), nicotiflorin (7.2 mg/g) and iso-
quercetin (0.5 mg/g)—and regarding phenolic acids, they quantified 4-hydroxybenzoic
acid (2.2 mg/g), syringic acid (0.8 mg/g) and vanillic acid (1.8 mg/g) [10]. The polyphenols
in amaranth seed present high antioxidative activity and anti-inflammatory capacity as well
as miscellaneous effects like anti-fibrotic, anti-bacterial, anti-hypertensive, anti-atherogenic
and anti-proliferative effects [27]. Kaempferol, the major phenolic observed in our study,
was reported to have a nephroprotective effect, preventing DOX-induced cardiac damage,
hippocampal damage and neural and lung ischemia injury as well as an antioxidative
effect [28,29]. Myricetin, the second-largest phenolic observed, possesses antimicrobial
activity and has a positive effect on microbiota [30]. The myricetin supplementation de-
creases hepatic lipid synthesis and inflammation by modulating the gut microbiota [31].

Table 3. Phenolic profile of amaranth seed.

Phenolic mg/kg Amaranth Seed

Gallic acid ND
Protocatechuic acid ND
4-hydroxybenzoic acid ND
Vanillic acid 10.33
Caffeic acid 3.37
Chlorogenic acid 4.00
p-coumaric acid 3.63
Rosmarinic acid 7.68
Myricetin 105.05
Luteolin 39.15
Quercitin ND
Kaempferol 1041.50
Total 1214.71

ND = not detected.

3.5. Fatty Acid Composition

The fatty acid composition of the amaranth seed was found based on the oil extracted
from the seeds (7.01% oil content in amaranth seed). In Table 4, the fatty acid composition
of the amaranth seed is presented. As can be observed, the fatty acid in the highest amount
was reported to be oleic acid (23.78 mg/100 g amaranth), representing 42.68% of the total
fatty acids, followed by cis,cis-9,12-linoleic acid (C18:2), palmitic acid C16:0 and trans,trans-
9,12-linoleic acid (C18:2). The saturated fatty acids represented 16.54%, while unsaturated
fatty acids represented 83.45% (poly-unsaturated fatty acids represented 37.56%). In a
previous study, a higher concertation of saturated fatty acids (26.72–27.28%) and lower
concentration of unsaturated fatty acids (72.72–73.28%) in amaranth seed were reported [32].
Bozorov et al. reported that the predominant saturated fatty acid in amaranth seed was
palmitic acid, while the predominant unsaturated fatty acids were linoleic acids and oleic
acids [32]. According to He et al., the major fatty acids in the oil from 11 genotypes
of 4 grain amaranth species were palmitic (19.1–23.4%), oleic (18.7–38.9%) and linoleic
(36.7–55.9%) acids [33]. The linoleic acids represented in amaranth oil are essential fatty
acids which cannot be synthetized by the human body and play an important role due to
their antiadipogenic, antidiabetogenic, anti-carcinogenic and anti-therosclerotic activities [34].
Based on the fatty acid profile of the amaranth oil, amaranth can be considered a promising
food and an important raw material for pharma.
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Table 4. Fatty acid composition of amaranth seed.

Fatty Acid mg/100 g Amaranth

Dodecanoic acid C12:0 0.30
Myristoleic acid C14:0 0.52
cis-9-Octadecenoic acid C18:1 0.74
Pentadecanoic acid C15:0 0.08
Palmitic acid C16:0 7.38
cis-9-Palmitoleic acid C16:1 0.63
Heptadecanoic Acid C17:0 0.16
cis-10-Heptadecenoic acid C17:1 0.06
Oleic acid C18:1 23.78
trans,trans-9,12-linoleic acid (C18:2) 3.18
cis,cis-9,12-linoleic acid (C18:2) 13.53
Arachidic acid (C20:0) 0.30
Gamma linolenic acid (C18:3) 3.05
cis-11-Eicosenoic acid (C20:1) 0.36
Linolenic acid (C18:3) 0.71
Heneicosanoic acid (C21:0) 0.08
Eicosadienoic acid (C20:2, cis-11,14) 0.16
Behenic acid (C22:0) 0.34
Eicosatetranoic acid (20:3) 0.05
cis-5,8,11,14-arachidonic acid (C20:4) 0.19
Tricosanoic acid (C23:0) 0.06
Nervonic acid (C24:1) 0.08
TOTAL 55.71
Saturated fatty acids (%) 16.54
Unsaturated fatty acids (%) 83.45
Poly-unsaturated fatty acids 37.56

3.6. Amino Acid Profile

Amaranth is a protein-rich pseudo-cereal (~14.45%), and the sum of the essential
amino acids in the seeds is approximately equal to the recommended FAO and WHO
standard [35]. Table 5 presents the composition of amino acids in amaranth seed. There are
nine essential amino acids, namely leucine, isoleucine, valine, phenylalanine, threonine,
tryptophan, methionine, histidine and lysine [36]. Figure 4 presents a typical chromatogram
for the amino acid profile of amaranth seed. As can be observed, all 9 essential amino acids
known were reported: histidine, isoleucine, leucine, lysine, methionine, phenylalanine,
threonine, tryptophan and valine in a total concentration of 29.67 g/100 g protein, with the
major essential amino acid being lysine, followed by leucine and histidine. According to the
FAO and WHO standard, the tryptophan concentration is 1.0 g/100 g protein, methionine’s
is 3.5 g/100 g protein, threonine’s is 4.0 g/100 g protein, isoleucine’s is 4.0 g/100 g, valine’s
is 5.0/100 g protein, lysine’s is 5.5 g/100 g protein, leucine’s is 7.0 g/100 g protein and
cysteine’s is 3.5 g/100 g protein. In our study, there were some negative differences with
the FAO and WHO standard in terms of threonine, isoleucine and valine and positive
differences in terms of lysine, leucine, cysteine, methionine and tryptophan. Our results
are in agreement with those reported in the literature [37,38]. The essential amino acids
play an important role in the human body, promoting protein synthesis, influencing the
human metabolism, regulating multiple biological processes and influencing body weight
and energy balance [36,39,40].
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Table 5. Amino acids present in amaranth seed.

Amino Acid g/100 g Protein

Alanine 1.79
Asparagine 2.87
Aspartic acid 3.72
Cystathionine 5.09
Cystine 6.06
Glutamic acid 4.95
Glutamine 0.97
Glycine 1.03
Histidine * 6.83
3-hydroxyproline 3.34
Isoleucine * 2.87
Leucine * 7.85
Lysine * 10.10
Methionine * 4.69
Phenylalanine * 3.80
Proline 3.83
Hydroxyproline dipeptide 2.58
Serine 3.40
Thioproline 2.40
Threonine * 3.05
Tryptophan * 5.51
Tyrosine 5.30
Valine * 3.11
α-aminopimelic acid 4.87

* Essential amino acids.

Figure 4. Amaranth seed amino-acid profile: 1 = alanine, 2 = glycine, 3 = valine, 4 = internal standard,
5 = leucine, 6 = isoleucine, 7 = threonine, 8 = serine, 9 = proline, 10 = asparagine, 11 = thioproline,
12 = aspartic acid, 13 = methionine, 14 = 3-hydroxyproline, 15 = phenylalanine, 16 = glutamic acid,
17 = α-aminopimelic acid, 18 = glutamine, 19 = 4-hydroxylserine, 20 = hydroxyproline dipeptide,
21 = histidine, 22 = lysine, 23 = tyrosine, 24 = tryptophan, 25 = cystationine, and 26 = cystine.

4. Limitations and Future Perspectives

Our study’s limitations are related to the time of extraction. An increase in the
extraction time could lead to a higher yield for the TPC and TFC, but the high shear rates
of the ultra-turrax could cause a decrease in the TPC and TFC. Future studies will cover
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the hydrothermal impact (e.g., sous-vide treatment) on the amaranth properties (e.g., mass
transfer, TPC, TFC and amino acid composition) and the extraction of bioactive compounds
from amaranth seed using other techniques (e.g., ultrasonication extraction and microwave
extraction).

5. Conclusions

Amaranth seed can be considered a valuable source of polyphenols (phenolic acids and
flavonoids) and fatty acids. The parameters which influenced the extraction of polyphenols
from amaranth seed the most were the solid-to-liquid ratio, methanol concentration and
ultra-turrax speed. The Box–Benhken design was suitable for predicting the TPC and
TFC using the response surface method. The two models were significant ones (p < 0.05),
and the F-value was 10.31 for the TPC and 10.29 for the TFC. From the phenolic acids
determined, vanillic acid was the most abundant, followed by rosmarinic acid, chlorogenic
acid, p-coumaric acid and caffeic acid. The most abundant flavonoid was kaempferol,
followed by myricetin and luteolin. The fatty acid reported to be of the highest amount
was oleic acid (23.78 mg/100 g amaranth), representing 42.68% of the total fatty acids,
followed by cis,cis-9,12-linoleic acid (C18:2), palmitic acid C16:0 and trans,trans-9,12-linoleic
acid (C18:2). The saturated fatty acids represented 16.54% of the total, and unsaturated
fatty acids represented 83.45% (poly-unsaturated fatty acids represented 37.56%). Nine
essential amino acids were reported in amaranth seed—histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, tryptophan and valine—at a total concentration
of 29.67 g/100 g protein, with the major essential amino acid being lysine followed by
histidine and methionine. The limits of our experimental work were related to the particle
size of the materials, as it is known that the extraction efficiency is influenced by the particle
size. In the future, we intend to study the influence of thermal treatments on the phenolic
compounds from amaranth seed.
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9. Paśko, P.; Bartoń, H.; Fołta, M.; Gwizdz, J. Evaluation of antioxidant activity of amaranth (Amaranthus cruentus) grain and
by-products (flour, popping, cereal). Rocz. Państw. Zakł. Hig. 2007, 58, 35–40.
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Abstract: The aim of the study was to determine the influence of hemp seed oil on the rheological
properties of the dough and the properties of white and black wheat flour bread. In this work,
the dough was obtained from wheat flour types 550, 650, and 1350 to which hemp seed oil was
added in percentages ranging from 0–15% (flour-based). The empirical and fundamental rheological
properties of the dough were characterization using an alveograph test and a rotational rheometer.
The rheological properties determined by the alveograph test indicated a correlation between the
dough extensibility index and the bread volume. The obtained results led to the conclusion that
the addition of oil in the dough, at a maximum percentage of 15%, modifies rheological properties
by decreasing the modulus of viscosity and elasticity. Textural properties were used to determine
hardness, springiness, cohesiveness, and adhesiveness. The hardness and softness of the bread
decreased as the percentage of added oil increased and the elasticity of the bread samples increased
with the addition of more oil. Supplementing bread with oil has led to improved textural features
and sensory scores. Generally, the best quality was obtained at the optimum usage level of 5–10%
hemp oil.

Keywords: hempseed oil; bread; dough; rheological properties; textural properties

1. Introduction

Bread is considered a staple food all over the world because of its nutritional value, its
ability to be eaten with other foods, and its low price [1].

In the composition of bakery products, oil is an auxiliary component, but with an
important functional and rheological role in the dough [2]. Adding a small amount of
fat to yeast dough helps the gluten to spread, resulting in bread with a higher volume.
Fats are used in bread making to improve gas retention in the dough and thereby increase
its volume and softness, to lubricate, aerate, and help heat transference in the dough,
imparting desirable texture [3]. The flow and deformation behavior of the dough is
recognized as essential to the successful production of baked goods [4]. Since the doughs are
viscoelastic, oscillating dynamic testing has been widely used in recent years to characterize
the rheological properties of dough [5,6]. The amount of oil added is determined by the type
of flour and the capacity of the proteins in the flour to bind these lipids during kneading [7].
The percentage of added oil should not exceed 5–10%.

The rheological properties of wheat flour dough, supplemented with different amounts
of hemp seed oil, have been studied previously and it has been shown that water absorption
decreased as the amount of oil added increased. Other authors who have studied the effect
of adding flaxseed oil to wheat flour dough have reported increased water absorption
and dough stability [8,9]. They reported that the use of ground flaxseed at a level of 10%
significantly increased the volume of the bread, the specific volume of the bread, and
delayed the aging of the bread.
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The sensory qualities of baked bread, such as flavor, softness, volume, palatability,
and appearance are improved, while oxidation reactions, staling, and moisture migration
are reduced by the addition of oil to bread recipes [10].

The current trend in the industry is to introduce healthier fats into food products. As
a result, a decrease in monounsaturated fatty acids (MUFA) are expected alongside an
increase in polyunsaturated fatty acids (PUFAs) in consumer foods [11–13].

Hemp seed oil contains high concentrations of polyunsaturated fatty acids (PUFA)
(70–90%) and is a good dietary source of essential fatty acids and linoleic acids [14,15].
Linoleic acid (50–70%) is the major fatty acid in seed oil. Hemp seed oil is considered
healthy because of its desirable omega-6: omega-3 fatty acid ratio, 3:1. This value is
considered optimal for human health, as it has a positive influence on health conditions
through reducing the risk of cardiovascular diseases [16,17].

The main purpose of this research was to investigate the effects hemp seed oil had
upon the rheological properties of dough obtained from wheat flour, with specific attention
paid to three types of flour (550, 650, and 1350), as well as its effects upon the quality of
the bread.

2. Materials and Methods

2.1. Materials

Wheat flour was bought from the local producer, Mopan S.A, and have with doc-
ument’s verifying its quality. The following three types of flour were used: white flour
(type 550), white flour (type 650), and black wheat flour (type 1350). Wheat flour was
characterized according to ICC methods in terms of its composition as follows: Type 550,
14.0 g/100 g moisture; 0.55 g/100 g ash; 13.2 g/100 g protein; 31 g/100 g wet gluten. Wheat
flour type 650, 14.5 g/100 g humidity; 0.65 g/100 g ash; 10.5 g/100 g protein, 27 g/100 g
wet gluten. Wheat flour type 1350, 14.5 g/100 g humidity; 1.35 g/100 g ash; 10.5 g/100 g
protein; 26 g/100 g wet gluten.

The results obtained were duplicated and expressed as average values. The hemp seed
oil was purchased from a producer in Romania (Pronat SRL, Romania). The acidity of the
oil at its time of use in the formulation of dough was 1.16 and the iodine number of hemp
oil was 152 g/100 g. The percentage of hemp seed oil added was as follows: S0 control
test–0%; sample 1–5%; sample 2–10%; sample 3–15%. A total of twelve bread samples were
obtained for analysis.

2.2. Methods
2.2.1. Dough and Bread Preparation Method

The bread recipe was as follows: 250 g of wheat flour of each type: 550, 650, and
1350 in g of yeast was added, 3.75 g salt and hemp seed oil in percentages ranging from
0% to 15%. Water was added depending on the hydration capacity of the dough. The
dough was kneaded using the Kitchen Aid Heavy Duty mixer by mixing until full dough
development. After kneading, the dough was split, re-mixed, and fermented for 30 min at a
temperature of 35 ◦C and 80% relative humidity using a fermentation cabinet Piron. When
the fermentation was complete, the bread was baked in a Mistral TTR electric convection
oven at 180–210 ◦C for 30 min.

2.2.2. Rheological Analysis

The rheological analysis of the dough was performed on a dynamic rheometer (HAAKE
RheoWin Mars 40, Karlsruhe, Germany). All measurements were performed at a temper-
ature of 20 ◦C, using rotor/plate geometry with a rotor diameter of 40 mm and a gap of
2 mm. A frequency range of 1–20 Hz and a temperature of 20 ◦C were used for the elastic
modulus (G′) and the viscous modulus (G”). Frequency recovery tests were performed
in the linear viscoelasticity range at a constant stress of 50 Pa. The whistle time was 60 s
and the recovery stage was 180 s. The viscoelastic properties of the dough samples also
appreciated under the influence of temperature. G’ modulus, “storage” or “elastic”, and
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G” module, “loss” or “plastic”, were analyzed at temperatures between 20 ◦C–100 ◦C. The
determination was made using plate-plate geometry, with a rotor diameter of 40 mm and a
distance of 2 mm [18,19].

The empirical dough’s rheological properties were documented using an alveograph
device (Chopin Technologies, type F4, Villeneuve-La-GarenneCedex, France). The follow-
ing characteristics were defined: dough extensibility (mm) was indicated by the length of
the alveogram curve (L), the maximum pressure (P) represented the peak height (mm),
baking strength (W), index of swelling (G), and the configuration ratio of the alveograph
curve (P/L). The alveograph test was done according to ICC 121, AACC 54–30A, and ISO
5530/4 approval with 14.0–14.5 g/100 g of moisture [20–22].

2.2.3. Evaluation of Bread Quality
Texture Analysis

The texture profile evaluation test aims to mimic the mastication process, which is
run in the form of double compression cycles. Through this test, a number of properties
relating to the bread’s texture can be evaluated, such as the following: hardness, springi-
ness, cohesiveness, adhesiveness. The textural characteristics of the bread samples were
determined using a texturometer device (TVT-6700, Perten Instruments) using a 45 mm
cylindrical probe, which operates at a speed of 5.0 mm/s and a trigger force of 5 g. To
highlight the textural parameters of the bread samples, they were cut into 50 mm high
slices. Compression was performed up to a displacement equal to 75% of the sample height,
with a pressing speed of 4 mm/s. The test parameters were as follows: 10.0 mm/s pre-test
speed, 5.0 mm/s test speed, 5.0 mm/s post-test speed, and 40% strain. Thus, the device
software has been programmed to record forces and displacements, as well as to calculate
texture parameters. These analyses were conducted 2 h after baking [22–26].

Sensory Analysis

The 12 bread samples were proposed for sensory analysis to a group of 11 specially
trained panelists; a selection of students from the Faculty of Food Engineering. This group
evaluated the bread samples, giving grades from 1 (lowest intensity) to 5 (highest intensity),
for the following sensory attributes: crust color, crumb pore uniformity (size of pores in
section (small/big), crumb softness, specific aroma, and after-taste. The coded samples
were offered to the tasters and the sensory evaluation was performed using the preference
test. Additionally, overall acceptability was determined using a 9-point hedonic scale (from
9 = like extremely to 1 = dislike extremely). Differences were considered to be significantly
different at a value of p < 0.05 [25,26].

Statistical Analysis

The obtained results were statistically analyzed using XLSTAT 2021, software (Addin-
soft, NY, USA) for the one-way analysis of variance, followed by the Tukey test to determine
the significant differences between means at p < 0.05.

PCA analysis enabled the multivariate distribution of the data sets obtained in de-
termining the alveograph parameters (dough extensibility (L), the maximum pressure
(P), baking strength (W), and swelling (G). The data sets were separated into quadrants
indicating the strength of the links that are established between the analyzed characteristics.
The greater the strength of the connections, the shorter the distance from the point of
origin. This method was used to distribute rheological characteristics and to determine the
correlations between rheological, textural, and sensory characteristics.

Rheological variables (dough extensibility, maximum pressure, baking strength, swelling,
elastic modulus, and viscous modulus) and textural variables (hardness, springiness, cohe-
siveness, and adhesiveness) were correlated with sensory characteristics (crust color, crumb
pore, crumb softness, specific aroma, and after-taste) and then ana-lyzed using the Matlab
2021b program (MathWorks, Natick, MA, USA).
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3. Results and Discussion

3.1. Results in Obtaining Bread Samples

A total of 12 bread samples (Figure 1a) were obtained using three types of flour (type
550, type 650, and type 1350) to which hemp seed oil was incorporated in kneading in
percentages of 0%—Control, 5% (P1), 10% (P2), and 15% (P3). The samples in the section
are presented in Figure 1b.

   
(a) 

 
(b) 

Figure 1. (a) Bread samples obtained from the three types of flour (external appearance); (b) Section
appearance of bread samples.

3.2. Rheological Analysis Results

Figure 2a shows the values of elastic and viscous modulus, depending on the frequency,
for the dough obtained from white flour type 550 with different amounts of hemp seed
oil. A visual inspection of the data suggests that all samples are dependent on the amount
of oil added. The rheological properties of the 550-flour dough demonstrate the same
linear decreasing tendency of both the elastic and viscous modes. Figure 2b describes
the viscoelastic properties of the flour dough 650. A significant decrease in the elastic
and viscous mode is observed with the addition of 15% hemp oil. This behavior can be
attributed to the high protein content of white flour, but also to the size of the starch
granules and the bonds that form between the starch and the incorporated oil. In general,
the incorporation of oil into white flour dough decreases viscoelastic modules, G′ and G”,
leading to lower values than the control dough [27,28].

Figure 2c describes the frequency and viscous modulus, depending on the frequency,
for the dough obtained from black wheat flour (type 1350) with the addition of hemp
seed oil. The same tendency to decrease the elasticity and viscosity of the dough is also
noticeable in this dough sample. The decrease is more visible as the percentage of added
oil increases. The loss modulus (G”) presents lower values than the storage modulus (G′)
in all formulated dough samples, suggesting a more elastic than viscous characteristic in
dough samples. This result influences the development of the dough during fermentation,
increasing its capacity to retain fermentation gases and thus, increasing the elasticity of the
bread crumb and volume [29,30].

Figure 3a–c describe the behavior of dough obtained from wheat flour with the
addition of hemp seed oil in proportions of 0–15% under the influence of temperature
variations. There has a tendency to increase the viscosity of the dough as the temperature
increases. The flour dough sample 550 has the effect of increasing the viscous and elastic
modulus by 5% and, by increasing the amount of oil, there is a considerable decrease in
elastic and viscous behavior [31,32]. The dough obtained from 650 flour with the addition of
hemp seed oil behaves differently due to the manner with which it reactions to temperature.
The elastic modulus decreases significantly with a 5% addition of oil, especially when
compared to the sample control, as well as with 10% and 15% oil additions.
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(a) (b) 

 
(c) 

Figure 2. (a) G′ G” dough modulus (points) and power curves (lines) depending on frequency at
550 flour dough samples for four different added oil contents: 0% (red point), 5% (green point),
10% (blue point), and 15% (purple point); (b) G′ G” dough modulus (triangle with tip up) and
power curves (lines) depending on frequency at 650 flour dough samples for four different added oil
contents: 0% (red triangle), 5% (green triangle), 10% (blue triangle), and 15% (purple triangle); (c) G′

G” dough modulus (triangle with tip down) and power curves (lines) depending on frequency at
1350 flour dough samples for four different added oil contents: 0% (red triangle), 5% (green triangle),
10% (blue triangle), and 15% (purple triangle).

The temperature ranges for starch gelatinization are lower for dough samples with
higher oil additions. Figure 3c shows the behavior of the dough obtained from black flour
(1350) under the influence of temperature. The G′ G” modules show a linear trend for the
control sample, compared to the dough sample which had an added percentage of 15% oil.
The difference is significant between the two samples, this aspect will be observed in the
results obtained when assessing the quality of the bread [33,34].

The alveograph data are shown in Table 1.
Analyzing the alveographic parameters highlights the bread’s extensibility and the

effects of increasing the elasticity of the dough as the percentage of added oil increases. The
characteristics were determined: the extensibility of the dough (mm) indicated by the length
(L) of the alveogram curve, the maximum pressure (P) representing the peak height (mm),
the baking strength (W), the swelling index (G), and the configuration ratio of alveograph
curve (P/L). The swelling index (G) increases in all dough samples in proportion to the
amount of oil added and the baking strength decreases inversely in proportion to the
addition of oil [35,36]. The incorporation of oil decreases water absorption, the mixing
tolerance, and the tenacity of the doughs, but increases extensibility. The incorporation of
oil tends to reduce the extensibility of the doughs and the energy of deformation, measured
with the alveograph which can cause problems in the use of the doughs or in the retention
of gas during fermentation.

79



Appl. Sci. 2022, 12, 2764

 
(a) (b) 

 
(c) 

Figure 3. (a) G′ G” dough modulus (points) and power curves (lines) depending on temperature at
550 flour dough samples for four different amounts of added oil: 0% (red point), 5% (green point),
10% (blue point), and 15% (purple point); (b) G′ G” dough modulus (triangle with tip up) and power
curves (lines) depending on temperature at 650 flour dough samples for four different amounts
of added oil: 0% (red triangle), 5% (green triangle), 10% (blue triangle), and 15% (purple triangle);
(c) G′ G” dough modulus (triangle with tip up) and power curves (lines) depending on temperature
at 1350 flour dough samples for four different amounts of added oil: 0% (red triangle), 5% (green
triangle), 10% (blue triangle), and 15% (purple triangle).

Table 1. Results of alveographer characteristics for wheat flour with the addition of hemp seed oil.

Sample P, mm L, mm G, mm W, J P/L

M_550 99 ± 0.01 a 79 ± 0.02 a 19.8 ± 0.02 a 283 ± 0.02 c 1.47 ± 0.01 a

P1_550 89 ± 0.01 a 110 ± 0.01 c 23.3 ± 0.02 c 262 ± 0.02 b 1.81 ± 0.02 c

P2_550 106 ± 0.02 b 99 ± 0.01 ab 22.1 ± 0.03 c 179 ± 0.02 a 1.70 ± 0.02 b

P3_550 122 ± 0.02 c 96 ± 0.01 b 21.8 ± 0.01 b 179 ± 0.01 a 2.56 ± 0.02 d

M_650 105 ± 0.01 b 97 ± 0.02 c 21.9 ± 0.01 298 ± 0.01 c 1.08 ± 0.02 c

P1_650 95 ± 0.01 a 86 ± 0.01 a 20.6 ± 0.01 221 ± 0.01 b 0.94 ± 0.01 b

P2_650 112 ± 0.01 c 96 ± 0.01 b 21.8 ± 0.02 184 ± 0.01 a 0.68 ± 0.03 a

P3_650 120 ± 0.01 d 79 ± 0.02 c 19.8 ± 0.03 122 ± 0.01 ab 0.63 ± 0.02 a

M_1350 102 ± 0.01 a 27 ± 0.01 a 11.6 ± 0.02 271 ± 0.01 c 8.0 ± 0.03 d

P1_1350 108 ± 0.02 a 24 ± 0.01 a 10.9 ± 0.01 183 ± 0.02 b 7.13 ± 0.03 c

P2_1350 117 ± 0.03 b 22 ± 0.02 a 10.4 ± 0.01 135 ± 0.02 b 6.27 ± 0.03 b

P3_1350 128 ± 0.02 c 21 ± 0.01 a 10.2 ± 0.01 116 ± 0.02 a 6.05 ± 0.03 a

a–d Mean values in the same column (corresponding to the same parameters) indicated statistically significant
differences (p < 0.05).

Figure 4 expresses the following through a three-dimensional graph: the distribution of
swelling index, the extensibility of the dough, and the maximum pressure which describes
the empirically determined rheological properties. A homogeneous distribution of the
results obtained for the following characteristics was observed: the extensibility of the
dough (L), the maximum pressure (P), and the swelling index (G). The values are evenly
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distributed because the 550 and 650 flour assortments have similar rheological behavior,
with the exception of the 1350 flour, which has a different behavior both in the description
of the dynamic rheology and in empirical determinations.

Figure 4. Graphic representation of the main alveograph characteristics.

Principal Component Analysis (PCA) was applied to highlight the effects of adding
oil to white and black flour with the alveograph determined rheological characteristics
of the dough. The loads of the variables studied with regards to the first two main com-
ponents, PC1 (74.96%) and PC2 (24.30%) (Figure 4) described 99.27% of the total variant.
Figure 5 represents the distribution of the quality attributes determined by the alveograph
determinations and the dough samples, with which they are in a significantly positive
correlation. PC1 was associated with dough samples with 0–5% added oil with rheological
characteristics (extensibility, baking strength, maximum pressure, and the configuration
ratio of the alveograph curve). PC2 was associated with dough samples with additions
of 10–15% of hemp seed oil. There is a good relationship between the extensibility and
the swelling index in the control sample and the dough with an addition of 5% hemp
seed oil. The samples with 10–15% were not associated with the analyzed rheological
characteristics [37,38].

F2
 (2

4.
30

 %
)

F1 (74.96 %)

Biplot (axes F1 and F2: 99.27 %)

Figure 5. Principal component analysis (PCA) graph showing the distribution of rheological variables
for the dough samples analyzed.
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It can be seen that dough’s of 650 and 550 flour with a maximum of 5% added hemp
oil had the best characteristics, having qualities such as high extensibility, swelling index
and high resistance to baking. The 1350 flour doughs (control and P1) correlate with the
maximum pressure.

3.3. Evaluation of Bread Quality

The results regarding the analysis of the textural characteristics are presented in Table 2.

Table 2. Texture parameters of the bread samples with different percentages of hemp seed oil added.

Sample
Hardness

(N)
Springiness

(Adimensional)
Cohesiveness

(Adimensional)
Gumminess

(N)
Resilience

(Adimensional)

M_550 6.95 ± 0.02 b 3.86 ± 0.01 a 0.9 ± 0.01 b 6.28 ± 0.00 d 2.3 ± 0.12 d

P1_550 6.37 ± 0.03 b 5.58 ± 0.02 b 0.8 ± 0.02 a 5.19 ± 0.00 b 1.8 ± 0.11 a

P2_550 5.36 ± 0.01 a 8.42 ± 0.03 d 0.8 ± 0.03 a 4.14 ± 0.01 a 2.3 ± 0.14 d

P3_550 5.60 ± 0.02 c 6.20 ± 0.02 c 0.8 ± 0.03 a 5.39 ± 0.01 c 2.5 ± 0.02 d

M_650 6.45 ± 0.02 b 3.68 ± 0.03 a 0.9 ± 0.03 c 5.54 ± 0.00 c 2.5 ± 0.01 b

P1_650 6.31 ± 0.00 b 4.83 ± 0.00 c 0.9 ± 0.01 c 5.76 ± 0.01 c 3.0 ± 0.11 c

P2_650 5.53 ± 0.02 a 4.12 ± 0.01 b 0.7 ± 0.01 a 4.09 ± 0.01 a 1.7 ± 0.10 a

P3_650 6.21 ± 0.03 c 3.67 ± 0.01 a 0.8 ± 0.03 b 5.09 ± 0.00 b 2.7 ± 0.04 b

M_1350 9.35 ± 0.01 c 2.95 ± 0.11 c 0.8 ± 0.03 b 7.52 ± 0.10 c 1.9 ± 0.04 a b

P1_1350 9.01 ± 0.01 c 2.74 ± 0.15 c 0.8 ± 0.02 b 6.85 ± 0.01 b 1.7 ± 0.03 a

P2_1350 8.71 ± 0.02 b 1.94 ± 0.21 b 0.8 ± 0.03 b 6.82 ± 0.01 b 2.2 ± 0.03 b

P3_1350 8.99 ± 0.03 a 1.86 ± 0.20 a 0.7 ± 0.02 a 6.41 ± 0.01 a 1.6 ± 0.04 a

a–d Mean values in the same column (corresponding to the same parameters) indicate statistically differ signifi-
cantly (p < 0.05).

