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Extraction of Bioactive Compounds of Broccoli with Deep
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This research investigated the extraction of bioactive compounds from broccoli utilizing three
choline chloride deep eutectic solvents (DESs)—DES]1 (sorbitol), DES2 (glycerol), and DES3
(thiourea)—with ultrasound-assisted extraction. DES3 provided the greatest extract amount (7.8
g/100 g). HPLC showed higher levels of vitamins A and C, while vitamins E and K were present
at lower levels. Successful identification and quantification of sulforaphane and several phenolic
compounds, including catechin, gallic acid, and rutin, was accomplished. The existence of
essential trace elements was confirmed by XRF spectrometry, including K, Mg, Ca, and Fe.
Phytochemical screening confirmed the presence of alkaloids, flavonoids, saponins, terpenes,
and glycosides. Quantum chemical calculations revealed that DES1 had the most stable structure.
The findings illustrate that DESs are effective, green solvents for the extraction of a variety of
bioactive compounds from broccoli, thus demonstrating the value of broccoli as a source of

antioxidants and nutraceuticals.
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Broccoli, a versatile vegetable from the Brassicaceae
family of cabbages, has a soft texture when cooked
and a wonderful crunch when eaten raw [1]. Broccoli,
closely akin to cauliflower in its growth habits, and
thrives in cooler climates and gives significant health
benefits. It plays an essential role in regulating
blood sugar, and reducing cholesterol, and lowering
blood pressure. Notably, broccoli is rich in
sulforaphane, a compound with potent anti-cancer
properties. While recognized for its nutritional value,
broccoli cultivation remains exceedingly uncommon
in Iraq, often being grown alongside cauliflower
[2, 3]. Broccoli is a nutritional powerhouse, brimming
with vitamins C and K, folate (vitamin B9), and
dietary fiber. It also includes an array of antioxidants,
including beta-carotene, and essential minerals
such as potassium and manganese [4-6]. Consuming
broccoli (Brassica oleracea var. Italica) gives a
large number of fitness benefits. It strengthens the
immune system, improves heart fitness, improves
digestion, and can even have anti-cancer properties
due to its rich antioxidant content [7]. Brassica
oleracea var. Italica exhibits various functional
properties associated with its secondary metabolites,
including  phenolic = compounds, carotenoids,
chlorophyll, alkaloids, glycosylates, and others,
especially during extraction [8]. The liquid
extraction technique is cost-effective, easy, fast,
and gives excessive extraction efficiency. However,
its number one drawback lies in the use of
extraordinarily poisonous and environmentally
unsafe solvents, along with chloroform, carbon
tetrachloride, and chlorobenzene. As a result,

there has been growing attention to greener, more
environmentally friendly solvents as alternatives for
liquid extraction [9-13]. Deep eutectic solvents
(DESs), a brand-new era of green solvents, have
attracted considerable interest from both medical
and technological groups. Their enchantment
lies in their precise characteristics, along with
simple synthesis, low-value raw materials,
and renewability [14-16]. DESs are normally
composed of two or more environmentally friendly
additives that interact through hydrogen bonding
between a hydrogen bond acceptor (HBA) and
a hydrogen bond donor (HBD) [17-19].
Hydrophilic DESs are broadly used in various
fields, along with serving as solvents or catalysts
in chemical reactions [20-22], applications in
electrochemistry [23, 24], usage in pharmaceuticals
[25], and involvement in separation techniques
[26-28]. Liquid extraction- ultrasound with deep
eutectic solvents (DESs) is a widely used
extraction procedure that is cost-effective and
straightforward. These extraction methods can
be completed in less than one hour. Furthermore,
this technique can be used to extract active
substances and essential oils from plant sources.
The extraction efficiency of active compounds
from plant material depends on the type of deep
eutectic solvents and the kind of plant material.
In this study, various deep eutectic solvents were
used to extract the bioactive compounds and
evaluate the highest percentage of extraction
of broccoli plants using the liquid extraction-
ultrasound method.
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EXPERIMENTAL
Chemicals and Materials

