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Abstract

This study reports for the first time the total extractive matter yield, total phenolics and total flavonoids content (TPC and TFC,
respectively), chemical composition, and ability to scavenging 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals of the black
mustard seed (BMS) extracts obtained by deep eutectic solvents (DESs). The following DESs: triethanolamine:glycerol
(TEOA:G), triethanolamine:propylene glycol (TEOA:PEG), and choline chloride:urea (ChCI:U), as well as their mixtures
with water and ethanol at a ratio of 1:4 (v/v), were used. Their extraction efficiencies were compared with the efficiency of
ethanol that is most frequently used to extract phenolic compounds from BMS. The TPC and TFC of the obtained extracts
were in the ranges of 19.9+0.1 to 32.2 +0.2 mg gallic acid equivalents/g and 3.9 +£0.1 to 7.4 + 0.3 mg quercetin equivalents/g,
respectively. The BMS extracts obtained with the pure ChCI:U and the mixtures of ChCL:U or TEOA:G with ethanol showed
the best antioxidant activity (IC5,=100 mg/mL). The obtained extracts contained syringic acid, ellagic acid, gallic acid,
caffeic acid, caftaric acid, rutin, kaempferol, apigenin, taxifolin, hyperoside, and vitexin.
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Introduction caffeic acids are also types of phenolic acids that are capable

of lowering hyperlipidemia and preventing atherosclerosis

In the last few years, the extraction and identification of phe-
nolics from various plant materials have become an interest-
ing research area due to the health-promoting effects of these
compounds [1]. Plant phenolics are characterized by a wide
range of beneficial properties such as anti-inflammatory,
antimicrobial, antioxidative, anticancer, and so on [2, 3].
Gallic acid is a phenolic compound showing multiple phar-
macological activities, such as antibacterial, antimicrobial,
antifungal [4], and antidiabetic [5] properties. Caftaric and
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[6]. He et al. [7] have demonstrated the pharmacological
effect of apigenin, a flavonoid, in the treatment of pulmo-
nary hypertension. Another flavonoid, rutin, on the other
hand, has been extensively studied as an anticancer agent
[8-10]. Also, it has a wide range of biological activities like
antifungal activity against the strain of Candida gattii [11].

Black mustard (Brassica nigra L.), botanically included
in the Brassicaceae family, is an annual, aromatic weedy
plant cultivated worldwide. Black mustard seed (BMS) is
used as a spice, rich in both nutritional and pharmacologi-
cally active compounds. It contains valuable oil, glucosi-
nolates, and phenolic compounds [12, 13]. Several studies
have reported the composition of BMS regarding phenolic
compounds [14-17].

One of the essential parameters of the extraction of
phenolic compounds from plants is the selection of the
appropriate extraction solvent. Traditional organic sol-
vents used for this extraction are methanol, ethanol, ace-
tone, and ethyl acetate. However, this method has several
drawbacks, such as long duration, high energy consump-
tion, and high solvent consumption, as well as negative
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impact on humans and the environment. Therefore, a
growing interest of the researchers worldwide is focused
on designing new and more environmentally-friendly
extracting solvents [18-20]. Over the last few years, deep
eutectic solvents (DESs), prepared from cheap and eas-
ily available components, have been tested as promising
alternatives to traditional organic solvents. Besides sim-
ple preparation, they show several advantages in terms of
liquid state at room or lower temperatures, non-volatility,
non-flammability, non-toxicity, thermal stability, tunable
physical properties, and high biodegradability [21-23].
The high thermal stability of DESs enables their use in
various processes that require a temperature above 100 °C
[24]. DESs have been proven to be very successful extrac-
tion agents for the biocomponents found in different plant
materials [20].

