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additives in the ultrasound-assisted extraction of
plant material†
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The aim of the present study was to determine the antioxidant activity of the aqueous extracts from

Lycopodium clavatum, Cetraria islandica and Dipsacus fullonum obtained using aqueous solutions of

ionic liquids by the ultrasound-assisted extraction (IL-UAE) method. Triethanolammonium salts

[TEAH]+[AA]� of four amino acids of different hydrophobicity – isoleucine – Ile, methionine – Met,

threonine – Thr and arginine – Arg, were chosen as ionic liquids, because they are based on natural,

bio-renewable raw materials, such as amino acids and contain a pharmaceutically and cosmetically

acceptable counterion of triethanolamine. Triethanolammonium salts were synthesized, identified by

spectroscopic methods (NMR and FT-IR) and characterized by thermal methods (DSC and TGA). The

2.5% w/v aqueous solutions of triethanolammonium amino acid salts were used as the solvents in

combination with ultrasound assisted extraction (UAE). The estimation of antioxidant properties was

carried out using the DPPH, FRAP and CUPRAC assays. Total polyphenol content was measured using

the reagent Folin–Ciocalteu. The results showed that the use of [TEAH]+[Thr]� or [TEAH]+[Met]� aqueous

solutions increased the antioxidant activity of extracts in comparison to that achieved for extracts with

pure water. The use of [TEAH]+[Thr]� as an additive for ultrasound-assisted extraction was characterized

by obtaining plant extracts with the highest antioxidant potential, even 2.4-fold. The use of the AAIL-UAE

method allowed obtaining higher amounts of polyphenols compared to pure water extracts, even 5.5-

fold. The used method allowed the extraction of thermosensitive natural compounds, shortened the

extraction time and lowered energy consumption.
Introduction

Antioxidants are a broad class of substances characterized by
the ability to inhibit oxidation through various mechanisms of
neutralizing or scavenging free radicals. As a result, cells of the
living organism are protected against oxidative stress.1,2 Due to
these properties, they exhibit anti-inammatory properties,
improve the sealing of blood vessels, and have anti-cancer and
anti-mutagenic properties.2,3 The isolation of compounds with
antioxidant properties includes commonly used methods such
as Soxhlet extraction (SLE),4 solvent extraction,5 ultrasound-
assisted extraction (UAE)6 or microwave extraction (MAE).7

The modern use of ultrasound-assisted extraction allows
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increasing the efficiency of the process while reducing energy
and solvent consumption, shortening the extraction time and
lowering temperatures.8 The use of ultrasound for the plant
extraction causes disruption of cell walls, fragmentation of
plant material and facilitates the migration of organic
compounds to the solvent by rapid collapse of the bubbles
formed in a variable pressure eld under the inuence of the
cavitation phenomenon.9 Thus, this method is more environ-
mentally friendly compared to the traditional methods using
organic solvents and is classied as the so-called “green-
extraction technique”.

Ionic liquids are designable, low melting ionic compounds
with unique properties such as low vapor pressure, high
thermal and chemical stability and non-ammability, which
can be appropriately modied by selecting the organic cation
and organic or inorganic anion.10 In recent years, ionic liquids
have been gaining recognition as substitutes for organic
solvents, and their use is constantly expanding in organic
synthesis, catalysis and separation processes as media and
catalysts.11–13 Due to the wide and increasing use, a lot of
attention is being paid to ionic liquids based on renewable raw
materials, such as amino acids, proteins, fats, sugars and
RSC Adv., 2021, 11, 25983–25994 | 25983
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terpenes.13–16 Ionic liquids based on these raw materials are
characterized by high biodegradability, low toxicity, easy access
to reactants, and biocompatibility with living organisms.17 Due
to the above properties, they can be promising additives for the
separation of various substances from plant material.18–23

The combination of ultrasound-assisted extraction with
ionic liquids instead of the commonly used organic solvents,
e.g. methanol and chloroform allows obtaining extracts with
higher antioxidant potential. Ionic liquids based on imidazo-
lium cations are the most widely studied as solvents for
extraction of natural products, also in combination with the
UAE method.21 They provide good solubility of phenolic
compounds. For example [BMIM][PF6] was effective for extrac-
tion of gallic acid, chlorogenic acid, rutin, psoralen, and ber-
gapten from Ficus carica L.24 and magnolol and honokiol from
cortex Magnoliae officinalis,25 whereas [BMIM][BF4] for chloro-
genic acid from Lonicera japonica Thunb.26 Additionally, in the
extraction of carnosic acid and rosmarinic acid from Rosmar-
inus officinalis the best yields were achieved with [OMIM][Br].27

Ionic liquids have also proved to be good solvents for alkaloids,
for example [AMIM][Br] for the extraction of vindoline, cathar-
anthine and vinblastine from Catharanthus roseus28 and [BMIM]
[BF4] for fangchinoline and tetrandrine from Stephaniae tet-
randrae.29 Moreover, isoavones were also extracted with imi-
dazolium ionic liquids, and [EMIM][BF4] was efficiently used for
tectorigenin, iristectorigenin A, irigenin, and irisorentin
extraction from Belamcanda chinensis,30 and [HMIM][Br] for gen-
istin, genistein, daidzin, and daidzein from soy.31 Another inter-
esting report revealed the combination of UAE with protic ionic
liquids from the group of the ammonium salts, such as 2-
hydroxyethylammonium acetate (2-HEAA) and 2-hydrox-
yethylammonium formate (2-HEAF) for extraction of the phycobi-
liproteins from the microalgae Spirulina (Arthrospira) platensis.32

The results were compared to that achieved with [BMIM][Cl] as the
solvent and showed that the highest concentration of phycobili-
proteins was achieved using the mixture 2-HEAA + 2-HEAF (1 : 1 v/
v) within 30 min of extraction. Other authors have shown that
using the UAE method, the aqueous solution of ionic liquids
exhibited higher efficiency of phenolics extraction than water or
methanol as the solvent.24 Moreover, it was revealed that the
shorter alkyl substituents in the cation of ILs provide a better
miscibility with water and are the crucial factor for an increase in
the extraction efficiency. Additionally, the ionic liquids based on
small and hydrophilic anions, such as Cl�, Br�, BF4

