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Abstract: In this study, the effect of different cooking techniques on broccoli moisture, total phenolic,
total flavonoid, and radical scavenging capacity results, polyphenol contents, and their quantitative
values was investigated. The total phenolic quantities of fresh and cooked broccoli samples were
assessed to be between 36.32 (conventional boiling) and 423.39 mg GAE/100 g (microwave heating).
The radical scavenging activities of the broccoli samples were reported between 2.55 (conventional
boiling) and 4.99 mmol/kg (microwave heating). In addition, catechin and rutin quantities of the
fresh and cooked broccoli samples were measured to be between 2.24 (conventional boiling) and
54.48 mg/100 g (microwave heating), and between 0.55 (conventional boiling) and 16.33 mg/100 g
(microwave heating), respectively. The most abundant elements in fresh and cooked broccoli samples
were K, Ca, P, S, and Mg. The results showed some changes depending on cooking techniques
compared to the control. The bioactive properties of broccoli samples cooked by means of con-
ventional boiling, boiling in vacuum bag, and high-pressure boiling were established to be lower
compared to the fresh sample. Catechin, 3,4-dihydroxybenzoic acid, rutin, and gallic acid were the
key phenolic compounds of fresh and cooked broccoli samples. The phenolic components of broccoli
were significantly affected by the applied cooking techniques. The highest protein in broccoli samples
was determined in the broccoli sample cooked by boiling in a vacuum bag. There were statistically
significant changes among the mineral results of broccoli cooked with different cooking methods.

Keywords: broccoli; cooking methods; bioactive compounds; antioxidant capacity; polyphenols;
elements; HPLC

1. Introduction

Broccoli (Brassica oleracea var. italica), which is native to the Eastern Mediterranean
basin and Italy, and a member of the Brassicaceae family, is a horticultural and a fa-
vorite winter vegetable with high nutritional value, bioactive compounds, and antioxidant
properties [1-5]. Phenolic compounds, phenolic acids such as kaempferol and ascorbic
acid in broccoli have antioxidant capacity [6,7], Broccoli contains significant amounts of
health-beneficial compounds, which has increased its consumption by people [8]. The
consumption of broccoli has a positive effect on human health thanks to some minerals,
phenolics, xanthophylls, sulforaphane, phenolics, and unique bioactive compounds [6].
Broccoli contains significant amounts of health-beneficial compounds, which has increased
its consumption by people. Minerals are the building blocks of bones, teeth, blood, and
muscle cells, and increase the usefulness of vitamins [9-11]. Phenolic compounds play a
crucial role in exerting a wide variety of biochemical and pharmacological effects [12,13].
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The phenolic components of foods, and therefore their potential antioxidant activities,
are affected by domestic processing procedures such as cooking [14,15] and thermal treat-
ments [16,17]. If oxidative enzymes are not inactivated during cooking, they can increase
the chemical or enzymatic degradation of phenolic compounds or cause chemical changes
that may affect quality properties [18,19]. Steaming has been reported to be more benefi-
cial for certain health-promoting compounds in fruits and vegetables [20]. In addition to
causing changes in the chemical composition of green leafy vegetables, cooking processes
can also cause changes in the concentrations of bioactive compounds [21-24]. Among the
main factors that can change the level of phytochemicals in vegetables before consumption,
the most important ones are heat-involving preparation/processing, thermal degradation,
oxidation, leaching, and matrix degradation [25]. Broccoli cooked with various cooking
methods can also be used in salads or side dishes. Although the most common cook-
ing methods are usually boiling and steaming, the use of sous vide has recently become
widespread in order to preserve the content and increase the bioavailability of bioactive
compounds in vegetables [20,26,27]. Various heat treatments are widely applied to green
leafy vegetables, which are commonly consumed raw or cooked/processed, to neutralize
microorganisms and enzymes and increase flavor, thus increasing product safety and qual-
ity [26,28]. Vegetables and fruits are foodstuffs that have an important place in nutrition.
They contribute to human health not only with the vitamins and minerals they contain,
but also with their phenolic components. Combined phytochemicals in plant foods act
through various mechanisms such as antioxidant activity, cell regeneration, and tumor
suppression [29,30]. Vegetables are consumed raw as well as processed and consumed as
various products. Since it is difficult for vegetables to be stored for a long time without
spoiling in fresh form, it is possible to store them for a long time by applying processes such
as boiling and drying [31]. Boiling is applied to prevent enzymatic change in canned food
production until heat treatment, to prevent the negative effects of enzymes in the drying
process until the end of drying, and to prevent the effect of enzymes until consumption
in freezing preservation. Enzymes are rendered inactive by these processes. Thus, the
raw material is prevented from undergoing enzymatic changes until it is sterilized. In
addition, the microorganism load is also reduced by boiling [32]. Drying is one of the
first preservation methods used by humanity to preserve food. Today, in parallel with the
increasing consumption trend of ready-made foods, the importance of dried vegetables,
which is one of the basic ingredients of such foods, is increasing all over the world. Al-
though vegetables are generally consumed as fresh in Turkey, vegetables dried by various
methods are also demanded by final consumers and food industry companies. The dried
vegetable sector has become one of the important sub-sectors of the food industry with
the modern drying methods it uses as well as the traditional sun drying method [30,33].
Boiling and steaming are the most widely used traditional cooking methods. Traditional
cooking methods can lead to a loss of nutrients and flavor elements [34]. New cooking
methods are being studied to minimize these losses. The objective of this investigation was
to monitor the effect of different cooking techniques on broccoli moisture, total phenolic,
total flavonoid, and radical scavenging capacity results, polyphenol contents, and their
quantitative values.

2. Results and Discussion
2.1. Total Phenolic and Total Flavonoid Amounts, and Antioxidant Activity Values of Broccoli
Cooked with Different Cooking Techniques

The moisture quantities and bioactive properties of broccoli florets cooked with dif-
ferent cooking techniques are displayed in Table 1. The results showed some changes
depending on cooking techniques compared to the control. The moisture quantities of fresh
and cooked broccoli samples were found to be between 50.84 (microwave) and 91.82%
(conventional boiling). In general, the moisture quantities of broccoli cooked by means of
conventional boiling (open pot), boiling in a vacuum bag, and high-pressure boiling were
established to be higher when compared to fresh, while the moisture amounts of broccoli
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samples cooked with conventional heating and microwave heating application are found
to be lower than those of fresh ones.

Table 1. Bioactive properties of broccoli cooked using different techniques.

Process Moisture Content  Total Phenolic Content Total Flavonoid Antioxidant Activity
(%) (mg/100 g) Content (mg/100 g) (mmol/kg)
Fresh 86.93 +0.09d * 116.69 + 0.74 ¢ 157.30 & 5.06 b 475+ 0.02 ¢
Conventional boiling 91.82 + 0.50 a ** 36.32 + 0.46 f 60.16 + 0.90 f 2.55 4+ 0.10 f
Boiling in a vacuum bag 89.58 + 0.05 ¢ 75.63 £1.24d 92.86 +0.78d 3.75+0.05d
High-pressure boiling 90.41 +£0.70 b 65.05+1.95e 73.81 £0.78 e 3.60 £0.04 e
Conventional heating 72.84 + 0.68 e 148.04 +4.32b 147.78 +2.50 ¢ 4.99 4+ 0.00 a
Microwave heating 50.84 + 1.81 f 423.39 £ 3.96 a 409.68 £ 3.67 a 4.79 +0.00 b
* Standard deviation; ** values within each column followed by different letters are significantly different:

“p < 0.05”.

While the total phenolic amounts of cooked broccoli samples were found to be be-
tween 36.32 (conventional boiling) and 423.39 mg GAE/100 g (microwave heating), the
total phenolic quantity of fresh broccoli samples was 116.69 mg GAE/100 g. Also, the
total flavonoid quantity of fresh broccoli samples was recorded as 157.30 mg/100 g, while
the total flavonoid quantities of cooked broccoli samples ranged between 60.16 (conven-
tional boiling) and 409.68 mg/100 g (microwave heating). In addition, the antioxidant
activities of fresh and cooked broccoli samples were assessed to be between 2.55 (con-
ventional boiling) and 4.99 mmol/kg (microwave heating). While the total phenol and
total flavonoid quantities and the antioxidant activities of broccoli samples cooked by
means of conventional boiling, boiling in a vacuum bag, and high-pressure boiling were
found to be lower compared to the fresh sample, the total phenol, total flavonoid, and
antioxidant activities of broccoli samples cooked in conventional heating and microwave
heating were established to be higher than the results of both fresh broccoli and broccoli
cooked using the other three cooking techniques. The fact that the total phenol and total
flavonoid quantities, and the radical scavenging capacity values of broccoli samples cooked
using conventional and microwave heating were higher than the others is probably caused
by Maillard reaction products that may occur as a result of dry heating. The amount of
total phenols and flavonoids in broccoli samples cooked by means of boiling in a vac-
uum bag, high-pressure boiling, and conventional boiling may have decreased due to the
deterioration of their structure. There were statistically significant changes among the
bioactive characteristics of broccoli cooked with different cooking methods (p < 0.05). Many
physical and chemical changes and thermal deteriorations may occur in the structure of
most vegetables cooked using boiling, microwave oven, steaming, or baking methods [35].
In addition, Maillard reaction products, formed as a result of heat treatment, can produce
stronger antioxidant products [36,37]. The moisture contents of fresh broccoli, water-boiled
broccoli, steamed broccoli, and microwaved broccoli were 89.86%, 93.26%, 91.87%, and
93.27%, respectively [38]. The protein contents (dw) of fresh broccoli, water-boiled broc-
coli, steamed broccoli, and microwaved broccoli were 3.34%, 2.27%, 2.68%, and 2.26%,
respectively [38]. In addition to these, the total phenolic content of broccoli ranged from
412 to 987 mgGAE/100 g in fresh samples [34,39]. The total phenolic contents of raw
broccoli and broccoli cooked using MW, boiling, and steaming were 169.6 mg GAE/100 g,
164.3-185.8 mgGAE/100 g, 164.2-171.3 mgGAE/100 g, and 67.9-139.3 mgGAE /100 g, re-
spectively [40]. The total phenolic content and radical scavenging activity of raw broccoli
were found to be 2282.97 mgGAE/kg and 0.189 mmolTE/g, respectively [5]. The total
phenolic result and radical scavenging activities of raw broccoli cooked using the sous vide
method at different times (5, 10, and 15 min.) ranged between 1845.88 and 2098.96 mg
GAE/kg, and between 0.119 and 0.158 mmolTE/g, respectively [5]. The total phenolic and
antioxidant activity results of raw broccoli cooked using the steaming method at different
times (5, 10, and 15 min.) ranged between 1981 and 2188.3 mg GAE/kg, and between 0.144
and 0.174 mmolTE/g, respectively [5]. The total phenolic content and antioxidant activities
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of raw broccoli cooked using the boiling method at different times (5, 10, and 15 min.)
ranged between 926.56 and 1692.47 mgGAE/kg, and between 0.069 and 0.133 mmolTE/g,
respectively [5]. The total phenolic content of vegetables decreased using both conven-
tional and sous vide cooking methods [41]. The antioxidant activity values of raw broccoli
and broccoli cooked using MW, steaming, and boiling were 637, 563-692, 599-732, and
249-617 pmol TE/100 g, respectively [40]. Turkmen et al. [42] pointed out that the cooking
method with the highest total phenol content of broccoli was microwave cooking. In a
previous study, there were no differences in antioxidant activity between fresh and cooked
broccoli [43]. It has been stated that there are differences even in the antioxidant capac-
ity results of different parts of broccoli [44,45]. Findings pointed out some fluctuations
compared to the results of several studies. These changes in results are probably due to
the genetic variation of the sample, different climatic factors, plant parts, boiling times
and types, agronomical conditions, harvest time, variety, and analytical conditions such as
solvent used and extraction types.

2.2. The Phenolic Compounds of Fresh and Cooked Broccoli Samples

The phenolic profiles and their quantitative results of fresh and cooked broccoli sam-
ples are displayed in Table 2. Catechin, 3,4-dihydroxybenzoic acid, rutin, and gallic acid
were the key phenolic compounds of fresh and cooked broccoli samples (Figure 1). It
was observed that the phenolic components of broccoli were significantly affected by the
applied cooking techniques. It was determined that the amount of phenolic components
of cooked broccoli significantly decreased when compared to the fresh sample. How-
ever, the amounts of some phenolic profiles differed depending on the cooking technique.
The phenolic components of broccoli samples cooked with conventional heating and mi-
crowave heating were higher when compared to the results of fresh broccoli and broccoli
cooked using other cooking techniques. While the gallic acid quantities of broccoli florets
varied between 0.52 (conventional boiling) and 4.29 mg/100 g (microwave heating), the
3,4-dihydroxybenzoic acid quantities of broccoli samples were assessed to be between
0.41 (conventional boiling) and 15.17 mg/100 g (microwave heating). In addition, the
catechin and rutin quantities of fresh and cooked broccoli samples were assessed to be
between 2.24 (conventional boiling) and 54.48 mg/100 g (microwave heating), and between
0.55 (conventional boiling) and 16.33 mg/100 g (microwave heating), respectively. The
highest caffeic (7.07), syringic (6.21), p-coumaric acid (2.03), ferulic acid (4.72), resveratrol
(1.11), quercetin (4.68), cinnamic acid (0.78), and kaempferol (5.12 mg/100 g) were found
in broccoli cooked in the microwave. A significant part of the phenolic compounds in
broccoli were adversely affected by conventional boiling, boiling in a vacuum bag, and high-
pressure boiling methods. The catechin contents of broccoli cooked by means of boiling in
a vacuum bag, high-pressure boiling, and conventional boiling were higher than broccoli
cooked using conventional boiling. There were statistically significant changes among
the phenolic compounds of broccoli cooked with different cooking methods (p < 0.05).
Gunathilake et al. [46] pointed out that there is a decrease in total polyphenolic compounds
during the cooking of some vegetables, and this decrease is probably due to the diffusion of
polyphenolic compounds into boiling water. The effect of cooking methods on the release of
phenolic constituents showed that heat treatments cause a partial hydrolysis of conjugated
polyphenols. The release of polyphenols into free phenolic compounds triggered by heat
treatment has been reported [23,35]. Caffeic acid, chlorogenic acid, and neochlorogenic acid
were the major phenolic acids found in broccoli [45,47]. Fresh broccoli and broccoli cooked
in the microwave contained 1.845 and 0.173 pg/g quercetin, 1.230 and 0.474 isorham-
netin, 4.976 and 7.252 trans-ferulic acid, 0.262 and 1.258 p-coumaric acid, and 52.158 and
46.489 pg/g chlorogenic acid, respectively [48]. Lopez-Hernandez et al. [40] reported
that 0.27 mg/kg gallic acid, 16.43 chlorogenic acid, 0.97 caffeic acid, 10.89 isoquercitrin,
0.16 myricetin, 0.30 luteolin, and 0.12 quercetin were identified in raw broccoli. Also,
0.28-0.32 and 0.29-0.35 mg/kg gallic acid, 11.97-18.76 and 15.25-25.84 chlorogenic acid,
0.72-1.06 and 0.93-1.27 caffeic acid, 10.49-11.16 and 9.87-12.86 isoquercitrin, 0.14-0.18 and
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0.14-0.18 myricetin, 0.31-0.37 and 0.39-15.01 luteolin, and 0.10-0.13 and 0.11-0.15 mg/kg
quercetin were detected in broccoli cooked using MW and steaming, respectively [40]. In
another study, adequate amounts of chlorogenic, neochlorogenic, and ferulic acids were
detected in three broccoli samples (stem, leaf, and flower), while caffeic and p-coumaric
acids were measured in broccoli leaf extracts. In addition, gallic acid and vanillic acid were
detected in broccoli stems and flower extracts, while sinapic acid was detected only in broc-
coli leaves and flower extracts [49]. Our findings illustrated some fluctuations compared to
the results of previous studies. These changes are likely due to broccoli variety, agricultural
and climatic factors, harvest time, used parts, solvent types, extraction methods, and some
other factors such as analytical conditions, storage, and cooking times and types.
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Table 2. Phenolic compounds of broccoli cooked using different techniques.

Phenolic Compounds Fresh Conventional Boiling in a High-Pressure = Conventional Microwave
(mg/100 g) € Boiling Vacuum Bag Boiling Heating Heating
Gallic acid 153 +043c* 0.52+0.01f 1914+ 0.57b 1.02 +£0.36 d 0.66 £022e 429+09%4a
3,4-Dihydroxybenzoic acid 3.48 £ 0.36 b ** 041 +0.10f 213 +026d 177 £022e 283+091c 1517 +0.21a
Catechin 24.00+2.11b 224 +£049f 1093 +1.48d 701+ 143e 1336 +£2.69¢c 5448+ 0.75a
Caffeic acid 0.83+0.30Db 0.13+0.02d 0.15+0.06 ¢ 0.06 £0.0e 0.86 +0.36Db 707 +£0.17 a
Syringic acid 0.60 = 0.06 ¢ 0.08 £0.02e 0.19+0.02d 0.16 £0.04d 0.92+049Db 6.21+0.17a
Rutin 416 +£0.77Db 0.55 £ 0.06 f 129 £0.17d 0.62+0.14e 2.56 4+ 0.69 ¢ 16.33 £ 1.58 a
p-Coumaric acid 021 +0.06e 0.02 £0.00 f 0.08 +£0.01d 0.06 £0.01e 0.36 £0.14b 2.03 £0.06 a
Ferulic acid 0.21 +£0.04d 0.07 £0.03 f 0.12+0.02e 0.26 £ 0.09 ¢ 059 £0.27b 472+£021a
Resveratrol 044 +0.03b 0.07+0.01e 0.31+0.01c 0.134+0.03d 0.46 £0.08 b 1.11+£022a
Quercetin 0.67 £0.04b 0.62+0.11c 0.50+0.08d 040 £0.05e 0.38+0.10 f 468+052a
Cinnamic acid 0.16 £0.03d 0.15+0.03d 0.09 £0.03 e 0.30 4= 0.04 ¢ 0.33+0.04Db 0.78 2 0.04 a
Kaempferol 023+ 0.06e 0.31+£0.08d 0.21 £ 0.06 ef 0.51 £0.06 c 0.74+£0.02b 512+ 047 a

* standard deviation; ** values within each row followed by different letters are significantly different at p < 0.05.

2.3. Mineral and Protein Contents of Broccoli Cooked with Different Cooking Techniques

The mineral and protein results of fresh and cooked broccoli samples are depicted in
Table 3. The most abundant elements in fresh and cooked broccoli samples were K, Ca, P, S,
and Mg. The element with the highest amount among the microelements was Fe, followed
by Zn, Mn, B, and Cu in decreasing order. While the P amounts of fresh and cooked broccoli
samples ranged between 3114.94 (fresh) and 4383.36 mg/kg (conventional boiling), the K
quantities of broccoli samples were assessed to be between 19,638.27 (conventional boiling)
and 32,729.06 mg/kg (boiling in vacuum bag). Also, the Ca and Mg amounts of fresh
and cooked broccoli samples were found to be between 3555.67 (fresh) and 6052.mg/kg
(conventional boiling), and between 1197.02 (fresh) and 5039.27 mg/kg (conventional
heating), respectively. In addition, the S quantities of fresh and cooked broccoli samples
varied between 3167.03 (conventional boiling) and 5112.97 mg/kg (microwave heating).
Looking at the microelements, the Fe and Zn quantities of fresh and cooked broccoli
samples were assessed to be between 41.46 (boiling in vacuum bag) and 55.99 mg/kg
(conventional heating), and between 11.88 (fresh) and 17.53 mg/kg (conventional heating),
respectively. Also, while the Cu results of fresh and cooked broccoli samples ranged
between 2.56 (conventional heating) and 3.55 mg/kg (boiling in vacuum bag), the Mn
amounts of broccoli samples were measured to be between 9.61 (fresh) and 15.22 mg/kg
(high-pressure boiling). In general, the mineral content of broccoli samples cooked by
different methods increased when compared to the control (fresh). Partial reductions were
observed in some of the applied cooking techniques. The protein contents of fresh and
cooked broccoli samples ranged between 13.35% (fresh) and 17.27% (boiling in a vacuum
bag). Therefore, the highest protein in broccoli samples was determined to be in the broccoli
sample cooked by means of boiling in a vacuum bag, followed by the sample cooked using
conventional boiling, high-pressure boiling, microwave heating, conventional heating, and
the fresh sample in descending order. There were statistically significant changes among
the mineral results of broccoli cooked with different cooking methods (p < 0.05). Broccoli
is a good source of elements such as Ca, Mg, Na, K, Ca, Cl, P, and S, and trace elements
such as Fe, Zn, Mn and Cu, which are essential for human nutrition [7,50]. Fresh broccoli,
water-boiled broccoli, steamed broccoli, and microwaved broccoli contained 8.67, 8.01, 8.11,
and 8.61 mg/100 g Zn; 2.66, 1.68, 2.33, and 1.78 mg/100 g Fe; 112.52, 28.52, 94.21, and
63.79 mg/100 g Ca; 562.22, 275.37, 447.72, and 205.20 mg /100 g Mg; 3992.2943.76, 3796.3,
and 2460.02 mg/100 g K; 576.52, 235.45, 379.58, and 256.61 mg/100 g Na; respectively [38].
Fresh broccoli contained 562.22 Mg, 3992.4 K, 576.52 Na, 8.67 Zn, 2.66 Fe, and 112.52 Ca
mg/100 g (dw) [38]. Our results showed some differences with results described by
Farnham et al. [50], Mukherjee et al. [7], and Mansour et al. [38], who stated that broccoli is
a good alternative source of Ca, K, and Na. It was thought that the bioactive properties,
phenolic compounds, and mineral and protein quantities of fresh and cooked broccoli
samples probably vary depending on growing conditions, the harvest time of broccoli, soil
plant nutrient elements, cooking techniques, cooking time, and analytical conditions.
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3. Material and Methods
3.1. Material

Broccoli samples were purchased from a local market in Konya province in Turkey. The
samples were brought in cool conditions to the laboratory, washed, and divided into florets.
The broccoli florets had stems and were approximately 34 cm wide and 6-7 cm long.

3.2. Methods
3.2.1. Boiling and Heating Processes

Broccoli samples were cooked using conventional boiling, boiling in a vacuum bag, a
pressure cooker, conventional heating, and microwave heating for 13, 13, 7, 10, and 10 min.
In the pressure cooker, 7 min was taken into account as the cooking time from the steam exit.
In the oven, after the temperature was adjusted to 200 °C, a cooking time of 10 min was
applied. The sous vide process was carried out using 100 g broccoli in plastic packaging
at 100 °C/10 min. Conventional boiling was carried out in an open pot. Also, broccoli
samples were heated in a microwave at 720 W for 10 min.

3.2.2. Determination of Moisture Results of Broccoli Samples

The moisture results of broccoli samples were recorded using the KERN & SOHN
GmbH infrared moisture analyser.

3.2.3. Determination of Protein Quantities of Broccoli Samples

The protein contents of the broccoli samples were established according to the AOAC [51]
method.

3.2.4. Extraction Procedure

Broccoli samples were extracted according to the study recognized by Girgin and
El [52]. After 3 g powdered broccoli samples was added to 20 mL of solvent (methanol-
water, 80:20, v/v), the solution was stored in an ultrasonic bath for 30 min. Then, it was
centrifuged for 10 min. The supernatant was removed and these steps were carried out
twice with 20 mL of solvent. The combined extracts were used for analyses.

3.2.5. Total Phenolic Results of Broccoli Samples

The Folin—Ciocalteu (FC) reagent was used to determine the total phenolic contents of
broccoli extract according to Yoo et al. [53]. FC (1 mL) and NayCOs3 (10 mL) were added
to the extract and mixed using a vortex mixer. Deionized water was added until the final
volume was 25 mL, and the sample was kept in darkness for 1 h. After pre-processing, the
absorbance value of the sample was recorded at 750 nm. The findings are stated as mg
gallic acid equivalent/100 g.

3.2.6. Total Flavonoid Content of Broccoli Samples

The total flavonoid results of broccoli samples were obtained according to the work
recognized by Hogan et al. [54]. After pre-processing, the absorbance result of the mixture
was measured at 510 nm. The findings obtained are given as mg quercetin (QE)/100 g.

3.2.7. Antioxidant Activity Results of Broccoli Samples

1.1-diphenyl-2-picrylhydrazyl (DPPH) was applied for the antioxidant activity results
of broccoli extracts [55]. The extract was added to 2 mL of a methanolic solution of DPPH,
and was then vortexed and kept in darkness for 30 min; the absorbance of extracts was
obtained at 517 nm. The results obtained are given as mmol trolox (TE)/kg.

3.2.8. Phenolic Compounds

A High Performance Liquid Chromatography unit mounted on a PDA detector and an
Inertsil ODS-3 (5 um; 4.6 x 250 mm) column were used for the chromatographic separation
of the phenolic compounds of broccoli samples. The injection volume was 20 uL. The peaks
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were recognized at 280 using a PDA detector. The mobile phase was a mixture of 0.05%
acetic acid in water (A) and acetonitrile (B) with a flow rate of 1 mL/min at 30 °C.

3.2.9. Determination of Minerals of Broccoli Samples

After 0.5 g broccoli powder, dried at 70 °C, was incinerated by using 5 mL of 65%
HNO3 and 2 mL of 35% H,O; in a closed microwave, its volume was completed with
20 mL distilled water. Minerals were measured using ICP-AES [56].

3.3. Statistical Analyses

The JMP version 9.0 statistical analysis method was used for the analysis of variance.
The mean of the triplicate analysis data was subjected to analysis of variance. The significant
differences among the values of control and cooking types were determined using Duncan’s
Multiple Range Test (p < 0.05).

4. Conclusions

Cooking methods affect the bioactive substances, phenolic profiles, mineral result,
and antioxidant activity observed in broccoli. The total phenol, total flavonoid, and radical
scavenging capacity results of broccoli samples cooked using conventional boiling, boiling
in a vacuum bag, and boiling in a steam cooker were found to be lower compared to the
fresh sample. The conventional and microwave heating methods can be recommended
as heat treatments that better preserve the original content of beneficial substances in
broccoli. More studies are needed to preserve the content of health-promoting nutrients in
consumed broccoli, gain new insights, and optimize the way broccoli is cooked. Cooking
techniques and times had significant effects on the bioactive components, antioxidant
activities, polyphenol contents, mineral results, and protein values of broccoli. The bioactive
properties of broccoli samples cooked using conventional heating and microwave heating
were established to be higher than the results of both fresh broccoli and broccoli cooked
using the other three cooking techniques. The phenolic constituents of broccoli samples
cooked with conventional heating and microwave heating were higher when compared
to the results of fresh broccoli and broccoli cooked using the other cooking techniques.
Therefore, the highest protein in broccoli samples was determined to be in the broccoli
sample cooked by means of boiling in a vacuum bag, followed by the sample cooked using
conventional boiling, boiling in a steam cooker, microwave heating, conventional heating,
and the fresh sample in descending order.
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Abstract: Phedimus aizoon has been utilized as a medicinal plant in Asia. However, the production of
phytochemical-rich extracts from P. aizoon and the evaluation of their bioactivity are limited. Herein,
phytochemical-rich extracts were prepared by ultrasound-assisted extraction of P. aizoon, with a high
extraction yield of 16.56%. The extracts contained about 126 mg of phenolics and 31 mg of flavonoids
per g of the extracts. The chromatographic analysis (GC-MS and HPLC analyses) identified 19 notable
phytochemicals of the extracts from P. aizoon, including pentacosane, hexadecanoic acid, gallic acid,
vanillic acid, and quercetin. The gallic acid content of the extracts was relatively high at 2.75 mg/g.
The identified compounds are known to have various bioactivities, such as antioxidant, antibacterial,
and antifungal activities. In fact, the prepared extracts exhibited antioxidant activity at 24-28% of
that of ascorbic acid. In addition, it showed antibacterial activity against both Escherichia coli (Gram-
negative bacteria) and Staphylococcus aureus (Gram-positive bacteria). This study highlights that P.
aizoon deserves attention as a natural bioactive substance and emphasizes the need for applications
of the extracts from P. aizoon.

Keywords: medicinal plant; Phedimus aizoon; bioactive compound; chromatographic analysis; gallic
acid; vanillic acid

1. Introduction

Phedimus aizoon (formerly known as Sedum aizoon) is a perennial herbaceous species of
the Crassulaceae family and is widely distributed in China, Korea, Japan, and Mongolia [1].
P. aizoon has been recognized as a medicinal and edible plant with various pharmacological
effects, such as protecting the cardiovascular system, enhancing immunity, stopping bleed-
ing, and tranquilizing the mind [2,3]. The pharmacological effects of P. aizoon (or S. aizoon)
were introduced in ancient medical classics in China [3]. P. aizoon has been reported to con-
tain a variety of bioactive constituents, such as flavonoids, phenolic acids, and triterpenes,
which have been considered to contribute to its bioactivities [4,5]. Nevertheless, compared
to other medicinal plants, there are few reports on the phytochemical characteristics and
bioactivities of P. aizoon. For the sustainable utilization of P. aizoon, efficient extraction,
isolation, identification, and activity evaluation of bioactive compounds are needed.

As one of the strategies for recovering bioactive compounds from plant material, the
extraction process (techniques and conditions) can be optimized to maximize the extraction
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yield of the target bioactive compound [6,7]. Prior to this, the extracts must be system-
atically characterized in terms of the aspects of their phytochemical compositions and
bioactivities [8]. In previous studies, non-conventional techniques, such as ultrasound-
assisted extraction (UAE) [9] and microwave-assisted extraction (MAE) [10], have been
recommended as efficient methods to extract bioactive compounds including flavonoids
from P. aizoon. However, the information on the phytochemical profiles and bioactivity
of P. aizoon extracts obtained by using non-conventional techniques is limited. Previous
studies detected bioactive compounds of P. aizoon extracts obtained by using a conventional
extraction technique known as maceration, using various analyses such as chromatography,
infrared spectroscopy, mass spectrometry, and nuclear magnetic resonance, and the follow-
ing compounds were identified: caffeic acid, gallic acid, vanillic acid, luteolin, quercetin,
kaempferol, myricetin, and rutin [3]. In addition, Odeh et al. [11] reported the presence of
caffeic acid, catechin, gallic acid, hesperidin, and rutin in S. rubens, another species of Sedum.
These phenolics and flavonoids contribute to the bioactivities and medicinal functions of P.
aizoon; thus, their contents should be studied after the extraction process.

Herein, we aimed to perform the phytochemical characterization and bioactivity
evaluation of P. aizoon extracts obtained by UAE. Total phenol and flavonoid contents
were quantified, and the phytochemicals were analyzed by gas chromatography-mass
spectrometry (GC-MS) and high-performance liquid chromatography (HPLC) analyses.
In addition, the bioactivities (antioxidant and antibacterial) of P. aizoon extracts were
evaluated. The present study aims to contribute to advancing our biochemical knowledge
of the medicinal plant P. aizoon and, in particular, to explore the potential of its extracts,
which are rich in bioactive compounds, from the UAE process.

2. Materials and Methods
2.1. Chemicals

Ascorbic acid (or vitamin C), Folin-Ciocalteu reagent, NaNO,, 2,2'-azino-bis(3-
ethylbenzothiozoline)-6-sulfonic acid (ABTS), 2,2-diphenyl-1-picrylhydrazyl radical (DPPH),
NayCO3, gallic acid, vanillic acid, luteolin, quercetin, catechin, rutin, and hesperidin were
acquired from Sigma-Aldrich (St. Louis, MO, USA). Kaempferol and myricetin were ac-
quired from Tokyo Chemical Industry (Tokyo, Japan). Methanol, AlCls;, and NaOH were
acquired from Duksan Chemical (Ansan, Republic of Korea).

2.2. Plant Material

Phedimus aizoon (L.) 't Hart was collected in Tsagaannuur district, Huvsugul province,
Mongolia, and identified by Dr. Badamtsetseg Bazarragchaa at the National History
Museum of Mongolia in August 2015 (Figure 1). A voucher specimen (accession number
KRIB 0070462) of the retained material is preserved at the herbarium of KRIBB.

2.3. Ultrasound-Assisted Extraction (UAE) of Bioactive Compounds from Phedimus aizoon

A mixture of leaves, shoots, and flowers of P. aizoon was used for the extraction.
The plant materials were dried in the shade and powdered (water content: 19.1%). In
general, methanol is commonly used in the extraction process of bioactive compounds,
including flavonoids; thus, methanol was used as an extraction solvent [10,12]. A total of
55 g of plant material was immersed in 1 L of methanol (99.9%) and extracted using an
ultrasonic extractor (SDN-900H, SD-ULTRASONIC, Co., Ltd., Seoul, Republic of Korea) for
30 cycles (40 KHz; 1500 W; 15 min sonication and 120 min standing) at room temperature.
After extraction, the extracts were filtered and then concentrated at 45 °C using a rotary
evaporator (N-1000SWD, EYELA, Tokyo, Japan) and freeze-dried.
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Figure 1. Mongolian plant Phedimus aizoon (L.) ‘t Hart.

2.4. Phytochemical Analysis
2.4.1. Estimation of Phenolic Content and Flavonoid Content

The total phenolic and flavonoid contents of the extracts from P. aizoon were measured
according to our previous study [12]. For the estimation of total phenolic content, 10 uL
of the sample (i.e., the extracts dissolved in methanol), 790 uL of water, and 50 pL of
Folin—-Ciocalteu reagent were mixed and incubated at 30 °C. After 8 min, 150 pL of Nay,COs3
(20% solution) was added and incubated at 25 °C. After 60 min, the absorbance (A) of the
final mixture was recorded at 700 nm. The data are shown as mg caffeic acid equivalent
(CAE) per g extracts. For the estimation of total flavonoid content, 50 uL of the sample
and 30 pL of NaNO, (5% solution) were mixed and incubated at 25 °C. After 6 min, 50 pL
of AlCl3 (10% solution) was added and incubated at 25 °C. After 5 min, 300 pL. of NaOH
(1 M solution) and 1000 puL of water were added and incubated at 25 °C. After 15 min, the
absorbance (A) of the final mixture was recorded at 510 nm. The data are shown as mg
catechin equivalent (CE) per g extracts.

2.4.2. GC-MS Analysis

GC-MS analysis was performed according to previous studies [13,14] with minor
modifications. The extracts from P. aizoon were dissolved in methanol, with a final concen-
tration of about 5 ng/mL. The analysis was performed using GC 7890A, 5975C (Agilent,
Santa Clara, CA, USA), equipped with a DB 5MS column (0.25 mm x 0.25 pm, 30 m
length) with a single quadrupole detection system and an injection volume of 1 uL. The
detailed conditions were set as follows: run time, 34 min; oven temperature, initially 60 °C
and increased to 280 °C at a rate of 10 °C/min. The National Institute of Standards and
Technology (NIST) Library database was used to identify compounds in P. aizoon extracts.

2.4.3. HPLC Analysis

For the quantification of several phytochemicals in the sample (i.e., the extracts dis-
solved in methanol), the HPLC-diode array detector (DAD) (G7117C, Agilent, Santa Clara,
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CA, USA) analysis was conducted according to our previous study [12]. An INNO column
C18 (5 um, 4.6 mm x 250 mm) was used for analysis and the column temperature was
set to 25 °C. A volume of 5 pL of the sample was injected, and the gradient mode was set
as follows (solvent A, 0.03% phosphoric acid in deionized water; solvent B, acetonitrile):
0 min, 90% A; 15 min, 80% A; 28 min, 60% A; 36 min, 25% A; 38 min, 90% A; and 50 min,
90% A. The monitoring wavelengths were 250 nm (for vanillic acid), 280 nm (for caffeic
acid and gallic acid), and 360 nm (for luteolin, quercetin, and kaempferol). The standard
materials of the phytochemicals were selected based on a previous study, which reported
the major phytochemicals of P. aizoon [3].

2.5. Assessment of Antioxidant and Antibacterial Activity
2.5.1. Antioxidant Activity

Various concentrations of the extracts (20-60 and 240-280 ng/mL) or ascorbic acid
(7-11 and 50-90 pg/mL) were prepared and then used to evaluate their antioxidant ac-
tivity. The ABTS method can be used to evaluate the antioxidant activity of hydrophilic
and lipophilic compounds, whereas the DPPH method can only evaluate hydrophobic
compounds. Therefore, the antioxidant activity of the extracts was assessed based on two
methods [12,15]. After the ABTS cation radical scavenging reaction of P. aizoon extracts, the
absorbance (A) was recorded at 734 nm. The radical scavenging activity was calculated
using Formula (1). After the DPPH free radical scavenging reaction of P. aizoon extracts, the
absorbance (A) was recorded at 517 nm. The radical scavenging activity was calculated
using Formula (1).

Radical scavenging activity (%) = (1 — Agample/Acontrol) X 100, 1)

where A is the absorbance at 734 nm or 517 nm (blank solution: methanol). The data are
expressed as the concentration of P. aizoon extracts required to scavenge 50% of the initial
radicals (i.e., ICsp).

2.5.2. Antibacterial Activity

The antibacterial activity of P. aizoon extracts was evaluated according to Dutta
et al. [16] with minor modifications. Escherichia coli and Staphylococcus aureus were cultured
in a nutrient broth medium for 24 h. The cultured broth with an optical density at 600 nm
(ODgoo nm) = 0.1 was inoculated into 5 mL of the nutrient broth medium. P. aizoon extracts
were not included in the control group, and the extracts were added to the experimental
group (final concentration of extracts in medium = 1 g/L). The broth was incubated at
37 °C and 180 rpm for 1 day, and the ODgpg nm of the broth cultured for 4, 8, and 24 h was
measured. In addition, to confirm viable cells, the broth cultured for 24 h was spread on a
nutrient agar plate and incubated at 37 °C for 1 day.

2.6. Statistical Analysis

The extraction process was performed in triplicate to determine the extraction yield
from P. aizoon. Phenol and flavonoid content determination and bioactivity (antioxidant and
antibacterial activity) evaluation were performed in triplicate. All data are expressed as the
mean =+ standard deviation. Chromatographic analysis was performed once. Significant
differences in antioxidant and antibacterial activities between the control (or reference
group) and the experimental group were identified by a t-test with Sigmaplot (version 12.5;
Systat Software Inc., San Jose, CA, USA).

3. Results
3.1. Analysis of Phytochemicals in Extracts from Phedimus aizoon

Ultrasound-assisted extraction was performed to produce extracts from P. aizoon. As a
result, the extraction yield was determined to be 16.56 £ 0.39% (dry weight basis) (Table 1).
The content of phenolics and flavonoids in the extracts plays an important role in their

16



Plants 2024, 13, 1915

bioactivity, and thus, the analysis was carried out on P. aizoon extracts. The total phenolic
content and the total flavonoid content of the extracts from P. aizoon were determined to
be 126.3 &+ 2.2 mg caffeic acid equivalent (CAE)/g extracts and 31.0 &+ 0.5 mg catechin
equivalent (CE)/g extracts, respectively, which means that about 12.6% and 3.1% of the
extracts were phenolics and flavonoids (Table 1). Considering the extraction yield (16.56%)
and the phenol and flavonoid content in the extracts, the yield of phytochemicals recovered
from 100 g of P. aizoon was estimated to be about 2.09 g phenol and 0.51 g flavonoid /100 g
biomass (dry weight basis).

Table 1. The extraction yield for Phedimus aizoon in the ultrasound-assisted extraction process and the
contents of bioactive compounds in the extracts.

Extraction Yield Total Phenol Content Total Flavonoid Content

16.56 & 0.39% 126.3 + 2.2 mg CAE/g extracts 31.0 £ 0.5 mg CE/g extracts

CAE, caffeic acid equivalent; CE, catechin equivalent.

3.1.1. GC-MS Analysis

GC-MS analysis was performed to extend the phytochemical characterization of the
extracts from P. aizoon to volatile compounds. As a result, the presence of at least 13 com-
pounds was identified by searching in NIST Library (Table 2). Decane, undecane, dodecane,
benzene, 1,3-bis(1,1-dimethylethyl)-, cyclohexasiloxane, dodecamethyl-, tetradecane, 2,4-
di-tert-butylphenol, and hexadecanoic acid, methyl ester had a quality of at least 90%. The
other five compounds (Dodecane, 1-iodo-, Cycloheptasiloxane, tetradecamethyl-, Penta-
cosane, 10-Methylnonadecane, and Hentriacontane) were identified as having a quality
(library match) of at least 80%.

Table 2. Profiles of phytochemicals of extracts from Phedimus aizoon in GC-MS analysis.

No. Compound ! RT (min) Molecular Weight Formula Quality
1 Decane 6.290 142 Ci0Ha 91
2 Undecane 7.886 156 C11Hoy 90
3 Dodecane 9.423 170 Cq12Hpg 94
4 Benzene, 1,3-bis(1,1-dimethylethyl)- 10.192 190 Ci4H»» 95
5 Dodecane, 1-iodo- 10.522 296 CioHpslI 80
6 Cyclohexasiloxane, dodecamethyl- 10.807 444 C12H36065ig 91
7 Tetradecane 12.242 198 Ci4Hjzg 97
8 Cycloheptasiloxane, tetradecamethyl- 13.026 519 C14H4O5Siy 87
9 Pentacosane 13.377 352 CysHsp 86
10 2,4-Di-tert-butylphenol 13.611 206 C14H» O 93
11 10-Methylnonadecane 13.948 282 CooHyo 80
12 Hentriacontane 15.896 437 C31Hgy 86
13 Hexadecanoic acid, methyl ester 18.276 270 C17H340, 97

! Compounds with a quality of at least 80% are listed.

3.1.2. HPLC-DAD Analysis

Major bioactive compounds of P. aizoon, including phenolics and flavonoids, were
analyzed by HPLC-DAD analysis (Figure Al). As known compounds of Phedimus, caffeic
acid, gallic acid, vanillic acid, luteolin, quercetin, kaempferol, catechin, myricetin, rutin,
and hesperidin were analyzed. Table 3 lists the detected compounds and their content in
the extracts from P. aizoon. The contents (mg/g extracts) were high in the order of gallic acid
(2.75), vanillic acid (0.50), quercetin (0.19), caffeic acid (0.13), luteolin (0.12), and kaempferol
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(0.06). Other bioactive compounds such as catechin, myricetin, rutin, and hesperidin were
not detected.

Table 3. Major phenolic acids and flavonoids in extracts from Phedimus aizoon in HPLC analysis.

Caffeic Gallic Vanillic . .
Compound acid acid acid Luteolin ~ Quercetin ~ Kaempferol
Content (mg/g 0.13 275 050 0.12 0.19 0.06
Extracts)

3.2. Bioactivities of Extracts from Phedimus aizoon
3.2.1. Antioxidant Activity

The antioxidant activity of P. aizoon extracts was evaluated based on radical scavenging
activity. Two radicals (ABTS cation and DPPH free) were used for the evaluation, and the re-
sults are shown in Table 4. In an ABTS cation radical-based evaluation, 260.0 & 2.6 pg/mL
of the extracts was required for scavenging 50% of the radical. As a reference antioxidant,
72.9 & 1.0 pg/mL of ascorbic acid was required for scavenging 50% of the ABTS cation
radical. In a DPPH free radical-based evaluation, 41.0 &= 2.3 ug/mL of the extracts or
9.8 + 0.2 ug/mL of ascorbic acid was required for scavenging 50% of the DPPH free radi-
cal. The results imply that the activity of the extracts to scavenge ABTS cation and DPPH
free radicals is 28% and 24% of that of ascorbic acid, respectively.

Table 4. ABTS cation and DPPH free radical scavenging activity of Phedimus aizoon extracts. The
asterisk indicates a significant difference compared to the reference antioxidant (p < 0.05).

Radical Scavenging Activity (ICsp, ug/mL)

Sample
ABTS Cation Radical DPPH Free Radical
Phedimus aizoon extracts 2600 £2.6* 41.04+£23*
Ascorbic acid (reference) 729 £ 1.0 9.8 £0.2

3.2.2. Antibacterial Activity

The antibacterial activity of the extracts from P. aizoon was evaluated based on cell
growth profiling. The medium with 1 g/L of the extracts from P. aizoon was used for the
qualitative evaluation, and the results are shown in Figure 2. In the medium without
the extracts from P. aizoon, the growth of E. coli (Gram-negative bacteria) and S. aureus
(Gram-positive bacteria) was increased by 24 h. The cell growth (ODgpg nm) of E. coli and
S. aureus measured at 4, 8, and 24 h was approximately 0.12, 0.29, and 0.71 and 0.12, 0.19,
and 0.90, respectively. In contrast, no growth of E. coli and S. aureus cells was observed in
the medium with the extracts from P. aizoon at 24 h. Preliminary investigations on the an-
tibacterial activity of the positive control (ampicillin) showed that the minimum inhibitory
concentration against E. coli and S. aureus was about 1.6 and 0.8 mg/L, respectively. Agar
plates spread with 24 h-cultured broth of two strains proved that there were no viable cells
of the two strains (Figure 2).

18



Plants 2024, 13, 1915

1.2 da
—{ 1 E. coli (control)

—@— E. coli (1 g/L extract)

1.04 —o—s. aureus (control)

—@— S. aureus (1 g/L extract) .

—@— E. coli (1 g/L extract)
x 1

—@— S. aureus (1 g/L extract)

Time (h)

Figure 2. The profiles of the cell growth (ODgygnm) of Escherichia coli (Gram-negative bacteria) and

Staphylococcus aureus (Gram-positive bacteria) in nutrient broth media with (experimental group) or
without (control group) extracts from Phedimus aizoon. Viable cells of both bacteria were not observed in
the nutrient agar medium after being spread with the 24 h-cultured broth and incubated, as shown in
the right side. The asterisk indicates a significant difference compared to the control group (p < 0.05).