Many phenolic compounds show better stability and
solubility in DESs than in water or lipids [20]. The cho-
line chloride (ChCl)-based DESs are effective media for
the extraction of phenolic compounds from different plant
materials [14-16, 21, 25-31]. In addition to its excellent
dissolution of quercetin [32], the ChCl:urea (ChCI:U,
2:1 mol ratio) DES is recommended as a solvent for
extracting vitexine from the flowers of Trollius chinen-
sis Bunge [33], rutine from Lycium barbarum L. fruits,
as well as different flavonoids from Cyclocarya paliurus
[34]. The ChCl:propylene glycol (ChCl:PEG, 1:1 mol
ratio) DES provided the chickpea sprouts extract with
the highest total flavonoids content (TFC) and the best
antioxidant activity, compared to the other twenty ChCl-
based DESs [35]. The application of the triethanolamine
(TEOA)-based DESs in the extraction of phenolic com-
pounds from plant materials has not been studied yet. In
addition, to the best authors’ knowledge, the use of DESs
for the extraction of phenolic compounds from BMS has
not been reported elsewhere. Therefore, the aim of the
present study was to study the effect of different DESs
like TEOA:glycerol (G), TEOA:PEG, and ChCI:U and
their water and ethanolic mixtures on the total extractive
matter (TEM) yield, total phenolics content (TPC), TFC,
chemical composition, and antioxidant activity of the
BMS extracts. The main goal was to compare the extrac-
tion abilities of the tested DESs and ethanol towards BMS
phenolic compounds.

Materials and methods
Chemicals

G and PEG (both Ph Eur grade) were from MeiLab (Bel-
grade, Serbia) while ethanol (96%), TEOA (99%), U
(99.5%), sodium carbonate anhydrous (99%, Na,CO,), and
aluminum chloride anhydrous (99%, AlCl;) were purchased
from Zorka-Pharma (gabac, Serbia). Folin-Ciocalteu rea-
gent (2 M), 2,2-diphenyl-1-picrylhydrazyl (DPPH), ChCl,
syringic acid, ellagic acid, gallic acid, caffeic acid, caftaric
acid, rutin, kaempferol, apigenin, taxifolin, hyperoside, and
vitexin were provided from Sigma Aldrich (Germany). For-
mic acid was provided by (Carlo Erba, France) while ace-
tonitrile and water were from Fisher Chemical (LC-MS and
HPLC grade, respectively).

Preparation of DESs

The DESs were prepared by mixing the selected components
(Table 1) in a round-bottomed flask and stored in closed bot-
tles in a desiccator, as reported elsewhere [32].

Plant material

The BMS was produced by crossing the local species by
the pedigree breeding method at the Institute of Field and
Vegetable Crops (Novi Sad, Serbia). It was stored in paper
bags in a dark room. The moisture content of the BMS was
4.2+0.2 wt% (determined by drying the seed at 105 °C to
constant weight). The BMS was ground in an electric mill
(Iskra, Slovenia) for 1 min (the average particle diameter
was 0.31 mm) [36].

Extraction

Ethanol and different DESs like TEOA:G, TEOA:PEG,
and ChCI:U, as well as the mixtures of these DESs with
water and ethanol, at a ratio of 1:4 (v/v) were used for the
extraction of phenolics from ground BMS. The extraction
was performed at the seed-to-solvent ratio of 1:10 w/v and
65 °C within 3 h, employing a magnetic stirrer (1000 rpm).
The extract obtained with ethanol was filtered under a weak
vacuum and dried at 40 °C to constant weight under vac-
uum using a rotary vacuum evaporator (Hei-VAP, Heidolph,

Table 1 Prepared DESs

DES abbreviation Hydrogen bond acceptor Hydrogen bond donor Molar ratio
TEOA:G Triethanolamine Glycerol 1:2
TEOA:PEG Triethanolamine Propylene glycol 1:2
ChCL:U Choline chloride Urea 1:2
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Germany). The obtained extracts were centrifuged (centri-
fuge Sigma, Typ 2-6E, Germany) at 3900 rpm for 10 min
to separate the liquid from the residual solid phase, filtered
through a 0.45 um nylon membrane, and stored in a refriger-
ator at 4 °C. The TEM yield was expressed as the amount of
TEM obtained from 100 g of seed (g/100 g). The extractions
were done in triplicate. The TEM recovery was determined
based on the highest TEM yield obtained by the TEOA:PEG
mixture with water. It was calculated as follows [36]:

R= 20 100 1
=5 (1)

where R is the TEM recovery (%), A, is the TEM yield
achieved by the solvent extraction (g/100 g BMS), and A
is the best TEM yield obtained by the TEOA:PEG mixture
with water (g/100 g BMS).