�, PF6
�, CnCO2

and CnSO4, are more desired.21–23

Among plants with antioxidant properties, we can distinguish
the clubmoss (Lycopodium clavatum L.), the Icelandic moss
(Cetraria islandica (L.) Ach.) and the wild teasel (Dipsacus
fullonum L.). These plants are characterized by the content of
antioxidant compounds such as polyphenols, terpenoids, phenolic
acids, avonoids, alkaloids and vitamins.33–37 The antioxidant
activity of Lycopodium clavatum, Cetraria islandica and Dipsacus
fullonum extracts has been conrmed in studies by different
authors.36–47 Table 1 presents the results of the antioxidant
potential of the extracts, for the preparation of which various
extraction techniques were used. Generally conventional methods
such as classical extraction under stirring under ambient
25984 | RSC Adv., 2021, 11, 25983–25994
conditions or at elevated temperatures with various organic
solvents were used. Mainly ethanol (40–96%)36,41,45 and methanol
(50–100%)35,38–40,42–44,46 were used to obtain extracts by maceration,
and antioxidant potential was measured usually for dry extracts.
Other solvents such as water, acetone, petroleum ether, chloro-
form and ethyl acetate were also used.35–38,42,43,47 Plant extracts of C.
islandica and D. fullonum were obtained also using a Soxhlet
extractor.40,42 In the case of D. fullonum, extraction was conducted
under shaking sonication conditions.46 Moreover, different anti-
oxidation activity assays were applied (Table 1). However, no
reports were found about the antioxidant activity of extracts from
these plants, prepared using aqueous solutions of ionic liquids.

The aim of the presented studies was to determine the antioxi-
dant activity of the aqueous extracts from Lycopodium clavatum,
Cetraria islandica and Dipsacus fullonum obtained using aqueous
solutions of ionic liquids by the ultrasound-assisted extraction (IL-
UAE) method. Among the many ionic liquids, we have chosen trie-
thanolammonium salts of amino acids, because they are based on
natural, bio-renewable raw materials, such as amino acids and
contain a pharmaceutically and cosmetically acceptable counterion
of triethanolamine.Moreover, the rawmaterials used to obtain these
ionic liquids are inexpensive and easily available. Finally, due to their
natural origin, they have improved properties froman environmental
standpoint. Aqueous solutions of ionic liquids were selected for the
extraction, due to the safety of water, but also the solubility of these
amino acid ionic liquids (AAILs) only in water. Pure AAILs, i.e.
without the water addition, were not used because of their high
viscosity, which could increase evenmore during extraction and thus
reduce the extraction efficiency due to the ability of some AAILs to
dissolve the lignocellulose fraction.48–50 Moreover, the literature sug-
gested a great advantage of using aqueous solutions of ILs over pure
ILs.51–54Tomeasure the antioxidant potential of plant extracts, in vitro
methods, based on the reduction properties of antioxidants, such as
the DPPH, CUPRAC and FRAP assays were chosen. Additionally, the
total polyphenol content was assessed using the Folin–Ciocalteu (F–
C) method. Determination of biological activity by in vitro assays is
easy to realize, less expensive and error-prone and also takes less time
than traditional in vivo methods.55

Experimental
Materials

The following amino acids were used for the synthesis: L-thre-
onine (Thr, >99 wt%, pure), L-methionine (Met, >99 wt%, pure),
L-arginine (Arg, >99 wt%, pure), L-isoleucine (Ile, >99 wt%,
pure), purchased from Roth, and triethanolamine (TEA)
(>99 wt%, pure) from Acros Organics. DPPH (2,2-diphenyl-1-
picrylhydrazyl), TPTZ (2,4,6-tris(2-pyridyl)-s-triazine) and Tro-
lox (6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid)
were purchased from Sigma-Aldrich (USA). Folin–Ciocalteu
phenol reagent, iron(II) sulfate heptahydrate and gallic acid
were obtained from Merck (Germany), whereas ethanol, 99.5%
acetic acid, sodium acetate anhydrous, 36% hydrochloric acid,
iron(III) chloride hexahydrate, copper(II) chloride dihydrate, and
sodium carbonate anhydrous were obtained from Chempur
(Poland). Neocuproine was delivered by J&K Scientic
(Germany).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Data of antioxidant potential for extracts from Lycopodium clavatum, Cetraria islandica and Dipsacus fullonum obtained by different
methods and under various conditions

Extraction method and conditionsa
Antioxidant capacity/activity
assaysb Antioxidant potential valuec Ref.

Lycopodium clavatum
HRE DPPH 11.3 � 1.64% (PLE); no activity observed (CHCl3); 44.1 �

5.94% (CHCl3 + alkaloid fraction); 26.6 � 0.7% (EtOAc); 30.3
� 0.15% (MeOH)

38
PLE, CHCl3, CHCl3 + alkaloid fraction,
EtOAc, MeOH, s/l ratio 1 : 5.2 g ml�1

HRE DPPH 91.7 � 0.6% (500 mg crude dry extract per ml); 85.6 � 4.1%
(250 mg crude dry extract per ml); 50.1 � 3.2% (50 mg crude
extract per ml)

39
Maceration (MeOH) aer Soxhlet extraction
(n-hexane)

Cetraria islandica
HRE DPPH 40.68% (acetone); 18.62% (EtOH); �50.00% (rutin as

standard)
36

Acetone, EtOH, stirring 3 h, 50 �C, s/l
ratio 1 : 5 g ml�1

Soxhlet extraction DPPH IC50 ¼ 678.38 mg of dry extract per ml; IC50 ¼ 6.24 mg ascorbic
acid as standard per ml water

40
MeOH

Total polyphenols 38.08 mg PCE per mg of dry extract
HRE DPPH 5.61 � 0.21 mg TEAC per g 41
80% EtOH, 24 h, s/l ratio 1 : 200 g ml�1 Total polyphenols 0.37 � 0.01 mg GAE per g
Soxhlet extraction DPPH �36% (acetone); �47% (MeOH); �32% (aq) 42
Acetone, MeOH, water, s/l ratio 1 : 50 g ml�1 Total polyphenols 25 � 1.09 mg PCE (acetone); 38.083 � 1.031 mg PCE (MeOH);

18.19 � 1.018 mg PCE (water)
HRE DPPH From 17.5% (12.5 mg crude MeOH extract per ml) to 65.6%

(200.0 mg crude MeOH extract per ml); IC50 ¼ 75 mg crude
MeOH extract per ml

43

MeOH, 12 h, 45 �C, s/l ratio 1 : 20 g ml�1 Total polyphenols 78.3 � 0.00 mg GAE per g dried mass (MeOH); 45.3 � 0.00 mg
GAE per g dried mass (acetone)Acetone, 12 h, 50 �C, s/l ratio 1 : 20 g ml�1