4. Discussion

The extraction yield in the ultrasound-assisted extraction (UAE) process for P. aizoon
was about 16.56%, and the total phenol and flavonoid contents of the extracts were
126.3 £ 2.2 and 31.0 & 0.5 mg/g, respectively (Table 1). This means that the phenol yield
and flavonoid yield were 1.69% (i.e., 1692.4 mg/g) and 0.42% (i.e., 415.4 mg/g), respectively.
Few previous studies have quantified the total phenol and flavonoid contents (or yields) of
P. aizoon extracts. Among the conventional extraction techniques, in the maceration process
for P. aizoon, phenol or flavonoid yield was not available. In the Soxhlet extraction process
for P. aizoon, the flavonoid yield was determined to be approximately 18.67 mg/g [10].
In the case of non-conventional extraction processes, the flavonoid yield was achieved at
approximately 24.87 mg/g under optimal MAE conditions (20 min, 57 °C, 20 mL solvent/g
solid, and 80.6% ethanol) [10]. Yin and Batbatan [9] reported the optimal conditions of
the UAE process for P. aizoon, and the flavonoid yield was 10.77 mg/g under the optimal
conditions (1 g solid /55 mL solvent, 60% ethanol, 45 °C, 25 min, and 150 W ultrasound
power). The relatively high flavonoid yield in the present study can be attributed to the
sufficient time (3 days in total) of the UAE process (see Section 2.3). Further studies should
propose optimized UAE conditions to obtain high yields in a shorter time.

The results of the GC-MS analysis identified various phytochemical and bioactive
compounds in the extracts from P. aizoon (Table 2). Cyclohexasiloxane, dodecamethyl- has
been reported to have hair-conditioning, antimicrobial, antiseptic, and skin-conditioning
activities [17]. Cycloheptasiloxane, tetradecamethyl- also has various bioactivities such as
antibacterial, immunomodulatory, antitumor, antifungal, and antifouling activities [17]. In
addition, the biological activities of various phytochemicals detected by GC-MS analysis
have been reported earlier: tetradecane, antioxidant and antifungal activities [18]; penta-
cosane, antibacterial activity [19]; 2,4-Di-tert-butylphenol, antioxidant, anti-inflammatory,
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antibacterial, antiviral, and antifungal activities [20]; hexadecanoic acid, methyl ester, an-
tioxidant and antibacterial activities [21]. As a result of the HPLC-DAD analysis, various
phytochemical and bioactive compounds in the extracts from P. aizoon were quantified
(Table 3). Overall, compounds that previous studies have identified as present in P. aizoon
were detected. Lin et al. [22] identified eleven compounds of P. aizoon by IR, MS, and
NMR, and caffeic acid, gallic acid, vallinic acid, luteolin, quercetin, and kaempferol were
contained in the detected compounds. Xu et al. [23] also identified gallic acid, quercetin,
and kaempferol in P. aizoon extracts using UPLC-DAD-Q-TOF-MS. Phenolic acids (caffeic
acid, gallic acid, and vanillic acid) and flavonoids (luteolin, quercetin, and kaempferol)
contribute to a variety of biological activities, including antioxidant, antibacterial, anti-
inflammatory, and anti-cancer [24]. Thus, P. aizoon extracts containing these phenolics and
flavonoids were expected to exhibit antioxidant and antibacterial activities.

In fact, P. aizoon extracts showed antioxidant and antibacterial activities (Table 4 and
Figure 2). Qi et al. [25] optimized process conditions to maximize the flavonoid extraction
yield from P. aizoon and evaluated the ABTS cation and DPPH free radical scavenging
activities of the extracts based on their flavonoid concentration: (1) P. aizoon extracts and
vitamin C (i.e., ascorbic acid) at 0.3 mg/mL scavenged about 96.2% and 99.0% of ABTS
cation radicals, respectively; (2) P. aizoon extracts and vitamin C at 2.0 mg/mL scavenged
about 85.9% and 98.8% of DPPH free radicals, respectively [25]. In this study, the ICs( of
the prepared P. aizoon extracts was 260 pug/mL and 41 pg/mL for ABTS cation and DPPH
free radicals, respectively (Table 4). Nevertheless, due to the limited number of previous
studies evaluating the antioxidant activity of P. aizoon in vitro and the different criteria for
the concentration (extract or flavonoid), the antioxidant properties of P. aizoon extracts as
natural antioxidants should be further evaluated.

P. aizoon extracts showed antibacterial activity against both E. coli and S. aureus
(Figure 2). Several previous studies have reported the antibacterial activity of P. aizoon
extracts against the Gram-negative bacteria Aeromonas [26], Shewanella putrefaciens [27],
and Pseudomonas fragi [5]. In contrast, Oyungerel and Kim [28] reported that P. aizoon
extracts showed antibacterial activity against S. aureus, but not against E. coli. Based on
these two previous studies and the current study;, it is assumed that P. aizoon extracts have
antibacterial activity against both Gram-negative and Gram-positive bacteria. The antimi-
crobial activity of P. aizoon extracts was summarized as the disruption of cellular metabolic
processes, redox homeostasis, and the cause of damage to the bacterial surface and the
membrane [3]. The treatment of Gram-negative bacteria Pseudomonas fragi with flavonoids
from P. aizoon resulted in the disruption of the intracellular sulfate assimilation pathway
and disturbances in glutathione redox homeostasis [5]. Therefore, the antibacterial activity
of the extract prepared in this study against E. coli could be attributed to these mechanisms.
Until now, regarding the antibacterial activity of P. aizoon extracts, advanced research
(antibacterial mechanism, application as natural replacement for preservatives) has been
focused on Gram-negative bacteria [5,26,27]; thus, further studies should be conducted
in depth on Gram-positive bacteria. In addition, for industrial production of P. aizoon
extracts, an evaluation of the usability of solvents that are generally recognized as safe
(GRAS) and optimization of the extraction process can be performed [29]. The produced
P. aizoon extracts are expected to be utilized as bioactive compounds for the fabrication of
antioxidant and antibacterial polymers and nanocomposites [30,31].

5. Conclusions

In conclusion, this study established the composition and bioactivity of phytochemical-
rich P. aizoon extracts with high potential as natural bioactive substances. By applying
the ultrasound-assisted extraction (UAE) process, the extracts were produced from P.
aizoon with a yield of about 16.56%, of which more than 12.6% were phenolic compounds.
Well-known bioactive compounds such as cyclohexasiloxane, dodecamethyl-, tetradecane,
pentacosane, and hexadecanoic acid were identified, and six compounds were quantified,
including gallic acid, vanillic acid, and quercetin. Of these, gallic acid was present in the
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highest amount at 2.75 mg/g extract. The prepared P. aizoon extracts showed outstanding
ABTS cation radical scavenging activity (ICsg: 260.0 &= 2.6 pg/mL) and DPPH free radical
scavenging activity (ICsqp: 41.0 £ 2.3 pg/mL), which were 28% and 24% of the activity
of ascorbic acid. Furthermore, the antibacterial activity of P. aizoon extracts was effective
against both Gram-negative and Gram-positive bacteria. This study provides useful infor-
mation for further phytochemical and biological studies on P. aizoon regarding the aspects

of in vivo bioactivity, antibacterial mechanism, and applications.
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Appendix A

Figure A1l. High-performance liquid chromatography chromatograms for Phedimus aizoon extracts.
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Abstract: In this study, we investigated the effects of gamma irradiation on the antioxidant activity
and metabolite profiles of Euphorbia maculata calli (PC3012). Gamma irradiation at various doses
(0,0.05, 0.5, and 10 kGy) significantly enhanced the 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2’-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS") radical scavenging activities of the callus
extracts of PC3012 in a dose-dependent manner. High-performance liquid chromatography (HPLC)
and ultra-performance liquid chromatography-quadrupole time-of-flight/mass spectrometry (UPLC-
Q-TOF/MS) analyses revealed that irradiation increased the lysophospholipid content, although
no new antioxidant compounds were formed. Furthermore, a PLS-DA analysis revealed evident
metabolic differences between non-irradiated and irradiated samples, which were further verified by
statistical validation. These findings suggest that gamma irradiation induces specific biochemical
modifications that enhance the bioactive properties of PC3012 calli. This technology exhibits potential
for utilization in the natural product and food sectors, particularly in the development of functional
foods and nutraceuticals with improved health benefits.

Keywords: Euphorbia maculata; gamma irradiation; plant-derived callus; radical scavenging;
UPLC-QTOF/MS

1. Introduction

Studies were conducted approximately 30 years ago to enhance the production of
secondary metabolites by inducing alterations in plant metabolic enzymes [1]. Several
studies have demonstrated that irradiation under controlled conditions can result in ben-
eficial hormonal responses in plants; therefore, exposure to low doses of radiation may
have beneficial effects on plant growth [2]. Recent research is beginning to elucidate the
molecular basis of these alterations, as well as their relationship with phenotypic changes.
Heat shock proteins, the proteasome, activation of the kinase cascade, nitrogen metabolism,
plant hormone balance, and antioxidant response mechanisms were all observed to un-
dergo changes. It is possible that these alterations are the basis for hormonal responses in
irradiated plants [3]. Gamma irradiation is a widely used technique for food preservation,
sterilization, and the enhancement of plant-derived bioactive properties [4]. This process
involves the exposure of substances to gamma rays, which can induce various biochemical
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changes, potentially leading to improved biological activities [5]. However, investigations
into the formation of natural materials using such radiation are inadequate, and studies on
the activity of secondary metabolites in many different plants are required. Recent research
has shown that gamma irradiation can significantly alter plant metabolism, particularly
in the regulation of secondary metabolites such as chlorophylls, carotenoids, and antho-
cyanins. For instance, in Arabidopsis thaliana, gamma irradiation has been linked to delayed
senescence and enhanced photosynthetic efficiency by preserving the integrity of chloro-
plasts and thylakoid membranes [6,7]. These findings suggest that gamma irradiation not
only serves as a mutagenic agent but also as a potential enhancer of plant resilience and
bioactive compound production, thereby highlighting the need for further studies on its
effects across various plant species.

Euphorbia maculata, a member of the family Euphorbiaceae, is extensively natural-
ized in Korea, Japan, and China [8]. This plant is characterized by soft, prostrate, and
branched stems that spread along the ground, and the leaves have distinctive red spots on
the central vein. Traditionally, E. maculata has been used to alleviate bleeding and various
ailments, including epistaxis, wounds, diarrhea, dysentery, carbuncles, and warts [9,10].
Previous phytochemical investigations of E. maculata have led to the isolation of several
novel compounds, such as triterpenoids, flavonoids, tannins, and phenolic acids [11,12].
Pharmacological studies have confirmed its wide variety of biological activities, includ-
ing antibacterial, antifungal, antioxidant, anti-inflammatory, anti-osteoporotic, anticancer,
antiplatelet, anti-tyrosinase, and anti-obesity effects [13]. However, there have been no
studies on the functionality and primary ingredients of calli.

Callus culture, the in vitro cultivation of plant cells, offers a controlled environment
for studying and enhancing the production of valuable phytochemicals [14]. This tech-
nique is crucial for investigating the biosynthetic pathways and stress responses of plants,
leading to the development of novel compounds with enhanced bioactivity. Callus cul-
tures are extensively used in a variety of research disciplines, including plant physiology,
biochemistry, and pharmacology, and are also employed in the production of medicinal
compounds, genetic modifications, and the conservation of rare plant species [15]. In
the present study, we investigated the effects of gamma irradiation on the antioxidant
activity and metabolite profiles of E. maculata callus. By employing assays such as 1,1-
diphenyl-2-picrylhydrazyl (DPPH) and 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid (ABTS") radical scavenging activities, along with an advanced ultra-performance
liquid chromatography-quadrupole time-of-flight/mass spectrometry (UPLC-Q-TOF/MS)
analysis, we aimed to elucidate the specific biochemical changes induced by gamma ir-
radiation. This study aimed to contribute to the growing body of knowledge on the use
of irradiation to enhance the functional properties of natural products, with potential
applications in the development of functional foods and nutraceuticals.

2. Results
2.1. Radical Scavenging Ability of Plant-Derived Callus by Gamma Irradiation

Plant-derived callus cultures are valuable because of their ability to produce high
concentrations of bioactive compounds [16]. In this study, we evaluated the radical scav-
enging activities of three plant-derived calli (E. maculata, Punica granatum, and Potentilla
fragarioides) after gamma irradiation. Figure 1 shows that gamma irradiation significantly
affects the antioxidant activities of the calli, as evidenced by changes in DPPH and ABTS*
radical scavenging activities at a concentration of 100 pg/mL. The DPPH radical scav-
enging activity of E. maculata calli (PC0312) increased from 61.0% to 85.9%, whereas that
of P. fragarioides calli (PC3062) slightly improved from 34.1% to 41.4%. Conversely, the
DPPH radical scavenging activity of P. granatum calli (PC3026) decreased from 61.8% to
31.8% (Figure 1A). Similarly, the ABTS* radical scavenging activity of the PC3012 extract
increased from 74.8% to 94.0% (Figure 1B). Among the three callus extracts, E. maculata cal-
lus (PC0312) exhibited the highest increase in both DPPH and ABTS* scavenging activities,
indicating greater sensitivity to gamma irradiation.
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Figure 1. DPPH and ABTS" radical scavenging activities of three plant-derived calli after gamma
irradiation. (A) DPPH radical scavenging assay; (B) ABTS* radical scavenging assay. Radical
scavenging ability was measured at 100 ng/mL. The results are expressed as mean + SD (1 = 3).
Statistical analyses were performed using a two-way ANOVA, followed by Tukey’s post hoc test.
Different letters represent statistically significant differences at p < 0.05. PC0312: E. maculata callus;
PC3026: P. granatum callus; PC3062: P. fragarioides callus.

2.2. Radical Scavenging Ability of E. maculata Callus after Different Doses of Gamma Irradiation

E. maculata extracts have shown a diverse range of functional properties, including
antioxidant, anti-inflammatory, and antimicrobial activities [17]. In our study, E. maculata
extracts exhibited the greatest increase in antioxidant activity (Figure 1). However, research
related to E. maculata calli is scarce. In this experiment, we evaluated the antioxidant
activities of E. maculata calli (PC3012) exposed to various gamma irradiation doses. Figure 2
depicts the antioxidant activity of E. maculata calli (PC3012), at different gamma irradiation
doses (0, 0.05, 0.5, and 10 kGy). The DPPH radical scavenging activity increased from
an initial value of 61.0% to 70.9%, 76.2%, and 85.9% at 0.05, 0.5, and 10 kGy of gamma
irradiation, respectively, showing a clear dose-dependent activity enhancement (Figure 2A).
Similarly, the ABTS* radical scavenging activity increased from 74.8% at 0 kGy to 94.0% at
10 kGy, indicating a significant improvement in antioxidant capacity with increasing gamma
irradiation doses (Figure 2B). To further understand the specific changes in antioxidant
compounds, we hypothesized that gamma irradiation modifies key phytochemicals within
the callus. Consequently, we performed HPLC and UPLC-Q-TOF/MS analyses to identify
and characterize the specific substances that have changed after irradiation.
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Figure 2. DPPH and ABTS* radical scavenging activities of E. maculata callus extracts at gamma
radiation doses of 0, 0.05, 0.5, and 10 kGy. (A) DPPH radical scavenging assay; (B) ABTS* radical
scavenging assay. Radical scavenging ability was measured at 100 pg/mL. The results are expressed
as mean =+ SD (n = 3). Statistical analyses were performed using a two-way ANOVA, followed by
Tukey’s post hoc test. Different letters represent statistically significant differences at p < 0.05. PC:
(+)-Catechin used as a positive control.
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2.3. High-Performance Liquid Chromatography (HPLC) Analysis of E. maculata Callus by
Gamma Irradiation

A high-performance liquid chromatography (HPLC) analysis revealed significant
differences in the chemical profiles of the non-irradiated and irradiated E. maculata callus
extracts. The 10 kGy irradiated samples exhibited higher peak intensities and additional
peaks at 254 nm (Figure 3A) and 360 nm (Figure 3B) than the non-irradiated and lower
gamma-dose samples. No significant difference was observed between the calli extracts
exposed to low irradiation doses (0.05 and 0.5 kGy) and the non-irradiated sample. The
10 kGy samples exhibited more pronounced peaks at 11.6 and 13.8 min retention times,
indicating that higher irradiation doses contribute to an increase in specific compounds.
These results suggest that the gamma irradiation induced changes in the metabolite profiles
of the callus. The increased peak intensities and appearance of new peaks in the irradiated
samples imply the enhanced production of certain phytochemicals and the formation of
novel compounds. These changes enhanced the bioactive properties of the extracts.
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Figure 3. HPLC chromatograms of non-irradiated and irradiated E. maculata (PC3012) callus extracts.
(A) 254 nm; (B) 360 nm. See the Materials and Methods section for experimental conditions. Arrow
shows the increased peak by gamma irradiation in plant callus.

2.4. Identification of Compounds Produced in E. maculata Callus by Gamma Irradiation

The predominant compounds in plant-derived calli of E. maculata (Figure 4) were
identified using UPLC-Q-TOF/MS. The major metabolites were identified by compar-
ing their retention times and MS data with those of authentic reference materials and
previously reported data (Table 1). Moreover, the MS databases HMDB, METLIN, and
ChemSpider were used to confirm the results (Figure S1). A total of 44 metabolites
were identified in E. maculata callus, including 9 amino acid derivatives (; -arginine, N-(1-
deoxy-1-fructosyl)isoleucine, y-glutamyl lysine, N-(1-deoxy-1-fructosyl)phenylalanine, 1 -
phenylalanine, y-glutamylglutamic acid, N-(1-deoxy-1-fructosyl)tryptophan, | -trytophan,
and phenylalanylglycine), 2 sesquiterpenoids (pteroside B and acetylpterosin C), 16 flavonoids
(epicatechin ~ 3-glucuronide,  2/,7-dihydorxy-4’,5'-dimethoxyisoflavone,  epicatechin
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4'-glucuronide, kaempferol 3-thamnosyl-6"-(4"-acetylrhamnosyl)glucoside, leucocyanidin,
kaempferol 3-thamnosyl-(6"-acetyl)galactosyl-7-glucoside, 7-glucosyl-4” glucuronoyl epigallo-
catechin gallate, quercetin 3,7-diglucosyl-4”-galactoside, isoquercitrin, quercetin 3-coumaroyl-
triglucoside, quercetin 3-(2"”,6"'-digalloyl)galactoside, quercetin 3-(2-galloyl)glucoside,
isorhamnetin 3-rutinoyl-4’-rhamnoside, kaempferol 3-(2”’-rhamnosyl-6"-acetyl)galactosyl-
7-rhamnoside, kaempferol 3-feruloyl-triglucoside, and isooreientin), 7 phenolic acids
(sinapic acid, gallic acid 3-O-gallate, quinic acid, chlorogenic acid, methyl gallate, caf-
feic acid ethyl ester, and 1,2,3,4,6-pentagallolyglucose), 7 lipids (dehydrophytosphingo-
sine, lysoPC(18:3), lysoPC(18:2), lysoPC(16:0), lysoPC(18:1), phytosphingsine 1-phosphate,
and PC(18:3/18:3)), and 3 chlorophylls (methyl phaephoribide B, pheophorbide A, and
pheophorbide B). However, the gamma-irradiated E. maculata callus contained only 35 metabo-
lites, excluding y-glutamylglutamic acid, leucocyanidin, isoquercitrin, quercetin 3-coumaroyl-
triglucoside, kaempferol 3-(2”-rhamnosyl-6"-acetyl)galactosyl-7-rhamnoside, kaempferol 3-
feruloyl-triglucoside, isooreientin, phytosphingsine 1-phosphate, and methyl phaephoribide
B (Table 1). After gamma irradiation, the content of the majority of phenolic derivatives
(including flavonoids and phenolic compounds) decreased, but the content of y-glutamyl ly-
sine, N-(1-deoxy-1-fructosyl)phenylalanine, N-(1-deoxy-1-fructosyl)tryptophan, lysoPC(18:2),
lysoPC(16:0), and lysoPC(18:1) significantly increased by 9.0%, 5.4%, 1.9%, 16.6%, 20.4%,
and 12.9%, respectively (Figure 5).
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Figure 4. TIC chromatograms of non-irradiated (A) and irradiated (B) E. maculata calli (PC3012).
Refer to the Materials and Methods section for experimental conditions.
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Table 1. Metabolites identified in the non-irradiated and irradiated Euphorbia maculata calli using

UPLC-Q-TOF/MS/MS.

Metabolite . Exact Mass Fragment Ions Non- .
No. RT (min) Compounds (ml2) (ml2) Irradiated Irradiated
1 0.61 L-Arginine 175.12 70 + +
2 0.65 Pteroside B 381.08 365,219,175 + +
3 0.74 N-(1-deoxy-1-fructosyl)isoleucine 294.15 276,248 + +
4 0.87 y-Glutamyl lysine 276.14 258, 23Oé 62 12,147, + +
5 1.08 Epicatechin 3-glucuronide 467.08 449, 393, 153 + +
6 1.14 N-(1-deoxy-1- 328.14 310, 292, 264 + +
fructosyl)phenylalanine
7 1.19 L-Phenylalanine 166.09 120, 103,91 + +
8 1.30 Sinapic acid 225.04 207,153 + +
9 1.34 Gallic acid 3-O-gallate 323.04 277, 252’2;71’ 153, + +
10 1.40 v-Glutamyglutamic acid 277.04 259,231,171 —
11 159 N-(1-deoxy-1- 367.15 349, 188, 163 +
fructosyl)tryptophan
188, 170, 159, 146,
12 1.71 L-Trytophan 205.10 118,115 + +
!/ 5 i
13 1.93 2,7-Dihydorxy-4',5'- 315.07 297,153 + +
dimethoxyisoflavone

14 1.97 Epicatechin 4’-glucuronide 467.08 341,291, 153 + +
15 2.12 Quinic acid 193.09 149, 131’0;15’ 105, + +
16 2.20 Chlorogenic acid 355.10 193 + +
17 2.25 Methyl gallate 158.04 153, 141, 123,97 + +
18 2.48 Caffeic acid ethyl ester 209.04 177 + +

u "
19 2.56 Kaempferol 3-thamnosyl-67-(47- 783.07 637,619 4 +

acetylrhamnosyl)glucoside
20 2.60 Acetylpterosin C 277.04 259,197,171 + +
21 2.80 1,2,3,4,6-Pentagallolyglucose 941.09 619 + +
22 2.99 Phenylalanylglycine 223.06 177,120 + +
23 3.48 Leucocyanidin 307.04 275,247 + —
/!
o4 357 Kaempferol 3-rhanmosyl—(6 - 783.09 619 + N
acetyl)galactosyl-7-glucoside
"
25 3.65 7-Glucosyl-4"glucuronoyl 797.10 619 + +
epigallocatechin gallate
Quercetin
26 376 3,7-diglucosyl-4"-galactoside 789.11 771,303 * *
27 4.31 Isoquercitrin 465.10 303 + -
28 437 Quercetin 953.10 465, 303 + -
3-coumaroyl-triglucoside
Quercetin
29 4.45 3-2" 6"-digalloylgalactoside 769.09 617, 465, 303 + +
30 a7 Quercetin 3-(2-galloyl)glucoside 617.12 465,315, 505,297, + +
Isorhamnetin

31 5.13 3-rutinoyl-4'-thamnoside 771.10 665, 287 + +

1" i
3 531 Kaempferol 3-(2 —rhamnosyl.—é - 785.09 767, 287 + -

acetyl)galactosyl-7-rhamnoside
33 5.54 Kaempferol 3-feruloyl-triglucoside 967.12 619,287,177 + —
34 5.69 Isooreientin 449.11 317,287 + —
35 14.23 Dehydrophytosphingosine 316.29 298, 280 + +
36 14.48 LysoPC(18:3) 518.33 184 + +
37 14.65 LysoPC(18:2) 520.34 184 + +
38 14.89 LysoPC(16:0) 496.34 184 + +
39 14.94 LysoPC(18:1) 522.35 184 + +
40 15.08 Phytosphingsine 1-phosphate 398.23 280 + -
41 15.20 Methyl phaephoribide B 621.27 531, 487 + —
42 15.29 Pheophorbide A 593.28 531, 487 + +
43 15.53 Pheophorbide B 607.29 547 + +
44 16.06 PC(18:3/18:3) 778.54 184 + +

+: detected; —: not detected.
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Figure 5. Changes in metabolite content (%) of non-irradiated and irradiated Euphorbia maculata
calli (PC3012). The results are expressed as the mean =+ standard deviation (n = 3). * p < 0.05 vs. the
non-irradiated groups. Refer to Metabolite number in Table 1.

2.5. Statistical Analysis of Changes in E. maculata Calli after Gamma Irradiation

The PLS-DA score scatter plot and permutation test analyses (Figure 6) confirmed
the significant effects of gamma irradiation on the metabolite profiles of E. maculata calli.
The scatter plot revealed a distinct separation between non-irradiated and irradiated
(10 kGy) samples, indicating substantial differences in their metabolite compositions. The
permutation test supported the robustness and statistical significance of the PLS-DA model,
with high Ry X (0.831) and Q2 (0.998) values and a p-value of 0.018 (Table S1), which confirm
that the observed metabolic changes were not due to random variation but were induced
by gamma irradiation.

PLS-DA scores scatter plot Permutation test
1
25 PC3012 s
204 H Non-irradiated R2
[ Irradiated (10 kGy) .
15+ Q2
10+ - ;
o
5+ (e
el -
0 n € 0.5
| n &
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—10+ .
R,X= 0.831
—157 R,Y= 1
a0l Q.= 0.998
p-value=0.018 0 ;
— | | : | 0% 50% 100%
-60 40 20 0 20 40 60 Correlation permuted

Y to original Y

Figure 6. PLS-DA scores scatter plot and permutation test analysis of metabolite profiles of non-
irradiated and irradiated E. maculata calli (PC3012). A: R2 values, B: Q2 values.

3. Discussion

The primary objective of this experiment was to investigate the potential of gamma
irradiation to enhance the antioxidant properties and modify the metabolite profiles of
Euphorbia maculata callus. This study builds on previous research suggesting that gamma
irradiation can induce beneficial biochemical changes in plant tissues, making it a valuable
tool for improving the bioactive characteristics of plant-derived materials. The three callus
extracts derived from E. maculata, Punica granatum, and Potentilla fragarioides exhibited
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different responses to gamma irradiation. While the antioxidant activity of the E. maculata
callus (PC0312) significantly increased, as shown by the DPPH and ABTS™ assays, the P.
granatum callus (PC3026) displayed a decrease in antioxidant activity, and the P. fragarioides
callus (PC3062) showed only a slight improvement. These differential responses suggest
that the impact of gamma irradiation on antioxidant activity is highly dependent on the
specific metabolic pathways and the inherent chemical composition of each plant species.
In the case of E. maculata, the increase in antioxidant activity may be attributed to the
upregulation of specific enzymes or the enhanced synthesis of antioxidant compounds
such as flavonoids and phenolic acids, which are known to be sensitive to radiation-
induced stress [18]. The callus of E. maculata may have a robust defense mechanism that is
activated under gamma irradiation, leading to an increase in the production of antioxidant
metabolites. On the other hand, the decrease in antioxidant activity observed in the P.
granatum callus could be due to the degradation of sensitive antioxidant compounds such as
certain polyphenols and flavonoids, which may break down under gamma irradiation into
less active or even inactive forms. This degradation might outweigh any potential increase
in antioxidant activity from other newly synthesized compounds [19]. Additionally, P.
granatum may have less efficient stress response pathways compared to E. maculata, leading
to a net decrease in antioxidant potential following irradiation. For P. fragarioides, the slight
improvement in antioxidant activity suggests a balance between the degradation of some
antioxidants and the synthesis of others. This balance may result in a marginal increase that
is not as pronounced as that observed in E. maculata, but still represents an enhancement
over the non-irradiated state. It is possible that while certain metabolites are degraded,
others are either synthesized or their activity is enhanced, leading to a slight net gain
in antioxidant capacity. These findings underscore the complexity of plant responses to
gamma irradiation, highlighting that the effects are not uniform across different species or
even within the same metabolic pathways. The variability in response could be influenced
by several factors, including the specific types of metabolites present, the structure of
the callus tissues, and the efficiency of the plant’s inherent stress response mechanisms.
Furthermore, these results suggest that gamma irradiation may be selectively applied
depending on the desired outcome, whether it is to enhance or modify the antioxidant
properties of specific plant extracts. Overall, this study reveals that while gamma irradiation
can be a powerful tool for enhancing the bioactive properties of certain plant calli, its effects
are not universally positive and must be carefully evaluated for each specific application.
Further research is warranted to explore the molecular mechanisms underlying these
differential responses and to optimize irradiation conditions to achieve the desired bioactive
enhancements in various plant-derived materials

The dose-dependent increase in both DPPH and ABTS* radical scavenging activities
of PC3012 calli, as shown in Figure 2, further emphasizes the effectiveness of gamma
irradiation in enhancing antioxidant characteristics. This suggests that gamma irradiation
stimulates the synthesis or activation of antioxidant compounds in calli, with higher doses
resulting in greater antioxidant activity. These findings highlight the viability of gamma
irradiation as an approach to enhancing the bioactive properties of plant-derived materials,
making them beneficial for pharmaceutical and nutraceutical applications [20]. Previous
studies have reported that gamma irradiation affects the growth of plant-derived callus [21].
However, in this study, extraction was performed immediately after gamma irradiation
without any time delay. In addition, since gamma irradiation was performed at a dose
rate of 10 kGy/h, the growth time was only about 1 h at most. Therefore, it is judged
that gamma irradiation did not affect the growth inhibition of callus tissue. While our
current study focused on a maximum irradiation intensity of 10 kGy, we acknowledge
that there is potential for further enhancement of radical scavenging activities at higher
doses. This consideration has been incorporated into our discussion, and we intend to
conduct future research to explore the effects of higher irradiation intensities in order to
determine the optimal conditions for maximizing antioxidant activity. By exploring higher
irradiation doses, we aim to gain deeper insights into the relationship between irradiation
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and antioxidant capacity, which could lead to the development of more effective strategies
for enhancing the bioactive properties of plant-derived materials.

The changes in metabolite content before and after gamma irradiation, as illustrated
in Figure 5, indicate that gamma irradiation induces significant biochemical modifications
in E. maculata calli. The enhanced antioxidant activity observed in irradiated calli may be
attributable to these biochemical changes. Previous studies have reported that flavonoid
derivatives are easily degraded by gamma irradiation, leading to the formation of com-
pounds with strong antioxidant activity [22]. However, no new compounds were detected
in the present study. Notably, we observed a substantial increase in lysophospholipid
content after gamma irradiation. This finding aligns with previous research indicating
that plants produce large amounts of lysophospholipids as a defense mechanism when
subjected to excessive stress [23]. This suggests that gamma irradiation induces a stress
response in plant calli, which results in an increase in the levels of lipid-based metabolites.
To gain a deeper understanding of these changes, we performed UPLC-Q-TOF/MS analysis
on the metabolite profile of E. maculata calli after gamma irradiation. The comprehensive
analysis revealed significant changes in metabolite content that could be harnessed for prac-
tical applications. The increase in lysophospholipid content and the overall enhancement
of antioxidant activity suggest that gamma irradiation can be used to improve the bioactive
compounds of plant-derived calli. Previous studies have identified lysophospholipids in a
wide range of tissues and cell types, where they play critical roles in various physiological
functions, including vascular development, reproduction, myelination, neurological disor-
ders, and cancer [24]. Consequently, gamma irradiation has the potential to enhance the
antioxidant properties of materials, which can be beneficial for applications in the natural
product and food industries [25].

The significant distinction in metabolite profiles between non-irradiated and irradiated
E. maculata calli, as shown in Figure 6, suggests that gamma irradiation induces specific bio-
chemical changes. While previous studies suggested that gamma irradiation can degrade
flavonoid derivatives, resulting in the formation of lead compounds [22,26], our study
did not detect new compounds. Instead, we observed a substantial increase in lysophos-
pholipid content, consistent with the stress responses of plants. LC-Q-TOF/MS analysis
confirmed these changes, highlighting the potential of gamma irradiation to enhance the
bioactive properties of plant-derived materials. By optimizing the gamma irradiation
conditions, it may be possible to create plant extracts with superior health benefits, making
this a valuable technique for developing functional foods and nutraceuticals. Our study
contributes to the growing body of evidence supporting the use of gamma irradiation to
enhance the functional properties of natural products, thereby opening new opportunities
for their application in various fields.

4. Materials and Methods
4.1. Chemicals

1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical, 2,2"-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid (ABTS"), methanol (MeOH), acetonitrile (MeCN), formic acid (HCOOH),
and (+)-catechin were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other
chemicals used in this study were of analytical grade.

4.2. Gamma Irradiation of Plant-Derived Calli

Three plant-derived calli, namely Euphorbia maculata (PC3012), Punica granatum (PC3026),
and Potentilla fragarioides (PC3062), were obtained from the Korean Collection for Type Cul-
tures (KCTC) at the Korea Research Institute of Bioscience and Biotechnology (KRIBB) for
use in the experiments (Figure S2). Gamma irradiation was conducted at room temperature
following a previously established method using a cobalt-60 experimental irradiator (point
source: AECL, IR-79, MDS Nordion International Co., Ltd., Ottawa, ON, Canada) at the Ad-
vanced Radiation Technology Institute, Korea Atomic Energy Research Institute, Jeongup,
Republic of Korea [27]. The source strength at the sample position was approximately
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320 kCi at a dose rate of 10 kGy/h. For dosimetry, 5 mm diameter alanine dosimeters
(Bruker Instruments, Rheinstetten, Germany) were used. The dosimeters were calibrated
against an international standard set by the International Atomic Energy Agency (Vienna,
Austria) to ensure accurate dose measurements. Three plant-derived callus samples (each
weighing approximately 10 g) were subjected to gamma irradiation at doses of 0.05, 0.5,
or 10 kGy. After irradiation, callus samples were ground and extracted overnight at room
temperature using 50 mL of 80% MeOH. The extracts were filtered, and the solvent was
evaporated under reduced pressure to yield crude callus extracts.

4.3. Measurement of Radical Scavenging Activity

The DPPH radical scavenging activity was assessed using the method described by
Blois [28], with minor modifications. A DPPH solution (0.2 mM) was prepared in ethanol
(EtOH). Each test extract was prepared at a concentration of 100 pg/mL in 70% EtOH. A
60 pL aliquot of DPPH solution was mixed with 120 pL of each test extract. The mixture
was incubated in the dark for 15 min. After incubation, the decrease in absorbance was
measured at 517 nm using an ELISA reader.

The ABTS" radical was generated by reacting 5 mL of ABTS™ (7 mM in EtOH) with
5 mL of 2.4 mM potassium persulfate (K,S,0g). This mixture was allowed to stand in the
dark at 25 °C for 24 h before use. For the ABTS* radical scavenging assay, 100 uL of the
ABTS" solution was added to a 96-well plate containing different concentrations of the
callus extracts and a positive control (catechin) at 100 uM. The assay mixtures were then
stirred for 30 s and incubated for 30 min at 25 °C [29]. The radical scavenging activities of
DPPH and ABTS" were calculated using the following equations:

Radical scavenging activity (%) = [1 — (A2/A1)] x 100

where A is the absorbance of the control (without the sample) and A; is the absorbance of
the test sample. (+)-Catechin was used as a positive control.

4.4. High-Performance Liquid Chromatography (HPLC) Analysis

An HPLC analysis was performed using an Agilent HPLC 1200 system (Agilent
Technologies, Palo Alto, CA, USA) equipped with a photodiode array detector (PDA;
1200 Infinity series, Agilent Technologies). The system included a series of ZORBAX Eclipse
Plus C;g columns (4.6 mm i.d. x 150 mm, particle size 3.5 pm; Agilent Technologies). The
solvent system was operated in gradient mode. Initially, the mobile phase consisted of
0.1% (HCOOH) in HyO. Over a 25 min period, the mobile phase was gradually changed
to MeCN. The column temperature was maintained at 40 °C, and the flow rate was set to
1.0 mL/min. The eluting metabolites were detected using a UV detector at wavelengths of
254 and 360 nm.

4.5. Ultra-Performance Liquid Chromatography-Quadrupole Time-of-Flight/Mass Spectrometry
(UPLC-QTOF/MS) Analysis

For the UPLC-QTOF/MS (Xevo, Waters, Milford, MA, USA) analysis, samples (1 pL)
were injected into an Acquity UPLC BEH Cyg column (2.1 x 100 mm, particle size 1.7 pm;
Waters). The column was equilibrated with H,O containing 0.1% HCOOH (A) and eluted
using a gradient with MeCN (B) at a flow rate of 0.35 mL/min. The elution program was
as follows: 0-2.5 min, 85% A; 2.5-7.5 min, 80% A; 7.5-12.5 min, 70% A; 12.5-13.5 min,
100% A; 13.5-20.0 min, 0% A. The eluted metabolites were analyzed by Q-TOF/MS in the
electrospray ionization (ESI) positive mode. The capillary voltage was set to 3 kV, and the
sampling cone voltage was set to 30 V. The source temperature was maintained at 100 °C,
with a desolvation flow rate of 800 L/h and a temperature of 400 °C. TOF/MS data were
collected in the 50-1500 m/z range at a scan time of 0.2 s. The MS/MS spectra of the extracts
were collected in the 50-1000 m/z range, using a collision energy ramp from 10 to 30 eV to
acquire MS data including m/z, retention time (RT), and ion intensity. The data extraction,
normalization, and alignment of the MS datasets were performed using the UNIFI software
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1.8 package (Waters, Milford, MA, USA). The metabolite identification was performed using
the Human Metabolome Database (HMDB; https://www.hmdb.ca, accessed on 10 March
2022), the Metabolite and Chemical Entity (METLIN) database (https://metlin.scripps.edu,
accessed on 10 March 2022), ChemSpider (https://www.chemspider.com, accessed on
10 March 2022), literature references, and authentic standards.

4.6. Statistical Analysis

The MS datasets processed by the UNIFI software package were subjected to mul-
tivariate statistical analysis using SIMCA-P* version 12.0.1 (Umetrics, Umed, Sweden).
Differences among E. maculata callus groups were visualized using a partial least squares
discriminant analysis (PLS-DA). The quality of the PLS-DA models was evaluated by the
goodness of fit measures (RyX and RyY) and predictive ability (Q2), and validated by cross-
validation with a permutation test (n = 200). The metabolites contributing to the differences
among the groups were identified based on the variable importance in the projection (VIP)
value > 0.7, calculated by a PLS-DA, and with a one-way analysis of variance (ANOVA)
with Duncan’s test (p < 0.05) using SPSS 17.0 (SPSS Inc., Chicago, IL, USA). The experiments
were repeated at least three times to ensure consistent results. The data were expressed
as the mean =+ standard deviation (SD). Statistical differences between two groups were
assessed using an unpaired two-tailed student t-test, while differences among multiple
groups were analyzed using either one-way or two-way ANOVA with Tukey’s post hoc
test. All statistical analyses were performed using GraphPad Prism ver. 8 (San Diego, CA,
USA).

5. Conclusions

The antioxidant activity of E. maculata calli (PC3012) was significantly enhanced by
gamma irradiation, as evidenced by the dose-dependent increase in DPPH and ABTS* rad-
ical scavenging activities. Detailed HPLC and LC-Q-TOF/MS analyses revealed no newly
formed antioxidant compounds but a substantial increase in lysophospholipid content after
gamma irradiation, aligned with known plant stress responses. A PLS-DA revealed clear
metabolic distinctions between non-irradiated and irradiated calli, as confirmed by robust
statistical validation. These findings suggest that gamma irradiation alters specific metabo-
lites, thereby enhancing the bioactive characteristics of calli. This method has potential
applications in the development of functional foods and nutraceuticals.

Supplementary Materials: The following supporting information can be downloaded from https:
/ /www.mdpi.com/article/10.3390/plants13162306/s1, Figure S1: UPLC-QTOF/MS spectra of Eu-
phorbia maculata calli; Figure S2: Photographs of the three plant-derived calli; Table S1: Statistical
analysis of Euphorbia maculata calli.
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Abstract: Aristolochia sp. plants are used in traditional medicine because of their immunostimulatory
and anticarcinogenic properties, despite their content of aristolochic acids (AAs), carcinogenic and
nephrotoxic agents. Therefore, ethanolic extracts of Aristolochia clematitis leaves, a specie growing in
Western Romania, were obtained to study antioxidant and cytotoxic effects. The antioxidant capacity
of the extract was evaluated by five in vitro chemical-based assays, proving that ABTS assay was a
better method for this type of evaluation showing an ICsy of 160.89 £ 0.21 ug/mL. Furthermore, the
cytotoxic effects of the extract were established by an ICsy of 216 pg/mL for 24 h by MTT assay,
followed by a cell-based assay on Caco-2 cells by the ABTS method. The antioxidant effects of the
A. clematitis extract demonstrate potential therapeutic applications in complementary medicine.

Keywords: Aristolochia sp. plants; antioxidant capacity; ethanolic leaves extract; colon cancer cell line

1. Introduction

Medicinal plants were the first types of treatment for health conditions since ancient
times for a wide spectrum of diseases and medical conditions. Recognizing the medicinal
significance of indigenous plants, the World Health Organization (WHO), inits 1997 guide-
line, stated that “effective locally available plants can be used as substitutes for drugs” [1].
Nowadays, almost 50% of new drugs have been patterned after natural phytochemical
compounds [1]. Interest in the development of innovative natural remedies based on
medicinal plants to protect human health has increased, especially in developing coun-
tries, by over 80% during the last decades [2,3].

In Europe, Asia, and South America, Aristolochia spp. has been utilized as herbal
medicine for more than 2000 years. Aristolochia sp. plants are useful in treating a wide
range of conditions, as they have anti-inflammatory, antioxidant, antimicrobial and im-
munostimulatory properties [4,5], as well as medicinal effects that have been thoroughly
demonstrated to be due to a wide array of bioactive compounds [6]. On the other hand,
these plants were forbidden to be used due to their content in aristolochic acids (AAs),
nephrotoxic, carcinogenic, and mutagenic compounds [7,8]. The short-term exposure (up
to one year) to AAs lead to aristolochic acid nephropathy (AAN) [9-13], and a longer term
exposure (up to several decades) can lead to Balkan endemic nephropathy (BEN) [14,15].
Both of these kidney diseases are associated with urothelial carcinoma [16], and with sim-
ilar clinical expression and pathological lesions [16].

Even if these plants were forbidden by the US Food and Drug Administration and reg-
ulatory authorities of some countries [17], it is still used in the form of drugs or phytomedi-
cal preparations [7,18], especially in Asia [1], due to the beneficial effects of their short-term

Plants 2024, 13, 2987. https://doi.org/10.3390/plants13212987 37 https://www.mdpi.com/journal/plants



Plants 2024, 13, 2987

consumption [2,19-21]. The beneficial effects of bioactive molecules are attributed to sec-
ondary compounds such as alkaloids, terpenoids and polyphenolic compounds [7,8,22],
these compounds being powerful antioxidants that fight free radicals, which result from
respiration and metabolic processes [20]. Free radicals resulting from AAs’ effects are reac-
tive and hence, oxidative molecules and their overproduction can lead to oxidative stress,
which is linked to inflammation, kidney disease, and is associated with cancers [7,8,23].

An understanding of the biological properties of Aristolochia clematitis, the most fre-
quent species found in Europe [7,18,23], can facilitate the identification of compounds with
therapeutic potential. The Aristolochia species were already screened for their chemical com-
position; therefore, secondary metabolites, classified according to chemical structure, includ-
ing aristolochic acids and esters, aristolactams, aporphines, protoberberines, isoquinolines,
benzylisoquinolines, amides, flavonoids, lignans, biphenyl ethers, coumarins, tetralones,
terpenoids, benzenoids, and steroids have been thoroughly characterized [5,24-26]. Other
classes of compounds were identified by gas-chromatography analyses from A. tagalaleaves
extracted in different types of solvents, hydroalcoholic and methanolic, showing the most
diverse biologically potent compounds (e.g., alkaloids, flavonoids) [27]. Also, A. clemati-
tis from Romania, prepared as tincture and infusion from roots, steams, leaves was ana-
lyzed by two types of gas-chromatography revealing various classes of compounds, from
fatty acids to terpenic compounds, coumarins and alkaloids, and aristolochic acids deriva-
tives, all with therapeutic activities [28]. Another study on A. clematitis, but from Algeria,
showed that organic solvents and water extracts from roots possess similar composition
(e.g., terpenoids, alkaloids, fatty acids) [29]. These compounds could aid in developing
new drugs with antioxidant capabilities, potentially treating various conditions linked to
oxidative stress [30], while encouraging the sustainable exploitation of plant resources [31].
The extraction process to obtain bioactive substances are preferentially carried out using
ethanol as an extraction solvent, given its high affinity for both lipophilic and hydrophilic
bioactive molecules. Also, ethanol is the most commonly used solvent because of its eco-
nomical and reusability value as well as low toxicity [32]. Limited studies on ethanolic
extract from A. clematitis aerial parts demonstrated through several chemical-based an-
tioxidant assays, that the extract had good antioxidant activity with polyphenolic and
flavonoids content methods [33]. Chemical-based assays are preferred to be used in an ini-
tial screening process of the natural products because they are low cost, simple and rapid
procedures, with cheap reagents, and require simple instrumentation (e.g., spectropho-
tometer) [34,35].