Total phenolics content

The TPC of the obtained extracts was determined accord-
ing to the modified Folin-Ciocalteu method [37]. Distilled
water (5.4 mL) and the Folin-Ciocalteu reagent (0.5 mL)
was added to 0.1 mL of the extract (0.005 mg/mL). After
3 min, 1 mL of 7% Na,CO; was added to the sample solu-
tion. The test tube was kept in dark for 1 h at room tem-
perature. The absorbance was measured at 725 nm against
a blank (distilled water) by using a UV-VIS spectropho-
tometer (JENWAY 6305, UK). The standard curve range
was 0.05-0.0005 mg/mL gallic acid (the coefficient of deter-
mination R?=0.982). The results were expressed as mg of
gallic acid equivalents (GAE) per g of seed (mg GAE/g).

Total flavonoids content

The TFC of the obtained extracts was determined spectro-
photometrically according to Quettier-Deleu et al. [38]. As
recommended, 1.5 mL of 2% AICl; was added to 1.5 mL of
the extract (0.01 mg/mL) and mixed. The absorbance was
measured at 415 nm after 1 h against a blank (distilled water)
by a UV-Vis spectrophotometer JENWAY 6305, UK). The
standard curve range was 0.01-0.0005 mg/mL quercetin
(R*=0.999). The results were expressed as mg of quercetin
equivalents (QE) per g of seed (mg QE/g).

DPPH test

The percentage of antioxidant activity of the extracts
obtained from BMS was determined by the DPPH free
radical assay [39]. The ethanolic solution of DPPH radi-
cals (1 mL, 3 x 107* mol/L) was added to the ethanol solu-
tions of the extracts (2.5 mL) of various concentrations
(1-0.0075 mg/mL). This mixture was incubated at room

temperature for 20 min and the absorbance was measured
at 517 nm against a blank (ethanol) using a UV/VIS spec-
trophotometer (JENWAY 6305, UK). The absorbance was
also measured for the control that was prepared with 2.5 mL
of ethanol and 1 mL of the DPPH solution. The scavenging
activity of the free radicals percentage (AA%) was calculated
according to the following equation:

AA(%) = 100 — (Ay — Ap) X 100/A¢ )

where A, is the absorbance of the ethanol solution of the
extract treated with the DPPH radical, A is the absorbance
of the ethanol solution of the extract not treated with the
DPPH radical and A is the absorbance of the “control”.

The concentration of the test material that inhibited 50%
of the free radicals (ICy, value) was calculated as mg/mL.
All tests were run in triplicate. The antioxidant activity is
expressed as ICs,, which represents the concentration of the
extract necessary to neutralize 50% of the initial DPPH radi-
cals’ concentration. The lower the IC, value, the better the
antioxidant activity.

HPLC analysis

An Agilent Technologies 1100 Series chromatograph
equipped with a degasser, a binary pump, a thermostated
column (Zorbax Eclipse XDB-C18, 4.6 X 150 mm, 5 pm),
and a UV/VIS detector was used for the quantification of the
phenolic compounds. A gradient profile using two solvents
was applied at 25 °C. The solvents used were as follows: sol-
vent A: 0.1% formic acid in water and solvent B: acetonitrile.
A flow rate of 0.5 mL/min was applied. The gradient was
as follows: 0 min—20% B; 45 min—90% B (the modified
method described elsewhere [20]). The wavelengths of the
diode array detector were set at 254, 280, 320, and 350 nm
for monitoring of the phenolic compounds. The identifica-
tion of constituents was performed by comparing their UV
spectra and retention times with those of standards. The
concentrations of all the compounds in the extracts were
quantified using the standard curves and expressed as mg
per g dry extract (mg/g).