The solvents and chemicals were used without
purification. Three deep eutectic solvents were
created: Choline Chloride and Sorbitol (DES1),
Choline Chloride and glycerol (DES2), and Choline
Chloride and thiourea (DES3). The Choline Chloride
was acquired from ZhengZhou Mct Co. (China),
Sorbitol from Zhucheng Dongxiao Co. (China),
and glycerol and thiourea from Sigma-Aldrich

I Thiourea
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Co. (Germany). The solvents prepared were
characterized using FTIR spectra (Bruker, alpha
2 from Germany). This DES solvent was further
characterized using 1H-NMR spectra (Bruker
Bio Spin GmbH Spectrometer operating at 400
MHz, Germany), and this was executed in a
deuterated DMSO solvent. For the extraction,
an ultrasonic bath [Model XUBS5, Formators
(Type Solution), HPLC system (Sykam S3210,
Germany), and X-ray fluorescence spectrometry
(Rigaku Nex CG benchtop XRF, Texas, USA)
was used to analyze samples.
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Figure 1. Schematic of Broccoli extraction.
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Table. 1. Deep eutectic solvents used for extraction.

Abbreviation Component 1 Component 2 Mole Ratio
DESI Sorbitol
DES2 Choline chloride Glycerol 1:1
DES3 Thiourea

Characterization Methods
Collecting Broccoli Plant

The Broccoli was acquired from a nearby market in
Baghdad, Iraq, in September 2024. The entire plant
material was rinsed with water to eliminate any soil
particles. The substance is subjected to a process of
air-drying at ambient temperature for many days, after
which it is finely ground into a powder.

Preparation of Deep Eutectic Solvents (DESs)

The process of deep eutectic solvent preparation
depends on the heating of the two individual
components at 85 °C for DES1 and DES2, while
DES3 was heated at 120 °C and continuously stirred
on a magnetic stirring apparatus for 60—180min until
the mixture was melted and the homogeneous
solvents were formed [29]. The following DESs
were prepared: Choline chloride + sorbitol (DES1),
Choline chloride + glycerol (DES2), and Choline
chloride + thiourea (DES3) (Table 1).

Extraction

The extraction was achieved with three deep eutectic
solvents (DES1, DES2, and DES3) in a sonication
water bath, providing dried powdered plant material:
solvent ratio of 1:20. The conditions of the ultrasound
device were set to 30 min at 50 °C. After the extraction,
all samples were filtered, and the solution was collected
for further analysis [38].

Determination of Vitamin Concentration

The HPLC system used in the experiment was a
Sykam device from Germany. A C18 column with
a diameter of 4.6 mm and a length of 25 cm was
utilized. The UV detector was set to function at
a wavelength of 280 nm, with a flow rate of 0.7
mL/min. The mobile phase consisted of an
isocratic mixture of acetonitrile and distilled
water in a 75:25 ratio. For sample preparation,
(5 mL) of 0.1% butylhydroxytoluene in methanol
was added to two mL of the sample, which was
then saved in the dark for two hours in a tightly
sealed container and stirred for 20 minutes at

room temperature. Before injection into the column,
the samples were centrifuged and analysed within
1 hour [30,31].

Determination of Sulforaphane

The HPLC equipment employed to determine the
sulforaphane compound was the Sykam from
Germany. The column used was a C18 column with
a circumference of 4.6 mm and an overall length of
25 cm. The apparatus utilized for detecting UV at a
wavelength of 235 nm. The liquid flow rate passing
through the HPLC device is set at 1 mL /min. The
mobile phase used consists of a combination of
acetonitrile: Distilled Water: formic acid (75:25:5) [32].

Determination of Phenolic Compounds

The HPLC equipment utilized for the experiment
was the Sykam from Germany. The column used
was a C18 column with a circumference of 4.6 mm
and an overall length of 25 cm. The apparatus is
used for detecting UV at a wavelength of 280 nm.
The flow rate of the liquid passing through the
HPLC device is set at | mL per minute. The mobile
phase used consists of a combination of methanol:
Distilled Water: formic acid (75:25:5) [33,34].