The major pathway for herbal products containing AAs to the kidneys, where the
effects are irreversible by long-term exposure, is through the digestive system, after ab-
sorption and passage through the intestinal cells; these cells are vulnerable to oxidative
damage due to the exposure to luminal oxidants and toxins from ingested foods [36,37].
Medicinal plants are used in the treatment of colon cancers [38], their effects being inves-
tigated on various human cell lines derived from the intestinal mucosa. Caco-2 is such a
cell line derived from a human colorectal adenocarcinoma, and represents a reliable proxy
model of intestinal absorption of AAI [37,38].

Our study aimed to investigate in more detail the in vitro antioxidant properties and
in vitro cytotoxic activity of the Aristolochia clematitis extract. As such, we used dried leaves
as biological material and had them extracted at room temperature by maceration with
ethanol, which has a similar formulation with the one used in ethnomedicine. The ex-
tract was used for the evaluation of antioxidant activities with five different chemical as-
says. Four out of the five assays were chosen to compare our extract with the literature
data: 1,1-diphenyl-2-picrylhydrazyl radical (DPPH), total antioxidant capacity (TAC), to-
tal flavonoids content (TFC) and total polyphenolic content (TPC). The ABTS assay was
chosen as a different method; to our knowledge this method was used for the first time in
the literature to test Aristolochia sp. extracts or compounds for antioxidant activity. Also,
the ABTS method can be used both as a chemical based-assay and cell-based assay. Before
testing the extract’s antioxidant activity on the Caco-2 cell line, the extract’s toxicity was
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evaluated to establish an inhibitory effect. After the concentration of the extract, which
inhibited 50% of the cells, was established, an antioxidant effect by the ABTS assay was
evaluated. The sequence of the experimental design is depicted in Figure 1.

ARISTOLOCHIA TEAC assays
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Figure 1. A synoptic view of the experiments performed.

2. Results
2.1. The Antioxidant Activities of A. clematitis Leaf Ethanolic Extract

To assess the antioxidant potential of A. clematitis leaf extracts, five distinct assays
were employed, and three of them used Trolox as standard; the findings delineating the
antioxidant capacity are detailed in Table 1. Antioxidants are able to reduce the color in-
tensity of DPPH, ABTS, and phosphomolybdate solutions due to their ability to donate
protons; these effects have been quantified using as standard, the Trolox equivalent antioxi-
dant capacity. The ICs( values for DPPH and ABTS were calculated by graphing concentra-
tions of the extract against the proportional antioxidant inhibition percent [39,40]. Another
Trolox method used was the total antioxidant capacity (TAC) using the phosphomolybdate
reagent [41,42]. The other two methods were based on propyl gallate and quercetin cali-
bration curves and the spectrophotometric measurement of the total polyphenolic content
and the total flavonoid content. Results are obtained from three independent experiments,
with each sample plated in quadruplicate; these are presented in Table 1.

Table 1. The antioxidant activities of A. clematitis ethanolic extract tested with five different assays.

Samol TEAC ICs (ug/mL) TPC TEC
ampres DPPH ABTS TAC (mg GAE/gDW)  (mg Q/g DW)
AcE 39262+ 006 16089 021 481637 + 0.03 3.55 + 0.006 60.83 = 0.01

Trolox 393.95 + 0.19 157.90 £ 0.18 4271.28 £ 0.002 - -

Comparing the DPPH and ABTS results, the first method gave values almost three
times higher than the ABTS ones. The extract sample values were similar to those of Trolox
for each of the methods. The TAC method gave values almost 10 times higher than DPPH
and 25 times higher than ABTS. An ICsy value more than 150 ug/mL represents weak an-
tioxidant activity [43]. This indicates that the ABTS method could be a better method to
demonstrate the antioxidant activity of the ethanolic extract. The total phenolic content
has a low value, showing a low content in polyphenols, but the total flavonoid content has
a high activity suggesting a high content in flavonoids. Therefore, a correlation between
TPC and TFC assays shows that the method of extraction with ethanol at room temperature
is a proper method for flavonoids extraction.
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2.2. Evaluation of Cytotoxicity of Ethanolic Extract on Caco-2 Cells

The effects of Trolox and extracts on Caco-2 cells were evaluated by the MTT assay.
Five dilutions of A. clematitis ethanolic extracts of 100, 200, 300, 500, and 600 ug/mL were
used to obtain an ICs for both 24 and 48 h. The same procedure was used for the cal-
culation of the ICs of Trolox for the three different concentrations ranging from 0.5 to
0.125 mg/mL for 24 h. The results obtained by the MTT assay for 24 h and 48 h were
216 pg/mL and 224 pg/mL, respectively, and 207 pug/mL for Trolox. The cells were pho-
tographed for morphological changes at 100x magnification (Figure 2).

Figure 2. Morphological assessment of Caco-2 cells (control vs. treatment after 24 h of incubation)
exposed to (A). AcE (150 uM), (B). Trolox (2 mM), (C). ethanol, and (D). control cells.

The Caco-2 cells did not show any morphological differences upon exposure to the
Aristolochia extract or Trolox, with the effect being similar (Figure 2C,D). These results sug-
gest that the short-term exposure of Caco-2 cells to the extract does not affect their mor-
phology, at least at the tested concentration.

2.3. Evaluation of Antioxidant Capacity on Caco-2 Cells by ABTS Assay

Antioxidant activity with the ABTS method was performed after establishing an ICsg
value and the chosen concentration for the ABTS assay was 150 pM for ethanolic extract,
and 2 mM for Trolox. The antioxidant activity in Caco-2 cells was assessed by the ABTS
assay [40]. Antioxidant activity was expressed as mg Trolox Equivalents (TE)/10° cells.
Results obtained by the ABTS method were compared (Figure 3).

Ethanolic extract-treated cells had an antioxidant activity closer to Trolox, and control
cells had closer results to ethanol treated ones. Samples were compared by single factor
ANOVA statistical analysis and only cells treated with the extract exhibited statistically
significant antioxidant activity compared to the control group (p < 0.05).
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Figure 3. Graphical representation of the ABTS results obtained on Caco-2 cells treated with A.
clematitis ethanolic extract (AcE, 150 uM); Trolox (2 mM); ethanol as the solvent control; and Caco-2
absolute control cells. *—samples statistically different (p < 0.05).

3. Discussion

Human health is affected by oxidative stress, which appears as an imbalance between
oxidants and antioxidants in favor of oxidants [44]. Regarding the fact that in the present
study a natural product was evaluated, chemical and cell-based assays were used. Through
these methods, different aspects of the compounds reactivity toward ROS was evaluated [45].
This study contributes to the literature with new data on A. clematitis ethanolic extracts and
their analysis on some new antioxidant assays. In the scientific literature, the antioxidant
assays employed were total phenolic content, flavonoid content, reducing power, ferrous
metal ions chelating, superoxide anion, hydroxyl radical, hydrogen peroxide, and nitric
oxide [33,46]. Based on Lerma et al. (2022), other species of Aristolochia extracts were eval-
uated for their antioxidant and anticancer activity [23].

A. clematitis ethanolic extracts demonstrated promising DPPH radical scavenging ac-
tivity with an ICs value of 391.62 &+ 0.06 pug/mL, compared to the ICsy values for the stan-
dard Trolox of 393.95 £ 0.19 pg/mL. The free radicals scavenging activities for A. clematitis
organic ethanolic extract gave a percentage inhibition of 69.58 4 0.07, almost three times
higher than the one obtained by Papuc et al. (2010) [33], which exhibited a DPPH inhi-
bition of 24.77 £ 3.28 [33]. Other studies showed antioxidant activity with the DPPH
method on other Aristolochia species, for instance A. baetica and A. paucinervis methano-
lic extracts, which present ICsg values of 150 &+ 8 pg/mL and 160 + 10 ug/mL, respectively,
when compared to ascorbic acid [47], and A. longa organic extract with an ICsy value of
125.40 £ 2.40 ng/mL [48]. A. clematitis’s capacity to scavenge DPPH radicals has demon-
strated high value, indicating that the extract has low antioxidant activity because it re-
quires a larger amount to achieve the desired level of radical scavenging [49]. Another
specie of Aristolochia, A. tagala, presented antioxidant effects when leaves were extracted in
a hydroalcoholic solvent system (30.80 ng/mL) [27]. A study on A. clematitis roots methano-
lic extracts from Algeria showed an ICs( of 142 ng/mL [29], and its antioxidant capacity was
attributed to the active compounds and the synergy among them.

To the best of our knowledge, no previous data were available for the A. clematitis
ABTS assay. An ICs for the herbal extract was estimated at 160.89 + 0.21 pg/mL, and a
value of 157.90 & 0.18 ug/mL was obtained for Trolox, respectively; in other experiments
performed on A. bracteata ethanolic extracts, an ICs value of 19.42 pug/mL for ABTS scav-
enging activity was obtained [50].
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The total polyphenolic content of A. clematitis was quantified after an adapted Folin—
Ciocalteu method [51]. The ethanolic extract of A. clematitis has been shown to have a
total polyphenolic content of 3.55 + 0.006 mg GAE/g. One study presents the TPC of an
ethanolic extract obtained from rhizomes and the results were 91.3 &+ 4.75 mg GAE/g of
extract [52]. Another study on phenolic content performed on A. clematitis aerial parts ex-
tracted in 60% ethanol revealed a 4.6 £ 1.88 mg caffeic acid equivalent/100 mL extract [46].
Additional research showed that the total polyphenolic content of two other species of
Aristolochia was estimated at 360 4= 20 mg GAE/g and 280 + 27 mg GAE/g [47]. In another
study, the phenolic content determined on A. talaga showed a value of 52.96 + 0.04 mg
GAE/g [53], and on a hydroalcoholic and methanolic type of extract, values around 50 mg
GAE/g extract were obtained [27]. The low phenol content suggests that other molecules
with a different polarity, likely generated by hydrolysis, and other cleavage events may be
responsible for the high antioxidant effect that has been experimentally obtained.

The total flavonoid content of A. clematitis was estimated at 60.83 £+ 0.01 mg QE/g.
Also, in another study on A. clematitis performed on rhizomes ethanolic extract obtained
at 35 °C, the results were five times higher than ours (295.8 £ 12.6 mg QE/g plant) [52]. Also,
Crivineanu et al. (2009) used A. clematitis aerial parts 60% ethanolic extract and obtained
a value of 13.35 & 3.17 ug QE/mL [46]. The experiment described by Saeed et al. was
followed in order to determine the total flavonoid content of A. clematitis [54]. Our results
were consistent with those described in previous research, where the flavonoid content in
A. tagala methanolic extract was estimated at 51.65 &= 0.11 mg QE/g [53], and around 50 mg
QE/g in hydroalcoholic and methanolic leaf extracts” TEC [27].

The total antioxidant capacity of plant extracts has been routinely evaluated using the
phosphomolybdate method [41]. The TAC of the extracts was evaluated at4.82 =+ 0.03 mg/mL.
A higher absorbance value indicates a higher level of antioxidant activity [55]. This method
of total antioxidant capacity was performed for the first time for this Aristolochia sp. In the
current literature, the phosphomolybdenum method is used for aristolochic acids isolated
from A. bracteolata leafs and stems methanolic extract [42].

The toxicity of Aristolochia extracts on Caco-2 cells was investigated. The obtained
ICs for both exposure timeframes, 24 h and 48 h, suggest that the extracts are only weakly
active on Caco-2 cells at these chosen concentrations. Our results showed cytotoxic effects
almost similar for both timeframes and concentrations, 216 pg/mL at 24 h and 224 ug/mL
at 48 h, respectively, and closer to Trolox 207 pg/mL.

In different studies, aqueous and organic extracts from Aristolochiaceae family plants
were evaluated for cytotoxic activity, by MTT or sulforhodamine B (SRB) colorimetric as-
says, on human cancer cell lines. The difference between cytotoxic activities of Aristolochia
sp. extracts can be explained by several parameters: the specific particularities of the Aris-
tolochia plants; the part of the plant used in the study; the different composition of extracts
due to the use of different aqueous or organic solvents; the type of extraction; and the par-
ticular features of the cancer cell line. Table 2 encompasses the results of investigations
from the literature into the effects of organic extracts based on ethanolic solvents from
various species of the genus Aristolochia on different cancer cell lines.

The ethanolic extract of the A. ringens root was significantly active for all cancer cell
lines with ICs values between 3 and 24 pg/mL [19]. A. galeata ethanolic extract obtained
from rhizomes by maceration for 10 days at room temperature and a hydroalcoholic frac-
tion had the lowest cytotoxicity on the HeLa cell line by the MTT assay after 72 h. Only the
organic dichloromethane fraction presented cytotoxic effects [56]. In other experiments,
Avristolochia bracteolata Lam. leaves were extracted not only with ethanol, but also in com-
bination with other solvents, like methanol and ethyl acetate, and their cytotoxicity was
tested by the MTT assay on the Vero cell line and A549 adenocarcinoma cell line. The
extract had a cytotoxic effect on cancer cells at a low concentration, while a higher con-
centration induced cell growth [32]. On the HCT-15 cell line, and its multidrug-resistant
subline, HCT-15/CLO2, the extract exhibited potent cytotoxic activities with growth inhi-
bition (Glsp) values in the micromolar range (>10 uM) [57]. According to current research,
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the most potent cytotoxic effects of Aristolochia sp. come from extracts obtained in different
organic solvent systems (<100 pg/mL) [58-63].

Table 2. The ICs( values of organic extracts including alcoholic extracts of the Aristolochiaceae family.

Part of the Type of

Cell Line Species Plant Extract Type of Solvent ICs0 (ng/mL) Ref
A549 (lung) 20/ > 100/ > 100/26
HCT-116 (colon) 22/>100/>100/19.5
PC3 (prostate) A. ringens EtOH/HydroEtOH/EtOH + 3/>100/>100/12
A431 (skin) Vahl. root macerated  {y 4 OEtOH/DCM-MeOH  -/> 100/ > 100/28 [19]
HelLa (cervix) -/>100/>100/30
THP-1 (leukemia) 24/>100/ > 100/22
A. galeata . EtOH/hexane/DCM/ethyl
HeLa Mart. rhizomes macerated acetate/hydroEtOH 369/726/90/1620/1340  [56]

EtOH —ethanol; DCM —dichloromethane; and MeOH —methanol.

Furthermore, Trolox showed a higher antioxidant effect on Caco-2 cells compared to
the extract (Figure 3). This type of assay was implemented for the first time in the present
study. Trolox was used as a control compound because of its use in the calibration curve
calculations and because of its use in antioxidant capacity evaluations of A. clematitis ex-
tracts. This type of cell line was used because of its good reproducibility and predictability
of antioxidant activities in vivo [64]. Aristolochia sp. extracts and Trolox have in vitro an-
tioxidant activities, and these can be inhibited by low doses of aristolochic acids present in
leaves. AAs have cytotoxic effects and their presence in extracts induces ROS production
by activating the caspase pathway [65]. A. debilis stems methanolic extracts demonstrated
dose-time inhibiting effects, on the HT-29 human colon cancer cell line, due to ROS over-
production [66].

This study brings into light new data which are useful especially for alternative medicine
approaches, as well as for toxicologists and physicians who diagnose and treat patients
with AA-induced kidney injuries. Aristolochia sp. extracts can also be used in nanomedicine
by synthesizing new types of silver nanoparticles [67,68]. Information about Aristolochia
clematitis products is available on the website of the Natural Medicines Comprehensive
Database [69]. Therefore, data about the safety of medicinal products are presented in the
current system of monitoring but the adverse effects are incompletely described. The risks
associated with the use of Aristolochia sp.-based herbal medicinal products can be reduced
by their short-term use as complementary treatment in inflammatory diseases and cancer
associated with gastrointestinal tract [3]. Further interdisciplinary collaboration between
research scientists and physicians could lead to improved phytotherapeutically formulas
by refining extraction protocols and removing the phytotoxins, and guarantee secure and
effective integration of these medicinal plants into contemporary therapeutics.

4. Materials and Methods
4.1. Chemicals and Reagents

Analytical grade ethanol purchased from Sigma-Aldrich (Merck Group, Darmstadt,
Germany) was used for extractions and dilutions. For the antioxidant activity assays, the
following reagents were used: 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox); 1,1-diphenyl-2-picrylhydrazyl radical (DPPH); 2,2-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt (ABTS), potassium persulfate (K,5;Og); ammonium molyb-
date tetrahydrate, sodium phosphate dibasic, sulphuric acid; and Folin-Ciocalteu reagent,
sodium carbonate, propyl gallate; sodium nitrite (NaNO5), aluminum chloride hexahydrate
(AICI3*6H,0), sodium hydroxide (NaOH), all purchased from Sigma-Aldrich (Merck Group,
Darmstadt, Germany).
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4.2. Raw Material Plant Collection and Extraction

Avristolochia clematitis L. plants were harvested from Dudestii Noi, Timis County (Ro-
mania) (45°50'51" N 21°06’30"” E) in September 2023. A voucher specimen (CBG-AcL-01)
has been identified by a botanist and the plant was stored in the Herbarium of the Faculty of
Chemistry, Biology, Geography from Timisoara, Romania. The collected specimens were
air-dried in the dark at room temperature (RT) and only leaves were ground and used
in the extraction process. One gram of leaves was mixed with 15 mL of ethanol and left
for maceration under a continuous homogenization at RT for 24 h. Aristolochia clematitis
ethanolic extract samples (AcE) were centrifuged at 3000 rpm for 5 min and 14 4= 0.3 mL of
supernatant was collected, filtered through a 0.45 um polyethersulfone (PES) filter (Merck
Group, Darmstadt, Germany), and kept at 4-8 °C for future analyses.

4.3. Antioxidant Activity Evaluation Techniques
4.3.1. The Trolox Equivalent Antioxidant Capacity (TEAC) Assay

For TEAC assays, DPPH, ABTS, and TAC, respectively, were used and 2 mM Trolox
was used as a positive standard for calculation. To obtain a calibration curve, dilutions
ranging from 0.5 mg/mL to 3 pg/mL were used. As a negative control, we used the spe-
cific extraction solvent, ethanol. Also, dilutions of extracts were performed to calculate
the inhibition percentage and further, the obtained calibration curve was used to calcu-
late the ICsp. Therefore, the ICsy (ng/mL) value, defined as the concentration of extract
required to scavenge the formation of 50% of free radicals, was calculated using Excel soft-
ware Version 130.0.2849.52 (Microsoft Corporation, Redmond, WA, USA) and expressed
as mean =+ standard deviation (SD) of three independent experiments. Samples and stan-
dards were plated in quadruplicates on 96 round-bottom transparent well plates and their
absorbances were registered on a spectrophotometer Tecan i-control, 1.10.4.0 infinite 200Pro.
The particularities for each type of TEAC assays are described below.

DPPH Radical Scavenging Assay

DPPH radical scavenging assay was conducted using the stable radical, DPPH [39]. A
2.54 mM DPPH methanolic stock solution was used for a calibration curve including con-
centrations ranging from 0.1 mg/mL to 3.1 ng/mL. Plant extracts diluted 1:10 in the specific
solvents were mixed in a ratio of 1:8 (v/v) with 0.25 mM DPPH methanolic solution and
incubated in the dark at room temperature. After a 30 min reaction period, samples were
registered at 517 nm. The following equation was used to compute the DPPH scaveng-
ing activity:

%DPPH scavenging activity = (Acontrol — Aace) X 100/Acontrols
where A gnirol and A g are the absorbances of the control, ethanol, and the extract.

ABTS Radical Scavenging Assay

ABTS radical scavenging activity was conducted using an adapted method [63]. ABTS
(1 M) and K»5,0g (2.45 mM) were combined 1:1 (v/v) in an amber-colored bottle for the
preparation of the ABTS cation (ABTS") and kept in the dark at RT for 14 h. The obtained
ABTS" solution was diluted with the specific solvents for each type of extract (1:20) to an
absorbance of 0.700 =+ 0.035 at 734 nm. Subsequently, 300 pL of ABTS" solution was mixed
with 100 uL of each extract and left at RT in the dark for 30 min; absorbances were measured
at 734 nm. The following equation was used:

%ABTS+e inhibition = (Aconirol — Aact) X 100/Acontrol,

where A oniro] measures the absorbance ABTS+e solution mixture without adding the sam-
ple, and A ;g measures the absorbance of the sample extract and ABTS+e solution mixture.
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Total Antioxidant Activity (TAC) Assay

The total antioxidant capacity (TAC) of samples was determined by the method de-
scribed by Prieto et al., 1999 [41]. The assay is based on the reduction of Mo(VI) to Mo(V)
by samples and formation of a green-colored phosphate/Mo(V) complex. A ratio of 1:5
(v/v) sample to reaction mixture containing 0.6 M sulphuric acid, 28 mM sodium phos-
phate dibasic and 4 mM ammonium molybdate tetrahydrate was combined in Eppendorf
test tubes. The test tubes were incubated at 95 °C for 90 min to complete the reaction, and
then cooled at RT to measure absorbances at 695 nm.

4.3.2. Total Phenolic Content Assay (TPC)

The total phenolic content (TPC) of the samples was performed with an adapted Folin—
Ciocalteu method, as previously described with minor modifications [70,71]. Briefly, 1 mL
of each extract was mixed in a 1:5 ratio sample with Folin-Ciocalteu reagent (diluted 1:10 in
distilled water to obtain a 0.25 N concentration) and left for five minutes in the dark at room
temperature; after this, an equal volume of 7.5% sodium carbonate solution with Folin—-
Ciocalteu reagent was added, mixed, and left in the dark at RT for 1 h. The absorbance
of the samples was measured at 725 nm. TPC was expressed in gallic acid equivalents
(mg GAE/g extract) calculated after a propyl gallate calibration curve with concentrations
between 0.15 mg/mL and 1.2 ug/mL.

4.3.3. Total Flavonoid Content Assay (TFC)

The total flavonoid content (TFC) of different extracts was determined by a colori-
metric method using aluminum chloride (AICl3) [72]. One mL of each extract was mixed
sequentially in 30% methanol with aqueous solutions of 0.3 M AlCl3*6H,0, 0.5 M NaNO,,
and 1 M NaOH. The mixtures were kept in the dark at RT for 10 min and after that, the
absorbance was measured at 510 nm. The concentration of flavonoids was calculated us-
ing a quercetin standard curve (2.5 mg/mL to 78 ng/mL) and expressed as milligrams of
quercetin equivalent (QE) per gram of dried leaves (mg QE/g dried leaves).

4.4. In Vitro Assays
4.4.1. Caco-2 Cell Cultures

Caco-2 cells were obtained from the American Type Culture Collection (ATCC, Man-
assas, VA, USA) and expanded in DMEM cell culture media. When the cell culture reached
80% confluence, cells were dispersed with 0.025 M trypsin-EDTA and reseeded in a new
flask. The passage number of the cells used in the experiments was between 25 and 39.
The culture medium was replaced every 48 h. Cells were cultivated with the specific cul-
ture media which included Dulbecco’s modified Eagle’s medium nutrient mixture F-12
HAM (DMEM-F12), supplemented with 20% Fetal Calf Serum and 1% mixture of Peni-
cillin/Streptomycin. All cultures were plated and incubated at 37 °C with 5% CO,. Caco-2
cells were left in culture plates to proliferate until a confluence of 90% was reached and
were subsequently split into culture plates for further assays.

4.42. MTT Assay

A. clematitis ethanolic extract (AcE) and Trolox effects on Caco-2 cells were evalu-
ated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide tetrazolium re-
duction (MTT) assay (Sigma-Aldrich, Merck Group, Darmstadt, Germany). Briefly, Caco-
2 cells, passage 5, and 7 were seeded in 96-well plates (7000 cells/well) and incubated at
37 °C in an atmosphere of 5% CO,. For further cytotoxicity assays, an ICsy curve was es-
tablished; therefore, different dilutions of ethanolic extract (from 100 to 600 pg/mL) and
Trolox (from 0.125 to 0.5 mg/mL) were tested in four replicates in two independent ex-
periments. Caco-2 cells were used as an absolute control, and ethanol as a negative con-
trol. After incubation with the extract and Trolox for 24 and 48 h, 100 puL of MTT solution
(5 mg/mL) was added. After 2 h incubation, 100 uL of stop solution was added to inhibit
mitochondrial activity, and the absorbances were measured at 570 nm with a reference at
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655 nm (spectrophotometer Tecan i-control, 1.10.4.0 infinite 200Pro), according to the man-
ufacturer’s specifications [73]. The absorbance of the treated cultures was subtracted from
the absorbance of the untreated cultures and divided by the absorbance of the untreated
cultures. The results were multiplied by 100 to calculate the inhibition percent of the viable
cells. To calculate the percentage of cytotoxicity, the following equation was used:

% Inhibition = (100 x (Control cells — Sample cells))

Then the inhibition percent was used to obtain a scatter plot against the concentrations
of the extracts and the linear curve were used in the calculation of the ICs; for the tested
AcE and Trolox.

4.4.3. A. clematitis Ethanolic Extract and Trolox Effects on Caco-2 Cells by ABTS Method

Ethanolic plant extracts and Trolox effects were tested on Caco-2 cells alone or in
combinations after a concentration corresponding to the ICs( calculated by the MTT assay
was established. Caco-2 cells were cultivated (1 x 10° cells/well) in six-well plates, where
compounds were tested in two groups:

- Group 1: cells were exposed to Trolox (2 mM) and ethanolic extract (AcE) (150 pM)
for 24 h;

- Group 2: cells were exposed to ethanol for 24 h; also, Caco-2 cells without compounds
were used as absolute control.

After exposure of the cells to the compounds, cells were trypsinized, and split for the
ABTS experiments. Cells were washed three times in PBS (pH 7.4), centrifuged at 1000 rpm
for 10 min, and the supernatant discarded. The pellet was resuspended in 100 uL PBS
(pH 7.4), vortexed for homogenization, sonicated on ice, and centrifuged at 10,000 rpm for
15 min at 4 °C. One hundred pL of cell supernatant was mixed with 200 L. ABTS working
solution and left to react at RT for 30 min, and then plated on 96 transparent well plates
to read the absorbances at 734 nm. Also, a calibration curve with Trolox concentrations
ranging between 0.25 mg/mL and 31 pg/mL was made to calculate the concentrations of
cell samples, based on the formula below:

T-AOC = (Ay34-b) + a + No. of cells x f

Y —Acontrol-ATrolox; X—concentration of standard; a—slope of standard curve;
b—intercept of standard curve; Ayzs— A ontrol—Aacr; f—dilution factor of sample before
test; and no. of cells—number of Caco-2 cells in sample per mL of PBS.

The results for the tested Trolox and AcE concentrations were generated from four
replicates from two independent experiments.

4.5. Statistical Analysis

The statistical analyses were performed using the Microsoft Office-Excel 2010 Data
Analysis Tool (Microsoft Corporation, Redmond, WA, USA) package. The results were
calculated and presented as average =+ standard deviation (SD), and significant differences
were mentioned (p < 0.05).

5. Conclusions

The study carried out on the A. clematitis L. leaf extracts obtained by maceration in
ethanol at room temperature, a formulation similar to the traditional one used in eth-
nomedicine, revealed for the first time the antioxidant activities of such extracts, which are
correlated with their cytotoxic effects on a human colon cancer cell line. Antioxidant activ-
ity values obtained from the three types of chemical-based assays calculated with Trolox
showed a weak response of the extract (>200 pg/mL) by DPPH and TAC, but moderate
response (<150 ng/mL) by the ABTS assay. The total phenolic content showed a low an-
tioxidant activity based on polyphenols, but a moderate activity on total flavonoid content
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based on a high level in flavonoids. To our knowledge, these results are obtained for the
first time for this type of extract and they demonstrat a moderate antioxidant activity with
the cell-based ABTS assay. Also, the ABTS assay used to test the antioxidant activity in
the tested cells showed similar effects between the extracts and Trolox. The ICgy values
obtained by the MTT cytotoxicity assay represent a weak response of the extract on the
Caco-2 cells at two timeframes. Therefore, the extract in this formulation used in tradi-
tional medicine could be cytotoxic at higher concentrations and after a longer period of
time. A. clematitis extracts may represent a curative option and a source of low-cost antiox-
idants, provided short-term use and proper dosage, which could be included into modern
healthcare practices. These chemical-based antioxidant assays are low cost and easy to per-
form and can be used as screening methods of natural products by the scientific or medical
community, prior to their chemical characterization.
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Abstract: Rapeseeds (Brassica napus), cultivated widely as a source of oil, generate substantial by-
products after oil extraction. Unfortunately, rapeseed meal is considered a waste product and as
such is discharged into environment as compost or used as animal feed. However, this meal is
rich in bioactive compounds (proteins, minerals, fibers and polyphenols), indicating its potential
for the development of value-added products. The meal shows a higher content of minerals, total
dietary fibers and proteins. Rapeseed meal contains a proportion of oil rich in polyunsaturated
fatty acids, predominately linoleic and «-linolenic acid. The amino acid proportion in the meal is
higher than that in the seeds and contains essential amino acids, predominately valine. The analyses
show the presence of valuable components in the cake, which makes it suitable for use in obtaining
value-added products.

Keywords: circular economy; rapeseed meal; bioactive compounds; nutritive characteristics

1. Introduction

Nowadays, consumers are requesting functional foods rich in nutrients and bioactive
compounds with beneficial health effects [1]. Moreover, the growing human population
leads to the necessity for sustainable food production [2]. Thus, by-products and residue
resulting from the food industry that still contain high nutritive value are valorized and
incorporated into the industrial chain, ensuring the circular economy principles [3].

Oilseeds are crop plants whose edible oil is suitable for human consumption. After
soybean, rapeseed is the second most cultivated crop, surpassing peanut, sunflower and cot-
tonseed [4]. These seeds possess advantages such as easy cultivation, good environmental
sustainability and rich nutritional qualities [5]. Rapeseed is cultivated the most in Germany
and France, followed by Russia, Pakistan, Canada, Australia, China and India [6,7].

Rapeseed meal is the biomass that remains after oil extraction. The oil can be extracted
by two traditional methods: by using a solvent or a mechanical press (hot or cold press-
ing) [8]. These by-products are used primarily as animal feed, but they contain bioactive
compounds with numerous health benefits for humans (anti-tumoral, -viral, -bacterial and
-mutagenic abilities) [9]. Their nutritional composition depends on the extraction method,
variety and the growing conditions of seeds [10].

The application of rapeseed meal is limited by its content in anti-nutritional factors,
such as glucosinolates, sinapine and its derivates. These factors can be treated with physical,
chemical (through the use of ethanol, methanol or acetone), biological (fermentation)
and crop breeding methods [11]. The simplest method for decreasing the content of
glucosinolates by up to 94% in rapeseed meal is its immersion in water (1:6) for 15-20 min.
This treatment also improves the flavor and palatability of the meal [8].

Possibilities for valorizing the meal have been presented in the literature. The conven-
tional methods include incineration, using it as animal feed, composting and biofuel conver-
sion [12]. Increased awareness of environmental issues has led to new valorization methods,
namely recovery of valuable components to create new value-added products [13,14] and
the production of functional ingredients [10], new products and biopolymer films [15].
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Meal is potentially a source of phenolic compounds [16]. Target compounds can be
isolated by ultrasound-assisted extraction (UAE), a method that uses acoustic energy and
an extraction solvent [17]. Ultrasound waves induce disruption of the cell walls (according
to a dynamic process called cavitation) that facilitates the transfer of some compounds
into the extraction medium. Moreover, a localized heating effect enhances the extraction
process [5].

The objective of this study was focused on a nutritional, functional and safety as-
sessment of rapeseeds, as well as the resulting meal after oil cold pressing extraction.
The efficiency of different ultrasound-assisted treatments and solvents in terms of the
total phenolic content and antioxidant activity of the rapeseed meal was also investigated

(Figure 1).
RAPESEEDS Ash, % 6.06
Proteins, % 35.04
e Lipids, % 13.24
Total dietary fibers, % 31.80
3 ‘ ISFAs, % 30.25
EPUFAs, % 54,51
Essential AA, % 15.26

Minerals: Mg, Ca Se, Ce, Tl, Mn, Cr, Zn,

RAPESEED MEAL Ti, Be, Fe 11, Fe 111, Co, Ni and Mo

OIL

Total polyphenol content (mg GAE/g)

DPPH radical scaveging activity (%)

mperature (< 1
e A Temperature (°C) 30100

Total polyphenolic content: Antioxidant activity by DPPH:
193.63 mg GAE/g 89.07%
methanol at 40°C, 20 min and 40% amplitude methanol at 40°C, 10 min and 40% amplitude

Figure 1. Rapeseeds and meal.

2. Materials and Methods
2.1. Sample Description

Rapeseeds (RSs), rapeseed meal (RSOC) and rapeseed oil (RO) were purchased from
an oil factory OLEOMET, in Romania. The seeds were manually cleaned to separate
foreign materials, while the cake was ground and sieved (Retsch Vibratory Sieve Shaker
AS 200 basic, Haan, Germany) to below 400 pm.

2.2. Raw Material Safety

The safety of the cake was demonstrated by the following analyses: water activity,
spectroscopic methods and the ELISA method.

The water activity index (aw) was measured using an AquaLab 4TE water activity
meter (Meter Group, Pullman, WA, USA).

The ELISA (enzyme-linked immunosorbent assay) method was performed using kits
provided by ProGnosis Biotech S.A. (Larissa, Greece). The samples were analyzed for their
content of zearalenone, ochratoxin A, aflatoxin B1 and deoxynivalenol [18].

Mineral elements were determined using ICP-MS (Agilent Technologies 7500 Series,
Santa Clara, CA, USA) to highlight possible heavy metal contamination of the samples.
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2.3. Nutritive Composition

The seeds and meal were investigated for their moisture, protein, ash, lipid and total
dietary fiber content.

Their moisture was determined with a gravimetric method (ISO 665:2020 [19],
AOAC935.29 [20]) by drying (at 105 °C) the samples in a laboratory oven (Zhicheng
Analysis Instruments, Shanghai, China) until they reached a constant mass.

Protein content was determined by the Kjeldahl method (AOAC 950.48 [21]) with a
conversion factor of 5.88.

The ash was determined by calcining 5 g of a sample at 550 °C for 6 h according to
AOAC method 923.03 [22].

The fat content was determined using an automated Soxhlet extraction system with
petroleum ether as the solvent (ISO 659:2020 [23], AOAC 920.39 [24]).

The total dietary fiber was determined according to AOAC 985.29 [25] using the
Megazyme assay kit (Megazyme, Wicklow, Ireland).

The carbohydrate and energy values were calculating by applying Equations (1)
and (2):

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

Energy value (Kcal/100 g) = (4 x protein) + (9 x fat) + (4 x carbohydrates) + (2 x fibers)

2.4. Physical Properties of the Rapeseeds
2.4.1. Shape and Spatial Dimensions
Five randomized groups of whole seeds (100 pieces) were weighed to an accuracy of
0.1 mg using an analytical balance (PARTEN AS 220.R2, Radwag, Bucharest, Romania).
The seeds” dimensions (length—L; width—W; thickness—T) were measured using a
digital caliper (VOREL 15240, Wroctaw, Poland, 0.003 mm accuracy).
The geometric mean diameter (Dg), sphericity (), surface area (S), projected area (Ap)
and volume (V) of the seeds were determined through comparison to a sphere using the

following relationships [2]:
Dg(mm) = VL x W x T ®3)

¥ =Dg/L (4)
S (mm?) = IT x Dg? (5)

Ap (mm2> — X LxW )
Vmm?}) =W xLxTx ¢ 7)

2.4.2. Gravimetric Properties

Bulk density (p},) was measured by filling a container with a 250 mL (V) capacity from a
falling height of 150 mm and weighing the content (M), while the true density (p;) was deter-
mined using a pycnometer by recording the volume of toluene (Mr; pioluene = 0.867 g/mL)
displaced after the immersion of a known quantity of seeds (Ms) [26].

py (kg/m’) = M/V ®)
bt (kg/ms) = (Ms x ptoluene)/MT )

Porosity (®) was calculated according to Equation (10):
@ (%) = ((pt — pv)/pr) x 100 (10)

2.5. Color and Functional Properties of the Meal

The color of the press cakes was measured using a CR-400 colorimeter (Konica Minolta,
Tokyo, Japan) and the CIELAB system. The L* coordinate measures brightness (0 for black
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and 100 for white). A negative value for the a* coordinate indicates intensity of the
color green, and a positive value indicates intensity of the color red. Parameter b* varies
between —100 (indicating intensity of the color blue) and +100 (indicates intensity of the
color yellow).

The water/oil holding capacity (WHC/OHC) was measured according to Omowaye-
Taiwo et al. [27] with minor modifications: 1 g of the sample and 10 mL of distilled
water/corn oil was placed into centrifuge tubes. These were kept at room temperature for
30 min and then centrifuged at 7000 rpm for 20 min. The results were expressed as grams
of water/oil absorbed per gram of the sample.

The bulk density was analyzed using a volumetric method. Thus, 5 g of the sample was
placed into a 100 mL cylinder, and it was gently tapped 20 times. Values were calculated as
the ratio of the sample weight to the sample volume [28].

Least gelatinization concentration (LGC) was determined according to Marasingheand
Rani [29,30] with some modifications. Suspensions of the samples and distilled water from
2% to 20% (w/v) were prepared in centrifuge tubes. The tubes were heated for 1 hin a
boiling water bath and then rapidly cooled in water at 4 °C for 3 h. When inverting the
tube, the concentration of the sample that does not fall or slide is considered the LGC.

Powder wettability was estimated using the method described by North et al. [31]. In
brief, 2 grams of cake was transferred into a beaker containing 80 mL of distilled water. The
behavior of the powder on the water’s surface was observed immediately after its addition.
After 30 min of observation, the suspension was stirred fast enough to form a vortex that
reached the bottom of the beaker. The contents were agitated for one minute. The degree
of wetting was recorded as excellent, good, satisfactory or poor depending on time and the
dispersion behavior.

Emulsion capacity (EC) and stability (ES) were analyzed according to the methods
proposed by Rani [30] and Iyenagbe et al. [32]: First, 30 mL of a 0.5%suspension was mixed
with 10 mL of corn oil. The emulsion was homogenized and immediately transferred into a
graduated cylinder (50 mL) to read the height obtained. Emulsion stability was determined
by heating the cylinder for 30 min at 80 °C. The final height of the emulsion was read.

EC (%) = Oil layer }.zezght. < 100 (11)
Total suspension height

ES (%) = Final suspension hezgﬁt aft?r heating < 100 (12)
Initial suspension height

Foam capacity (FC) and stability (FS) were determined using the method proposed
by Naczk et al. [33], with some modifications. A suspension of 3 g of meal and 100 mL of
distilled water was homogenized for 5 min at 1600 rpm. The mixture was immediately
transferred into a 250 mL graduated cylinder, and the foam volume was noted. FS was
determined by the decrease in the foam volume as a function of time (20, 40, 60 and 120
min). The results were calculated using the following equations:

volume after agitation — volume before agitation
FC (%) = 1 1
€ (%) volume before agitation X100 (13)

ES (%) = foam volume after a set time
v initial foam volume

x 100 (14)

2.6. Seed and Meal Comparisons
2.6.1. Fatty Acids

The seeds and oleaginous cake were analyzed to highlight the composition in fatty
acids (FAMEs). Their derivatization was performed according to the following procedure:
30 mg of the oil sample was mixed with 2 mL of isooctane. The solution was then subjected
to transesterification through the addition, under vigorous stirring, of 200 uL of potassium
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hydroxide (2 mol/L methanolic solution). The resulting organic phase was mixed with
sodium sulfide, and the supernatant was collected [34].

FAME separation was performed using a gas chromatograph (GC-FID, Agilent Tech-
nologies, 6890N GC, Wilmington, DE, USA) and using a stationary polyethylene glycol
DB-WAX capillary column (30 m length, 0.25 mm inner diameter and 0.25 um thickness).
The initial temperature of the oven was set to 60 °C for 1 min, it was increased from 60 °C
to 200 °C (by 10 °C/min) and held for 2 min and then increased again (by 5 °C/min)
from 200 °C to 220 °C and held for 20 min. The flow rates were maintained at 40, 450 and
30 mL/min for hydrogen, air and helium respectively. The injection port and the detector
temperatures were 250 °C. FAME identification and quantification were performed by
comparing their retention times with those of the standard mixture. Fatty acid composition
was expressed as pg/mL and as the relative level (%) of fatty acid composition. Each
determination was performed three times [35].

2.6.2. Free Amino Acids

A mixture of the sample (0.7 g) and 15% trichloroacetic acid (6 mL, TCA) was made.
The mixture’s pH was adjusted to 2.2 £ 0.05 with sodium hydroxide solution (1-4 M), and
then the volume was brought to 10 mL exactly with acid. The solution was centrifuged
for 5 min at 3000 rpm, and the supernatant was filtered (trough 0.45 um). The solution
containing amino acids was analyzed using the EZ:faast GC-MS kit (Phenomenex, Torrance,
CA, USA) [36].

The analysis was performed using a gas chromatograph coupled with a mass spec-
trometer (Shimadzu, Kyoto, Japan) and a ZB-AAA column(10 m x 0.25 mm). The analysis
time was 10 min, and the injected volume was set to 0.002 mL. The initial temperature of
the oven was 110 °C, which was then increased to 320 °C and held for three minutes. The
conditions for the mass spectrometer were 200 °C for the ion source and 320 °C for the
interface. The amino acid mixture solutions included in the kit mentioned above were used
for calibration [37].

2.6.3. Mineral Content

The ash resulting after calcination was dissolved with 65% nitric acid (0.73 mL), and
the solution was brought to a 50 mL volume with deionized water [2]. The minerals (Li,
Be, Mg, Ti, Tl, Co, As, Ca, Cd, Cr, Ce, Cu, Hg, Fe, Mn, Ni, Pb, Se, Sr, Sb, Mo, V and Zn)
were estimated with an inductively coupled plasma mass spectrometer (ICP-MS, Agilent
Technologies, Santa Clara, CA, USA).

2.7. Fourier Transform Infrared-Attenuated Total Reflectance (FTIR-ATR)

The meal powders were analyzed using FTIR-ATR. Their spectra were recorded using
a Nicolet 1520 spectrometer (Thermo Scientific, Karlsruhe, Germany) equipped with an
attenuated total reflectance accessory and a diamond crystal. The spectra were collected
within the range of 400 cm ! to 4000 cm ™! at a 4 cm ™! resolution and using 32 scans. The
spectra obtained were processed using OMNIC software (version 9, Thermo Scientific) [38].

2.8. Preparation of the Rapeseed Meal Extract

The application of different treatments (in terms of choice of solvent, use of heat,
agitation and time) caused a change in the content of total polyphenols (the TPC) and,
implicitly, the free radical scavenging activity (DPPH). Evaluation of these changes was
carried out using the software Design Expert 11 (Stat-Ease Inc., Minneapolis, MN, USA, trial
version) through the response surface methodology using the Box-Behnken model. After
studying the literature in the model, 4 factors were varied, and 3 replications were provided
at the central point. Each factor was varied at 3 levels (Table 1) as follows: temperature
(A: 30, 40 and 50 °C), time (B: 10, 15 and 20 min), amplitude (C: 40, 70 and 100%) and
solvent (D: 80% methanol, water and 80% ethanol) [39-41].
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Table 1. Experimental values (coded and actual).

Values
Factors

-1 0 +1

Temperature (°C) (A) 30 40 50

Time (min) (B) 10 15 20

Amplitude (%) (C) 40 70 100

Solvent (D1) Methanol Ethanol Water

Solvent (D2) Methanol Water Ethanol

The extracts were made by sonicating a mixture of defatted meal and the solvent (at a
ratio of 1:20) in an ultrasonic bath (Elma Transsonic TI-H15, Singen, Germany), varying
the parameters of temperature, time and amplitude and keeping the frequency constant at
45 Hz.

Ultrasound energy is the product of frequency and amplitude. If the frequency is
constant, the only possibility for changing the ultrasonic energy is changing the amplitude
of the sinusoidal signal [42].

2.9. Total Phenolic Content (TPC)

To determine the TPC, 0.2 mL of the extract prepared as described previously was
mixed with 2 mL of Folin—Ciocalteu reagent (diluted 1:10) and 1.8 mL of 7.5% sodium
carbonate. The mixture was left at room temperature for 30 min, and the absorbance
was read at a 750 nm wavelength using an UV-VIS NIR spectrophotometer (Shimadzu
Corporation, Kyoto, Japan) [43]. Gallic acid was used to generate calibration curves at
concentrations of 10-500 mg/L. The regression coefficient was 0.99658, while the equation
y = 0.00484x + 0.16058. The sample was analyzed in duplicate.

2.10. DPPH Radical Scavenging Activity

For determination of the radical scavenging activity, 0.3 mL of the extract prepared
as described previously was mixed with 2.7 mL of 0.1 mM DPPH reagent (prepared in
methanol). The mixture was shaken and kept at room temperature for 30 min [44]. The
absorbance was read at a 517 nm wavelength using an UV-VIS-NIR spectrophotometer
(Shimadzu Corporation, Kyoto, Japan). The results were expressed as the percentage of
DPPH discoloration according to Equation (8):

Absorbance — Absorbance
Scavenging ef fect(%) = AllisciianceoppH SAMPIE 100 (15)

2.11. Statistical Analysis

All the results are presented as mean =+ standard deviation. The nutritional and
functional analyses for the rapeseeds and meal were performed in triplicate. Meanwhile,
the amino acid, fatty acid and mineral analyses were performed in duplicate. A sample
of 500 seeds was used for physical characterization of the seeds. The values obtained
were processed using Excel-Stat software (trial version). Differences between the samples
were established using an analysis of variance (ANOVA) and using Tukey’s test at a 95%
confidence level. To determine the chemical differences between the seeds and meal,
Student’s t-test was performed.

