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ABSTRACT

Flavonoids are probable major contributors to the radical scavenging activity in Ecuadorian quinoa leaves, both from the bitter
genotype (Chimborazo) and sweet varieties. In this study, we extracted these compounds using a simple, rapid (10 min), and
environmentally friendly method based on deep eutectic solvents (DES). Extractions were performed in a ball mixer mill at
room temperature with a eutectic mixture of choline chloride—glycerol—water at a molar ratio, of 1:2:1 and compared with
classical methanol extraction. Both extracts were characterized using high-performance thin-layer chromatography and liquid
chromatography-tandem mass spectrometry-based methods. Regardless of the type of solvent used (conventional or green solvent),
quercetin and kaempferol glycosides were found as the major flavonols in sweet and bitter quinoa leaves. DES extract contains
a higher amount of quercetin glycosides than methanol and shows a higher capacity to stabilize the quinoa radical scavengers
compared to conventional solvent (liquids extracts—conservation for up to 4 months at 5°C). The present research indicates that
DES represent an efficient green media for the stabilization of phenolic compounds from quinoa leaves and has the potential as
a possible alternative to organic solvents. Our work opens new perspectives for the development of high-added value products
based on quinoa leaves for pharmaceutical, nutraceutical and agro-food applications.

1 | Introduction parts of Asia, and North and South America [1, 2]. Even

though the leaves contain a higher content of phenolic com-
Chenopodium quinoa Willd. (Chenopodiaceae) leaves (harvested pounds than the seeds, they are scarcely consumed and there
around 90 days of cultivation) are eaten as vegetables in some is still limited information about their nutraceutical potential.

© 2025 Wiley-VCH GmbH.

Separation Science Plus, 2025; 8:¢70034 1of14
https://doi.org/10.1002/sscp.70034


https://orcid.org/0000-0002-8697-2809
mailto:amandine.nachtergael@umons.ac.be
https://doi.org/10.1002/sscp.70034
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsscp.70034&domain=pdf&date_stamp=2025-04-14

Polyphenols are diverse and represent a widely occurring group
of phytochemicals in plants. Their major beneficial effects
on health are due to their antioxidant properties and their
ability to scavenge free radicals and reactive oxygen species
(ROS), which are associated with their metal chelation and
redox properties [3]. Amongst polyphenols, flavonoids have
been extensively investigated for their possible roles in pre-
venting degenerative diseases such as coronary heart disease,
atherosclerosis, and diabetes, by antioxidative action and/or the
modulation of several protein functions [4, 5]. Interestingly, an
in vitro study reports the high bioavailability of quinoa leaf
compounds (mainly phenolic compounds) together with their
cytotoxic effect on prostate cancer cells suggesting a potential
of these molecules in the prevention of cancer and ROS-related
diseases [1].

A new generation of solvents, known as deep eutectic sol-
vents (DESs), have been proposed as a promising, eco-friendly,
and efficient alternative to organic solvents to extract plant
metabolites. Considering the growing demand for sustainable
processes in the food and pharmaceutical industries, these sol-
vents represent a good opportunity to develop innovative extracts
with unique phytochemical fingerprints and biological activities
[6, 7]. DESs have recently attracted widespread scientific and
industrial interests thanks to their broad range of applications
[8, 9]. DESs are formed by the self-association of complemen-
tary molecular partners, namely the DES components, due to
intermolecular interactions, such as van der Waals interactions,
hydrogen bonding (H-bonding), and/or ionic bonding [10, 11],
resulting in a mixture with a significantly lower melting point
than each individual component. Most common DESs are based
on a combination of a hydrogen-bond acceptor (HBA, such
as choline chloride) and a hydrogen-bond donor (HBD, such
as polyols, sugars, or carboxylic acids) [11, 12]. Due to their
biocompatibility, non-toxicity, low vapor pressure, sustainability,
environmental friendliness, and remarkable power to solubilize,
DESs are proposed to replace conventional organic solvents in
many chemical processes, for example, extraction, enzymatic
reactions, chemical synthesis, and stabilization of natural com-
pounds [11, 13-15]. The extraction and stabilization of high-value
substances such as phenolic compounds, proteins, and saponins
from natural sources using DES are now a major topic of interest.
The “green challenge” is not as easy as it may appear and,
until recently, the natural origin of the herbal material was
enough for a botanical extract to claim to be “natural”. Nowadays,
expectations have become much higher and the naturalness of
a commercially available plant extract must be considered as a
whole: herb, farming type, eco-design, bio-based solvents, and
preservatives [6].