Trace Elements Determination

The Iraqi Atomic Energy Commission/Central
Laboratories Directorate in Baghdad used X-ray
fluorescence spectrometry (XRF), Rigaku Nex
CG benchtop XRF, Texas, USA, and Contemporary
EDXRF spectrometers of the second generation,
which provide fast and accurate identification
and measurement of both main and trace atomic
elements in a diverse range of samples. These samples
can include oils, liquids, solids, metals, polymers,
powders, pastes, coatings, and thin films. Extracts
were administered intravenously into the device [35].

Phytochemical Compounds

The presence of active compounds in Broccoli extracts
was determined through qualitative analysis using
standard procedures. The following tests were
conducted: alkaloids (Mayer's Test), steroids
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(chloroform + concentrated H2SO,), terpenoids
(Salkowski Test), carbohydrates (Benedict's reagent),
glycosides (Keller Kilianin Test), proteins (NaOH +
copper sulfate), saponins (Foam Test), phenols, tannins,
and resins (lead acetate solution), coumarins (sodium
hydroxide), and flavonoids (Alkaline reagent Test) [36].

RESULTS AND DISCUSSION

Three deep eutectic solvents (DES1, DES2, and
DES3) were prepared using choline chloride as HBA
and sorbitol, glycerol, and thiourea as HBD. The
prepared compounds were characterized utilizing
FTIR and H-NMR spectra.

DESI. FTIR: 3310 cm™'(OH), 2810, 2930 cm"!
(C-H a); H-NMR (DMSO-d¢, 400 MHz): 83.43
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(N(CH3) of choline chloride), 3.53 (CH» of choline
chloride), 3.65 (CH; attached with OH group), 4.10
(OH group in choline chloride), 2.71 (CH; attached
with OH group in sorbitol), 4.31 (OH group of sorbitol).

DES2. FTIR: 3345 cm-1(OH), 2953, 2877 cm’!
(CHa1); H-NMR (DMSO-d6, 400 MHz): 43.30
(N(CHa3)3 of choline chloride), 3.33(CH; attached
with N(CH3)3), 3.36 (CH2 attached with OH
group), 4.49 (OH- group in choline chloride), 3.2
(CH; attached with OH group).

DES3. FTIR: 3434 cm™' (OH), 3296, 3210
(NH; in thiourea), 2975 ¢cm*'(C-H ,.); H-NMR
(DMSO-ds, 400 MHz): 62.70 (N(CH3)3), 2.48 (CH»
attached N(CH3)3), 3.38 (OH group of choline
chloride), 7.13(NH group of thiourea).
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Figure 2. FTIR spectrum of DES].
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Figure 3. H-NMR spectrum of DESI.

Quantum Chemical Calculations

Figure 4 shows the structures of the DESs. Choline
chloride interacted similarly with sorbitol, glycerol,
and thiourea in a 1:1 ratio. In these combinations, the
DESs were stabilized by hydrogen bonds between
the chloride and the hydroxy group in sorbitol and

glycerol, and also with the amino group in thiourea.
Table 2 shows that DES1 was more stable than the
others because of its better thermodynamic properties,
such as the lowest total energy, strongest binding
energy, most exothermic heat of formation, and most
favorable electronic energy. These factors suggest that
DESI has a very stable and well-formed structure.
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Figure 4. PM3-optimized structures of deep eutectic solvents.

After preparing the deep eutectic solvents, we
use these solvents in the extraction of bioactive
compounds from the broccoli plant utilizing an
ultrasound device.

Vitamins Determination

Figure 5 (a, b, ¢) and Table 2 show the results of the
HPLC system's measurements using Column C18 and

wavelength (280 nm) with reference substances for
each type of vitamin determined. Using the following
equation, the area of the pick for the reference
substance and the area of the pick for the required
vitamin were compared to determine the concentration
per vitamin:

A sample

W X C standard

C sample =
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Table 2. Thermodynamic properties of synthesized DESs.