3. Results and Discussion
3.1. Meal Safety

The value obtained for water activity was low (0.4153), lower than 0.6, which does not
allow for the development of molds, yeasts or bacteria.

The mineral analysis using ICP-MS showed the absence of heavy metals such as lead,
mercury and cadmium.
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The results for the studied mycotoxins fell within the legal stability limit allowed by
the European Union, and these are presented in Table 2.

Table 2. Incidence of mycotoxins in rapeseed meal.

Limit of Limit of Results Maximum Limit
Sample Detection Quantification ug/k 2006/576/EC
ug/kg ug/kg &8 ug/kg
Zearalenone 10 15 25.17 £ 2.83 2000
Ochratoxin A 0.5 1.5 3.88 £+ 0.62 50
Aflatoxin By 0.3 0.7 <LOQ 10
Deoxynivalenol 0.011 0.042 0.207 £ 0.035 0.9

3.2. Physical Properties

The rapeseeds showed variations in their physical properties (Table 3), between
1.70 and 2.88 mm for length; between 1.60 and 2.73 mm for width; between 1.22 and
2.49 mm for thickness; between 1.61 and 2.55 for the geometric mean diameter; between
3.78 and 15.01 mm? for volume; and between 8.13 mm? and 20.36 mm? for the surface area.
The average sphericity was 91%, which indicated that the seeds are spherical and easily
roll on structural surfaces. The values for bulk density, true density and porosity were
694.20 kg/m?, 1070.17 kg /m3 and 37.50%, respectively.

Table 3. Shape, dimensional and gravimetric parameters for the seeds; n = 500.

Sample Range Average
Shape and dimensional parameters
L, mm 1.70-2.88 2.24 £0.20
W, mm 1.60-2.73 2.06 +0.17
T, mm 1.22-2.49 1.85+0.18
Dg, mm 1.61-2.55 2.04 £0.15
Y, - 0.75-1.09 0.91 £ 0.05
V, mm? 3.78-15.01 7.87 + 1.84
S, mm? 8.13-20.36 13.14 £ 1.96
Ap, mm? 2.24-5.79 3.64 +0.57
Gravimetric parameters
M, g 0.0028-0.0099 0.0057 + 0.001
mass of 1000 grains, g 5.29-5.47 5.37 £ 0.08
Pb, kg/m3 686.05-698.56 694.20 £ 3.36
pt, kg/m3 898.82-1176.68 1070.17 £ 98.57
®, % 22.81-41.25 37.50 £ 2.33

L, W, T, M, Dg, ¥,V,S, Ap—length, width, thickness, mass, geometric mean diameter, sphericity, volume, surface
area and projected area of sunflower seeds; p,—bulk density; p—true density; @—porosity.

Compared to the Turan variety, our seeds are longer but have the same thickness and
width [38]. The opposite was observed for the varieties Elvis and Capitol, which are longer
and narrower, and for the varieties Jetneuf and Samurai, which are longer and larger than
those investigated in this study [45,46].

The results found were consistent with the best claims by other authors (L = 1.52-2.96 mm;
W =1.47-2.68 mm; T = 0.99-2.01 mm; Dg =1.63-2.23 mm; ¥ = 0.82-0.97; mass of 1000 grains
=2.85-6.36 g; S = 1.67-15.7 mm?; ® = 1.62-10.07 mm?; bulk density = 585.1-738.8 kg/m?;
true density = 1091.3 kg/m?; M = 0.0038-0.0065 g; Ap = 3.60-4.67 mm?) [45-52].

The correlation coefficients (Table 4) show the relationships between the dimensional
properties of the seeds. All correlations found, except Dg/¥ and ¥ /S, were significant at
p < 0.5%. The parameters L, W and T showed moderate positive correlations, indicating
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a certain dependence between them (long seeds are also the widest, r = 0.676, and wide
seeds are also the thickest, r = 0.543).

Table 4. Correlation between the physical properties of rapeseeds; n = 500.

Variables M L A\ T Dg b 4 A% S Ap

M 1

L 0.167 * 1

w 0.088 * 0.676 * 1

T 0.009 0.365 * 0.543 * 1
Dg 0.100 * 0.803 * 0.877 * 0.800 * 1

Y —0.133*  —0.529* 0.116 * 0.525* 0.078 1

\% 0.079 0.654 * 0.867 * 0.871* 0.971* 0.284 * 1

S 0.108 * 0.804 * 0.876 * 0.796 * 0.999 * 0.075 0.975* 1
Ap 0.149 * 0.917 * 0.910 * 0.489 * 0913 * —0.233 * 0.829 * 0916 * 1

The symbol * indicates significance at p < 0.05; L, W, T, M, Dg, ¥—length, width, thickness, mass, geometric mean
diameter and sphericity of the seeds.

The influence of mass was investigated by calculating the correlation coefficients for all
combinations. Although significant values were found at p < 0.05, they all indicated weak
linear correlations (r = 0.088-0.167), indicating independence between them. Therefore,
longer, wider and denser seeds are not necessarily the heaviest.

The physical properties (length, width and thickness) were integrated into the formula
for calculating the geometric mean diameter, surface, sphericity and volume. For this
reason, strong positive correlations between these formulas were easy to achieve.

3.3. Nutritional Composition of the Seeds and Meal
3.3.1. Chemical Composition

The nutritional composition (Table 5) of the whole seeds and meal after cold pressing
extraction presented significant differences (p < 0.05). Except for fat content, all the parame-
ters (moisture, ash, proteins, fibers and carbohydrates) were increased in the meal. This
may be related to the cold extraction method, which leaves a significant content of oil that
increases the nutritional value of the meal. The nutritional values, except for the moisture,
were significantly different at p < 0.05.

Table 5. Nutritional composition of rapeseeds and meal.

Parameter Seed Meal
Moisture, % 5.24 4+0.132 527 +0.122
Ash, % 4.26 +0.02° 6.06 +0.03
Proteins, % 24.29 +0.02° 35.04 +0.322
Lipids, % 35.22 + 0402 1324 +0.03°
Total dietary fibers, % 2295 +0,16° 31.80 £ 0,672
Remaining carbohydrates, % 8.04 + 043" 8.58 +0.78
Energy value, kcal /100 g 49224 +£1.80° 342.32 +1.14°

Difference assessment was performed with a paired t-test. Values followed by *? are statistically different at the
95% confidence level.

Various studies on the nutritional properties of rapeseed meal (after cold extraction)
have shown that the moisture, ash, proteins, lipids, total dietary fiber and carbohydrates
ranged between 6 and 10.8%, 4.19 and 19.7%, 14.03 and 40.1%, 5.14 and 23.1%, 5.5 and
20.11% and 8.35 and 48%, respectively [8].

Regarding the seeds, the nutritional parameters found in the literature vary as follows:
moisture: 1.96-6.4%; ash: 3.8-4.84%; proteins: 20.85-25.7%; lipids: 38.80-40.60% [45].

Due to the high fat content (35.22%), which has the highest energetic contribution
(9 kcal/g), the seeds have a higher caloric value. Similar values have been found in the
literature (559.60-572 kcal /100 g in rapeseeds and 348,2 kcal /100 g in meal [53,54])
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3.3.2. Mineral Composition

Oilseeds are a valuable source of mineral elements (Table 6) that have an important
role for human health (with involvement in basic biological mechanisms). The major
macroelements identified in the rapeseed meal were Mg and Ca, which represented 73.60%
of the total ash content (6.06%). Among the microelements, Se showed the highest con-
centration followed by Ce, Tl, Mn, Cr, Zn, Ti, Be, Fe II, Fe III, Co, Ni and Mo. After oil
extraction, except Tl and Lj, all the minerals increased. The element Li was the only element
not present in the meal.

Table 6. Comparison of mineral composition for rapeseeds, meal and oil.

Mineral Composition Seed Meal Oil
Lithium (Li), mg/kg 1.10+0.027 - 1.00 +0.01 P
Beryllium (Be), mg/kg 17.90 £ 1.10° 2630 £0.40° 0.40 £0.02
Magnesium (Mg), mg/kg 4679.4 +360.5° 4194.8 +£0.00° 8.00 +0.57 P
Calcium (Ca), mg/kg 2139.6 4 134.5P 3085.6 +£69.3 2 6.70 £ 047 ¢
Titan (Ti), mg/kg 23.50 £1.90? 26.60 +2.50 @ 0.10 +0.00°
Chromium (Cr), mg/kg 73.00 £7.10° 108.5 + 6.3 2 1.00 +0.04 €
Manganese (Mn), mg/kg 73.60 + 6.70 120.7 £9.3° 0.80+0.10¢
Iron (Fe-1I), mg/kg 3.60 +£0.19° 5.60+0.30? 0.03 +0.00 ©
Iron (Fe-III), mg/kg 1.10 +0.10° 1.60+0.10° 0.01 £+ 0.00 ¢
Cobalt (Co), mg/kg 1.20 +0.022 1.50 +0.30 2 0.03 +0.00P
Nickel (Ni), mg/kg 0.80 +0.02° 1.20 £0.002 0.20 +0.00 ©
Copper (Cu), mg/kg 35.60 +2.50° 53.20 £0.60 # 0.60 & 0.00 ©
Zinc (Zn), mg/kg 47.40 +£3.20° 80.80 +4.80 2 0.20 £0.01 ¢
Selenium (Se), mg/kg 1235.1 +£99.7 2 1396.2 £92.52 2.00 +£0.10°
Molybdenum (Mo), mg/kg 0.30 +0.02° 0.40 +0.00 0.20 £ 0.01°¢
Cesium (Ce), mg/kg 356.9 £23.6° 501.3 £4.04° 63.7£2.00°
Thallium (T1), mg/kg 806.2 £ 6597 2782 +£15.0° 186.6 +9.75 2

Total, mg/kg 9496.36 9882.71 271.28

Different superscript letters are significantly different (p < 0.05%) according to Tukey’s post hoc test.

For the meal, the following values were found in the literature: Cu: 3.42-10.00 mg/kg;
Fe: 69.23-159 mg/kg; Mn: 37.77-62.26 mg/kg; Mo: 0-1.5 mg/kg; Zn: 45.00-71.00 mg/kg;
Se: 0-1.22 mg/kg; Ca: 5750-7330 mg/kg; Mg: 3500-4690 mg/kg [55,56].

A total of 17 elements were found in the seeds (Mg > Ca > Se > Tl > Ce > Mn > Cr >
Zn > Cu>Ti>Be>Fell >Co > FeIll > Li > Ni > Mo) and oil (T1 > Ce > Mg > C > Se > Li >
Mn > Cu > Be > Zn > Mo > Ni > Ti > Fe I > Co > Fe III). In the seeds, the macroelements
represented 71.83% of the total ash content (4.26%).

The values found for the seeds were similar to those found by other authors:
Ca: 3560-29,955 mg/kg; Mg: 2483.00-3543 mg/kg; Fe: 30.93-195 mg/kg; Mn:
15.56-96.30 mg/kg; Cu: 1.25-21.25 mg/kg; Zn: 21.46-88.90 mg/kg; Cr: 0.80-1.65 mg/kg; Ni:
1.85-2.40 mg/kg [53,57].

A comparative study of the mineral composition showed that the majority of the
elements were increased in the meal, and only the content of Tl and Mg was decreased. Li
was the only element not found in the meal because it passed into the extracted oil.

In the oil Mg, Ca, Ce and Tl were present to high values, while the other elements
were present in proportions < 2%. The values found in the literature for rapeseed oil were
lower than those found in our study [57].

3.3.3. Fatty Acids

The remaining oil provides its nutritional and health properties to the partially defatted
powder, especially in increasing the content of unsaturated fatty acids (Table 7). A total of
31 fatty acids were determined, of which 15 were saturated (SFAs), 7 were monounsaturated
(MUFAs) and 9 were polyunsaturated (PUFAs). The difference between the samples was
significant at the 95% confidence level.
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Table 7. Fatty acid composition of rapeseeds and meal.

Parameter Seed Meal
Caprylic acid (C8:0) SFA 0.41+0.01%  0.65+0042
Capric acid (C10:0) SFA 0.36 £0.03 023 +0.01P
Lauric acid (C12:0) SFA 0.37£0.022  0.21+0.00"
Myristic acid (C14:0) SFA 055+0.042 048+0.032
Myristoleic acid (C14:1, n-5) MUFA 0214001 1.71£0.06%
Pentadecanoic acid (C15:0) SFA 44540282 545+0.35%
cis-10-pentadecanoic acid (C15:1, n-5) MUFA 6.21 +0.032 -
Palmitic acid (C16:0) SFA 1227 £0.872 -
Palmitoleic acid (C16:1, n-7) MUFA 0.52+0.01° 0.65 + 0.04 2
Heptadecanoic acid (C17:0) SFA - 2217 £0.262
Stearic acid (C18:0) SFA 1.08+0.032 047 4+0.02"
Oleici acid + elaidic acid (C18:1, cis + trans, n-9) MUFA 1024 £ 0492 912+0.16°
Linoleic acid + Linolelaidic acid (C18:2, cis + trans, n-6) PUFA 4472 4 0.642  39.63 +0.67°
v-Linolenic acid (C18:3, n-6) PUFA 0.64 +0.002 -
a-Linolenic acid (C18:3, n-3) PUFA 1.17 £0.07> 1248 £0.032
cis-11,14-eicosadienoic acid +
cis-8,11,14-eicosatrienoic acid (C20:2, n-6) PUFA 126£001°  175:+0.07°
cis-11,14,17-eicosatrienoic acid (C20:3, n-3) PUFA 0.31 £0.012 0.40 +£0.032
Arachidonic acid (C20:4, n-6) PUFA 0.46 +£0.06 2 -
Heneicosanoic acid (C21:0) SFA 038 +0.01* 050+0.042
FEicosadienoic acid (C22:0) SFA 021 £0.012 0.10 £+ 0.00 P
Erucic acid (C22:1, n-9) MUFA 557 £0.182 3.75+0.14"
cis-4,7,10,13,16,19-docosahexanoic acid (C22:2, n-6) PUFA - 0.25+0.014 4
cis-4,7,10,13,16,19-docosa-hexanoic + nervonic acid a
(C22:6, n-3 + C24:1, n-9) PUFA 431+011 )
Tricosanoic acid (C23:0) SFA 4.154+0.032 -
Lignoceric acid (C24:0) SFA 0.17+0.012 -
C18:2 w-6/C18:3 w-3 38.22 +£1.77 3.17 £ 0.06
C18:1 w-9/C18:2 w-6 0.23 + 0.01 0.23 £ 0.00
>.SFAs (%) 24.40 £+ 0.56 30.25 + 0.64
>.UFAs (%) 75.62 +1.22 69.75 + 0.69
>MUFAs (%) 22.75 + 0.35 15.24 +0.13
>PUFAs (%) 52.87 +0.87 54.51 4+ 0.56
>.SFAs/Y.UFAs 0.32 + 0.01 0.43 + 0.01
>.PUFAs/~MUFAs 2.30 + 0.00 3.60 £ 0.01

Different superscript letters means a significant difference (p < 0.05%).

The seed oil contained 24.40% saturated fatty acids (SFAs), 22.75% monounsaturated
fatty acids (MUFAs) and 52.87% polyunsaturated fatty acids (PUFAs). The most predom-
inant fatty acids identified in the seeds were linoleic and linolelaidic acids, followed by
palmitic, oleic and elaidic acids. Eicosadienoic and myristoleic acids were found in small
amounts. A lower amount of stearic acid was found than palmitic acid.

The rapeseed meal contained 30.25% SFAs, 15.24% MUFAs and 54.51% PUFAs. Com-
pared to the seeds, in the SFA classes of the meal, an absence of palmitic, tricosanoic
and lignoceric acids was observed, as was the presence of heptadecanoic acid. Linoleic,
linolelaidic, heptadecanoic and «-linolenic acids were the most predominant fatty acids
present in the rapeseed meal. Rapeseeds and meal were found to be poorer in SFAs and
PUFAs in the literature [53,56,57].

Excessive consumption of saturated fatty acids has a negative effect on human health,
especially on the cardiovascular system. In this regard, both investigated samples were
rich in UFAs. Moreover, PUFAs were more abundant than MUFAs in both samples,
and these findings indicate their importance for health. PUFAs improve fluidity and
permeability through cellular membranes and reduce the risk of cardiovascular diseases
and autoimmune disorders [35].
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PUFAs n-6 and n-3 are essential fatty acids that cannot be produced by the human
body and must be taken in our diet [2]. In a healthy balanced diet, the optimal n-6/n-3 ratio
ranges between 1:1 and 5:1. However, the modern diet includes high consumption of PUFAs
n-6 (at ratios of 10:1 and 20:1), which increases the risk of developing inflammatory diseases,
such as obesity [58]. The group of PUFAs n-3 investigated in this study was represented by
o-Linolenic acid, cis-11,14,17-eicosatrienoic acid and cis-4,7,10,13,16,19-docosa-hexanoic
acid. On the other hand, the group of PUFAs n-6 was represented by y-Linolenic acid,
Linoleic acid + Linolelaidic acid, cis-11,14-eicosadienoic acid + cis-8,11,14-eicosatrienoic
acid, arachidonic acid and cis-4,7,10,13,16,19-docosahexanoic acid (C22:2, n-6).

The n-6/n-3 PUFA ratio in the meal was 3.17. This value was lower than that in the
seeds (34.29), indicating a positive nutritional profile and a beneficial effect on cardiovascu-
lar risk factors [59]. The values found were much lower than those found in the literature,
which ranged between 5.46 and 7.08 [55].

3.3.4. Amino Acids

The content of protein in the rapeseed meal was increased the most (35.04% for the
meal vs. 24.29% in the seeds). Considering this increase, an evaluation of protein quality
by determining the amino acid (AA) profile is necessary (Table 8).

Table 8. Amino acid composition of rapeseeds and meal.

Seed Meal
Amino Acids
nmol/g Y% nmol/g Y%
Alanine 2081.39 + 60.32 b 5.37 2497.15 4+ 58.12 2 5.46
Glycine 2192.27 4+ 119.30 ° 5.65 2886.41 + 140.322 6.31
x-aminobutiric acid 44956 +1.69 2 1.16 429.01 £12.172 0.94
Valine * 1353.73 + 33.90 P 3.49 247347 +47.922 5.41
-aminobutiric acid 957 +0.05P 0.03 10.07 £ 0.142 0.02
Leucine * 305.04 +8.16 2 0.79 35293 +£17.062 0.77
Isoleucine * 518.95 £ 21.262 1.34 590.55 +12.222 1.29
Threonine * 661.81 + 0462 1.71 - -
Serine 828.72 + 545b 2.14 10,207.99 +97.434 22.33
Proline 2761.80 +-4.36 2 7.12 1315.84 + 2951 P 2.88
Asparagine 2931.65 £ 26.37 2 7.56 2435.22 + 51.38 b 5.33
Thioproline 1991.27 +10.83 2 5.13 1163.17 £ 21.95P 2.55
Aspartic acid 5912.94 4+ 204.58 @ 15.24 1866.28 + 46.35 P 4.08
Methionine * 1015.11 £ 0912 2.62 648.43 + 25.56 P 1.42
3/4-Hidroxiproline 672.65 +£0.26 2 1.73 708.95 + 41.182 1.5
Phenylalanine * 44497 +27.45P 1.15 735.80 £ 3.49 @ 1.61
Glutamic acid 7728.82 +116.04 @ 19.92 1930.72 + 23.71 P 4.22
ax-aminoadipic acid 462.50 +1.18P 1.19 569.67 +2.242 1.25
Glutamine 7728.82 & 116.04 P 3.21 8818.06 + 4.69 2 19.29
Ornithine - - 59793 +£3.112 1.31
Glycylproline 508.17 £ 2.77 4 1.31 472.08 +8.71P 1.03
Hidroxylysine 528.23 +3.182 1.36 524.77 £2.244 1.15
Proline-Hydroxyproline 508.41 £2.974 1.31 44633 +3.21° 0.98
Histidine * 779.33 + 11.84 2.01 1042.54 + 77.08 2 2.28
Lysine * 601.01 £2.184 1.55 596.36 = 68.16 2 1.31
Tyrosine 458.58 +9.18 2 1.18 462.59 +20.182 1.01
Tryptophan * 532.58 +£1.832 1.37 534.27 £ 0.68 2 1.17
Cystathionine 649.52 +7.044 1.67 661.12 +£0.812 1.45
Cystine 662.08 + 2.45b 1.71 732.86 + 1.66 @ 1.60
Total AAs 38,795.21 45,710.55
Essential AAs, % 16.01 15.26
Non-essential AAs, % 83.99 84.74

AAs: amino acids. The symbol * means essential AAs. Values are presented as mean + standard deviation. When

followed by different superscript letters (@P), values are statistically different at the 95% confidence level.
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The meal had a significantly (p < 95%) higher content of total AAs (38,795.21 nmol/g in
seeds vs. 45,710.55 nmol/g in meal). The most abundant amino acid found in the seeds was
glutamic acid, followed by aspartic acid, asparagine, proline, alanine and glycine. In meal,
the highest AA content found was that for serine, followed by glutamine, glycine, alanine
and asparagine. The lowest contents of AAs identified in the seeds and the meal were those
of a-aminobutiric acid, f-aminobutiric acid, leucine and proline/hydroxyproline.

For all the AAs, relative percentages were calculated, with which the total percentage
of essential /non-essential AAs was calculated. The essential AAs investigated were va-
line, leucine, isoleucine, threonine, methionine, phenylalanine, histidine and tryptophan.
Leucine, isoleucine and valine are named branched-chain AAs. They must be obtained
through our diet and cannot be synthetized by the body. These AAs are the building blocks
for the synthesis of proteins that play an important role in the body’s energy metabolism [1].

In the meal, the essential AAs represented 15.26%, while in the seeds, they represented
16.01%. Valine was the major AA present in both the seeds and the meal.

In seeds, the pattern of the other essential AAs was methionine > histidine > threonine
> lysine > tryptophan > isoleucine > phenylalanine > leucine.

Threonine was the only essential AA that was not present in the meal. In decreasing
order, the other essential AAs present in the meal were histidine > methionine > lysine >
isoleucine > tryptophan > leucine. The values found are in the range found in the literature
(13.13-19.26) [60-63].

3.4. Functional Properties

Functional properties are important in food product manufacturing, transportation,
storage and stability [64]. The functional properties investigated were bulk density (BD),
water holding capacity (WHC), oil holding capacity (OHC), emulsion capacity/stability
(EC/ES), foam capacity/stability (FS/FC) and least gelatinization concentration (LGC).
The values found for rapeseed meal were 0.5942 g/mlL,2.92 g/g, 1.29 g/g, 25.65%, 93.33%,
6.47% and 16%, respectively, for BD, WHC, OHC, EC, ES, FC and LGC (Table 9).

Table 9. Functional and color properties of rapeseed meal.

Parameter BD WHC OHC EC ES FC LGC e , b
(g/mL) (g/g) (g/g) (%) (%) (%) (%)

SR 0.5942 2.92 1.29 25.65 93.33 6.47 1600 6329 214 18.29

+SD 0.004 0.18 0.05 1.19 5.77 0.56 0.00 0001 0.2 0.01

SR—rapeseed meal; SD—standard deviation; BD—bulk density; WHC—water holding capacity; OHC—oil hold-
ing capacity; EC—emulsion capacity; ES—emulsion stability; FC—foaming capacity: LGC—least gelatinization
concentration L*—lightness; a*—redness; b*—yellowness.

The OHC represents the amount of fat absorbed by the non-polar side of the protein
chain, while the WHC represents the amount of water absorbed by the polar side of the
protein chain. The interaction of water and oil with rapeseed meal is important in food
formulations due to its influence on its taste and texture [65]. The fat acts as an enhancer of
mouthfeel and a flavor retainer [66]. The values found in the literature for OHC and WHC
were 0.90-7 g/g and 1.1-6.2 g/g, respectively [4,33,67-70].

BD is the property that describe a powder’s weight and depends on the size, shape
and state of compaction of the powder particles [30,71]. The results obtained were in
accordance with those found in the literature (0.498-0.726 g/mL) [72-74].

EC measures the amount of protein that mixes with oil. An emulsion is a two-phase
system that includes immiscible liquids (water and oil) [66]. The emulsion stability mea-
sures the amount of water released by an emulsion over time [2]. These parameters depend
on proteins’ flexibility and hydrophobicity, which improve the molecular anchoring of
the oil/water interface and thus more stable emulsions are obtained [30]. The values
obtained were in the range found in the literature (20.00-56.60% for EC and 70-108% for
ES) [33,67,68,70].
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LGC represent the minimum concentration of powder necessary to form a gel. The
process of gelation implies the transformation of a viscous liquid into a three dimensional
viscous—elastic matrix due to the swelling of proteins and starch through ordered polymer-
ization of the molecules by heating [64]. The concentration obtained in our study was 16%.
Similar values was found in the literature (14.90-15.70%) [68].

Regarding the color, the rapeseed meal powder was dark (a low lightness value) with
a reddish and yellowish tone (values for a* and b* were positive).

The FC is a measure of the interfacial area formed by a protein during foaming [75].
The rapeseed meal showed a low foaming (6.47%) capacity, but the foam had high stability.
The foam decreased from 100% to 68.18% within an hour (Figure 2).
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Figure 2. Foaming stability of rapeseed meal within 1 h.

The powder wettability (depending on time and the dispersion behavior) was recorded
as good. On contact with water, the meal powder gradually moistens. Part of the powder
is dispersed in the liquid, and the other is deposited at the bottom of the Berzelius beaker.
After a few seconds, everything fades to the background. After half an hour, all of the
powder particles settle at the bottom of the Berzelius beaker. By vortexing, the sample is
dispersed through the liquid.

3.5. Qualitative Analysis of Main Functional Groups

Fourier Transform Infrared Attenuated Total Reflectance (FTIR-ATR) can be considered
a green, rapid and innovative method for characterizing samples. This method furnishes
the chemical and biochemical characteristic substances in a sample by recording their
molecular vibration (torsion, bending and stretching of the chemical bonds).

The FT-IR spectra presented nine wavenumbers (Figure 3) in three different spectra
zones, namely 4000-2500 cm ! (the single-bond region), 2000~1500 cm ! (the double-bond
region) and 1500-600 cm ™! (the fingerprint region).

In the first region, there were three absorption wavenumbers, namely 3283.24 cm~ 1,
2922.41 cm~! and 2852.96 cm !, possibly attributed to the OH stretching modes of polysac-
charides and/or cellulose [76] and asymmetric and symmetric stretching vibrations, mainly
associated with the hydrocarbon chain found in fatty acids [77].

In the second region, the spectral band at 1743.98 cm ™! can possibly be attributed to
the C=0 bonds of the ester group. This is related to the presence of fatty acids and their
carbohydrates, pectins and lignin [78]. The peaks at 1640.58 cm ™! and 1540.88 cm ! were
amidic bands I and II, respectively [79]; these result from the C=0O stretching of amides
(which involves the carbonyl stretching vibration of the peptide backbone) and bending
variations in the N-H groups [56].
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Figure 3. FTIR spectra for rapeseed meal.

The fingerprint region was rich in peaks (from various stretching, bending, rocking,
scissoring and torsional modes), providing information about the organic compounds.
Unfortunately, due to its complexity, it is difficult to analyze [80]. The spectral band at
1455.27 cm~! possibly corresponded to aromatic C-C stretching related to the presence
of phenolic compounds, while the bending vibration of OH at 1236.39 cm ™! and the C-O
stretching at 1038.56 cm ! may have been related to polysaccharide substances [81,82].

3.6. Model Fitting and Statistical Analysis

The rapeseed meal extracts were obtained according to the information presented
in Table 10. A total of 45 experiments were conducted with various combinations of
independent variables (A, temperature, B, time, C, amplitude used for ultrasound-assisted
treatment and D, solvent used for extraction). The experimental data recorded for the total
polyphenol content and 2,2-diphenyl-1-picrylhydrazyl free radical scavenging activity are
also presented in Table 10.

The ANOVA for the model fitting showed that the mathematic model chosen was
statistically significant (p < 0.0001) and predicted the responses accurately. Total polyphenol
content and antioxidant activity according to the DPPH data were fitted to a quadratic
model, which explained 94% and 91% of the data variation, respectively.

For the experimental data, a multiple regression analysis was applied, obtaining a
quadratic polynomial, in Equation (16), where R represents the responses (TPC and DPPH),
X is the constant and by-by4 are the coefficients of regression found in Table 11:

R=Dbg+by xA+by xB+bs xC+by xDl+bsxD2+bgx AB+b; x AC
+bg X AD1 + bg x AD2 + byg x BC + by; x BD1 4 byy x BD2 + byz x CD1 + by x CD2 (16)
+b1s ><A2+b16 X B2+b17 x C2

The TPC ranged from 7.14 to 193.63 mg GAE/g (the maximum values were obtained
using methanol at 40 °C, for 20 min and at a 40% amplitude), and the free radical scavenging
activity ranged from 40.24% to 89.07% (the maximum values were determined using
methanol at 40 °C, for 10 min and at a 40% amplitude).
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Table 10. Experimental design and data values.

Factors Responses
R Coded Actual
un
Temperature, Time, Amplitude, TPC, DPPH,
A B c b EC min 13’/o Solvent mg GAE/g %

1 -1 -1 0 {10} 30 10 70 water 53.41 71.50
2 1 -1 0 {10} 50 10 70 water 111.84 77.61
3 -1 1 0 {10} 30 20 70 water 126.88 83.00
4 1 1 0 {10} 50 20 70 water 102.05 78.47
5 -1 0 -1 {10} 30 15 40 water 30.00 65.55
6 1 0 -1 {10} 50 15 40 water 46.00 80.19
7 -1 0 1 {10} 30 15 100 water 142.32 81.70
8 1 0 1 {10} 50 15 100 water 117.00 56.93
9 0 -1 -1 {10} 40 10 40 water 19.00 78.47
10 0 1 -1 {10} 40 20 40 water 104.48 75.02
11 0 -1 1 {10} 40 10 100 water 174.00 75.00
12 0 1 1 {10} 40 20 100 water 1514 74.16
13 0 0 0 {10} 40 15 70 water 47.00 83.63
14 0 0 0 {10} 40 15 70 water 46.92 76.31
15 0 0 0 {10} 40 15 70 water 46.92 76.14
16 -1 -1 0 {01} 30 10 70 ethanol 47.31 44.53
17 1 -1 0 {01} 50 10 70 ethanol 75.15 66.33
18 -1 1 0 {01} 30 20 70 ethanol 63.35 72.22
19 1 1 0 {01} 50 20 70 ethanol 25.00 58.00
20 -1 0 -1 {01} 30 15 40 ethanol 7.14 40.24
21 1 0 -1 {01} 50 15 40 ethanol 45.84 65.49
22 -1 0 1 {01} 30 15 100 ethanol 51.54 67.00
23 1 0 1 {01} 50 15 100 ethanol 9.41 41.08
24 0 -1 -1 {01} 40 10 40 ethanol 35.00 50.00
25 0 1 -1 {01} 40 20 40 ethanol 35.02 63.80
26 0 -1 1 {01} 40 10 100 ethanol 84.29 54.00
27 0 1 1 {01} 40 20 100 ethanol 47.77 70.00
28 0 0 0 {01} 40 15 70 ethanol 8.00 80.00
29 0 0 0 {01} 40 15 70 ethanol 8.00 70.00
30 0 0 0 {01} 40 15 70 ethanol 8.00 70.00
31 -1 -1 0 {—1-1} 30 10 70 methanol 112.43 82.34
32 1 -1 0 {—1-1} 50 10 70 methanol 83.00 81.00
33 -1 1 0 {—-1-1} 30 20 70 methanol 175.72 74.00
34 1 1 0 {—1-1} 50 20 70 methanol 81.06 73.09
35 -1 0 -1 {—1-1} 30 15 40 methanol 83.00 70.56
36 1 0 -1 {—1-1} 50 15 40 methanol 128.39 87.40
37 -1 0 1 {—1-1} 30 15 100 methanol 141.21 78.55
38 1 0 1 {—-1-1} 50 15 100 methanol 28.14 49.54
39 0 -1 -1 {—-1-1} 40 10 40 methanol 118.3 89.07
40 0 1 -1 {—1-1} 40 20 40 methanol 193.63 82.34
41 0 -1 1 {—-1-1} 40 10 100 methanol 135.89 81.50
42 0 1 1 {—-1-1} 40 20 100 methanol 114.21 70.00
43 0 0 0 {—1-1} 40 15 70 methanol 67.00 86.00
44 0 0 0 {—-1-1} 40 15 70 methanol 68.00 85.70
45 0 0 0 {—1-1} 40 15 70 methanol 66.79 86.00

The values found in the literature were 6.97-21.04 mg GAE/g for total polyphenol
content and 6.59-69.08% for antioxidant activity [4,77,83,84]. The TPC and the antioxidant
activity are dependent on the type of solvent used, its concentration, the granularity of
the sawdust and the temperature. Teh et al. [83] investigated the effects of using different
solvents with varying concentrations on the polyphenol content, obtaining high values
using a mixture of solvents (methanol:acetone:water), followed by 80% acetone, 80%
methanol and ethanol. Nandasiri et al. [84], obtaining high values for antioxidant activity,
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used 70% methanol and ethanol and high temperatures. The meal fraction particles (below
250 um) led to the highest values for these two responses [4].

Table 11. ANOVA results for model fitting (*** p < 0.001; ** p < 0.01; * p < 0.05). Coefficients of
regression that explain the effect of the variables and their interactions.

Factors TPC DPPH
R? 0.9469 0.9111
Adjusted R? 0.9134 0.8551
F value 28.30 16.27
p value <0.0001 <0.0001
Lack of Fit 0.2857 0.3560
by +44.74 +79.31
by ~7.56* —0.67
b, +7.12% +0.95
bs +14.64 —2.03*
by +12.51 *** +3.95 ***
bs —41.12 %% —10.79 ***
b —17.89 *** —3.85 **
by —23.38 *** —11.37 ***
bg +10.59 ** —0.40
bg +5.82 ** +1.53
big —20.14 *** +0.003
by +8.70 ** +0.061 ***
b1 —15.95 ** +5.20 ***
b3 +33.51 *** +0.60 **
b1y —5.89 *** +3.60 **
bis +5.72 —7.03 ***
bis +37.64 *** —0.44
by +18.71 ** —6.93 ***

Phenolic acids and flavonoids are the main contributors to antioxidant activity. This
correlation was demonstrated by Sepahpour et al. [85] for four different plants (turmeric,
curry leaf, ginger and lemongrass), and generally, a high TPC was correlated with high
DPPH values.

3.7. Total Polyphenolic Content

Temperature (A) had a significant negative effect on polyphenol content (p < 0.05),
while time and amplitude (B and C) had a significant positive effect (p < 0.05 and p < 0.001,
respectively). The highest positive effect was observed for the quadratic term of time (B?).
From the equation, it can be observed that the interaction between temperature and time
had the highest negative effect on TPC.

The variables temperature and amplitude had a greater positive effect on TPC when
water was used as the extraction solvent. On the other hand, the variable time had a greater
effect when the solvent used was ethanol. The combination of all variables had a negative
effect on TPC for all the solvents used, and the strongest negative effect was observed for
the combination of time and solvent (in this case ethanol), followed by that of temperature
and time.

A 3D picture that shows the effects of different treatments on the TPC is presented in
Figure 4.
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Figure 4. Response surface plots showing the effect of the extraction parameters and different solvents
on the phenolic compounds. Pictures (a—c) are for the extraction in methanol. For pictures (d-f), the
color green corresponds to ethanol, blue corresponds to methanol and red corresponds to water.

3.8. DPPH Free Radical Scavenging Activity

Amplitude (C) had a significant (p < 0.05) negative effect on antioxidant activity, while
temperature and time (A and B) had no significant effect. The largest positive effect was
observed for the interaction between time and solvent2 (BD2-ethanol). On the other hand,
solvent D2 (ethanol) had the greatest negative effect on antioxidant capacity.

Temperature had a greater positive effect on antioxidant activity when water was used
as the extraction solvent. On the other hand, time and amplitude had a greater effect when
the solvent used was ethanol. Only the combination of time and amplitude had a positive
effect on antioxidant activity for all solvents used.

The surface responses in Figure 5 show the effect of different factors on the evolution
of antioxidant activity.

67



Plants 2024, 13, 3085

DPPH radical scaveging activity (%)

DPPH radical scaveging activity (%)

A: Temperature (°C)

DPPH radical scaveging activity (%)
3
8

8: Time (min)

30 20

100.00 —{

90.00

80.00

70.00

60.00 —{

50.00

40.00

100.00

i,
i
/7 II/&"

7

i
i
//
i

”’I’b
/]
[/

DPPH radical scaveging activity (%)

C: Amplitude (%) B: Time (min) 15

17.5

20

C: Amplitude (%)
(a) (b) (9
D: Solvent 100.00 ] D: Solvent 100.00 D: Solvent

90.00

80.00

70.00

60.00 —{

DPPH radical scaveging activity (%)

50.00

40.00

90.00

80.00 |

70.00

60.00

DPPH radical scaveging activity (%)

50.00

40.00

T T T T T T T T
35 40 45 50 10 12 14 16

A: Temperature (°C) B: Time (min)

(d) (e)

C: Amplitude (%)

()

Figure 5. Response surface plots showing the effect of the extraction parameters and different solvents

on the antioxidant activity. Pictures (a—c) are for the extraction in methanol. For pictures (d—f), the

color green corresponds ethanol, blue corresponds to methanol and red corresponds to water.

3.9. HPLC Analysis of Phenolic Compounds

The phenolic acids were determined for the extract with the highest TPC. The average
concentrations found of the phenolic acids in the rapeseed meal are presented in Table 12.

Table 12. Phenolic compounds in rapeseed meal.

Phenolic Acids Results, mg/kg
4-Hydroxybenzoic acid 155.49 4+ 5.80
Vanillic acid 2496.71 + 46.88
Caffeic acid 1885.43 + 54.27
Chlorogenic acid 1891.18 £+ 19.53
p-cumaric acid 30.53 £ 0.92

Rosmarinic acid

354.09 £ 11.29

Myricetin 1966.51 + 179.52
Luteolin 17.89 + 0.64
Quercetin 460.45 + 30.72
Kaempferol 14.50 4+ 0.92
Total 9272.28

The most abundant phenolic compound was vanillic acid, followed by myricetin,
chlorogenic acid and caffeic acid. The concentration sum for the phenolic compounds
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detected accounted for 9272.28 mg per kg of rapeseed meal. This value is in the range
found in the literature (410-21,602.9 mg/kg) [56,83,86]. The total obtained after summing
the individual phenols was lower compared to the overall total obtained using the Folin—
Ciocalteu method because this reagent interacts not only with phenols but also with UFAs,
AAs, carbohydrates, proteins and vitamins [43].

There are several studies in the literature regarding the phenolic components of rape-
seed meal. Teh et al. [83] found gallic acid, p-coumaric, catechin, caffeic acid, epicatechin,
ferulic acid, quercetin and luteolin. Meanwhile, Di Lena et al. [56] in addition found proto-
catechuic acid, 4-hydroxybenzoic acid, vanillic acid, chlorogenic acid, neochlorogenic acid,
syringic acid, cryptochlorogenic acid, sinapic acid and cinnamic acid.

4. Conclusions

The increased popularity of the sustainability concept has led industrial production
to develop new strategies for the efficient use of all resources without creating waste.
Rapeseeds are grains used primarily for oil production. The extraction process generates
large amounts of rapeseed meal, which is currently under-used.

The results of this study highlight the nutritional features of rapeseeds and meal after
oil extraction. Cold-pressed rapeseed meal showed great potential for the formulation of
various foodstuffs due to its high protein, mineral and dietary fiber contents.

The meal is considered safe to use because its mycotoxin content was in the allowed
range and heavy metals were absent. Furthermore, its water activity index was low < 0.4,
which means it does not allow for microorganism development.

Mainly, rapeseed meal is a valuable source of protein (35.04%), which includes essential
amino acids (15.26%), especially valine. Rapeseed meal is rich in minerals such as Mg, Ca
Se, Ce, T1, Mn, Cr, Zn, Ti, Be, Fe II, Fe III, Co, Ni and Mo. Regarding its dietary fiber content,
rapeseed meal can meet the consumer demand for fiber-rich food.

The meal also presented good water-holding and fat absorption capacities, emulsifying
and foaming activities and stability. These important factors make rapeseed meal suitable
for use in products in which hydration and viscosity improvements are necessary.

The total polyphenolic content and antioxidant activity values were affected by both
the ultrasonic treatment and the solvent used. The best values were obtained when
methanol was used for the extraction. Of all the parameters applied, the temperature
applied had the most negative influence on TPC. The amplitude and time of ultrasonication
positively influences both the TPC and the antioxidant effect of the rapeseed meal. Based
on the mathematical models obtained, the extraction process can be optimized to obtain the
maximum yield in terms of the total content of polyphenols with a high antioxidant activity.

Rapeseed meal is a low-cost, renewable resource rich in bioactive compounds. Due
to its rich content in desirable nutrients, its use in the food industry is inevitable, not
only for nutritional purposes but also due to its beneficial impact in terms of its textural
and antioxidant qualities. It can be used as a co-product in the food industry for the
manufacture of novel high-value-added products or supplements (through the extraction
of proteins and dietary fibers). Other future directions for this valuable by-product lie in
the realization of edible and biodegradable food packaging materials.
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Abstract

This study aims to highlight the therapeutic potential of some Lamiacea essential oils (EOs).
For this purpose, eight EOs, including two from Lavandula angustifolia Mill. cultivated in
Romania and Spain (LA1 and LA2), Salvia officinalis L. (SO), Lavandula hybrida Balb. ex
Ging (LH), Salvia sclarea L. (SS), Mentha smithiana L. (MS), Perovskia atriplicifolia Benth. (PA),
and Mentha x piperita L. (MP), were evaluated in vitro in terms of antioxidant, cytotoxic,
antimicrobial, and anti-migratory activities. As regards the antioxidant capacity, expressed
as the EO concentration that produces 50% of the maximum effect (ICsq value), the EOs
obtained from the cultivated plants of the Lamiaceae family are ordered as follows: LA2 >
LA1>LH > MP > MS > SO > SS > PA. For the determination of antimicrobial activity, the
reference strains used for testing were Salmonella enterica serotype typhimurium, Shigella
flexneri serotype 2b, Enterococcus faecalis, Escherichia coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa, Staphylococcus aureus, Candida albicans, and Candida parapsilosis. The most intense
inhibitory effect was observed in EOs of MS and MP on all tested microbial strains. The
cytotoxic and anti-migratory activity of EOs was tested on two melanoma cell lines (A375
and B164A5) and on a healthy keratinocyte line (HaCaT). EOs LA1 and MP manifested
the highest selectivity on the analysed tumoural cells, by reducing their migration in
comparison with the control, proving to have therapeutic potential.

Keywords: essential oil; Lamiaceae; antioxidant activity; antimicrobial activity; cytotoxic
activity; anti-migratory activity
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1. Introduction

According to the World Health Organization [1], more than 80% of the population
prefers traditional medicine as the basis of any treatment. This alternative to conventional
drugs might offer a lot of opportunities for researchers to study the plants that can be
found in the vicinity of the cities where they work and take advantage of their medicinal
properties. It has been observed that the essential oils resulting from their studies have
beneficial properties with therapeutic uses [2—4].

Essential oils (EOs) are produced by plants as protection against pests and insects [5].
Many species from the Lamiaceae family are known to contain EOs used in the medical,
cosmetic, and food industries [6]. EOs contain a mixture of active compounds, the most
numerous of which are terpenoids and their oxygenated derivatives [7-9]. The chemical
composition of EOs can be influenced by the geographical location of the plant species,
the cultivation technology, and the conditioning and extraction method used [5]. They
may also produce adverse or toxic effects on humans, as no rigorous tests are currently
established to determine the safety of EO administration [5].

The pharmacological properties of EOs derived from Lamiaceae species have garnered
significant attention due to their diverse biological activities, including antimicrobial,
antioxidant, anti-inflammatory, and anticancer effects [6,10,11]. The genotoxicity of EOs
has been evaluated several times over the years [12-16]. EOs from Lamiaceae species are
rich in bioactive compounds, predominantly monoterpenes and sesquiterpenes, which
contribute to their therapeutic properties [7-9]. These EOs are increasingly recognized
for their potential applications in pharmaceuticals, food preservation, and cosmetics due
to their ability to scavenge free radicals and mitigate oxidative stress. The antioxidant
properties of Lamiaceae EOs are noteworthy. Research indicates that these oils can effectively
scavenge free radicals, thereby mitigating oxidative stress, which is implicated in various
chronic diseases [17,18].

The antioxidant activity of EOs is often attributed to their chemical composition, par-
ticularly the presence of phenolic compounds, known for their free-radical-scavenging
abilities [7]. In addition, EOs from various species have demonstrated synergistic an-
tioxidant effects when combined, indicating that the interactions between different EOs
can enhance their overall efficacy [19]. The EOs from various Lamiaceae species exhibit
varying degrees of antioxidant activity, suggesting that the specific phytochemical profiles
of these oils play a crucial role in their antioxidant effectiveness [20]. The total phenolic
content of EOs has been correlated with their antioxidant activity, with higher total phenolic
content values often leading to enhanced free-radical-scavenging capabilities [21,22]. For
example, the EOs of Lavandula angustifolia have been shown to exhibit strong antioxidant
activity, which is attributed to its high content of phenolic compounds [9]. Research also
indicates that EOs can serve as natural alternatives to synthetic antioxidants in food prod-
ucts, effectively prolonging shelf life and maintaining quality by preventing oxidative
deterioration [23,24].