Determining the texture of white bread when supplemented with oil demonstrated
that a decrease in hardness occurred when the amount of oil added amounted to 10%.
When an oil percentage of 15% was added to the dough, it increased the hardness value for
all resulting bread; both white and black flour samples [39,40]. This increase in hardness
comes about during the process of changing the structure of the dough. The absorption
of water in the starch granule is reduced, the proteins in the flour are covered with oil,
and the gluten network is inhibited by the 15% addition of oil. The proteins’ glutenin
and gliadin require water to combine and form gluten strands, which gives the dough its
strength, stretchability, and ability to trap fermentation gasses, preventing them from rising.
This increase in hardness when adding 15% oil also has a negative effect on the elasticity
of the crumb. This value decreases proportionally with the increase in the percentage
of incorporated oil. The fermentation of the dough is slower with the addition of high
percentages of oil, which leads to an increase in the fermentation time, a decrease in the
retention capacity of the fermentation gases, and finally, a reduction in the volume of the
bread [41,42]. The gumminess of the crumb is correlated with the addition of oil to the bread
samples. This characteristic is associated with chewability. Chewing properties (chewing
time or number of chews) and the sensory perception of fat are attributes that the consumer
does not like [43]. Comparable findings have been described by Puerta et al. (2020), and
Jourdren, et al. (2016), correlating the perceived sensations to the appreciation of the
textural characteristics of bread by panelists [44,45]. The recommendation for consumers is
that the bread samples with high gumminess can be toasted before consumption.

The characteristics of the structure and texture of the bread were analyzed (Figure 6)
to demonstrate the overall effect of the distribution of quality attributes. Two components
accounted for 81% of the total variation in data; 29% and 52% of the variations found
in main components 1 and 2, respectively. It is evident that the 650 and 550 flour bread
samples correlate with the cohesiveness and extensibility properties of the dough. In the
right quadrant are grouped bread samples obtained from 1350 flour, the control sample,
and the sample with 15% oil that demonstrated increased hardness.
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Figure 6. Analysis of the main components for the correlations between the bread samples and the
rheological and textural characteristics.

The graph represented in Figure 7 expresses the distribution of bread samples in
relation to all quality attributes that described the fundamental rheological characteristics,
empirical and textural characteristics. On axis 1, at the distance of origin, are the bread
samples obtained from black flour (1350) with the addition of 10% and 15% hemp seed
oil. On axis 2 are the white flour bread samples, type 650 and 550 (P3_550 and P3_550),
which have a strong positive ratio. Observing distribution on the graph reveals significant
correlations between samples P2_550 and P2_650. In conclusion, the addition of oil in the
dough influences the rheological and textural properties, depending on the percentage
added and the type of flour.

 

Figure 7. Graph of the distribution of bread samples in relation to the quality characteristics and the
proportion of added hemp seed oil.

3.4. Evaluation of Sensory Quality of Bread

Sensory evaluation (Figure 8) of bread samples was performed 24 h after baking. The
bread samples received up to 9 points regarding general acceptability with the following
average scores: the bread samples with the addition of 5% hemp oil scored 7.66; samples
with the addition of 10% hemp oil scored 8.20; samples with the addition of 15% scored
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7.12. On average, the evaluators said, with regards to the addition of 5–15% hemp oil, “I like
it very much” and “I like it moderately”. The evaluators appreciated the samples of black
bread with the addition of 5% and 10% for its crumb pore and specific aroma. Although
using hemp seed oil benefits is beneficial to bread quality, it cannot be used in excess of
10%, as, according to the evaluators’ ratings, this causes the taste to worsen. Related to this,
is that other several studies have also evaluated consumer satisfaction with oils, such as
sesame, chia, pumpkin, and flax, finding that 5–10% additions did not significantly alter
sensory properties.

Figure 8. Sensory properties of bread samples.

4. Conclusions

This study demonstrates the possibility of using hemp seed oil in the formulation of
bread dough for both white and black bread.

Alveograph parameters were used to analyze and highlight the extensibility properties
and the effect of increasing the elasticity of the dough as the percentage of added oil
increases. The results indicate that the presence of hemp seed oil changes the rheological
properties of the dough, increasing storage and loss values.

The loss modulus (G”) presents lower values than the storage modulus (G′) in all
formulated dough samples, suggesting a more elastic than viscous characteristic in said
dough samples.

The rheological properties of the dough have been improved, as have the textures in
the samples obtained from black flour with the specification that the maximum oil addition
is 10%. An increase in the hardness of the bread samples was noticed in bread with the
addition of 15% hemp seed oil. The effect of incorporating oils in bread depends on the
quantity added. In small amounts, it can be beneficial, while in larger quantities, they
weaken the dough and have negative effects on the springiness. Therefore, depending on
the flour type and the amount of oil added, the effects on the quality of bread may vary.
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Abstract: Capitalization of winery by-products has received high interest among scientists, producers
and consumers concerned with healthy diet and environment protection. Grape peels are rich in fiber
and polyphenols and can be used as ingredients in pasta matrix in order to increase the nutritional
and functional value of such a staple food. The aim of this paper was to investigate the effects of
grape peel flour added in various amounts (1–6%) to common wheat pasta dough viscoelasticity
and texture and on pasta chemical composition, color, cooking behavior and texture, revealing at the
same time the relations between characteristics. Grape peel flour induced the increase of the elastic
(G′) and viscous (G′′) moduli, dough hardness, springiness, cohesiveness, pasta crude ash, crude
fat, crude fiber, total polyphenols and resistant starch contents, pasta water absorption, cooking loss
and breaking force as the addition level was higher and compared to the control. On the other hand,
dough resilience, pasta luminosity, chewiness and firmness decreased as the amount of grape peel
flour raised. Significant correlations (p < 0.05) were obtained between the chemical composition and
color parameters, while crude fiber, protein and fat were correlated with dough and pasta texture,
total polyphenols with resistant starch content, cooking loss with crude fiber and dough textural
parameters. The obtained results underlined the opportunity to use a valuable byproduct such as
grape peels in novel pasta formulations, being helpful for processors to extend the product variety
and to optimize the processes in order to better satisfy consumer’s demand for functional foods.

Keywords: common wheat; vinification by-product; texture; dough rheology; physico-chemical properties

1. Introduction

Food processing trends are heading more and more to waste reduction and sustainable
approaches in order to diminish the impact of these activities on the environment. Large
amounts of by-products resulted can be used as alternative ingredients to create value-
added food or extract bioactive compounds. One of the industries that generate byproducts
with high functional properties is winemaking. Grape vine (Vitis vinifera L.) is cultivated all
over the world, the total surface in 2020 summing up more than 7.3 million hectares, with
a production of 230 mhL wine [1]. Grape pomace represents about 20–30% of the grape
weight, with grape peel counting 63–75% of the total pomace [2]. Therefore, the disposal of
such by-products greatly impacts the environment, the main uses being oriented towards
animal feed or compost. Furthermore, some processors resort to the discarding of grape
pomace on the soil without any pretreatment which will determine acidification due to the
low pH of pomace and oxygen consumption in soil and ground waters caused by tannins
and other compounds’ presence [3,4].

Common wheat flour is used for pasta production mainly in countries where durum
wheat is less accessible and more expensive [5]. Refined wheat flour presents a low
nutritional value due to its proximate composition, grain parts like bran and endosperm
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are discarded during milling, depending on the extraction rate. Refined wheat flour has
an extraction rate of 75% and thus presents low amounts of fiber, vitamins, minerals and
bioactive compounds compared to whole wheat [6,7]. The lack of fiber in the human diet
could be related to negative effects on the digestive system. Thus, the supplementation of
wheat flour with various fiber-rich ingredients drew increasingly attention from researchers
and producers.

Grape by-products give many health benefits due to the presence of bioactive com-
pounds which are kept in grape pomace even after processing. Grape pomace has more
than 60% dietary fiber [7,8], the main fraction being insoluble dietary fiber represented
by cellulose and hemicelluloses. Nevertheless, soluble dietary fiber is also found in grape
by-products and exerts many health benefits given by water-soluble polysaccharides such
as β-glucan, pectin and gum [9]. It was demonstrated that grape pomace could act as
a prebiotic in the colon due to its ability to ferment, acting as a substrate for the colon
microbiota [7,10]. Grape by-products bioactive compounds include flavonoids such as
anthocyanins, resveratrol, tannin and quercetin with antibacterial, anticancer, antioxidant
and anti-inflammatory activities, hepatic and cardiovascular protection and chronic dis-
eases prevention properties [11–15]. The proximate composition of grape pomace includes
proteins, lipids and carbohydrates, the main micronutrients represented by vitamins and
phenolic compounds that exert antioxidant activity against free-radicals [16,17]. The chem-
ical composition of grape by-products depends on various factors such as cultivar, climate,
ripening stage and soil [18].

In food products supplementation for functional value increase, the use of valuable
bioactive compounds is an essential goal to satisfy the diversified, escalating market de-
mand. There are some studies revealing the possibility to use wine grape by-products such
as pomace, peels and seeds in bakery and pasta products, as it was summarized in our
previous work [19]. According to the results presented by Marinelli et al. [20], grape marc
incorporation in durum wheat pasta led to significant improvement of phenolics and antho-
cyanins contents and antioxidant activity compared to the control, higher bioaccessibility of
polyphenols and lower glycemic index being obtained. Regarding cooked pasta texture, a
decrease of firmness, adhesiveness and elasticity was reported, probably due to the gluten
dilution effects [20]. Lou et al. [21] observed an increase in antioxidant activity and radical
scavenging activities of biscuits enriched with grape pomace, while minor influence on the
digestion rate was recorded. Furthermore, biscuits chewiness and hardness increased as the
level of grape pomace was higher possibly as a result of the binding of polyphenols with
protein or starch, determining a raised gluten matrix strength [21]. Textural properties of
breadsticks were affected by grape pomace incorporation, revealing a decrease in hardness
and breaking force proportional to the level added, while the antioxidant capacity and the
fiber content increased, as stated by Rainero et al. [22]. The addition of grape peels, seeds
and pomace flours in wheat dough caused the decrease of the elastic (G′) and viscous (G′′)
moduli, increasing at the same time tan δ values as the amount added raised [23]. The visco-
elastic character of dough is related to its three-dimensional matrix given by the interaction
between gluten proteins and starch or non-starch polysaccharides [24]. Balli et al. [25]
studied the effect of 7% grape pomace addition in durum tagliatelle pasta and showed
that pasta samples contained the same monoglycosylated and acetylated anthocyanins as
found in grape pomace, while a good cooking resistance and texture after cooking were
maintained. The incorporation of growing quantities of grape pomace flour in cakes led
to the gradual increase of ash, lipid, proteins, fibers, free phenolics, anthocyanins, total
polyphenol content and antioxidant activity, while the luminosity (L*) and the red nuance
(a*) were reduced [4]. The most abundant phenolics identified in the enriched cakes were
catechin, gallic acid, quercitin, protocatechuic acid, kaempferol and apigenin [4].

Our previous research [26,27] underlined the effects of grape peels on gluten free
pasta made of corn flour and optimized the processing parameters for grape peels addition
and hydrothermal treatment of wheat flour. Considering the factors mentioned above
and the scarcity of papers regarding the influence of grape peel flour incorporation in
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common wheat pasta, this study aimed to clarify the contribution of this by-product on the
rheological and textural behavior of dough, on pasta chemical properties, color parameters,
uncooked pasta breaking force, cooking behavior and cooked pasta texture. The positive
effects of grape peel flour on final product functionality were evidenced by fiber, total
polyphenols and resistant starch determination. Compared to our previous research, this
study aimed to evaluate dough rheology in terms of elastic and viscous moduli, dough
texture regarding hardness, resilience, springiness and cohesiveness, pasta proximate com-
position, pasta color in terms of luminosity, red-green and blue-yellow nuances and pasta
texture parameters such as elasticity, firmness and chewiness, and in order to complete the
image of grape peel’s influence on common wheat pasta. Furthermore, the correlations and
the similarities between characteristics and samples were pointed out to better understand
the interactions between wheat and grape peel flours components.

2. Materials and Methods

2.1. Materials Conditioning and Pasta Making

Common wheat (Triticum aestivum) flour (650 type) and grape peels from the Fetească
Regală pomace were used in pasta making. This variety of grape peel was chosen in order
to minimize the negative effects on color changes of the final product and taking into
account that browner color is associated by the consumers with health, as stated in the
literature [28].

Grape peel flour presented lower luminosity (L* = 62.42 ± 0.07) compared to wheat
flour (L* = 89.49 ± 0.42), a red nuance (a* = 3.24 ± 0.05) compared to the green nu-
ance of wheat flour (a* = −5.04 ± 0.04) and a higher yellow nuance (grape peel flour
b* = 25.32 ± 0.04, wheat flour b* = 15.36 ± 0.12). Wheat flour proximate composition
included 0.96 ± 0.02% crude fat, 12.39 ± 0.18% crude protein, 72.11 ± 0.08% carbohy-
drates, 0.52 ± 0.04% crude ash, 14.01 ± 0.16% moisture, 10.56 ± 0.44 mg GAE/100 g
total polyphenols.

For grape peel flour processing, the fresh pomace was dehydrated in a convection
oven at 50 ◦C for 18 h, then stems and seeds were manually removed. The resulted
product, called grape peel, was ground and sieved to a particle size < 180 μm. Grape
peel flour proximate composition comprised 2.30 ± 0.17% crude fat, 9.06 ± 0.06% crude
proteins, 25.25 ± 0.05% crude fiber, 51.27 ± 0.20% carbohydrates, 4.11 ± 0.03% crude ash,
8.00 ± 0.08% moisture and 133.27 ± 1.44 mg GAE/100 g total polyphenols.

For composite flours making, wheat flour was mixed for 15 min in a Yucebas Y21
machine (Izmir, Turkey) with the appropriate amount of grape peel flour (1%, 2%, 3%, 4%,
5% or 6% replacing wheat flour).

Pasta dough was made by mixing the composite flour in a Kitchen Aid mixer (Whirlpool
Corporation, Tulsa, OK, USA) with appropriate amounts of water calculated to achieve
40% moisture. After 15 min of resting at room temperature in closed glass containers,
pasta dough was extruded by using a rigatoni mold of the Kitchen Aid machine. Modeled
pasta was dried in agreement with the protocol described by Bergman et al. [29]: pasta
were dried for 30 min in open air at room temperature, then the samples were placed in a
convection oven for 60 min at 40 ◦C, then for 120 min at 80 ◦C and finally for 120 min at
40 ◦C (Figure 1).

2.2. Dough Visco-Elasticity Evaluation

For the rheological measurements, dough samples were previously laminated and left
in closed containers for 30 min to allow internal strain elimination. The viscous (G′) and
elastic (G′′) moduli were evaluated trough a frequency sweep test by means of a Thermo-
HAAKE, MARS 40 (Karlsruhe, Germany) dynamic rheometer with parallel plates (40 mm
diameter). G′ and G′′ variation with frequency in the range of 0.1–20 Hz was evaluated at
a strain of 15 Pa which was in the linear viscoelastic region (LVR) previously tested.
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Figure 1. Pasta making process.

Pasta exterior diameter before drying varied between 1.15 and 1.20 cm and the length
was comprised between 2.73 and 2.94 cm, while after drying the diameter varied from 1.00
to 1.10 cm and the length from 2.50 to 2.70 cm. Control and enriched pasta samples with 1
to 6% grape peel flour (GP) are presented in Figure 2.

 

Figure 2. Pasta samples.

2.3. Texture of Dough Evaluation

Texture profile analysis of dough was made by double compression on balls of 50 g
weight, at 50% height, with 5.0 mm/s test speed and a trigger force of 20 g, by using
a Perten TVT-6700 texturometer (Perten Instruments, Hägersten, Sweden) [26]. Dough
hardness, resilience, springiness and cohesiveness were recorded.

2.4. Chemical Compounds Determination

The chemical compounds in terms of moisture, crude ash, crude protein and crude fat
from pasta samples were evaluated according to the Romanian and International standard
methods: (SR EN ISO 712/2010), (SR ISO 2171/2002), (SR EN ISO 20483/2007) and (SR
91/2007), respectively [5]. The dietary fiber contents were estimated with a FOSS 6500 NIR
(FOSS NIRSystems, Silver Springs, MD, USA) infrared spectrometer, the calibration being
made using the off the shelf INGOT commercial calibrations (AUNIR, Towcester, UK). The
carbohydrates were calculated by difference (Equation (1)).

Carbohydrates (%) = 100 − (moisture + ash + protein + lipid + f iber) (1)

The total polyphenols were determined by following Folin–Ciocalteu protocol [30].
For this purpose, grinded pasta samples were extracted with methanol 80% (v/v) and
sonicated at 37 ◦C and 45 Hz for 40 min [31]. After filtering, Folin–Ciocalteu reagent (1N)
and sodium carbonate 20% (v/v) were added in the diluted extract (1:4). After 40 min of
resting away from light, the absorbance was read at 725 nm and the total polyphenols were
determined by using a calibration curve (R2 = 0.99) with gallic acid (GAE).

The resistant starch was evaluated by following the international AOAC 2017.16
protocol, by using Megazyme kit. The determination principle consists of pasta sample
digestion with α-amylase and amyloglucosidase for 120 min, followed by second digestion
only with amyloglucosidase and spectrophotometric glucose quantification (at 510 nm) by
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using glucose oxidase/peroxidase (GOPOD) reagent. All the chemical compounds were
reported to product weight as it is.

2.5. Uncooked Pasta Color Evaluation

Uncooked pasta color in terms of luminosity (L*), red or green nuance (a*) and yellow
or blue nuance (b*) was evaluated by reflectance, in the CIE Lab system, on a Konica
Minolta CR-400 (Tokyo, Japonia) colorimeter.

2.6. Pasta Cooking Behavior Determination

Pasta cooking loss and water absorption were determined gravimetrically according
to the protocol described by Gimenez et al. [32], by boiling 10 g of pasta in 200 mL of water
for the optimum cooking time.

2.7. Uncooked and Cooked Pasta Texture Evaluation

Uncooked pasta breaking force was measured on a Perten TVT-6700 texturometer
(Perten Instruments, Hägersten, Sweden) equipped with an aluminum break rig set, at a
test speed of 3 mm/s and a trigger force of 50 g [26].

Cooked pasta elasticity, chewiness and firmness were evaluated by means of double
compression performed on one piece of sample, by using a Perten TVT-6700 equipment. A
cylindric probe (35 mm diameter) was used for compression at 50% of sample height, at a
test speed of 5.0 mm/s and a trigger force of 20 g [26].

2.8. Statistical Analysis

All of the determinations presented above were done at least in triplicate. The effect
of grape peel flour on dough and pasta characteristics was evaluated by means of one-way
ANOVA and Tukey test (p < 0.05), performed on XLSTAT for Excel 2021 version (Addinsoft,
New York, NY, USA) software. The similarities and relations between characteristics were
observed by applying Principal Component Analysis (PCA).

3. Results

3.1. Dough Visco-Elasticity

Wheat dough rheological properties in terms of elastic and viscous moduli were
affected by grape peel flour incorporation. All the samples investigated presented a solid-
like behavior since G′ > G′′, an increase of both moduli with frequency raise being obtained
(Figure 3). The addition of grape peel flour led to increased G′ and G′′ values compared to
the control and as the amount was higher.

3.2. Texture of Dough

Dough texture knowledge is important for the prediction of its behavior during mixing
and handling and could be affected by the incorporation of fiber-rich ingredients. Dough
hardness was significantly higher (p < 0.05) as the amount of grape peel flour increased
and compared to the control (Table 1).

Springiness varied from 99.55 to 99.75 × 10−2, the highest value being obtained for
GP6%, while the control sample exhibited the lowest springiness. Cohesiveness values
registered slight increases with grape peel flour level increase and compared to the control.
On the other hand, a proportional decrease of dough resilience was observed as the addition
level of grape peel flour raised.

3.3. Pasta Chemical Compounds

The nutritional and functional value of pasta products can be improved by using
ingredients with high bioactive properties. Pasta crude ash values varied from 0.52% for
the control to 0.74% for GP6% sample (Table 2). An increasing trend proportional to the
addition level was also observed in the case of crude fiber (Figure 4), the differences being
significant (p < 0.05).
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Figure 3. Effect of grape peel flour on dough elastic (G′) and viscous (G′′) moduli.

Table 1. Effects of grape peel flour on dough texture.

Sample Hardness (N) Resilience (Adim.) Springiness × 10−2 (Adim.) Cohesiveness (Adim.)

Control 14.13 ± 0.62 f 1.22 ± 0.06 abc 99.55 ± 0.03 b 0.36 ± 0.02 c

GP1% 18.51 ± 0.18 e 1.28 ± 0.01 a 99.57 ± 0.08 ab 0.39 ± 0.01 bc

GP2% 24.71 ± 0.57 d 1.25 ± 0.05 ab 99.60 ± 0.07 ab 0.39 ± 0.01 b

GP3% 26.64 ± 0.36 c 1.22 ± 0.01 abc 99.62 ± 0.08 ab 0.40 ± 0.00 b

GP4% 28.21 ± 0.08 c 1.18 ± 0.04 abc 99.66 ± 0.11 ab 0.41 ± 0.01 ab

GP5% 32.11 ± 0.51 b 1.18 ± 0.02 bc 99.73 ± 0.00 ab 0.42 ± 0.01 ab

GP6% 38.77 ± 1.19 a 1.14 ± 0.01 c 99.75 ± 0.91 a 0.43 ± 0.01 a

Each experiment was carried out in triplicate and data was reported as means ± standard deviation. Means in the same column with
different letters are significantly different (p < 0.05).

Table 2. Effects of grape peel flour on pasta chemical compounds content.

Sample Moisture (%) Crude Ash (%) Crude Fat (%) Crude Protein (%) Carbohydrates (%)

Control 11.54 ± 0.03 a 0.52 ± 0.04 d 0.96 ± 0.02 c 12.39 ± 0.18 a 72.11 ± 0.08 e

GP1% 11.53 ± 0.03 a 0.56 ± 0.04 cd 0.97 ± 0.02 bc 12.36 ± 0.18 a 74.56 ± 0.12 a

GP2% 11.54 ± 0.02 a 0.59 ± 0.02 bcd 0.98 ± 0.01 abc 12.32 ± 0.17 a 74.21 ± 0.08 ab

GP3% 11.40 ± 0.17 a 0.63 ± 0.04 abcd 1.00 ± 0.04 abc 12.29 ± 0.15 a 74.09 ± 0.20 b

GP4% 11.42 ± 0.18 a 0.66 ± 0.06 abc 1.01 ± 0.06 abc 12.26 ± 0.17 a 73.60 ± 0.26 c

GP5% 11.48 ± 0.11 a 0.70 ± 0.04 ab 1.02 ± 0.02 ab 12.22 ± 0.14 a 73.27 ± 0.21 cd

GP6% 11.44 ± 0.16 a 0.74 ± 0.04 a 1.04 ± 0.02 a 12.19 ± 0.16 a 73.10 ± 0.07 d

Each experiment was carried out in triplicate and data was reported as means ± standard deviation. Means in the same column with
different letters are significantly different (p < 0.05).
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Figure 4. Effects of grape peel flour addition on fiber and resistant starch contents of pasta. Columns
with different letters are significantly different (p < 0.05): a–f for fiber content and x–w for resistant
starch variation.

Crude fat, protein and moisture of pasta did not exert significant differences (p > 0.05)
among samples. The carbohydrates content decreased with grape peel flour level raise, the
values being higher compared to the control, as it can be observed in Table 2.

The incorporation of grape peel flour in common wheat pasta caused significant
increase of total polyphenols (Figure 5) and resistant starch content (Figure 4) compared
to the control and with the raise of the amount added, the variations being from 9.50 to
14.12 mg GAE/100 g and from 0.89 to 1.70%, respectively.

 

Figure 5. Effects of grape peel flour addition on pasta total polyphenols content. Columns with different letters are
significantly different (p < 0.05).
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3.4. Uncooked Pasta Color

Color parameters of the final product depend on the components of dough, being
influenced at the same time by the drying methods applied. The luminosity (L*) of pasta
samples supplemented with grape peel flour was smaller compared to the control and
decreased with the addition level increase (Table 3). The red nuance of the samples
containing grape peel flour, given by the positive values of a* parameter, showed significant
(p < 0.05) intensification as the amount raised, while the control and GP1% exhibited
tendence to green nuance (negative values of a*).

Table 3. Effects of grape peel flour on pasta cooking behavior and color parameters.

Sample
Cooking Behavior Color

Water Absorption (%) Cooking Loss (%) L* a* b*

Control 161.14 ± 5.33 a 5.22 ± 0.12 de 72.54 ± 0.17 a −2.31 ± 0.20 e 21.61 ± 0.24 a

GP1% 129.46 ± 3.55 c 4.55 ± 0.30 e 68.37 ± 0.09 b −0.56 ± 0.02 d 21.45 ± 0.64 a

GP2% 139.38 ± 1.37 bc 5.43 ± 0.18 cd 65.97 ± 1.11 c 0.34 ± 0.06 c 20.94 ± 0.48 a

GP3% 145.76 ± 4.54 abc 5.72 ± 0.17 cd 62.88 ± 0.52 d 0.56 ± 0.02 d 20.57 ± 0.49 ab

GP4% 147.02 ± 12.62 ab 6.09 ± 0.31 c 58.32 ± 0.28 e 0.99 ± 0.07 b 19.62 ± 0.26 bc

GP5% 149.46 ± 1.08 ab 7.28 ± 0.36 b 55.20 ± 0.50 f 1.40 ± 0.04 a 18.73 ± 0.23 cd

GP6% 155.91 ± 5.04 ab 7.99 ± 0.14 a 52.57 ± 0.31 g 1.45 ± 0.26 a 18.48 ± 0.23 d

Each experiment was carried out in triplicate and data was reported as means ± standard deviation. Means in the same column with
different letters are significantly different (p < 0.05).

The yellow nuance of pasta suggested by the positive values of b* parameter presented
a reduction trend as the level of grape peel flour was higher, the values ranging between
21.61 for the control sample and 18.48 for GP6% (Table 3).

3.5. Pasta Cooking Behavior

Pasta cooking behavior gives important quality characteristics which are given by the
structure of dough and interactions between ingredients. Water absorption during boiling
of pasta resulted in a proportional increase as the level of grape peel flour was higher, the
obtained values being smaller compared to the control (Table 3). The amount of soluble
solids lost during cooking (cooking loss) showed significant (p < 0.05) increases as the
addition level of grape peel flour raised.

3.6. Uncooked and Cooked Pasta Texture

Uncooked pasta breaking force could give valuable information about its resistance
to handling and transport. The supplementation of common wheat pasta with grape peel
flour led to the increase in breaking force proportional to the amount added, the values
being higher compared to the control, except for GP1% which did not show significant
difference (Table 4).

Table 4. Effects of grape peel flour on uncooked and cooked pasta texture.

Sample
Uncooked Pasta Cooked Pasta

Breaking Force (N) Elasticity × 10−2 (adim.) Chewiness (N) Firmness (N)

Control 41.26 ± 1.24 cd 99.83 ± 0.07 a 48.79 ± 2.19 a 74.05 ± 0.91 a

GP1% 41.00 ± 1.01 d 99.87 ± 0.01 a 39.57 ± 0.09 b 62.67 ± 1.85 b

GP2% 42.73 ± 1.95 cd 99.87 ± 0.00 a 38.98 ± 1.65 bc 58.64 ± 0.26 bc

GP3% 44.32 ± 1.37 c 99.91 ± 0.08 a 36.29 ± 1.37 bcd 57.40 ± 2.89 bc

GP4% 49.02 ± 0.15 b 99.92 ± 0.07 a 35.51 ± 0.99 cd 56.43 ± 2.80 cd

GP5% 55.76 ± 0.54 a 99.94 ± 0.06 a 35.20 ± 1.17 d 54.04 ± 1.83 cd

GP6% 58.46 ± 0.17 a 99.96 ± 0.07 a 34.11 ± 1.01 d 51.67 ± 2.09 d

Each experiment was carried out in triplicate and data was reported as means ± standard deviation. Means in the same column with
different letters are significantly different (p < 0.05).
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Cooked pasta elasticity did not differ significantly (p < 0.05) among samples, a slight
increase with the addition level of grape peel flour being noticed (Table 4). The chewiness
property ranged between 48.79 N for the control and 34.11 N for GP6%, a decreasing trend
being obtained as the amount was higher. Similar reduction tendency was observed in the
case of firmness values which varied from 74.05 to 51.67 N.

3.7. Relations between Characteristics

Pearson’s correlations coefficients (Table 5) were obtained to evaluate the relations
between the studied characteristics. Significant very strong correlations (p < 0.05) were
obtained between cooking loss and crude ash (r = 0.92), crude fat (r = 0.92), crude protein
(r = −0.92), crude fiber (r = 0.95). Color parameters (L*, a* and b*) were strongly correlated
with the chemical composition of pasta (p < 0.05), except with moisture and carbohydrates,
positive correlations being observed between L* and crude protein (r = 0.99), a* and crude
ash (r = 0.92), crude fat (r = 0.92), crude fiber (r = 0.86), total polyphenols (r = 0.82) and
resistant starch (r = 0.99), b* and crude protein (r = 0.98), while negative correlations were
obtained between L* and crude ash (r = −0.99), crude fiber (r = −0.99), crude fat (r = −0.99),
total polyphenols (r = −0.95) and resistant starch (r = −0.89), between a* and crude protein
(r = −0.92) and between b* and crude ash (r = −0.98), crude fat (r = −0.98), crude fiber
(r = −0.99), total polyphenols (r = −0.98) and resistant starch (r = −0.82) content. A strong
positive correlation significant at p < 0.05 was observed between total polyphenols content
and resistant starch (r = 0.83). The total polyphenols and starch content were significantly
correlated (p < 0.05) with the proximate composition, except moisture and carbohydrates.