HRE DPPH IC50 ¼ 1183.55 mg ml�1 44
MeOH, rt., 1 h, s/l ratio 1 : 66.7 g ml�1 Total polyphenols 57.34 � 3.30 mg GAE per mg dry extract
HRE DPPH 25% (96% EtOH); 86% (70% EtOH); 69% (40% EtOH) 45
96% EtOH, 70% EtOH, 40% EtOH; rt; 14
days; s/l ratio 1 : 10 g ml�1

FRAP method 486 mmol L�1 (96% EtOH); 135 mmol L�1 (70% EtOH); 158
mmol L�1 (40% EtOH)/

Total polyphenols 0.137 mg GAE per g extract (96% EtOH); 0.586 mg GAE per g
extract (70% EtOH); 0.328 mg GAE per g extract (40% EtOH)

Dipsacus fullonum
UAE ORAC Extract from leaves – 14.78 � 0.94 mmol TEAC/100 g of dry

weight
46

50% MeOH, 20 min Extract from roots – 10.87 � 1.04 mmol TEAC/100 g of dry
weight

HRE DPPH 4.01 � 0.58 mmol TEAC/100 g dry weight of plant material 47
Acetone/water ratio 7 : 3 v/v, shaking 60 min,
s/l ratio 1 : 50 g ml�1

ORAC 3.58 � 0.35 mmol TEAC/100 g dry weight of plant material
Total polyphenols 19.52 � 0.12 mg GAE per g dry weight of plant material

a PEE – petroleum ether; s/l – solid/liquid; HRE -classical extraction under stirring under ambient conditions or at elevated temperature; UAE –
ultrasound assisted extraction. b ABTS – 2,20-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) as a probe, DPPH – 2,2-diphenyl-1-picrylhydrazyl
as a probe, FRAP – ferric reducing antioxidant power, ORAC – oxygen radical absorbance capacity. c PCE – pyrocatechol equivalent, TEAC –
Trolox equivalent antioxidant capacity, GAE – gallic acid equivalents.
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The research plant material consisted of dry and cut L.
clavatum herbs (Dary Natury, Poland), C. islandica (Kawon,
Poland) and D. fullonum leaves (NatVita, Poland).

Methods

The 1H NMR and 13C NMR spectra were recorded using
a BRUKER DPX-400 spectrometer (Billerica, MA, USA). The
solvent for the compounds was D2O. The

1H NMR and 13C NMR
spectra are found in the ESI.†

FT-IR spectra were recorded using a Thermo Fisher Scientic
Nicolet FT-IR 380 spectrometer (Waltham, MA, USA) equipped
© 2021 The Author(s). Published by the Royal Society of Chemistry
with an attenuated total reectance (ATR) sample accessory
(diamond plate). Spectra were recorded in a transmittance
mode from 400 to 4000 cm�1 at a resolution of 4 cm�1.

The elemental analysis CHNS was performed using a Thermo
Scientic™ FLASH 2000 CHNS/O analyzer (Waltham, MA, USA).
Compounds were weighed with an accuracy of 0.000001 g in tin
crucibles. 2,5-Bis(5-tert-butyl-2-benzo-oxazol-2-yl)thiophene
(BBOT), sulphanilamide, L-cysteine and L-methionine were
used as standards to calibrate the device in CHNS mode.

Specic rotation measurements [a]20D were carried out for
aqueous solutions of triethanolammonium salts of amino acids
RSC Adv., 2021, 11, 25983–25994 | 25985
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using an AUTOPOL IV Rudolph Research Analytical automatic
polarimeter.

Thermogravimetric analysis (TG) was carried out using
a thermomicrobalance TG 209 F1 Libra® from NETZSCH (Selb,
Germany). Measurements were performed in the temperature
range from 30 to 700 �C, at a heating rate of 10 �C min�1 with
the following gas ows: nitrogen 25 ml min�1 and air 10
ml min�1. The samples (4–6 mg) were placed in a crucible of
Al2O3. The TG spectra are found in the ESI.†

The phase transition temperatures were determined on the
basis of Differential Scanning Calorimetry (DSC) analysis per-
formed with a Q-100 TA Instruments (New Castle, DE, USA). The
sample was loaded in an aluminum pan with a pierced lid. First,
the sample was heated to 100 �C and kept at this temperature
for about 5 min to remove any moisture. It was then cooled to
�90 �C and reheated to 200 �C. The heating and cooling rate
was 10 �C min�1. Measurements were performed under
a nitrogen atmosphere. Indium and mercury were used as
standards to calibrate the temperature. The DSC spectra are
found in the ESI.†

The spectrophotometric measurements of antioxidant activity
and total polyphenol content were performed using a Hitachi U-
5100 (Japan) UV-VIS spectrophotometer in a 1 cm cuvette.
Synthesis of triethanolammonium salt of amino acids
[TEAH]+[AA]�

To a round bottom ask with a capacity of 100 cm3, provided
with a magnetic stirring bar, were weighed equimolar amounts
of the L-amino acid and triethanolamine and dissolved in
deionized water (30 cm3) for each 0.1 mol of amino acid. The
solution was stirred for 12 h at ambient temperature and then
the water was removed by rotary evaporation under reduced
pressure. Then the obtained [TEAH]+[AA]� was dried for 12 h at
50 �C, 5 mbar in a vacuum dryer. The obtained compound was
stored in a freezer.

[TEAH]+[Thr]� – tris(2-hydroxyethyl)ammonium L-threoni-
nate. 1H NMR(D2O), d [ppm]: 1.13 (d, J ¼ 6.6 Hz, 3H, CHCH3);
2.73 (t, J ¼ 6 Hz, 6H, H+NCH2); 3.32 (d, J ¼ 4.9 Hz, 1H, NH2CH);
3.57 (t, J ¼ 6 Hz, 6H, CH2OH); 4.02 (m, 1H, CHCH3).

13C
NMR(D2O), d [ppm]: 19.33 (1C, CHCH3); 55.55 (3C, H+NCH2);
57.94 (3C, CH2OH); 60.61 (1C, CHNH2); 66.46 (1C, CHOH);
174.12 (1C, CHCOO�). FT-IR (ATR), n [cm�1]: 420; 445; 489; 558;
699; 765; 871; 907; 929; 1028; 1091; 1105; 1182; 1246; 1314;
1343; 1382; 1414; 1450; 1474; 1620; 1635; 1653; 2500 O 3500
(broad band with peaks at 2515; 2871; 2974; 3155). Elemental
analysis calc. (%) for C10H24N2O6 (m.w.: 268.31u): C 44.77, H
9.02, N 10.44, O 37.75, found: C 44.59, H 8.95, N 10.35, O 37.66.