Energy type DES1 DES2 DES3
Total energy (Kcal/mol) | -91746.3 -64539.5 -52498.5
Binding energy
(Kcal/mol) -4150.6 -3297.4 -2605.4
Heat of formation
(Kcal/mol) -312.6 -188.3 -148.2
Electronic energy
(Kcal/mol) -669966.9 -391738.1 -315015.1
Nuclear energy 578220.1 | 3271986 | 262516.9
(Kcal/mol)
Hydrogen bonding (A?) 2.328 2.3219 (1)2(1)%

Table 3. Vitamin concentration extracted using DES1, DES2, and DES3.

Vitamins DESI DES2 DES3 Re‘e'(‘;:‘i’:) time
Vit A (IU) 415.6 400.5 4412 3.62

Vit C (ppm) 288.7 260.4 3214 5

Vit K (ppm) 19.8 12.1 28 7.6

Vit E (ppm) 78.9 70.1 83.9 8.14

= 13

Figure 5(a). Chromatogram of DES1 extract for vitamins.

= 5.8

kit
Lid

Figure 5(b). Chromatogram of DES2 extract for vitamins.
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Figure 5(c). Chromatogram of DES3 extract for vitamins.

Table 4. Contents of trace elements in the analyzed samples of broccoli (ppm).

Element DESI1 extract DES2 extract DES3 extract
(ppm) (ppm) (ppm)
Na 29413 21336 49477
Cl 22423 33732 55891
K 1858 2078 1841
S 858 986 73078
P 702 969 680
Mg 647 679 552
Al 507 618 880
Ca 181 153 189
Sn 93 89.2 104
Si 67.9 104 114
Te 53 39.5 59
Fe 22.1 24.7 38.5
Ni 19.2 20.5 26.1
Sb 13.5 7.03 15.9
Ag 7.84 7.26 9.52
Cu 3.58 3.42 4.92
Zn 2.96 3.68 3.98
Br 1.03 0.765 3.80
Cr 0.789 0.865 2.14
Rb 0.489 0.505 0.584
Mn ND 4 6.88
Co ND 0.977 2.25
\4 ND ND 3.28
Hf ND ND 2.29

Trace Elements Determination

The concentration of trace elements in the broccoli
plant's three extracts (DES1, DES2, and DES3) has
been measured by the XRF technique. The result is
shown in the table 4.

Sulforaphane Determination

The results from the HPLC system measurements
are shown in Table 4. These results were gathered

using Column C18 at 235 nm for Sulforaphane,
which was determined using reference substances.
The concentration of Sulforaphane was found by
comparing the peak area of the reference substance
to the peak area of the Sulforaphane in question,
using this equation:

A sample

— X
A standard C standard

sample =
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Table 5. Quantification of sulforaphane concentration in the DES1, DES2, and DES3 extracts of the Broccoli
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plant.
Compound Concentration of | Concentration Concentration of Retention
DESI extract of DES2 extract DES3 extract time(nm)
Sulforaphane 2213 203.9 208 6.12
(ppm)

Phytochemical Compounds

Qualitative phytochemical screening for active
components in broccoli plant extracted in three

Table 6. Experiment Reagents and Chemical Detection broccoli extracts (DES1, DES2, and DES3) Active

solvents (DES1, DES2, and DES3) is shown in
Table 6 below:

Compound.

No. Type of Test DESI extract | DES2 extract | DES3 extract
1 Tannins Test + + +
2 Carbohydrate Test + + +
3 Glycosides Test + + +
4 Phenols Test - + +
5 Resins Test - - -
6 Flavonoid’s Test + + +
7 Saponin Test + + +
8 Alkaloid Test + + -
9 Protein Test - - -
10 Coumarins Test + + -
11 Terpenes Test + - +
12 Steroids Test - - -

Table 7. Quantification of phenolic compounds concentration in the DES1, DES2, and DES3 extracts of the

Broccoli plant.

Compound Concentration of | Concentration of | Concentration of Retention
DESI extract DES2 extract DES3 extract time (nm)
Catechine 22.6 33.6 28.7 5.78
Epicatechine 18.7 254 22.6 83
Gallic acid 41.6 53.6 50.9 10.22
Kaempferol 11.6 20.3 17.4 3.15
Qurcetine 30.1 40.6 45.6 2.00
Rutin 359 44 40.4 4.09
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Figure 6(c). Chromatogram of DES3 extract for phenolic compounds.