Dough textural parameters (hardness, resilience, springiness and cohesiveness), un-
cooked pasta breaking force and cooked pasta textural characteristics (elasticity, chewiness
and firmness) were strongly correlated with pasta chemical composition in terms of crude
fat, protein, ash and fiber and with cooking loss (Table 5). Furthermore, pasta total polyphe-
nols showed significant correlation (p < 0.05) with dough, uncooked and cooked pasta
texture, except with pasta resilience. The resistant starch content was correlated at p < 0.05
significance level with dough hardness (r = 0.92), springiness (r = 0.83) and cohesiveness
(r = 0.92), with pasta elasticity (r = 0.89), chewiness (r = −0.94) and firmness (r = −0.98).
Dough hardness was significantly correlated (p < 0.05) with all uncooked and cooked pasta
textural parameters.

The similarities and dissimilarities between characteristics and samples were eval-
uated by means of Principal Component Analysis (PCA), the results being presented in
Figure 6. The first principal component (PC1) explained 79.26% of data variance, the second
principal component explained 16.12% of the variance, both summing 95.38% of the total
variance. PC1 was associated with cooking, loss, pasta breaking force, total polyphenols,
crude fiber, springiness, crude fat, crude ash, dough hardness, pasta elasticity, dough cohe-
siveness, resistant starch, color parameters, pasta firmness and chewiness, crude protein,
while PC2 was associated with water absorption and carbohydrates content.

The moisture content of pasta exerts less influence on data variation, as it is suggested
by its position closer to the origin of the graphic (Figure 6). Pasta samples which contained
grape peel flour added were in opposition to the control which was associated with
firmness and chewiness parameters. It can be observed that pasta with the highest grape
peel flour levels (GP5%, GP6%) were associated with the fiber and total polyphenols
contents, as expected.
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Figure 6. Principal Component Analysis (PCA) bi-plot.

4. Discussion

Wheat pasta dough and final product properties were proved to be significantly
affected by grape peel flour inclusion. The dynamic rheological properties could provide
information about the physical properties of dough, but also about the adhesiveness,
kneading behavior, elasticity and hardness [23]. The elastic and viscous moduli of dough
increased gradually as the addition level was higher, a possible cause being represented by
the presence of hydroxyl groups from phenolic compounds from grape peels [33]. Protein–
polyphenol interactions could change protein structure, resulting in different quality and
functional characteristics of pasta. Some phenolic compounds could have been contributed
to the formation of new complexes with gluten proteins, strengthening dough structure, as
stated by Zhang et al. [34]. These authors demonstrated that the addition of tannic acid in
wheat dough caused dough strengthening and elasticity increase, showing also the raise of
sulfhydryl groups and the depletion of free amino groups in dough [34]. They explained
these results by the formation of linkages between the tannic acid and gluten proteins,
underlying that not only the disulfide bonds are responsible for dough strength, but also the
complexes formed by polyphenols with flour proteins [34]. Thus, these results, along with
those obtained by Meral and Dogan [33] for wheat dough with grape seeds, confirmed our
findings. Chen et al. [35] revealed that the incorporation of 1% grape seeds flour in wheat
noodles resulted in positive effects of final product quality and protein stability, obtaining
at the same time an increase of free sulfhydryl groups which were proved to reduce dough
strength. Thus, it can be concluded that the effects of grape peel flour on dough may not
be assigned to the development of disulfide bonds, but possibly to the formation of non-
covalent bonds such as hydrogen bonds, hydrophobic bonds and ionic bonds [35]. G′ and
G′′ increase was also supported by the raise of dough hardness proportional to the addition
of grape peel flour level increase, significant correlation (p < 0.05) being obtained with the
chemical composition of pasta, including proteins, fibers and polyphenols content. Dough
resilience decreased as the amount of grape peel flour raised, while cohesiveness showed
and opposite trend. Dough textural parameters are strongly influenced by ingredients
particle size, as previously demonstrated [7,36,37]. The use of small particle size of grape
peel flour (<180 μm) could have been contributed to these changes in dough texture since
these particles have greater contact surface and consequently could absorb more water.
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Furthermore, the chemical composition of the added ingredient had a major impact on
dough texture which is given by the interactions between proteins, starch, lipids, fibers and
sugars. Grape peel sugars could have a great contribution to dough cohesiveness increase
since they could form bridges between starch and protein molecules [38]. Resilience was
found to be directly influenced by protein quality, presence of soluble fiber and water
availability [39]. Thus, the competition of gluten proteins with grape peel particles for
water could have been a possible explanation of dough resilience decrease.

Pasta proximate composition was influenced by grape peel flour incorporation, sig-
nificant changes in crude ash, crude fat and carbohydrates being observed. The intake of
nutrients of grape peel flour determined the increase of final product ash and fat, while the
protein content showed a slight decrease. Similar reduction in protein content and increase
in ash was reported for durum wheat pasta enriched with apple flour which could be due
to the dilution effect of wheat protein [40]. The carbohydrates content decrease was in line
with the results reported by Bender et al. [41] which showed that the addition of grape skin
lowered muffins carbohydrates values. One of the most important contribution of grape
peel flour is to the raise of pasta fiber content, total polyphenols content and resistant starch.
It is well known that grape peels are rich sources of soluble and insoluble dietary fibers and
polyphenols such as flavonols, hydroxybenzoic, hydroxycinnamic acids, flavanols, tyrosol
and condensed tannins [42,43]. The strong correlation (r = 0.83, p < 0.05) obtained between
polyphenols and resistant starch content support the hypothesis of starch digestibility
changes caused by polyphenols presence. Rocchetti et al. [44] demonstrated that polyphe-
nols play an important role in the rate and the extent of starch digestion. Resistant starch
formation could be promoted by the presence of polyphenols [45], the interactions between
starch and polyphenols resulting in insoluble complexes development [46]. Furthermore,
the phenolic compounds presence can raise resistant starch content due to the appear-
ance of non-covalent phenolic/starch interactions and/or to the inhibition of digestive
enzymes [44,45].

Total polyphenols and fiber content were correlated to pasta cooking loss increase
(r = 0.99 and r = 0.95 respectively at p < 0.05). Similar raise was reported by Bustos et al. [47]
for pasta supplemented with berry flour, being probably related to the gluten dilution
effect and to the pectin presence which can contribute to the leaching of components in
the boiling water. Grape peel flour gradually increased pasta water absorption which
could be due to the affinity of the ingredient added for water [19]. Dietary fiber comprises
cellulose, hemi-cellulose, pectin and others, pectin and galactomannan being proved
to have higher water-holding capacity compared to cellulose [48]. Grape peels contain
pectin [49] which can explain the increase in water absorption of pasta due to the formation
of hydrogen linkages between water and hydroxyl groups of these polysaccharides. Pasta
color was significantly influenced (p < 0.05) by grape peel flour incorporation, leading
to lower luminosity and yellow nuance and higher red nuance as the level increased,
similar findings being reported by Sant’Anna et al. [50] for pasta enriched with grape marc.
These changes in color properties could be due to the presence of natural pigments in the
ingredient added.

Uncooked pasta breaking force was significantly correlated (p < 0.05) to the chemical
composition and to the texture of dough. The increasing trend of pasta breaking force
could be related to the presence of polyphenols which may exert a strengthening effect,
fact suggested also by the high correlation obtained (r = 97, p < 0.05). Similar tendence and
correlation were reported by Šporin et al. [51] when grape pomace was incorporated in
wheat dough. Cooked pasta chewiness and firmness decreased as the amount of grape peel
flour was higher and compared to the control, while elasticity slightly increased. Similar
raise for pasta elasticity was reported by Pasqualone et al. [52] for pasta supplemented
with tomato flour. Chen et al. [35] reported a gradual decreasing trend of wheat gluten
noodles when more than 1% grape seeds were added. Pasta firmness is determined by
starch grains hydration during boiling and by the embedding of gelatinized starch grains
in a network of partially denatured protein [53]. Polyphenols from grape peel can interact
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with starch, disturbing starch hydration and gelatinization and changing protein-starch
matrix properties which led to hardness reduction [54].

5. Conclusions

Grape peel as a by-product resulted from wine processing are important sources of
fibers and polyphenols that can give value added to the food products in which they can be
incorporated. Pasta is a suitable matrix in which such ingredients could be incorporated to
potentiate the nutritional and functional value. Grape peel flour addition in common wheat
pasta resulted in higher visco-elastic moduli proportional to the level increase. Dough
texture was significantly influenced by grape peel flour, leading to hardness, springiness
and cohesiveness increase. The chemical composition of pasta showed significant increases
of crude ash, crude protein and crude fat, while the protein content decreased as the
addition level of grape peel flour raised. The purpose of this study of increasing the
functionality of wheat pasta was achieved and confirmed by the significant higher fiber,
total polyphenols and resistant starch proportional to the level raise. The gluten dilution
effect was observed by the higher amount of soluble solids leached from pasta in the boiling
water, with water absorption registering an increasing trend. Grape peel flour exhibited
positive effects on pasta breaking force and elasticity by growing their value proportional
to the level added, while cooked pasta chewiness and firmness decreased. Pasta luminosity
and the yellow nuance were reduced as the amount of grape peel flour was higher, and the
red nuance intensified due to the intake of pigments. The variations of textural and color
parameters of dough and pasta were related to the chemical composition of the samples,
significant correlations (p < 0.05) being observed. Thus, an addition level of about 5%
grape peel flour would give significant pasta functional value improvement, while keeping
acceptable quality parameters. The obtained results can contribute to the knowledge of
grape peel’s effects on dough and pasta properties, making up a source of inspiration for
processors interested in functional products development.
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Abstract: This study focused on the analysis of bakery margarine samples divided into three groups
according to physical-chemical analyses of their fat and water content. A Gas Chromatograph-Mass
Spectrometer (GC-MS) was used for the evaluation of fatty acids, and from 37 fatty acids studied,
only 18 were quantified. The highest concentration was occupied by the long-chain saturated fatty
acids category (C14:0–C20:0), ranging between 85.61 μg/mg and 127.30 μg/mg. The dominant fatty
acid was palmitic acid for all margarine samples. The texture parameters (hardness, mechanical work
of plastic deformation, and fracturability) analyzed in this study with three different penetrometers
and a puncture test showed that bakery margarine is a hard plastic material with a pronounced
fracturability. The margarine’s fracturability varied from 0.35 N to 8.23 N. The highest values were
measured using the 10 mm diameter spherical penetrometer. Of the outside and inside evaluated
color parameters, only the b* color parameter indicated an influence on the principal component
analysis samples’ projections; its values are also positively correlated with polyunsaturated fatty
acids (PN).

Keywords: bakery margarine; fatty acids; fracturability; color; PCA

1. Introduction

Food emulsion represents a mixture of two non-miscible phases, with one of the
phases being dispersed as small spherical drops in the other one [1].

In food technologies, emulsions take place partially or totally in the structures of
various natural (milk, cream, butter) and processed (ice cream, mayonnaise, margarine,
cake batters) food products. Certain foods are already emulsified in some phases of
production; emulsion science has an important role in quality assurance and improving
food quality or production techniques benefiting from emulsion principles [2].

Margarine was produced for the first time in 1869 by Hippolyte Mège Mouriès as
a spreadable butter substitute and is a much cheaper water-in-oil (W/O) emulsion than
butter. In addition to water, the aqueous phase also contains preservatives and salt, while
the fatty phase represents a mixture of liquid oil and crystalline fat that confers texture
and consistency to the margarine [3,4]. The solid or semisolid structure of margarine is
attained by the fat crystal aggregate matrix, in which small drops of water are entrapped.
The most commonly used emulsifiers are represented by lecithin, mono-and diglycerides of
fatty acids, diacylglycerol, and distilled monoacylglycerol, to which are added antioxidants,
dyes, vitamins, and flavorings [5].

According to the Codex Alimentarius [6], margarine is defined as a food in the form of
a plastic or fluid emulsion that is mainly composed of a minimum of 80% m/m fat phase
and a maximum of 16% m/m aqueous phase. In addition to this type of margarine, there
are also variants with a lower fat content (less than 80% fat), whose role is to reduce caloric
intake and reduce heart disease risk.

Since its invention, margarine has been modified and improved, resulting in the
development of the range of products now available on the market that can be used for
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spreading, baking, or cooking. The physical characteristics of margarine are influenced
largely by the physical properties of oil triacylglycerols, the total solid fat content, the
fat’s polymorphic state, and also the distribution of these solid fats [7]. The properties of
triacylglycerols that are of great importance for margarine include the number of carbons
in the fatty acid chain, the degree of unsaturation, and the main fatty acid [3].

Generally, to obtain margarine, vegetable oil is subject to technological operations to
become semisolid or solid, depending on the desired final functionalities. Hydrogenation,
interesterification (enzymatic and chemical), fractionation, and blending are the main tech-
nological operations used by the margarine industry to harden oils to desirable degrees [8].

Initially, the non-selective hydrogenation process led to products with a high con-
centration of saturated fatty acids (the most abundant fatty acid was stearic acid) and
disagreeable textural characteristics, but the selective hydrogenation technique reduced
the fatty acids’ saturation. Thus, the most abundant fatty acid was oleic acid, which con-
tributes to the softness and spreadability of margarine. Selective hydrogenation has the
disadvantage of producing trans-fatty acids, which are known to have a negative effect on
human health [9,10].

Recently, the European Union regulated the content of trans fats (other than trans-fat
naturally occurring in the fat of animal sources) in food intended for the final consumer
and food intended for supply to retail, at a limit of a maximum of 2% [11].

Depending on fat hardness and the melting point, margarine can be classified into
hard and medium plastic margarine used for cooking or baking (bakery margarine) and
medium plastic and soft margarine, known as table margarine (spreadable margarine) [3].

Both the textural and rheological properties of emulsions and margarine, respectively,
are very important for consumers and also for industry. The rheological properties are
important practical properties during processing, whereas in the final product, the tex-
tural properties represent the significant factor of mouthfeel. Good margarine should
not present with oil separation, discoloration, hardening, sandiness, graininess, or water
separation [12].

Taking into account the above, when it comes to margarine, its quality is influenced
by the type, quantity, and mixture of oils and also by the technology applied. Therefore,
the purpose of this study was to investigate the chemical composition and the fatty acid
concentration of locally produced margarine used by bakery manufacturers in close corre-
lation with textural properties like hardness, fracturability, and plasticity measured with
different penetrometers; additionally, color parameters were evaluated.

2. Materials and Methods

The materials used in this study were represented by locally (Romania) produced
margarine (n = 9) used by bakery manufacturers. The margarine was from the same
producer and, based on the fat/water content, was classified into 3 categories (M1, M2,
M3). The margarine samples were stored in refrigerated conditions at 8–10 ◦C until further
analysis.

2.1. Physicochemical and Color Analysis

The fat content of margarine samples was conducted according to Toma et al. [13]
using the Soxhlet method and petroleum ether as extraction solvent. The results were
expressed as percentages by mass. The moisture content was evaluated by heating 5 g of
margarine sample at 103 ◦C ± 2 ◦C until a constant weight was achieved [14,15].

Both outside and inside color parameters of margarine samples were evaluated using
a ChromaMeter CR-400 from Konica Minolta (Konica Minolta, Japan) based on the CIE
L*a*b* (Commission Internationale de l’Eclairage) uniform color space method and using
the C illuminant [16]. The measured and calculated parameters were: L*—brightness,
a*—red-green parameters, b*—yellow–blue parameters, h0—hue angles, WI—whiteness
indexes, C*—color intensities, YI—yellowness indexes, and ΔE*—color differences [17].
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2.2. Fatty Acid Composition Analysis

The fat was extracted from the margarine samples at 50 ◦C, and the resulting fat
phase was filtered through filter paper with anhydrous Na2SO4 [18]. The fatty acid methyl
ester (FAME) preparation assumed the solubilization of margarine’s fat in n-hexane. Then,
0.2 mL methanolic potassium hydroxide (2 mol/L) was added as a transesterification
agent, following the method described by Jirarattanarangsri [19]. The standard used
contained a FAME mix of 37 components (FAME Mix, Restek, Bellefonte, PA, USA), and
the identification of margarine FAME was made by comparing their retention time with
those of the FAME mix standard. Additionally, the resulting mass spectra were confronted
with the ones from the GC-MS database (NIST MSSearch 2.0). The GC-MS (GC MS QP 2010
Plus, Shimadzu, Kyoto, Japan) following the method described by Oroian et al. [20], using
a SUPELCOWAX10 capillary column (60 m length, 0.25 mm in diameter, with 0.25 μm film
thickness, Supelco Inc., Bellefonte, PA, USA) and helium gas with a flow rate of 0.8 mL/min
and a split ratio of 1/24; the injection volume was set at 0.001 mL.

2.3. Textural Evaluation

The texture parameters of margarine samples were evaluated with a Mark 10-ESM
301 (Mark 10 Corporation, Copiague, NY, USA) texturometer using three penetrometers of
different geometries (120◦ conical penetrometer—4 mm penetration, 5 mm diameter spherical
penetrometer—2 mm penetration, and 10 mm diameter spherical penetrometer—4 mm
penetration). The MESUREgauge software was used for data collection at a reading rate
of 5 points per second, and the curves were represented as force (expressed in Newtons)
versus travel (expressed in millimeters). The cubic (side of 30 mm) margarine samples
were tested at a speed of 10 mm/min. The measured texture parameters were: hardness,
plasticity, and fracturability. Hardness (H) was calculated as the maximum force recorded
at the end of the penetration. Plasticity (P) was calculated as the positive area/work under
the penetration curve and was expressed as (N·mm or mJ). The margarine fracturability (F)
was quantified as the height of the peaks of the force-penetration curves and expressed in
Newtons [21,22].

All reagents used for physicochemical and fatty acid composition analysis were of
analytical grade (Sigma Aldrich, Darmstadt, Germany).

2.4. Statistical Analysis

The results were expressed as the mean of three measurements, and the difference
between the analyzed margarine samples was studied by one-way ANOVA; variance
analysis was executed with STATGRAPHICS CENTURION XVI software (Trial Version).
The OriginPro software was used to perform principal component analysis, while the
Pearson correlation matrix was obtained by SPSS 13.0 software (Chicago, IL, USA).

3. Results and Discussion

Margarine is commonly consumed in various diets because it is cheaper than but-
ter, contains no cholesterol, and many consumers consider that margarine has a lower
atherogenic index than butter [23]. In Romania, according to the Population Consumption
Availability report from recent years (2017–2019), the consumption per capita of margarine
varies between 3.4–4.1 kg per year. This is a much larger amount than butter, which has an
annual average consumption per capita of 0.7–0.8 kg [24,25].

3.1. Physicochemical and Color Analysis

Figure 1 shows the average fat and moisture results of margarine samples, and it can
be noticed that fat content ranged between 58.96% and 76.16%, while moisture content
ranged between 22.93% and 39.66%. The M1 margarine samples presented a lower amount
of fat, while the moisture content had high values. In contrast, the M3 samples presented a
high fat content and a low moisture content. The M2 margarine samples had an average fat
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content of 69.63% and a moisture content of 29.50%. The determined protein content was
insignificant.

Figure 1. Chemical composition of margarine samples.

For consumers, the color of food represents a major quality attribute, being related to
food freshness, nutritional value, and sensory properties. Thus, it is critically important
to consumers. The instrumental or physical color evaluation represents a rapid and objec-
tive non-destructive method and uses analytical tools that offer rigorous data for quality
control [26].

The measured and calculated color parameters of analyzed margarine samples are shown
in Table 1. The color properties such as L* (brightness or luminosity), a* (+red/−green), and
b* (+yellow/−blue) were the measured properties, while the h0 (hue angle or tone), WI
(whiteness), C* (color intensities), YI (yellowness), and ΔE* (color differences) were the
calculated color parameters for both inside and outside color evaluation. The samples’
brightness ranged from 95.67 to 91.54, with the highest value being recorded for the
M1 inside evaluation. The ANOVA statistical analysis divided the luminosity results
into five groups. For M2 samples, there was no difference between inside and outside
measurements, with the results belonging to the same statistical group (c). The values of
the a* color parameter were in the negative region for all analyzed margarine samples,
revealing that this color parameter is more green. Between the outside measurements
of the M1 and M2 samples, the ANOVA analysis showed no differences. In the case of
margarine samples, the positive b* color parameter represents the degree of yellow, and
as can be seen, the b* results varied from 35.74 to 22.22; the lowest value was measured
for outside M1 samples, while the highest value was recorded for outside M3 samples. A
higher value of the b* color parameter means more yellowness in the margarine sample.
Additionally, the outside results presented higher values than the inside ones; the ANOVA
highlighted these differences at a level of p < 0.001, dividing the measurements into six
statistical groups. Furthermore, the measured color parameters were in the same range as
the results discussed by Smetana et al. [12].
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Table 1. The CIE L*a*b* color parameters of margarine samples.

Sample
Outside Color Parameters—Mean (SD)

L* a* b* C h0 YI WI

M1
95.41 b −6.46 e 22.22 d 23.14 d 106.21 b 33.27 d 76.40 b

(0.16) (0.07) (0.16) (0.17) (0.07) (0.30) (0.20)

M2
94.99 c −6.51 e 23.94 c 24.81 c 105.21 d 36.01 c 74.68 c

(0.16) (0.05) (0.53) (0.52) (0.19) (0.85) (0.54)

M3
91.81 d −5.82 b 35.74 a 36.21 a 99.25 f 55.61 a 62.87 e

(0.02) (0.07) (0.55) (0.55) (0.02) (0.87) (0.54)

Inside Color Parameters—Mean (SD)

M1
95.67 a −6.39 d 21.68 e 22.60 e 106.42 a 32.37 e 76.98 a

(0.07) (0.01) (0.05) (0.05) (0.04) (0.11) (0.06)

M2
95.14 c −6.21 c 22.50 d 23.34 d 105.43 c 33.79 d 76.15 b

(0.06) (0.01) (0.16) (0.15) (0.09) (0.26) (0.16)

M3
91.54 e −5.51 a 32.33 b 32.79 b 99.67 e 50.45 b 66.13 d

(0.25) (0.05) (0.22) (0.21) (0.16) (0.49) (0.27)

F 1002 312.78 1905 1773 4937 1913 1785

p p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

SD—standard deviation. Different lowercase letters (a–f) between columns (L*, a*, b*, C, h0, YI, WI) indicate a
significant difference of mean values (p < 0.05) tested with one-way ANOVA.

The chroma values (C*) represent the color saturation, and in this study, the chroma
results ranged between 36.21 and 22.60. Higher values were measured for outside color
evaluations. The whiteness (WI) and yellowness (YI) indexes of margarine, butter, and
spreadable fats can be considered a critical color parameter. The whiteness indexes indi-
cate the degree of sample whiteness and mathematically combine three color parameters
(brightness, red-green, and yellow-blue) in a single color parameter, whereas the yellow-
ness indexes indicate the degree of sample yellowness, combining two color parameters
(brightness and yellow-blue) in a single term [17]. The highest yellowness index was
registered for M3 outside measurements (55.61 a), while the highest whiteness index was
registered for M1 inside measurements (76.98 a). The hue angle values (h0) varies between
0 and 360 and describes the main spectral component, like red for 0◦ or 360◦, yellow for 90◦,
green for 180◦, or blue for angles of 270◦ [27]. The margarine hue angle values were higher
than 99.25 and lower than 106.42, presenting a yellow main spectral component with some
green interferences and also presenting variations in the margarine’s chemical composition.
Regarding the chemical composition, it can be observed that the margarine samples with a
high fat content (M3 samples) also present high values for b*, C*, and yellowness index
color parameters.

The total color difference represents the magnitude of color variation between any two
samples [28]; the human perception of total color difference is influenced by the observed
color and eye sensitivity. If the total color difference is smaller than 1, the differences cannot
be distinguished by the human eye. If the total color difference is between 1 and 3, minor
color differences can be distinguished. If the total color difference is greater than 3, the
color differences can be easily perceived by the human eye [29].

Table 2 shows the results of margarine color differences calculated between samples
and between outside and inside color measurements. As we can see, the highest color
differences were obtained for M1 inside and M3 outside margarine samples (14.59), fol-
lowed by M1 outside and M3 outside color differences (14.00). Smaller color differences
were calculated for M1 inside and M1 outside (0.60) and for M2 inside and M1 outside
(0.46); these samples showed close color parameters. It can be observed that the color
difference is especially greater between the samples with the minimum and maximum fat
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content; the fat content is an important factor in assessing color differences of margarine
samples. In addition, the results of total color differences were also assessed by ANOVA
statistical analysis, resulting in a significant difference at a level of p < 0.05 between the
margarine samples. The evaluated margarine color parameters are of great importance
in the classification of the analyzed samples. The total color differences present different
values influenced by the fat content of the compared samples.

Table 2. The CIE L*a*b* color differences of margarine samples.

Sample
Outside Inside

M1 M2 M3 M1 M2 M3

M1 outside

- 1.77 14.00 0.60 0.46 10.86

M2 - 12.23 2.36 1.47 9.12

M3 - 14.59 13.65 3.43

M1 inside

- 0.99 11.45

M2 - 10.48

M3 -

3.2. Fatty Acids Analysis

Table 3 presents the concentration of the fatty acids of analyzed margarine samples,
and as can be seen from 37 fatty acids investigated, only 18 were quantified. The 18 quanti-
fied fatty acids were grouped depending on the chain length and according to the degree
of unsaturation into 4 groups as follows: short- and middle-chain saturated, long-chain sat-
urated, monounsaturated, and polyunsaturated. Of the 4 categories mentioned, the highest
amount was the long-chain saturated fatty acids category (C14:0–C20:0), ranging between
85.61 μg/mg for M1 samples and 127.30 μg/mg for M3 samples, while the short and middle-
chain saturated fatty acids (C8:0–C12:0) were present in a small amount (from 12.95 μg/mg to
19.22 μg/mg). The monounsaturated fatty acid methyl esters (C14:1–C20:1) also represent
an important category of the chemical composition, varying from 53.50 μg/mg (M1) to
65.64 μg/mg (M3). The polyunsaturated fatty acid methyl esters (C18:2–C18:3) of mar-
garine samples ranged between 31.16 μg/mg and 46.10 μg/mg. All analyzed margarine
samples contained a significant quantity of lauric, myristic, palmitic, and stearic saturated
fatty acids and considerable quantities of oleic and linoleic unsaturated fatty acids.

From the saturated fatty acids quantified, it can be seen that the dominant fatty
acid was palmitic acid for all margarine samples; the M1 margarine samples presented a
lower concentration of 60.01 μg/mg, whereas the highest concentration of 94.76 μg/mg
was recorded for M3 margarine samples. Similar results were also reported by Anwar
et al. [30] and Karabulut & Turan [31] on both margarines and shortenings. According to
Kandhro et al. [32], the palmitic acid results designate the greater influence of palm oil in
the margarine production process. Furthermore, the most abundant monounsaturated fatty
acid was oleic acid, ranging from 50.28 μg/mg for M1 samples to 55.89 μg/mg for M2 and
62.81 μg/mg for M3 samples. From the polyunsaturated category, only linoleic, γ-linolenic,
and linolenic acids were identified; significant concentrations of linoleic acid were present.

Of the three groups of samples analyzed, the M3 group presented the highest values
of fatty acid concentration, whereas the M1 group presented lower levels of fatty acid
concentration; Pearson correlation highlighted the positive connection between a sample’s
fat content and the concentration of fatty acids at a level of p < 0.05 (r = 0.986).

Taking into account that the maragarines analyzed contain between 53.79% and 56.73%
saturated fatty acids (SFAs) and between 43.26% and 46.20% unsaturated fatty acids (UFAs),
and considering the World Health Organization recommendation, the ratio of UFAs and
SFAs was also calculated. The results for margarine samples varied from 0.76 to 0.85, which
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are smaller than 1.6; the World Health Organization recommends a ratio of UFAs and SFAs
higher than 1.6 [33].

Table 3. Fatty acids concentration (μg/mg) of margarine samples.

Name Abbreviation RT ± 0.5 min
Margarine Samples—Mean (SD)

M1 M2 M3

Caprylic C8:0 10.82 1.68 (0.12) 1.81 (0.11) 2.40 (0.01)

Capric C10:0 14.25 1.54 (0.11) 1.69 (0.12) 2.44 (0.01)

Lauric C12:0 17.63 9.72 (0.72) 10.72 (0.05) 14.37 (0.22)

Short- and middle-chain saturated 12.95 14.23 19.22

Myristic C14:0 20.48 6.12 (0.20) 7.21 (0.46) 10.18 (0.30)

Pentadecanoic C15:0 22.31 0.25 (0.02) 0.34 (0.01) 0.46 (0.02)

Palmitic C16:0 23.96 60.01 (2.53) 74.48 (2.45) 94.76 (1.82)

Heptadecanoic C17:0 25.77 1.87 (0.23) 0.54 (0.03) 0.68 (0.01)

Stearic C18:0 27.91 17.34 (0.56) 16.66 (0.57) 20.78 (0.01)

Arachidic C20:0 30.82 0.00 0.95 (0.11) 0.41 (0.01)

Long-chain saturated 85.61 100.20 127.30

Tetradecenoic C14:1 21.42 0.40 (0.02) 0.41 (0.01) 0.71 (0.01)

cis-10-
pentadecenoic C15:1 23.00 0.28 (0.03) 0.19 (0.02) 0.27 (0.01)

Palmitoleic C16:1 24.51 1.19 (0.22) 0.92 (0.12) 0.97 (0.02)

cis-10
Heptadecanoic C17:1 26.43 1.27 (0.08) 0.91 (0.03) 0.84 (0.02)

Oleic C18:1 cis (n9) 28.56 50.28 (1.89) 55.89 (2.53) 62.813 (1.78)

cis-11
Eicosenoic C20:1 (n9) 33.66 0.06 (0.01) 0.03 (0.01) 0.02 (0.01)

Monounsaturated 53.509 58.37 65.64

Linoleic C18:2 cis (n6) 29.85 30.97 (1.23) 34.15 (1.98) 45.86 (2.45)

γ-Linolenic C18:3 (n3) 31.84 0.00 0.28 (0.02) 0.12 (0.02)

Linolenic C18:3 (n6) 34.61 0.19 (0.01) 0.10 (0.01) 0.12 (0.01)

Polyunsaturated 31.16 34.55 46.10

Unsaturated/saturated fatty acids 0.85 0.81 0.76

Atherogenicity index 1.11 1.22 1.35
SD—standard deviation.