[TEAH]+[Met]� – tris(2-hydroxyethyl)ammonium L-methio-
ninate. 1H NMR(D2O), d [ppm]: 1.89 (m, 2H, CHCH2CH2S) 1.96
(s, 3H, SCH3); 2.46 (t, J ¼ 7.5 Hz 2H, CH2S); 2.70 (t, J ¼ 6.1 Hz,
6H, H+NCH2); 3.57 (t, J ¼ 6.1 Hz, 6H, CH2OH); 3.59 (m, 1H,
25986 | RSC Adv., 2021, 11, 25983–25994
CHNH2).
13C NMR(D2O), d [ppm]: 13.87 (1C, SCH3); 28.88 (1C,

CH2CH2S); 30.30 (1C, CH2CH2S); 54.00 (1C, CHNH2); 55.49 (3C,
H+NCH2); 58.10 (3C, CH2OH); 175.51 (1C, CHCOO�). FT-IR
(ATR), n [cm�1]: 420; 543; 805; 874; 952; 980; 1118; 1150; 1185;
1243; 1275; 1316; 1330; 1352; 1405; 1456; 1507; 1560; 1607;
1635; 2400 O 3300 (broad band with peaks at 2565; 2737; 2914;
3130). Elemental analysis calc. (%) for C11H26N2O5S (m.w.:
299.41): C 44.13, H 9.09, N 9.36, S 10.71, O 28.13, found: C 43.96,
H 8.95, N 9.01, S 11.14, O 27.68.

[TEAH]+[Arg]� – tris(2-hydroxyethyl)ammonium L-argini-
nate. 1H NMR(D2O), d [ppm]: 1.48 (m, 4H, CH2CH2CH2); 2.60 (t,
J ¼ 6.1 Hz, 6H, +NHCH2); 3.06 (m, 2H, CH2CH2CH2); 3.13 (m,
1H, CHCOO); 3.55 (t, J ¼ 6.1 Hz, 6H, CH2OH). 13C NMR(D2O),
d [ppm]: 24.38 (1C, CH2CH2); 31.48 (1C, CHCH2); 40.88 (1C,
CH2NH); 55.45 (1C, CHNH2); 55.56 (3C, H+NCH2); 58.78 (3C,
CH2OH); 156.65 (1C, CNH); 182.96 (1C, CHCOO�). FT-IR (ATR),
n [cm�1]: 490; 548; 605; 699; 764; 846; 881; 913; 974; 1034; 1071;
1130; 1183; 1331; 1375; 1419; 1474; 1549; 1611; 1675; 1685;
1700; 1719; 2500 O 3500 (broad band with peaks at 2861; 2943;
3046; 3297; 3358). Elemental analysis calc. (%) for C12H29N5O5

(m.w.: 323.4u): C 44.57, H 9.04, N 21.66, O 25.86, found: C 43.81,
H 8.76, N 20.91, O 25.57.

[TEAH]+[Ile]� – tris(2-hydroxyethyl)ammonium L-iso-
leucinate. 1H NMR(D2O), d [ppm]: 0.77 (t, J ¼ 7.6 Hz, 3H,
CH2CH3); 0.83 (d, J ¼ 7.1 Hz, 3H, CHCH3); 1.10 (m, 2H,
CH2CH3); 1.79 (m, 1H, CHCH2); 2.64 (t, J ¼ 6.2 Hz, 6H, NHCH2);
3.44 (d, J¼ 4.1 Hz, 1H, NH2CH); 3.55 (t, J¼ 6.1 Hz, 6H, CH2OH).
13C NMR(D2O), d [ppm]: 11.02 (1C, CH2CH3); 14.69 (1C,
CH2CH3); 24.32 (1C, CHCH3); 36.06(1C, CHCH3); 55.51 (3C,
H+NCH2); 58.42 (3C, CH2OH); 59.59 (1C, CHNH2); 174.94 (1C,
CHCOO�). FT-IR (ATR), n [cm�1]: 536; 710; 749; 768; 801; 852;
872; 921; 963; 1034; 1085; 1126; 1186; 1248; 1271; 1307; 1327;
1349; 1381; 1394; 1417; 1436; 1461; 1496; 1507; 1512; 1539;
1557; 1559; 1572; 1604; 2500 O 3400 (broad band with peaks at
2603; 2874; 2928; 2959). Elemental analysis calc. (%) for
C12H28N2O5 (m.w.: 280.36u): C 51.41, H 10.07, N 9.99, O 30.04,
found: C 51.51, H 10.25, N 10.10, O 29.33.

Ionic liquid-based ultrasound-assisted extraction (IL-UAE)

Dry plant raw material (0.50 g) was weighed with an accuracy of
0.01 into a glass vial and 10 cm3 of a 2.5% (w/v) aqueous solu-
tion of amino acid ionic liquid as an extraction solvent was
added. Then it was shaken for 5 min. The obtained mixture was
placed in an ultrasonic bath with a thermostat (Polsonic Sonic-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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2, Poland) under the following conditions: frequency of 40 kHz,
temperature 35 �C, time 15, 30, 60, 120 or 240 min. Aer
extraction, the extract was centrifuged and 2 cm3 of the super-
natant was taken for UV-VIS spectrophotometric analysis.
Table 2 Physicochemical properties of [TEAH]+[AA]�

Yield [%]
Glass transition
temperature [�C] [a]20D T5%d

a [�C]

[TEAH]+[Thr]� 98% �57.71 �9.277 168.1
[TEAH]+[Met]� 97% �55.81 �2.023 168.2
[TEAH]+[Arg]� 98% �11.89 +16.603 192.7
[TEAH]+[Ile]� 94% �55.03 +5.782 168.6

a T5%d temperature of 5% mass loss.
In vitro antioxidant activity and total polyphenol content
determination

Evaluation of the antioxidant activity of extracts using the
DPPH, FRAP, and Folin–Ciocalteu techniques was performed as
described by Muzykiewicz et al.56 The CUPRAC evaluation was
performed according to the technique described by Apak et al.57

In the DPPHmethod, antioxidant activities have been expressed
as radical scavenging activity (RSA [%]) using the following
equation:

RSA ½%� ¼
�
1� Ap

A0

�
� 100%

where Ap is the absorbance of the tested sample and A0 is the
absorbance of the blank sample.

In the CUPRAC technique the results were expressed as
Trolox equivalents [TEAC – mg Trolox per g raw material],
whereas in the FRAP technique as FeSO4 equivalents [mg FeSO4

per g raw material]. The total polyphenol content was expressed
as gallic acid equivalents [GAE –mg GA per g raw material]. The
reference solution was an aqueous solution of an amino acid
ionic liquid. The results are presented as arithmetic means �
standard deviation (mean � SD).