Statistical analysis

The TEM yield, TPC, TFC, and ICs, values of the BMS
extracts obtained with different solvents were evaluated by
Duncan’s multiple range test. The multivariate statistical
analysis of the data was performed by the hierarchical cluster
analysis method using Statistica version 10.0, the analysis
of variance among the clusters was carried out using Ward’s
method, and Euclidean distance was selected as the hierar-
chical cluster analysis measurement.
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Results and discussion
TEM yields, TPC, and TFC

The values of TEM yield, TPC, and TFC obtained with dif-
ferent solvents are given in Table 2. According to Duncan’s
multiple range test, there are no statistically significant dif-
ferences among the TEM yields obtained by the mixtures
of the TEOA:G DES with water or ethanol and the pure
TEOA:PEG DES or its combinations with either water or
ethanol at the 95% confidence level. These solvents pro-
vided the recovered TEM yields in the range of 17.3-18.4%
with the highest value of 18.4 +£0.9% achieved using the
mixture of the TEOA:PEG DES and water. Adding water
to all three DESs increased the recovered TEM yield from
BMS, compared to those obtained using the corresponding
pure DESs. The lowest recovered TEM yields were obtained
by the ChCl:U DES alone (13.3 +0.8%) or its mixture with
ethanol (14.3+0.6%).

Among the pure extracting solvents, the TEOA:PEG DES
provided the highest TEM yield (17.3+0.8 g/100 g BMS),
followed by the TEOA:G DES and ethanol having the same
extraction efficiency of TEM from BMS (about 16.0 g/100 g
BMS). The differences in the TEM yields are the result of
different capabilities of the DESs to dissolve TEM from
BMS and might indicate the differences in their selectivity
towards certain BMS components like total phenolics and
flavonoids.

Duncan’s multiple range test showed statistically signifi-
cant differences at the 95% confidence level for the TPC of
the BMS extracts obtained with different solvents, except
for the BMS extracts obtained with ethanol and the pure
TEOA:PEG and ChCI:U DESs, which proved a great impact

of the type of solvents on the TPC. The highest TPC was
reported for the BMS extract obtained with TEOA:G and
TEOA:PEG with 25% ethanol (32.2 and 29.3 mg GAE/g
BMS, respectively). Adding 25% of ethanol to all three
DESs increased the TPC of the BMS extracts, compared to
the TPC obtained with pure DESs and ethanol. Also, add-
ing 25% water to the TEOA:G and ChCl:U DESs increased
the TPC, compared to the TPC obtained with the pure
DESs. According to the literature, 20-25% of water is con-
sidered an ideal water content in DESs as it affects posi-
tively the extraction efficiency of phenolic compounds [25,
40, 41]. On the other hand, adding 25% water to the pure
TEOA:PEG DES negatively affected the TPC of the BMS
extract, which could be ascribed to the disintegrating and
weakening of the DES’s nanostructure, reducing its capacity
to extract phenolic compounds [42].

The differences in TPC can be explained by the difference
in the polarity of the applied DESs and their mixtures (both
aqueous and ethanolic). Moreover, adding water or ethanol
to pure DESs reduces the viscosity of the extraction systems,
thus improving the mass transfer between the solvent and
the plant particles and consequently the TPC [43]. The TPC
values of the BMS extracts obtained in the present study are
smaller than those reported for the ethanolic BMS extracted
with a help of ultrasound irradiation (80 mg GAE/g BMS)
[17] and are close to or higher than those reported for the
methanolic BMS extracts (5.16-16.1 mg GAE/g BMS)
[44-47T].