Regarding the fatty acids with atherogenic potential, it is well known that lauric
acid (12:0), myristic acid (14:0), and palmitic acid (16:0) have this effect. The quantity of
those acids found in the analyzed margarine samples ranged from 75.86 μg/mg for M1
samples to 119.33 μg/mg for M3 samples; the obtained results were much smaller than
those reported by Vučić et al. [23] for Serbian margarines, but closer to those reported
by Alonso et al. [34] for Spanish margarines. In contrast to the ratio of UFAs and SFAs,
the atherogenicity index is a more complex indicator that evaluates the potential effects
of fatty acids on the incidence of pathogenic phenomena. The atherogenicity index (IA)
has been calculated as follows: IA = [C12:0 + (4 × C14:0) + C16:0]/UFA. For the analyzed
margarine samples, this index ranged between 1.11 for M1 group samples and 1.22 for M2
and 1.35 for M3 margarine samples. The obtained results were greater than those reported
for soft margarines (0.42), [35] but close to the ones of hard margarines (1.17–1.67) [23].
Regarding the atherogenicity index of margarine compared to butter (1.78–1.85), we can
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observe that the former is 27% to 36% smaller, being influenced also by the fat content of the
sample [36]. Therefore, the consumption of low-atherogenicity index foods can decrease
the total cholesterol of the blood.

3.3. Textural Evaluation

Texture properties represent one of the most important attributes of food products [37],
and when it comes to margarine, butter, or shortening, the main textural parameter is
hardness (firmness) [38]. The most commonly used instrumental assays include major
deformations such as puncture, extrusion, and compression, which lead to the destruction
of the material’s structure under analysis. Given the fact that the analyzed samples fall into
the plastics materials category, another very important parameter is the mechanical work
of plastic deformation (or plasticity).

The evolution of force (N) versus deformation (mm) of margarine samples determined
using the 10 mm diameter spherical penetrometer is displayed in Figure 2. The profile of
the margarine test curves shows that it is a material with a pronounced fracturability. The
margarine’s fracturability varied from 0.35 N to 8.23 N; the highest values were measured
using the 10 mm diameter spherical penetrometer, and from the point of view of the
analyzed samples, the M2 margarine group presented the highest values of fracturability.

Figure 2. Force versus deformation curves of margarine samples.

The textural parameters of margarine samples analyzed in this study using three
different penetrometers and a puncture test are displayed in Table 4. As in the case of butter
and corresponding to ISO 16305 [39], the margarine hardness was also expressed in newtons
(N) and ranged between 4.76 N and 52.28 N. The 5 mm diameter spherical penetrometer
hardness measurements showed the smallest values, varying from 8 N for M3 samples to
4.76 N for M1 samples; by comparison, the 10 mm diameter spherical penetrometer and
conical penetrometer presented close values varying from 41.56 N to 29.18 N and from
52.28 N to 19.02 N, respectively. The mechanical work of plastic deformation (plasticity)
was calculated as the area under the deformation curve and ranged between 6.12 and
82.84 mJ (millijoules), with the greatest value being recorded for M3 margarine samples.
In contrast, the lowest plasticity was measured for M1 samples. Of the three probes used
to test the margarine samples, the 10 mm diameter spherical penetrometer presented the
highest values (82.84–63.48 mJ).
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Table 4. The textural parameters of margarine samples.

Probe PS5 PS10 PC

Sample H (N) P (mJ) F (N) H (N) P (mJ) F (N) H (N) P (mJ) F (N)

M1 4.76 (0.40) 6.12 (0.62) 0.68 (0.02) 29.18 (1.85) 63.48 (2.25) 4.25 (0.92) 19.02 (2.78) 38.93 (3.54) 1.36 (0.28)

M2 7.26 (0.25) 7.76 (0.32) 0.35 (0.10) 34.66 (1.22) 73.37 (1.87) 8.23 (1.20) 30.06 (2.42) 53.55 (5.10) 2.66 (0.54)

M3 8 (0.30) 7.79 (0.43) 0.74 (0.12) 41.56 (1.89) 82.84 (2.02) 5.39 (0.33) 52.28 (3.25) 70.76 (4.83) 0.42 (0.08)

SD—standard deviation, PS5—5 mm diameter spherical penetrometer, PS10—10 mm diameter spherical pen-
etrometer, PC—120◦ conical penetrometer, H—hardness, P—plasticity, F—fracturability, SD—standard deviation.

Both the hardness and the plasticity values of the margarine samples were influenced
by their chemical composition, especially by the fat content and by the saturated and
unsaturated fatty acids. Pearson correlation showed a positive influence (p < 0.05) of
palmitic fatty acid content on the cone (p < 0.05; r = 0.995), the 10 mm spherical hardness
(p < 0.01; r = 0.998) and on plasticity values (p < 0.05; r = 0.994; r = 0.999). Another
consideration is that the hardness and plasticity of the 10 mm spherical penetrometer and
cone penetrometer are positively correlated (p < 0.01; r = 0.992; r = 0.997). Furthermore, the
content of cis-10 heptadecanoic and cis-11 eicosenoic fatty acids have a negative influence
(p < 0.05; r = −0.998; r= 0.991; r = −0.990) on margarine plasticity and hardness evaluated
with 5 and 10 mm spherical penetrometers.

In addition, to highlight the differences between analyzed margarine samples, empha-
size the significant information obtained from the evaluated parameters, and diminish the
amount of the variables, a PCA analysis (principal component analysis) was performed.
The PCA results are represented by the biplot (score and loading) from Figure 3. PCA
analysis was accomplished on physicochemical properties, fatty acid groups, measured
color properties, and texture parameters of analyzed margarine samples. The two principal
components, PC1 and PC2 cover 98.37% of data variation: the first component, PC1, de-
scribes 96.34% of the variation, while the second component, PC2, describes 2.03% of the
variation. According to these PCA scores, it can be observed that the margarine samples
are distributed into diverse quadrants according to chemical composition and evaluated
textural parameters. The first component (PC1) separates the M1 and M2 margarine group
samples from M3 margarine samples based on monounsaturated fatty acids (MN), 10 mm
spherical penetrometer hardness, cone plasticity, and the long-chain saturated fatty acid
(LCS) content. The second component (PC2) separated the M2 group from the other samples
based on the cone and 10 mm spherical fracturability values, with a smaller contribution
having the 5 mm hardness and plasticity. From the loadings plot, it can be observed that
the projection of M3 margarine samples was significantly influenced by the long-chain
saturated fatty acids (LCS) and by the cone hardness values and polyunsaturated fatty
acids (PN), which have a smaller influence. Of the outside and inside measured color pa-
rameters, only the b* color parameter indicates an influence in the M3 sample distribution;
its values are also positively correlated with polyunsaturated fatty acids (PN). Regarding
the projection of the M1 samples, it can be observed that moisture content has a strong
influence on their positioning in the PCA diagram.

The high value achieved in the dispersal of data variation highlights the utility of
PCA in margarine classification using chemical composition, color parameters, and textural
properties.
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Figure 3. Principal component analysis (score and loading) of margarine samples: Lo, ao, bo-outside
color parameters, Li, ai, bi-inside color parameters, F-fat content, M–moisture content, SCS-short-
and middle-chain saturated fatty acids, LCS-long-chain saturated fatty acids, MN-monounsaturated
fatty acids, PN-polyunsaturated fatty acids, Hc-cone penetrometer hardness, Pc-cone penetrometer
plasticity, Fc-cone fracturability, H5-5 mm spherical penetrometer hardness, P5-5 mm spherical
penetrometer plasticity, F5-5 mm spherical fracturability, H10-10 mm spherical penetrometer hardness,
P10-10 mm spherical penetrometer plasticity, F10-10 mm spherical fracturability.

4. Conclusions

In this study on bakery margarines with different chemical compositions, it was
observed that from the saturated fatty acids quantified, the dominant fatty acid was palmitic
acid, whereas the most abundant unsaturated fatty acid was oleic. The atherogenicity index
of margarine samples, calculated based on fatty acid concentration, was smaller than that
of butter but close to hard margarine, being also influenced by the fat content of the sample.
Regarding the penetrometer’s geometry used for margarine texture evaluation, the cone
and 10 mm diameter spherical penetrometer registered high values for both hardness and
plasticity, which have been influenced by the sample’s chemical composition, especially by
the fat content and the saturated and unsaturated fatty acids. Bakery margarine is a plastic
material with a pronounced fracturability, and the 10 mm diameter spherical penetrometer
is recommended for evaluating this texture parameter. In terms of color parameters, both
the outside and inside b* color parameter influence the differentiation of the analyzed
samples. The ANOVA highlighted these differences at a level of p < 0.001, dividing the
measurements into six statistical groups, whereas the PCA analysis indicates an influence
in the fattest margarine samples’ projection.
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Abstract: This study investigated the potential use of dietary fibers (psyllium and pectin fibers added
in different proportions of 0–10%) to improve the rheological, textural, and sensory characteristics of
vegetable ice cream using vegetable milk (almond and hemp milk). Hemp milk was obtained from
the peeled seeds of the industrial hemp plant, which includes varieties of Cannabis sativa, which have
a low content of the psychotropic substance tetrahydrocannabinol (THC) and are grown for food.
The rheological characteristics of the mix and ice cream were determined by using the Haake Mars
rheometer. Compared with the control sample, the viscosities of the mix in all samples analyzed were
enhanced with the addition of dietary fibers, due to the occurrence of interactions and stabilizations.
The viscoelastic modules G′ G” were determined on ice cream samples at a temperature of −10 ◦C.
The elastic and viscous modulus showed high values with the increase of the addition of 6% dietary
fibers. The textural characteristics were assessed by the shear strength of a layer of ice cream at a
temperature of −4 ◦C. Hardness, firmness, and adhesiveness were influenced by the size of their
ice crystals, the fat content, and the percentage of dietary fibers added. The sensory analysis of the
ice cream showed higher overall scores for the almond milk ice cream, because the sweet taste was
appreciated with a maximum score, while the hemp milk ice cream was evaluated for flavor and taste.

Keywords: vegetable ice cream; dietary fibers; sensorial properties; rheological properties

1. Introduction

In recent times, there has been a trend towards the development of innovative, readily
available, reasonably priced, yet safe foods that offer consumers benefits such as improved
health or the prevention of health complications associated with diet beyond basic nutri-
tional functions [1]. It has been found that changes in the eating habits of health-conscious
consumers, strongly influenced by the increasing incidence of lifestyle diseases, such as
heart disorders and depression, have given rise to new functional foods and products on
the market [2]. Ice cream is a very popular and delicious frozen dessert, made from dairy
products such as milk, cream, and natural or artificial sweeteners, while in recent years,
plant-based milk substitutes have begun to be used [3]. In this sense, dietary ice cream is
a new product on the Romanian market and is increasingly preferred, due to a different
taste, along with being enriched with various delicious flavors. This dietary ice cream is
chosen especially by vegetarians, raw vegans, people with lactose intolerance or those who
generally prefer a healthy lifestyle. According to Eurostat [4], ice cream consumption in
Romania is the lowest in Europe, respectively 1.6 kg/capita, and ice cream is considered
to be a refreshing product, in the hot season as a dessert. Ice cream is a. physico-chemical
complex characterized by hardness and melting properties, usually contains at least 10%
fat, stabilizers, and sweeteners. The use of plant-based milk substitutes from soy (Glycine
max), cashew (Anacardium occidentale), hazelnut (Corylus), coconut (Cocos nucifera), hemp
(Cannabis sativa), or almonds (Prunus dulcis) and dietary fiber allow for final products with
the texture, hardness, and firmness characteristics of milk ice cream [5]. Plant-based milk is
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free of cholesterol and has unsaturated fats, vitamins, minerals, and antioxidants, which is
why they are considered functional foods and nutraceuticals [6].

Almonds (Prunus dulcis Mill. DA Webb) have a high content of fatty acids, lipids,
amino acids, proteins, carbohydrates (including dietary fiber), vitamins, and minerals which
contribute to improving artery health, reducing high blood pressure, has positive effects in
improving diabetes and metabolic syndrome [7]. In recent years, almond milk beverage is
promoted as a healthy alternative to cow’s milk have potential prebiotic properties due to
the presence of bioactive compounds such as vitamins, especially vitamin E which cannot
be synthesized by the body, flavonoids, and polyphenols [8,9].

In addition, consumers choose plant-based milk alternatives instead of milk due to
its numerous positive health effects on the human body, a desire for a healthy lifestyle,
and environmental awareness. The solution to this problem may be to drink almond
drink instead of cow’s milk, as it contains a vitamin E content of 6.33 mg 100 g−1, which
represents 42% of the recommended daily allowance of 15 mg [6,10].

The non-drug variety Cannabis sativa subsp. sativa, hemp (Cannabis sativa L.) seeds
contain approx. 20–25% protein with a biological value similar to chicken egg white, as
well as considerable amounts of vitamins, minerals (magnesium, copper, phosphorus, and
calcium) and dietary fiber. Hemp milk has a high nutritional value with a low content of
saturated fats, a good percentage of polyunsaturated fatty acids (PUFA) ω-3 and ω-6, and
low allergenicity [9]

According to Szparaga et al. [11], hemp-based milk substitutes provide very low
amounts of protein (3.23 g/100 g) and lipids (21.08 g/100 g) and can be an alternative to
consumers who seek gluten-free food. The use of hemp seed milk has not yet been widely
tested in food production. Hemp milk is unstable with a tendency to flocculate, being an
oil-in-water emulsion, which is a challenge in the industry, as it leads to loss of quality and
validity. The use of stabilizing substances can increase the cost of production [12]. Hemp
seed milk can be a very valuable new ingredient for the food industry due to its potential
as natural emulsions of polyunsaturated fatty acids (PUFAs), essential fatty acids (EFAs),
and other fat-soluble bioactive compounds.

Dietary fibers include resistant starch and non-starch polysaccharides, oligosaccha-
rides, and various lignified compounds that are not digested by enzymes of the gastroin-
testinal tract, but also have functional properties in food, for example, increase water
retention, or contribute to emulsification or gel formation. Moreover, the addition of di-
etary fiber to foods can help change texture, avoid syneresis and increase the shelf life of
foods [1]. Dietary fiber is prebiotic, improving the activity of beneficial intestinal bacteria,
so they can prevent many gastrointestinal disorders [13]. Additionally, dietary fiber plays
an important role in the treatment of diabetes, decreases the risk of coronary heart diseases,
reduces the risk of cancer in the colon or rectum, and relieves symptoms caused by lactose
intolerance [2]. A recent meta-analysis by McRorie et al. [14] showed that highly viscous
soluble fiber (β-glucan, psyllium, and crude guar gum) can effectively reduce high serum
cholesterol levels and improve glycemic control. Whole grains (especially the pericarp),
vegetables, fruits, and nuts are one of the most important sources of dietary fiber [6]. Re-
sistant starch present in food is considered dietary fiber that is non-digestible by enzymes
in the small intestine of healthy people. Therefore, to produce vegetable milk ice cream
with the desired textural properties and sensory attributes, it can be used a mixture of
plant-based milk on almond and hemp and dietary fiber.

In recent decades, there have been significant changes in food patterns and food
consumption. In association with this, there has been a growing demand for plant-based
milk alternatives due to milk allergy, lactose intolerance but which can provide health
benefits. Moreover, in the presented study, agave syrup was used as an ingredient to prepare
a vegan ice-cream mix. Agave syrup (natural sweetener) is a product with functional
properties, and the intake has beneficial properties for human health, such as high prebiotic
capacity and a low glycemic index score.
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The aim of this study was to investigate the impact of different concentrations (0–10%)
of psyllium and pectin fibers of vegetable ice cream, which is comparable to ordinary ice
cream in terms of rheological, textural, and sensorial parameters.

2. Materials and Methods

2.1. Materials

Almond seeds (Pronat SRL Romania), agave syrup, and vanilla were all purchased
from the local market. High quality peeled hemp (Pronat SRL Romania) was purchased
from local pharmacies. Other ingredients were psyllium and pectin fiber were purchased
from Enzymes & Derivates SA Neamt, Romania.

2.2. Methods
2.2.1. Almond Milk Preparation

The almond milk was prepared according to the method previously described. The
almond seeds (300 g) were soaked overnight at 4 ◦C in 900 mL of distilled water. For milk
extraction, the almonds were mixed with distilled water (1:10 g/v ratio), ground in a blender
and filtered. The almond milk obtained was stored for further analysis at 4 ◦C [15].

2.2.2. Hemp Milk Preparation

Hemp milk was freshly prepared in the laboratory. The dehulled seeds of hemp (300 g)
were soaked for 10 h at 20 ◦C in 900 mL of distilled water. For milk extraction, the hemp
seeds were mixed with distilled water (1:10 g/v ratio), ground in a Tefal laboratory easy
soup (France) and filtered [11].

2.2.3. Ice Cream Preparation

In order to obtain the ice cream, the mixtures were prepared using the formula as
shown in Table 1. The milk was heated to 80 ◦C, then homogenized and frozen in a 1.5-L ice
cream maker. The steps followed for the ice cream manufacturing are illustrated in Figure 1,
as described before by Leahu [16]. The ice cream was made in Ice Cream Maker Machines
(Cuisinart.com). Finally, the samples were frozen and stored in a refrigerator at −22 ◦C
for subsequent analysis. The ice cream production process referred to the description in
previous studies [17–19].

Table 1. The content of components used in ice cream mix formulation.

Samples % Dietary Fiber Volume of Milk (mL) % Almonds/Hemp Flour % Agave Syrup Vanilin %

A_Psy 0 100 3 5 1
A1_Psy 2 100 3 5 1
A2_Psy 4 100 3 5 1
A3_Psy 6 100 3 5 1
A4_Psy 8 100 3 5 1
A5_Psy 10 100 3 5 1
H_Pec 0 100 3 5 1

H1_Pec 2 100 3 5 1
H2_Pec 4 100 3 5 1
H3_Pec 6 100 3 5 1
H4_Pec 8 100 3 5 1
H5_Pec 10 100 3 5 1

A_Psy—ice cream with almond milk with 0% psyllium; A1_Psy—ice cream with almond milk with 2% psyllium;
A2_Psy—ice cream with almond milk with 4% psyllium; A3_Psy—ice cream with almond milk with 6% psyllium;
A4_Psy—ice cream with almond milk with 8% psyllium; A5_Psy—ice cream with almond milk with 10% psyllium;
H_Pec—ice cream with hemp milk with 0% pectin; H1_Pec—ice cream with hemp milk if 2% pectin; H2_Pec—ice
cream with hemp milk if 4% pectin; H3_Pec—ice cream with hemp milk if 6% pectin, H4_Pec—ice cream with
hemp milk if 8% pectin; and H5_Pec—ice cream with hemp milk if 10% pectin.
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Figure 1. Manufacturing process of ice cream.

2.2.4. Ice Cream Analysis
Physico-Chemical Analyses of Ice Cream Mix

The titratable acidity was determined according to the AOAC 920.124 method [20].
The pH values were measured according to the AOAC 14.022 method using a digital
pH meter HACH HQ 30d flexi [21]. The soluble solids percentage was determined by
using an Abbé refractometer. Two drops of the ice cream mix were placed on the prism
of the refractometer. The soluble solids content was read directly on the refractometer
scale [21]. The fat content was determined by applying the chemical method of using an
ice cream butyrometer (according to Roeder’s weighing method). The protein content was
determined by using the Kjeldahl chemical method [22].

Rheological Analysis of Ice Cream Mix

The dynamic rheometer, model Haake Mars 40, was used for determination of ice
cream mix rheological characteristic, after cooling at 5 ◦C. Viscosity and vascoelastic mod-
ulus of the ice cream mix were determined over time, by using the plate/plate system
with a diameter of 80 mm for the plate and 40 mm for the rotor. The temperature during
the analysis remained constant. Vascoelastic modules were obtained by recording the
frequency from 10−1 to 10 Hz at a temperature of 5 ◦C. Numerical values for viscosity and
modulus G prime G s. were obtained by using Microsoft Excel [23].

Textural Analysis

A 50-g sample of ice cream was used to determine the texture. Ice cream tubs were
taken out of the freezer and left at room temperature for two minutes. The ice cream
samples were analyzed texturally by using the Perten Texturometer with 45◦ cone probe
(P-CO45S), a trigger force of 4 g, a compression percentage of 30%, and a test speed of
2 mm/s. The hardness and adhesiveness of the ice cream samples were determined.

Sensory Analysis

The 12 ice cream samples were proposed for sensory analysis to a group of 30 members
selected from the students of the Faculty of Food Engineering. The coded samples were
offered to the tasters and the sensory evaluation was performed by using the preference test.
The preference or ranking test was carried out according to the ISO 8587:2006 standard.

It used a 9-point hedonic scale (from 1 = “Dislike Extremely” to 9 = “Like Extremely”,
with 5 = “Neither Like nor Dislike”). The investigated attributes included flavor, taste,
appearance, consistency, and overall acceptability [24].
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Statistical Analysis

The experiments were assayed in triplicates (n = 3) and the results were expressed
as mean ± S.E.M (standard mean error) values. For the comparison among the different
formulations of the average values of all the compositional and physical–chemical proper-
ties, an analysis of variance (ANOVA) with a confidence interval of 95% (p < 0.05) using
the Tukey test was carried out. The statistical analysis was carried out using XLSTAT
statistical software, version 2021. The correlations between the quantitative variables and
the qualitative (sensory characteristics) variables were interpreted by analyzing the main
components using the Matlab 2021b program.

3. Results and Discussion

Given the importance of adding fiber in improving the quality characteristics of ice
cream, in this research the viscosity, hardness, firmness, adhesiveness, physicochemical,
and sensorial properties of the ice cream formulations were studied. Five formulations
were prepared with almond milk and psyllium fiber, while the other five were prepared
with hemp milk and pectin.

3.1. Physicochemical Analyses of Cream Mix

In Table 2, the results obtained after physicochemical analysis of ice cream samples
are presented. The titratable acidity is maintained in the range of 0.17–0.20 g/100 g lactic
acid for all samples of the almond cream mixture (including those with the addition of
psyllium fiber). Hemp milk with added pectin has higher titratable acidity values as the
percentage of added pectin increases. Compared to the control sample (H0_Pec) which
shows the value of 0.26 g/100 g lactic acid, the addition of 10% pectin leads to an increase
in acidity to the value of 0.80 g/100 g lactic acid. From Table 2, it can be observed that the
pH of almond milk ice cream and addition of psyllium fibers samples did not vary, while
the pH of hemp milk ice cream samples with pectin decreased with the addition of a higher
concentrations of pectin [25].

Table 2. Values of the physicochemical parameters.

Sample

Physicochemical Parameters

Titratable Acidity, g Lactic
Acid/100 g of Total Solids

pH Soluble Solids, ◦Brix Fat, % Protein, %

A0_Psy 0.16 ± 0.02 h 6.2 ± 0.02 a 23.12 ± 0.01 b 2.67 ± 0.03 c 1.09 ± 0.03 f

A1_Psy 0.17 ± 0.01 g 6.1 ± 0.01 a 23.26 ± 0.02 a 2.58 ± 0.03 d 1.12 ± 0.03 f

A2_Psy 0.17 ± 0.01 g 6.1 ± 0.02 a 23.46 ± 0.01 a 2.5 ± 0.04 e 1.32 ± 0.02 e

A3_Psy 0.17 ± 0.01 g 6.1 ± 0.01 a 23.16 ± 0.01 b 2.57 ± 0.04 d 1.46 ± 0.03 e

A4_Psy 0.17 ± 0.01 g 6.1 ± 0.03 a 23.13 ± 0.03 b 2.61 ± 0.02 c 1.68 ± 0.03 d

A5_Psy 0.17 ± 0.02 g 6.1 ± 0.02 a 23.13 ± 0.04 b 2.53 ± 0.01 e 1.75 ± 0.02 d

H0_Pec 0.26 ± 0.03 f 5.3 ± 0.02 b 21.25 ± 0.03 d 3.24 ± 0.01 b 2.04 ± 0.02 c

H1_Pec 0.28 ± 0.02 e 5.1 ± 0.03 b 21.39 ± 0.04 d 3.20 ± 0.02 b 2.32 ± 0.02 c

H2_Pec 0.34 ± 0.01 d 4.9 ± 0.02 c 21.54 ± 0.04 c 3.41 ± 0.04 a 2.57 ± 0.01 b

H3_Pec 0.48 ± 0.02 c 4.7 ± 0.01 c 21.56 ± 0.03 c 3.5 ± 0.04 a 2.61 ± 0.02 b

H4_Pec 0.63 ± 0.04 b 4.2 ± 0.01 d 21.33 ± 0.03 d 3.5 ± 0.04 a 2.79 ± 0.01 a

H5_Pec 0.80 ± 0.03 a 3.8 ± 0.01 e 21.47 ± 0.03 c 3.24 ± 0.03 b 2.66 ± 0.03 b

a–h Mean values in the same column (corresponding to the same letter) indicate statistically differ significantly
(p < 0.05).

The pH values of the almond milk cream mix samples are around 6, while pH values
of the hemp cream mix samples are in the range of 5.3 for the sample without the addition
of pectin and 3.8 for the sample with 10% pectin (Table 2).
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The refractometric soluble solids (Table 2) showed values between 23.12–23.46 ◦Brix
to the mixture of almond milk ice cream and addition of psyllium fibers for the control
sample and the sample with 4% psyllium. Hemp milk samples had soluble solids values
in the range of 21.25 ◦Brix in the control sample and 21.56 ◦Brix in the sample with the
addition of 6% pectin.

The fat content (Table 2) determined for the almond milk ice cream mix was 2.5–2.6%,
being correlated with the fat of the almond milk. Hemp milk samples had a fat content
relative to milk fat, which was around 3.5%.

The results obtained for the protein content (Table 2) indicate values of 1.09% in the
control sample with almond milk and a maximum of 1.75% in the sample with the addition
of 10% psyllium fiber. Hemp milk ice cream mix had higher values for protein content due
to the fact that hemp milk has a higher protein content, the control sample with hemp milk
had a content of 2.04% and the sample with 8% pectin fibers had a higher protein content,
2.79%. According to Kozłowicz et al. [26] the protein content in the ice cream supplemented
with Moldavian dragonhead bagasse (MDB) changed significantly (p < 0.05) from 10.16 g
per 100 g (w/w) for the 1% MDB sample to 12.07 g per 100 g (w/w) for ice cream with 3%
MDB addition.

The analysis of the correspondences between the quantitative variables obtained after
physico-chemical parameters determination is represented in Figure 2. The analysis of the
correspondence places the results at a very short distance between them. This arrangement
indicates a strong association between the chemical characteristics of pH and titratable
acidity—they practically overlap. The variables that express protein and fat are distanced
from the values obtained for pH and titratable acidity. No statistically significant changes
in the pH and titratable acidity of plant-based milks ice cream were observed regardless
of the milk used. The pH value correlated with the titratable acidity of the product and is
not influenced by the protein content, but such properties can directly affect the quality
and ultimately the acceptability of the product by the consumer. The fat content of the ice
cream does not correlate with the pH value. Also, it was desired to develop a recipe based
on maintaining a constant content total solids and sugar.

Figure 2. Correspondence analysis between quantitative variables.
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3.2. Rheological Analysis of Ice Cream Mix

The average values of the rheological characteristics of the apparent viscosity and the
viscoelastic modules made with different milk and with additions of psyllium/pectin are
presented in Figures 3–8.

Figure 3. The elastic modulus curves to the ice cream mix with almond milk and psyllium.

Figure 4. The viscous modulus curves to the mix of ice cream with almond milk and psyllium.
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Figure 5. The elastic modulus curves to the ice cream mix with hemp milk and pectin.

Figure 6. The viscous modulus curves to the mix of ice cream with hemp milk and pectin.
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Figure 7. Viscosity curves for the ice cream mix with almond milk the addition of psyllium.

 

Figure 8. Viscosity curves for the ice cream mix with hemp milk the addition of pectin.
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The curves that express the results of the rheological behavior of the ice cream mix
with vegetable milk (Figures 3–6) demonstrate that the addition of psyllium and pectin
fibers leads to a significant increase in the viscous and elastic mode [27]. The rheological
properties of the almond (Figure 3) ice cream mixes showed that an increase in viscoelastic
parameters (G′) when the psyllium fiber concentrations increased comparatively with hemp
ice cream with pectin fiber (Figure 4). Viscosity curves have the same tendency to increase
as the percentage of psyllium added to the mix increases (Figure 5). By comparison, the
elastic modulus of pectin-added ice cream mixes increases significantly at 8–10% pectin
added (Figure 5).

The viscous modulus of the ice cream mix with hemp milk and pectin fiber shows
the same tendency to increase the viscosity with the percentage of pectin (Figure 6). The
increase in the viscosity and elasticity of the mix influences the foaming capacity of the
mix, the retention of air in the structure of the ice cream and the stability of the emulsion
will have a positive effect on the melting resistance of the ice cream [27,28]. The idea that
psyllium and pectin fibers form a stable gel structure with high viscosity and pseudoplastic
flow behavior can be supported. According to the results obtained by Soukoulis et al. [1]
and Valera et al. [25], all samples showed high elastic and viscous behavior in the mixtures
obtained with vegetable milk and fiber additives with the role of hydrocolloids [1,25]. The
viscosity curves shown in Figures 7 and 8 describe the increase in the viscosity of the ice
cream mix as the amount of psyllium and pectin fibers increases. Compared to the control
samples (A0_Psy and H0_Pec), the mix has a high viscosity due to the addition of psyllium
fiber and pectin, thus increasing the flow resistance and the thickening effect gives the mix
stability to the shear action. The higher thickening effect is observed with the addition of
psyllium fiber compared to pectin fiber (Figure 7).

The Pearson correlations that are established between the chemical properties of the
mixture obtained with almond milk or hemp milk are presented in Table 3. The correlation
coefficient between viscosity and fat (r = 0.710), respectively protein (r = 0.753) indicates
that the presence of proteins and fat in vegetable milk helps the stability of the mix and the
formation of gel binding mechanisms.