The antimicrobial and antimutagenic activities of EOs belonging to the Lamiaceae family
underlie many applications, including pharmaceutical, medicinal, cosmetic, and even
processed foods applications, due to the bioactive compounds contained in them [12,25].
Studies have shown that EOs from various species of the Lamiaceae family possess potent
antifungal properties, particularly against Candida albicans and Staphylococcus aureus [26,27].
In addition, Lamiaceae EOs have demonstrated anti-inflammatory effects, which can be
beneficial in treating inflammatory conditions [8,28]. These oils have been explored for their
potential in wound healing and tissue regeneration, further underscoring their therapeutic
versatility [28,29].
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The application of Lamiaceae EOs extends beyond traditional medicine into modern
pharmaceutical and agricultural industries. Their insecticidal properties have been docu-
mented, showing efficacy against agricultural pests [29,30]. This suggests that these oils
could serve as natural alternatives to synthetic pesticides, promoting sustainable agricul-
tural practices.

In the context of the above, the present research aims at investigating potential ther-
apeutic uses of some Lamiaceae EOs. For this purpose, tests regarding the antioxidant,
antimicrobial, cytotoxic, and anti-migratory activity on carcinogenic cells were performed
using eight EOs from cultivated plants belonging to the Lamiaceae family, including two
from Lavandula angustifolia Mill. (LA1 cultivated in Romania and LA2 cultivated in Spain),
Salvia officinalis L. (SO), Lavandula hybrida Balb. ex Ging (LH), Salvia sclarea L. (SS), Men-
tha smithiana L. (MS), Perovskia atriplicifolia Benth. (PA), and Mentha x piperita L. (MP),
respectively.

The results obtained proved the potential therapeutic capacity of the analysed EOs
from antioxidant, antimicrobial, and antitumoural perspectives, confirming the previous
results in the literature [5,12,14,16-18,20]. This fact opens the opportunity for more complex
and detailed investigations.

2. Results

2.1. DPPH Radical-Scavenging Assay of EOs Obtained from Cultivated Medicinal Species
Belonging to the Lamiaceae Family

The antioxidant activity of the eight samples of EOs obtained from cultivated species
of the Lamiaceae family are expressed using ICs values, which are detailed in Table 1. The
IC5) value represents the half-maximal inhibitory concentration of each EO, where 50%
of its maximal effect is observed, which refers to the potency required to obtain a 50%
antioxidant effect.

Table 1. The antioxidant capacity [%] of the EOs obtained from cultivated Lamiaceae medicinal species,
as compared with standard (ascorbic acid), and the corresponding ICs( values, respectively.

Sample No. Sample Code é:;;:f:;?;ﬁ ICs50 & SD [ug/mL]

1 LAl 88.85 £+ 0.024 15.84 + 0.92
2 LA2 90.90 + 0.002 13.28 + 0.67
3 SO 55.56 £+ 0.187 94.73 £ 1.18
4 LH 83.81 £ 0.004 19.39 + 0.98
5 SS 52.05 £ 0.079 109.28 £ 1.34
6 MS 70.02 + 0.117 65.78 £ 1.21
7 PA 38.81 £ 0.041 186.84 £+ 1.56
8 MP 89.18 £ 0.003 45.75 £ 1.06
9 Ascorbic acid 95.92 £ 0.026 0.7 £0.05

The antioxidant capacity percentage obtained for all the EO samples represents an
average of three measurements =+ standard deviation (SD). Further, by linear regression
analysis, the ICsy value was calculated. It can be observed that all the analysed samples
show an antioxidant capacity from moderate to high, in some cases (Lavandula angustifolia
Mill. and Lavandula hybrida Balb. ex Ging). Therefore, regarding the concentration tested
(200 pg/mL), the antioxidant potential of each essential oil is ordered as follows: LA2 >
LAl1>LH > MP >MS > SO >SS > PA.
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2.2. Antimicrobial Action of the Analysed EOs
2.2.1. Analysis of the Diameters of Inhibition Zones Obtained by the Disc Diffusion
Method

Table 2 shows the zones of inhibition for the analysed EOs. The zones were obtained
by the disc-diffusion method. For all bacterial strains, a Gentamicin micro-tablet of 10 ug,
except 120 ug for the Enterococcus faecalis strain, was used as a control. For fungal strains of
Candida, a 10 ug Fluconazole micro-tablet was used as a control.

Table 2. The diameters of the inhibition zones obtained by the disc-diffusion method (mm).

EO K.p et S . S- . E. coli P aerugi- S. aureus E. . C ¢ parap-
moniae  flexneri  enterica nosa faecalis  albicans silosis
MS 21 20 22 22 15 21 22 33 33
SO 6 9 9 9 6 10 9 10 10
LA1 13 14 10 14 6 20 19 30 30
PA 6 6 6 10 6 20 16 20 19
LH 6 6 9 10 6 21 20 20 21
MP 25 20 20 26 21 26 24 20 20
LA2 10 11 9 9 6 16 15 19 18
SS 6 6 6 6 6 22 20 20 20
EOs with an inhibition zone diameter greater than 15 mm were considered to have
antimicrobial activity and were further tested by the dilution method.
For the SO o0il, no antimicrobial activity was recorded, while LA1, PA, LH, LH, LA2,
and SS oils were active only on Gram-positive cocci and fungi. The other EOs (MS and MP)
had inhibitory activity on all reference strains tested.
Table 3 presents the matrix of the Euclidean distances calculated for the measured
diameters of the paired samples of EOs used for the determination of similarities in antimi-
crobial activity.
Table 3. Matrix of the Euclidean distances (Source: authors” own calculations using PAST 4.03).
EO MS SO LA1 PA LH MP LA2 SS
MS 0.00
SO 45.97 0.00
LA1 20.42 33.17 0.00
PA 36.11 18.68 19.36 0.00
LH 33.65 21.75 17.69 5.48 0.00
MP 20.95 42.40 30.17 36.54 34.66 0.00
LA2 33.41 15.39 18.47 8.37 10.10 33.57 0.00
SS 36.84 22.18 19.95 6.08 5.20 37.55 11.18 0.00

The dendrogram constructed using Euclidean distances with paired groups has a
cophenetic correlation coefficient with a value of 0.91, indicating that, to a large extent, the
dendrogram keeps the distances in agreement with the empirical data. The EOs LH and
SS have close activity in size. Also, even PA and LA2 have similar activities. Important
differences are observed between MS and MP, each of which is relative to SO. The groups
formed are represented in Figure 1.

77



Plants 2025, 14, 846

MP
MS
SO
LA1
PA
LH
ss
LA2

57 T

101

157

201

Distance

257

307

351

40

Figure 1. Hierarchical cluster for describing similarity in the activity of the studied plant samples
(Source: authors” own graphical representation of experimental data using PAST 4.03).

The mean values corresponding to the EOs studied then formed the basis for prioritis-
ing the sample types. Together with other statistical indicators, the data are presented in

the boxplot in Figure 2.
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Figure 2. Boxplot distribution of measured diameter values for the analysed EO samples (Source:
authors” own graphical representation of experimental data using SAS Studio).
2.2.2. Determination of Minimum Inhibitory Concentration and Minimum Concentration

The EO/DMSO dilutions were as follows: 40, 20, 10, 5, and 2.5 mg/mL. The val-
ues for the MIC (minimum inhibitory concentration) and MBC (minimum bactericidal
concentration)/MFC (minimum fungicidal concentration) are given in Table 4.
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Table 4. MIC and MBC/MFC values obtained by the macro-dilution method.

EO  pneumoniae S. flexneri  S. enterica E. coli aeruginosa S. aureus E. faecalis C. albicans C. parapsilosis

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC
MS 10 20 10 20 10 20 10 20 20 40 10 10 10 10 5 5 5 5
LA1 10 20 10 20 5 5 5 5
PA 10 20 10 20 10 10 10 10
LH 10 20 10 20 10 10 10 10
MP 10 20 10 20 10 20 10 20 20 40 5 10 10 10 10 10 10 10
LA2 10 20 20 20 10 10 10 10
SS 20 20 20 20 10 10 10 10

The EO extracted from LA1 exhibits antimicrobial activity against Gram + cocci (S.

aureus 20 mm and E. faecalis 19 mm) and fungi (C. albicans 30 mm and C. parapsilosis 30 mm).

The main chemical compounds of the LA EO are linalool (22.11%) and linalyl acetate
(20.384%) in approximately equal proportions.

LH and SS exhibited congruent antimicrobial activity with an inhibition diameter of
about 2022 mm for Gram + cocci (S. aureus and E. faecalis) and fungi (C. albicans and C.
parapsilosis).

The main chemical compounds of the LH EO are linalool (35.86%) and eucalyptol
(17.84%). As for the SS strain, linalyl acetate and linalool are found in 80%, which supports
the antimicrobial activity of these compounds.

The EO extracted from LA2 is found to have weaker antimicrobial activity on Gram +
cocci (S. aureus 16 mm and E. faecalis 15 mm) and fungi (C. albicans 19 mm and C. parapsilosis
18 mm) compared to the EOs extracted from LH and SS.

The MS EO exhibited antibacterial and antifungal activity on all strains tested, with a
maximum zone of inhibition on fungi (33 mm C. albicans and C. parapsilosis).

The EO extracted from the strain of SO had a diameter of the zone of inhibition of less
than 15 mm. Thus, it was considered to have no antimicrobial activity and was not further
tested by the dilution method.

The major compound of the EO extracted from SO is beta-thujone (16.84%), which
does not seem to induce antibacterial and antifungal activity on the tested species (K.
pneumoniae, S. flexneri, S. enterica, E. coli, P. aeruginosa, S. aureus, E. faecalis, C. albicans, C.
parapsilosis).

2.3. Antitumoural Effects of the EOs
2.3.1. Analysis of the Cytotoxic Effect of the EOs

In this part of the study, the effect of the EOs was analysed on two melanoma cell lines
and on a keratinocyte line at 24 h post-stimulation. Two concentrations (50 and 150 pug/mL)
of each sample were tested. All calculations were based on the solvent used to prepare the
solutions—dimethylsulfoxide (DMSO). The highest DMSO concentration tested was 0.15%.

Figure 3 shows the viability of A375 human melanoma cells after stimulation with the
EQOs. At the lowest dose tested, 50 pg/mL, the samples had no significant effect on cell
viability. The graph shows a slight reduction in tumour cell viability when stimulated with
the EOs obtained from LA2 and SO.

Increasing the dose used (150 png/mL) led to a decrease in the viability of A375 tumour
cells following stimulation with certain samples (Figure 3). The most significant result was
observed in the case of the SO EO sample (*** p < 0.001). The viability of tumour cells also
decreased in the PA EO sample (*** p < 0.001) and to a lesser extent in the LA1 EO sample
(** p < 0.01). By increasing the dose, a greater decrease in cell viability was observed for the
LA1 sample compared to LA2, but without statistical significance, which is different from
the results obtained for the same samples tested at a low dose.
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In the case of the MP EO sample, a decrease in cell viability (87.1 &= 7.5% versus the
solvent DMSO 0.15%) was observed. The other three EO samples (LH, SS, and MS) at this
dose had no effect on human melanoma cells.

A375 - human melanoma cells

2

Lavandula angustifolia Mill.
Lavandula angustifolia Mill.
Salvia officinalis L.

Lavandula hybrida
Balb.ex Ging

Salvia sclarea L.

-
[=]
[=]

g

Mentha smithiana L.

Perovskia atriplicifolia
Benth.

Mentha x piperita L.

Cells viability (%) + SD

0 :
SPPFLPPLErL
EO type and concentration (ug/mL)

Figure 3. A375 human melanoma cell viability, after stimulation with the EOs (50 and 150 pg/mL—
clear vs. dotted texture of the colour fill) for 24 h. Data are expressed as mean + SD (*** p < 0.001;
** p <0.01). The comparison between groups was performed using the One-way ANOVA test
followed by Dunnett’s post-test.

The effect of the aforementioned samples was also evaluated on the murine melanoma
cell line B164A5 (Figure 4). At the low dose tested (50 pg/mL), the EO sample from PA
reduced tumour cell viability (81.91 & 3.6% vs. DMSO). The MP EO also showed a slight
reduction in cell viability. The other samples had no major influence at 50 ug/mL on this
cell line.

B164A5 - murine melanoma cells
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Figure 4. B164A5 murine melanoma cell viability, after stimulation with the EOs (50 and 150 ug/mL—
clear vs. dotted texture of the colour fill) for 24 h. Data are expressed as mean + SD (*** p < 0.001;
**p <0.01). The comparison between groups was performed using the One-way ANOVA test
followed by Dunnett’s post-test.

By increasing the dose used (150 pg/mL) (Figure 4), there was a significant reduction
in cell viability after stimulation with the EO samples of SO and PA (*** p < 0.001). On
B164A4 cells, it was observed that stimulation with EO samples of SS and MP led to a
decrease in murine melanoma cell line viability, whereas at the same dose, these samples
had no significant effect on the human melanoma cell line.

The effect of EOs was also tested on a non-tumour line, namely, HaCaT keratinocytes.
At 50 pg/mL, the samples did not affect significantly cell viability (Figure 5).
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HaCaT - human keratinocytes
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Figure 5. HaCaT human keratinocyte viability after stimulation with the EOs (50 and 150 pg/mL—
clear vs. dotted texture of the colour fill) for 24 h. Data are expressed as mean + SD (*** p < 0.001;
**p <0.01 and * p < 0.050). The comparison between groups was performed using the One-way
ANOVA test followed by Dunnett’s post-test.

At the highest dose tested, the EOs of SO and PA produced a significant decrease
(*** p <0.001) in cell viability. The EOs of LA2 (** p < 0.01) and MP (* p < 0.05) also elicited
a reduction in keratinocyte viability (Figure 5).

2.3.2. Analysis of the Anti-Migratory Effect of the EOs Using the Scratch Technique

Tumour cells exhibit an increased ability to migrate and this property has an important
role in tumour progression.

In this experiment, the anti-migratory effect of EOs was determined on two melanoma
cell lines and on a keratinocyte line. The lowest dose (50 pg/mL) of each sample was tested,
as it is desired to assess whether a reduction in the migratory ability of tumour cells occurs.

Determination of the Anti-Migratory Effect of the EOs on A375 Human Melanoma Cell
Line

In Figures 6 and 7, the effect of the EOs belonging to the Lamiaceae family is shown.
The images were compared with a control (untreated cells grown in culture medium)
and DMSO (cells stimulated with the solvent used to obtain stock solutions) at the same
concentration.

-

A375 Control DMSO 50 pg/mL LAT1 50 pg/mL LA2 50 pg/mL SO 50 pg/mL LH 50 pg/mL

Figure 6. The anti-migratory effect of the tested EOs (50 pg/mL) (A—LA1; LA2; SO and LH) on
human melanoma cell line A375. The images were taken at 0, 12, and 24 h after stimulation.
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A375 Control DMSO 50 pg/mL SS 50 pg/mL MS 50 pg/mL PA 50 pg/mL MP 50 pg/mL

Figure 7. The anti-migratory effect of the tested EOs (50 pg/mL) (B—SS; MS; PA and MP) on human
melanoma cell line A375. The images were taken at 0, 12, and 24 h after stimulation.

The tested samples reduced the migration of A375 tumour cells compared to the
control and DMSO groups, but to a lesser extent for the EOs of LA2, SO, and PA.

Figure 6 shows the effect of LA1 on A375 melanoma cells. It can be seen that at the
dose of 50 pg/mL, the sample reduces the migratory ability of tumour cells compared to
the control and DMSO.

On the other hand, the 50 ng/mL EO samples of LA2, SO, and PA do not inhibit the
migratory capacity of the human melanoma cell line, highlighting that at this dose, they
have no antitumour effect.

All other tested samples, including LH, SS, MS, and MP, produced a reduction in tu-
mour cell migration compared to the control and DMSO groups, proving to have beneficial
properties against melanoma.

Determination of the Anti-Migratory Effect of the EOs on B164A5 Murine Melanoma Cell
Line

The effect of the EOs obtained from different species belonging to the Lamiaceae family
was also tested on the B164A5 murine melanoma cell line (Figures 8 and 9). The images
were compared with the control and DMSO at the same concentration. Again, the lower
dose of 50 ng/mL was tested for all samples.
LH 50 pg/mL

Control DMSO 50 ug/mL  LA1 50 pg/mL LA2 50 pg/mL SO 50 pg/mL

12h

24h

Figure 8. The anti-migratory effect of the tested EOs (50 pg/mL) (A—LA1; LA2; SO and LH) on
murine melanoma cell line B164A4. The images were taken at 0, 12, and 24 h after stimulation.
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Control DMSO 50 pg/mL S 50 pg/mL MS 50 pg/mL PA 50 pg/mL MP 50 pg/mL

U

24h

Figure 9. The anti-migratory effect of the tested EOs (50 ug/mL) (B—SS; MS; PA and MP) on murine
melanoma cell line B164A4. The images were taken at 0, 12, and 24 h after stimulation.

The LH and MP EO samples did not have an anti-migratory effect on the tumour cells,
the migration rate for these samples being similar to the control.

The rest of the tested samples significantly reduced the migration ability of murine
melanoma cells.

Determination of the Anti-Migratory Effect of the EOs on HaCaT, Human Keratinocyte

The EOs (50 ug/mL) were also tested on a non-tumour cell line, HaCaT human
keratinocyte (Figures 10 and 11), to assess whether it showed selectivity, i.e., whether it
affected only tumour cells and did not affect the migratory capacity of healthy cells. The
images were compared with the control and DMSO at the same concentration.

The obtained data showed that the EO samples of LA1, LA2, PA, and MP stimulated
the migration of human keratinocytes, similar to the control group, while the rest of the
tested EO samples reduced the migration capacity of HaCaT cells.

In comparison with the data obtained on the human melanoma cell line, it can be
found that the EOs of LA1 and MP reduced the migration capacity of tumour cells and, at
the same dose, stimulated the migration of human keratinocytes, proving to be selective
samples with beneficial effects against human melanoma.

Control DMSO 50 pug/mL LA 50 pg/mL LA2 50 pg/mL SO 50 pg/mL LH 50 pg/mL

Figure 10. The anti-migratory effect of the tested EOs (50 ug/mL) (A—LA1; LA2; SO and LH) on the
HaCaT cell line, keratinocytes. The images were taken at 0, 12 and 24 h after stimulation.
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Control DMSO 50 pg/mL SS 50 pg/mL MS 50 pg/mL PA 50 pg/mL MP 50 pg/mL
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Figure 11. The anti-migratory effect of the tested EOs (50 pg/mL) (B—SS; MS; PA and MP) on the
HaCaT keratinocyte cell line. The images were taken at 0, 12, and 24 h after stimulation.

3. Discussion
3.1. Antioxidant Capacity of EO

The antioxidant capacity refers to the ability of a substance to neutralize free radicals
and mitigate oxidative stress, which is linked to various chronic diseases and ageing pro-
cesses. Oxidative stress is considered to be an imbalance in redox homeostasis between the
excessive production of reactive oxygen species (ROS) and a deterioration in antioxidant
capacity. This can occur in various diseases such as cancer, diabetes, vascular and brain
dysfunction, ageing, etc. ROS are a diverse group of highly reactive molecules that play
critical roles in various biological processes. Their reactivity is primarily attributed to the
presence of unpaired electrons in their molecular structure, which makes them capable
of engaging in chemical reactions that can lead to oxidative stress and cellular damage.
ROS can be classified into two main categories: free radicals, which possess unpaired elec-
trons, and non-radical species, such as hydrogen peroxide (H,O;) [31]. The most common
free radicals include superoxide (O, ) and hydroxyl radicals (-OH), both of which are
known for their high reactivity and ability to oxidize a wide range of biological macro-
molecules, including lipids, proteins, and DNA [32]. The generation of ROS occurs as a
natural by-product of aerobic metabolism, particularly during mitochondrial respiration,
where electrons are transferred through the electron transport chain [33,34]. Under normal
physiological conditions, ROS are produced in controlled amounts and are kept in balance
by antioxidant systems, which include enzymes like superoxide dismutase and catalase,
as well as small molecules like glutathione [32]. However, when the production of ROS
exceeds the capacity of these antioxidant defences, it leads to oxidative stress [35,36]. The
reactivity of ROS is not solely detrimental; they also serve important signalling functions
within cells. Low concentrations of ROS can act as second messengers in various sig-
nalling pathways, influencing processes such as cell growth, differentiation, and immune
responses [37]. This dual role of ROS—acting as both signalling molecules and potential
agents of damage—highlights their complexity in biological systems. The balance between
their beneficial and harmful effects is crucial for maintaining cellular homeostasis and
responding to environmental stresses [38].

The antioxidant capacity is typically quantified using several standardized assays
that measure the effectiveness of antioxidants in different contexts, including biological
systems and food products. The properties of EOs have been most widely evaluated using
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method, which measures the ability of these
oils to donate hydrogen and neutralize free radicals [39,40]. In the present research, we
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analysed the antioxidant capacity of eight EOs obtained from cultivated Lamiaceae species
by the classical DPPH method. Our results showed a moderately high antioxidant capacity,
expressed in terms of 1Csy values, for the EOs analysed. For instance, the EOs from La-
vandula angustifolia Mill (LA1 and LA2) exhibit the highest ICs5j value (15.84 £ 0.92 pug/mL
and 13.28 &£ 0.67 pg/mL). Our outcomes are comparable with those reported in the litera-
ture [41-44], highlighting the significant biological activities of these EOs, particularly in
antioxidant and antimicrobial capacities. The differences between our results and those
reported in the literature [41-44] came from the variability in the chemical composition of
Lavandula angustifolia EOs, which has also been documented [45,46].

The EO of Lavandula hybrida is characterized by a rich profile of terpenes, predom-
inantly linalool and linalyl acetate, which are known for their ability to neutralize free
radicals, thereby enhancing the oil’s overall antioxidant capacity [47]. The presence of
phenolic compounds in EOs has also been linked to antioxidant activity, further supporting
the potential of Lavandula hybrida in this regard [48]. In comparative studies, the antioxidant
capacity of Lavandula hybrida has been evaluated alongside other species [42,43,49,50]. Our
findings revealed an ICs( value of 19.39 = 0.98 pg/mL, which indicates, as in other research
studies, the ability of the Lavandula hybrida EO to scavenge free radicals, although specific
ICs5p values were not detailed in the findings in [51].

The EO from Salvia officinalis has shown varying ICs, values across different studies.
It has been stated that the antioxidant properties of the S. officinalis EO are often attributed
to the presence of phenolic compounds and terpenes, which are prevalent in the o0il’s
composition [52,53]. Our findings revealed an ICsy value of 94.73 £ 1.18 pg/mL for the
EO of Salvia officinalis L. and 109.28 4 1.34 pg/mL for the EO of Salvia sclarea L. In the case
of Salvia officinalis EOs, the antioxidant properties are often attributed to the presence of
phenolic compounds and terpenes, which are prevalent in the oil’s composition [52-54].
The variability regarding the results is due to the Salvia officinalis EOs’ chemical composition,
which depends on factors such as geographical location and extraction methods; these
factors can influence the observed ICs( values and overall efficacy of the essential oil [55,56].
The antioxidant capacity of the Salvia sclarea L. essential oil has been investigated in
various studies, revealing significant insights into its bioactive properties [57-60]. In
the study reported by Ac¢imovi¢ et al., the essential oil of S. sclarea exhibited an ICs
value of approximately 400 ng AAE/mL in the DPPH assay, indicating its capacity to
neutralize free radicals [61]. This value, while higher than that obtained in the present
study (109.28 £ 1.34 pug/mL), still demonstrates a notable antioxidant potential of S. sclarea
EO.

While specific ICsy values for Mentha smithiana essential oil were not directly reported
in the literature, related studies on other Mentha species provide a comparative context,
indicating that its ICsy values can vary widely depending on the methodology used [62-65].
The results of the present study regarding the Mentha species’ EO agree with the literature
and are even better [66—69]. We obtained an ICsy value of 45.75 £ 1.06 pg/mL for the
EO obtained from the Mentha piperita cultivated medicinal plant and an ICsy value of
65.78 £ 1.21 ug/mL for the EO from Mentha smithiana cultivated medicinal plant.

The EOs from Perovskia atriplicifolia Benth. have been shown to contain a diverse
array of phytochemicals, primarily monoterpenes and sesquiterpenes, which contribute
to their bioactivity [70,71]. Although specific ICsy values for Perovskia atriplicifolin EOs
were not detailed in the available literature, related studies on other species within the
Lamiaceae family suggest that EOs from this group typically exhibit strong antioxidant
properties [71,72]. Our findings revealed an ICsy value of 186.84 & 1.56 ug/mL for the
EO of the Perovskia atriplicifolia cultivated medicinal plant, a value which is comparable
with the literature [71,72]. Overall, the antioxidant activity of EOs is often linked to their
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chemical constituents. The variability in antioxidant capacity is influenced by the chemical
composition of the EOs, which is affected in turn by environmental factors.

3.2. Antimicrobial Effect of EO

Our results proved that the LA1 EO had antibacterial properties against Gram + cocci
S. aureus and E. faecalis and antifungal activity against C. albicans and C. parapsilosis.

In the literature, it is mentioned that the LA EO is effective in the inhibition and control
of bacterial strains and could be used as a natural antibacterial agent [73]. Our results
showed a low antimicrobial activity on Gram + cocci and fungi compared to Lavandula
hybrida. The results obtained are in agreement with the literature data, as published by
de Rapper et al. [74]; the complete chemical profile of the EO extracted from Lavandula
angustifolia Mill coincides with our results. Moreover, it was demonstrated that the lavender
EO exhibits significant antibacterial activity against various pathogens, which is crucial
for its application in food safety and medicinal products [75]. The EO’s effectiveness in
inhibiting bacterial growth is attributed to its major components, including linalool and
linalyl acetate, which possess inherent antimicrobial properties [76,77]. In addition, studies
have shown that Lavandula hybrida exhibits varying inhibitory concentration levels against
different microorganisms [51,78,79].

LH and SS EOs manifested antibacterial activity for Gram + cocci (S. aureus and E.
faecalis) and antifungal activity (C. albicans and C. parapsilosis), due to their chemical compo-
sition [53,59]. The antimicrobial efficacy of the Salvia officinalis essential oil has also been
extensively studied [80,81]. As regards the EO of S. sclarea, studies have reported MIC val-
ues against Staphylococcus aureus and Staphylococcus epidermidis as low as 5.0 mg/mL [82,83].
Additionally, the essential oil has shown effectiveness against multidrug-resistant strains,
further emphasizing its potential as a natural antimicrobial agent [82,84].

The antimicrobial properties of Mentha EOs have been extensively documented. The
essential oil from Mentha piperita exhibited significant antimicrobial activity, with MIC
values reported as low as 3.75 pL/mL against various pathogens [85]. In our research,
the MS EO demonstrated antimicrobial properties on all pathogenic strains tested, both
bacterial and fungal, according to other reported studies [86-91]. The synergistic effects
of the Mentha piperita essential oil with conventional antifungal agents have also been
explored, suggesting that combining these oils with existing treatments could enhance their
efficacy and reduce the likelihood of resistance [92]. Therefore, all the findings reported
underscore the potential of Mentha piperita EOs as effective antimicrobial agents, with
specific IC5q values that vary based on the concentration and target microorganism. The
ongoing investigation into the chemical composition and environmental influences of these
oils will further elucidate their practical applications in medicine and agriculture.

The results obtained in our study show that the SO EO has no antimicrobial activity
on the tested bacterial and fungal strains. In other research, the antimicrobial activity of the
endemic population of Salvia officinalis from Egypt, with a major composition of camphor
(25.1%), a-thujone (22.2%), and b-thujone (17.7%), was tested by chemical analysis. It was
found to have antimicrobial activity against K. pneumoniae, S. aureus, E. coli, and C. albicans,
while no effect was found against P. aeruginosa [93].

As regards the Perovskia atriplicifolia medicinal plant investigated, the EOs have demon-
strated promising antimicrobial activities against various pathogens. The presence of active
compounds in the EOs suggests potential applications in both food preservation and thera-
peutic contexts. EOs from related species have been noted for their effectiveness against
Escherichia coli and Staphylococcus aureus, which are common bacterial pathogens [94,95].
The IC5( values for these activities are crucial for determining the efficacy of these oils in
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clinical and agricultural applications, although specific values for Perovskia atriplicifolia
remain to be fully elucidated.

3.3. Cytotoxic and Anti-Migratory Effects of the EOs

The results obtained indicate that the EO samples with the highest cytotoxic activity
are Salvia officinalis L. (SO) and Perovskia atripicifolia Benth. (PA). The EOs analysed show
a dose-dependent cytotoxic effect; the most significant data are obtained after 24 h cell
stimulation, with a dose of 150 ng/mL. These samples do not show selectivity against
tumour cells because, at high doses, they also reduced keratinocyte viability.

In terms of anti-migratory capacity, the obtained data indicate that two EO samples,
LA1 and MP, reduced the migration capacity of melanoma to a higher extent in comparison
with the control. A comparative evaluation of the results obtained on the human melanoma
cell line and human keratinocytes showed that the LA1 and MP samples showed increased
selectivity; they stimulated the migration of healthy cells and inhibited the migration
capacity of tumour cells, respectively.

Different types of extracts and EOs obtained from plants belonging to the Lamiaceae
family are frequently studied for their antitumour effect, showing positive effects against
melanoma [96,97]. Cocan et al. [97] evaluated the biological activity of an ethanolic extrac-
tive solution obtained from Salvia officinalis L. The authors determined the effect of the
extractive solution (at concentrations of 50 and 100 pg/mL) on A375 human melanoma
cell lines and the B164A5 murine melanoma cell line. All samples produced a significant
dose-dependent decrease in tumour viability.

In another experiment, the EOs obtained from Salvia officinalis L. and Thymus vulgaris L.
species were tested for antifungal and antiproliferative activity on two melanoma cell lines,
A375 and B164A5 [98]. The EO obtained from Salvia officinalis L. produced a significant
inhibition of tumour proliferation; at a dose of 100 pug/mL, it inhibited proliferation by
50.5% for the murine melanoma line and by 47.5% for the human melanoma line. The
Thymus vulgaris L. EO inhibited melanoma cell proliferation but to a lesser extent. Regarding
the chemical composition, the EO from Salvia officinalis L. had caryophyllene, camphene,
eucalyptol, and 3-pinen as its main compounds [98].

Our results in terms of viability are in agreement with those obtained by Alexa
et al. [98]; the EO obtained from Salvia officinalis L. (SO) produced a significant decrease in
cell viability at the high dose tested (150 ng/mL) in both tumour cell lines. On the other
hand, the chemical composition of the EO was different in our case, with the EO from SO
having D-limonene, beta-thujone, and alpha-thujone as its main compounds.

Our findings show that the EOs with high antioxidant capacity had better antimicrobial
effects; this relationship should be further investigated, as it is useful in the selection of
EOs with therapeutic potential. The results obtained on the antimicrobial effect of the
EOs obtained from Lamiaceae species can represent therapeutic alternatives with natural
bioactive compounds that may be effective in the treatment of some bacterial and fungal
infections resistant to synthetic substances.

Some of the analysed EOs have inhibited the proliferation and migration of melanoma
cell lines, and similar results are present in the literature. This path can be approached in
future research for the identification of the bioactive compounds from the EOs and other
factors that can influence the therapeutic potential.

4. Materials and Methods

The analysed EOs were extracted from medicinal plants cultivated in two geograph-
ical locations, the Young Naturalists Station Timisoara and the town of Rivas in Spain
during the period 2013-2016. The plants come from organic crops and were harvested
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during the flowering period at midday. The species used for the essential oil extraction
belongs to the Lamiaceae family, including Lavandula angustifolia Mill. (LAl—cultivated
at Timisoara), Lavandula angustifolia Mill. (LA2—cultivated in Rivas), Salvia officinalis L.
(SO), Lavandula hybrida Balb. ex Ging (LH), Salvia sclarea L. (SS), Mentha smithiana L. (MS),
Perovskia atriplicifolia Benth. (PA), and Mentha x piperita L. (MP).

The collected plants were identified and stored in the Department of Medicinal Plants,
University of Life Sciences “King Mihai I” from Timisoara, except the LA2 sample, which
was processed and analysed in Spain. Each plant received a voucher number.

4.1. Materials Used
4.1.1. EO Extraction and Composition Analysis

For the medicinal plant species studied, the amount of essential oil obtained from
100 g of the dried herb was determined and the drying yield was calculated. The extraction
of the EOs was performed with a Clevenger Apparatus by steam distillation (Table 5). The
amount of volatile oil obtained from each species was determined, and the drying yield
was also calculated, as shown in Table 5.

Table 5. Average drying efficiency and the amount of essential oil obtained from the studied species.

Sample Fresh herba  Dry herba Egirymg EO frolm 1}50
Code (g) ) colency Sample ml/100 g
(%) (mL) Dry herba
LAl 3450 1100 31.88 15 1.36
LA2 2968 1012 29.33 18 1.78
SO 2843 987 33.25 4.6 0.47
LH 3526 1188 33.69 20.1 1.69
SS 2487 795 31.96 10.1 1.27
MS 2507 890 35.5 55 0.61
PA 2717 918 33.78 8.3 0.9
MP 11700 3630 31.02 40.5 1.11

The composition of EOs was determined by the chromatographic method and by a
GC-MS analysis of the samples at the Laboratory of “Aurel Vlaicu” University of Arad,
Romania; the results are presented in Tables A1-A8 from Appendix A. The EO constituents
were determined based on their mass spectra using the NIST 14 library [99] and the Wiley
09 library [100].

4.1.2. Reagents

The determination of antioxidant activity was carried out with ethyl alcohol 96%
(v/v), which was purchased from Chemical Company SA, lasi, Romania, ascorbic acid,
which was purchased from Lach-Ner (Neratovice, Czech Republic), and DPPH (TBF5255V),
which was purchased from Sigma Aldrich (St. Louis, MI, USA). For the determination of
microbial activity, DMSO was used as a solvent for the samples purchased from Sigma
Aldrich. Gentamicin and Fluconazole micro-tablets were obtained from Bio-Rad, Marnes-la-
Coquette (France). Agar Columbia +5% sheep blood and Sabouraud with chloramphenicol,
respectively, were purchased from bioMerieux (Marcy-1'Etoile, France).

4.1.3. Microbial Strains

The reference strains used (Table 6) for testing were selected to represent microbial
species that can colonise the intestinal tract.
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Table 6. Reference strains.

Microbial Species ATCC Manufacturer
Salm’onell’a enterica serotype 14028
typhimurium
Shigella flexneri serotype 2b 12022
Enterococcus faecalis 51299
Escherichia coli 25922 Thermo Scientific
Klebsiella pneumoniae 700603 (Waltham, MA, USA)
Pseudomonas aeruginosa 27853
Staphylococcus aureus 25923
Candida albicans 10231
Candida parapsilosis 22019

4.2. Methods Used
4.2.1. DPPH Radical-Scavenging Assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) method is commonly used to determine the
antioxidant activity of different types of extracts/samples [101]. The experimental method
is based on the ability to reduce dark purple DPPH in the presence of an antioxidant to a
pale-yellow compound. A 1 mM solution of DPPH in 96% (v/v) ethyl alcohol was prepared
by weighing 19.7 mg of DPPH dissolved in 50 mL of 96% EtOH. This solution was kept
refrigerated in brown glass throughout the analysis. In parallel, a 2 mM solution of ascorbic
acid in 96% ethanol was prepared by weighing 0.4 mg of ascorbic acid in one mL of the
96% EtOH solution. The ethanolic solution of ascorbic acid was considered the positive
standard for the samples to be analysed.

According to a previously reported method, modified and developed by our research
group [102], the antioxidant capacity of the eight samples of EOs was established using
the DPPH free-radical-scavenging assay. Briefly, 0.5 mL of the sample solution to be
analysed, 0.5 mL of the 1 mM DPPH alcohol solution, and 2 mL of the solvent (96%
ethanol) are introduced into a 4 mL cuvette. The absorbance of the solutions is determined
continuously at a wavelength of 516 nm for 1200 s using a T70 UV / VIS spectrophotometer
(PG Instruments Ltd., Wibtoft, Lutterworth, United Kingdom). The same procedure is
applied for the ascorbic acid solution: 0.5 mL of the 2 mM ascorbic acid solution is mixed
with 0.5 mL of the 1 mM DPPH alcohol solution and 2 mL of the solvent (96% ethanol).

The antioxidant activity was calculated using the following formula:

AOA(%) = (ADT;I;HAK’) x 100 1)

where the variables are defined as follows:

AOA =is the antioxidant activity of the test samples analysed (%);

Afgo = is the absorbance of each EO test sample in the presence of the DPPH free
radical measured at 516 nm;

Apppy = is the absorbance of the DPPH free radical measured at a wavelength of 516
nm without the EO test sample.

4.2.2. Determination of Antimicrobial Activity
A. Disc-diffusion assay

The determination of antimicrobial activity was carried out both by the standardised
disc-diffusion method (disc-diffusion susceptibility) and by the dilution method with

the determination of the minimum inhibitory concentration (MIC) and the minimum
bactericidal concentration (MBC) or minimum fungicidal concentration (MFC). The disc-
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diffusion method, being easier and cheaper to perform, has been used for screening the
antimicrobial activity of EOs. The detailed work protocol is presented in Appendix B.
According to the literature, a diameter > 15 mm is considered highly susceptible [103].

B. Macro-dilution method

The macro-dilution technique allows for the determination of MIC and CMB/CMFE.

The work principle applied was based on increasing dilutions of the antibacterial
substance in tubes of liquid medium. Fixed amounts of the microbial culture are then added
and incubated for 24 h at 37 °C, and the lowest concentration of antibacterial substance
tested (essential oil) that does not allow bacterial growth is aimed for [104]. Also, the
detailed working protocol can be seen in Appendix B.

C. Determination of CMB/CMF

Using a sterile disposable loop, 1 pL from each tube, including the control, was seeded
on Columbia agar +5% sheep blood or Sabouraud with chloramphenicol and incubated
24 h at 37 °C, and then the highest dilution (lowest concentration) at which germs did not
grow was read, representing the CMB/CMF [105].

4.2.3. Determination of the Antitumour Activity

To determine the cytotoxic and anti-migratory activity of the EOs obtained from
Lamiaceae species, two melanoma cell lines (A375 and B164A5) and a healthy keratinocyte
cell line (HaCaT) were used. To achieve this objective, an MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) analysis [97] was performed to determine cell viability
after stimulation with the EOs, and a Scratch analysis [106,107] was performed to determine
the anti-migratory effect of the EOs.

The A375 human melanoma cell line was purchased from the American Type Culture
Collection (ATCC CRL-1619™) and B164A5 murine melanoma cells were purchased from
Sigma-Aldrich (Munich, Germany). HaCaT human keratinocytes were provided by the
Department of Dermatology, University of Debrecen, Hungary.

Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM 4.5 g/1 glucose;
Sigma-Aldrich, Taufkirchen, Germany), supplemented with 10% foetal bovine serum (FBS;
Sigma-Aldrich, Taufkirchen, Germany) and antibiotics to avoid contamination (1% peni-
cillin/streptomycin; Sigma-Aldrich, Taufkirchen, Germany). Cell growth was performed
in a humidity-controlled atmosphere with 5% CO, at 37 °C. For cell number determination,
the Neubauer chamber was used in the presence of Trypan blue.

A.MTT assay

Cells were cultured in 96-well plates at a density of 1 x 104 cells/well and allowed to
adhere to the well base overnight. Samples were applied in two concentrations (50 and
150 pg/mL) and incubated for 24 h with the cells. The MTT reagent—10 pL of 5 mg/mL
MTT solution (Sigma-Aldrich, Budapest, Hungary) was added to each well (volume in the
well was 100 pL). Intact mitochondrial reductase transformed and precipitated the MTT
solution as blue crystals after a 3 h contact period.

Precipitated crystals were dissolved in 100 pL of the lysis solution (Sigma-Aldrich).
Finally, samples were spectrophotometrically analysed at 570 using a microplate reader
(xMark Microplate Spectrophotometer, Bio-Rad, Tokyo, Japan). The DMSO solution was
used to prepare stock solutions for the samples tested [108].

B. Scratch assay

The migratory capacity of tumours (A375 and B164A5) and cells, respectively, was
determined using the Scratch assay. The protocol was applied as previously described in
the literature [109]. A number of 2 x 10° cells/well were cultured in 12-well plates for
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48 h before the experiment. A sterile pipette tip was used to draw a line in well-defined
areas of the wells (at 80-90% confluence). Cells that detached as a result of the procedure
were removed by washing with phosphate-buffered saline (PBS, Thermo Fisher Scientific,
Cambridge, MA, USA). Cells were then stimulated with the lowest sample concentration
(50 pg/mL). Images of cells in the culture were taken at the beginning of the experiment
(0 h after stimulation) and at 12 and 24 h using the Olympus IX73 inverted microscope
(Olympus, Tokyo, Japan) [107,109].

4.2.4. Statistical Methods

Statistical calculations referring to the antimicrobial and antioxidant activity of the
analysed EOs were performed using PAST 4.03 [110] and SAS Studio [111]. The evaluation
of similarity and distances was performed using hierarchical clustering and the associated
dendrogram. The assessment of differences between groups delimited by the application
of a sample type was performed using ANOVA. Pairwise comparisons between groups
were performed using Tukey’s pairwise test.

The results regarding the antitumour activity of the studied EOs were expressed
as mean =+ standard deviation. The comparison between groups was performed using
One-way ANOVA, followed by Dunnett post-test. A p-value of <0.05 was considered to
have statistical significance. Analyses were performed using GraphPad Prism 5 [112].

The Euclidean distances calculated for the measured diameters of the paired samples
of the oils used were the basis of an analysis to determine similarities in their antimicrobial

action. The formula used is d = (X — yl-)z, where x; represents the diameter values
determined for the first plant sample type and y; represents the diameter values determined
for the second sample type.

5. Conclusions

The EOs from Lamiaceae species exhibit a wide array of pharmacological properties,
including antimicrobial, antioxidant, anti-inflammatory, and anticancer activities. The
rich chemical composition of these oils, characterized by various bioactive compounds,
underpins their therapeutic potential. In the present study, we showed that the volatile oils
obtained from plants belonging to the Lamiaceae family induced a significant antioxidant
activity, the results being close to the value of ascorbic acid, which was used as a standard,
especially in the case of Lavandula species. The results of this study confirm the traditional
use of these species as antioxidants and suggest that the species cultivated in western
Romania possess a high antioxidant capacity due to the polyphenols contained in the
plants.

The EOs of Lavandula angustifolia Mill. (LA1), Perovskia atripicifolia Benth. (PA), Lavan-
dula hybrida Balb. ex Ging (LH), Lavandula angustifolia Mill. (LA2), and Salvia sclarea L. (SS)
were active only on Gram-positive cocci and fungi. The other EOs, Mentha smithiana L. (MS)
and Mentha x piperita L. (MP), had inhibitory activity on all the reference strains tested. The
EO of Mentha smithiana L. (MS) shows antibacterial and antifungal activity on all strains
tested, with a maximum zone of inhibition on the fungi C. albicans and C. parapsilosis. For
the EO of Salvia officinalis L. (SO), no antibacterial activity was recorded, while the EO of
Perovskia atriplicifolia Benth. (PA) was active only on Gram-positive cocci and fungi.

From the perspective of cytotoxic activity, the obtained results indicated that the
samples with the highest efficiency were Salvia officinalis L. (SO) and Perovskia atripicifolia
Benth. (PA). The analysed EOs show a dose-dependent cytotoxic effect. These samples
do not show selectivity against tumour cells because, at high doses, they also reduced
keratinocyte viability.
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In terms of anti-migratory capacity, the data obtained indicate that many samples
reduced the migratory capacity of melanoma cell lines. The comparative evaluation of the
results obtained on the human melanoma line and human keratinocytes indicated that
LA1 and MP had the most potent effect by inhibiting the migration ability of tumour cells
and stimulating HaCaT migration. The EO samples showed increased selectivity; they
stimulated the migration of healthy cells and inhibited the migratory capacity of tumour
cells.

EOs are bio-compounds with many potential applications and uses in pharmaceutics.
This direction shall be deepened due to the high demand for effective and affordable
therapeutical solutions. Future research should focus on elucidating the mechanisms of
action of these oils and exploring their applications in both clinical and industrial settings.
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Appendix A

Table A1. Chemical composition of the essential oil of Lavandula angustifolia Mill. (LA1).

Chemical Compound % RT (min)
Eucalyptol 2.144

Trans-Beta-Ocimene 5.976 10.836
cis-beta-Ocimene 2477 14.876
Linalool 22.11 17.589
endo-Borneol 2.23 18.043
Terpinen-4-ol 3.811 18.59
Alpha-Terpineol 2.13 21.202
Linalyl acetate 20.384 22.22
Lavandulyl acetate 7.599 26.35
Carvacrol 3.333 27.255
Diphenhydramine 7.31 28.742
cis-beta-Farnesene 3.86 31.771
tau-Cadinol 2.473
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Table A2. Chemical composition of the essential oil of Lavandula angustifolia Mill. (LA2).