Phenolic Compounds Determination ) ) )
the concentration was determined using the HPLC

The phenolic compounds were extracted with three approach. The results are shown in Table 7 and Figure
deep eutectic solvents (DES1, DES2, and DES3), and 6 (a,b,c).
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Figure 7(a). Chromatogram of DES1 extract for amino acids.
Table 8(a). DESI extract for amino acid.
No Retention. Time Area Height Amount Calculation | Peak type Compound
[min] [mAU.s] [mAU] (g/100gm) Name
1 2.05 2105.6 600.1 6.25 Calibration Order Aspartic acid
carve
2 2.68 1452.6 435.6 4.11 Calibration Order Glycine
carve
3 3.12 3587.7 789.8 9.58 Calibration Order Lysine
carve
4 3.92 3698.8 774.9 10.22 Calibration Order Serine
carve
5 4.18 4569.7 820.6 13.08 Calibration Order Threonine
carve
6 5.22 1874.4 564.9 6.25 Calibration Order Isoleucine
carve
7 6.18 3022.5 755.8 8.22 Calibration Order Alanine
carve
8 7.02 1102.6 365.9 4.12 Calibration Order Valine
carve
9 7.69 1578.9 5249 6.25 Calibration |y ;. Tyrosine
carve
10 8.27 3554.1 811.2 12.33 Calibration Order Arginine
carve
11 8.73 3412.0 807.9 15.65 Calibration Order Cysteine
carve
12 9.58 856.9 264.7 3.25 Calibration Order Methionine
carve
13 10.08 2564.1 741.1 10.12 Calibration Order Proline
carve
14 11.7 1010.1 4126 5.77 Calibration Order Histidine
carve
15 12.08 3665.0 710.5 10.36 Calibration Order Lucien
carve
16 12.72 3547.7 711.9 12.65 Calibration Order Glutamic acid
carve
17 13.97 986.4 365.0 3.14 Calc‘grrj;"’“ Order Phenylalanine
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Result chromatography Table (Uncal - F:\DES 2 )
Figure 7(b). Chromatogram of DES2 extract for amino acids.
Table 8(b). DES2 extract for amino acid.
No Retention. Time Area Height Amount Calculation | Peak type Compound
[min] [mAU.s] [mAU] (g/100gm) Name
1 2.08 2250 602.6 7.45 Calibration Order Aspartic acid
carve
2 2.62 1512.6 434.9 6.08 Calibration Order Glycine
carve
3 3.18 3611.4 781.5 11.62 Calibration Order Lysine
carve
4 3.95 3795.1 776.5 13.65 Calibration Order Serine
carve
5 4.14 4632.5 824.6 15.98 Calibration Order Threonine
carve
6 5.26 1952.1 575.9 8.74 Calibration Order Isoleucine
carve
7 6.15 3225.9 765.0 10.33 Calibration Order Alanine
carve
8 7.07 1321.4 3745 6.12 Calibration Order Valine
carve
9 7.66 1698.5 5326 8.97 Calibration |y ;. Tyrosine
carve
10 8.28 3789.0 812.5 14.15 Calibration Order Arginine
carve
11 8.72 4125.9 81.1 18.07 Calibration Order Cysteine
carve
12 9.57 1120.5 275.3 6.25 Calibration Order Methionine
carve
13 10.02 6521.4 745.0 13.44 Calibration Order Proline
carve
14 11.76 2650.1 415.0 8.70 Calibration Order Histidine
carve
15 12.03 3985.8 715.7 14.66 Calibration Order Lucien
carve
16 12.79 7845.9 7135 15.98 Calibration Order Glutamic acid
carve
17 13.91 1124.5 366.9 6.90 Calc‘grrj;"’“ Order Phenylalanine
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Result chromatography Table (Uncal - F:\ DES 3 )
Figure 7(c). Chromatogram of DES3 extract for amino acids.
Table 8(c). DES3 extract for amino acid.
No Retention. Time Area Height Amount Calculation | Peak type Compound
[min] [mAU.s] [mAU] (g/100gm) Name
1 2.02 2201.1 605.9 7.01 Calibration Order Aspartic acid
carve
2 2.68 1488.7 4314 5.85 Calibration |y ;. Glycine
carve
3 3.15 3555.8 785.9 11.14 Calibration Order Lysine
carve
4 3.95 3621.3 771.4 13.32 Calibration Order Serine
carve
5 4.19 4512.6 822.0 15.41 Calibration Order Threonine
carve
6 5.27 1822.5 573.6 8.25 Calibration |, 4. Isoleucine
carve
7 6.16 3165.1 765.0 10.00 Calibration Order Alanine
carve
8 7.03 1235.8 376.4 6.00 Calibration Order Valine
carve
9 7.61 15743 532.8 8.52 Calibration |, 4. Tyrosine
carve
10 8.26 3521.4 817.7 13.89 Calibration Order Arginine
carve
11 8.78 4085.7 813.6 17.84 Calibration Order Cysteine
carve
12 9.58 1099.8 2714 13.00 Calibration |, 4. Methionine
carve
13 10.01 6265.9 741.1 13.00 Calibration Order Proline
carve
14 11.79 2521.0 4109 8.52 Calibration Order Histidine
carve
15 12.03 3845.1 7135 14.32 Calibration Order Lucien
carve
16 12.78 77742 711.4 15.41 Calc‘::go“ Order Glutamic acid
17 13.92 1065 365.9 6.36 Calc‘grrj;"’“ Order Phenylalanine
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Amino Acid Determination