These results are justifiable according to Makinen et al. [28]; Elsamani et al. [29]
Shinyoung et al. [30]; Adapa et al. [31] which demonstrated that a high protein and fat
content of the ice cream mixture with vegetable milk led to an increase in viscosity and a
good elasticity of the ice cream mix.

Table 3. Correlation matrix (Pearson (n)) between chemical variables and rheological variables.

Variables G” Pa G′ Pa Viscosity Titratable Acidity pH Soluble Solids Fat Protein

G” Pa 1 0.990 0.001 0.346 −0.365 −0.409 0.446 0.238
G′ Pa 0.990 1 0.079 0.455 −0.460 −0.487 0.517 0.341

viscosity 0.001 0.079 1 0.453 −0.697 −0.748 0.710 0.792
Titratable acidity 0.346 0.455 0.453 1 −0.871 −0.722 0.753 0.845

pH −0.365 −0.460 −0.697 −0.871 1 0.942 −0.970 −0.964
Soluble solids −0.409 −0.487 −0.748 −0.722 0.942 1 −0.960 −0.904

Fat 0.446 0.517 0.710 0.753 −0.970 −0.960 1 0.924
Protein 0.238 0.341 0.792 0.845 −0.964 −0.904 0.924 1

3.3. Textural Properties

The hardness and adhesiveness of the vegetable milk ice cream are represented in
Figures 9 and 10. It can be stated that the hardness value increases with the addition of
psyllium and pectin fibers. Hemp milk ice cream samples have a higher fat content which
leads to a lower increase in hardness compared to almond milk ice cream samples. Chang-
ing the type and amount of protein and fat in vegetable milk for the preparation of various
ice cream samples have a significant effect on the textural properties of ice cream, which
influences the formation of ice cream crystals and increases the hardness and consistency
of ice cream. The error limits in Figures 9 and 10 represents the standard deviations.
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Figure 9. Graphical representation of the results describing the hardness of the ice cream samples.

Figure 10. Graphical representation of the results describing the adhesiveness of the ice cream samples.

3.4. Sensory Properties Results

Descriptive sensory panelists evaluated the almond milk and psyllium fiber ice cream
samples and also the ice cream samples with hemp milk and pectin fiber. In general,
they gave higher overall scores for the almond milk ice cream because the sweet taste
was appreciated with maximum score and the hemp milk ice cream was rated for flavor
and taste (Table 4). Compared to almond milk ice cream, hemp milk ice cream was
characterized by specific sensory properties: high-intensity, slightly unpleasant aromas that
were considered to be specific to hemp milk. The consistency and appearance of ice cream
with hemp milk and pectin was appreciated as dense, smooth, without ice needles, which
allows for the development of taste and consumption in ice cream. Samples of almond milk
and psyllium fiber ice cream were less appreciated by sensory experts due to their high
consistency and adhesiveness. The panelists reported that the aroma scores of the hemp
milk ice cream samples with 8% and 10% pectin fibers were much improved compared to
the control samples, while those formulated with 2% and 4% were evaluated with a lower
score. The panelists criticized these samples for having a strong hemp aroma. The research
conducted in this study may be useful to vegetable ice cream producers [32–34]. This study
is the first to define the sensory characteristics of vegetable ice cream with almond milk and
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hemp with the addition of psyllium fiber and pectin. The descriptive attributes developed
can be used for the development of new varieties of vegetable milk ice cream [18,19,35].

Table 4. Average sensory acceptance results on a 9-point hedonic scale.

Formulation

Attributes of Sensory Acceptance

Flavor Taste Appearance Consistency
Overall

Acceptability

A0_Psy 6.1 ± 0.17 d 6.0 ± 0.23 d 7.2 ± 0.02 b 5.2 ± 0.34 f 6.3 ± 0.02 d

A1_Psy 6.5 ± 0.08 b 6.3 ± 0.18 c 7.3 ± 0.26 b 6.1 ± 0.44 e 6.9 ± 0.03 c

A2_Psy 6.3 ± 0.62 c 6.3 ± 0.12 c 7.2 ± 0.02 b 7.3 ± 0.18 d 7.0 ± 0.03 c

A3_Psy 6.3 ± 0.24 c 6.4 ± 0.40 c 7.2 ± 0.03 b 8.0 ± 0.28 c 8.0 ± 0.01 b

A4_Psy 6.5 ± 0.31 b 6.4 ± 0.35 c 7.4 ± 0.04 b 8.7 ± 0.22 b 8.0 ± 0.02 b

A5_Psy 6.7 ± 0.12 b 6.8 ± 0.27 b 7.8 ± 0.04 a 9.0 ± 0.23 a 8.2 ± 0.01 b

H0_Pec 5.3 ± 0.22 e 6.2 ± 0.22 d 5.4 ± 0.07 e 6.1 ± 0.20 e 5.3 ± 0.02 e

H1_Pec 5.9 ± 0.31 d 5.6 ± 0.31 e 5.6 ± 0.08 e 6.5 ± 0.16 d 6.2 ± 0.01 d

H2_Pec 5.6 ± 0.09 e 6.0 ± 0.42 d 5.8 ± 0.00 d 6.9 ± 0.17 d 6.7 ± 0.03 c

H3_Pec 6.0 ± 0.27 d 6.4 ± 0.12 c 6.2 ± 0.00 d 8.4 ± 0.21 c 6.9 ± 0.01 c

H4_Pec 6.2 ± 0.36 c 7.0 ± 0.24 b 6.8 ± 0.04 c 8.7 ± 0.17 b 7.0 ± 0.00 c

H5_Pec 7.2 ± 0.14 a 7.8 ± 0.16 a 7.9 ± 0.06 a 9.0 ± 0.00 a 8.8 ± 0.01 a

Means that do not share a letter (a–f) are significantly different (p ≤ 0.05).

The analysis of the main components (PCA) was applied to the average values of the
textural and rheological attributes to express the correlation ratio between them. The PCA
plot (Figure 11) explains the variability of the results obtained by chemical, rheological,
textural, and sensory analyses. Axis F1, indicates the positive correlation for almond milk
ice cream and on axis F2 are grouped the ice cream samples according to the attributes that
characterize them. There is a significant positive association between the control formu-
lations (H0, H1, H2, and H3 in the samples obtained from hemp milk and differentiates
in samples H4 and H5 to which pectin was added in proportion of 8 and 10%. For this
grouping of samples H4 and H5, it is also noticeable in the sensory analysis; these being
appreciated with a high score. The separation between the two F2 axis groups is well
differentiated because the results obtained in the determination of chemical, rheological,
textural, and sensory characteristics separated the two samples (H5_Pec and H6_Pec) from
the rest of the group. The ice cream samples that were formulated with almond milk and
psyllium fiber are grouped on the F1 axis according to the positive characteristics. The
control sample A0_Psy is significantly different from the rest of the samples, we can express
a negative correlation between the control sample and the other almond milk samples.

Figure 11. The PCA plot of correlation configuration of samples and characteristic attributes.
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4. Conclusions

Given the results obtained from the chemical, rheological, textural, and sensory deter-
minations, it can be concluded that a vegetable milk ice can be formulated by completely
replacing the conventional stabilizer with psyllium or pectin fibers. From a technological
point of view, this modification of the recipe can be allowed without hindering the tech-
nological process and without significantly changing the recipe. Ice cream with added
psyllium can be obtained with a maximum of 6% added fiber and pectin fiber can be ob-
tained with a percentage of at least 8% added in order to obtain a specific consistency and
well-appreciated sensory characteristics. There is an increasing trend for the consumption
of vegetable milk ice cream and through this study good results were obtained so that these
formulations can be made. The increasing share of pectin added to hemp milk ice cream
improved the physical properties of the ice cream, increasing the viscosity and consistency,
and the appearance of the ice cream was appreciated as dense and without ice needles. It
can be concluded that the almond milk ice cream was more appreciated by the panelists
from a sensory point of view, while the hemp milk ice cream is more advantageous from
a physical-chemical and rheological points of view due to the addition of pectin fibers. It
is known that the choice of ice cream is determined primarily by taste preferences. Thus,
the taste preferences for different types ice cream (almond and hemp milk) with great
characteristics, which can be considered as possible applications of vegan ice cream, were
investigated. Although a conflict between taste preferences and health objectives can be
detected, such an approach can be treated as the main objective for a potential producer.
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Citation: Crăciun, A.L.; Gutt, G.

Study on Kinetics of Trans-Resveratrol,

Total Phenolic Content, and

Antioxidant Activity Increase in Vine

Waste during Post-Pruning Storage.

Appl. Sci. 2022, 12, 1450. https://

doi.org/10.3390/app12031450

Academic Editor: Antony C.

Calokerinos

Received: 24 November 2021

Accepted: 21 January 2022

Published: 29 January 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

Study on Kinetics of Trans-Resveratrol, Total Phenolic Content,
and Antioxidant Activity Increase in Vine Waste during
Post-Pruning Storage

Alina Lenut,a Crăciun * and Gheorghe Gutt

Faculty of Food Engineering, Stefan cel Mare University of Suceava, 720225 Suceava, Romania; g.gutt@fia.usv.ro
* Correspondence: alina.craciun@usm.ro

Abstract: There is increasing evidence surrounding the health benefits of E-resveratrol; this has
triggered interest in stilbenoids in grapes, wine, and by-products. On the one hand, there is an
enormous amount of underutilized vine waste, rich in bioactive substances during wine production.
On the other hand, there is a growing demand for promising phytochemicals, for dietary and
pharmaceutical purposes. Vine shoots are promising sources of stilbenoids; they have economic
potential because they are sources of high-value phytochemicals. Recent studies have shown that,
due to biosynthesis pathway genes, especially STS (forming trans-resveratrol), which is abundant
during storage periods of vine shoots—trans-resveratrol accumulates up to 40-fold. The objective of
this research was to determine the most economical part of vine waste to be exploited, and to study
the kinetics of resveratrol increase in a 90-day period, to determine the optimal storage period to
reach a maximum trans-resveratrol content. Total phenolic content (TPC) and antioxidant activity
(AA) were studied to determine possible correlations. In Fetească Neagră vine shoot varieties stored
at laboratory temperatures, trans-resveratrol content increased to a maximum (2712.86 mg/kg D.W.)
at day 70, and then slightly decreased until day 90. TPC remained constant and there was a slight
increase in AA. Vine shoots contained the largest amounts of trans-resveratrol (1658.22 mg/kg D.W.),
followed by tendrils (169.92 mg/kg D.W.), and leaves (43.54 mg/kg D.W.).

Keywords: trans-resveratrol; post-pruning storage; total phenolic content; antioxidant activity

1. Introduction

Viticulture is one of the most important agricultural activities in the world; in 2018
approximately 7.4 million hectares were cultivated globally, of which 4.3 million hectares
were cultivated in Europe. Statistics place Spain in first place regarding the areas cultivated
with grape vines (969,000 hectares); in second place is China (875,000 hectares); in third
place is France (793,000 hectares) [1]. The average number of byproducts harvested from
annual vine trimmings is 1.3 kg of wood/live log, thus “accumulating” to 2 × 107 tons of
wood in the world. The only use for this waste is to grind it and use it as a fertilizer, by
distributing it on vineyards [2].

Recent studies have shown that vine waste from annual trimmings accumulate via a
wide range of stilbenoids, from resveratrol to complex stilbene oligomers [3]. Thereby, due
to the fact that vine waste contains valuable bioactive substances, with potential applica-
tions in medicine and agriculture (due to multiple pharmacological and phytopathogenic
properties), these can represent promising bioresources [4].

Stilbenoids are produced by plant secondary metabolisms and are a part of the non-
flavonoid phenolic compound family. They are synthetized by plants as defense mecha-
nisms in response to biotic and abiotic stresses. There is increased interest surrounding
stilbenoids due to their potential effects on human health [5].

Stilbenes are a reduced group of phenylpropanoids characterized by a 1,2-diphenyleth-
ylene general structure. Plant stilbenes are derived from the general phenylpropanoid
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pathway [6]. Only a few plant species are capable of producing stilbenes, although all
higher plants can synthesize esters of cinnamic acid derivatives and malonyl-CoA. The
first enzymes of the phenylpropanoid pathway are phenylalanine ammonia lyase (PAL),
cinnamate-4-hydroxylase (C4H), and 4-coumarate: CoA ligase (4CL). Stilbene synthase
(STS) catalyzes, in a single reaction, the biosynthesis of stilbene’s general structure from
one CoA-ester of a cinnamic acid derivative (p-coumaroyl-CoA—most (or frequently)
cinnamoyl-CoA) and three molecules of malonyl-CoA, and is only characteristic to plants
that are able to produce stilbene [7]. First, the purified protein of the STS gene was from the
stressed cell suspension cultures of the peanut (Arachis hypogaea) [8]. Subsequently, Scots
pine (Pinus sylvestris) and grape (Vitis vinifera) were used to clone STS genes [9]. STS genes
are found in many plant species as families of related genes. The vine was the only plant
capable of producing stilbene, whose genome was sequenced until recently. It has been
demonstrated in early studies that more than 20 STS genes are contained by the grapevine
genome [10]. The large size of the multigene family was confirmed by an analysis of the
first sketch of the grapevine genome, with an estimated 20–40 STS genes. A minimum of
20 different STS genes are expressed in the grape after infection with Plasmopara viticola [11].

Resveratrol is synthesized in grape vines using three molecules of malonyl-CoA and
one molecule of coumaroyl-CoA, by the catalysis of stilbene synthase (EC 2.3.1.95; STS,
malonyl-CoA:4-coumaroyl-CoA malonyltransferase). Most stilbenes synthesized by plants
are derived from the basic unit trans-resveratrol (trans-3,5,4′-trihydroxystilbene) [12].

Generally, plants synthesize trans-resveratrol (3,5,4′-trihydroxystilbene) as a phy-
toalexin, naturally, in response to exogenous factors, such as ultraviolet (UV) irradiation,
traumatic damage, pathogen infection, and other stresses. Only a few dietary sources have
been found to contain this compound; the main representatives being peanuts, grapes,
hops, strawberries, blueberries, and the products derived therefrom [13].

Several reviews and research studies have shown that trans-resveratrol, due to its phar-
macological activities, is an important anti-carcinogenic and anti-aging/anti-inflammatory
agent, with neuroprotective and antioxidant proprieties, and that it could protect, to some
extent, against cardiac and metabolic disorders. Therefore, a growing demand for trans-
resveratrol is expected in areas such as nutraceuticals, health, cosmetics, and food, due to
its pharmacological importance [14].

The majority of resveratrol supplements available on the market are made of extracts
obtained from the roots of Japanese knotweed (Polygonum cuspidatum) and the degree of
purity can vary widely. Research studies have shown that emodin, a compound that could
have laxative effects, is found in unpurified (or partially purified) resveratrol extracts [15].
The Japanese knotweed is an invasive plant that grows in heavily polluted environments
and is contaminated with heavy metals. Additional concerns about the safety of resveratrol
supplements have been raised, due to the possibility of the root tissue of Japanese knotweed
to cellular uptake of these contaminants [16,17].

Houillé et al. studied the biosynthetic origins of trans-resveratrol accumulation in
grape canes during postharvest storage and they assayed the structural genes PAL, C4H,
4CL, and STS (forming E-resveratrol) through a quantitative real-time PCR. They demon-
strated that, due to transcript abundance of the structural genes, the resveratrol content
increases during storage time. In the first four weeks of storage, the STS gene was induced;
during the 6 weeks of storage, the three genes (PAL, 4CL, and C4H) of the general phenyl-
propanoid pathway were constitutively expressed. These results confirm that vine shoots
during the storage time is still transcriptionally active [14]. The results can vary widely,
despite recent advances in the determination of stilbenoid compositions of vine shoots [18].
This variability can be attributed to the various factors influencing the stilbenoid composi-
tion, especially the provenance and the variety of the grape cane [19]. Gyongyi et al., (2017)
reported a resveratrol content ranging from 0.95 ± 0.08 to 3.94 ± 0.21 g/100 g D.W. for
10 samples of vine waste of different varieties extracted with 60% ethanol [20].

The aim of this study was to characterize trans-resveratrol accumulation in pruned vine
shoots, and particularly to determine the optimal storage period for vine variety Fetească
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Neagră, to identify which vine waste contains a higher amount of trans-resveratrol, to be
exploited economically and to study possible correlations among the kinetics of resveratrol
increase, total polyphenol content, and antioxidant activity of vine waste.

2. Materials and Methods

2.1. Vine Waste Samples

The samples of grape shoots, leaves, and tendrils of the grape variety Fetească Neagră
were collected from the region of Cotnari, Ias, i (476,708,864;269,361,914) on 17 November 2020.

2.2. Reagent and Chemicals

The diethyl ether, trans-resveratrol standard (99% GC), sodium carbonate, and DPPH
solution were purchased from Sigma-Aldrich Co (Burlington, MA, USA). Ethanol, methanol,
and acetonitrile (LiChrosolv for HPLC) were obtained from Merck (Darmstadt, Germany).
The aqueous solutions were prepared with twice distillated and demineralized water. The
0.22 μm PTFE membrane filters were purchased from Phenomenex (Torrance, CA, USA).

2.3. Standard Solutions

A stock solution of resveratrol with a concentration of 1 g/L was prepared. To
guarantee a complete dissolution of the trans-resveratrol standard, it was initially dissolved
in a small volume of methanol.

A set of standards was prepared with methanol, 99%, before the analysis, from the
stock solution. To avoid degradation of the standard solutions, special care was taken,
keeping them protected from exposure to light and air, and storing them in brown glass
containers at −20 ◦C.

2.4. Sample Collection and Preparation

Vine shoots collected on 17 November, 2020, were analyzed in turn—one each day
for 90 days. The last sample was prepared on 14 February, 2021. Meanwhile, the other
samples were kept at laboratory temperature (22 ◦C) to increase the concentrations of
trans-resveratrol; optimal parameters were as recommended by the latest research in the
field. Each sample was previously dried in the oven at 45 ◦C to constant weight, after
which they were crushed with a grinder and dried for an additional 24 h at the same
temperature. The resulting powder was macerated for 72 h with ethanol–diethyl ether
solution at a 4:1 ratio, and then filtered through filter paper. The extracts obtained were
partially purified before HPLC analysis. The extracts were first evaporated using a rotary
evaporator near to dryness and then redissolved in diethyl ether, and the solution was
washed three times with a 5% sodium bicarbonate solution in a separatory funnel. The
layer of diethyl ether was recovered, evaporated on a rotary evaporator, and redissolved in
methanol. The obtained extract was filtered through a 0.22 μm PTFE membrane filter prior
to HPLC analysis.

Another set of samples was processed on the day of collection, as follows: the vine
shoots were cut into pieces of different dimensions: 2, 3, 4, 5, and 10 cm, and pieces smaller
than 1 cm, cut in sections. One sample was left uncut. The samples were left for 6 weeks at
laboratory temperature (22 ◦C) to determine the maximum increase of trans-resveratrol,
depending on sample processing. Leaves and tendrils were left for 6 weeks at laboratory
temperature (22 ◦C). The samples were prepared in the same way as the samples describe
above. The extracts were kept in a refrigerator at 4 ◦C until used in the analyses.

2.5. Analytical HPLC Procedure

An HPLC instrument (Shimadzu, Kyoto, Japan) coupled with an SPD-M-20A diode
array detector was used to determine the trans-resveratrol content of the samples. The
system was equipped with a Phenomenex Kinetex 2.6 μm Biphenyl 100 Å HPLC Column
150 × 4.6 mm and thermostated at 20 ◦C.

The mobile phases were in pure water (solvent A) and acetonitrile (solvent B). Elution
was carried out after a modified method described previously by Marshall et al., (2012),
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with a binary gradient 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. Total time of running was 49.5 min [21].

For the determination of trans-resveratrol, the detection wavelength was set at 306 nm
and the flow rate of the solvent was 0.5 mL/min.

A high degree of linearity was obtained for standard calibration curves (R2 > 0.9996).
LC solution software version 1.21 (Shimadzu, Kyoto, Japan) was used to perform data
collection and subsequent processing. The quantification was made based on the peak area,
using the external standard method. The analyses were performed in duplicate.

2.6. Determination of Total Phenolic Content

Total phenolic content was determined by the Folin–Ciocalteu method proposed by
Luque-Rodríguez et al., (2006) [22]. The Folin–Ciocalteu reagent was diluted with distilled
water in a ratio of 1:10, and then 180 μL was added to 90 μL of the tested extract (10 mg/mL).
A total of 730 μL of Na2CO3 (100 mM) was added, and then it was left in the dark for an
hour for incubation. The absorbance of the samples was then measured with an Ocean
Optics HR4000CG-UV-NIR spectrometer (SUA) at 765 nm. The calibration curve of gallic
acid (0–1000 mg/L, R2 = 0.9856) was used to calculate TPC, and expressed in terms of gallic
acid equivalents (GAE).

2.7. Determination of the Antioxidant Activity by the DPPH Method

To determine the DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging activity
of the extracts, we used a method proposed by Liu et al., (2015) and Brand-Williams et al.,
(1995), with some modifications [23,24]. Vine shoot extracts, at 10 mg/mL, were diluted
in methanol (0.25 mL) after liquid–liquid extraction, and then the DPPH solution (60 μM)
(9.75 mL) was added. The total volume of 10 mL was mixed properly and left to react
for 60 min at 25 ◦C. The absorbance was measured at 515 nm on Ocean Optics QE65000
spectrometer (SUA), using absolute methanol as a blank control. The percentage of free
radical scavenging by DPPH was calculated using the following formula:

DPPH (% inhibition) = ((absorbance of DPPH − absorbance of sample)/
absorbance of DPPH) × 100. All determinations were performed in triplicate

2.8. Statistical Analysis

Statgraphics Centurion XIX software-trial version (Manugistics Corp., Rockville, MD,
USA) was used to carried out ANOVA.

3. Results

3.1. Statistical Analysis of Variance

The tables presented bellow contain the mean values and standard deviation of
resveratrol content, TPC and antioxidant activity for different samples of vine wastes. In
the first table (Table 1) are shown the result for three types of vine wastes, leaves, shoots
and tendrils. Table 2 presents the results for samples of vine shoots analyzed for 90 days in
a row post-pruning. In Table ?? are summarized the results obtained after analyzing the
samples of different length after 6 weeks of storage.

Table 1. Analysis of variance of resveratrol content, TPC, and antioxidant activity in leaves, tendrils,
and shoots.

Parameters
Waste Type

F-Ratio
Leaves Shoots Tendrils

Resveratrol content, mg/kg D.W. 43.54 (±0.08) 1658.22 (±0.17) 169.92 (±0.03) 131,472,834.15 ***

TPC mg GAE/g D.W. 30.42
(±0.32)

29.36
(±0.41)

28.65
(±0.81) 50.43 ***

DPPH % 73.19 (±0.04) 52.72 (±0.22) 14.19
(±0.05) 95,811.06 ***

(Mean values ± standard deviation). ns not significant (p > 0.05), *** p < 0.001.
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3.2. Kinetics of Resveratrol Increase during Post-Pruning Storage

Trans-resveratrol increase in vine shoots after pruning and storage at laboratory
temperature (~20 ◦C) was analyzed for 90 days in a row and the results are displayed in
Figure 1.

 

Figure 1. Trans-resveratrol increase in vine shoots for 90 days.

3.3. Total Phenolic Content

Total phenolic content of shoots after pruning and storage at laboratory temperature
(~20 ◦C) was analyzed for 90 days in a row and the results are displayed in Figure 2.

 

Figure 2. Total phenolic content on grape canes during the 90-day post-pruning.
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3.4. Antioxidant Activity by the DPPH Method

Antioxidant activity in vine shoots after pruning and storage at laboratory temperature
(~20 ◦C) was analyzed for 90 days in a row and the results are displayed in Figure 3.

 

Figure 3. DPPH % inhibition in vine shoots during the 90-day post-pruning time storage.

4. Discussion

4.1. Analysis of Variance of Resveratrol Content, TPC, and Antioxidant Activity in Leaves,
Tendrils, and Shoots

The cleaning of the vine generates considerable amounts of vegetable waste each
year (tendrils, leaves, and shoots). This green waste could be an important source for
high-value phytochemicals, as it (now) does not have any usage, and it could contribute to
sustainability programs [25]. Trans-resveratrol is found in abundance in this vine waste,
and its content can vary widely among the waste types [26].

Results for samples analyzed after 42 days are represented in Table 1. As it can be
seen, the largest amount of resveratrol is contained in vine shoots (1658.22 mg/kg D.W.),
followed by tendrils (169.92 mg/kg dry weight (D.W.) and leaves (43.54 mg/kg D.W.).
Vine shoots contain up to 10 times more trans-resveratrol than tendrils and up to 40 times
more than leaves. Although, besides vine shoots, this vineyard waste also contains trans-
resveratrol—extraction and purification are not economically recommended.

These results agree with other studies, such as the study by Lachman et al., (2016),
which determine the concentration of resveratrol on vine shoots, tendrils, and leaves. Vine
shoots had the highest content of trans-resveratrol (12.5 mg/kg D.W.), followed by tendrils
(0.51 mg/kg D.W.) and leaves (0.24 mg/kg D.W.) [26].

A study conducted on vines from the Bohemian and Moravian Region, Czech Republic,
determined the resveratrol content in different parts of grapevines (leaves, rachis, and
cluster stems). The results varied from 6 to 490 mg/kg D.W. [27]. Cluster stems were found
as the richest sources of resveratrol; this is in accordance with the results of this study.

Gyongyi et al., (2017) reported that trans-resveratrol is undetectable in inflorescence
and the highest content was found in cluster stems (344.5 mg/kg D.W.) after analyzing nine
organs of Vitis vinifera cv. Merlot: canes, shoot tips, roots, buds, clusters at the veraison,
inflorescences, mature berry skins, cluster stems, and seeds [20].

TPC values for the three types of waste did not vary widely, although vine leaves had
the highest content (30.42 (±0.32) mg GAE/g D.W.).
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The highest antioxidant activity recorded after the analysis of the extracts was found
in the leaves (72.19%), although the highest amount of resveratrol was found in the vine
shoots. The results are similar to those obtained by determining the total phenolic content.
The lowest percentages were recorded in tendrils (14.69% DPPH inhibition) and vine shoots
(52.72% DPPH inhibition).

4.2. Kinetics of Resveratrol Increase during Post-Pruning Storage

Accumulation on trans-resveratrol during the storage period is reported on in many
studies [5,28,29]. Recent research showed that increases in trans-resveratrol content in
shoot samples were due to biosynthesis pathway genes (PAL, C4H, 4CL, and STS), present
in abundance, especially the STS gene (forming trans-resveratrol), which was induced over
the first 4 weeks of storage.

Vine shoot storage time after pruning exposed an “important” trans-resveratrol ac-
cumulation, with a maximum 181-fold induction on day 70, and a maximum average for
days 71–75, as can be seen in Table 2. To highlight the increase in trans-resveratrol content
over the 90 days, the average results were calculated for 5 consecutive days; the results are
displayed in Figure 1.

Day 1 of the analysis was when the vine waste was collected from the vineyard; the
first sample was dried and then extracted with an ethanol–diethyl ether mixture. The
minimum value of trans-resveratrol content in vine shoots was registered on day one of
the analysis (14.93 mg/kg D.W.) and the maximum value was registered on day 70 of the
analysis (2712.86 mg/kg D.W.).

Cebrián et al., (2017) reported an increase in the concentration of trans-resveratrol
and other non-volatile phenolic compounds on samples of vine waste for two Spanish
varieties (Airèn and Cencibel) after different times of storage (one month, three months,
and six months). After one month, the concentration of trans-resveratrol in the Airèn
variety was 77.10 ± 11.29 mg/kg D.W. After three months, the concentration almost
doubled (151.60 ± 9.42 mg/kg D.W.), and a slight increase was recorded after six months
(170.44 ± 3.82 mg/kg D.W). The sample from the Cencibel variety followed the same
way regarding increasing the concentration of resveratrol, with 50.41 ± 2.74 mg/kg D.W.
after one month. After three months, the concentration was four time higher
(224.83 ± 29.64 mg/kg D.W.); after six months of storage, a slight increase was recorded
(227.00 ± 6.03 mg/kg D.W.) [28]. For the Airèn variety, the increase in resveratrol content
from one month to three months was 196% and 448% for the Cencibel variety. According
to the results of this study, the trans-resveratrol content increases only until days 70–75,
after which, it decreases slightly. However, the content of trans-resveratrol per kilogram of
dry matter was much higher for the Fetească Neagră variety than for the Spanish varieties,
which reached up to 923.10 mg/kg D.W. after one month. Trans-resveratrol increase can
vary widely due to the synthesis of the monomer in plants, if influenced by various factors
(variety of vine, climate, growing conditions, temperature, exposure to fungal and bacterial
infections, UV irradiation season of pruning).

These considerable increase in trans-resveratrol content in vine shoot samples can
be attributed to the structural genes (PAL, C4H, 4CL and STS), which are responsible for
the biosynthesis of trans-resveratrol. They are induced during the storage period, and
are active until the vine shoots are dry. It is believed that the drying process during the
storage period might be “sensed” to be a stress signal by living plant tissues, resulting
in biosynthesis of this monomer, and trans-resveratrol accumulates until the tissues are
dry [14].

This is confirmed by the results that show that, at temperatures below 20 ◦C, trans-
resveratrol accumulation is delayed. If the vine shoot samples are stored at −20 ◦C,
trans-resveratrol is not induced [14].

Houille et al., (2015) reported that, over the first six weeks of storage at 20 ◦C after
pruning, the concentration of trans-resveratrol increased highly (approximately 106-fold)
in eight different grape vine varieties, as it follows, the Sauvignon Blanc—48-fold induction
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(2908 mg/kg D.W.), Chardonnay—33-fold induction (3175 mg/kg D.W.), Côt—21-fold
induction (3316 mg/kg D.W.), Grolleau—95-fold induction (3913 mg/kg D.W.), Chenin—
106-fold induction (4631 mg/kg D.W.), Pinot Noir—19-fold induction (4725 mg/kg D.W.),
Cabernet Franc—83-fold induction (4762 mg/kg D.W.), Gamay—51-fold induction
(5100 mg/kg D.W.), and in Means—40-fold induction (4066 mg/kg D.W.) [14]. This study
agrees with the present study concerning the increase of trans-resveratrol
in the Fetească Neagră variety, which showed an 80-fold induction after 6 weeks
(1205.11 mg/kg D.W.).