Chemical Compound % RT (min)
Alpha-Thujene 0.12 5.656
Alpha-Pinene 0.38 5.893
Camphene 0.33 6.379
Sabinene 0.6 7.487
Beta-Pinene 0.51 8.075
n-Hexyl acetate 0.2 8.908
3-Carene 0.26 9.139
p-Cymene 0.13 9.643
Benzene, 1-methyl-3-(1-methylethyl)- 0.84 9.861
Eucalyptol 1.45 10.126
D-Limonene 1.02 10.193
trans-beta-Ocimene 2.18 10.819
1,3,6-Octatriene, 3,7-dimethyl-, (Z)- 0.85 11.577
Sabinene hydrate 0.49 13.177
Linalool 30.15 15.322
(+)-2-Bornanone 1.57 16.321
endo-Borneol 2.46 18.258
(—)-4-Terpineol 7.19 18.47
Alpha-Terpineol 1.83 19.243
Borneol, acetate 0.24 19.983
cis-(—)-1,2-Epoxy-p-menth-8-ene 0.16 20.228
Linalyl acetate 23.71 21.207
(Z)-Geraniol 0.81 21.605
Bicyclo[2.2.1]heptan-2-ol, 1,7,7-trimethyl-, acetate, (15-endo)- 0.39 22.004
Lavandulol acetate 6.21 22.251
Hexyl tiglate 0.07 23.491
(R)-lavandulyl (R)-2-methylbutanoate 0.59 24.482
cis-Geranyl acetate 0.9 25.03
Hexanoic acid, hexyl ester 0.23 25.15
(—)-beta-Bourbonene 0.09 25.35
Sesquithujene 0.1 25.497
Beta-Curcumene 0.05 25.934
Alpha-Cedrene 0.1 26.183
Bicyclo[5.2.0]nonane, 2-methylene-4,8,8-trimethyl-4-vinyl- 4.79 26.361
cis-alpha-Bergamotene 0.2 26.768
Aromandendrene 0.12 27.005
Bicyclo[7.2.0]Jundec-4-ene,
4,11,11-trimethyl-8-methylene-,[1R-(1R*4Z,95%)]- 2.54 27.26
Hexadecane 0.21 27.59
Germacrene D 0.19 28.001
(R)-lavandulyl (R)-2-methylbutanoate 0.05 28.51
Alpha-Guaiene 0.12 28.596
Naphthalene, 1,2,3,4,4a,5,6,8a-octahydro-7-methyl-4- 1.07 28.853
methylene-1-(1-methylethyl)-, (1.alpha.,4a.beta.,8a.alpha.)- ' '
delta-Cadinene 0.18 29.003
Bicyclo[2.2.1]hept-2-ene, 1,7,7-trimethyl- 0.07 29.165
1-Methyl-6-(3-methylbuta-1,3-dienyl)-7-
oxabicyclo[4.1.0]heptane 01 29.792
: : ! /
S;nro[trlcyclo[?).?).l.1(3,7)]decane—2,2 -oxetan]-4'-one, 016 30155
3'-methylene-
Caryophyllene oxide 2.63 30.589
(1R,3E,7E,11R)-1,5,5,8-Tetramethyl-12- o1 31239
oxabicyclo[9.1.0]dodeca-3,7-diene ’ ’
Epicubenol 0.12 31.488
tau-Cadinol 1.06 32.165
Muurol-5-en-4-one <cis-14-nor-> 0.08 33.115
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Table A3. Chemical composition of the essential oil of Salvia officinalis L. (SO).

Chemical Compound % RT (min)
5-Undecene, 7-ethenyl- 0.32 3.832
3-Decyne 0.07 4.013
Alpha-Thujene 0.22 5.663
1R-alpha-Pinene 2.59 5.908
Camphene 217 6.385
Sabinen 9 7.488
Beta-Pinene 0.34 8.083
Eucalyptol 1.04 9.913
D-Limonene 15.04 10.209
trans-beta-Ocimene 0.15 10.843
Sabinene hydrate 0.12 13.119
Beta-Thujone 16.84 14.713
Alpha-Thujone 8.81 15.247
(+)-2-Bornanone 3.83 16.317
trans-Sabinol 0.2 16.87
L-Pinocarveol 0.37 17.127
L-Borneol 6.8 18.259
trans-Ocimenol 0.37 19.211
(—)-Myrtenol 0.19 19.523
Pentanoic acid, 4-hexen-1-yl ester 0.17 20.305
Linalyl acetate 0.05 21.075
L-bornyl acetate 0.73 21.995
Sabinyl isobutanoate 0.06 22.261
Alpha-Cubebene 0.07 24.308
Alpha-ylangene 0.04 24.977
Alpha-Copaene 0.12 25.114
(—)-beta-Bourbonene 0.09 25.347
Bicyclo[5.2.0]nonane, 2-methylene-4,8,8-trimethyl-4-vinyl- 0.07 25.96
Isocaryophyllene 6.33 26.375
Humulene 5.33 27.321
Gamma-Muurolene 0.24 27.859
(+)-Ledene 0.06 28.376
Alpha-Cadinene 0.06 28.51

Naphthalene, 1,2,3,4,4a,5,6,8a-octahydro-7-methyl-4- 011 28.853
methylene-1-(1-methylethyl)-, (1alpha,4a.beta.,8a.alpha.)- ' ’

Delta-Cadinene 0.18 29.033
1-Methyl-6-(3-methylbuta-1,3-dienyl)-7-

oxabicyclo[4.1.0]heptane 0.27 29.796
Caryophyllene oxide 3.61 30.599
Viridiflorol 7.4 31.057
(1IR,3E,7E,11R)-1,5,5,8-Tetramethyl-12-

oxabicyclo[9.1.0]dodeca-3,7-diene 2.6 31.262
Copalol 0.2 31.751
Caryophylla-4(12),8(13)-dien-5alpha-ol 0.2 32.188
cis-alpha-Bisabolene 0.06 35.543
Cyclopentadecanone 0.15 36.394
Butyl 6,9,12,15-octadecatetraenoate 0.37 36.737
Isopimara-9(11),15-diene 0.2 38.46
n-Hexadecanoic acid 0.15 40.968
Epimanool 2.46 42.17

(+)-Valencene 0.15 42.631
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Table A4. Chemical composition of the essential oil of Lavandula hybrida Balb. ex Ging (LH).

Chemical Compound % RT (min)
Alpha-Pinene 1.14 5.983
Camphene 0.45 6.43
Beta-Ocimene 1.85 7.491
Beta-Pinene 1.07 8.092
Eucalyptol 17.84 10.116
Limonene 2.01 10.225
trans-beta-Ocimene 5.42 10.748
Beta-Ocimene 1.91 11.487
Gamma-Terpinene 0.47 13.847
Linalool 35.86 14.633
(+)-2-Bornanone 6.06 15.902
endo-Borneol 6.8 17.478
Terpinen-4-ol 3.62 17.906
Alpha-Terpineol 1.98 18.473
Linalyl acetate 5.41 20.977
Lavandulol acetate 0.86 22.084
Caryophyllene 1.04 26.247
cis-beta-Farnesene 4.19 27.192
Germacrene D 0.74 27.859
(R)-lavandulyl (R)-2-methylbutanoate 0.42 28.435
Alpha-Bisabolol 0.86 32.678
Table A5. Chemical composition of the essential oil of Salvia sclarea L. (SS).
Chemical Compound % RT (min)
Beta-Pinene 0.52 8.102
Beta-Ocimene 0.65 11.484
Linalool 10.12 14.553
Alpha-Terpineol 1.15 18.483
Linalyl formate 1.01 19.463
Linalyl acetate 69.41 21.099
Neryl acetate 0.69 24.32
Lavandulol acetate 1.09 24.856
Alpha-Cubebene 0.71 25.074
Aromandendrene 3.23 26.252
Germacrene D 8.61 27.87
(1S,2E,6E,10R)-3,7,1 1,11-Tetramethylbicyclo[8.1.0]undeca- 156 28071
2,6-diene
Alpha-Farnesene 0.43 28.503
Alloaromadendrene 0.82 30.819
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Table A6. Chemical composition of the essential oil of Mentha smithiana L. (MS).

Chemical Compound % RT (min)
Camphenol, 6- 0.048 9.498
Tricyclenne 0.006 6.942
A-phellandrene 0.03 9.425
A-pinene 1.009 5.983
Camphene 0.223 6.43
Sabinene 0.912 8.200
B-pinene 1.515 7.747
Limonene 14.18 10.225
Eucalyptol 0.56 9.913
1,3,6 octatriene 3,7 dimethyl (Z) (beta cis ocimene) 0.071 11.577
A-terpinene 0.029 6.726
P-mentha-1,4(8) diene 0.084 10.98
Linalool 0.336 15.322
P-menth-1-en-8-ol 0.064 18.573
Geraniol acetate 0.256 23.70
B-caryophilene 2.12 26.824
B-farnesene 0.763 26.33

Table A7. Chemical composition of the essential oil of Perovskia atriplicifolia Benth. (PA).

Chemical Compound % RT (min)
Phellandrene 0.14 7.85
2-hexanal 0.03 497
Trans-sabinene hydrate 0.19 12.523
borneol 4.79 28.833
camphene 1.45 6.707
sabinene 1.02 6.91
P-cymene 0.32 9.748
Beta-myrcene 0.53 6,98
1,8-cineole 5.85 10.105
3-carene 7,56 9.226
Alpha-terpinene 0.25 6.726
o-cymene 0.38 10.30
Limonene 0.49 10.250
Cis-ocimene 0.75 10.82
Beta-ocimeneY 0.57 8.59
y-terpinene 0.46 9.78
Dehydro-p-cymene 0.03 11.09
Alpha-terpinolene 0.04 10.98
Cis--sabinene hydrate 0.06 10.20
linalool 521 19.548
Iso-amyl isovalerate 0.03 11.60
camphor 2.12 18.787
4-terpineol 0.42 17.93
Cumyl alcohol 0.04 2.429
Alfa-terpinol 0.65 18.573
methylcyclohexane 0.07 2.61
calarene 0.98 19.95
valeranone 2.34 35.74
Alpha-thujene 0.07 5,40
Bornyl formate 0.44 17.36
Beta-Pinene 0.98 7.04
Alpha-Pinene 4.30 5.85
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Table A8. Chemical composition of the essential oil of Mentha x piperita L. (MP).

Chemical Compound % RT (min)
Alpha-Pinene 0.93 5.994
3-Octanone 0.75 7.324
Beta-Pinene 1.38 7.51
Beta-Myrcene 0.7 8.114
Eucalyptol 10.26 10.129
D-Limonene 9.7 10.272
Trans-beta-Ocimene 0.94 10.755
Bicyclo[3.1.0]hexan-2-ol, 2-methyl-5-(1-methylethyl)-, 443 1257
(1.alpha.,2.beta.,5.alpha.)- ’ :
Alpha-Terpineol 0.31 18.508
8-p-Menthen-2-ol 5.58 18.749
D-Carvone 42.28 20.207
Borane carbonyl 0.68 20.495
8-p-Menthen-2-yl, acetate, trans 1.28 23.256
2—Cyc.lohexen—1—ol, 2-methyl-5-(1-methylethenyl)-, acetate, 057 24306
(1R-cis)-
Jasmone 0.48 25.06
Beta-Bourbonene 1.83 25.298
Beta-Elemene 0.85 25.485
Caryophyllene 4.94 26.269
Isogermacrene D 0.17 26.91
Bicyclosesquiphellandrene 0.34 26.962
Beta-copaene 0.68 27.395
Germacrene D 8.47 27.887
Gamma-Elemene 1.65 28.286
Alpha-Selinene 0.8 28.516
Appendix B

Determination of antimicrobial activity (detailed)
A. Disc-diffusion assay

The determination of antimicrobial activity was carried out both by the standardised
disc-diffusion method (disc-diffusion susceptibility) and by the dilution method, with
the determination of the minimum inhibitory concentration (MIC) and the minimum
bactericidal concentration (MBC) or minimum fungicidal concentration (MFC).

The disc-diffusion method, being easier and cheaper to perform, has been used for
screening the antimicrobial activity of EOs.

Principle of the method used: The antimicrobial substance (essential oil) is deposited
on the surface of an agar culture medium, which has been pre-seeded with the test bacteria.
Two phenomena occur simultaneously: the diffusion of the oil into the medium and
multiplication of the micro-organism. In areas where the oil achieves concentrations higher
than the MIC, bacterial growth no longer occurs. The circumference of the inhibition zone
is established from the first hours of incubation as the geometric location of the points
where the oil has reached the MIC at the critical time of culture. Thus, the diameter of the
inhibition zone varies inversely with the MIC.

The composition of the culture medium, its pH, inoculum density, stability and
diffusion of the test substance (0il), and incubation time and temperature, are all variables
that influence the results of the disc-diffusion method.

Materials needed:

1. Reference strains were seeded on Columbia agar +5% sheep blood and Sabouraud
with fungal chloramphenicol, respectively, with 24 h thermostatting at 37 °C. The
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inoculum density, i.e., the number of bacteria brought into contact with the tested
oil, is an important element and condition for the reproducibility of the results.
According to the CLSI [Clinical and Laboratory Standards Institute] standard, a
microbial suspension in sterile saline equivalent to 0.5 Mc Farland (108 CFU/mL) is
prepared [103].

2. For the culture medium, we used Mueller-Hinton agar (bioMerieux, Marcy-l’Etoile,
France), which is recommended by CLSI. For the Candida strains, we used Mueller-
Hinton medium supplemented with methylene blue. The sterility control of the media
consisted of incubating a plate from the batch used for 24 h at 37 °C.

3. Anunimpregnated microcompressed blank, 6 mm in diameter (BioMaxima, Lublin,
Poland), was used.

4. Other materials used include sterile saline, cotton wool pads on wooden rods, and
tweezers for the deposition of microcompresses.

The technique of the disc-diffusion antibiogram is as follows: standardized bacterial
suspension was obtained by suspending colonies from the 24 h culture on Columbia
agar +5% sheep blood and Sabouraud medium with chloramphenicol for Candida strains,
respectively, in sterile saline.

Seeding was carried out with a sterile cotton swab, which was dipped into the sus-
pension; excess was removed by pressing against the walls of the tube and passing over
the surface of the medium in three directions until the entire surface was covered, with a
circular marginal streak being made to obtain a uniform inoculum.

After inoculation, the plates were left for 5-10 min at room temperature to facilitate
inoculum uptake into the medium, after which the microcompresses were deposited with
a minimum distance of 25 mm between discs and 15 mm from the edge of the Petri dish.
From the undiluted test oils, 10 uL per tablet was deposited.

For each oil, a single plate was used, on which the micro-tablet with the oil and two
control micro-tablets were deposited. The positive control consisted of a Gentamicin micro-
tablet of 10 ng and 120 pg, respectively, for the Enterococcus faecalis strain. For Candida
strains, the positive control was a 10 ug Fluconazole micro-tablet. An unimpregnated
micro-tablet was used as a negative control. The plates thus prepared were incubated for
24hat35+2°C.

The interpretation of results was as follows: after thermostatting, readings were taken
by measuring the diameters of the inhibition zones with a ruler. According to the literature,
a diameter > 15 mm is considered highly susceptible [104].

For quality control, all tests were performed in duplicate.

B. Macro-dilution method

The macro-dilution technique allows for the determination of MIC and CMB/CMFE.

The work principle is as follows: increasing dilutions of the antibacterial substance
are made in tubes of the liquid medium. Fixed amounts of the microbial culture are then
added and incubated for 24 h at 37 °C, and the lowest concentration of the antibacterial
substance tested (essential oil) that does not allow bacterial growth is aimed for [103].

The materials required are as follows: sterile test tubes, liquid culture medium
(Mueller-Hinton broth), test oils, 0.5 Mc Farland microbial suspension from reference
strains, pipettes, and a thermostat.

The working method is as follows: An inoculum of approximately 5 x 10> CFU/mL
is prepared from the 0.5 Mc Farland bacterial suspension. This can be achieved by diluting
the 0.5 McFarland suspension to a ratio of 1:150, resulting in a suspension of 10° CFU /mL.
Further dilution at a ratio of 1:2 will bring the final inoculum to 5 x 10° CFU/mL [103].

Testing was carried out in five test tubes as follows: 0.5 mL of the 5 x 10> CFU/mL
bacterial suspension was pipetted into each test tube; then, 0.4 mL of Mueller-Hinton broth

98



Plants 2025, 14, 846

and 0.1 mL of the essential oil dilution was obtained in DMSO (1/2,1/4,1/8,1/16,1/32),
resulting in a volume of 1 mL, which was homogenised. For each strain tested, a positive
control containing 0.5 mL of the bacterial suspension, 0.4 mL of Mueller-Hinton broth, and
0.1 mL of DMSO was used to check the growth of the strain. The negative control contained
0.1 mL of oil and 0.4 mL of Mueller-Hinton broth +0.5 mL of DMSO.

For the interpretation, first, the control is read, which should be turbid (if the germ has
grown). If there is no bacterial growth, the broth in the control tube should remain clear,
invalidating the test. If the blank is adequate, the reaction has been performed correctly
and the reading is taken from the tubes in which the medium has remained unchanged
(the germ has not grown because it is inhibited by the oil). The lowest concentration at
which no germ growth has occurred is the CML

C. Determination of CMB/CMEF:

Using a sterile disposable loop, 1 uL from each tube, including the control, was seeded
on Columbia agar +5% sheep blood or Sabouraud with chloramphenicol and incubated
24 h at 37 °C; then, the highest dilution (lowest concentration) at which germs did not grow
was read, representing the CMB/CMF [105].
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Abstract

In this study, a comprehensive approach to the taxonomy and the distribution areas of
Cornus mas (commonly known as cornelian cherry) is presented, considering the superior
valorization of bioactive compounds through co-microencapsulation in a unique matrix
combination, together with probiotic bacteria. According to the phytochemical profile,
the whole plant of cornelian cherry includes 101 chemical compounds, classified as
follows: polyphenols, terpenoids, carotenoids, vitamins, carbohydrates, acids, and
hydrocarbons. In general, the bioactive compounds are highly sensitive to digestion
and external factors, such as oxygen, pH, temperature, etc. In order to improve the
bioaccesibility and the storage stability of the polyphenols, a solid-liquid ultrasound
assisted method was applied to deliver an anthocyanin-enriched extract, which was
microencapsulated together with Lacticaseibacillus casei (L. casei) by freeze-drying in
a unique combination of whey protein isolate (WPI) and maltodextrin (MD) as wall
materials. Two powders were obtained, with and without the probiotic bacteria. The
data obtained in this study showed a high encapsulation efficiency (82.16-88.95%)
of anthocyanins, whereas for L. casei, the microencapsulation efficiency reached 80%.
The co-microencapsulated powder showed a viable cell count of 3.80-10° CFU /g dry
matter (D.M.). The microencapsulated powders showed a significant amount of total
polyphenols (8.30-13.00 mg of gallic acid equivalent per gram D.M.). Furthermore,
the in vitro digestibility of the anthocyanins highlighted the protective effect of the
microencapsulation matrix in the stomach, whereas a slow release was observed in
the simulated intestinal conditions. Furthermore, after 21 days of storage, the lactic
acid bacteria viability was high (2.53 x 10 CFU/g dry matter), which confirmed the
functionality and the nutraceutical value of the co-microencapsulated powder.

Keywords: anthocyanins; microencapsulation; Cornus mas; maltodextrin; whey protein
isolate; Lacticaseibacillus casei
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1. Introduction

Most of the current research has focused on the beneficial role of plant phytochemicals
for human health, including their antioxidant and anti-inflammatory capacities, their
antidiabetic and anticancer activities, and their effects on preventing neuronal illnesses
or reducing cardiovascular diseases. In this context, numerous studies have highlighted
the significant impact of anthocyanins on human health and the advantages provided as
naturally occurring, plant-derived, red, violet, and blue pigments [1-3]. Additionally, food’s
color is one of the most significant organoleptic qualities, indicating both the freshness of
foods and its anthocyanin content. The natural anthocyanins have recently received more
attention due to the opportunities to replace the synthetic dies in the food industry and
as nutraceuticals.

Cornus mas L. is one of most important edible forest fruits found in spontaneous
crops in Romania (38 areas) [4]. The plant’s bioactive compounds are recognized for their
important beneficial effects on asthma, rheumatism, cardiovascular disease, anemia, haem-
orrhoids, cancer, inflammation, stomach ulcers, colitis, and kidney disorders. Different
reports showed that the biologically active components (BACs) found in cornelian cherry
fruit are the basis for all of its ethnomedicinal benefits [5-7].

However, in order to translate the plant’s bioactivity in foods and nutraceuticals to tar-
geted functions, ongoing concerns were expressed regarding the influence of light, oxygen,
storage duration, temperature, pH, etc., on the anthocyanins’ stabilities [8]. Improvements
in the functional properties and the protection of the anthocyanins may be achieved by
extraction and microencapsulation using different techniques.

The objectives of this work were to establish a comprehensive image of the
Cornus mas L. potential to be exploited as a source for functional foods and nutraceuticals.
Therefore, in the first part of this work, important information is provided regarding
the plant composition, its taxonomy, and its cultivation areas in Romania, followed by
a proposed strategy to valorize the phytochemicallys enriched extract into freeze-dried
powders containing polyphenolic compounds and probiotics microencapsulated in a
complex matrix formed by proteins and carbohydrates. Therefore, the wall materials
used in this study were chosen based on the different reports in the literature regarding
the protective effects on anthocyanins and probiotics. Hence, whey protein isolate (WPI)
and maltodextrin (MD) were combined in a certain ratio to obtain a self-stable matrix
for the bioactive compounds and the probiotics. WPI is successfully used in the food
industry due to its high protein content (over 90%). These high-quality proteins have
the ability to supplement the product with nutrients that are beneficial to the human
body [9]. Maltodextrin is a polymer with proven efficacy in microencapsulating phenolic
compounds due to its appropriate viscosity, affordability, sweet flavor, and practical
particle size [10]. L. casei belongs to the Lacticaseibacillus genus and is used in the food
industry for its benefits to human health. The probiotic effects of Lacticaseibacillus include
improving lactose digestion, reducing its intolerance symptoms [11]. The phytochemical
extraction was performed by a solid-liquid ultrasound assisted extraction method, using
ethanol as the solvent, followed by microencapsulation in two variants, described as
follows: microencapsulation of the extract in a biopolymeric matrix containing WPI and
MD (variant 1) and a co-microencapsulated variant containing WPI, MD, and L. casei
431® (LC) (variant 2) by freeze-drying. The powders were tested for total polyphenolic
content, cell viability, in vitro digestion, and color and storage stability.

The main aim of this approach is to give a holistic view of the cornelian cherry
industrial potential, from the plant to foods and nutraceuticals.
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2. Results
2.1. Taxonomic Classification and Worldwide Distribution of Cornus mas

Cornelian cherry is a woodland fruit belonging to the kingdom Plantae, the infra-
kingdom Viridiplantae, the super-kingdom Streptophyta, the sub-kingdom Embryophyta, the
class Magnoli-opsyda, the super-order Asteranae, the order Cornales, the family Cornaceae,
the genus Cornus L., and the species Cornus mas [12,13]. Over time, 28 horticultural forms
and variants of Cornus mas L. have been discovered. They are as follows: Cornus mas f. alba
(Weston) Rehder; Cornus mas var. albocarpa (C.K. Schneid.) Bean; Cornus mas f. andrzejowskii
Wierdak; Cornus mas f. aurea C.K. Schneid; Cornus mas £./var. aurea-elegantissima (T. Moore),
Schelle, Carriere; Cornus mas f. conica Jovan; Cornus mas f. elegantissima G. Nicholson;
Cornus erythrocarpa St.-L; Cornus mas £./var. flava infra subsp. Publ (Weston) Rehder, Steud;
Cornus homerica Bubani; Cornus mas f. luteocarpa (Wangerin), C.K. Schneid; Cornus mas
f./var. macrocarpa (Dippel) Schelle; Cornus mas f. microcarpa Sanadze; Cornus mas £./var.
nana (Carriere) C.K. Schneid; Cornus mas var. oblongifolia Jovan; Cornus mas f. oxycarpa
Jovan; Cornus mas f. polonica Wierdak; Cornus mas f. pyriformis Sanadze; Cornus mas var.
sphaerocarpa Cretz; Cornus mas f./var. variegate (Loudon) G. Nicholson; Cornus mas var.
xanthocarpa Bean; Cornus mascula L.; Cornus mascula var. aurea-elegantissima T. Moore; Cornus
nudiflora Dumort; Cornus praecox Stokes; Cornus vernalis Salisb; Eukrania mascula (L.) Merr.;
Macrocrpium mas (L.) Nakai [14].

In terms of geographical distribution, Cornus mas L. is cultivated in Albania, Armenia,
Austria, Azerbaijan, Belgium, Bosnia and Herzegovina, Bulgaria, Czech Republic, Croatia,
France, Germany, Georgia, Greece, Northern Iraq, Iran, Italy, Lebanon, Luxembourg, the
Balkan Peninsula, Poland, Romania, Russia, Serbia and Montenegro, Hungary, Slovakia,
Slovenia, Switzerland, Syria, Ukraine, and Turkey [15], but is also used in countries such
as China, Kosovo, and the United States of America [16,17]. The genus Cornus includes
shrub species widely distributed in southern and central Europe, southwest Asia, America
(north, east, south, west, and central), and eastern Africa [18]. Two species of this genus
are endemic to South America and one species to tropical Africa [16,17]. Regarding the
worldwide area cultivation of cornelian cherry (in ha), Georgia occupies 0.3% of the total
fruit orchards (135 ha) [19], while Turkey has 1.6 million cornelian cherry trees producing
17,000 tons of fruit annually. In addition, in this country, 97% of cornelian cherry fruit
production is harvested from wild flora [20]. Meanwhile, in Romania, Cornus mas (CM)
is found in 38 areas and can be considered one of the most important forest fruits in our
country. It is well known that the altitude, temperature, average annual precipitation, relief,
rock type, soil type, phytocenosis structure, and floristic composition of the habitat can
influence C. mas distribution in our country [4,8]. A native from the Caucasus [21,22], CM is
one of four species that are harvested for their fruits (C. mas, C. officinalis, C. controversa, and
C. kousa) and not only for ornamental purposes, as are the other species of Cornus [23,24].
Regarding the number of species in the Cornaceae family, different reports are available,
such as the following: 40 species [25], 55 species [26,27], 60 species [28], and 65 species
(15 red-line species and 50 blue-line species) [5,18,24].

In Figure 1, some suggestive segments of the CM plant (bark, shoots, leaves, fruits,
stone, and seeds) are shown.

A study by Dinda et al. [5] provides an overview of the phytochemical profile of
the whole plant of Cornus mas. Briefly, the cornelian cherry contains 101 phytochemical
compounds, classified into anthocyanins (10), catechins (4), flavonoids (20), phenolic
acids and tannins (11), monoterpenoids (9), triterpenoids (1), iridoids (5), carotenoids (10),
vitamins (4), carbohydrates (3), organic acids (8), fatty acids (6), and hydrocarbons (10)
(Table 1).
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(a) bark (b) shoots  (c) leaves (d) unripe fruit(e) ripe fruit(f) sections of ripe fruit (g) stones (h) seeds
Figure 1. Cornus mas plant (original photos).
Table 1. Phytochemical profile of Cornus mas [5,29].
Chemical .
No. Category Phytochemical Compounds Plant Organ
1. Polyphenolic structure compounds
cyanidin 3-0 galactoside (1), cyanidin-3-O-glucoside (2), cyanidin
3-O-rutinoside (3), cyanidin 3-O-robinobioside (4),
. delphinidin-3-O-galactoside (5), pelargonidin3-O-galactoside (6), .
11 Anthocyanins pelargonidin-3-O-glucoside (7), pelargonidin3-O-rutinoziside (8), fruits
peonidin3-O-glucoside (9), pelargonidin 3-O robinobiozid
(pelargonidin 3-O-rhamnosylgalactoside) (10)
12, Catechins g—z) (Cla4t)echin (11), (-) epicatechin (12), procyanidin B1 (13), procyanidin fruits, leaves
kampferol-3-O-galactoside (15), kaempferol 3-O glucoside (16),
kaempferol 3-O-glucuronide (17), isorhamnetin 7-O-ramnozide (18),
myricetin (19), 3-O-methyl ester naringenin (20), quercetin (21),
quercetin 3-O-xyloside (22), quercetin 3-O-ramnoside (23), quercetin
3-O-glucoside (24), quercetin 3-O-galactoside (25), quercetin 3-0-,
1.3. Flavonoids trans-aromadendrin (26), quercetin 3-O-robinobioside (27), quercetin flowers, leaves, fruits
3-O-rutinoside (rutin) (28), quercetin 3-O-glucuronide (29), quercetin
3-O-galactozil 7-O-ramnoside (30), trans aromadendrin (31),
7-acetoxy-5,2' 4’ ,6'-p-pentahydroxy-3-methoxychalcone (32),
7-O-aromadendrin glucoside (33),
7,3'dihydroxy-5,4'dimethoxyflufonone (34)
quinic acid (35), chlorogenic acid (36), ellagic acid (37), ferulic acid
14 Phenolic acids and (38), gallic acid (39), salicylic acid (40), shikimic acid (41), vanillic acid flowers,
o tannins (42), p-coumaric acid (43), 3-O-cafenoylquinic acid (44), 5-O cafenoyl fruits
quinic acid (45)
2. Terpenoids
. a-terpeneol (46), borneol (47), camphor (48), carvone (49), carvacrol
2.1 Monoterpenoids (50), limonen (51), verbenone (52), B-tujon (53), 1,8-cineole (54) flowers
2.2. Triterpenoids ursolic acid (55) leaves
23, Iridoids loganic ac.ld (56), cornusid (57), loganin (58), sverosid (59), fruits
secologanin (60)
(all-E)-neoxanthin (61), B-carotene-5,6-monooxide (62), f-carotene
. (63), B-cryptoxanthin (64), lutein (65), lutein-5,6-epoxide (66), .
3. Carotenoids luteoxanthin (67), (9Z,9'Z)-lutein (68), (9’ Z)-neoxanthine (69), fruits
(13Z,13'Z)-lutein (70)
4. Vitamins ascorbic acid (71), x-tocopherol (72), biotin (73), riboflavine (74) fruits
5. Carbohydrates glucose (75), sucrose (76), fructose (77) fruits
6. Acids
. linoleic acid (78), oleic acid (79), a-linolenic acid (80), palmitoleic acid .
6.1 Fatty acids (81), palmitic acid (82), 2,4-heptadienoic acid (83) fruits, leaves
6.2 Oreanic acids citric acid (84), fumaric acid (85), isocitric acid (86), maleic acid (87), fruits,
- 8 malonic acid (88), oxalic acid (89), succinic acid (90), tartaric acid (91) leaves
decane (92), undecane (93), dodecane (94), pentadecane (95),
7. Hydrocarbons hexadecane (96), heptadecane (97), heneicosane (98), tricosane (99), flowers

pentacosane (100), heptacosane (101)

In addition, Table 2 shows the composition of proteins, amino acids, fatty acids, ma-

croelements, and microelements found in cornelian cherry fruit pulp.
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Table 2. Protein, amino acid, fatty acid, and macro- and microelement content of Cornus mas [30].

Crt. No. Identified Compound Results Unit of Measurement

A. Proteins and amino acids

1. Protein 3.40 g/kg

2. Aspartic acid 0.30 g/kg

3. Glutamic acid 0.30 g/kg

4. Arginine 0.30 g/kg

5. Lysine 0.30 g/kg

6. Glycine 0.20 g/kg

7. Phenylalanine 0.20 g/kg

8. Leucine 0.20 g/kg

9. Isoleucine 0.20 g/kg
10. Valine 0.20 g/kg
11. Alanine 0.10 g/kg
12. Histidine 0.10 g/kg
13. Proline 0.10 g/kg
14. Serine 0.10 g/kg
15. Threonine 0.10 g/kg
16. Tyrosine 0.10 g/kg

B. Fatty acids

17. Linoleic acid 76.70 100 g D.M.
18. Palmitic acid 39.60 100 g D.M.
19. Linolenic acid 27.50 100 g D.M.
20. Oleic acid 18.30 100 g D.M.
21. Pentadecanoic acid 5.10 100 g D.M.
22. Stearic acid 4.40 100 g D.M.
23. Vaccenic acid 3.70 100 g D.M.
24. Myristic acid 3.50 100 g D.M.
25. Lauric acid 1.80 100 g D.M.
26. Palmitoleic acid 1.40 100 g D.M.
C. Macro- and microelements
27. Potassium 7.04-20.32 g/kg
28. Nitrogen 3.15-6.44 g/kg
29. Calcium 0.47-2.59 g/kg
30. Phosphorus 0.42-1.36 g/kg
31. Sulfur 0.39-1.64 g/kg
32. Magnesium 0.29-1.89 g/kg
33. Iron 6.00-171.00 mg/kg
34. Pigments 3.43-37.25 mg/kg
35. Zinc 3.30-41.00 mg/kg
36. Copper 1.20-8.10 mg/kg
D. Dry matter 58.50-83.00 %o

109



Plants 2025, 14, 3298

2.2. Phytochemical Characterization of the Extract from Cornelian Cherry

The data obtained in this study shows that cornelian cherry contains significant levels
of polyphenols (17.41 & 0.67 mg GAE/g D.M.), flavonoids (5.64 + 0.28 mg EC/g D.M.), and
total anthocyanin content (18.27 &= 0.91 mg C3G/g D.M.), as well as a relevant antioxidant
activity (185.15 + 1.15 mMol TE/g D.M.).

The polyphenolic content was analyzed in comparison with the data available in the

literature (Table 3).

Table 3. Phytochemical profiles of different cornelian cherry extracts.

Identified Extraction Method Solve{\t Results Unit of Reference
Compound Extraction Measurement
Ethanol 60%,
Total anthocyanin ultrasound ethanol 80% 189.70-261.84 mg C3G/100 g D.M [31]
tent
conten ultrasound Hot water 1.23 £0.10 mg C3G/g DW [32]
ultrasound Etﬁm’% ggé"' 1700.64-4854.61 mg GAE/100 g D.-M. [31]
Total polyphenolic ethano °
content 20 mL methanol 163.69 + 0.04 (S1) to 1
ultrasound + 2% HCI 359.08 + 9.57 (H2) mg GAE/100 g FW [33]
Water 3.53 £0.39
Petroleum ether 6.91 £ 0.09
Soxhlet .
. thod Methanol 7.18 £ 0.10 mg Rutin/g extract [34]
Total flavonoid me Acetone 8.05 + 0.76
content Ethyl actate 41.49 + 0.57
20 mL methanol 12.14 £+ 0.01 (S1) to 5
ultrasounds + 2% HCI 64.48 + 0.81 (H3) mg QE </100 g FW [33]
677.88 + 19.25
. o (ABTS 3 assay) umol Trolox
Total antioxidant maceration/stirring 100 mL acetone 628.75 + 1741 equivalents /100 g FW [35]
activity (FRAP * assay)
20 mL methanol 1.24 £+ 0.01 (H1) to
ultrasound + 2% HCl 2.71 + 0.05 (H3) mmolTrolox/100 g FW [33]

I FW—fresh weight; 2 QE—Quercetin Equivalent; 3 ABTS—2,2/ -azino-bis3-ethylbenzothiazoline-6-sulfonic acid;
4 FRAP—Ferric Reducing Antioxidant Power Assay.

As it can be observed, the efficiency of the extraction of the total anthocyanins,
flavonoids, and polyphenols is highly dependent on the extraction method and the sol-
vent used. The cornelian cherry extract obtained in our study showed a higher global
polyphenolic content, which impacted the antioxidant activity.

2.3. Co-Microencapsulation Efficiency and Phytochemical Profile of the Powders

From Table 4, it can be observed that the variant with L. casei showed significantly
(p < 0.05) higher values compared to the sample without lactic acid bacteria for encapsula-
tion efficiency and phytochemical profile and comparable values for antioxidant activity.

The anthocyanin microencapsulation efficiency was approximatively 7% higher for
the WPI-MD-LC variant, the powder showing an approximatively 16% higher content in
anthocyanins and polyphenols and 9% in flavonoids. The higher content of global polyphe-
nolic content influenced the antioxidant activity. A satisfactory co-microencapsulation
of 80% was obtained for the lactic acid bacteria, which accounted for 3.80 x 10° CFU/g
D.M. The higher encapsulation efficiency may be explained by the enhanced potential
interactions between the whey proteins and the polyphenols due to hydrogen bonding
and hydrophobic associations, which may enhance the pigment and the probiotic stability
within the biopolymeric matrix.

110



Plants 2025, 14, 3298

Table 4. Microencapsulation efficiency, phytochemical content, and L. casei content of the powders.

Analyzed Parameter WPI-MD WPI-MD-LC
Anthocyanin microencapsulation efficiency (%) 82.16 +0.78 © 88.95+ 0427
s;zfciziiia;szﬂc(z;il)lus casei 431® microencapsulation NA. 80
Total anthocyanin content (mg C3G/g D.M.) 11.16 + 0.53 P 12.86 +0.86 7
Total polyphenolic content (mg GAE/g D.M.) 1117 +0.11° 12.95+0.38%
Total flavonoid content (mg CE/g D.M.) 497 +0.17° 543 £0.09?
Total antioxidant activity (mMol TE/g D.M.) 6253 £1.17° 63.40 £0.88°
Lactobacillus casei 431® (CFU/g D.M.) N.A. 3.80 x 10°

N.A.—not applicable; WPI-MD-—microencapsulated extract from cornelian cherry fruits with whey protein
isolates and maltodextrin; WPI-MD-LC—microencapsulated extract from cornelian cherry fruits with whey
protein isolates, maltodextrin, and L. casei. For each phytochemical analysis, values for the studied powders that
share different lowercase letters (%, b) are statistically different at p < 0.05, based on the Tukey test.

A recent study used WP, inulin, chitosan, and Lactobacillus casei as wall materials to
protect the cornelian cherry anthocyanins. The data obtained for the phytochemical profile
of the powders demonstrated that the polyphenolic content was lower than in the present
study (2.66 £ 0.08 mg GAE/g D.M.). Moreover, the antioxidant activity is significantly
higher in this study (15.89 £ 0.19 mM Trolox/g D.M.) compared to the reference above
mentioned [36].

Vasile et al. [37] microencapsulated black bean anthocyanins with L. casei, chitosan, and
inulin from chicory. The data obtained showed that the anthocyanins had an encapsulation
effectiveness of 99.33 £ 0.13%, whereas the lactic bacteria had a value of 77.42 + 1.34%. Fur-
thermore, Colin-Cruz et al. [38] suggested that wall materials have a significant influence on
the encapsulation efficiency rate. These authors used spray-drying microencapsulation of
blackberry (Rubus fruticosus) bioactive compounds from juice in whey protein concentrate,
acacia gum, and maltodextrin and reported a microencapsulation efficiency of anthocyanin
ranging from 71.90 to 93.00%.

2.4. In Vitro Digestion of Anthocyanins

Due to their structural particularities and pH-dependent sensitivity, the bioavail-
ability of anthocyanin was reported to be in the range of 0.26-1.8% [39]. In order to
increase the bioaccesibility of anthocyanin, the cornelian cherry extract was microen-
capsulated in a biopolymeric matrix containing WPI and MD in a ratio of 1:1. Both
of the freeze-dried powders exhibit a good stability of the anthocyanin content during
simulated stomach digestion, proving that wall matrices can protect the anthocyanins
from cornelian cherry fruits. The good stability of anthocyanin in SG] may be ex-
plained by a glycosyl moiety bonded to anthocyanin, thus affecting the anthocyanin
metabolism. Therefore, it can be assumed that the flavylium cation form of anthocyanin is
the most abundant in acidic environments such as the stomach, as explained by McGhie &
Walton [40].

On the other hand, during intestinal digestion, a controlled release can be observed
from Table 5, with an increase of anthocyanin content of 22-25% after 120 min when
compared with the beginning of digestion. This may be explained by the impact of the
increased pH in the SIJ, leading to the formation of the blue quinonoidal structure generated
by the loss of a proton [40]. The increase in anthocyanin content was explained by Fang [41]
and is related to the higher degradation rate of anthocyanin at pH values higher than
7.0. In the neutral to alkaline range of the pH scale, the anthocyanins are metabolized to
anthocyanidin by the removal of sugars in the intestine, followed by degradation to smaller
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compounds such as protocatechuic acid and ferulic acid. The results obtained confirm that
both of the microencapsulated powders provided a satisfactory protection of anthocyanin
in the gastric environment and a slow release in the small intestine, thus improving

the bioaccesibility.

Table 5. In vitro digestibility of the anthocyanins.

Time (min) WPI-MD WPI-MD-LC
Simulated gastric juice (SGJ)

TO (mg C3G/g D.M.) 7.96 + 0.48 2B 9.03 + 0.37 bA
T30 (mg C3G/g D.M.) 8.25 + 0.74 A 9.14 + 0.89 bA
T60 (mg C3G/g D.M.) 8.42 + 0.53 a4 9.62 + 0.66 aA
T90 (mg C3G/g D.M.) 8.46 4+ 0.37 2B 10.87 £ 0.43 A
T120 (mg C3G/g D.M.) 8.74 + 0.47 2B 10.90 + 0.21 A
Simulated intestinal juice (SIJ)

TO (mg C3G/g D.M.) 12.41 + 0.18 <A 12.86 + 0.89 ©A
T30 (mg C3G/g D.M.) 13.22 + 0.56 beA 12.98 4 0.17 “A
T60 (mg C3G/g D.M.) 13.69 + 0.56 2beA 13.73 + 0.61 PA
T90 (mg C3G/g D.M.) 14.51 4 0.63 A 15.63 4 0.87 A
T120 (mg C3G/g D.M.) 15.09 + 0.96 ¥4 16.15 + 0.78 ¥4

WPI-MD—microencapsulated extract from cornelian cherry fruits with whey protein isolates and maltodextrin;
WPI-MD-LC—co-microencapsulated extract from cornelian cherry fruits with whey protein isolates, maltodextrin,
and L. casei. Different lowercase letters (2, b, ) indicate that the values in the same collum for SGJ and SIJ are
statistically different (p < 0.05), while different upercase letters (A, B) mean that the digestion time is the same for
SGJ and SIJ but correspond to different analyzed powders, and they are statistically different at p < 0.05, based on
the Tukey test.

The in vitro experimental results demonstrate the beneficial impact of the wall ma-
terials to preserve the bioactive compounds, particularly the anthocyanins from CM
fruits. The information gathered in this study confirms that the wall materials used
can successfully protect the cornelian cherry fruit’s anthocyanins against internal and
external factors.

2.5. Colorimetric Analysis

Color remains one of the important parameters that influences consumers’ acceptance
of products. The colorimetric study of the microencapsulated powders revealed a red
hue because of the positive value for the a* parameter, which can be associated with the
anthocyanin content. On the other hand, a significant quantity of carotenoid compounds
(such as 3-carotene) can be linked to a positive value for the b* parameter. The light shade
of the wall materials employed—WPI, MD, and lactic acid bacteria—may all be related to
the luminosity of both the samples (positive L* values) (Table 6).

Table 6. Colorimetric analysis of (co-)microencapsulated powders.

Variants L* a* b* c* h*
WPI-MD 46294+ 0.152 19204+ 0.13b 657 +0.01P 2029+012P 033+0002
WPL-MD-LC  44.09 +£0.25° 2501 £0.652 6.89+0.112 2594+0.662 0.27 +0.00°

WPI-MD—microencapsulated extract from cornelian cherry fruits with whey protein isolates and maltodextrin;
WPI-MD-LC—co-microencapsulated extract from cornelian cherry fruits with whey protein isolates, maltodextrin,
and L. casei. For each color parameter (L*, a*, b*, c*, h*), values in the same column that do not share the same
lowercase letters (%, ) are statistically different at p < 0.05, based on the Tukey test.
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The L* parameter values suggest the brightness of the powders due to the biopoly-
meric matrices. That may be connected to the choice of less intense wall material tones.
Furthermore, the addition of lactic acid bacteria powder can be linked to the pink-red
shades. Consequently, when compared, the value obtained for the a* parameter of the
WPI-MD-LC powder (25.01 £ 0.65) is consistent with the results for the slightly higher
content of anthocyanins (12.86 + 0.86 mg C3G/g D.M.). According to the color wheel,
which is the base of the color parameters calculation, the Hue values place both the samples
into the red—yellow shades.

2.6. Viability of Lactic Acid Bacteria During Storage

During the storage period of WPI-MD-LC variant, a good stability of the viable
cells was observed, with a decrease from 3.80 x 10 CFU/g to 3.26 x 10° CFU/g after
7 days, t6 2.89 x 10° CFU/g D.M. after 14 days, and to 2.53 x 10° CFU/g D.M. after
21 days. Therefore, a 66.5% viability of the probiotic was estimated during the 21 days of
storage at 4 °C. The decrease in viable cells was described by a first order kinetic model,
allowing us to estimate the degradation rate as 52.08 £ 4.35 days with a half time of
0.013 £ 0.0009 days. The remarkable stability of the viable cells over 21 days at 4 °C
may be attributed to the prebiotic activity of both the MD and the polyphenols. For
example, Oluwatosinr et al. [42] reported values for L. plantarum of 13% after 12 weeks
of storage under refrigeration when encapsulating the probiotic with MD. Even though
the prebiotic activities of polyphenols are not fully scientifically demonstrated in the lit-
erature, Medeiros Alves-Santos et al. [43] highlighted that, in animal studies, the con-
sumption of polyphenols, especially catechins, anthocyanins, and proanthocyanidins
increased the abundance of Lactobacillus, Bifidobacterium, Akkermansia, Roseburia, and
Faecalibacterium spp.

A similar decreasing behavior in cell viability was reported by Milea et al. [44], who
microencapsulated flavonoids from yellow onion skin with WP]I, inulin, MD (2:1:1), and
L. casei. After 21 days of storage at 4 °C in the dark, the viability of the probiotic bacte-
ria was lower by 7.51 log CFU/g D.M. Moreover, Enache et al. [45] have demonstrated
the protective effect of the wall materials (WPI, inulin, and L. casei or WPI, casein, and
Lactobacillus casei) when encapsulating cornelian cherry fruit anthocyanins, even after
90 days of storage in dark conditions at 4 °C (9.58 log CFU/g D.M.). However, when
considering the viable cell counts, in order to have a powder with probiotic proper-
ties, it is essential to maintain a minimum 6 log of viable cells/g by the end of the
storage time.