In the present study, DES-based ball mixer mill extraction at
room temperature of flavonoids from quinoa leaves of Ecuadorian
sweet variety and bitter genotype is evaluated. The eutectic
mixture of choline chloride: glycerol: water (molar ratio, 1:2:1)
is used for the extraction of flavonoids and is compared with
conventional extraction using methanol. This paper aims to
investigate the potential of quinoa leaf extracts as a source of
bioactive compounds, and the ability of the solvents (DES and
methanol) to stabilize the radical scavengers from quinoa leaves
at 5°C, in order to evaluate the potential use of DES-quinoa leaf
extracts for industrial applications. Promoting the consumption

of quinoa leaves offers several benefits: (i) a shorter growth cycle
before harvest, with leaves reaching maturity in just 3 months,
compared to 6-9 months for seeds, which helps reduce the
risks associated with climate-related challenges for producers; (ii)
the potential for diversifying the economic activities of quinoa
farmers; and (iii) possible health advantages, as quinoa leaves
may aid in the chemoprevention of cancer and other diseases
linked to oxidative stress. In fact, a prior in vitro study suggested
that quinoa leaf polyphenols have a high bioavailability and
exhibit cytostatic and anti-invasive effects on prostate cancer cells

[1].

2 | Results and Discussion
2.1 | Preparation of the DES

Choline chloride, glycerol, and water were selected as DES
components at a molar ratio 1:2:1 for their advantage in terms of
biodegradability [16] and their extraction power (this DES was
selected from a larger study investigating eight DESs based on
choline chloride, sugars, polyols, organic acids, and/or amino
acids; data to be published). Glycerol as liquid HBD and water
contribute to obtain a clear, stable and low viscosity DES [8,
11, 17], with reduced water activity [11]. The prepared DES was
remarkably stable for long periods of time (at least 2 years at RT;
Figure S2). Intermolecular forces exist between the glycosylated
flavonoids and the components of the DES. It is expected that
hydrogen bonds will form between the hydroxyl groups of
glycerol and the glycosylated portion of the flavonoids, likely to
enhance the extraction process.

2.2 | Fingerprinting and Recovery of Quinoa
Flavonoids by Solid-Phase Extraction

As the coloration of the cartridges was greenish yellow after the
pretreatment of quinoa leaf extracts by solid-phase extraction
(SPE) (Figure S3), we calculated the recovery (Figure 1) using
Equation (1). To do so, we based on the data from Table 1 which
exhibits the content of phenolic acids and flavonoids (section 4.6)
in methanol extracts of bitter and sweet quinoa leaves before and
after the pretreatment by SPE procedure.

After the chromatographic separation of quinoa methanolic
extracts, we observed yellow and green spots dominating the
high-performance thin-layer chromatography (HPTLC) finger-
prints of bitter and sweet quinoa leaf extracts (Figure 1), indi-
cating abundant glycosides based on quercetin and kaempferol,
respectively. These flavonols have been extensively studied,
mostly in vitro, for their chemopreventive and anticarcinogenic
effects [1,18]. Interestingly Gawlik-Dziki et al. associated the pres-
ence of high quantities of flavonols kaempferol, isorhamnetin,
and rutin in a quinoa leaf extract (young leaves at 90 days; ethanol
50%, v/v) with an inhibition of prostate cancer cell proliferation,
motility and competence for gap junctional communication [1].
The blue spots correspond to phenolic acids [19]. The phenolic
acids reported in quinoa leaves are gallic, ferulic, and sinapinic
acids [1]. In a recent study, Shen et al. demonstrated that a
DES composed of choline chloride and lactic acid in a 1:1 molar
ratio exhibited superior extraction efficiency of chlorogenic acid

20f14

Separation Science Plus, 2025

5UBD 17 SUOWILIOD dAIREa.D a|ceal|dde ay) Aq pauenob ae sapie YO ‘@sn Jo sanl 1o} Arlg1TauljuQ A3]1M UO (SUO N IPUOD-PUE-SWLLB)I0D B | 1M Alelg 1 |BuUO//:Sd)IY) SUORIPUOD pue SWd | 83 39S *[5Z02/70/T] uo Ariqiauluo A8|im ‘(Suown) suo ad alseAIuN AQ €002 dIsS/Z00T OT/I0p/Wod A8 | 1M Ae.q1pUIUOS U0 BouB 10S [ea A leue//:sdny wioly pepeojumoq ‘v ‘520z 'STRTELSE



Yellow 2 Yellow 1
Green2 | Green1  Blue

Rf o) 02 03 04 0s 06 07 08 09

Peak profile from image at 365 nm

Rf o1 02 03 04 05 06 07 08 09
Yellow 2 Yellow 1
AU | Green2 | Green1 Blue Red
i | i |
0320 1 1 ! 1 1. Methanolic bitter quinoa ex’tract
- ) ! without SPE !
- ! !
AT o
1 1 ! | 1
0,000 — L J t 1 g '
1 1 1
0320 i \ I 2. Methanolic sweet quinoa extract
: ! | without SPE
1
I 1 1 1
1 1 I
1 1
0000 — : :

0320

with SPE |

al___ﬂ,__.