In the study by Ewald et al., (2017), the increase in trans-resveratrol concentration,
depending on the storage time of the shoots, was studied. An increase between 400%
and 1400% was observed after the first 6 months of storage. The values varied between
2096 mg/kg D.W. for the Regent variety and 7532 mg/kg D.W. for the Cabernet Sauvignon
variety. The trans-resveratrol content dropped after 6 months in most of the varieties,
except for the Regent variety, which continued rising [29]. The levels of increase in trans-
resveratrol, obtained by Ewald et al., (2017), support our findings, with the mention that
the increase of trans-resveratrol registered was between 52% and 18,063% compared to the
amount of trans-resveratrol present in the sample from the first day (day of harvest).

A study conducted in Chile agrees with the results obtained in this work, regarding
the increase of trans-resveratrol, depending on the retention time of the samples. Gorena
et al., (2014) studied the trans-resveratrol increase in vine waste samples of the Pinot Noir
variety harvested in 2012, for 8 months of storage, after cutting. A significant increase was
registered after the second month. After the third month, the content of trans-resveratrol
began to decrease; after that, it remained almost constant [5].

The grape variety also has a high influence on the amount of trans-resveratrol in vine
shoots, according to Zhang et al., (2011), who analyzed 165 grape cane samples from large
distribution centers and different major grape production regions. Trans-resveratrol content
varied depending on the genotypes of vines; thus, V. labrusca and V. vinifera hybrids, as
well as V. labrusca, had much lower content than V. vinifera. The content of this monomer
can vary between the same genotype, depending on the purpose. Thus, in vine shoots
from vine grapes for tables, the content of trans-resveratrol is much lower than from wine
ones [13]. This could explain the large amounts of resveratrol obtained from extracts of the
Vitis vinifera Fetească Neagră variety, which is a vine variety for wine.

4.3. Total Phenolic Content

Total phenolic content of the vine shoots was estimated using the Folin–Ciocalteu
colorimetric method. The mean values calculated for 5 days in a row for TPC of vine
shoots samples analyzed for 90 days are displayed in Table 2. As seen in Figure 2, the
total phenolic content (TPC) values remained constant, between a 20 and 30 mg gallic
acid equivalent (GAE)/g D.W., except for 5 days when higher values were recorded. The
highest value was recorded on day 54 (82.42 mg GAE/g D.W.), and the lowest on day
57 (14.61 mg GAE/g D.W). Total polyphenol content remained constant, which could
be attributed to polyphenols, other than trans-resveratrol, whose content may increase,
decrease, or remain constant during the 90 days (piceatannol [14,17], apigenin, ellagic
acid [30], viniferin, trans-vitisin, trans-piceid [31], gallic acid, ellagic acid, p-coumaric acid
and others [32].

Cetin et al., (2011) reported that a TPC for grape canes ranged from 25.36 to 36.56 mg
GAE/g D.W. in different vine varieties from Turkey: Alphonse Lavallée, Atasarısı, Cardinal,
Hafızali, Horoz, Karası, Isabella, Italia, Sultani, Cekirdeksiz, Tekirdag, Cekirdeksiz, and
Trakya Ilkeren [33]. Alexandru et al., (2014) reported that the values for total phenolic
content for vine shoots ranged from 18.23 to 198 mg GAE/g D.W. for vineyards from Cuneo,
Italy [34].

The TPC of the Portuguese vine shoot extract varieties Touriga Nacional and Tinta
Roriz were analyzed by Moreira et al., (2018), using the three different extraction techniques—
subcritical water extraction, microwave-assisted extraction, and conventional extraction.
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The vine shoot variety Tinta Roriz had the highest total phenolic content
(32.1 ± 0.9 GAE/g D.W.) and antioxidant activity [34].

Farhadi et al., (2016) reported higher values for the vine shoots (around 200 mg GAE/g
D.W.) compared to the leaves (61 mg GAE/g D.W.) after analyzing the total phenolic content
of different parts of the grape and vine (seed, skin, pulp, leaf, and vine shoots) for five
different varieties native in West Azerbaijan (Ghara Shira, Hosseini, Agh Shani, Ghara
Ghandome, and Ghara Shani) [35].

The lower amount of TPC in the extracts analyzed in this study may be attributed to the
extracts being washed with sodium bicarbonate solution, and only the diethyl ether layer
was analyzed, so the water-soluble polyphenols were not count. This theory is confirmed
by the study by Angelov et al., (2016), where they analyzed the content of polyphenols
in both fractions, “ethanol” fraction (with 295.1 mg·g−1 TPC content) and an “aqueous”
fraction (with 103.0 TPC content), with a 143.7 mg·g−1 GAE of dry total extract [2].

4.4. Antioxidant Activity by the DPPH Method

Resveratrol is a phenolic compound that can act against free radicals, and it can act as
a promoter of cellular antioxidant enzymes, such as peroxidase, glutathione, glutathione
reductase, and glutathione-transferase, to induce neutralization of radical peroxides [36]. It
is important to determine the antioxidant activities of vine shoots, due to future correlations
with phenolic content, and to establish the important impacts of plant components to human
health [22].

The antioxidant activities of the extracts were measured using the DPPH radical scav-
enging assay, as described by Liu et al., (2015) [23]. Several research studies were conducted
to determine the antioxidant activity of vine shoots, via different methods (Barros et al.,
2014; Ruiz-Moreno et al., 2015; Ju et al., 2016; Moreira et al., 2018; Karacabey and Mazza,
2010; Rajha et al., 2015); however, the most common was the DPPH method [32,37–42].
Although much data have been reported, antioxidant activity was reported in μM Trolox
equivalent/mg extract or inhibition percentage (IC50), and a comparison of the results
is not possible. Furthermore, even if the vine shoots are from the same variety, the an-
alytical methods for extractions employed can widely vary, as reported in most studies
(Ruiz-Moreno et al., 2015; Ju et al., 2016; Rajha et al., 2015; Farhadi et al., 2016) [35,37,40–42].

The storage times of the shoots after cutting revealed a slight increase in antioxidant
activity starting on day 1 (31.90% DPPH inhibition), reaching a maximum of 76.52% DPPH
inhibition on day 85, followed by a sharp decrease, as can be seen in Figure 3. To highlight
the increase of DPPH inhibition over the 90 days, the average results were calculated
for 5 consecutive days; the results are displayed in Figure 3. The increase in antioxidant
activity follows the same trend as the increase in resveratrol, with the difference being
that the maximum concentration of resveratrol is recorded 10 days before the maximum
antioxidant activity, followed by a decrease in both cases. The different paths, regarding the
increase of antioxidant activity toward trans-resveratrol, can be due to other polyphenols
with antioxidant activities than this monomer, whose content can increase, decrease, or
remain constant in vine shoot samples [14,32]. In any case, W=when the samples are dry, in
both cases, a decrease is registered. That finding can be correlated to the findings of Houillé
et al., who reported that trans-resveratrol and piceatannol accumulate until the tissues are
dry [14]. This ascertainment is in agreement with the work by Guerrero et al., (2016), who
reported that no correlation between antioxidant activity and total stilbene content was
observed, due to the fact that non-phenolic antioxidants could be extracted from the vine
shoot, and they could contribute to antioxidant activity [42].

4.5. Influence of Sample Sectioning on Trans-Resveratrol Increase, TPC, and Antioxidant Activity

The high increase of trans-resveratrol during the post-pruning period has been dis-
played in many studies in the field. Due to stilbene synthase gene transcription inducted
by stilbenoid metabolism, this occurrence in vine shoots is explicit [14].
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Notably, it was also found that the induction level was modulated by control storage
temperatures. Based on STS induction properties, it was hypothesized that the growth of
stilbenoid content could be raised by varying the external stress factors [43].

The effect of mechanical stress was tested by cutting the freshly-pruned vine shoots
at different section lengths from pieces smaller than 1 cm, cut in sections to 10 cm and
an uncut sample, over 42 days of post-harvest storage. Mechanical injury to freshly cut
vine waste did not allow excessive accumulation of trans-resveratrol compared to the cut
samples. It can be seen that only the sample cut into pieces came close in value to the
uncut sample (Table ??). This result is confirmed by the results obtained by Billet et al.,
(2018), who also tested the effects of mechanical stress on trans-resveratrol accumulation by
cutting freshly-pruned vine shoots into pieces from 0.5 to 10 cm. Only the sample cut into
0.5 cm allowed a higher accumulation of the monomer [17].

For the samples cut in different sizes, the highest TPC was found in the 4 cm sample
section (35.55 mg GAE/g D.W.), and the lowest TPC content was found in the pieces of
vine shoots (22.03 mg GAE/g D.W.).

The samples that were cut into pieces showed the highest antioxidant activity, of
79.24% DPPH inhibition. The uncut sample (52.72% DPPH inhibition) had almost the same
antioxidant activity as the 1 cm sample (53.26% DPPH inhibition). The lowest antioxidant
activity was for the 4 cm sample of 22.74% DPPH inhibition.

The 4 cm long sample had the higher mean value for TPC (3.555 mg GAE/g D.W.);
the mean values for all samples for TPC did not vary widely.

5. Conclusions

The interest in resveratrol commercial supplements has increased due to its proven
health benefits (e.g., anti-aging, anti-inflammatory, anti-carcinogenic, neuroprotective,
and antioxidant agents), and that it could protect against, to a certain extent, heart and
metabolic disorders.

The majority of resveratrol supplements available on the market are made of ex-
tracts obtained from the roots of Japanese knotweed (Polygonum cuspidatum); some studies
showed that emodin, a compound that could have a laxative effect, was found in partially
purified extracts of resveratrol. Research studies show that resveratrol could be extracted
from vine waste, which is abundant in this compound, without contamination of emodin.

Moreover, vine waste resulting from annual trimming is utilized as fertilizer by grind-
ing or burning. Agricultural vine waste is an important source for phytochemicals, although
economically it is unevaluated.

During the vineyard trimming process, a considerable amount of green mass (portions
of shoots, leaves, tendrils) is removed. Vine shoots contain up to 10 times more trans-
resveratrol than tendrils, and up to 40 times more than leaves. Although, besides vine
shoots, the vineyard waste also contains trans-resveratrol, extraction and purification are
not economically recommended.

To increase the extraction yield in the pruned vine shoots, these should be kept for
9–10 weeks at a controlled temperature, at around 20 ◦C. The increase is 18.063% on day 70
of storage compared to the first day of harvest.

Mechanical stress did not influence the increase of resveratrol content in vine shoots.
A small difference was recorded between the sample that was cut in pieces smaller than
0.5 cm (1641.64 mg/kg D.W.) and the uncut samples (1667.49 mg/kg D.W.).

A correlation among the resveratrol content, TPC, and DPPH % inhibition could not
be established, due to the fact that polyphenols and other compounds with antioxidant
activity present in vine shoots, other than trans-resveratrol, can increase, decrease, or
remain constant during the 90 days. The only similarity was that resveratrol content
and DPPH % inhibition increased, with the difference being that the resveratrol content
significantly increased until day 70, and then dropped from day 76; DPPH % inhibition
slightly increased until day 85, and then decreased 50% over the next 5 days.
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Portuguese vine shoot wastes as natural resources of bioactive compounds. Sci. Total Environ. 2018, 634, 831–842. [CrossRef]
[PubMed]

33. Çetin, E.S.; Altinöz, D.; Tarçan, E.; Baydar, N.G. Chemical composition of grape canes. Ind. Crops Prod. 2011, 34, 994–998.
[CrossRef]

34. Alexandru, L.; Binello, A.; Mantegna, S.; Boffa, L.; Chemat, F.; Cravotto, G. Efficient green extraction of polyphenols from
post-harvested agro-industry vegetal sources in Piedmont. Comptes Rendus Chim. 2014, 17, 212–217. [CrossRef]

35. Farhadi, K.; Esmaeilzadeh, F.; Hatami, M.; Forough, M.; Molaie, R. Determination of phenolic compounds content and antioxidant
activity in skin, pulp, seed, cane and leaf of five native grape cultivars in West Azerbaijan province, Iran. Food Chem. 2016, 199,
847–855. [CrossRef] [PubMed]

36. Lastra, C.A.; Villegas, I. Resveratrol as an atioxidant and pro-oxidant agent: Mechanisms and clinical implications. Biochem. Soc.
Trans. 2007, 35, 1156–1160. [PubMed]

37. Ruiz-Moreno, M.J.; Raposo, R.; Cayuela, J.M.; Zafrilla, P.; Pineiro, Z.; Moreno-Rojas, J.M.; Mulero, J.; Puertas, B.; Giron, F.;
Guerrero, R.F.; et al. Valorization of grape stems. Ind. Crops Prod. 2015, 63, 152–157. [CrossRef]

38. Barros, A.; Gironés-Vilaplana, A.; Teixeira, A.; Collado-González, J.; Moreno, D.A.; Gil-Izquierdo, A.; Rosa, E.; Domínguez-
Perles, R. Evaluation of grape (Vitis vinifera L.) stems from Portuguese varieties as a resource of (poly) phenolic compounds: A
comparative study. Food Res. Int. 2014, 65, 375–384. [CrossRef]

39. Ju, Y.; Zhang, A.; Fang, Y.; Liu, M.; Zhao, X.; Wang, H.; Zhang, Z. Phenolic compounds and antioxidant activities of grape canes
extracts from vineyards. Span. J. Agric. Res. 2016, 14, 18. [CrossRef]

40. Karacabey, E.; Mazza, G. Optimisation of antioxidant activity of vine wasteextracts using response surface methodology. Food
Chem. 2010, 119, 343–348. [CrossRef]

41. Rajha, H.N.; Chacar, S.; Afif, C.; Vorobiev, E.; Louka, N.; Maroun, R.G. β-Cyclodextrin-assisted extraction of polyphenols from
vine shoot cultivars. J. Agric. Food Chem. 2015, 63, 3387–3393. [CrossRef]

42. Guerrero, R.F.; Biais, B.; Richard, T.; Puertas, B.; Waffo-Teguo, P.; Merillon, J.M.; Cantos-Villar, E. Grapevine cane’s waste is a
source of bioactive stilbenes. Ind. Crops Prod. 2016, 94, 884–892. [CrossRef]

43. Vannozzi, A.; Dry, I.B.; Fasoli, M.; Zenoni, S.; Lucchin, M. Genome-wide analysis of the grapevine stilbene synthase multigenic
family: Genomic organization and expression profiles upon biotic and abiotic stresses. BMC Plant Biol. 2012, 12, 1–22. [CrossRef]
[PubMed]

141





Citation: Majkowska-Gadomska, J.;
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Abstract: The aim of this study was to determine the effect of amino acid biopreparations on the
yield of summer savory, marjoram, and lemon balm, and the concentrations of selected biochemical
and mineral compounds in their herbage. The first experimental factor was plant species: summer
savory (Satureja hortensis L.) var. Saturn, marjoram (Origanum majorana L.) var. Miraż, and lemon
balm (Melissa officinalis L.). The second experimental factor was the effect exerted by two bioprepara-
tions, Calleaf Aminovital and Maximus Amino Protect, on herbage yield and quality. In the control
treatment, plants were sprayed with water. The analyzed herb species differed considerably in yield
and the concentrations of selected biochemical compounds and minerals. Lemon balm was charac-
terized by the highest yield (1.73 kg m−2). Marjoram var. Miraż was characterized by the highest
concentrations of reducing sugars (0.89 g 100 g−1 FM) and L-ascorbic acid (39.7 mg 100 g−1 FM).
Summer savory was most abundant in total N, K, and Ca. The tested biostimulants contributed to a
decrease in nitrate concentrations in the studied plants. The interaction between the experimental
factors significantly affected the content of nitrates and mineral compounds and total N, P, K, and Ca
in the herbage of the analyzed plant species.

Keywords: plant growth regulators; plant properties; biochemical compounds; mineral compounds;
crop quality

1. Introduction

The improvement of human health is a priority for many individuals dealing with
food, including herb, vegetable, and fruit growers. Mineral elements play an important
role in healthy growth and development, help maintain fitness, and prevent infections [1].
Among crops, herbs are valuable sources of readily absorbable mineral substances [2,3].
Herbs have gained popularity among consumers due to their medicinal properties and
unique aroma [4]. As a source of biologically active substances, bioavailable micronutrients,
and macronutrients, herbs can also be used in the prevention and treatment of many fungal
diseases. The high bioavailability and optimal ratios of nutrients have contributed to the
growing demand for plant raw materials [4–8]. The Polish market offers a wide range
of herbs and spices. However, despite their medicinal properties, they are used mostly
for culinary purposes, to enhance the taste, aroma, color, and appearance of dishes [9].
Summer savory (Satureja hortensis L.), marjoram (Origanum majorana L.), and lemon balm
(Melissa officinalis L.) are well-known and highly valued species of the family Lamiaceae.
Their herbage is used in both fresh and dried forms. In Poland, these herbs are used
mostly to flavor foods and beverages [9]. The leaves of summer savory and marjoram have
antiseptic, anti-inflammatory, analgesic, antioxidant, and antimicrobial properties. Lemon
balm also exerts calming and antidepressant effects [4,8,10,11].

The chemical composition and nutrient content of the herbage of medicinal plants are
determined by genetic and environmental factors [6]. According to Gugała et al. [12], inte-
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grated plant production technologies are insufficient to utilize the full biological potential
of herb species due to the poor absorption of nutrients by leaves and difficult transport
through plant tissues during periods of climatic or biotic stress. The increased consump-
tion of organic herbs and spices in fresh form has contributed to the development of new
cultivation methods. These new methods aim to optimize the growth and development
of plants [11,13–16]. Amino acid biostimulants can counteract adverse environmental
effects. Amino acids are the building blocks of proteins, and their supply decreases energy
expenditure for nitrogen (N) synthesis [17]. According to Trawczyński [18], Maciejew-
ski et al. [9], and Sawicka et al. [19], biostimulants support biochemical, morphological,
and physiological processes in plants. Biostimulants promote the vegetative growth of
herbaceous plants. Amino acid biostimulants available on the market enhance enzyme
activity in plants and improve their stress tolerance.

Therefore, the research hypothesis postulates that the tested biostimulants may have a
positive effect on the morphological traits and yield of herbs. Biostimulants are expected to
increase the content of selected compounds as well as macronutrients and micronutrients
in herbal raw material. In view of the above, the objective of this study was to determine
the effect of amino acid biopreparations on the morphological traits and yield of summer
savory var. Saturn, marjoram var. Miraż, and lemon balm, and the concentrations of
selected nutrients and chemical elements in their herbage.

2. Materials and Methods

2.1. Study Site and Experimental Factors

The experiment was conducted in a heated greenhouse equipped with movable flood
tables, at the University of Warmia and Mazury in Olsztyn (20◦29′ E, 53◦45′ N; 125 m a.s.l.),
between 28–30 April and 30 June 2017–2018. The experiment had a randomized block
design with three replications. The first experimental factor was plant species: summer
savory (Satureja hortensis L.) var. Saturn, marjoram (Origanum majorana L.) var. Miraż, and
lemon balm (Melissa officinalis L.) (Seed Company W. Legutko, Nad Stawem, Poland). The
herbs selected for the study are most widely cultivated in Poland. The second experimental
factor was the effect exerted by two biopreparations, Calleaf Aminovital (Calfert®, Warsaw,
Poland), and Maximus Amino Protect (Ekoplon, Grabki Duże, Poland). The products were
used in diluted form.

Calleaf Aminovital (according to the product label) is an organic foliar fertilizer in
liquid form, with an amino acid-balanced composition, which contains large amounts of
polypeptides and free amino acids. The product is obtained in the process of the hydrolysis
of natural proteins.

Maximus Amino Protect (according to the product label) is a combination of free amino
acids, peptides, and potassium phosphate, which has strong biostimulatory and antistress
effects. Potassium phosphite stimulates the immune system of plants and prevents fungal
diseases. Peptides improve the biological effectiveness of the fertilizer—they support
the active uptake and penetration of micronutrients and plant protection products. It
is practically advisable to use this fertilizer as an addition to treatments against fungi
attacking plants (fungicide treatments), as it significantly improves the effectiveness of
these treatments. In the control treatment, plants were sprayed with water.

In 2017–2018, in the last days of April, 10 seeds of each herb species were sown in
0.7 dm3 pots. Each treatment consisted of 64 pots and had an area of 1 m2. The experi-
ment was performed in triplicate. The horticultural substrate used in the experiment was
characterized by salt concentration of 1.5 g dm−3, pH 5.9, and the following chemical com-
position: N-NO3—112 mg dm−3, P—80 mg dm−3, K—143 mg dm−3, Ca—1240 mg dm−3,
and Mg—383 mg dm−3. Crop protection chemicals were not applied. Yellow sticky traps
were placed over the pots to control the number of pests (Trialeurodes vaporariorum and
Sciara militaris). Encarsia formosa (three individuals per m2) were used for the biological
control of Trialeurodes vaporariorum. Leaves were harvested at maturity.
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2.2. Greenhouse Microclimate Conditions

Greenhouse microclimate conditions were modified to meet the needs of plants in
different growth stages [20]. The microclimate was controlled by a climate computer, and
temperature parameters were manually adjusted. The temperature was maintained at 24 ◦C
during seed germination. To increase air humidity, the pots were covered with non-woven
fabric. The non-woven fabric was removed after the seeds had germinated. At the same
time, the temperature was lowered to 20 ◦C during the day and 18 ◦C at night. During
the growing season, cultivation measures were limited to plant watering and pruning at
5 weeks after sowing to promote growth.

The biostimulants were applied three times, at 14-day intervals, beginning at 2 weeks
after seedling emergence, at a dose of 0.3%. The doses given in amounts per ha were
diluted in water at 500 L ha−1. In order to prepare a smaller amount of working solution,
the recommended dose was adjusted proportionally. Plants were supplied with water from
the water mains.

2.3. Harvest and Yield of Herbs

A once-over harvest of herbage was carried out. The plants were cut manually, 1.5 cm
above the ground, in the vegetative growth stage. Plant height and plant weight per pot
were determined, and average samples of herbage were collected from marketable yield in
each treatment. Plant height was measured using a 1 m ruler. Fresh weight was determined
using the Radwag PST 750 R2 digital balance (Radwag, Radom, Poland). The weight
and height of fresh herbs were determined separately for each pot. The results were then
summed up and averaged. Marketable yield was identical to total yield.

2.4. Chemical Analysis of Herbs

Immediately after cutting and weighing the herbs, all plant material was dried. The
herbs were dried for 12 h at 45 ◦C in a Binder Avantgarde Line laboratory dryer with
air circulation. Herbage samples were analyzed to determine the content of selected bio-
chemical compounds. The chemical composition of herbage was analyzed by determining
the content of air-dry matter and dry matter (DM) by drying the samples at 105 ◦C to a
constant weight [21] in a Pol-Eko Aparatura SLW 535 SD laboratory dryer. To calculate the
percentage of DM in air-dried samples, the weight of the sample after drying was divided
by the weight of the sample before drying and multiplied by 100. All herb samples were
weighed in containers (in duplicate). The containers were placed in an oven at 60 ◦C for
72 h. The containers were re-weighed and the weight of the samples was determined.
Weight loss is an indicator of the amount of water and DM.

Total sugars and reducing sugars were determined as described by Luff-Schoorl [22],
L-ascorbic acid was determined by the method proposed by Tillmans and modified by
Pijanowski [23], and total acidity [24] and nitrates (V) were determined colorimetrically
with the TECHCOMP UV2310II spectrometer, using salicylic acid [25].

The concentrations of macronutrients were determined in dry and wet mineralized
plant materials in three replications. Plants were dried for 24 h at 65 ◦C in a Binder ED400
dryer (Binder GmbH, Tuttlingen, Germany), and were ground in a Grindomix GM300
knife mill (Retsch GmbH, Haan, Germany). To determine macronutrient content, herbage
samples were wet mineralized in H2SO4 with the addition of H2O2 as the oxidizing agent,
using the SpeedDigester K-439 unit (Büchi Labortechnik AG, Flawil, Switzerland). To
determine micronutrient content, herbage samples were wet mineralized in a mixture of
HNO3 + HClO4 + HCl using a CEM Mars 5 Digestion Oven (CEM Corporation, Matthews,
NC, USA).

Herbage samples were analyzed to determine the content of total nitrogen (Ntotal)
by the Kjeldahl method, phosphorus (P) by the colorimetric method (UV-1201V spec-
trophotometer, Shimadzu Corporation Kyoto, Tokyo, Japan), potassium (K) and calcium
(Ca) by atomic emission spectrometry (AES) (Flame Photometers, BWB Technologies Ltd.,
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Newbury, UK), and magnesium (Mg) by atomic absorption spectrometry (AAS) (AAS1N,
Carl Zeiss Jena, Jena, Germany).

2.5. Statistical Analysis

The results were presented as means for the years of study since only minor differences
were noted. A two-way analysis of variance (ANOVA) was performed to determine signifi-
cant differences between each treatment and the control treatment for both experiments.
The differences between treatment means were pooled by Tukey’s test at a 0.05 probability
level. The analysis was performed using SAS (Statistical Analysis System) software, ver. 12
(TIBCO Software Inc. Statistica, Paolo Alto, CA, USA).

3. Results and Discussion

Differences in the growth rate and yields of the analyzed herb species are presented
in Table 1 and Figure 1. Lemon balm was characterized by the significantly highest fresh
herbage weight per pot (27.8 g). At the time of harvest, summer savory plants were the
tallest, and marjoram plants were the shortest. The use of the Maximus Amino Protect
biostimulant in the cultivation of the tested plant species has a positive effect on the height
and weight of plants, increasing them by 3.4% and 1.4%, respectively, on average. When
applied in small concentrations, these substances enhance nutrition efficiency, abiotic stress
tolerance, and/or crop quality traits, regardless of their nutrient content. Exogenously
applied biostimulants have a similar mode of action to that of plant hormones such as
auxins, gibberellins, and cytokinins [26]. Similar results can be obtained by cultivating
garden savory [10] and bell peppers [27] at different rates of nitrogen–potassium fertilizers.
According to El-Gohary et al. [28], NPK and amino acids have a pronounced effect on all
tested parameters (fresh and dry herbage of Satureja hortensis L., essential oil content and
its constituents).

The use of an appropriate biostimulant can improve the vitality of roots and shoots, thus
increasing crop yields. The total fresh herbage yield was 1.07 kg m−2 (Satureja hortensis L.),
1.35 kg m−2 (Origanum majorana L.), and 1.73 kg m−2 (Melissa officinalis L.) on average. Crop
yield is significantly affected by the cultivated species. The obtained results corroborate the
findings of other authors, indicating that plants characterized by different growth rates of
aboveground and underground organs may differ in the yield of edible parts [10,15].

There are differences in the chemical composition of the analyzed herb species (Table 2,
Figure 2). According to other authors, DM content is highest in marjoram (20.4%), savory,
lemon balm, hyssop, and chervil (16.4% on average), and lowest in basil and tarragon
(12.9% on average) [29]. Fresh herb species tested in this experiment had a relatively low
DM content ranging from 12.2% in Satureja hortensis L. to 16.3% in Origanum majorana L.
Biostimulants had no significant effect on the DM content of the analyzed herbs. Similar
DM content was reported by Nurzyńska-Wierdak and Zawiślak [30] with 9.4% on average
in sweet basil and lemon balm, Kazimierczak et al. [13,31] with 22.1 to 26.0% in lemon balm,
and Nurzyńska-Wierdak et al. [15] with 13.5 to 17.4% in lemon balm and 11.9 to 17.1% in
marjoram, depending on the sowing date and pot size. In a study by Telesiński et al. [32],
summer savory and marjoram had higher DM contents (21.4% and 30.3%, respectively).

Table 1. p-Value of ANOVA for plant height, fresh herbage weight, and yield in the analyzed
herb species.

Factor Plant Height
Fresh Herbage
Weight per Pot

Yield

Treatment (A) 0.922 0.991 0.991
Species (B) <0.001 <0.001 <0.001

Interaction (A × B) 0.834 0.351 0.351
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Figure 1. Effect of biostimulants on plant height, fresh herbage weight, and yield in the analyzed herb
species: a–e—various letters denote significant differences at p < 0.05 (Tukey’s test); CA—application
of Calleaf Aminovital; MAP—application of Maximus Amino Protect.

Table 2. p-Value of ANOVA for the nutrient composition of herbage in the analyzed herb species.

Factor cdm cts crs cO cL cN

Treatment (A) 0.061 0.381 0.791 0.379 0.803 <0.001
Species (B) 0.096 0.887 <0.001 0.324 <0.001 0.016

Interaction (A × B) 0.520 0.340 0.145 0.325 0.318 <0.001
cdm—Dry matter content, cts—total sugar content, crs—reducing sugar content, cO—organic acid content, cL—L-
ascorbic acid content, cN—nitrate (V) content.

There were no statistically significant differences in the content of total sugars and
reducing sugars between the tested herb species; the content of total sugars ranged
from 0.52 to 1.61 g 100 g−1 FM, and the content of reducing sugars ranged from 0.31 to
1.01 g 100 g−1 FM. The concentrations of total sugars and reducing sugars were the
highest in marjoram herbage and the lowest in summer savory herbage. Nurzyńska-
Wierdak et al. [15] reported similar concentrations of total sugars and reducing sugars,
i.e., 0.56–1.49 and 0.25–0.32 g 100 g−1 FM, respectively, in lemon balm, and 0.93–1.00 and
0.17–0.42 g 100 g−1 FM, respectively, in marjoram.
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Figure 2. Effect of biostimulants on the nutrient composition of herbage in the analyzed herb species:
a–e—various letters denote significant differences at p < 0.05 (Tukey’s test); CA—application of
Calleaf Aminovital; MAP—application of Maximus Amino Protect.