2.7. Storage Stability of the Bioactive Compounds in the Encapsulated Powders

The microencapsulated powders were evaluated for antioxidant activity and polyphe-
nol, anthocyanin, and flavonoid content every 7 days throughout a 28-day period of storage
in dark conditions at 4 °C. The data are shown in Table 7.

According to the data shown in Table 7, a significant decrease (p < 0.05) was observed
in the microencapsulated cornelian cherry in WPI and MD without the addition of a
probiotic in total polyphenols (18%), which affected the antioxidant activity (a decrease of
about 46% for the powder without the probiotic). No significant differences were observed
in the flavonoid and anthocyanin content. For the co-microencapsulated powder, a good
storage stability was observed in terms of polyphenols, flavonoids, and anthocyanin,
whereas the antioxidant activity significantly decreased after 21 days of storage (45%). It
can be suggested that in the co-microencapsulated variant, some other compounds may be
responsible for the decrease in the antioxidant activity, which can be correlated with the
metabolic activity of the probiotics.
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Table 7. Storage stability of biologically active compounds of microencapsulated powders.

Variants Storage Time (Days) = TAA (mMol/g D.M) TPC (mg GAE/gD.M.)  TFC (mg CE/g D.M.) TAC (mg C3G/g D.M.)

7 59.33 4 0.29 a4 10.10 + 0.05 *B 497 +0.39 @A 10.88 + 0.39 @A

WPLMD 14 55.92 + 0.92 bA 9.64 4+ 0.14 B 495+ 0.29 a4 10.83 + 0.65 28
21 49.51 4+ 1.36 %A 9.16 +£0.11<B 4.94 +0.06 @A 10.64 + 0.06 B

28 31.81 + 0.41 44 8.28 + 0.04 4B 4.86 +0.2534 10.15 + 0.12 28

7 59.49 4 0.25 a4 12.70 + 0.08 A 5.08 + 0.13 A 12.23 + 0.80 @A

WPLMD.LC 14 56.14 + 0.26 bA 12.62 +0.21 24 5.13 4 0.08 ¥~ 12.21 + 0.21 24
21 49.07 £ 0.15 A 12.56 + 0.11 @A 5.11 +0.13 &4 12.18 4 0.93 @A

28 32.69 + 0.80 44 12.49 + 0.03 4 496 +0.1534 12.13 + 0.55 @4

WPI-MD—microencapsulated extract from cornelian cherry fruits with whey protein isolates and maltodextrin;
WPI-MD-LC—co-microencapsulated extract from cornelian cherry fruits with whey protein isolates, maltodextrin,
and L. casei. Different lowercase letters (%, ?, ¢, 9) indicate significant differences (p < 0.05) for each phytochemical
analysis (TAA, TPC, TFC, and TAC) of WPI-MD and WPI-MD-LC powders during storage (days), while uppercase
letters (4, B) indicate significant differences (p < 0.05) between powder variants at the same storage time (day) for
each phytochemical analysis, based on ANOVA results followed by the Tukey test.

3. Materials and Methods

3.1. Materials
3.1.1. Chemicals and Reagents

The reagents used in this study were the following: acetic acid, aluminum chloride, hy-
drochloric acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 6-hydroxy-2,5,7,8-tetramethylchromane-
2-carboxylic acid (Trolox), ethanol, Folin—Ciocalteu reagent, gallic acid, maltodextrin (dex-
trose equivalent (DE) of 16.5-19.5), methanol, pancreatin (Kreon), pepsin from gastric
porcine, potassium acetate, and Trizma hydrochloride. The reagents were purchased
from Sigma Aldrich (Taufkirchen, Germany). Sodium bicarbonate was purchased from
Honeywell, Fluka (Selze, Germany), and whey protein isolate 894 (WPI) was purchased
from Fonterra (Clandeboye, New Zealand). Lactic acid bacteria Lactobacillus casei 431®
strain was purchased from Chr. Hansen (Hoersholm, Denmark). L. casei cell viability was
performed using de Man, Rogosa, and Sharpe agar (MRS agar) purchased from Merck
(Darmstadt, Germany).

3.1.2. Fresh Fruit Processing

Fresh fruits of cornelian cherry were collected from Slivna village (Galati, Romania) in
September 2019 and then identified by PhD botanist biologist Tupu E. The next step was
to wash with distilled water and dry with a paper towel in order to remove all impurities.
Finally, the stone seeds were manually removed. The resulting samples were immediately
processed by freeze-drying.

3.2. Methods
3.2.1. Phytochemical Extractions

To prevent the breakdown of bioactive components, the fruits were freeze-dried
(CHRIST Alpha 1-4 LD plus, Osterode am Harz, Germany) at —42 °C under 10 Pa pressure
for 48 h. The obtained material was collected and packed. After grinding, 100 g of freeze-
dried fruit was mixed with 400 mL of 70% ethanol and extracted for 30 min at 40 °C,
100 W, and 40 KHz (MRC Scientific Instrument 20 L, 50 kHz, Holon, Israel). The extraction
parameters (temperature, duration, ultrasonic power, solvent—solid ratio) were chosen in
accordance with similar studies already published [32,44]. The hydroalcoholic extract was
then centrifuged (Universal 320R, Tuttlingen, Germany) at 5000 rpm for 30 min at 4 °C.
The extraction was performed twice. Concentration under vacuum at 40 °C was used to
remove the solvents (AVC 2-18, Christ, UK). To prepare the microencapsulated material,

114



Plants 2025, 14, 3298

the concentrated extract was weighed, dissolved in 20 mL of ultrapure water (UW)), filtered,
and stored in the refrigerator at 4 °C in dark conditions.

3.2.2. Microencapsulation of the Anthocyanins

The concentrated extract of the cornelian cherry fruits was combined with the chosen
wall materials to protect the anthocyanins by freeze-drying microencapsulation. For this
purpose, 2 g of concentrated extract of Cornus mas fruit was rehydrated with 20 mL of
UW for each experimental variant. One variant involved the mixture of 20 mL of extract
in UW in 100 mL of MD and WPI (1:1 ratio). The same protocol was applied for co-
microencapsulation, with an additional step of inoculation with 1 g of L. casei. The pH of
both samples was settled at 4.6 to allow for good stability of probiotics and anthocyanins.
The mixtures were constantly homogenized for 4 h at 650 rpm with a magnetic stirrer
(IKA, Deutschland, Germany). After that, both samples were stored at —4 °C for 24 h
to ensure the complete hydration of the ingredients, followed by freeze-drying (CHRIST
Alpha 1-4 LD plus, Osterode am Harz, Germany) for 48 h at —42 °C and 10 Pa pressure. The
resulting powders were packed in sterile bags and stored at 4 °C in a dark environment for
further use.

3.2.3. Phytochemical Profile of the Extract and Freeze-Dried Powders

Total polyphenol content (TPC), total anthocyanin content (TAC), total flavonoid
content (TFC), and total antioxidant activity (TAA) were quantified to determine the
phytochemical profile of cornelian cherry extract and microencapsulated powders.

TPC was carried out using the Folin-Ciocalteu method according to the protocol:
15.8 mL UW, 0.2 mL of sample previously diluted 1:10, and 1 mL of the Folin—Ciocalteu
reagent were thoroughly mixed and shaken. After 10 min, three milliliters of sodium
carbonate (3%) were added. After 60 min in complete darkness, the samples” absorbance
was measured at 765 nm using a UV-Vis Jenway spectrophotometer (OSA, UK). The results
were expressed as mg gallic acid /g D.M. based on a calibration curve [45].

By mixing 0.250 mL of diluted liquid sample (1:10) with 1.25 mL. UW and 0.075 microliters
of sodium nitrate (5%), total flavonoid compounds were measured. After five minutes,
0.15 mL of aluminum chloride (10%) was added. After six minutes, the sample was mixed
with 0.77 mL UW and 0.5 mL sodium hydroxide (1 M). The same spectrophotometer was
used to instantly read the absorbance at 510 nm, and the results were expressed as mg
equivalent catechins/g D.M. [45].

For total anthocyanin content (TAC), as well as for surface anthocyanin content (SAC),
the same spectrophotometer was used to quickly read the absorbance at 520 nm and
700 nm at two pH values. Using two buffers (buffer 1: potassium chloride at pH 1 and buffer
2: sodium acetate at pH 4.5), TAC was calculated according to Equations (1) and (2) [46]:

A = (pHy — pHa.5)500 — (pPH1 — pHa.5)700 1)

mg)_AxMWxDFx103 )

TAC (Cyanidin 3 — glucoside equivalents, ¢DM) <1 X %
where

A—the differences in absorbance, calculated using Equation (1);
MW-—molecular weight of cyanidin-3-glucoside (449.2 g/mol);

DF—dilution factor;

¢ = molar extinction coefficient for cyanidin-3-glucoside (26,900 L/(mol-cm);

1 = width of the cuvette in cm;

W = sample weight (mg);

V = volume in mL;
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103 = conversion factor from g to mg.

The total antioxidant activity of the samples had been performed using the DDPH
method, earlier described by Oancea et al. [46]. Briefly, 100 microliters of sample were
mixed with 3900 microliters of DPPH solution. After 90 min in dark conditions, the
absorbance was measured with a spectrophotometer at 515 nm. The data were finally
presented as mMol Trolox equivalent/g D.M., based on the calibration curve [46].

3.2.4. Viability of Lactic Acid Bacteria

The pour plate method, MRS-agar (De Man, Rogosa, and Sharpe medium at pH 5.7),
and sterile saline (0.9 g NaCl, w/v) were used to measure the survival of lactic acid bacteria
with probiotic potential. The ISO 8261 [47] method was applied to determine the quantity
of live L. casei 431® cells. This involved counting the number of live cells, which was
done on MRS-agar after 48 h at 37 °C in an aerobic environment. Colony forming units
(CFU/g D.M.) were used to express the viable cell count. The initial viable cell count was
101 /g D.M.

3.2.5. Microencapsulation Efficiency of the Powders (%)

The quantification of total anthocyanin content (TAC) and surface anthocyanin content
(SAC) in accordance with Equation (1) was used to determine the anthocyanin encapsula-
tion efficiency (AAE) of the two microencapsulated powders.

TAC — SAC
—— X

AAE(%) = ~— =

100 ®)

For TAC protocol, methanol, acetic acid, and ultrapure water were used in a ratio
of 5:0.8:4.2 (v/v/v), whereas ethanol and methanol were mixed in an identical ratio (v/v)
to measure SAC concentration. About 200 mg of powder was mixed with 5 mL of the
corresponding solvent. In order to measure the total anthocyanin content, the samples
were submitted to ultrasound treatment for 15 min at 40 °C, 100 W, and 40 KHz (MRC
Scientific Instrument 20 L, 50 kHz, Holon, Israel) to allow the breakup of the microparticles
and the release of the anthocyanin.

Following the procedure outlined by Colin-Cruz et al. [38], the co-microencapsulation
efficiency (MEE) of L. casei was quantified. The number of viable cells in the powder (N)
and the number of viable cells in the mixture just before freeze-drying (NO), both expressed
as CFU/g D.M., were used to calculate the efficiency of co-microencapsulation (%) using
Equation (4) [43].

MEE(%) = % x 100 @)

3.2.6. In Vitro Digestion of Anthocyanins

A static model was used to investigate the in vitro digestibility of anthocyanins using
simulated gastric juice (SGJ) and simulated intestinal juice (SIJ). Briefly, in a hermeti-
cally sealed plastic flask, 500 mg of sample was mixed with 10 mL Trizma hydrochloride
(0.05 M, pH =7) and 20 mL SGJ (20 mL HC1 0.1 N and 20 g pepsin, pH = 2), followed by
rapid agitation until complete homogenization. After that, each microencapsulated powder
in SGJ was maintained at 37 °C in an orbital shaker for 120 min. Every 30 min, 2 mL of
sample was drawn, centrifuged (at 14,000 rpm for 10 min at 4 °C), and the anthocyanin
concentration was calculated in accordance with the above-mentioned methodology. Af-
ter 2 h, 5 mL of SGJ was mixed with 20 mL of SIJ (20 mg pancreatin and 10 mg pepsin,
pH =7.8), and the same protocol was used to sample and measure the anthocyanin content
every 30 min [46].
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3.2.7. Colorimetric Analysis

A CR Konica Minolta (Japan) food colorimeter and a CIE L*a*b* system, a scientific tool,
were used to analyze the color properties of the two powders. The scientific instrument’s
display shows three variables: L* (which represents the brightness of the examined samples)
and two color characteristics, a* and b*. The parameter a* identifies shades of green
(negative values) or red (positive values). The parameter b* quantifies shades of blue
(negative values) or yellow (positive values), while for L*, factor values range between
0 (for black) and 100 (for white). According to the procedure outlined previously by
Browning et al. [48] and Enache et al. [45], two additional coordinates (C*, h*) could
be calculated.

3.2.8. Storage Stability

Using the methodologies outlined above, the following tests were carried out to
quantify the storage stability over time: total anthocyanin content, total polyphenol
content, total flavonoid content, and total antioxidant capacity. The two experimental
variants of storage stability were examined by repeating the test procedure after 7, 14,
21, and 28 days (codified as T7, T14, T21, T28) in dark conditions at 4 °C and 50-60%
relative humidity.

3.3. Statistical Analysis

Using the Microsoft Excel Package Tool, each analysis for this study was carried out in
triplicate, and the data were presented as means and standard deviations. Based on the
Tukey test method and the 95% confidence interval with p < 0.05, the statistical difference
between the samples was determined.

4. Conclusions

The data presented in this study highlighted the remarkable polyphenolic content
of cornelian cherry extract, obtained by ethanol-water ultrasound assisted extraction.
The extract was micro- and co-microencapsulated using a combination of WPI and MD,
allowing us to obtain two powders with a high content in total anthocyanin, polyphenols,
and flavonoids and a strong antioxidant activity. However, when the extract was co-
microencapsulated with probiotics, a higher anthocyanin encapsulation efficiency was
found, together with a satisfactory level of viable cells trapped in the biopolymeric matrices.
Additionally, the microbial load reached 3.80 x 10° CFU/g D.M. after freeze-drying,
with a good stability during storage, suggesting a potential nutraceutical and functional
effect. Additionally, the protective effect of the matrix used was demonstrated by the
in vitro digestibility of the anthocyanins. Accordingly, the increased bioaccesibility of
the anthocyanins in the gastrointestinal simulated media was demonstrated by the good
stability in gastric conditions and a slow release in the intestinal environment. Moreover,
the colorimetric analysis revealed red-yellow shades for both of the experimental variants
tested due to the presence of anthocyanins (positive value for the a* parameter related
to the red color) and carotenoids (positive value for the b* parameter associated with
yellow shades).

Further studies will be developed in order to highlight the polyphenolic fingerprint
of the extract and powders in order to have a complete picture of the potential metabolic
activity of the co-microencapsulated powder on the polyphenolic profile.
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Abstract

The influence of natural 3-cyclodextrin (3-CD) on the overall antioxidant activity of berry
extracts is presented in this study. Raw raspberry (Rubus idaeus L.) and B-CD-assisted
dehydrated strawberry (Fragaria x ananassa Duch.) ethanolic extracts (RB and SB, re-
spectively) were spectrophotometrically monitored in the presence of 1 mM 2,2-diphenyl-
1-picrylhydrazyl (DPPH-) solution in the absence or presence of 3-CD. Cyanidin 3-O-
glucoside (Cy3G) was used as standard compound, being identified by RP-HPLC in both
RB and SB at 14.62 and only 0.15 mg/100 g fresh weight (fw). Pelargonidin 3-O-glucoside
(PIg3G) was the most concentrated anthocyanin in SB (estimated at 2.46 mg/100 g fw).
Higher antioxidant activities (expressed as the radical scavenging activity, RSA, %) were
obtained for SB dehydrated in the presence of 3-CD. The RSA values increased by 35% in
comparison with the SB dehydrated by the classical method. On the other hand, the DPPH-
reaction kinetic parameters significantly differed for RB extracts evaluated in the presence
of 1 mM B-CD (in water). The DPPH- reaction rate in the 3-15 min time range was 25%
higher for the RB extracts obtained from the 3-CD-assisted dehydrated samples. This study
demonstrates for the first time the protection capacity of 3-CD against the degradation of
antioxidants during the classical dehydration process of berries. This technology can be
extended to other fruits and scaled up for obtaining high-quality fruit-based products.

Keywords: antioxidants; anthocyanin; cyanidin 3-O-glucoside; fruit extracts; cyclodextrin
assisted dehydration; cyclodextrin assisted DPPH- method; reaction kinetics
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1. Introduction

Natural antioxidants are some of the most important biologically active compounds
in plants. They perform various biological activities, such as anti-aging, anti-cancer, antidi-
abetic, anti-inflammatory, anti-microbial, hepatoprotective, nephroprotective, neuroprotec-
tive, or anti-cardiovascular disease activities [1-3]. However, specific natural antioxidants
have specific action mechanisms that are involved in these biological activities. They are of-
ten related to the radical scavenging activity (RSA). This is the case of the anti-aging effects
of curcuminoids, anti-cancer properties of catechins, stilbenoids, and anthocyanins [1,4,5].
Among the mechanisms related to radical scavenging or inducing antioxidant enzymes,
other molecular mechanisms that imply antioxidants have been demonstrated [4,6-17].

Raspberry (RB) and strawberry (SB) are widely consumed fruits, either fresh or in
processed food products. They are especially reach in anthocyanin antioxidants such as
cyanidin 3-O-glucoside (Cy3G) in fresh SB (up to 280 nug/g in Fragaria vesca L., wild SB, and
up to 180 ug/g for Fragaria x ananassa Duch. cultivars) [18-21]. Cy3G has the highest antiox-
idant power (AP) among anthocyanins and anthocyanidins in SB [18]. Polyphenolic com-
pounds in RBs belong to anthocyanins, flavonols, flavones, flavanols, flavanones, catechins,
isoflavonoids, hydroxycinnamic acids, as well as ellagitannins and ellagic acid [22-24]. The
total phenolic content (TPC) depends on various factors including the cultivar, ripening,
growing parameters, or storage conditions. TPC values reach 6.45 mg/g fw, depending
on the cultivar. However, the mean TPC values are generally four to five times lower [24].
Among anthocyanins, cyanidin glycosides are the most important. Total anthocyanin
content (TAC) can reach 1.16 mg Cy3G/g fw [25-28].

The anthocyanin stability in processed or stored berry fruits is consistently low, espe-
cially at higher temperatures, oxidative conditions and the presence of light. The degrada-
tion of pelargonidin 3-O-glucoside (Plg3G) at high and low temperatures revealed half-time
values up to 137 min at 100 °C and 80 days at 25 °C [18]. The total loss of anthocyanins from
Bordo grape extracts is almost 89% in the liquid extract and 48% in the freeze-dried extract.
The degradation of anthocyanins is significantly reduced (16.5-30%) in maltodextrin-based
spray-dried samples [29]. The stability of cyanidin 3-O-rutinoside in black RB pomace
extracts is very low, especially during the storage at 25 and 40 °C in water (residual con-
tent less than 5%). However, the stability is significantly increased for extracts obtained
with natural deep eutectic solvents (NaDESs) of about 90 and 50% at 25 °C and 40 °C,
respectively [30]. The stability of anthocyanins and the other antioxidants strongly depends
on the processing parameters of berry fruits, including extraction, advanced non-thermal
(chilled or frozen berries, preservation by pulsed light treatments, high-pressure processing,
etc.), and especially thermal processing of berry fruits such as drying and dehydration,
pasteurization, cooking, canning, fermentation for obtaining purée, juice, concentrate and
syrup, jelly, jam, or dried berries [27,31].

Drying and dehydration are widely used for fruit preservation. Both processes remove
moisture/water from fruits. Dehydration generally removes up to 70-90% moisture from
the fresh fruits and, consequently, the shelf life is only few months. On the other hand,
drying removes moisture down to a content inhibiting bacteria and mold development.
The shelf life of the dried products is many years, such as in the case of spray-drying or
freeze-drying [32-35]. Various dehydration and drying methods were used for extend-
ing the shelf life of fruits. The classical ones are air-drying, sun and solar-tunnel drying,
microwave-drying, and freeze- and spray-drying. For enhancing performance and reducing
degradation, combined dehydration and drying techniques, as well as pretreatments, were
used (microwave vacuum-drying/microwave multi-flash drying, microwave-vacuum dry-
ing, freeze-drying combined with the far-infrared drying, blanching, osmotic pretreatment,
immersing in various solutions) [32]. Convective or osmotic dehydration (ultrasound-
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assisted in some cases) under high hydrostatic pressures were used for the dehydration of
SB [34,36,37]. Drying SB and RB involved classical convective, infrared, solar, freeze- and
spray-drying, or combined techniques [38—44].

Stabilization and extending of the SB and RB shelf life can be performed using ad-
ditives obtained by micro- and nanoencapsulation or biofilm coatings before or after
processing [45-48]. Natural or modified cyclodextrins (CDs) were widely used in this
regard. They are cyclic oligosaccharides containing six to eight x-D-glucopyranose units,
having molecular encapsulation, controlled release, enhanced stability, and apparent water
solubility properties of hydrophobic biologically active compounds. Thus, edible biofilms
based on Cryptococcus laurentii (Kuff) Lodder for the inhibition of the mold growth, in com-
bination with alginate, fatty acids, fatty acid monoglycerides, and p-cyclodextrin (3-CD),
were used for coating the SBs, with improved quality and storage properties [49]. Chi-
tosan/polyvinyl alcohol film loading hop 3-acids/3-CD inclusion complex was used for
extending the shelf life of the SBs [45]. Nerolidol/hydroxypropyl-B-CD inclusion complex
nanofibers were used as ingredient for obtaining active SB packaging [48]. An antibacterial
hydrogel based on k-carrageenan, and carvacrol/hydroxypropyl-3-CD composite for SB
preservation, was successfully applied [46]. A coating formulation based on whey protein,
glycerol, lactose, and 3-CD in post-drying and freeze-drying of SB pieces was also used [50].
RB preservation was performed by improving the performance of the konjac glucomannan
film with 3-CD/eugenol-based nanoemulsion [51].

The use of CDs during the processing of SB or RB such as dehydration or radical
scavenging extracts have not yet been studied. This study aimed to evaluate for the first
time the influence of 3-CD on the convective air-dehydration of the 3-CD pretreated SB
(Fragaria x ananassa Duch.) slices and on the RSA of antioxidants/anthocyanins from RB
(Rubus idaeus L.) extracts through the 2,2-diphenyl-1-picrylhydrazyl (DPPH-) kinetic param-
eters values. The mentioned substance was expected to modulate the overall antioxidant
activity, rate constant, and half-time values during the reaction of SB and RB antioxidants
with DPPH- and reveal the importance of using this natural and GRAS-approved additive
for enhancing the quality of the processed berry fruits.

2. Results
2.1. Obtaining the Berry Extracts and Quantification of Anthocyanins

SB and RB extracts were obtained by semi-continuous Soxhlet extraction using well-
grounded fresh fruits and ethanol as a solvent at a mass—volume ratio of 1:12. The extraction
cycles were at least five. However, the multiple extraction continued until no color was
observed for the last cycle. Thus, nine and five cycles were performed for obtaining the SB
and RB extracts, respectively. The raw extract volumes were 297.1 4= 0.2 mL. For a proper
comparison, every extract was completed with ethanol to the final volume of 300 mL.

Quantification of the main anthocyanins in SB and RB extracts was performed using
the calibration curves for Cy3G and cyanidin, Cy (Equations (1) and (2) and Figures S1
and S2 in the Supplementary Materials file), which had limit of detection (LOD) and limit
of quantitation (LOQ) values of 2.54 and 4.23 pg/mL for Cy3G, respectively, 1.31 and
2.18 pg/mL for Cy (see Section 4.4). The calibration curve for Cy3G was also used for the
quantification of the total anthocyanin and anthocyanidin content (as mg Cy3G/100 g),
considering all HPLC peaks identified at 525 nm.

COI‘IC.Cygc (mg/mL) = 0.001692(:t0.000033)-AreaHpLC(Cy3G)

1
n=6,r=09990, r* = 0.9981, F = 2589, p < 107>, s = 0.015 M)
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Conc.cy (mg/mL) = 0.000651(=£0.000007)- Areayprc(cy)

2
n="71=0.9997, %> = 0.9994, F = 9246, p < 107, s = 0.008 @

Representative HPLC chromatograms for the fresh SB and RB extracts are presented
in Figures 1 and 2 (multiplicate samples). In the upper right corner of these figures are
presented the HPLC chromatograms for the standard anthocyanins and anthocyanidins
(Cy3G and Cy). However, the most concentrated anthocyanin in SB extracts was Plg3G,
which was quantified using the same Cy3G standard curve [18,20,52]. Thus, the Cy3G
content in fresh SB and RB was 14.62 £ 2.64 and only 0.32 & 0.08 mg/100 g fw, while
the total anthocyanin and anthocyanidin contents were 73.18 4 12.39 and 4.28 + 0.56 mg
Cy3G/100 g (Tables 1 and 2). In both extracts, the Cy content was significantly lower
(0.64 £ 0.07 and 0.017 £ 0.003 mg/100 g fw, respectively).

Table 1. Cyanidin 3-O-glucoside (Cy3G), cyanidin (Cy), and total anthocyanin and anthocyanidin
content (as Cy3G) in fresh raspberries (values are expressed as mean + SD, n = 5).

. 3 Content
Anthocyanins and Anthocyanidins (mg/100 g fw)
Cyanidin 3-O-glucoside 14.62 £+ 2.64
Cyanidin 0.64 £ 0.07
Total anthocyanins and anthocyanidins ! 73.18 +12.39

! Total anthocyanin and anthocyanidin content was determined by HPLC (all antioxidant compounds separated
and identified at 525 nm were counted and the content was expressed as mg cyanidin 3-O-glucoside/100 g fw).

Table 2. Cyanidin 3-O-glucoside (Cy3G), pelargonidin 3-O-glucoside (Plg3G), cyanidin (Cy), and
total anthocyanin and anthocyanidin content (as mg Cy3G/100 g fw) in fresh strawberries (values
are expressed as mean + SD, n = 2).

Content in
Anthocyanins and Anthocyanidins Fresh Fruits Content in 3-CD-Assisted Dehydrated Fruits (mg/100 g) !
(mg/100 g fw)
Cyanidin 3-O-glucoside 0.32 £ 0.08 0.15
Pelargonidin 3-O-glucoside 2 2.46 = 0.38 1.64
Cyanidin 0.017 £ 0.003 0.033
Total anthocyanins and anthocyanidins 3 4.28 + 0.56 4.30

! Single determination. 2 Pelargonidin 3-O-glucoside was identified according to [18-20] and was quantified
as mg Cy3G/100 g. 3 Total anthocyanin and anthocyanidin content was determined by HPLC (all antioxidant
compounds separated and identified at 525 nm were counted, and the content is expressed as mg Cy3G/100 g).

2.2. Dehydration of Strawberry Slices with or Without B-Cyclodextrin as an Additive

Dehydration was only applied for SB slices. SBs are most often subjected to dehy-
dration in comparison with other berries such as RB [42,53]. Generally, RBs are subjected
to drying at significantly lower moisture content and do not fit the scope of the present
study [44,54].

[3-CD-assisted dehydration was applied for the first time and consisted of uniformly
distributing the 3-CD powder on the surface of SB slices. The retained amount of 3-CD
was determined as the difference between the starting amount of 3-CD (excess) and the
remaining amount that was not retained by the fruit slices. Approximately 1.4-1.5% of
-CD powder (related to the fresh fruit slices) was used for the dehydration process.
Classical convective air-dehydration was applied.

SB dehydration reduced the mass of the fruit slices by approximately ten times.
The total moisture removed from the SB slices (without 3-CD) was 90.56%, while the
[-CD-assisted dehydration removed 90.31% of the moisture from the fresh SB slices
(see Section 4.2 for further details).
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Figure 1. Superimposed of the representative HPLC chromatograms for the raspberry extracts
(multiplicate samples). Cyanidin 3-O-glucoside (left arrow) and cyanidin (right arrow) were identified

and quantified using the corresponding calibration curves obtained for the standard compounds by
HPLC—upper right corner.
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Figure 2. Superimposed of the representative HPLC chromatograms for the strawberry extracts
(duplicate samples). Cyanidin 3-O-glucoside (left arrow) and cyanidin (right arrow) were identified
and quantified using the corresponding calibration curves obtained for the standard compounds by
HPLC—upper right corner. Pelargonidin 3-O-glucoside was identified (tentatively) at RT ~14.5 min
according to [18-20].

Interestingly, only the 3-CD-assisted dehydrated SBs reveal significant anthocyanin
content. For 3-CD-assisted dehydrated SB slices, the Cy3G content was 0.15 mg/100 g and
the P1g3G content was 1.64 mg (as Cy3G)/100 g. On the contrary, the cyanidin aglycone
content significantly increased at 0.033 mg/100 g after dehydration at 70 °C (Table 2).
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2.3. Antioxidant Activity of the Berry Extracts from the Raw and Dehydrated Fruits

The overall antioxidant activity of the berry extracts was evaluated using the ac-
tual RSA values during the reaction of the complex mixture of antioxidant compounds
in extracts with the DPPH- radical. This free radical mimics the free radicals in the
human body. These complex reactions were spectrophotometrically monitored at the
maximum absorption of the DPPH- radical, i.e., 517 nm. However, some anthocyanins
also absorb at this wavelength, but their absorption values at the concentration used
are significantly lower than for the DPPH- radical solution (with molar absorption of
epppa. = 1.25-10% L-mol~!-ecm ™! in ethanol [55,56]; see Figures S3-58 in the Supplementary
Material file). Consequently, this absorbance was subtracted from the DPPH- absorbance
values during monitoring.

The variation in the RSA values in time has a logarithmic behavior, especially at
high dilutions (Figures 3 and 4, Figures S9-513 in the Supplementary Materials file). For
comparison, similar studies were performed for the standard 0.4 mM Cy3G solutions, not
assisted or 3-CD assisted during spectrophotometric monitoring (Figure 5 and Figure 514
in the Supplementary Materials file). In all cases, the DPPH- reaction is very rapid in the
first time range of approximately 30 s, followed by a slower reaction for the next time range
(up to approximately 3 min). Then, the DPPH- reaction becomes much slower, even after
the monitoring period of 15 min. Consequently, three time values were selected (i.e., %3, 3
and 15 min) for comparing the RSA values. The mean RSA values for the extracts obtained
from the fresh berries were 44.84 and only 18.22% for the SB and RB extracts at 2 min,
while these values significantly increased to 67.80 and 46.96, respectively, 81.17 and 72.93%
for 3 and 15 min (Tables 3 and 4). In the case of RB extracts, these values are comparable
with the RSA values for the standard 0.4 mM Cy3G solution (20.92, 37.76, and 66.37% at %%,
3 and 15 min, respectively, Table 5).

100
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s (%) (SB_E_Sx_b) o
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Figure 3. Antioxidant activity of the fresh strawberry extracts (duplicates; blue circle and green
diamond), 1:10 diluted fresh strawberry extracts (duplicates; red square and pink triangle), and
1:10 diluted extracts obtained from the dehydrated strawberries, without (black circle) and with
-cyclodextrin (gray square) as an additive. Antioxidant activity is expressed as the variation in
the Radical Scavenging Activity (RSA, %) in Time (s) for 15 min. Logarithmic correlations are
also provided.
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Figure 4. Antioxidant activity of the fresh raspberry extracts, 3-cyclodextrin assisted (duplicates;
green diamond and pink triangle) or not assisted (duplicates; blue circle and red square), during
spectrophotometric monitoring. Antioxidant activity is expressed as the variation in the Radical
Scavenging Activity (RSA, %) in Time (s) for 15 min. Logarithmic correlations are also provided.
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Figure 5. Antioxidant activity of the standard 0.4 mM cyanidin 3-O-glucoside, 3-cyclodextrin
assisted (green diamond and pink triangle) or not assisted (blue circle and red square), during
spectrophotometric monitoring (duplicate samples). Antioxidant activity is expressed as the variation
in the Radical Scavenging Activity (RSA, %) in Time (s) for 15 min. Logarithmic correlations are
also provided.

The extracts obtained from the dehydrated berries have significantly higher RSA
values, especially for the 3-CD-assisted samples at ¥2 and 3 min (between 81.47 and 84.32%,
Table 3). The antioxidant activity of the raw extracts of the dehydrated SBs was significant
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even at the beginning of the spectrophotometric monitoring. Consequently, the 1:10 dilution
of the extracts were analyzed in the same way. The RSA values decreased at 4.37% at %2 min
for the SB diluted extract, while the corresponding values for extracts obtained from the
[3-CD-assisted or not-assisted dehydrated samples were significantly higher (19.19 and
13.04%, p < 0.01). At the end of the spectrophotometric monitoring, the differences were
also significant (47.32% for the case of 3-CD-assisted dehydrated SB, 35.14% for the not-
assisted dehydrated SB and only 13.40% for the diluted extract obtained from the fresh SB,
p <0.01, Table 3).

The influence of 3-CD on the overall antioxidant activity was observed during spec-
trophotometric monitoring. The RSA values are 43.5, 18.5, and 6.1% higher for fresh RB
extracts with 3-CD-assisted spectrophotometric monitoring at %4, 3 and 15 min, respectively
(Table 4). This behavior was also observed for the standard 0.4 mM Cy3G solution. The RSA
values were 35% higher for the RB extract analyzed in the presence of 3-CD in comparison
with the not-assisted samples (Table 5).

Table 3. Representative Radical Scavenging Activity (RSA) values for the fresh strawberry extracts,
1:10 diluted fresh strawberry extracts (SB and SB_d1:10), and undiluted and 1:10 diluted extracts
obtained from the dehydrated strawberries without (SBD and SBD_d1:10) and with (3-cyclodextrin
(SBD_bCD and SBD_bCD_d1:10) as an additive. For undiluted samples, RSA values with different
superscript capital letters are significantly different according to Tukey’s HSD (honestly significant
difference) test (p < 0.01; on the same column). For 1:10 diluted samples, RSA values with different
superscript lowercase letters are significantly different according to Tukey’s HSD test (p < 0.01; on
the same column).

Sample Code RSA (%) RSA (%) RSA (%)
(@ 1A min) (@ 3 min) (@ 15 min)
SB 4484 +9594 67.80 +8.10 A 81.17 £ 2204
SB_d1:10 437+1312 8.60 + 1.682 1340 + 1542
SBD * 81.47 4 82.46 4 82.53 A
SBD_d1:10 * 13.04 b 22.96b 35.14b
SBD_bCD * 83.98 A 84.324 84.454
SBD_bCD_d1:10 * 19.19 31.97¢ 47.32°¢

* Single determination.

Table 4. Representative Radical Scavenging Activity (RSA) values for the fresh raspberry extracts not
assisted (RB) or 3-cyclodextrin assisted (RB_bCD) during the spectrophotometric monitoring (values are
presented as mean =+ standard deviation, SD, for duplicate samples). In the same column, RSA values
with different superscript lowercase letters are significantly different according to Tukey’s HSD test
(p <0.1 for the RSA values at ¥2 and 3 min, respectively, p < 0.05 for the RSA values at 15 min).

Samole Code RSA (%) RSA (%) RSA (%)
P (@ % min) (@ 3 min) (@ 15 min)
RB 18.22 4 3.672 46.96 +2.832 72.93 4+ 0.99 ¢
RB_bCD 26.15 £ 052 55.67 &+ 1.31P 77.41 +0.584

Table 5. Representative Radical Scavenging Activity (RSA) values for the standard 0.4 mM cyanidin
3-O-glucoside not assisted (Cy3G0.4mM) or 3-cyclodextrin assisted (Cy3G&bCD) during the spec-
trophotometric monitoring (values are presented as mean =+ standard deviation, SD, for duplicate
samples). In the same column, RSA values with different superscript lowercase letters are signifi-
cantly different according to Tukey’s HSD test (p < 0.1 for the RSA values at 3 min, respectively, p <
0.15 for the RSA values at 15 min).

S RSA (%) RSA (%) RSA (%)

P (@ % min) (@ 3 min) (@ 15 min)
Cy3G0.4mM 20.92 +9.422 37.76 + 12.412 66.37 + 13.37 ¢
Cy3G&bCD 29.13 4+ 0.492 65.35 +0.21° 89.63 +0.90 4
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2.4. Kinetics of the DPPH- Reaction with Antioxidant Compounds in Berry Extracts with or
Without B-Cyclodextrin as an Additive

DPPH- reaction kinetics can provide information on the overall differences between
-CD-assisted or not-assisted dehydration, respectively, and spectrophotometric monitor-
ing (3-CD can modulates the DPPH- reaction with various antioxidant compounds). Both
DPPH- reaction constant, k,, and half-time, t; /5, are important in this regard. Due to the
very complex reactions of DPPH- radical with antioxidant compounds in extracts (antho-
cyanins, anthocyanidins, flavonoids, hydroxycinnamic acids, or ellagitannins), with higher
concentrations compared to DPPH., the kinetic models were only related to DPPH- [57,58].
The DPPH- also reacts with various species in the case of Cy3G (more reaction sites on the
Cy3G, as well as further reaction with the products having antioxidant activity) [59,60].

All kinetic results are presented in the Supplementary Materials file. The linear
correlation of the integrated reaction rate law on the selected time ranges of 0-30 s and
30-180 s (“fast” and “slow” reactions [61]; Figures 515-520 in the Supplementary Materials
file) allows determining the reaction rate constants and half-times for the zeroth- to fourth-
(pseudo-)order kinetic models (Tables S1-56 in the Supplementary Materials file; tables also
contain the determination coefficients, r2, for the integrated reaction rate law correlations).
Generally, the best results for the berry extracts were obtained for the higher-(pseudo-)order
kinetic models (third- and fourth-order kinetic models). On the contrary, better statistical
parameters for the standard antioxidant compound Cy3G were obtained for the first- and
second-(pseudo-)order kinetic models.

Representative third-(pseudo-)order kinetic models for the “fast” and “slow” DPPH-
reaction with antioxidant compounds in extracts obtained from the fresh and dehydrated
SB (without or with 3-CD as additive) are presented in Figure 6 and Equations (3)—(5).
All kinetic data for these samples are presented in the Figures S15 and 516, respectively;
Tables S1 and S2 from the Supplementary Materials file. For the third-(pseudo-)order kinetic
model, both dehydrated samples reveal higher rate constant of 0.794 and 0.485 mM 2.5~ 1,
three to five times higher than the corresponding rate constant for the fresh SB extract
in the case of “fast” reaction. On the other hand, the half-time values are in the range of
1.4-7.6 min, significantly lower for the 3-CD-assisted dehydrated SB samples (p < 0.05).
These aspects can also be observed for the “slow” reaction. However, better statistical
parameters were obtained for the third-(pseudo-)order kinetic models (r? in the range of
0.96-0.97 for the dehydrated SB samples, Equation (5)). The rate constant and half-time val-
ues for the dehydrated samples are in the range of 0.108-0.188 mM 2.5~ and 6.1-10.6 min,
significantly different from the fresh SB samples case (k3 = 0.024 mM~2.s~! and
t1/23) =47.6 min, p < 0.001 and p < 0.01, respectively).

Kinetic parameters were significantly enhanced for the RB samples, especially for
the 3-CD-assisted samples during spectrophotometric monitoring (Figures S17 and S18,
respectively, Tables S3 and S4 in the Supplementary Materials file). For the “fast” reaction,
the rate constant and half-time values of the 3-CD-assisted and not-assisted RB samples
were 0.590 and 0.358 mM 2.1, respectively, 54.5 and 89.8 s. For the “slow” reaction, the
corresponding kinetic parameters were different, but not such as in the case of SB samples.
On the other hand, the statistical parameters for the kinetic models are significantly en-
hanced (r? = 0.99994 for the third-(pseudo-)order “slow” reaction model in the case of the
[3-CD-assisted RB sample; Figure 7 and Equations (6) and (7)). The statistical parameters
for the case of the “slow” reaction of DPPH- with the standard 0.4 mM Cy3G solution
in the presence of 3-CD are similar, but for a lower reaction order (r? = 0.99991 for the
second-(pseudo-)order reaction kinetics; Figure 8 and Equations (8)—(10)). The rate constant
is two times higher for the 3-CD-assisted RB sample, while the half-time value is 50% from
the value corresponding to the not-assisted RB case (1.7 and 3.4 min, respectively). All
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results for the kinetic studies related to the reaction of DPPH- with the standard Cy3G solu-
tions, 3-CD-assisted or not-assisted during spectrophotometric monitoring, are presented

in Figures S19 and S20, respectively; Tables S5 and S6 from the Supplementary Materials
file.

1 1 3 1
— — —5 =2kst; 103 = 5 3)
SN RS
y = 2.86 + 0.794(£0.165) -x(“fast” reaction for the 3-CD dehydrated SB extract) @
r = 0.959,r2 = 0.920,F = 23.1,p < 0.05,s = 3.69
y = 22.00 4 0.188(=£0.018)-x(“slow” reaction for the 3-CD dehydrated SB extract) 5)
r = 0.978,r2 = 0.957,F = 111.0,p < 0.0002,s = 2.34
y = 1.019 4 0.590(£0.059)-x(“fast” reaction for the 3-CD-assisted RB extract case) ©)
r = 0.990,r> = 0.980,F = 99.8,p < 0.01,s = 1.32
y = 4.314 4 0.467(=£0.001)-x(“slow” reaction for the B-CD-assisted RB extract case) @
r = 0.99997,r* = 0.99994, F = 1019, p < 0.00001,s = 0.21
1 1 1
I [Clo VA ke [Cly
y = 0.587 4 0.061(=£0.002)-x(“fast” reaction for the 3-CD-assisted Cy3G solution) ©)
r=0.999,1? = 0.998, F = 642.2,p < 0.03,s = 0.03
y = 0.694 4 0.058(£0.000)-x(“slow” reaction for theB-CD-assisted Cy3G solution) (10)

r = 0.99996,r> = 0.99991, F = 69712, p < 0.00001,s = 0.03

1[CP-1/[CRo (1/imM2)

~o 1/C2-1/C02 (1/mM2) (SB_E_Sx_d1:10)

'''' gt e “o. 1/C2-1/C02 (1/mM2) (SBD_E_Sx_d1:10)
- o 1/C2-1/C02 (1/mM2) (SBD_bCD_E_Sx_d1:10)

20 40 60 80 100 120 140 160 180 200
Time (s)

Figure 6. Integrated rate law representation for the third (pseudo-)order kinetic model for the
“slow” DPPH- reaction with antioxidant compounds from the extracts obtained from the fresh and
dehydrated strawberries (without or with -cyclodextrin as additive; 1:10 diluted extracts). Mean
values and 95% confidence interval (dotted lines) were used.
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Figure 7. Integrated rate law representation for the third (pseudo-)order kinetic model for the “slow’
DPPH- reaction with antioxidant compounds from the extracts obtained from the fresh raspberries
(without or with p-cyclodextrin as additive during the spectrophotometric monitoring). Mean values
and 95% confidence interval (dotted lines) were used.

12

Time (s):1/C-1/C0 (Cy3G0.4mM): r?=0.9956; y = 1.1586 + 0.0287"x
11| Time (s):1/C-1/C0 (Cy3G&bCD(H20)): 12 = 0.9999; y = 0.6941 + 0.0578"x

10 +

[CI-1Co] (1mM)

L ~o. 1/C-1/C0 (Cy3G0.4mM)
0. 1/C-1/C0 (Cy3G&CD(H20))

20 40 60 80 100 120 140 160 180 200
Time (s)

Figure 8. Integrated rate law representation for the second (pseudo-)order kinetic model for the “slow”
DPPH- reaction with the standard 0.4 mM cyanidin 3-O-glucoside (without or with B-cyclodextrin
as additive during the spectrophotometric monitoring). Mean values and 95% confidence interval
(dotted lines) were used.
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3. Discussion

This study focuses on the influence of natural 3-CD during both convective air-
dehydration of berries and reaction of antioxidants in berry extracts with free radicals,
which has been investigated and is reported here for the first time. There were statistically
significant differences in terms of antioxidant activity and radical reaction kinetics.

3.1. Identification and Quantification of Anthocyanins

Eleven anthocyanins and anthocyanidins were separated using HPLC in SB extracts.
The identification and quantification was performed for the main antioxidant compounds
in SB, i.e., Cy3G and Cy. Plg3G and total anthocyanin and anthocyanidin content were
also estimated as Cy3G. Cy3G content in fresh SB was 0.32 £ 0.08 mg/100 g fw, but
Cy was identified at only 0.017 £ 0.003 mg/100 g fw. However, Plg3G was the most
concentrated in fresh SB, being identified at 2.46 £ 0.38 mg/100 g fw, more than a half
of the total anthocyanin and anthocyanidin content (4.28 £+ 0.56 mg Cy3G/100 g fw).
The identification of the main anthocyanins in berry extracts was also supported by the
statistically significant correlation of the retention time (RT) parameter in RP-HPLC analysis
with the logarithm of the octanol/water partition coefficient, LogP, which is strongly related
with the partition of the antioxidant compounds between the hydrophobic stationary phase
(Nucleosil 100 C18 column based on octadecylsilane structure) and the hydrophilic mobile
phase (acidified acetonitrile-water mixture) [62,63]. LogP values for anthocyanins were
calculated using the atomic contributions implemented in the QSAR Properties module
in HyperChem 7.52 (HyperCube, Inc., Gainesville, FL, USA). Further information can be
found in the Figures 521-523 in the Supplementary Materials file. Thus, for the identified
anthocyanins, i.e., Cy3G, Plg3G, and Cy, the RT versus logP correlation is given below
(Equation (11)).