These differences may be due to different variety, matu-
rity stage, growing conditions of the plant [48], or extracting
conditions. According to Zheng and Wang [49], the range of
TPC-value in medicinal and culinary plants is 0.23-2.85 and
0.26-17.51 mg GAE/g BMS, respectively so black mustard

Table2 TEM yield, TPC and TFC in BMS extract obtained with different solvents

Main solvent Additional solvent TEM yield TEM TPC TFC TFC/TPC TPC/TEM TFC/TEM
(g/100 g BMS) recovery (mg GAE/g BMS) (mg QE/g BMS) ratio (%) (%) (%)
(%)*
Ethanol - 15.940.5 86.4 23.2+0.1% 6.8+0.2% 293 14.6+0.5° 4.3+0.0°
TEOA:G - 16.0+0.2° 87.0 20.6+0.4° 49+0.1° 23.8 129+0.1°> 3.1+0.1°
TEOA:G Water 25% 18.2+0.4° 98.9 22.6+0.5% 4.6+0.2° 20.3 124+0.1° 25+0.1°
TEOA:G Ethanol 25% 17.4+0.8° 94.6 32.240.2° 7.240.2%¢ 22.3 18.5+0.8° 4.1+0.1°
TEOA:PEG - 17.3+0.8° 94.0 23.5+0.7%4 6.7+0.3 28.5 13.6+0.3° 3.9+0.2°
TEOA:PEG  Water 25% 18.4+0.9° 100.0 19.9+0.1° 5.6+0.3¢ 28.1 10.8+0.5° 3.0+0.1°
TEOA:PEG  Ethanol 25% 18.1+0.7° 98.4 29.3+0.3" 7.4+0.3¢ 252 162+0.5"  4.1+0.0°
ChCl:U - 13.3+0.8° 72.3 23.2+0.2° 5.6+0.5¢ 24.1 1754094 42402
ChCl:U Water 25% 15.5+0.8° 84.2 24.0+0.0¢ 3.9+0.1° 16.3 155+0.8" 25+0.1°
ChCL:U Ethanol 25% 14.3+0.6° 77.7 25.8+0.1¢8 6.4+0.3 24.8 18.1+0.7¢ 4.5+0.2°

Results are mean values of triplicate determination + standard deviation. TEM yield, TPC and TFC obtained with different solvents were tested
by Duncan’s multiple range test. The values that have no common superscript are significantly different at the 95% confidence level

*Relative to the TEM yield achieved by the mixture of the TEOA:PEG DES and water
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can be classified as a plant with a relatively high content of
phenolic compounds.

Duncan’s multiple range test showed statistically sig-
nificant differences at the 95% confidence level for the TFC
in most of the BMS extracts, indicating that the choice of
a solvent has a major impact on TFC. The BMS extracts
obtained by pure DESs had a lower TFC compared to the
BMS extract obtained with ethanol (Table 2). The 25%
ethanol added to the DESs causes a greater extraction of
phenolic compounds, unlike the 25% water addition to the
DESs that has the opposite effect, i.e. reduces the extraction
of phenolic compounds. This effect is the greatest in the case
of the TEOA:PEG and ChCl:U DESs and the least with the
TEOA.:G DES. The TEOA:PEG DES with 25% ethanol gave
the highest TFC value. Also, all BMS extracts obtained with
the mixtures of all tested DESs with 25% water had a lower
TFC compared to the extracts obtained with the correspond-
ing pure DES or ethanol.

Duncan’s multiple range test showed no statistically sig-
nificant differences at the 95% confidence level for the TFC
of the BMS extract obtained with ethanol and the ethanolic
mixtures of the TEOA:G and ChCl:U DESs. According to
the TPC, the highest TFC was found for the BMS extract
of the ethanolic mixtures of the TEOA:PEG and TEOA:G
DESs (7.4 and 7.2 mg QE/g BMS, respectively). The highest
TFC reported for a methanolic black mustard leaves extract
was 7.75 mg QE/g [13].