I
I
I
. i
3. Methanolic bitter quinoa ext‘ract
1
1
1
1
1

% 82 %
1

t T

% | :
4. Methanolic sweet quinoa extract

with SPE

%

~
. el S

! 1
! 1
! 1
! 1
1

Rf o1 02 0. 04 05 06 07 08 09

% : Percentage of recovery of phenolic acids (blue peak) and flavonoids
(green andyellow peaks) from quinoa leaf extracts after SPE

FIGURE 1 | High-performance thin-layer chromatography (HPTLC) fingerprints of flavonoids in quinoa leaf extracts (methanol; sample/solvent

ratio, 1:20 w/v; application volumes, 4 pL) before (tracks 1 and 2) and after (tracks 3 and 4), solid-phase extraction treatment before application.
Mobile phase: formic acid-water-methyl ethyl ketone-ethyl acetate (10:10:30:50, v/v/v/v). Derivatization with natural product (NP) and PEG reagents;
examination under UV3¢s,,. Quinoa leaves Chimborazo (tracks 1 and 3) genotype and INIAP-Tunkahuan (tracks 2 and 4) variety.

TABLE 1 |

Content of phenolic acids (blue spot), and flavonoids (green and yellow spots) expressed as mg rutin-eq/g by high-performance thin-layer

chromatography (HPTLC) semi-quantification of bitter and sweet quinoa leaves before and after the solid-phase extraction procedure.

Bitter quinoa leaves

Sweet quinoa leaves

ID band in
Samples chromatogram mg rutin-eq/g SD Cv mg rutin-eq/ g SD Ccv
Methanolic Blue 0.99 0.07 7.05 n.d.®
extracts before Green 1 1.42 0.07 517 163 0.05 3.1
SPE Yellow 1 4.16 0.25 6.05 3.79 0.17 4.45
Green 2 0.66 0.02 3.05 0.89 0.02 2.68
Yellow 2 2.08 0.09 4.53 2.79 0.12 4.22
Methanolic Blue 0.81 0.10 11.95 nd. ®
extracts after Green 1 1.07 0.03 3.24 1.28 0.07 5.74
SPE Yellow 1 2.87 0.00 0.16 3.10 0.25 8.06
Green 2 0.51 0.01 2.14 0.73 0.06 8.54
Yellow 2 1.26 0.09 6.95 2.06 0.17 8.27

CV%: Coefficient of variation; SD: standard deviation. N = 3 extraction replicates.

@n.d.: Not detectable.

from Honeysuckle, compared to ethanol. They provided evidence
that chlorogenic acid extracted using this DES has a significant
inhibitory effect against various bacterial strains, surpassing the
antibacterial activity of ethanol extracts [20].

The red spots are probably due to chlorophylls. Table 1 exhibits the
results of the semi-quantification of phenolic acids (blue spots)
and flavonoids (green and yellow spots).

The HPTLC fingerprints of bitter Chimborazo (Figure 1; tracks
1 and 3) and sweet INIAP-Tunkahuan (Figure 1; tracks 2 and 4)
leaves show a decrease in the intensity of the main spots (blue,
green, and yellow ones) after the SPE. The recoveries of the poly-
meric sorbent Strata-X (surface modified styrene divinylbenzene)
SPE were obtained from the peak profiles of Chimborazo and
INIAP-Tunkahuan quinoa leaf extracts (Figure 1), and were as
follows: phenolic acids (blue peak), 82%; kaempferol glycosides
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TABLE 2 | Content of phenolic acids (blue spot) and flavonoids (green and yellow spots) extracted using methanol and deep eutectic solvent (DES);
the results were obtained by high-performance thin-layer chromatography (HPTLC) semi-quantification of bitter and sweet quinoa leaves and expressed

as mg rutin-eq/g.

Bitter quinoa leaves

Sweet quinoa leaves

ID band in
Samples chromatogram mg rutin-eq/g SD CV (%) mg rutin-eq/ g SD CV (%)
Methanolic Blue 0.81 0.10 11.95 nd.®
extract Green 1 1.07 0.03 3.24 1.28 0.07 5.74
Yellow 1 2.87 0.00 0.16 3.10 0.25 8.06
Green 2 0.51 0.01 214 0.73 0.06 8.54
Yellow 2 1.26 0.09 6.95 2.06 0.17 8.27
DES extract Blue 0.56 0.02 2.96 n.d.®
Green 1 1.03 0.05 4.45 1.09 0.06 5.30
Yellow 1 3.03 0.23 7.7 2.82 0.23 8.14
Green 2 0.41 0.01 1.93 0.66 0.03 3.94
Yellow 2 1.67 0.07 3.90 2.53 0.21 8.37

CV%: Coefficient of variation; SD: standard deviation. N = 3 extraction replicates.