Amino acids provide numerous benefits for human
health, as they play roles in antibacterial, antioxidant,
anti-thrombotic, immuno-stimulating, and anti-
inflammatory activities, among other positive effects
on the body. These compounds are present in the
broccoli plant, and their extraction and identification
necessitate different analytical techniques, such
as supercritical fluid extraction (SFE), solid-phase
extraction (SPE), acid digestion, hydrolysis, or solvent
extraction, due to the complexity of these compounds
[37]. We used solvent extraction with deep eutectic
solvents to extract the amino acids and determine
their concentration using the HPLC technique, as
shown in Table 8(a-c) and Figure 7 (a, b, c).

The results from this study demonstrate that
broccoli extract includes numerous active compounds,
highlighting its potential as a highly active plant
with significant implications for pharmaceutical
and biological functions. Phytochemical screening
of medicinal plants indicates a correlation between
active constituents and various biological and
pharmacological properties. All the findings of this
work, concerning the vitamin, mineral, amino acids,
or chemical compound composition of the broccoli
plant, aligned reasonably well with those from
different previous studies. The notable differences in
results compared to earlier research can be attributed
to the diverse growth habitats of the plants studied,
as well as environmental factors such as soil and
irrigation water quality, temperature, climate, and
other influences that significantly affect the chemical
composition of plants.

CONCLUSION

In summary, this study has shown that three choline
chloride-based deep eutectic solvents (DESs) can be
effective "green" media for the ultrasound-assisted
extraction of a wide range of bioactive compounds
present in broccoli. Among the three solvents, DES3
(choline chloride-thiourea) was found to be the
most effective in the extraction, yielding the highest
extract. Following further analysis, no less than
significant amounts of ER vitamins (especially A
and C), sulforaphane, which is currently recognized
as an important anti-cancer compound, a range of
different phenolic compounds, numerous amino
acids, important essential trace elements, and further a
variety of phytochemicals such as flavonoids and
alkaloids had been extracted. The presence of exciting
phytochemicals during extraction, followed by the
screening of isolated compounds, is supportive of the
plant having potential health benefits and antioxidant
properties. Overall, this study confirms that DESs
are a viable alternative "green" option to organic
solvents for valorizing broccoli and still maintaining
its health benefits. These bioactive compounds
extracted highlight the potential for broccoli to be an
inexpensive and surplus source of nutraceuticals and
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functional food components. The green extraction
process proposed in this study presents further
options for the utilization of natural products in the
pharmaceutical and food industries, while incorporating
sustainable chemistry principles.
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