Generally, regarding selectivity, the best solvents for total
phenolics and flavonoids were the mixtures of all three DESs
with ethanol and the ChCI:U DES that provided the highest
average values of the TPC/TEM ratio (Table 2). The addition
of 25% ethanol to the DESs increased their selectivity with
respect to both TPC and TFC. Among these solvents, the
highest average TPC/TEM ratio was achieved with the mix-
ture of the TEOA:G DES and ethanol (18.5+0.8%) whereas
the mixture of the ChCl:U DES and ethanol provided the
highest average TFC/TEM ratio (4.5 +0.2%), confirming
the earlier observances [32, 33, 50]. Besides its mixtures
with the DESs, ethanol, applied alone, was very selective
in dissolving total flavonoids. The addition of 25% water to
the DESs significantly reduced their selectivity with respect
to both TPC and TFC, probably because the water polarity
of those solvents causes a limited ability to dissolve some
phenolic compounds [20, 51, 52]. These results suggested
the use of the mixtures of TEOA:G, TEOA:PEG, or ChCl:U
DESs and ethanol as the solvent for extracting total pheno-
lics or flavonoids from BMS.

Based on the results presented in Table 2, no clear rela-
tionship between the TPC and TFC with the TEM yield
is observed. This is expected since the applied solvents
extract not only phenolic and flavonoid compounds but
also other components present in BMS, such as proteins,
terpenoids, alkaloids, etc. [20]. However, it seems that a

direct relationship might exist between the TFC and the
TPC as their ratio (Table 2) is around the average value of
24.3+4.0%.

DPPH test

The ICs, values of the BMS extracts obtained with different
solvents are shown in Fig. 1. According to Duncan’s mul-
tiple range test, there is a statistically significant difference
at the 95% confidence level among the ICy, values of the
BMS extract obtained with ethanol, the pure DESs, and the
DESs mixtures with ethanol and water. The highest anti-
oxidant activity was reported for the extracts obtained with
the pure ChCI:U DES and with ChCl:U and TEOA:G DESs
ethanolic mixtures (100 ug/mL), which was better by 33.3%
than the antioxidant activity of the extract obtained with
pure ethanol. The antioxidant activity of the BMS extract
obtained with the TEOA:PEG DES was almost the same
as the antioxidant activity of the extract obtained with pure
ethanol. As expected according to the TPC of the BMS
extracts, the addition of ethanol increased the antioxidant
activity compared to those of the extracts obtained with the
corresponding DESs while adding water to the pure DESs
had an opposite effect. To the best authors’ knowledge, there
are no literature data on the antioxidant activity of BMS
extract, obtained by this method, except for the methanolic
black mustard leaves extract (134.6 +6.42 ug/mL) [13].

Hierarchical cluster analysis of BMS extracts

Hierarchical cluster analysis is an algorithm that groups
similar objects into groups called clusters. The endpoint

200

) * with 25% water
180 4 —  |** with 25% ethanol

160 ] ——
140 ~ ——
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100 —F

80

ICso (pg/ml)
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40 4

20 4
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d 0 G & O B & oD Y W
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Solvents used for extraction

Fig. 1 ICj, values of extracts of BMS obtained with different solvents
(mean value + standard deviation)
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is a set of clusters, where each cluster is distinct from
each other cluster, and the objects within each cluster are
broadly like each other. Figure 2 presents a dendrogram
of 30 different solvents based on the contents of the seven
selected variables, i.e. seven different extracts parameters
(TEM yield, TPC, TFC, ICs,, TFC/TPC, 1C5y/TPC, and
IC5/TFC values). The clustering results illustrate that all
the tested samples can be divided into two main clusters.
The first cluster has five subclusters of the extracts obtained
by ethanol, TEOA:PEG DES (first subcluster), TEOA:PEG
DES with ethanol (second subcluster), pure TEOA:G DES,
and TEOA:G DES with water (third subcluster), TEOA:PEG
DES with water (fourth subcluster), and ChCl:U DES with
water (fifth subcluster). In the second cluster, the extracts
obtained by ChCl:U DES, ChCl:U DES with ethanol (first
subcluster) and TEOA:G DES with ethanol (second sub-
cluster) are grouped. The BMS extracts of the second clus-
ter have the same or better antioxidant activity than the
extracts of the first cluster. In addition, the extracts obtained
by TEOA:PEG DES with ethanol and TEOA:G DES with
ethanol are clearly distinct in their cluster because of their
highest TPC and TFC. Hierarchical cluster analysis shows
the same observations that coincide with the results and dis-
cussion discussed above.