According to Frąszczak et al. [33], the concentration of L-ascorbic acid in herbs is
significantly affected by the species and cultivation method. In the present study, marjoram
was characterized by the highest concentration of L-ascorbic acid (39.7 mg 100 g−1 FM on
average). The L-ascorbic acid content of the herbage was not significantly modified by the
biostimulants. The concentration of L-ascorbic acid increased in marjoram treated with
Maximus Amino Protect (44.6 mg 100 g−1 FM), whereas it was significantly lower in lemon
balm in all treatments and in summer savory in the control treatment and in the treatment
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with Maximus Amino Protect. Similar L-ascorbic acid concentrations were determined
by Kazimierczak et al. [31] in lemon balm (32.1–76.3 mg 100 g−1 FM depending on the
cultivation method), and Nurzyńska-Wierdak et al. [15] (9.8–79.4 mg 100 g−1 FM in lemon
balm and 23.6–74.5 mg 100 g−1 FM in marjoram). In a study by Frąszczak et al. [33], the
L-ascorbic acid content of lemon balm herbage ranged from 4.2 to 5.3 mg 100 g−1 FM.

The concentrations of organic acids in the analyzed herb species were not significantly
affected by the experimental factors or their interaction. Summer savory herbage harvested
in the control treatment had the highest organic acid content (0.10 g 100 g−1 FM). The
concentration of organic acids was the lowest (0.06 g 100 g−1 FM) in summer savory and
marjoram treated with Calleaf Aminovital.

According to Commission Regulation (EU) No. 1881/2006 of 19 December 2006 [34],
which set the maximum levels for certain contaminants in foodstuffs, the maximum nitrate lev-
els in lettuce plants grown in a greenhouse and in the field are 3500–4500 N-NO−3 kg−1 FM
and 2500–4000 N-NO−3 kg−1 FM, respectively. Such standards have not been estab-
lished for herbs and spices. In the current study, the nitrate content of herbage in the
analyzed herb species was relatively low. Proper plant nutrition promotes good plant
development and growth, as well as an adequate circulation of matter and the reduction of
harmful residues. Nitrate levels were significantly affected by herb species, ranging from
1880 N-NO−3 kg−1 FM in summer savory herbage to 2282 N-NO−3 kg−1 FM in marjoram
herbage on average. The use of Calleaf Aminovital and Maximus Amino Protect in the cul-
tivation of spice plants reduced the accumulation of nitrates. The average differences were
22.8% and 18.7%, respectively, relative to control treatment plants. An analysis of the inter-
action between the experimental factors revealed that the significantly highest amounts of
nitrates were accumulated in lemon balm in the control treatment (2646 N-NO−3 kg−1 FM)
and the lowest amounts were in summer savory treated with Maximus Amino Protect
(1646 N-NO−3 kg−1 FM). Telesiński et al. [32] reported similar nitrate levels in summer
savory (1700 N-NO−3 kg−1 FM).

Macronutrients play important functions in the body, including the regulation and
maintenance of the acid–base balance. The daily requirement for these ingredients is over
100 mg. The mineral status of plants is important not only for the nutritional value of
food, but also for the growth, development, and yielding of crops [1]. Plants are exposed
to the influence of adverse environmental factors, which are known as abiotic stresses,
excessive soil salinity, and the absence of mineral salts [3]. The concentrations of selected
macronutrients in the analyzed herb species are presented in Figure 3. Herb species had
a significant effect (Table 3, Figure 3) on total N content (14.4 g kg−1 DM on average).
Summer savory herbage was characterized by the significantly highest total N content
(18.5 g kg−1 DM on average). Maximus Amino Protect had a positive influence on total N
levels in the examined herb species, which reached 16.1 g kg−1 DM on average. However,
the observed differences are not statistically significant. The total N content of summer
savory treated with Maximus Amino Protect was significantly higher (24.8 g kg−1 DM)
than in the remaining treatments. Lower total N concentrations were noted in lemon balm
herbage in all treatments, and in summer savory treated with Calleaf Aminovital. Different
total N levels were reported by Seidler-Łożykowska et al. [35]—2.5–3.8% in summer savory
and 2.0–2.6% in marjoram, depending on the cultivation method. Dzida and Jarosz [36]
found that the total N content of summer savory herbage ranged from 2.9 to 4.5% DM,
depending on fertilization. In the experiment conducted by Skubij et al. [3], nitrogen rate
and plant growth stage had a significant effect of the total nitrogen content of summer
savory var. Saturn.
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Figure 3. Effect of biostimulants on the mineral composition of herbage in the analyzed herb species:
a–h—various letters denote significant differences at p < 0.05 (Tukey’s test); CA—application of
Calleaf Aminovital; MAP—application of Maximus Amino Protect.

Table 3. p-Value for ANOVA on the mineral composition of herbage in the analyzed herb species.

Factor N-Total P K Mg Ca

Treatment (A) 0.359 0.211 0.209 0.586 0.610
Species (B) <0.001 <0.001 <0.001 <0.001 <0.001

Interaction (A × B) <0.001 <0.001 <0.001 0.057 <0.001
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In a study by Seidler-Łożykowska et al. [35], the P content of herbage ranged from
0.97 to 1.61 g kg−1 DM in Satureja hortensis L. and from 1.30 to 1.47 g kg−1 DM in
Origanum majorana L. In the present study, the P content of herbage was the lowest in
summer savory treated with Maximus Amino Protect (0.97 g kg−1 DM) and the highest in
lemon balm in the control treatment (1.98 g kg−1 DM).

The average K content of herbage ranged from 1.51 g kg−1 DM in lemon balm to
2.76 g kg−1 DM in summer savory. An analysis of the interaction between the experimental
factors revealed that summer savory treated with Maximus Amino Protect was character-
ized by the significantly highest K content, whereas K concentrations were lower in lemon
balm herbage in all treatments. Seidler-Łożykowska et al. [35] demonstrated that the levels
of this macronutrient varied across species and reached 2.4–4.1% in summer savory and
1.6–2.7% in marjoram.

According to Kudelka and Kosowska [37], the content of Mg and Ca in lemon balm,
thyme, and cayenne pepper is lower than that in basil. In the present study, differences
were found in Mg content between the analyzed herb species, and it was higher in lemon
balm than in summer savory and marjoram. Similar results were reported by Dzida and
Jarosz [10,36] for marjoram (0.15–0.31% DM) and summer savory herbage (0.32% DM
to 0.46% DM). In the cited study, Mg concentrations were higher (1.72 g kg−1 DM on
average) in all analyzed herb species, and the Mg content of lemon balm ranged from 0.60
to 3.22 g kg−1 DM in [37]. In a study by Seidler-Łożykowska et al. [35], Mg concentrations
reached 0.41–0.71% in summer savory and 0.27–0.39% in marjoram, and were comparable
with those noted in the present experiment.

Raczuk et al. [38] found that the average Ca content of herbage in the analyzed herb
species was 19.6 g kg−1 DM, ranging from 10.2 to 13.0 g kg−1 DM in lemon balm. In the
current study, Ca concentrations varied widely across species, from 4.0 g kg−1 DM in lemon
balm to 17.3 g kg−1 DM in summer savory. Maximus Amino Protect contributed to an
increase in the Ca content of herbage. Summer savory treated with Maximus Amino Protect
was characterized by the highest Ca content (21.4 g kg−1 DM). The concentrations of Ca
were significantly lower in lemon balm in all treatments (3.6–4.3 g kg−1 DM). In the work
of Dzida and Jarosz [10,36], Ca content ranged from 0.7 to 1.9 g kg−1 DM in summer savory
herbage, and from 0.7 to 1.3 g kg−1 DM in marjoram herbage, whereas Seidler-Łożykowska
et al. [35] determined Ca concentrations at 1.0–2.4 g kg−1 DM in summer savory and
1.5–2.9 g·kg−1 DM in marjoram. New products stimulating plant growth, based on amino
acid preparations, applied at different doses, also contributed to an increase in the nutrient
content of winter wheat grain, in particular copper (31–50%), as well as sodium, calcium,
and molybdenum [39]. Biostimulants based on amino acids, tested in the present study,
can be recommended for improving efficiency in agricultural production.

4. Conclusions

An analysis of the influence of the studied biostimulants on selected plant species
revealed their beneficial interaction. The biostimulants had a positive effect on selected
biometric and quality characteristics of the studied plants. They were particularly effective
in reducing nitrate levels in herbal raw material. Therefore, they can be recommended for
the commercial cultivation of herbs.

Marjoram var. Miraż was characterized by higher concentrations of DM, reducing
sugars, and L-ascorbic acid than the other herb species.

The greatest amounts of minerals were accumulated by summer savory herbage (total
N, K, and Ca) and lemon balm herbage (P and Mg).
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reduction and yield of edible potato. Fragm. Agron. 2017, 34, 59–66.
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15. Nurzyńska-Wierdak, R.; Rożek, E.; Bolanowska, K. Growth and yield of chervil, rocket and parsley plants depending on the
cultivation method. Ann. UMCS Sec. EEE Hortic. 2012, 22, 1–12.
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Abstract: Crops can be contaminated by fungi which produce mycotoxins. Many fungal strains are
responsible for producing varied mycotoxins. The research carried out so far has described over
400 different mycotoxins. They have chemical and physical properties that significantly differ, and
they are produced by several different existing fungi. The intake of mycotoxins through food can be
achieved directly, by feeding on contaminated food, or indirectly from foods of animal origin. The
mycotoxin contamination of food and food products for certain animals is a phenomenon studied
worldwide, in countries in Europe but also in Asia, Africa and America. The purpose of this study is
to develop an evaluation of the mycotoxins prevalent in corn and corn-derived products produced
in Romania. A total of 38 maize samples and 19 corn-derivative samples were investigated for
the presence of mycotoxins specific to these products, such as deoxynivalenol, zearalenone and
fumonisins. Fumonisins had the highest presence and zearalenone had the lowest. The limits
determined for the three mycotoxins were always in accordance with legal regulations.

Keywords: corn; deoxynivalenol; food; fumonisins; mycotoxins; zearalenone

1. Introduction

Corn (Zea mays L.) is native to Central America, cultivated worldwide as a food,
industrial and fodder plant and was first mentioned in Romania in the late seventeenth
century. Maize is a plant of the Poaceae family. The annual harvest of maize in 2020
was 1192 million tons, as maize is one of the most commonly used cereals in food [1].
Mycotoxins infect corn in the field or during the storage stage [2]. Mycotoxin contamination
is the main problem with maize production. Mycotoxins are formed by filamentous fungi
of the genus Ascomycota, which affects human and animal health and causes chronic
and acute diseases [3–6]. Corn is most frequently contaminated by Aspergillus sp. and
Fusarium sp. [7].

The most important mycotoxins that contaminate maize throughout its development
cycle and storage period are fumonisins (FUM), deoxynivalenol (DON) and zearalenone
(ZEA) [8]. Fumonisins are formed by Fusarium verticillioides, F. proliferatum and F. fujikuroi;
zearalenone are formed by Fusarium graminearum, F. culmorum, F. cerealis and F. equiseti; de-
oxynivalenol are produced by Fusarium graminearum and F. culmorum [9]. The development
of fungi and, by extension, mycotoxins, is favored by high temperatures, high humidity
and prolonged storage [10]. The possibility of mycotoxin production rises if inappropriate
agricultural practices are applied.

Mycotoxins cannot be detected in the visible field (VIS) but can be recognized in
ultraviolet (UV) light; moreover, they do not have a distinctive smell and do not change
the organoleptic properties of foodstuff [11]. The consumption of corn contaminated
with mycotoxins by humans or animals can generate multiple serious toxic effects [12].
Exposure to mycotoxins leads to mycotoxicosis (ergotism, food poisoning and aflatoxins), a
disease affecting human organs which, under certain conditions, may cause death [11,13].
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Mycotoxicosis may be acute or chronic [2]. The main ways of exposing the human body to
mycotoxins are by ingestion, inhalation and contact.

The European Union has established by legislation limits on the content of mycotoxins
in all categories of foodstuffs, including corn and corn-derived aliments, to protect the
population’s health. Regulation (EC) No. 1881/2006 [14] sets the maximum levels for
aflatoxins, fumonisins, zearalenone and deoxynivalenol in food. This regulation was
amended by (EC) Regulation No. 1126/2007 [15] and (EC) Regulation No. 165/2010 [16].
Prevention, detoxification and decontamination measures are needed to combat mycotoxin
contamination of food [17]. The objective of this study is to assess the contamination
with three mycotoxins, namely deoxynivalenol, zearalenone and fumonisins, of maize and
maize-derived products from local producers in the eastern part of Romania.

2. Materials and Methods

2.1. Biological Material

For the study of the deoxynivalenol, zearalenone and fumonisin contamination of
corn and corn-derived foods, 57 samples were taken from the Romanian market, from
the local producers of corn or corn products (breakfast cereals, cornflakes, canned corn,
puffs and puff pastry). The grain maize samples were taken from various producers in
eastern Romania. Samples were taken after the harvesting and drying of corn kernels
and before storing them in silos. A total of 38 samples of grain maize were analyzed:
16 samples for the detection of deoxynivalenol, 12 samples for the detection of zearalenone
and 10 samples for the investigation of fumonisins. The samples of food products derived
from corn were taken from local producers in the eastern part of Romania and all products
were autochthonous. A total of 19 samples were analyzed: 5 samples for the detection
of deoxynivalenol (2 samples of corn flakes and 3 samples of maize breakfast cereals),
10 samples for the investigation of zearalenone (3 samples of preserved maize, 3 samples
of corn flakes, 3 samples of maize breakfast cereals and 1 sample puffed) and 4 samples for
the detection of fumonisins (2 canned maize samples and 2 corn flakes samples).

2.2. Sampling Method

Mycotoxins are distributed unevenly in a product, so every measure was taken at
sampling so to ensure that the sample was representative. In the case of the grain maize
samples, a number of 100 incremental samples were taken, making up the 10 kg aggregate
sample. For products derived from maize, 3 incremental samples were taken each, making
up the aggregate sample, weighing 1 kg. The analysis of the samples was made in one
replication. When selecting a sample for the determination of a particular mycotoxin, the
evaluations performed by each economic operator in the previous years regarding the risk
of mycotoxins were taken into account, while also taking into account the mycotoxin most
frequently identified in the previous years.

2.3. Laboratory Method

ELISA (enzyme-linked immunosorbent assay) kits provided by ProGnosis Biotech
S.A were utilized to analyze the content of deoxynivalenol, zearalenone and fumonisins
in the samples. The kits conformed to the specifications of EN ISO 14675: 2003. ProGno-
sis Biotech S.A is ISO 9001: 2015 was certified by TÜV Hellas (TÜV NORD). Bio-Shield
deoxynivalenol, B2648/B2696, Bio-Shield zearalenone, B2748/B2796 and Bio-Shield fu-
monisin, B2848/B2896, are ELISA tests used to establish the content of deoxynivalenol,
zearalenone and fumonisins in food and animal feed [18]. Other materials utilized include
a grinding device, balance, graduated cylinder, distilled water, filter paper, filter funnel,
laboratory tubes, micropipettes, mixer and spectrophotometer. The aggregate sample was
homogenized and ground in the laboratory. The toxins were extracted from the sample
ground with distilled water; the sample was then ground to obtain fine particles weighing
20 g and then added to 100 mL of distilled water. The mixture obtained was homogenized
with the mixer, filtered and diluted 5 times with distilled water. The standards of the
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mycotoxin or the samples, and the detection solution, were added to padded wells. The
enzyme conjugate and antimycotoxin antibodies were added to each well and incubated
for 5 min at room temperature. Discard the liquid from the wells, add the wash buffer,
then incubate the chromogenic substrate for 3 min in the dark at room temperature. The
conjugate connects to the antibody, and the accession places padding not already occupied
by mycotoxin in standards or samples. The addition of a chromogen substrate leads to the
appearance of a blue complex. Sulfuric acid must be added, which stops the development
of the color, which becomes yellow. The photometric reading was made at 450 nm [19–21].
The competitive format of the ELISA was the most used [22].

2.4. Statistical Analysis

All results are presented as mean standard deviation. The values obtained were
processed by using the SPSS 25.0 (trial version) software (IBM, New York, NY, USA). The
difference between the samples was established by an analysis of variance (ANOVA) using
the Turkey’s test at a 5% significance level.

3. Results

3.1. Deoxynivalenol

Deoxynivalenol (Figure 1) is also named vomitoxin and it is produced by the Fusarium
species, which is adapted to various pedoclimatic conditions, and found in Romania in
the plateaus of Moldova and Dobrogea or in the wetlands of the Danube Delta. Fusarium
graminearum can infect maize and wheat, but it was also isolated from rice, coffee, peas
and tomatoes [23,24]. Fusarium culmorum can infect plants of the Gramineae family (wheat,
rye, rice, oats and corn) but also plants of the Solanaceae, Leguminosae and Cucurbitaceae
family. Deoxynivalenol is one of the least toxic of the trichothecenes, and its appearance is
common, but in combination with other mycotoxins (fumonisins, T2 toxin and beauvericin)
it can have much more serious effects [25].

 

Figure 1. Deoxynivalenol chemical structure.

Deoxynivalenol is a very stable trichothecene at high temperatures of 120 ◦C, and less
stable at 180 ◦C. It may be dissolved in water, ethanol, methanol, chloroform, acetonitrile
and ethyl acetate [26].

Analyzing the results presented in Table 1 and Figures 2 and 3, we can say that in
25% of the analyzed samples of corn grains, deoxynivalenol was identified in 20% of the
samples of corn products. The determined values do not exceed the limits established by
Regulation (EC) No. 1881/2006 with the subsequent modifications (for maize grains, the
maximum of 1750 μg/kg, and for maize-derived foods, the maximum of 500 μg/kg). The
deoxynivalenol level is 200 μg/kg in cereal-based aliments for children, 750 μg/kg in pasta
and 500 μg/kg in bread [24]. The EFSA recently established a PMTDI of 1 μg/kg bw/day
for deoxynivalenol and its metabolites [27,28].
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Table 1. Study on the incidence of deoxynivalenol in maize and maize-derived foods in Romania.

Sample
Number

The
Analyzed
Product

Country
of Origin

Limit of
Detection
μg/kg

Limit of
Quantification

μg/kg

Deoxynivalenol
μg/kg

Limit
μg/kg

1. Maize01 Romania 40.720 67.198 <67.198 e 1750
2. Maize02 Romania 40.720 67.198 70.400 d 1750
3. Maize03 Romania 40.720 67.198 <40.720 g 1750
4. Maize04 Romania 40.720 67.198 77.100 c 1750
5. Maize05 Romania 40.720 67.198 <40.720 g 1750
6. Maize06 Romania 40.720 67.198 <40.720 g 1750
7. Maize07 Romania 40.720 67.198 <67.198 e 1750
8. Maize08 Romania 40.720 67.198 <67.198 e 1750
9. Maize09 Romania 40.720 67.198 <40.720 g 1750
10. Maize10 Romania 40.720 67.198 92.900 b 1750
11. Maize11 Romania 40.720 67.198 <40.720 g 1750
12. Maize12 Romania 40.720 67.198 152.200 a 1750
13. Maize13 Romania 40.720 67.198 <40.720 g 1750
14. Maize14 Romania 40.720 67.198 <40.720 g 1750
15. Maize15 Romania 40.720 67.198 <40.720 g 1750
16. Maize16 Romania 40.720 67.198 <67.198 e 1750
17. Cornflakes01 Romania 18.610 37.230 <18.610 h 500
18. Cornflakes02 Romania 18.610 37.230 <18.610 h 500

19. Breakfast
cereals01 Romania 18.610 37.230 <18.610 h 500

20. Breakfast
cereals02 Romania 18.610 37.230 63.990 f 500

21. Breakfast
cereals03 Romania 18.610 37.230 <18.610 h 500

The differences between samples were established by analysis of variance (ANOVA) using Turkey’s test at a 5%
significance level. Different superscript letters after the values indicated a statistically significant difference at
p < 0.05%.

 

Figure 2. (a) Deoxynivalenol in maize samples; (b) Deoxynivalenol percentage in maize samples.
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Figure 3. (a) Deoxynivalenol in maize-derived food samples; (b) Deoxynivalenol percentage in
maize-derived food samples.

The difference between the samples analyzed was significantly different (95% con-
fidence level). In the maize category, the results obtained for samples 1, 7, 8 and 16 are
not significant. The same was observed for samples 3, 5, 6, 9, 11, 13, 14 and 15. On the
other hand the results obtained for the remaining four samples (samples 2, 4, 10, 12) are
significantly different (p < 0.5%). The two cornflakes samples presented similar results.
From the three breakfast cereals studied, only one (sample 2) was found to be significantly
different (at 95% confidence level).

Deoxynivalenol is the most commonly identified mycotoxin in cereals, with a mean
percentage between 50% and 76% in Asia and Africa. Higher concentrations have been
identified in Europe and Asia [29]. In North America, the reported deoxynivalenol levels
are similar to those in the rest of the world. Increased levels of deoxynivalenol are recorded
in years of severe infections caused by Fusarium sp. [30].

Exposure to deoxynivalenol is usually made by aliments. The intake of contami-
nated foodstuffs may cause nausea, vomiting, inappetence and diarrhea. When foodstuffs
consumed daily, for a longer period of time, are contaminated by deoxynivalenol, manifes-
tations such as weight decline, anorexia and histopathological lesions in the liver occur [23].
In India, the intake of contaminated food has led to acute gastric symptoms, vomiting and
diarrhea [4]. There is no evidence for the carcinogenic potential of deoxynivalenol, which
is why the IARC classifies this mycotoxin as noncarcinogenic to humans (Group 3) [31].

For the deoxynivalenol parameter in samples in Romania, the determined values,
compared to other studies in other parts of the globe, as presented in Table 2, are low.
Moreover, the incidence in food samples is reduced.

Table 2. Studies on the incidence of deoxynivalenol in maize and maize-derived foods.

Country
The

Analyzed
Product

No.
Samples

Deoxynivalenol
Incidence%

Deoxynivalenol
Mean
μg/kg

Deoxynivalenol
Range
μg/kg

Reference

Romania
Corn 16 25.00 61.70 n/a–152.20

Corn flakes,
Breakfast cereals 5 20.00 27.69 n/a–63.99
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Table 2. Cont.

Country
The

Analyzed
Product

No.
Samples

Deoxynivalenol
Incidence%

Deoxynivalenol
Mean
μg/kg

Deoxynivalenol
Range
μg/kg

Reference

Serbia
Corn flakes 15 40.00 255.00 n/a–878.00 [32]
Corn flour 56 42.90 101.00 n/a–931.00 [32]

Hungary Corn 29 86.00 1872.00 225.00–2963.00 [33]

Belgium
Corn 106 92.30 449.00 263.10–2777.40 [34]
Corn 106 100.00 557.50 337.40–5322.40 [34]
Corn 106 64.70 186.50 121.30–2110.50 [34]

Germany Corn 120 100.00 216.50 n/a–1097.20 [35]
Switzerland Corn 19 100.00 135.60 78.00–299.00 [36]

China Corn 44 65.90 831.00 5.80–9843.30 [37]
Brazil Pastry 36 100.00 591.00 60.00–1720.00 [38]

3.2. Zearalenone

Fusarium fungi produce zearalenone (Figure 4), and the main species producing zear-
alenone are F. roseum, F. tricinctum, F. oxysporum, F. graminearum, F. moniliforme, F. culmorum,
F. avenaceum, F. crookwellense, F. nivale, F. semitectum, F. solani and F. echiseti, which are spread
throughout the world, especially in temperate climates [1,39]. Zearalenone infection is
reduced in cereals at harvest and raises in storage conditions if humidity reaches 30–40% [1].
Zearalenone is stable at high temperatures (80 ◦C–120 ◦C) and in neutral media. It may be
dissolved in methyl chloride, dimethylformamide alcohols and ethers [40].

Figure 4. Zearalenone chemical structure.

The maximum levels of zearalenone are established by Regulation (EC) 1881/2006 for
several food categories: 350 μf/kg maize, other cereals 100 μg/kg, bread, pastry, breakfast
cereals 50 μg/kg and food for infants 20 μg/kg [41–43].

From all the maize samples, only 12 are significantly different (p < 0.05%). No sig-
nificant difference was found at a 95% confidence level between the cornflakes, breakfast
cereals and puffs samples. Moreover, the results obtained showed no significant difference
(p < 0.05%) for the maize and canned corn samples.

The study on the presence of zearalenone was performed on 22 samples of corn grains
and corn products (canned corn, corn flakes, breakfast cereals and puff pastry) produced in
Romania, as presented in Table 3. Of the 12 corn samples analyzed, 8% were contaminated
with zearalenone, and none of the samples of the maize-based foods were contaminated
with zearalenone. The determined values did not exceed the maximum limit established
by Regulation (EU) No. 1881/2006 (for maize grains, the maximum of 350 μg/kg and for
food based on maize, the maximum of 50–100 μg/kg), as presented in Figures 5 and 6.

Table 3. Study on incidence of zearalenone in maize and maize-derived foods in Romania.

Sample
Number

The
Analyzed
Product

Country
of Origin

Limit of
Detection
μg/kg

Limit of
Quantification

μg/kg

Zearalenone
μg/kg

Limit
μg/kg

1. Maize01 Romania 2.060 2.456 <2.060 b 350
2. Maize02 Romania 2.060 2.456 <2.060 b 350
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Table 3. Cont.

Sample
Number

The
Analyzed
Product

Country
of Origin

Limit of
Detection
μg/kg

Limit of
Quantification

μg/kg

Zearalenone
μg/kg

Limit
μg/kg

3. Maize03 Romania 2.060 2.456 <2.060 b 350
4. Maize04 Romania 2.060 2.456 <2.060 b 350
5. Maize05 Romania 2.060 2.456 <2.060 b 350
6. Maize06 Romania 2.060 2.456 <2.060 b 350
7. Maize07 Romania 2.060 2.456 <2.060 b 350
8. Maize08 Romania 2.060 2.456 <2.060 b 350
9. Maize09 Romania 2.060 2.456 <2.060 b 350
10. Maize10 Romania 2.060 2.456 <2.060 b 350
11. Maize11 Romania 2.060 2.456 <2.060 b 350
12. Maize12 Romania 2.060 2.456 18.565 ± 1.411 a 350
13. Canned corn01 Romania 2.060 2.456 <2.060 b 100
14. Canned corn02 Romania 2.060 2.456 <2.060 b 100
15. Canned corn03 Romania 2.060 2.456 <2.060 b 100
16. Cornflakes01 Romania 1.860 3.730 <1.860 c 100
17. Cornflakes02 Romania 1.860 3.730 <1.860 c 100
18. Cornflakes03 Romania 1.860 3.730 <1.860 c 100

19. Breakfast
cereals01 Romania 1.860 3.730 <1.860 c 50

20. Breakfast
cereals02 Romania 1.860 3.730 <1.860 c 50

21. Breakfast
cereals03 Romania 1.860 3.730 <1.860 c 50

22. Puffs01 Romania 1.860 3.730 <1.860 c 100

The differences between samples were established by analysis of variance (ANOVA) using Turkey’s test at a 5%
significance level. Different superscript letters after the values indicated statistically significant differences at
p < 0.05%.

 

Figure 5. (a) Zearalenone in maize samples; (b) Zearalenone percentage in maize.

Risk assessments for the intake of foods contaminated with zearalenone have been
performed based on existing exposure data from countries in Europe and Asia. Studies
have identified several situations where the daily intake of zearalenone exceeds the TDI as
stated by the European Union [43]. According to the IARC, zearalenone is a Group 3 car-
cinogen [34]. Zearalenone is the lactone of resorcin acid whose chemical structure resembles
that of steroid hormones. Zearalenone has nonsteroidal estrogenic action and affects the
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conception, ovulation and development of the fetus at concentrations over 1 mg/kg [44].
Zearalenone can cause hyperestrogenism and it primarily affects reproductive functions.

Figure 6. (a) Zearalenone in maize-derived food samples; (b) Zearalenone percentage in maize-
derived food samples.

Table 4 shows the specific studies on the presence of zearalenone in maize and maize-
derived foods worldwide from 2014 to 2020. The determined values, compared to other
studies in other areas of the globe, as presented in Table 4, are low. Moreover, the incidence
in food samples is reduced.

Table 4. Studies on the incidence of zearalenone in maize and maize-derived foods.

Country
The

Analyzed
Product

No.
Samples

Zearalenone
Incidence%

Zearalenone
Mean
μg/kg

Zearalenone
Range
μg/kg

Reference

Romania
Corn 12 8.00 3.44 nd–18.565

Corn flakes,
breakfast

cereals, canned
corn, puffs

10 0.00 nd nd

Serbia Maize 90 0.00 0.00 0.00 [45]
Hungary Maize 29 41.00 267.00 nd–565.00 [33]

Maize 106 64.80 100.50 71.20–1085.60 [34]
Belgium Maize 106 40.70 158.50 0.00–1085.60 [34]

Maize 106 42.40 175.50 0.00–2791.60 [34]
Germany

Brazil
Egypt

Maize
Maize
Maize

120
40
30

96.00
95.00
33.34

819.00
22.20
2.39

nd–3910.00
1.80–99.00
1.13–3.70

[35]
[46]
[47]

Maize 50 94.00 109.10 0.20–3613.00 [35]
China Maize 44 13.60 50.80 40.70–1056.80 [48]

3.3. Fumonisins

Fumonisins (Figures 7 and 8) are also called Fusarium toxins. The main producing
species for fumonisins are Fusarium verticillioides, F. proliferatum, F. sacchari, F. fujikuroi and
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F. subglutinans. [49]. The twenty-eight fumonisin analogs identified so far are split into
four groups: fumonisins A, B, C and P. Group Fumonisins B includes FB1, FB2 and FB3.
Of these, FB1 is the most frequent and has the highest concentrations [50]. Fumonisins
have been identified in several food categories including cereals [51], foods derived from
cereals [52,53], asparagus, garlic [54], grapes, beer, milk and raisins [55].

 
Figure 7. Fumonisin B1 chemical structure.

 

Figure 8. Fumonisin B2 chemical structure.

The study on the presence of fumonisins was performed on 14 samples of maize and
maize-derived foods (canned corn and corn flakes) produced in Romania, as presented
in Table 5.

Table 5. Study on incidence of fumonisins in corn and corn-derived foods in Romania.