To evaluate the antioxidant potential of the extracts with
DPPH, the following procedure was used: a 0.3 mM ethanolic
DPPH solution (the test reagent) was diluted with 96% (v/v)
ethanol to obtain an absorbance of 1.000 � 0.020 at 517 nm.
150 ml of the studied extract was added to 2850 ml of this solu-
tion, mixed and incubated at room temperature for 10 min. The
absorbance measurement was taken at 517 nm.

To evaluate the ferric ion reducing power of the extracts, the
FRAP method was applied. 1 volume of 10 mM TPTZ (in 40 mM
HCl), 1 volume of 20 mM FeCl3 and 10 volumes of 0.3 M acetate
buffer (pH 3.6) were mixed to obtain the working solution. 80 ml
of the extract was added to 2320 ml of this solution and mixed
vigorously. The absorbance was measured at 593 nm aer
15 min of incubation at room temperature.

To determine the total polyphenol content, a 10% (v/v)
aqueous solution of Folin–Ciocalteu reagent was prepared by
tenfold dilution of the concentrated F–C solution and incubated
in the dark at room temperature for 1 hour. 2700 ml of 5 mM
Na2CO3 and 150 ml of the extract were mixed with 150 ml of
diluted F–C reagent. The absorbance of the samples was
measured at 750 nm aer 15 min of incubation at room
temperature.

To evaluate the reducing ability of cupric ions with the
CUPRAC method 1000 ml of 0.01 M aqueous CuCl2 solution,
1000 ml of 7.5 mM neocuproine solution in 96% ethanol, 1000 ml
of 1 M acetate buffer (pH 7), 600 ml of distilled water and 500 ml
of the extract were thoroughly mixed. Aer 30 min of incubation
at room temperature the absorbance was measured at 450 nm.
In all methods the distilled water was used as a blank zero.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The presented results of the antioxidant activity of extracts
prepared with the use of aqueous solutions of ionic liquids were
reduced by the value of the antioxidant potential of the solvents,
which remained at an insignicant, very low level.
Statistical analysis

Statistical analysis was performed with Statistica 12 soware
(Statso, Poland). The Wilcoxon signed-rank test (parameter z)
was used to evaluate the statistical signicance of differences
between the antioxidant activity of extracts from the tested
plants (obtained by the DPPH, FRAP, CUPRAC and F–C
methods). Pearson's correlation coefficients (r) between the
results determined with the different methods were also eval-
uated. The signicance level was assumed as p < 0.05.
Results and discussion

The amino acid ionic liquids were obtained in the direct reac-
tion of triethanolamine (TEA) with L-amino acids – Ile, Met, Thr
and Arg, representing different hydrophobicity, according to the
amino acid hydrophobicity scales. Isoleucine is the most
hydrophobic, methionine and threonine are characterized by
middle hydrophobicity, and arginine is the most hydrophilic
among all used amino acids. The structures of the synthesized
compounds were conrmed by nuclear magnetic resonance (1H
NMR and 13C NMR), FT-IR spectra and elemental analysis. Their
physicochemical properties are given in Table 2. All synthesized
triethanolammonium salts of amino acids were highly hygro-
scopic compounds, with a glass transition temperature, from
�57.71 �C for [TEAH]+[Thr]� to �11.89 �C for [TEAH]+[Arg]�.
Moreover, AAILs were optically active, with thermal stability to
above 150 �C. Copies of NMR and FT-IR spectra, DSC and TGA
thermograms were included in the ESI.† The investigated ionic
liquids were hydrophilic and soluble in water.
Ultrasound-assisted extraction of plant extracts with the
addition of AAILs

Traditional methods of obtaining plant extracts, rich in active
compounds, require a long time. Therefore, methods to
increase the efficiency of extraction of biologically active
compounds from plants are desired. The use of ultrasound for
the extraction of biomass brings about many benets. It causes
fragmentation of cell membranes and releases the cell contents
into solution, which makes the extraction more efficient and
signicantly shortens the process time compared to the
RSC Adv., 2021, 11, 25983–25994 | 25987
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methods without sonication. Generally, UAE is the preferred
method over MAE (Microwave Assisted Extraction) for the
extraction of thermosensitive biomolecules, because it uses
lower temperatures and does not cause overheating as in MAE.
However, extraction time should be optimized, because longer
time can result in a decrease of extraction efficiency due to
degradation of target compounds, especially that susceptible to
oxidation and thermal degradation. Combination of UAE with
ILs can be a promising methodology of solid–liquid extraction
for the recovery of useful compounds from natural sources.

In preliminary studies, the effect of aqueous solutions of the
four AAILs as solvents and extraction time on the antioxidant
activity of extracts of L. clavatum by DPPH assay was determined
(Fig. 1). The concentration of AAILs in aqueous solution was 2.5%
and the ratio of dry plant to this solution was 1 : 20 (g ml�1). The
concentration of the ionic liquid in the extraction solution was not
optimized, but established to test the effect of the same amount of
various ionic liquids on the extraction efficiency.

Extraction with the aqueous solution of [TEAH]+[Arg]� or
[TEAH]+[Ile]� gave extracts of lower antioxidant activity
(maximum 17.39% and 15.05% respectively, within 120 min)
than achieved with pure water extraction (maximum 27.18%
aer 180 min). On the other hand, the values of antioxidant
activity for extracts obtained with addition of [TEAH]+[Thr]� and
[TEAH]+[Met]� were higher than that of pure water extracts, and
achieved 46.81% and 34.61% respectively, within 180 minutes.
Therefore these two latter compounds were chosen to prepare
extracts from C. islandica and D. fullonum.

Fig. 2 shows the comparison of the results of the antioxidant
activity measurements by DPPH assay for extracts obtained
from C. islandica and D. fullonum by the ultrasound-assisted
Fig. 1 Antioxidant activity of extracts obtained from L. clavatum w
[TEAH]+[Arg]� and [TEAH]+[Ile]�, as extraction media, determined by the

25988 | RSC Adv., 2021, 11, 25983–25994
extraction with pure water and the aqueous solutions of
AAILs. The highest antioxidant activity among the tested plants,
73.81 � 0.59%, was determined for the extracts from D. full-
onum (Fig. 2). For C. islandica extracts, the antioxidant potential
reached values between 32.28% for pure water extracts aer
240 min and 66.91% for extracts with [TEAH]+[Thr]� aer
30 min. Extracts from C. islandica with AAILs achieved higher
antioxidant activities than reported by Patriche et al.36 for
extracts from C. islandica (Table 1) with acetone or 95% ethanol
as a solvent – RSA% 40.68% or 18.62%, respectively.