HPLC analysis

The contents of individual phenolic compounds of the BMS
extracts obtained with different solvents are given in Table 3.

Fig.2 Hierarchical cluster
analysis dendrograms of thirty
BMS extracts, obtained by
different solvents (ethanol,

All the BMS extracts obtained with the pure DESs or their
aqueous and ethanolic mixtures contained more identified
phenolic compounds than the ethanolic extract. The highest
content of the identified phenolic compounds was reported
in the BMS extract obtained with the ChCl:U DES with 25%
ethanol, which is in accordance with its antioxidant activity.

Among the phenolic acids, gallic acid was the most abun-
dant in the BMS extracts. The highest gallic acid content
was determined in the BMS extract obtained with TEOA:G
DES with 25% ethanol and with ChCl:U and ChCIl:U
DESs with 25% ethanol (17.53 £0.17 mg/g of dry extract,
11.45+0.11 mg/g of dry extract and 11.45+0.11 mg/g of
dry extract, respectively). Rutin was the most abundant
flavonoid in all BMS extracts. The highest rutin content
was determined in the BMS extract obtained with the pure
ChCl:U DES (4.22+0.31 21 mg/g of dry extract), ChCl:U
DES with 25% ethanol (4.76 +0.21 mg/g of dry extract) and
25% water (4.12+0.24 21 mg/g of dry extract). The pres-
ence of rutin and gallic acid in BMS extracts has been previ-
ously reported in the literature [17, 46]. The values for rutin,
gallic acid, and caffeic acid obtained in the present study are
in the range of 1.24-4.76, 1.83-17.53, and 0.07-1.47 mg/g
of dry extract, respectively, which is similar to the contents
of these compounds in the methanolic black mustard leaves
extract (0.36, 4.31, and 0.55 mg/g of dry extract, respec-
tively) reported by [13]. Adding water to the TEOA:PEG
DES increased the content of syringic acid, caffeic acid, caf-
taric acid, and apigenin in the corresponding BMS extracts,
compared to their contents in the extracts obtained by pure

Tree Diagramfor 30 Variables
Single Linkage
Euclidean distances

*with 25% water
**with 25% ethanol

pure DESs, and DESs mixtures Ethanol
. PEG
with ethanol or water), based Ethanol a
on testing TEM, TPC, TFC, T E%ﬁhanol
ICsy, TFC/TPC, IC5y/TFC, and APEG —
ierar- TEQAPEG™
IC§0/T FC valges. The hierar: TEOAPEG* '
chical clustering was done by TEOAPEG**
Statistica. Ward’s method was TEOAEG B
. . . TEOAG
applied, and Euclidean distance TEOA:G*
TEQA:G*
was selected as a measure TEQAG*
TEQAPEG*
TEOAPEG*
TEQAPEG*
Ll
b —
ChCl:U* 1
ChCI:U*
TEQAG*
TEQOAG*
ChCI:U
ChCl-U*™
ChCl:U™
ChCl:U*
ChCIU
ChClU ———
TEOAG* T
0 5

@ Springer

10 15 20 25 30
Linkage Distance



Extraction of phenolic compounds from black mustard (Brassica nigra L.) seed by deep eutectic... 1937

Table 3 The contents of individual phenolic compounds of the BMS extracts obtained with different solvents

5

Additional solvent Phenolic compound (mg/g dry extract)