Sample
Number

The
Analyzed
Product

Country
of Origin

Limit of
Detection
μg/kg

Limit of
Quantification

μg/kg

Fumonisins
μg/kg

Limit
μg/kg

1. Maize01 Romania 21.722 30.644 163.551 ± 49.065 b 4000
2. Maize02 Romania 21.722 30.644 1009.360 ± 302.804 a 4000
3. Maize03 Romania 21.722 30.644 38.318 ± 11.495 f 4000
4. Maize04 Romania 21.722 30.644 <21.722 h 4000
5. Maize05 Romania 21.722 30.644 <21.722 h 4000
6. Maize06 Romania 21.722 30.644 <21.722 h 4000
7. Maize07 Romania 21.722 30.644 45.614 ± 13.684 e 4000
8. Maize08 Romania 21.722 30.644 104.368 ± 31.315 c 4000
9. Maize09 Romania 21.722 30.644 79.824 ± 23.947 d 4000

10. Maize10 Romania 21.722 30.644 39.260 ± 12.640 f 4000
11. Canned corn01 Romania 25.900 51.810 <25.900 g 1000
12. Canned corn02 Romania 25.900 51.810 <25.900 g 1000
13. Cornflakes01 Romania 25.900 51.810 73.000 ± 5.590 d 800
14. Cornflakes02 Romania 25.900 51.810 <25.900 g 800

The differences between samples were established by analysis of variance (ANOVA) using Turkey’s test at a
5% significance level. Different superscript letters after the values indicate statistically significant differences at
p < 0.05%.

From all the maize samples, samples 4, 5 and 6 are not significantly different (p < 0.05%).
All the other samples are significantly different from each other. No significant (at 95% con-
fidence level) difference was found between the canned corn samples. The result obtained
for the two cornflakes samples showed a significant difference (p < 0.05%) between them.
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The mycotoxins identified in this research, in the largest percentage of the analyzed
samples (70%), were fumonisins, as presented in Figures 9 and 10. The determined values
are within the allowed legal limits. In 70% of the samples of unprocessed corn, fumonisins
were detected; in those of products processed from corn, only 25% indicated their presence.

 

Figure 9. (a) Fumonisins in maize samples; (b) Fumonisins percentage in maize.

 

Figure 10. (a) Fumonisins in maize-derived foods; (b) Fumonisins percentage in maize-derived foods.

JECFA has provisionally settled a PMTDI of 2 μg/kg bw/day for fumonisins alone
or in combination [56]. The maximum levels of fumonisins are set by Regulation (EC)
1881/2006 for several food categories: 4000 μg/kg for maize, 800 μg/kg for breakfast
cereals and 200 μg/kg for food for children [57].

The fumonisin values from the samples investigated, compared to samples from other
areas of the globe, as shown in Table 6, are higher. The impact on the food samples in
Romania is also higher.
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Table 6. Studies on the occurrence of fumonisins in maize and maize-derived foods.

Country
The

Analyzed
Product

No. Samples
Fumonisins
Incidence%

Fumonisins
Mean
μg/kg

Fumonisins
Range
μg/kg

Reference

Romania
Corn, canned

corn, corn
flakes

10
4

70.00
25.00

154.55
37.68

nd–1009.36
nd–73.00

Serbia Corn 90 100.00 1730.00 520.00–5800.00 [45]

Table 6. Cont.

Country
The

Analyzed
Product

No. Samples
Fumonisins
Incidence%

Fumonisins
Mean
μg/kg

Fumonisins
Range
μg/kg

Reference

Corn 106 2.50 1.50 0.00–70.20
Corn 106 19.80 61.10 0.00–1362.90
Corn 106 61.20 247.40 54.00–4414.90
Corn 106 nd nd nd
Corn 106 4.90 9.00 0.00–412.60
Corn 106 24.70 61.60 0.00–1427.40

Belgium Corn 106 nd nd nd [34]
Corn 106 7.40 3.40 0.00–90.50
Corn 106 18.80 18.00 0.00–451.20
Corn 106 2.50 1.30 0.00–70.20
Corn 106 19.80 73.60 0.00–1782.80
Corn 106 61.20 327.00 58.70–6293.50

Italy Corn 697 100.00 10900.00 25.00–77000.00 [58]
Brazil Corn 40 100.00 2338.50 230.00–6450.00 [46]
Spain Corn 92 100.00 2610.00 337.00–10613.00 [59]
Spain Corn flakes 47 21.00 42.00 nd–67.00

Canada Corn 10 100.00 4.64 0.73–10.21 [60]

China
Corn flakes 14 100.00 104.10 1.00–171.00

[61]Corn flakes 14 93.00 14.20 <0.27–25.60
Corn flakes 14 93.00 17.30 <0.27–31.50

4. Discussion

Strategies to prevent mycotoxin contamination prior to harvesting are particularly
important. Good agricultural practices and good production practices are used by produc-
ers around the world. Crop rotation, the use of approved substances such as herbicides,
fungicides and insecticides (insects are vectors for fungal dissemination) and storage in
appropriate conditions for temperature and humidity contributes substantially to reduc-
ing the risk of contamination of cereals in the first stages of the food chain [62,63]. The
implementation of HACCP (hazard analysis and critical control points), through clear
instructions for monitoring the presence and level of mycotoxins in food, allows safe foods
to be placed on the market.

One of the greatest dangers associated with food safety is mycotoxins. They have
negative effects on all biological systems, from affecting clinical conditions, cellular systems
and the metabolism, to decreased animal production. Mycotoxins cause major economic
losses through direct action, inducing disease indirectly through damage to the immune
system, or qualitatively affecting contaminated products.

The world’s need for goods commonly used in the manufacture of food for humans
and animals, such as corn, has grown constantly in the last years due to higher demand
from manufacturers and consumers. The RASFF annual report (Rapid Alert System for
Food and Feed) for 2020 presents 400 notifications regarding mycotoxin (down by 23%) con-
tamination of food products in the European Union [64]. Aflatoxins are the most detected
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mycotoxins in food in the EU (367 notifications), also detected in dried figs from Turkey
(58 notifications) and followed by groundnuts from the United States (29 notifications) [64].
The formation of mycotoxins is a composite process influenced by a multitude of factors,
mainly environmental conditions under the influence of climate change.

Comparing the results of this study with previous research, for deoxynivalenol, the
incidence in the analyzed samples is 25% for maize, while in Hungary the incidence of
deoxynivalenol is 86% [33]; in Belgium, the incidence in the studies carried out varies
from 64.7% to 92.3% or 100% [34]. Studies carried out in Germany and Switzerland
show a deoxynivalenol incidence of 100%, while in China the incidence is 65.9% [35–37].
For the analyzed products derived from maize, the incidence of deoxynivalenol was
20%, while other studies show an incidence of 40% for maize flakes and 42.9% for maize
flour in Serbia, and 100% for pastry products in Brazil [32,38]. The maximum value
identified for deoxynivalenol in this maize study is 152.2 μg/kg, well below the maximum
values identified in other studies, while it is 9843.3 μg/kg in China and 5322.4 μg/kg
in Belgium [34,37]. In products derived from maize, deoxynivalenol had a maximum of
63.99 μg/kg; other studies indicate a maximum of 931 μg/kg in Serbia and 1720 μg/kg in
Brazil [32,38].

In the tested samples of maize, the incidence for zearalenone was 8%. In previous
studies on maize, zearalenone had an incidence of 0% in Serbia [45], 13.6% and 94% in
China [48], 33.34% in Egypt [47], 40.7%–64.8% in Belgium [34], 41% in Hungary [33] and
more than 90% in Germany and Brazil [35,46]. The average value of zearalenone in the
Romanian sample was 3.44 μg/kg. Other studies have identified lower average values,
such as 2.39 μg/kg or higher in Egypt and 175.5 μg/kg in Belgium [34,47]. The highest
zearalenone content in a tested sample was 18.565 μg/kg, while other studies indicate
maximum values of 3613 μg/kg [35].

For fumonisins, the incidence in this study was 70% for maize and 25% for products
derived from maize. In previous studies, fumonisin incidences ranged from 2.5% in
Belgium to 100% in Serbia, Italy, Spain and Canada [34,45,58–60]. The average fumonisin
value in the tested samples of maize was 154.55 μg/kg. Other studies have identified an
average for fumonisins from 1.5 μg/kg to 10,900 μg/kg [34,58]. For the analyzed products
derived from maize, the average value of fumonisins was 37.68 μg/kg. Other studies
have identified an average of fumonisins between 14.2 μg/kg and 104.1 μg/kg in corn
flakes [59,61].

5. Conclusions

In the present research, regarding contamination with deoxynivalenol, zearalenone
and fumonisins in maize and local maize-derived foods, the levels of the three mycotoxins
investigated have always been within legal limits. From the three mycotoxins investigated,
fumonisins were those with the highest presence, contaminating 70% of the corn samples
analyzed. Deoxynivalenol contaminated 25% of the corn samples investigated and zear-
alenone had the lowest percentage (8%), with the risk of contamination being minimal.
Regarding the samples of maize-based foods investigated, fumonisins were detected in
25% of the samples, deoxynivalenol was detected in 20% of the samples and no sample
was contaminated with zearalenone.

The investigations carried out in this study, and the comparisons with previously
published studies, provide information on the contamination of maize-based foods in
Romania by three of the most important mycotoxins, as well as information on their
overall distribution. The low percentage of foodstuffs derived from maize contaminated by
mycotoxins identified in this study shows that good manufacturing practices are essential
for safe food production.
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Abstract: Potentially toxic elements are chemical pollutants which are dangerous to human health,
especially for babies and children. Because their presence has been detected in baby food and baby
drinking water, exposure to these elements is mainly due to ingestion. For this reason, the main
objective of this study was quantification of 12 potentially toxic elements, including Ba, Co, Cu, Zn,
Mn, Ni, Li, Fe, Pb, Cd, Cr, Sb, by ICP–MS, from 19 samples of bottled baby water. Based on the levels
obtained, a health risk assessment was performed of the risk caused by their consumption, as well as
an analysis of the quality of the samples. Excep iron, the values obtained for all other metals were
below the limits imposed by the legislation in force. The risk analysis shows that Hazard index values
were included in Risk Class 1, with a very low hazard level. The order of Cancer Risk values is as
follows, Cd < Cr < Ni < Pb. As a general conclusion, we can say that the samples can be intended for
consumption by children and infants.

Keywords: baby water; potentially toxic elements; health risk assessment; water quality

1. Introduction

Heavy metals represent a group of potentially toxic elements, metals or metalloids
with a density higher than 5 g/cm3, which are able to induce toxicity even at low level
of exposure [1,2]. Potentially toxic elements contamination represents a high concern
due to their inherent toxicity, non-degradability, bio-accumulation and persistence in the
environment and frequent detection in different matrices [1,3].

Environmental pollution with these chemical contaminants is due to both natural
processes and anthropogenic activities. Natural sources include volcanic eruptions, forest
fires, weathering of minerals, soil erosion, biogenic sources, airborne dust, while anthro-
pogenic activities which are the major cause of pollution with these elements are burning
of fossil fuels, mining operations, smelting, metallurgical processes, industrial discharges,
agriculture, vehicular emissions [4–6].

Potentially toxic elements can be stored and bioaccumulated in the soil and can have
negative consequences on human health or the environment, as they may be mobilized
from the soil, or not, depending on the characteristics of the soil [4].

Moreover, more than 99% of these elements entering in aquatic systems and can be
accumulated and stored in sediments [6], leading to various degrees of contamination
of groundwater.

Chemical contaminants from sediments can affect water quality and aquatic ecosystem,
when their concentrations exceed imposed limits, directly or indirectly having a negative
impact for agricultural production and people’s lives [1,7].

Soil contamination could lead to drinking water pollution, which can be transferred to
human food chain which brings bioaccumulation and bio-magnification [6].
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Humans are exposed to potentially toxic elements through ingestion of contaminated
food or water, by inhalation of atmospheric particles enriched with metals, or absorption
through the skin [8,9]. Even if potentially toxic elements reach the body at trace levels,
they can accumulate and causes disorders like, neurological disease, hormone imbalance,
respiratory problems, endocrine disorders, infertility, cardiovascular problems, kidney
diseases, digestive problems [8].

The quality of drinking water is very important, being one of the major factors
which can affect human health and, for this reason, is strongly inter-related with human
heath [10,11].

The risk due to exposure to polluted water can be calculated through health risk
assessment, and the results obtained may require measures to reduce the risk caused
by contaminants. The most commonly used health risk assessment model is the one
recommended by United State Environmental Protection Agency (USEPA) [10]. This
model includes a carcinogenic and non-carcinogenic analysis, based on parameters like
estimated daily intake (EDI), target hazard quotient (THQ), hazard index (HI) and cancer
risk (CR) [12].

The quality of water can be evaluated by parameters like water quality index (WQI),
entropy water quality index (EQWI) [10], water pollution index (WPI), comprehensive
pollution index (CPI), organic pollution index (OPI), trace metal pollution index (TPI) [13],
contamination factor (Cf), degree of contamination (mCd), pollution load index (PLI) [8].

The health risk assessment of the water quality helps quantify the risk of exposure
to polluted water, and, in this mode, by quantitative description of the hazards, decisions
related to water source protection and management can be implemented [10].

In a study conducted by Beal, 2020 [14] on a series of baby food products and
baby bottled water purchased from 15 retail chains in major cities in the United States,
it was observed that 95% of products contain at least one toxic element (arsenic, lead,
cadmium, mercury).

Moreover, in the study conducted by Decharat and Pan-in, 2020 [15] on a number of
48 samples of bottled water intended for consumption in schools, it was observed that
lead and cadmium levels were between 2.5–18 μg/L, respectively 0.16–1.3 μg/L. In the
case of lead, only 4 samples exceeded the 10 μg/L limit imposed by the WHO guide [16],
while cadmium did not exceed the 3 μg/L limit. As a concerning Hazard index for lead
and cadmium, the values were less than 1, but if other elements had been analyzed, the HI
levels would probably have been higher.

In the study conducted by Peleka et al., 2021 [17], by estimating the hazard quotients
based on the values of potentially toxic elements analyzed, for the infants and children
population categories, HQ values were higher than 1 for both lead and cadmium, which
show a relatively high hazard due to the consumption of the samples by these age groups.

The presence of potentially toxic elements in bottled water may also be due to contam-
ination of raw water, as well as due to the packaging material, because some elements may
remain in plastic packaging as catalyst or reaction residues, such as Pb-, Cd-, Ba-, Ca-Zn
dicarboxylates and other, which can migrate into the packaged product under certain
conditions [18]. Thus, in a study conducted by Allafi, 2020 [19], it was observed that the
increase in temperature positively influences the migration of antimony from PET. The
same was observed in other studies [20–24]. In addition to temperature, storage time can
influence the migration of some elements [20,22–25], but also pH, as observed in the study
by Chapa-Martinez et al., 2016 [20].

Due to these mentioned aspects, the main aim of this research is evaluation of the
chemical quality of 19 samples of bottled drinking water for baby through quantification
of 12 potentially toxic elements (Ba, Co, Cu, Zn, Mn, Ni, Li, Fe, Pb, Cd, Cr, Sb), as well
as carcinogenic and non-carcinogenic health risk assessment for age group infants and
children, based on the mentioned elements levels.
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2. Materials and Methods

2.1. Sample Collection

The bottled baby water samples were purchased from local supermarkets and hyper-
markets in Romania and included 10 samples of mineral water, 8 samples of spring water
and 1 sample of table water. Also, 5 baby water are of Romanian origin and 14 samples
are imported from France (3), Italy (1), Croatia (1), Greece (4), Hungary (1), Austria (1),
Germany (1), Poland (1) and Bulgaria (1). The samples were bottled in polyethylene
terephthalate (PET), with high density polyethylene screw cap and maintained at room
temperature prior analysis.

2.2. Sample Preparation

The analysis of potentially toxic elements content in bottled water were performed
according EPA3010A standard [26], and include that 300 mL of well mixed sample, initial
acidified with a few drops of HNO3, were evaporated to dryness on a water bath. After
evaporation, the samples were treated with 2.5 mL of concentrated HNO3, evaporated
to dryness, and then, another 2.5 mL of concentrated HNO3 were added. The extract
with HNO3 is covered with ribbed watch glass and left on the water bath for 15 min. The
solution is then transferred to a 50 mL volumetric flask with ultrapure water and made up
to the mark. Each of water samples was analyzed in triplicate to ensure data quality.

2.3. Equipment

Potentially toxic elements detection was performed using an Inductively Coupled
Plasma–Mass Spectrometer NexION 300Q (Perkin Elmer Inc., Waltham, MA, USA). Also,
for evaporation of water samples, a water bath GFL 1032 (Gesellschaft für Labortechnik,
Germany), was used. ICP–MS operating conditions are listed in Table 1.

Table 1. ICP–MS operating conditions.

Parameter Description Current Value

Sample introduction Spray chamber
Radio Frequency Generator Free running type, 40 MHz

Radio Frequency power 1000 W
Nebulizer Gas Flow 0.89 L/min
Auxiliary Gas Flow 1.20 L/min

Plasma Gas Flow 16 L/min
Sample Uptake Flow 1.0 mL/min
Dual Detector Mode Pulse

Torch Z position 0.00 mm
Analytical masses

Ba, Co, Cu, Zn, Mn, Ni, Li,
Fe, Pb, Cd, Cr, Sb mass

Standard mode
138, 59, 63, 66, 55, 27, 60, 7, 57,

208, 111, 52, 121
Scanning mode Peak hopping

Number of replicates 3
Wash Time (45), speed (±rpm)–24

Sample flush Time (35), speed (±rpm)–24
Read delay Time (15), speed (±rpm)–20

2.4. Analytical Method

For quantification of analytes, calibration curves for all the tested elements were per-
formed, using a Multielement Standard Solution 6, with a concentration of 100 mg/L,
from which standard solution of 10 μg/L, 20 μg/L, 30 μg/L, 40 μg/L and 50 μg/L were
obtained. The validation of the method was performed according to Magnusson and
Ornemark, 2014-Eurachem Guide [27] and DIN EN ISO/IEC 17025:2018 [28]. The correla-
tion coefficients of calibration curves obtained for a working range between 10 μg/L and
50 μg/L were higher than 0.996. Detection limits, estimated as LOD = 3 SD/b, where SD is
standard deviation obtained after 10 replicates measurements of blank samples and b in the
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slope of the calibration curve, were 0.07 μg/L for Sb and Pb, 0.09 μg/L for Ba, Cu, Mn, Ni
and Cd, 0.10 μg/L for Co and Cr, 0.11 μg/L for Li, 0.13 μg/L for Zn and 0.15 μg/L for Fe.
To check the measurement precision, standards’ reference solutions spiked at 10 μg/L were
used, the repeatability obtained being between 2.18 and 3.86. To assess the quality and ac-
curacy of the results, standard reference solutions and a certified reference material (CRM)
SPS-SW2 Surface water were used. Recovery rates for each element were between 91.50%
and 108.40%, being considered as acceptable. The mean extended compound uncertainty
(U) of the tested elements was of 10.31%.

2.5. Estimation of Potentially Toxic Elements Content

Estimation of potentially toxic elements content was performed using Equation (1).

C = [(Reading × F) − M) × V]/m, (1)

where C is analyte concentration, in μg/L, Reading represent concentration obtained from
the calibration curve, F is dilution factor, M is blank sample, V is sample volume, in mL
(50 mL) and m is sample weight, in mg.

2.6. Health Risk Assessment

Risk assessment represent a method of estimation of risk of exposure to a pollutant
and its probability to produce harmful effects on human health. This includes carcinogenic
and non-carcinogenic analysis [29].

2.6.1. Non-Carcinogenic Analysis

For non-carcinogenic estimation, the model proposed by PHA Guidance, 2005 [30] was
used, considering as the main source of exposure, ingestion. In this case, the evaluation was
performed for 2-year children, with a weigh of 10 kg and an ingestion rate of 1 L/day. This
analysis involves calculations of parameters, like exposure dose (D), hazard quotient (HQ)
and hazard index (HI). The calculation of these indices was done using Equations (2)–(4).

D = (C × IR × EF)/BW, (2)

where D is exposure dose, in mg/kg/day, C is contaminant concentration, in mg/L, IR
is intake rate of water, in L/day, EF is exposure factor (unitless) and BW is body weight,
in kg.

HQ = D/RfD, (3)

where HQ is hazard quotient (unitless), D is exposure dose, in mg/kg/day and RfD is
reference dose, in mg/kg/day. The reference dose represents the tolerable daily intake of
the metal via ingestion. The values of this parameters are presented in Table 2. Hazard
quotient represent the ratio between contaminant exposure and the respected reference
values, specify for each exposure way (ingestion, inhalation or dermal contact) [16].

HI = HQPb + HQCd + HQCr + HQCu + HQZn + HQMn + HQNi + HQBa + HQCo +
HQLi + HQFe + HQSb,

(4)

where HI is hazard index (unitless), and HQ is hazard quotient (unitless) of all heavy
metals tested. Hazard index represent the total potential risk produced by chemicals in a
mixture [31].

2.6.2. Carcinogenic Analysis

This analysis represents the probability that a chemical could produce a form of cancer,
after exposure of a specified dose [29]. The model used for estimation of carcinogenic
analysis, was the one proposed by PHA Guidance Manual, 2005 [30].

The carcinogenic analysis evaluation involves estimating the parameter cancer risk
(CR), which has been calculated using Equation (5). This parameter, has been estimated for
Pb, Cd, Cr and Ni, because only these have the set CSF values.

CR = D/CSF, (5)
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where CR represent cancer risk (unitless), D is exposure dose in mg/kg/day and CSF is
Cancer Slope Factor, in mg/kg/day. The values of CSF for oral exposure are presented
in Table 2.

For the 4 elements studied, total cancer risk (TCR) was calculated, which means the
result of exposure to multiple heavy metals [32], using Equation (6).

TCR = CrPb +CrCd + CrCr + CrNi, (6)

where TCR is total cancer risk (unitless), Cr represent cancer risk (unitless) for the four
elements tested.

Table 2. RfD and CSF values for oral ingestion.

Element RfDoral (mg/kg) CSForal (mg/kg/day)

Ba 7.0 × 10−2 a -
Co 2.0 × 10−2 b -
Cu 3.7 × 10−2 b -
Zn 3.0 × 10−1 b -
Mn 4.7 × 10−2 c -
Ni 2.0 × 10−2 b 8.4 × 10−1 a

Li 2.8 × 10−2 d -
Fe 7.0 × 10−2 e -
Pb 3.6 × 10−3 b 8.50 a

Cd 5.0 × 10−4 b 6.10 a

Cr 3.0 × 10−3 b 4.1 × 101 a

Sb 3.5 × 10−4 f -
a [29]; b [33]; c [34]; d [35]; e [36]; f [37].

3. Results

3.1. Estimation of Potentially Toxic Elements Content

Toxic elements (metals) concentrations of the tested water samples are presented in
Table 3. All the samples were analyzed in triplicate, the values being reported as mean
value and standard deviation.

With the exception of Fe, all the tested elements are below the maximum imposed
limits by national and international legislation in force. In case of Fe, only 4 samples were
lower than imposed limit (200 μg/L).

3.2. Health Risk Assessment
3.2.1. Non-Carcinogenic Analysis

The values of exposure dose (D) and hazard quotient (HQ) are presented in Table 4.
The ascendent trend of exposure dose, based on potentially toxic elements concentrations,
is as following Cd > Cr > Sb > Co > Mn > Pb > Cu > Ni > Li > Zn > Ba > Fe. In case of HQ,
the values decrease in order Cd > Co > Cr > Sb > Zn > Mn > Ni > Ba > Li > Pb > Cu > Fe.
The interpretation and description of HQ and HI is presented in Table 5.

Except Fe, the estimated levels of hazard quotient were lower than 1. This means that
repeated exposure of children does not cause side effects. However, in case of Fe, only one
sample had the value lower than 1. This implies the appearance of some non-carcinogenic
side effects, after repeated exposure to tested samples.

Regarding the hazard index values, obtained for hazard quotient of all analyzed
elements, ranged between 9.10 × 10−1 and 2.42 × 101, with an average value of 7.10. Of
the total of 19 samples, the sample that had the value HQ < 1 also had the value HI < 1. The
rest of samples recorded HI values greater than 1. This means that after repeated exposure,
some non-carcinogenic side effects can appear.
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Table 3. Potentially toxic elements levels in baby drinking water samples.

Element
Heavy Metals Levels (μg/L) Detection

Rate (%)

Law No.
311/2004

(μg/L) [38]

Directive EU
2020/2184
(μg/L) [39]Min Max Mean

Ba <0.09 1.68 × 101 ± 0.32 3.87 ± 0.19 68.42 - -
Co <0.10 2.50 × 10−1 ± 0.01 7.0 × 10−2 ± 0.01 47.37 - -
Cu <0.09 1,73 ± 0.03 9.60 × 10−1 ± 0.02 100 100 2000
Zn 9.60 × 10−1 ± 0.07 4.47 ± 0.22 2.04 ± 0.07 100 5000 -
Mn <0.09 4.17 ± 0.20 3.50 × 10−1 ± 0.04 42.11 50 50
Ni 3.10 × 10−1 ± 0.01 2.25 ± 0.06 1.02 ± 0.04 100 20 20
Li <0.11 7.09 ± 0.43 1.69 ± 0.08 84.21 - -
Fe 6.24 × 101 ± 6.13 1.69 × 103 ± 3.92 × 101 4.95 × 102 ± 1.82 × 101 100 200 200
Pb 1.10 × 10−1 ± 0.01 1.79 ± 0.02 4.30 × 10−1 ± 1.0 × 10−2 100 10 5
Cd <0.09 < 0.09 - 0 5 5
Cr <0.10 1.60 × 10−1 ± 0.01 1.0 × 10−2 0.00 10.53 50 25
Sb <0.07 1.30 × 10−1 ± 0.00 3.0 × 10−2 ± 0.00 31.58 5 10

Table 4. Exposure dose (D), Hazard quotient (HQ) and Cancer risk (CR) from baby drinking water samples.

Element
Exposure Dose (μg·kg−1·day−1) Hazard Quotient Cancer Risk

Min Max Mean Min Max Mean Min Max Mean

Ba 0.00 1.68 × 10−3 3.87 × 10−4 0.00 2.39 × 10−2 5.52 × 10−3 - - -
Co 0.00 2.50 × 10−5 7.95 × 10−6 0.00 1.25 × 10−3 4.19 × 10−4 - - -
Cu 3.80 × 10−5 1.75 × 10−4 9.6 × 10−5 4.25 × 10−3 4.73 × 10−2 2.54 × 10−2 - - -
Zn 9.60 × 10−4 4.47 × 10−4 2.04 × 10−4 3.20 × 10−4 1.49 × 10−3 6.18 × 10−4 - - -
Mn 0.00 4.17 × 10−4 3.51 × 10−5 0.00 9.07 × 10−3 7.62 × 10−4 - - -
Ni 3.10 × 10−5 2.25 × 10−4 1.06 × 10−4 1.55 × 10−3 1.13 × 10−2 5.12 × 10−3 2.60 × 10−5 1.89 × 10−4 8.61 × 10−5

Li 0.00 7.28 × 10−4 1.72 × 10−4 0.00 2.60 × 10−2 6.13 × 10−3 - - -
Fe 6.20 × 10−3 1.69 × 10−1 4.93 × 10−2 8.86 × 10−1 2.41 × 101 7.05 - - -
Pb 1.10 × 10−5 1.79 × 10−4 4.36 × 10−5 3.06 × 10−3 4.97 × 10−2 1.21 × 10−2 9.35 × 10−5 1.52 × 10−3 3.63 × 10−4

Cd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 1.6 0× 10−5 1.32 × 10−6 0.00 5.33 × 10−3 4.39 × 10−4 0.00 6.56 × 10−4 5.39 × 10−5

Sb 0.00 1.30 × 10−5 1.63 × 10−6 0.00 4.33 × 10−3 5.44 × 10−4 - - -

Table 5. Hazard quotient, hazard index, cancer risk and total cancer risk classification and description
(adapted from [14]).

Hazard
Quotient

Description
Hazard
Index

Description
Cancer

Risk
Description

Total Cancer
Risk

Description

≤1

repeated
exposure not

cause side
effects

≤1

repeated
exposure not

cause side
effects

<1 × 10−6 tolerable <1 × 10−6 insignificant

>1

repeated
exposure
causes a

potential risk

>1

repeated
exposure can
produce side

effects

1 × 10−6–1 × 10−4 tolerable range 1 × 10−5 acceptable
level

- - - - >1 × 10−4 intolerable >1 × 10−4 harmful

3.2.2. Carcinogenic Analysis

The values of cancer risk are presented in Table 4. The interpretation and description
of this parameter is shows in Table 5. The results obtained in case of Pb were in a tolerable
range, while Cd values are tolerable, due to low detection in the samples. Regarding
Cr, 11% of samples were in a tolerable range and the rest of the samples were tolerable.
Concerning Ni, 89% of results were in tolerable range and 11% were classed as intolerable.
This means that, after repeated exposure to intolerable samples, Ni can produce some
carcinogenic side effects.

The ascendent trend of cancer risk, estimated for the 4 studied elements, is as following
Cd > Cr > Ni > Pb.
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The levels of CRtotal were between 1.69 × 10−4 and 1.58 × 10−3, and a mean value of
5.03 × 10−4. As can be seen, all the results were in tolerable range. This means that after
repeated exposure to tested samples, heavy metals analyzed can’t produce carcinogenic
side effects in babies and children.

4. Conclusions

In this study, an Inductively Coupled Plasma Mass Spectrometry (ICP–MS) analytical
method was used for detection and quantification of 12 potentially toxic elements from
19 samples of baby drinking water. The obtained results were below the maximum imposed
limits by National and European legislation, with exception of Fe, where only 4 samples
were below the limit. Cadmium was not detected in any sample. Based on tested elements
levels, a carcinogenic and non-carcinogenic analysis was performed. The results of hazard
quotient were lower than 1, except Fe, where only 1 sample had the value below the
reference value. If in case of Fe the results demonstrated that after repeated exposure,
some non-carcinogenic side effects could appear, the rest of elements can’t produce adverse
effects. Hazard index values were higher than 1, except only one sample. This means
that after repeated exposure, can appear some adverse effects, but non-carcinogenic. The
levels of carcinogenic risk of the four tested elements increase in the following order Cd
> Cr > Ni > Pb, while total cancer risk results were between 1.69 × 10−4 and 1.58 × 10−3,
being framed in tolerable range. From the point of view of tested elements and health
risk assessment, the samples can be intended for consumption by children and babies. In
order to determine exactly whether the samples endanger the health of children, further,
more detailed studies are needed, to detect as many potential contaminants as possible, for
which a risk assessment can be performed.
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