The weakest antioxidant properties were reached for the
extracts of L. clavatum (Fig. 1). Fig. 1 and 2 show that the use of
the [TEAH]+[Thr]� and [TEAH]+[Met]� solutions in the extrac-
tion process resulted in an increase in the antioxidant activity of
extracts from L. clavatum and C. islandica, compared to extracts
of these plants obtained by UEA in pure water. Even two-fold
higher antioxidant activity was achieved. Only in the case of
D. fullonum plant (Fig. 2), the addition of AAILs to the extraction
medium did not cause any improvement in the antioxidant
activity, which remained at a similar level of about 60% RSA in
all extraction times and was lower than for pure water extracts.

In the AAIL-assisted L. clavatum extraction (Fig. 1), the
increased antioxidant activity of extracts in relation to the
aqueous extracts obtained in the same time without ionic liquid
addition was observed aer any extraction time. In the case of
extracts obtained with the use of [TEAH]+[Thr]� the time of
60 min was sufficient to double the antioxidant properties (RSA
¼ 38.57%), compared to that obtained using water only (21.97%
aer 60 min). The maximum antioxidant activity of extracts
obtained using [TEAH]+[Thr]� or [TEAH]+[Met]� aqueous solu-
tion was reached within 180 min.
ith water and aqueous solutions of [TEAH]+[Thr]�, [TEAH]+[Met]�,
DPPH method in preliminary studies.

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03840k


Fig. 2 Antioxidant activity of extracts obtained from C. islandica and D. fullonum with water and aqueous solutions of [TEAH]+[Thr]� or
[TEAH]+[Met]�, as extraction media, determined by the DPPH method.
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In studies by Orhan et al.38 DPPH antioxidant activity was
determined, expressed as the % inhibition of free radicals in L.
clavatum extracts (petroleum ether, ethyl acetate, methanol, chlo-
roform, and chloroformwith alkaloid fraction). All obtained extracts
showed antioxidant properties against DPPH radicals in the range of
11.3–44.1% (Table 1). The values were lower than that of the refer-
ence substance hydroxyanisole (BHA) used, the inhibition of which
was 92.7%.38 The use of AAIL aqueous solutions in plant extracts
resulted in higher antioxidant values ([TEAH]+[Thr]� 46.81%,
[TEAH]+[Met]� 36.41%) compared to the organic solvents used
(petroleum ether 11.3%, ethyl acetate 26.6%, methanol 30.3%,
chloroform 0%, and chloroformwith an alkaloid fraction of 44.1%).

In the extracts from C. islandica (Fig. 2) the highest antioxi-
dant activity was obtained aer 30 min for both ionic liquids.
The use of [TEAH]+[Thr]� contributed to obtaining slightly
higher RSA [%] values in the extract than that for
[TEAH]+[Met]�. Longer ultrasound-assisted extraction time will
not increase the antioxidant capacity.

Table 3 shows the total content of polyphenols in the extracts
from L. clavatum, C. islandica and D. fullonum obtained with
AAIL-assisted extraction, which ranged from 0.71 � 0.01 to 8.16
� 0.22 mg GA per g raw material. The use of [TEAH]+[Thr]� in
the extraction medium for D. fullonum gave the highest
concentration of polyphenols in extracts – 8.16 � 0.22 mg GA
per g of rawmaterial within 120 min. An equally high content of
Table 3 The total polyphenol content (mg GA per g raw material) in t
extraction with aqueous solutions of [TEAH]+[Thr]� or [TEAH]+[Met]�

Extraction
time [min]

Aqua [TEAH]+[Thr]�

Lycopodium
clavatum

Cetraria
islandica

Dipsacus
fullonum

Lycopodium
clavatum

Ce
isl

15 1.51 � 0.04 0.74 � 0.10 6.52 � 0.08 0.98 � 0.07 3.8
30 1.06 � 0.00 0.77 � 0.04 6.94 � 0.26 1.01 � 0.01 4.1
60 1.30 � 0.05 0.60 � 0.00 6.93 � 0.12 1.32 � 0.10 3.7
120 1.45 � 0.00 0.46 � 0.01 6.96 � 0.07 1.34 � 0.13 3.7
180 1.91 � 0.01 0.45 � 0.02 7.48 � 0.02 1.53 � 0.08 3.3
240 1.66 � 0.04 1.05 � 0.14 7.63 � 0.07 1.82 � 0.12 4.1

© 2021 The Author(s). Published by the Royal Society of Chemistry
polyphenols (7.38 � 0.11 mg GA per g of raw material) was
obtained aer using [TEAH]+[Met]� in aqueous solution for
extraction, within half the extraction time – 60 min. In the cases
of plant extracts from C. islandica and L. clavatum with the use
of [TEAH]+[Met]�, a higher content of polyphenols was obtained
(5.31 � 0.01 and 1.91 � 0.08 mg GA per g raw material,
respectively) compared to using [TEAH]+[Thr]� for extraction
(4.10 � 0.07 and 1.82 � 0.10 mg GA per g raw material). When
using aqueous solutions of ionic liquids for extraction, the
amount of polyphenols was improved 10–15 times compared to
the reported ethanol extracts41,45 (Table 1).

By comparing the results in terms of the extraction time, it
was observed that the use of [TEAH]+[Thr]� shortened the
extraction process to 30 min for C. islandica and to 60 min for L.
clavatum, and provided relatively high amounts of polyphenols,
4.10 � 0.07 mg GA per g and 1.82 � 0.10 mg GA per g, respec-
tively. The time for extraction using [TEAH]+[Met]� aqueous
solution needed 240 min to obtain the maximum content of
polyphenols in extracts from these two plants.
Determination of antioxidant activity for extracts by the FRAP
method

The comparison of the antioxidant activity of the tested plant
extracts using the FRAP method is shown in Fig. 3. The use of
AAILs as additives for ultrasound-assisted extraction
he extracts of L. clavatum, C. islandica and D. fullonum obtained by

[TEAH]+[Met]�

traria
andica

Dipsacus
fullonum

Lycopodium
clavatum

Cetraria
islandica

Dipsacus
fullonum

3 � 0.03 7.44 � 0.12 0.71 � 0.01 3.85 � 0.15 5.69 � 0.20
0 � 0.07 7.29 � 0.16 0.83 � 0.07 3.88 � 0.01 6.73 � 0.11
5 � 0.16 7.10 � 0.09 0.94 � 0.00 4.60 � 0.08 7.38 � 0.12
3 � 0.01 8.16 � 0.22 1.44 � 0.00 4.48 � 0.17 7.30 � 0.02
7 � 0.12 7.57 � 0.17 1.72 � 0.13 4.52 � 0.09 7.05 � 0.10
4 � 0.38 6.92 � 0.11 1.91 � 0.08 5.31 � 0.01 6.98 � 0.29

RSC Adv., 2021, 11, 25983–25994 | 25989
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Fig. 3 Antioxidant activity of extracts obtained from L. clavatum,C. islandica andD. fullonum, with water and aqueous solutions of [TEAH]+[Thr]�

or [TEAH]+[Met]�, as extraction media, determined by the FRAP method.
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contributed to the increased antioxidant activity compared to
aqueous plant extracts.