RTyppc(min) = 10.444(+£0.564)-LogP

11
r = 0.997,r> = 0.994,F = 342.4,p < 0.003,s = 1.58 (1)

SB composition is in line with other research on the fresh berries. However, there
are large differences in both the specific anthocyanin content and total anthocyanin con-
tent. De-Souza and collaborators determined the total anthocyanin content at 16.03 mg
Cy3G/100 g fw [25], while Chaves et al. quantified the total anthocyanins in fresh SB at
15.67-23.46 mg P1g3G /100 g [19]. Similar values of 15.45 and 19.95 mg/100 g fw were ob-
tained after various pretreatments of the plants (e.g., Lemon verbena bio extract applied to
SB plants at 200-600 mg/L) [64,65]. Higher total anthocyanin contents of 38-176 mg/100 g
and 98 mg Cy3G/100 g fw were obtained by Dzhanfezova et al. and Jiang et al. [20,42].
On the other hand, Hussain et al. determined lower content of anthocyanins in fresh SB at
only 3.17 mg/100 g fw [3]. Plg3G was determined in fresh SB at the highest content (up
to 170 mg/100 g fw) by comparison with the other anthocyanins. However, the Plg3G
content was quantified at 0.31-59.86 [21], 4.157-6.235 [18], 14.05-22.30 [19], 18.02 [65],
25.066 [52], and 30-170 mg/100 g [20]. In all cases, Cy3G was less concentrated, with
a range of 0.68-28 mg/100 g in fresh SB (0.68 [52], 0.8-28 [20], 0.83-1.99 [19], 1.39 [65],
1.988-2.774 [18], and up to 6.01 mg/100 g [21]).

Fresh RB had higher total anthocyanin and anthocyanidin content of 73.18 £ 12.39 mg
Cy3G/100 g fw, while the specific Cy3G and Cy were identified at 14.62 + 2.64
and 0.64 + 0.07 mg/100 g fw, respectively. These values are in agreement with the
other results obtained by Wang et al. for RB of 6.39 + 0.02 mg Cy3G/100 g fw,
among other anthocyanins such as cyanidin 3-sophoroside or cyanidin 3-(6'-citryl)-
sophoroside [28]. However, the total anthocyanin content determined in other studies
vary in a wide range of 14.69-98.91 mg/100 g, depending on the RB growing and process-
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ing conditions [25,26,28]. For example, these values increased after using biostimulants
at 10.71-24.85 mg Plg3G/100 g in the first year and to 35.12-58.87 mg Plg3G/100 g for
the second year of treatment [26]. On the other hand, the total anthocyanin content of
the RB subjected to subcritical water extraction at 7 MPa and 130 °C for 90 min reached
98.91 £ 0.33 mg/100 g [28].

3.2. Dehydration of Strawberry Fruits

The dehydration and drying of fruits induces the partial degradation of antioxidant
compounds, especially if the air-oxygen and higher temperature are used like in the case
of classical convective air-dehydration used in this study, which reduced the moisture
content of SB by 91%. The total anthocyanin content, as well as the content of the main
anthocyanins in 3-CD-assisted dehydrated SB was slightly higher than in the fresh SB
(4.30 mg Cy3G/100 g for the total anthocyanin and anthocyanidin content). On the other
hand, the anthocyanin compounds were identified at lower contents, but their aglycones
were more concentrated in the 3-CD-assisted dehydrated SB. For example, only 1.64 and
0.15 mg/100 g were determined for Plg3G and Cy3G, but the aglycone Cy was more
concentrated (0.033 mg/100 g). Unfortunately, the dehydration without 3-CD addition
provided products with very low content of anthocyanins and anthocyanidins, which most
probably were degraded to other compounds during the longer thermal process. There
are various studies on the degradation of anthocyanins as pure compounds or in fruit
extracts. Cy3G content is reduced at a third from the starting concentration in ethanol
solution subjected to 95 °C for 30 min, especially under pressure [66]. The PEF (Pulsed
Electric Field) processing also affect the stability of Cy3G [67]. Anthocyanins in blueberry
extracts were significantly degraded under heat and acid treatments. Almost no Cy3G,
as well as malvidin 3-O-glucoside, peonidin 3-O-glucoside, malvidin 3-O-galactoside,
petunidin 3-O-glucoside, petunidin 3-O-galactoside, delphinidin 3-O-glucoside, cyanidin
3-O-galactoside, delphinidin 3-O-galactoside, or cyanidin 3-O-arabinoside, were identified
after the treatment of TFA (trifluoroacetic acid) acidified blueberry extract at 95 °C for
90 min [68]. The anthocyanin content decreased very fast in SB concentrates subjected
to heating at 95 °C and pH 3.5 for 6 h. The total anthocyanin content decreased at only
40.39 mg/L from a starting value of 171.35 mg/L. The half-time for SB was the highest
(1.95 h) in comparison with elderberry and black carrot concentrate cases [69]. Total
anthocyanin content was slightly modified after spray-drying of SB at 8.04 mg/100 g (from
the starting content of 3.17 mg/100 g in fresh SB) [3]. The total anthocyanin content was
not significantly modified after various pretreatments (freeze—thaw, ultrasound, freeze—
ultrasound) in infrared combined hot-air-impingement drying of SB slices, from the 98 to
108-119 mg Cy3G/100 g, related to the dry basis [42].

Many anthocyanin degradation compounds are generated under heat and oxygen, al-
though some of them can retain the antioxidant properties. The first step is deglycosylation
(hydrolysis) to the corresponding aglycone (e.g., Cy), followed by various cleavages provid-
ing smaller compounds such as phloroglucinaldehyde or protocatechuic acid [67,69]. The
content of the degradation antioxidant compounds significantly increased to 11.89 pug/mL
for 4-hydroxybenzoic acid and 4.89 pug/mL for phloroglucinaldehyde in the SB concentrate
subjected to 95 °C and pH 3.5 for 4 h. These degradation compounds were not identified in
the fresh products [69].

3.3. Antioxidant Activity of Berry Extracts

Antioxidant activity is one of the most important properties of berries, achieved through
the radical scavenging capacity of the contained polyphenols: anthocyanins, anthocyanidins,
flavonoids, hydroxycinnamic acids, and ellagitannins. However, these compounds are less
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stable, especially during the thermal processing or in the presence of air [22,23,70,71]. Con-
sequently, the use of 3-CD as natural additive for convective air-dehydration of berry slices,
as well as during the radical scavenging reactions of antioxidant compounds contained
by berry extracts, was focused on the protection (enhancing stability) of antioxidant com-
pounds and the modulation of their reactions with free radicals [72,73]. These applications
of 3-CD were studied for the first time and the results are very promising.

In all studied cases, 3-CD addition enhanced the overall antioxidant activity, as
revealed by the actual and final RSA values. This behavior was easily observed for the
diluted extracts obtained from the 3-CD-assisted dehydrated SB, by comparison with the
not-assisted samples or the raw RB extracts. The RSA values were 3.5 times higher for
the 3-CD-assisted dehydrated samples and these differences are slightly lower for the
[-CD-assisted reaction of free radicals with the antioxidant compounds in RB extracts, but
statistically significant (p < 0.05). At the final monitoring, the RSA values for the 3-CD-
assisted reaction were 6% higher in comparison with the not-assisted reaction. However,
the low solubility of 3-CD in ethanol determined the use of ethanol-water solution at high
dilution for maintaining the complete solubilization of both 3-CD and its complexes with
antioxidant compounds from the various classes, reaction products, and even free radicals.

The enhancement of the antioxidant activity by the 3-CD is due to the efficient interac-
tion of the more hydrophobic and geometrically compatible antioxidant moiety with the
hydrophobic cavity of 3-CD. Further, the hydrophilic moieties that contain phenolic groups
are exposed to the solution (including by retention of these OH groups at the surface of the
complex through H-bonding). These orientations of the antioxidant compounds enhanced
the interaction with the free radicals, which mainly remains in the solution. DPPH- has
a relatively rigid and bulk-like structure that is not compatible with the 3-CD cavity (see
Figures S24 and 525 in the Supplementary Materials file). This can also explain the differ-
ences between the RSA values, which are higher for the standard Cy3G solution analyzed
in the presence of 3-CD, in comparison with the not-assisted sample case. Moreover,
the stabilization of the antioxidant compound during analysis can provide better repro-
ducibility for this reaction. Significantly lower SD values were obtained for 3-CD-assisted
spectrophotometric reaction monitoring. However, further studies are needed for proving
this observation.

The antioxidant activity of SB and RB extracts was determined in various studies for
fresh or processed fruits. The most used method was the DPPH- assay, but ABTS*- (2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical cation), FRAP (ferric reducing
antioxidant power), or TEAC (trolox equivalent antioxidant capacity) were also applied.
Up to now, no studies regarding the modulation of the antioxidant activity by CDs were
reported. However, the overall antioxidant activity of SB and RB varies in wide ranges, but
the processing (thermal and/or oxidative) significantly decreases the antioxidant activity
related parameter values, as was discussed in the present study for the dehydration process.
Relevant published studies on antioxidant activity of both fresh and processed berries are
discussed below.

Fresh SB and RB were studied for their antioxidant activity using DPPH-, ABTS"-, and
-carotene assays. The results revealed values of 3779 and 4961 g fw/g DPPH-, 7.87 and
6.27 umol TE/g fw, respectively, and 67.13 and 75.19% protection [25]. DPPH- and FRAP
assays were also applied for 14 SB cultivars that reveal high antioxidant activity during
the two years of monitoring. The highest values of 9.1-11 mmol TE/g fw, respectively,
45-50 mmol FeZ* / g fw, were obtained for wild SB (Fragaria vesca L.). By comparison, DPPH-
and FRAP assays reveal values in the ranges of 3.1-5.6 mmol TE/g fw and 13.8-30 mmol
Fe?*/ g fw for the Fragaria x ananassa Duch. cultivars [20]. Mandrave et al. determined
the antioxidant activity of other two SB “Sweet Charlie” and “Camarosa” cultivars at four
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different fruit developmental stages. ECs values for the DPPH: and FRAP assays were
in the ranges of 9.71-130.4 mg/mL and 57.11-219.5 ug for the 0.2% acetic acid extracts,
respectively, and 39.01-296.85 mg/mL and 13.90-202.03 pg for the ethanol extracts [74]. In
another study on the 90 SB (Fragaria x ananassa Duch.) cultivars, the DPPH- and ABTS"-
assays provide values of 751.57-765.06 and 1531.17-1637.96 pmol TE /100 g fw for two years
of monitoring [21]. Applying nano-fertilizers during the growing of berry plants influences
the antioxidant activity of the berries, as was determined by the DPPH.- scavenging activity
for SB. The best result of 93.88% was obtained for a combined application into soil of a
hybrid nanocomposite and a nano-zeolite fertilizer [75].

A study on the variation in the antioxidant activity (determined by TEAC assay)
during heating of SB pigment solutions at 95 °C and pH 3.5 for 4 h revealed decreases
in the TEAC values from 185.38 to 138.00 mg vitamin C equivalent/L, which means a
reduced antioxidant activity by 25% [69]. On the other hand, high-intensity ultrasound
treatment of the SB juice increased the antioxidant activity by 38%, as was determined
using the DPPH: method. The DPPH. inhibition value increased from 31.5% to 43.5% for
the ultrasound-treated samples (20 kHz, 400 W, and 12 min) [76].

Antioxidant activity of fresh red and black RB at various development stages was
evaluated using FRAP, ascorbic acid (ASA), and GSH assays. Generally, the red RB had
a slight increase or not-significant antioxidant activity during the developing stages. For
red RBs, there were four stages of development, starting from the small immature green
fruits to fully ripe dark red fruits easily detached from the crown. On the other hand, for
black RBs, there were five stages of development from the small immature green fruits to
fully ripe purple fruits. The black RB had a significant increase in the antioxidant activity
parameters values at the fifth stage of maturity (FRAP 12 pmol/g, ASA 16 mg/g fw, and
GSH 12.4 mg/g fw) [77]. For another seven RB cultivars, the antioxidant activity was deter-
mined by DPPH- and ORAC assays with values of 305-350 and 136.7-205.2 ymol TE/g dw
(dry weight), respectively [78]. The use of microbial biostimulants (Bacillus subtilis (Ehren-
berg) Cohn and/or Paenibacillus Ash et al., 1994 species) increased the overall antioxidant
activity of RB by 16-20%. For example, the DPPH- value increases from 55.02% to 62.4%
for “Delniwa” cultivar if a biostimulant based on 6.25 mL liquid preparation containing
B. subtilis (B4/19-AF75AB2) and B. subtilis (B7/19-Sp115AD), 6.25 mL liquid preparation
containing B. subtilis (B7/19-Sp115AD) and Paenibacillus sp. (B13/19-Sp116AC), 37.5 mL
water and 10 g powder preparation containing B. subtilis (B4/19-AF75AB2) and Bacillus sp.
(B6/19-AF75BC) was applied on soil 2-3 times during the growing season [26]. In another
study, the anthocyanins separated from RB by subcritical water extraction (at 100 pg/mL)
had the highest antioxidant activity (83.77% by DPPH- assay and 66.7% by ABTS*- assay) in
comparison with the hot water or methanol extracts at the same anthocyanin content [28].

Dehydration and drying significantly influenced the antioxidant activity of berries,
which strongly depend on the technique used. Osmotic dehydration pretreatment, followed
by freeze-drying of SB, decreased the antioxidant activity by DPPH- technique from 85.24%
for the fresh berries to only 42.94% for the freeze-dried samples, which is in line with our
results on convective air-dehydration [79]. On the other hand, infrared combined hot air
impingement drying of SB slices provide antioxidant activities in the range of 62.34-62.69%
if the freeze-thaw, ultrasound, or freeze—ultrasound pretreatments were used [42]. Santos
et al. also used ultrasound and ethanol pretreatments for enhancing the antioxidant activity
of SB slices subjected to convective air-drying. The best results were obtained for ultrasound
and 50% ethanol pretreatment. The DPPH:, ABTS":, and FRAP values decreases by 10.32,
13.78, and 6.54%, respectively [80].

CDs were only used for obtaining biofilms or other materials designed for preservation
of fresh berries. Antioxidant activity of such preserved fruits were determined using the
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methods presented above. The DPPH- assay revealed values of ~48% for SB preserved with
a biofilm based on chitosan/polyvinyl alcohol loading 3-acids/3-CD inclusion complex in
comparison with the control sample of 40% after three days of storage [45]. Enhancement of
the antioxidant activity and stability was also obtained if a hydrogel based on k-carrageenan
and carvacrol/hydroxypropyl-3-CD composite, nerolidol /hydroxypropyl-p-CD inclusion
complex nanofibers, or a film composite based on Pickering nanoemulsion loaded with
eugenol/3-CD and konjac glucomannan were applied to SB fruits [46,48,51].

3.4. Kinetic Studies

Both the DPPH- and ABTS+- methods were widely used for the evaluation of the
antioxidant activity of berry extracts. One of the scope of this study was the evaluation
of the reaction of a free radical with antioxidant compounds in berry extracts in the
absence or presence of 3-CD. In this regard, the reaction kinetics (“fast” and “slow”) were
evaluated. By far, DPPH- reaction kinetics is the most studied, especially for the reaction
with antioxidant compounds [55,58-60,81-85]. The DPPH, with absorbance < 450 nm was
obtained as the reaction product. On the other hand, reaction kinetics involving ABTS*-
radical cation is less studied. Only a few studies regarding the reaction kinetics between
ABTS"- and flavonoids or other antioxidants were found in the literature [86-89]. Another
problem is related to the formation of two species, i.e., ABTS™ and ABTS?*, as the products
of the reaction with antioxidant compounds [86].

DPPH- kinetics during the reaction with antioxidant compounds in berry extracts
in the presence of 3-CD can provide further information on the stability and behavior of
anthocyanins as free radical scavengers. 3-CD comes from the assisted dehydration of
SB, when (3-CD is partially transferred during the extraction process or is used as additive
during the DPPH- reaction with antioxidants from RB extracts. As previously presented
for both “fast” and “slow” reactions (classification of the reaction types according to [61]),
the best fits and statistical parameters were obtained for the higher-(pseudo-)order kinetic
models (only related to DPPH- concentration), i.e., third- and fourth-(pseudo-)order ki-
netic models. On the other hand, pure Cy3G reveals lower-(pseudo-)order kinetic models.
These differences on the kinetic behavior can be explained by the very complex antiox-
idant system/mixture, not only as specific polyphenols, but also as different classes of
compounds. However, the DPPH- reaction behavior is similar for berry extracts and pure
Cy3G assisted or not by 3-CD. This is due to the favorable interactions of antioxidant
compounds with 3-CD cavity, regardless the chemical class of antioxidants [72,90-101].
According to these DPPH- kinetic models, the rate constant for the “fast” reaction with
antioxidants from 3-CD-assisted dehydrated SB was three to five times higher than the
corresponding rate constant for the fresh SB extract. This behavior was also observed for
the “slow” reaction, but the differences between rate constant values are even higher for
the case of third-(pseudo-)order kinetic model. Consequently, the DPPH- reaction in the
presence of 3-CD is faster. These aspects were also observed during the DPPH- reaction
with antioxidant compounds in RB extracts in the presence of 3-CD, but the differences are
less significant, such as for the pure Cy3G case. However, no kinetic studies were published
for the DPPH. reaction with antioxidant compounds in the presence of CDs. There are some
kinetic studies on the DPPH- reaction with flavonols, flavanols and hydroxycinnamic acids
(rate constants for the first-order kinetics of 400-5000 L-mol~!-s~1) [59], flavonol quercetin
(first-order kinetics) [60], flavanone naringenin in micellar media [85], or curcumin (rate
constants of the first-order kinetics of 1.8-10* L-mol~1-s™1) [82]. Other kinetic studies are
related to the anthocyanin degradation processes or hydrolysis reactions under various
conditions, even as pure antioxidant compounds or in fruit extracts [68,102-106].
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All the mentioned examples focus on bimolecular reactions and were proven to follow
lower-order kinetic models, such as in our study on the reaction of DPPH- with pure Cy3G.
However, DPPH- kinetic models for complex reactions with antioxidants in fruit extracts
are more difficult to evaluate. This is the case of “fast” and “slow” kinetics with antioxidants
in citrus juices [58]. Other DPPH- kinetic studies were performed on the “extremely fast”
reaction region (e.g., up to 10 s), as well as the “fast” and “slow”/”slower” regions, for
gallic acid, methyl gallate, ascorbic acid, catechin, epicatechin, quercetin, rutin, tannic,
ellagic, and syringic acids, rutin in micellar nanostructures, as well as for antioxidants from
various fruit juices such as red plum or SB [55,61,81].

4. Materials and Methods
4.1. Plant Materials and Chemicals

Fresh SBs (Fragaria x ananassa Duch. var. Albion) were purchased from the local
producer (batch number 1905, lamaAgri Strawberry Factory, Arad, Arad county, Romania;
growing location: Peciu Nou, Timis county, Romania; growing coordinates and conditions:
45°36/23"” N and 21°3'28" E, natural pollination and biological pest control; harvesting
period: May 2022). Fresh fruits were stored at 4 °C in the original package for maximum
two days until the convective drying experiments.

Fresh European RBs (Rubus idaeus L.) were purchased as frozen whole fruits from a pro-
ducer from Transylvania (batch number RO.10.VI1.22, S.C. Transylvania Royal Food S.R.L.,
Tarnaveni, Mures county, Romania; growing coordinates: 46°19'47” N and 24°16'12" E;
harvesting period: June 2022). The fruits were stored at —18 °C until extraction process.

Ethanol (96%, v/v, ChemiCal Co, Bucharest, Romania) was used for both extrac-
tion and spectrophotometric analysis. B-Cyclodextrin hydrate, 3-CD (Kleptose®), was
purchased from Roquette Freres S.A. (Lestrem, France) and had a purity > 98% (max.
0.25% o-CD, max. 0.25% y-CD, max. 0.5% other impurities, max. 14% water content).
Cyanidin 3-O-glucoside chloride, Cy3G (from Rubus fruticosus, purity > 97% by HPLC)
and cyanidin chloride, Cy (from Aronia melanocarpa, purity > 97%), were purchased from
PhytoPlan® Diehm & Neuberger GmbH (Heidelberg, Germany). Acetonitrile (HPLC grade,
Honeywell | Riedel-de Haén, Seelze, Germany) and trifluoroacetic acid (“for analysis”
grade, Carlo Erba Reagents S.A.S., Val-de-Reuil, France) were used for chromatographic
analysis. 2,2-Diphenyl-1-picrylhydrazyl (DPPH-) for radical scavenging activity and reac-
tion kinetics had a purity > 99.5% and was obtained from Sigma-Aldrich Chemie GmbH
(Taufkirchen, Germany).

4.2. Dehydration of Fruits in the Presence or Absence of B-Cyclodextrin

Dehydration was applied for fresh SB slices using a SilverCrest SDA 350 A2 (350 W)
convective air-dehydrator (HOYER Handel GmbH, Hamburg, Germany). Fresh fruits
were washed with distilled water, blotted with filter paper for removing the remaining
water, and sliced along the longitudinal axis at a thickness of ~3—-4 mm. Dehydration was
performed using two methods.

Classical convective air-dehydration. Around 133.6 £ 1.6 g of sliced fruits were
weighted at the starting of dehydration, placed on the dehydration trays at distances of
about 1 cm between slices (Figure 9). The dehydration time and temperature were set at
12 h and 70 °C, respectively (according to the producer for these types of samples). After
the dehydration process, the samples were weighted again and stored at 4 °C in a sealed
glass flask until extraction.
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Figure 9. Strawberry dehydration process. (a) Overview of the convective air-dehydrator; (b) parameter

setting (e.g., temperature) for the strawberry dehydration.

-CD-assisted convective air-dehydration. 3-CD-assisted convective air-dehydration
was applied for the first time using 3-CD as natural additive for enhancing the water
diffusion from the inner parts of the samples as well as for protection of the antioxidant
compounds against degradation (in the presence of air/oxygen and high temperature). The
same amount of sliced strawberries (133.7 g) was uniformly covered with powdery 3-CD
hydrate (1.88 g) and immediately subjected to air-dehydration in the same conditions (70 °C
for 12 h). After weighting, the dehydrated samples were stored at 4 °C until extraction.

4.3. Extraction of Antioxidants from Fresh and Dehydrated Fruits

Fresh and dehydrated fruits were subjected to the classical semi-continuous solid—
liquid extraction according to the literature for the separation of anthocyanins and other
polyphenols from fruits using ethanol as “green” solvent [107,108]. Slight modifications
were applied to these methods from the literature. Thus, 250 mL or 100 mL Soxhlet
extractors were used for the fresh and dehydrated samples, respectively. Soxhlet extractors
were equipped with reflux condensers. Approximately 25 g of fresh fruits or 12-13 g of
dehydrated fruits were finely grounded in a mortar and transferred into the extractor’s
cellulose cartridge. In total, 300 mL of 96% ethanol was added to the 500 mL round-bottom
flask for the fresh samples. In total, 150 mL of 96% ethanol was used for dehydrated
samples. The flasks were heated on water baths and the samples were extracted for at
least five times (until no color was observed in the final extract of the multiple extraction
process and the HPLC analysis of the last extract did not reveal any significant peaks for
anthocyanins). After cooling, all the final extracts were completed with ethanol at a final
volume of 300 and 150 mL for the fresh and dehydrated samples, respectively. SB and RB
extracts were hermetically sealed in glass flasks until the UV-Vis spectrophotometry and
HPLC analyses (they were stored at 4 °C up to two days if necessary).

4.4. HPLC Analysis of the Main Anthocyanins from Fruits

HPLC analysis was performed for identification and quantification of the main an-
thocyanin derivatives in both SB and RB extracts—Cy3G, as well as its aglycone, Cy—and
correlation with the antioxidant and kinetic data. Analytical HPLC/UV-Vis Jasco (Jasco Cor-
poration, Tokyo, Japan) equipment was used. The HPLC was equipped with a PU-2080 Plus
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Intelligent Pump, LG-2080-04 gradient unit, LG-2080-54 4-Line Degasser, UV-2070Plus In-
telligent Detector, and LC-Net II/ADC interface (all from Jasco Corporation, Tokyo, Japan).
The HPLC conditions were set as follows: Nucleosil 100 C18 column (250 mm X 4 mm,
5 um), wavelength for anthocyanin detection 525 nm, flow 1 mL/min, room temperature;
the mobile phase was composed of the solvent A (0.4% TFA in distilled water) and solvent
B (0.4% TFA in acetonitrile); the gradient used for analysis was 15% B (0-6 min), 15-22%
B (6-20 min), 22-35% B (20-35 min), 35-15% B (35-40 min), and 15% B for 5 min [109].
The sample volume was set for 20 pL. Acquisition and handling of the data were per-
formed using the ChromPass Chromatography Data System version 1.7.403.1 from the
same manufacturer. Limit of detection (LOD) and limit of quantitation (LOQ) values were
determined according to the information provided by the HPLC equipment’s instructions
and were computed using the same ChromPass Chromatography Data System version
1.7.403.1 software. Thus, five chromatograms of every standard anthocyanin compounds
(i.e., Cy3G and Cy) were selected and the “noise” values in the range of ~5 min (close
to the corresponding peak, but without any other secondary peaks) were determined.
The LOD and LOQ values were calculated as 3-"noise” and 5-"noise”, respectively. The
mean LOD and LOQ values for Cy3G and Cy were 2.54 and 4.23 nug/mL, respectively,
1.31 and 2.18 pg/mL (n = 5). RT versus LogP correlation confirmed the identification of
the anthocyanin compounds in berry extracts. LogP was determined using the QSAR
Properties program from the HyperChem version 7.1 software package and was based on
the atomic parameters, according to Ghose et al. and Viswanadhan et al. [110,111].

4.5. Radical Scavenging Activity of Fruit Extracts

The antioxidant activity of the berry extracts was determined using the DPPH- method
according to the literature [3,65,80], with slight modifications presented below for the not-
assisted and 3-CD-assisted cases. The behavior (reaction) of the 0.4 mM Cy3G ethanol
solution or 1:10 diluted berry extracts in the presence of 1 mM DPPH- ethanol solution
was evaluated using a Camspec M501 Single-Beam spectrophotometer (Camspec Ltd.,
Cambridge, UK). The acquisition and handling of the UV-Vis data were performed using
the UV-Vis Analyst version 4.67 software from Camspec Ltd. (Cambridge, UK). Thus, a
mixture of standard solution (0.4 mM Cy3G) or 1:10 diluted berry extract and 1 mM DPPH-
solution and solvent (ethanol) at a volume ratio of 1:1:4 was monitored for 15 min at 517 nm.
Possible absorbance interferences for DPPH- and anthocyanins can appear. Consequently,
the absorbance of blank samples (0.4 mM Cy3G or 1:10 diluted berry extract and ethanol at
a volume ratio of 1:5) was subtracted. However, the absorbance of the blank samples was
less than 15% from the absorbance of the sample mixtures containing DPPH- solution at
the starting of monitoring. The spectrophotometric monitoring in the presence of 3-CD
solution was performed in a similar way. The sample (Cy3G or diluted RB extract) was
mixed with aqueous 1 mM (-CD solution, 1 mM DPPH-. solution, and ethanol at a volume
ratio of 1:1:1:3, followed by spectrophotometric monitoring for 15 min at 517 nm.

The antioxidant activity was evaluated by determining the actual RSA (radical scav-
enging activity) values during the monitoring (Equation (12)).

_ AbSt
AbSO

RSA(%) = {l } -100 (12)
where RSA¢ (%) stands for the radical scavenging activity at the time t and Abs; and Absg
stand for the absorbance of the mixture at the time t and t = 0 s, respectively. A high RSA
value at the final of monitoring period means high antioxidant activity, while the fast or
slow changes in RSA values can provide information on how the antioxidant compounds
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in berry extracts can have a prolonged activity. These aspects were evaluated using DPPH-
reaction kinetics (see below).

4.6. DPPH- Reaction Kinetics in the Presence of Fruit Extracts and Standard Anthocyanins

Kinetic parameters related to the reaction between DPPH- and various antioxidant
compounds in berry extracts can provide information on the behavior during the radi-
cal scavenging in vivo, as well as the influence of 3-CD during the reaction. The actual
concentration of the DPPH- radical during the reaction can be easily monitored using
spectrophotometry using the “Time scan measurement” module (the interference of an-
thocyanins that absorb at 517 nm was appropriately considered and the corresponding
blank absorbance was subtracted; see Figure S3 in the Supplementary Materials file). In this
regard, the DPPH- calibration curve in the range of 0.01 to 0.20 mM was obtained (DPPH-
Concentration (in mM) versus Absorbance (at 517 nm); Equation (13), Figures 54 and S5 in
the Supplementary Materials file).

CODCDPPH. (mM) B 0.1044(:|:0.0004) ~AbS(@517nm)

13
n=7r=09999,r* = 0.99992,F = 70829,p < 10°,s = 0.0011 (13)

The variation in the DPPH- concentration during the 15 min of monitoring reveals
the complex reactions of this free radical with antioxidant compounds in berry extracts,
such as Cy3G. Because the reaction is “fast” up to 30 s then becomes “slower”, three time
reaction ranges were considered: 0-30 s for the “fast” reaction, 30-180 s for the “slow”
reaction, and 180-900 s for the “prolonged” reaction (not studied for the kinetics point
of view). Five kinetic models related to the variation in the DPPH- concentration were
considered, i.e., zeroth- to fourth-(pseudo-)order kinetics (Equation (14) for the general
rate law). The linear plot of the integrated rate law (integrated rate law for nth-order

7

reaction, Equation (15)) allows us to determine the reaction rate constant, k;,, and, further,
the half-time, t; /» (Equation (16)), of the DPPH- for the selected time range.

4G e
T k-[C] (14)
Ll = gkt forn#1,g=1-n,(k) = L
[€I7%  [Cp® [C]’ ’ ’ mM Bs (15)
ln(m) = —kt, forn=1
1-278 1 In(2)

typ = ,forn#1,g=1-n,t1/p = T,forn:1,<t1/2> =s (16)

5 k[C);®

4.7. Statistical Analysis

Extractions and spectrophotometric determinations were made at least as duplicates.
Results are presented as mean =+ standard deviation, SD (unless otherwise stated), which were
determined using the Basic Statistics module in the Statistica version 7.1 software package
(StatSoft Inc., Tulsa, OK, USA) and Microsoft® Excel® 2016 in Microsoft Office Professional
Plus 2016 (Microsoft Corporation, Redmond, WA, USA). Linear regression analysis (calibration
curves and integrated rate law linear regression) was performed using the Multiple Linear
Regression module, while the non-linear regression was performed using the Generalized
Nonlinear Models module in Statistica version 7.1 package. The quality of the regression
analysis was evaluated using the statistical parameters for the equation (Pearson correlation
coefficient, r, determination coefficient, 12, adjusted determination coefficient, rzadj, Fisher
and p values, and standard error of estimate, s) and for the raw correlation coefficients
(standard error of the coefficient). On the other hand, the representation of the results
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for multiple determinations was performed using the Means with Error Plots module in
the Statistica version 7.1 package, using the Whiskers graph type, Time as the grouping
variable, and values as mean + 0.95-standard error (vertical bars).

5. Conclusions

For the first time, the application of 3-CD for enhancing the quality of the air-
dehydrated berries was studied and, further, the modulation of the interactions be-
tween free radicals and antioxidants in berry extracts by 3-CD was proved. In both
cases, antioxidant activity of SB and RB extracts were significantly higher in the pres-
ence of 3-CD. However, the best results for free radical reaction kinetics were obtained
for higher-(pseudo-)order kinetic models (third- and fourth-(pseudo-)order, related to the
free radical concentration). By comparison, pure anthocyanins provide good results for
lower-(pseudo-)order kinetics, which is in line with other published kinetic studies. This
difference can be due to the complexity of parallel and consecutive reactions involving
antioxidants in extracts and free radicals, especially in the presence of 3-CD that forms
molecular inclusion compounds with these bioactive compounds. Finally, the protection
capacity of 3-CD against the degradation of antioxidants during the dehydration process
of berries was proved. The technology can be extended to other fruits and scale up for
obtaining high-quality fruit-based products.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants15010152/s1. Figure S1: Concentration (mg/mL) versus
HPLC peak area (mV-min) calibration curve for the cyanidin 3-O-glucoside standard solutions
in the range of 0.05-0.50 mg/mL; Figure S2: Concentration (mg/mL) versus HPLC peak area
(mV-min) calibration curve for the cyanidin standard solutions in the range of 0.025-0.50 mg/mL;
Figure S3: Comparison between the UV-Vis spectra (range of 400-700 nm) of the cyanidin 3-O-
glucoside (Cy3G) standard solution (e.g., 0.06 mM—blue) and the standard DPPH- solutions (e.g.,
from bottom to top: 0.01, 0.02 and 0.16 mM, which is the working concentration at the start of the
measurements—green). The Cy3G standard solution has a maximum absorbance in the range of
the high diluted DPPH- solutions of 0.01 and 0.02 mM. However, the Cy3G working concentration
at the start of the measurement is four times lower (0.015 mM). The spectra for the blank sample
(ethanol) is in red; Figure S4: UV-Vis spectra (region 400-700 nm) of the DPPH- standard solutions
(from bottom to top, concentrations from 0.01, 0.02, 0.04, 0.08, 0.12, 0.16 and 0.20 mM). The spectra for
the blank sample (ethanol) is in red; Figure S5: Concentration (mM) versus Absorbance (@517 nm)
calibration curve for the DPPH- standard solutions in the range of 0.01-0.20 mM; Figure S6: UV-Vis
monitoring (at 517 nm) of the 0.4 mM cyanidin 3-O-glucoside and 1 mM DPPH- solutions in ethanol,
at a volume ratio of 1:1:4 (duplicate samples; blank ethanol is in red); Figure S7: UV-Vis monitor-
ing (at 517 nm) of the 0.4 mM cyanidin 3-O-glucoside, 1 mM DPPH-: and 1 mM f-cyclodextrin (in
water) solutions, mixed with ethanol at a volume ratio of 1:1:1:3 (duplicate samples; blank ethanol
is in red); Figure S8: Superimposed Absorbance versus Time plots from the UV-Vis monitoring
(at 517 nm) of the 0.4 mM cyanidin 3-O-glucoside and 1 mM DPPH- solutions in ethanol at 1:1:4
volume ratio (duplicate samples; blue colors) and for the 0.4 mM cyanidin 3-O-glucoside, 1 mM
DPPH- and 1 mM -cyclodextrin (in water) solutions, mixed with ethanol at a volume ratio of 1:1:1:3
(duplicate samples; green colors) (blank ethanol is in red, blank cyanidin 3-O-glucoside solution is in
purple and blank DPPH- solution is in black); Figure S9: Antioxidant activity of the fresh strawberry
extracts, expressed as the variation in the Radical Scavenging Activity (RSA, %) in Time (s) for
15 min, as well as the logarithmic correlations (duplicate samples); Figure S10: Antioxidant activity
of the fresh strawberry extracts (1:10 dilutions), expressed as the variation in the Radical Scavenging
Activity (RSA, %) in Time (s) for 15 min, as well as the logarithmic correlations (duplicate samples);
Figure S11: Antioxidant activity of the extracts obtained from dehydrated strawberries, without
(blue) and with B-cyclodextrin (red) as additive (1:10 dilutions). Antioxidant activity is expressed
as the variation in the Radical Scavenging Activity (RSA, %) in Time (s) for 15 min. Logarithmic
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correlations are also provided; Figure S12: Antioxidant activity of the extracts obtained from fresh
(blue) and dehydrated strawberries, without (red) and with 3-cyclodextrin (green) as additive (1:10
dilutions). Antioxidant activity is expressed as the variation in the Radical Scavenging Activity
(RSA, %) in Time (s) for 15 min. Logarithmic correlations are also provided; Figure S13: Antioxidant
activity of the extracts obtained from fresh raspberries, 3-cyclodextrin assisted (green diamond) or not
assisted (brown square) during the spectrophotometric monitoring (duplicate samples). Antioxidant
activity is expressed as the variation in the Radical Scavenging Activity (RSA, %) in Time (s) for
15 min. For multiple determinations, Whisker type plots as mean 4 0.95-standard error were used.
Logarithmic correlations are also provided; Figure S14: Antioxidant activity of the standard 0.4 mM
cyanidin 3-O-glucoside, 3-cyclodextrin assisted (green diamond) or not assisted (brown square)
during the spectrophotometric monitoring (duplicate samples). Antioxidant activity is expressed
as the variation in the Radical Scavenging Activity (RSA, %) in Time (s) for 15 min. For multiple
determinations, Whisker type plots as mean =+ 0.95-standard error were used. Logarithmic correla-
tions are also provided; Figure S15: Integrated rate law representation for the zeroth—fourth-order
models for the “fast” DPPH- reaction with antioxidant compounds from the extracts obtained from
the fresh and dehydrated strawberries (without or with -cyclodextrin as additive; 1:10 diluted
extracts). For duplicate samples, Whisker type plots as mean £ 0.95-standard error were used;
Figure S16: Integrated rate law representation for the zeroth—fourth-order models for the “slow”
DPPH- reaction with antioxidant compounds from the extracts obtained from the fresh and dehy-
drated strawberries (without or with 3-cyclodextrin as additive; 1:10 diluted extracts). For duplicate
samples, Whisker type plots as mean + 0.95-standard error were used; Figure S17: Integrated rate
law representation for the zeroth—fourth-order models for the “fast” DPPH- reaction with antioxidant
compounds from the extracts obtained from the fresh raspberries (without or with 3-cyclodextrin
as additive during the spectrophotometric monitoring). For duplicate samples, Whisker type plots
as mean =+ 0.95-standard error were used; Figure S18: Integrated rate law representation for the
zeroth—fourth-order models for the “slow” DPPH. reaction with antioxidant compounds from the
extracts obtained from the fresh raspberries (without or with -cyclodextrin as additive during the
spectrophotometric monitoring). For duplicate samples, Whisker type plots as mean =+ 0.95-standard
error were used; Figure 519: Integrated rate law representation for the zeroth—fourth-order models
for the “fast” DPPH- reaction with the standard 0.4 mM cyanidin 3-O-glucoside (without or with 3-
cyclodextrin as additive during the spectrophotometric monitoring). For duplicate samples, Whisker
type plots as mean + 0.95-standard error were used; Figure S20: Integrated rate law representa-
tion for the zeroth—fourth-order models for the “slow” DPPH- reaction with the standard 0.4 mM
cyanidin 3-O-glucoside (without or with $-cyclodextrin as additive during the spectrophotometric
monitoring). For duplicate samples, Whisker type plots as mean + 0.95-standard error were used;
Figure S21: Isosurface image for the most stable conformation of the cyanidin 3-O-glucoside (Cy3G).
The total charge density was in the range of —0.3 to 0.3 (mapped function range) and is shown in the
upper-left corner as a range legend; Figure S22: Isosurface image for the most stable conformation of
the cyanidin (Cy). The total charge density was in the range of —0.3 to 0.3 (mapped function range)
and is shown in the upper-left corner as a range legend; Figure S23: Isosurface image for the most
stable conformation of the pelargonidin 3-O-glucoside (Plg3G). The total charge density was in the
range of —0.3 to 0.3 (mapped function range) and is shown in the upper-left corner as a range legend;
Figure S24: Optimized (-cyclodextrin/DPPH- complex, obtained with MM+ Molecular Mechanics
Force Field module and Polak-Ribiere (Conjugate gradient) algorithm from the HyperChem 7.52
software package. Both 3-CD and DPPH- were built and optimized separately as was presented
above. The interaction starts with the DPPH- structure (both the Ph; and picryl sides) oriented to the
secondary face of the 3-CD, at a distance of ~8 A between the gravity centers. DPPH- molecule is
highlighted. The picryl moiety is only partial encapsulated into the 3-CD cavity (at approximately
50%); Figure S25: Optimized (3-cyclodextrin/cyanidin 3-O-glucoside complex, obtained with MM+
Molecular Mechanics Force Field module and Polak-Ribiere (Conjugate gradient) algorithm from the
HyperChem 7.52 software package. Both 3-CD and Cy3G were built and optimized separately as
was presented above. The interaction starts with the Cy3G structure (benzopyrane moiety) oriented
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to the secondary face of the -CD, at a distance of ~8 A between the gravity centers. Cy3G molecule
is highlighted. Benzo moiety is completely encapsulated. The 2-phenyl moiety (not encapsulated) has
the 3- and 4-OH groups oriented to the solution, as well as the glucose moiety. This favors the reaction
with the DPPH- radical from the solution; Table S1: Kinetic and statistic parameters corresponding
to the zeroth—fourth-order models for the “fast” DPPH- reaction with antioxidant compounds from
the 1:10 diluted extracts obtained from the fresh and dehydrated strawberries (without or with
-cyclodextrin as additive). For 1:10 diluted samples, k values with different superscript capital
letters are significantly different, according to Tukey’s HSD test (p < 0.01; on the same raw). For 1:10
diluted samples, t; /, values with different superscript lowercase letters are significantly different,
according to Tukey’s HSD test (p < 0.05; on the same raw); Table S2: Kinetic and statistic parameters
corresponding to the zeroth—fourth-order models for the “slow” DPPH- reaction with antioxidant
compounds from the 1:10 diluted extracts obtained from the fresh and dehydrated strawberries (with-
out or with B-cyclodextrin as additive). For 1:10 diluted samples, k values with different superscript
capital letters are significantly different, according to Tukey’s HSD test (p < 0.001; on the same raw).
For 1:10 diluted samples, t; , values with different superscript lowercase letters are significantly
different, according to Tukey’s HSD test (p < 0.01; on the same raw); Table S3: Kinetic and statistic
parameters corresponding to the zeroth—fourth-order models for the “fast” DPPH- reaction with
antioxidant compounds from the extracts obtained from the fresh raspberries (without or with (3-
cyclodextrin as additive during the spectrophotometric monitoring). On the same row, k values with
different superscript capital letters are significantly different, according to Tukey’s HSD test (p < 0.10).
On the same row, t1/, values with different superscript lowercase letters are significantly different,
according to Tukey’s HSD test (p < 0.15); Table S4: Kinetic and statistic parameters corresponding to
the zeroth—fourth-order models for the “slow” DPPH- reaction with antioxidant compounds from the
extracts obtained from the fresh raspberries (without or with -cyclodextrin as additive during the
spectrophotometric monitoring). On the same row, k values with different superscript capital letters
are significantly different, according to Tukey’s HSD test (p < 0.05). On the same row, t; /, values
with different superscript lowercase letters are significantly different, according to Tukey’s HSD
test (p < 0.05); Table S5: Kinetic and statistic parameters corresponding to the zeroth—fourth-order
models for the “fast” DPPH- reaction with standard 0.4 mM cyanidin 3-O-glucoside (without or with
-cyclodextrin as additive during the spectrophotometric monitoring). On the same row, k values
with different superscript capital letters are significantly different, according to Tukey’s HSD test
(p < 0.05). On the same row, t; /» values with different superscript lowercase letters are significantly
different, according to Tukey’s HSD test (p < 0.05); Table S6: Kinetic and statistic parameters corre-
sponding to the zeroth—fourth-order models for the “slow” DPPH- reaction with standard 0.4 mM
cyanidin 3-O-glucoside (without or with 3-cyclodextrin as additive during the spectrophotometric
monitoring). On the same row, k values with different superscript capital letters are significantly
different, according to Tukey’s HSD test (p < 0.05). On the same row, t;,, values with different
superscript lowercase letters are significantly different, according to Tukey’s HSD test (p < 0.15).
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Abbreviations

The following abbreviations are used in this manuscript:

«-CD a-Cyclodextrin

Abs Absorbance (in UV-Vis spectrophotometry)

ABTS*- 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical cation
AP Antioxidant power

ASA Acetylsalicylic acid

3-CD -Cyclodextrin

CD Cyclodextrin

Cy3G Cyanidin 3-O-glucopyranoside

DPPH- 2,2-Diphenyl-1-picrylhydrazyl radical

dw dry weight

ECsg Half maximal effective concentration

F Fisher-value (Fisher-test)

FRAP Ferric reducing antioxidant power

v-CD v-Cyclodextrin

GRAS Generally recognized as safe

GSH Glutathione

HSD Honestly significant difference (Tukey’s HSD test)

kn Reaction rate constant for the nth order kinetic model
HPLC High pressure liquid chromatography

LOD Limit of detection

LogP Logarithm of the 1-octanol/water partition coefficient
LOQ Limit of quantitation

M Molar concentration, mol/L

mM milimolar concentration, mmol/L

NaDES Natural deep eutectic solvent
ORAC Oxygen radical absorbance capacity
p-value probability (null-hypothesis significance test)

PEF Pulsed electric field

Plg3G Pelargonidin 3-O-glucopyranoside

QSAR Quantitative structure-activity relationship
r/r? Correlation/determination coefficient

RB Raspberry (Rubus idaeus L.)

RP-HPLC  Reversed phase—high pressure liquid chromatography
RSA Radical scavenging activity

RT Retention time

s standard error of estimate

SB Strawberry (Fragaria x ananassa Duch.)

SD Standard deviation

t1/2n) Half-time for the nth order kinetic model
TAC Total anthocyanin content

TE Trolox equivalent

TEAC Trolox equivalent antioxidant capacity
TFA Trifluoroacetic acid

TPC Total phenolic content

UV-Vis Ultraviolet-visible spectrophotometry
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