Main solvent

Taxifolin  Hyperoside Vitexin

Apigenin

Syringic acid Ellagic acid Gallic acid Caffeic acid Caftaric acid Kaempferol Rutin

n.d
n.d

0.12+0.05

n.d

0.17+0.05 2.66+0.28 0.86+0.02 0.19+0.01 0.07+0.008 n.d

1.85+0.15 nd

2.51+044 0.43+0.01 0.31+0.06 0.35+0.07

n.d

3.95+0.13

1.14+0.12  0.19+0.01

1.83+0.14

n.d
n.d
n.d
n.d

0.73+0.07
0.72+0.01
0.68+0.15
0.86+0.25
0.47+0.14

None

Ethanol

1.24+0.16 1.75+0.31 nd

0.27+0.04 2.92+0.17
0.19+0.02

1091+0.51 nd
3.85+0.11

None

TEOA:G

n.d

1.92+0.05
2.93+0.21
0.80+0.01

n.d

17.53+0.17 nd

Water, 25%

TEOA:G

235+0.19 0.75+0.19 0.20+0.02 nd

Ethanol, 25%

None

TEOA:G

n.d
n.d
n.d

1.74+0.19 3.15+0.17 0.30+0.06 n.d

n.d
n.d
n.d
n.d
n.d
n.d

0.99+0.02

1.72+0.02 6.96+0.19 0.19+0.03
1.46+0.01

TEOA:PEG

2.06+0.11 0.31+0.06 0.33+0.04 nd

1.13+0.07

6.71+0.18

1.45+0.11
n.d

Water, 25%

TEOA:PEG

422+0.31 046+0.06 0.31+0.01 nd

0.97+0.04

1.46+0.12 2.40+0.11

1145+0.11 0.26+0.01

0.13+0.07 5.10+0.14 0.07+0.005 0.50+0.09

Ethanol, 25%

None

TEOA:PEG
ChCl:U

0.38+0.03
3.36+0.14
3.69+0.17

14.1

4.12+0.24 1.46+0.21 0.78+0.04 n.d

9.31+0.33

n.d
n.d
n.d

17.9

1.54+0.14

476+0.21 1.49+0.14 1.09+0.22 nd

2.35+0.14

1.16+0.18
1.38+0.11

16.55

Water, 25%

ChCL:U

11.43+0.19 1.47+0.17

Ethanol, 25%

ChCL:U

15.5 14

14.6

13.4 12.5 18.7 11.6

9.0

Retention time (min)

*Results are mean values of triplicate determination + standard deviation

nd Not detected

DESs while adding ethanol reduced their contents. The
content of other phenolic compounds after adding water or
ethanol to this DES is reduced except at apigenin where
it remained almost the same. The addition of water to the
ChCl:U DES improved its extraction ability for caffeic acid,
caftaric acid, apigenin, taxifolin, and vitexin. Compared to
the pure ChCl:U DES, its aqueous mixture extracted twice
to ninefold more these compounds. Also, the addition of
ethanol to the ChCIl:U DES improved its extraction ability
for caffeic acid, caftaric acid, rutin, apigenin, taxifolin, and
vitexin. The extraction efficiency of other phenolic com-
pounds was almost the same with the addition of either water
or ethanol to the ChCl:U DES. ChCl-based DESs have been
successfully used for the extraction of catechin [16], rutin,
and kaempherol [15].

Conclusions

In this study, the extraction of phenolic compounds from
BMS by the pure TEOA:G, TEOA:PEG, and ChCI:U DESs,
as well as their mixtures with 25% water or ethanol, was
investigated and compared with the extraction efficiency of
pure ethanol. To the best of the authors’ knowledge, this is
the first study of using DESs in the extraction of phenolic
compounds from BMS. Based on the TPC, TFC, and ICs,
values of the obtained BMS extracts, the use of the tested
DESs in the extraction of phenolic compounds from BMS
was proved to be very successful. The most suitable solvents
were the DESs with 25% ethanol as their BMS extracts had
the highest TPC and TFC values (25.8 +£0.1-32.22+0.2 mg
GAEFE/g and 6.4 +0.3-7.4+0.3 mg QE/g, respectively) and
the lowest ICs, values of 100 mg/ml. According to the HPLC
analysis, these extracts are rich in phenolic compounds, with
gallic acid and rutin being the most abundant. Although only
three DESs have been studied, these results indicate the need
to test a broader range of DESs for the extraction of phenolic
compounds from BMS and to further investigate the impact
of the addition of a secondary solvent (such as water and
ethanol) to a pure DES.
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