The D. fullonum extracts (Fig. 3) showed the highest antiox-
idant capacity among the extracts of all plants tested. The
highest activity was obtained in the extracts with
[TEAH]+[Met]�-assisted extraction aer 240 min (21.10 �
0.59 mg FeSO4 per g rawmaterial). The use of the [TEAH]+[Thr]�

as the additive allows obtaining the maximum antioxidant
activity of the extract (17.08� 0.11 mg FeSO4 per g rawmaterial)
in a twice shorter time – 120 min.

The addition of [TEAH]+[Thr]� to the extraction medium
provided the extract from C. islandica (Fig. 3) with the highest
antioxidant activity (13.68 � 0.75 mg FeSO4 per g raw material),
vefold higher compared to that obtained with only water as the
extractant and in the shortest extraction time i.e. 30 min,
whereas themaximum antioxidant activity in the extract from C.
islandica with the addition of [TEAH]+[Met]� was obtained aer
240min (12.54� 0.21mg FeSO4 per g rawmaterial). Also, in this
extract the antioxidant activity was on average 4.5 times higher
than in the aqueous extract of C. islandica.

The lowest antioxidant activity by the FRAP method was found
in extracts from L. clavatum (Fig. 3). The use of [TEAH]+[Thr]� as
the additive contributed to an increase in antioxidant activity. The
best result was obtained aer 60 min of extraction. Extraction with
addition of [TEAH]+[Met]� provided aer 240min the extract of the
highest antioxidant activity which was higher compared to the
activity of the aqueous extract.
25990 | RSC Adv., 2021, 11, 25983–25994
Determination of antioxidant activity for extracts by the
CUPRAC method

In the analysis of the antioxidant potential using the CUPRAC
method (Fig. 4), the extracts obtained from D. fullonum were
characterized by the highest activity, as in the other methods
used here. However, the extracts prepared with AAIL solutions
as the extractant showed a potential similar to or lower than
that of the corresponding water extracts. Only a slight increase
in antioxidant activity of extracts with AAIL addition in
comparison to aqueous extracts was achieved aer 240 min of
extraction – 5.62 mg TEAC per g raw material with addition of
[TEAH]+[Thr]� and 6.08 mg TEAC per g raw material with
[TEAH]+[Met]�. These values were 1.5-fold higher than that re-
ported by Pilluza47 for extracts from D. fullonum with acetone/
water (7 : 3 v/v) as the solvent (Table 1).

In the extracts obtained from L. clavatum and C. islandica
(Fig. 4), the addition of ionic liquids improved the antioxidant
potential compared to pure water extracts. In the case of the
extract from C. islandica even a 1.5-fold increase was observed.
The [TEAH]+[Thr]� application seems to a little more improve
the efficiency of the process than [TEAH]+[Met]�. The use of
ionic liquid-based ultrasound-assisted extraction allowed for
reduction of the process time compared to water. The antioxi-
dant capacity of extracts from C. islandica was also conrmed by
Ivanǐsová et al.41 In 80% ethanol extract from lichen, antioxidant
activity was determined at the level of 5.61� 0.21mg TEAC per g
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Antioxidant activity of extracts obtained from L. clavatum,C. islandica andD. fullonum, with water and aqueous solutions of [TEAH]+[Thr]�

or [TEAH]+[Met]�, as extraction media, determined by the CUPRAC method.
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(Table 1). This value was comparable with our results for
extracts with [TEAH]+[Thr]� addition.
Table 4 Correlations (r) between antioxidant activities determined
using different methods and total polyphenol contentb

DPPH FRAP CUPRAC Folin–Ciocalteu

Lycopodium clavatum
DPPH r ¼ 1.000a r ¼ 0.873a r ¼ 0.619a NS
FRAP r ¼ 1.000a r ¼ 0.582a r ¼ 0.674a

CUPRAC r ¼ 1.000a NS
Folin–Ciocalteu r ¼ 1.000a

Cetraria islandica
DPPH r ¼ 1.000a r ¼ 0.855a r ¼ 0.841a r ¼ 0.915a

FRAP r ¼ 1.000a r ¼ 0.733a r ¼ 0.875a

CUPRAC r ¼ 1.000a r ¼ 0.787a

Folin–Ciocalteu r ¼ 1.000a

Dipsacus fullonum
DPPH r ¼ 1.000a NS NS NS
FRAP r ¼ 1.000a r ¼ 0.513a NS
CUPRAC r ¼ 1.000a NS
Folin–Ciocalteu r ¼ 1.000a

a p < 0.05. b NS – not statistically signicant.
Comparison and correlation of different methods of
antioxidant activity determination

Table 4 shows the correlation coefficients (r) between the anti-
oxidant activity and the total content of polyphenols in extracts
from individual plants. In the case of C. islandica, the results
obtained with all methods correlated with each other to
a statistically signicant degree (p < 0.05). In the group of results
obtained for L. clavatum no statistically signicant correlation
was found between the total content of polyphenols and the
antioxidant activity assessed using the DPPH and CUPRAC
techniques. In the group of results obtained for D. fullonum only
the results between the reduction abilities assessed with the
FRAP and CUPRAC techniques were statistically signicantly
correlated. Moreover, the analysis of the statistical signicance
of the differences using the Wilcoxon signed-rank test showed
that differences between the results obtained for all plants are
statistically signicant p < 0.001 (D. fullonum vs. L. clavatum: z ¼
7.233; D. fullonum vs. C. islandica: z ¼ 5.780; L. clavatum vs. C.
islandica: z ¼ 5.062).

High correlation coefficients between the antioxidant activity
and the total content of polyphenols in extracts from C. islandica
suggest that in the case of this plant, polyphenols may be
responsible for its activity. Moreover the total polyphenol content
could be an indicator of antioxidant properties of this plant.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Also the results of the total content of polyphenols in extracts
from L. clavatum signicantly correlated with the ability to
reduce iron ions determined with the FRAP technique. It should
be noted that statistically signicant correlation coefficients
were obtained between the antioxidant potential assessed by
the DPPH technique and the reducing capacity (FRAP and
RSC Adv., 2021, 11, 25983–25994 | 25991
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CUPRAC techniques) of L. clavatum and C. islandica extracts. For
all analyzed plants, the reduction abilities towards iron ions
(FRAP method) and copper (CUPRACmethod) also correlated to
a statistically signicant degree. High, statistically signicant
correlations between the results obtained by techniques using
different mechanisms of action may indicate the different
antioxidant nature of the plants studied. In some cases, in
particular in the group of extracts from D. fullonum, no statis-
tically signicant correlations were found between the results
obtained with different methods (except for the correlation
between the FRAP and CUPRAC methods). This observation
conrms the suggestions of Apak et al.58 on the validity of using
at least two different methods, based on different mechanisms
of action to assess antioxidant activity.

Our research shows that the analyzed plants, such as L.
clavatum, C. islandica, and D. fullonum, can be a rich source of
natural antioxidants, including phenolic compounds. The use
of aqueous solutions of selected amino acid ionic liquids, as
compared to distilled water, could have a positive effect on the
efficiency of the ultrasound-assisted extraction process,
including the reduction of the extraction time. The combination
of the addition of the ionic liquids used with the “green
extraction technique”, to which UAE could be included, seems
to be the optimal solution to isolate natural antioxidants from
plant material.

Conclusion

Plants are made up of plant cells that contain a rigid cell wall
that prevents or hinders the extraction of certain components.
Pre-treatment of the plant material increases the access to
compounds inside the cells, thus increasing the efficiency of the
extraction process. Ultrasound-assisted extraction of plant
material with the addition of amino acid ionic liquids could
enhance antioxidant activity with a shorter process time and
lower energy consumption. The use of [TEAH]+[Thr]� as an
additive for ultrasound-assisted extraction was characterized by
obtaining plant extracts with the highest antioxidant potential.
In addition, the presence of amino acids in the structure of
ionic liquids makes these extraction solvents not only ecolog-
ical, but also biocompatible, so their application in many
industries, such as cosmetics, can be considered.
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Curcumin – Properties, Applications and Modication of
25992 | RSC Adv., 2021, 11, 25983–25994
Structure, Mini-Rev. Org. Chem., 2020, 17, 486–495, DOI:
10.2174/1570193X16666190621110247.

4 L. Wang and C. L. Weller, Recent advances in extraction of
nutraceuticals from plants, Trends Food Sci. Technol., 2006,
17, 300–312, DOI: 10.1016/j.tifs.2005.12.004.

5 C. D. Stalikas, Extraction, separation, and detectionmethods
for phenolic acids and avonoids, J. Sep. Sci., 2007, 30, 3268–
3295, DOI: 10.1002/jssc.200700261.

6 K. Vilkhu, R. Mawson, L. Simons and D. Bates, Applications
and opportunities for ultrasound assisted extraction in the
food industry — A review, Innovative Food Sci. Emerging
Technol., 2008, 9, 161–169, DOI: 10.1016/j.ifset.2007.04.014.

7 W. Routray and V. Orsat, Microwave-Assisted Extraction of
Flavonoids: A Review, Food Bioprocess Technol., 2012, 5,
409–424, DOI: 10.1007/s11947-011-0573-z.

8 Y. Jiao and Y. Zuo, Ultrasonic extraction and HPLC
determination of anthraquinones, aloe-emodine, emodine,
rheine, chrysophanol and physcione, in roots of Polygoni
multiori, Phytochem. Anal., 2009, 20, 272–278, DOI:
10.1002/pca.1124.

9 F. Chemat, Z. e-Huma and M. K. Khan, Applications of
ultrasound in food technology: Processing, preservation
and extraction, Ultrason. Sonochem., 2011, 18, 813–835,
DOI: 10.1016/j.ultsonch.2010.11.023.

10 P. Wasserscheid and W. Keim, Ionic liquids—new
“solutions” for transition metal catalysis, Angew. Chem.,
Int. Ed., 2000, 39, 3772–3789, DOI: 10.1002/1521-
3773(20001103)39:21<3772::AID-ANIE3772>3.0.CO;2-5.

11 J. P. Hallett and T. Welton, Room-temperature ionic liquids:
solvents for synthesis and catalysis. 2, Chem. Rev., 2011, 111,
3508–3576, DOI: 10.1021/cr1003248.

12 J. C. Plaquevent, J. Levillain, F. Guillen, C. Malhiac and
A. C. Gaumont, Ionic liquids: new targets and media for
alpha-amino acid and peptide chemistry, Chem. Rev., 2011,
108, 5035–5060, DOI: 10.1021/cr068218c.

13 K. Fukumoto, M. Yoshizawa and H. Ohno, Room
temperature ionic liquids from 20 natural amino acids, J.
Am. Chem. Soc., 2005, 127, 2398–2399, DOI: 10.1021/
ja043451i.

14 R. Gusain, S. Dhingra and O. P. Khatri, Fatty-Acid-
Constituted Halogen-Free Ionic Liquids as Renewable,
Environmentally Friendly, and High-Performance
Lubricant Additives, Ind. Eng. Chem. Res., 2016, 55, 856–
865, DOI: 10.1021/acs.iecr.5b03347.

15 E. B. Carter, S. L. Culver, P. A. Fox, R. D. Goode, I. Ntai,
M. D. Tickell, R. K. Traylor, N. W. Hoffman and
J. H. Davis, Sweet success: Ionic liquids derived from non-
nutritive sweeteners, Chem. Commun., 2004, 6, 630–631,
DOI: 10.1039/B313068A.

16 F. Santamarta, M. Vilas, E. Tojo and Y. Fall, Synthesis and
properties of novel chiral imidazolium-based ionic liquids
derived from carvone, RSC Adv., 2016, 6, 31177–31180,
DOI: 10.1039/c6ra00654j.

17 P. T. Anastas and J. C. Warner, Green Chemistry: Theory and
Practice, Oxford University Press, Oxford, 2000.

18 H. Ullah, C. D. Wilfred and M. S. Shaharun, Ionic liquid-
based extraction and separation trends of bioactive
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03840k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 4
:1

6:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
compounds from plant biomass, Sep. Sci. Technol., 2019, 54,
559–579, DOI: 10.1080/01496395.2018.1505913.
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