@n.d.: not detectable.

(green peak 1), 75% (bitter), 79% (sweet); peak 2, 77% (bitter), 83%
(sweet); and quercetin glycosides (yellow peak 1), 69% (bitter) and
82% (sweet); peak 2, 61% (bitter), and 74% (sweet).

The SPE recoveries ranged from 61% to 83%, depending on
the compounds. These results are consistent with findings by
Alam et al. [21] who indicated the SPE method is frequently
used for the recovery of phenolic compounds from DES based
on choline chloride, after extraction. However, the percentage
of recovery of phenolic compounds can vary depending on
the sorbent. Andrade-Eiroa et al. [22] reported recovery rates
of oleacein and oleocanthal from choline chloride:xylitol and
choline chloride:1,2-propanediol mixtures using a nonpolar resin
XAD-16 (styrene divinylbenzene), to be 20%-33% and 67.9%-
68.3%, respectively. In this sense, although the SPE can recover
a wide range of organic analytes (from non-polar to very polar
compounds), most of the reported sorbents and SPE protocols
lack selectivity.

2.3 | HPTLC and Liquid Chromatography-Tandem
Mass Spectrometry Evaluation of Quinoa Leaf
Flavonoids Extractability by Methanol and DES

To compare the extractability power of DES versus methanol, we
calculated the variation of phenolic acids and flavonoids between
the DES and the methanol extract (mg rutin-eq/g) (Table 2: results
obtained according to section 4.6, for bitter and sweet quinoa leaf
extracts).

Figure 2 shows the HPTLC fingerprints of methanolic extracts
(bitter and sweet; tracks 1 and 2 respectively) and DES extracts
(bitter and sweet; tracks 3 and 4 respectively) pretreated by
SPE before application onto to HPTLC plate. Interestingly, both
solvents extracted similar types of flavonols, regardless of the

variety, as corroborated by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) results (Figure 3 and Table 4).

Peak profiles of bitter and sweet quinoa extracts (Figure 2) indi-
cate: (i) a decrease of peak areas for phenolic acids (blue peak),
by 31% (DES bitter quinoa extract), and kaempferol derivatives
by 4% and 19% (DES bitter quinoa extract, green peaks 1 and
2 respectively), and by 15% and 11% (DES sweet quinoa extract,
green peaks 1 and 2); (ii) an increase of peak areas for quercetin
derivates by 6% and 33% (DES bitter quinoa extract, yellow peaks
1 and 2, respectively) and by 18% (DES sweet quinoa extract,
yellow peak 2); only yellow peak 1 showed a decrease by 9%
in DES sweet quinoa extract. Apparently, the DES used in this
study could be selective in the extractability of certain quercetin
derivatives (yellow peak 2). According to those results, even
though the viscosity of DES is higher than that of methanol, and
a rapid method (10 min) was used for the extraction at room
temperature (~25°C), DES extracted similar or greater amounts of
quercetin glycosides from both sweet and bitter leaves compared
to methanol.

Our results with choline chloride:glycerol:water reflect the find-
ings of Fraige et al. [23] who showed, on Byrsonima verbascifolia
(L.)DC. [1] leaves, that methanol:water (7:3, v/v) and a DES, based
on choline chloride:glycerol at a molar ratio 1:2 diluted by 20%
(w/v) of water, both extract comparable amounts of quercetin
glycosides (quercetin-O-hexoside, galloyl quercetin hexoside,
quercetin-O-pentoside, and galloyl quercetin pentoside). Eutectic
systems based on choline chloride with HBD consisting of poly-
ols, carboxylic acids or amides are the most frequently reported
DES for an efficient extraction of polyphenols, including flavonols
[21]; the polyols are especially favored as their hydroxyl groups
form abundant hydrogen bonds with polyphenols, improving
their extraction [21, 23, 24]. Similarly, another DES, a mixture
of L(-)-proline and levulinic acid, demonstrated high efficiency
in flavonoid extraction from the flowers of Trollius ledebouri
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FIGURE 2 | High-performance thin-layer chromatography (HPTLC) fingerprints of flavonoids in quinoa leaf extracts (sample/solvent ratio, 1:20

w/v; application volumes, 4 uL) in methanol (tracks 1 and 2) and in deep eutectic solvent (DES) (tracks 3 and 4), treated by solid phase extraction before
application. Mobile phase: formic acid-water-methyl ethyl ketone-ethyl acetate (10:10:30:50, v/v/v/v). Derivatization with natural product (NP) and
PEG reagents; examination under UV3q¢s,,,. Quinoa leaves Chimborazo (tracks 1 and 3) genotype and INIAP-Tunkahuan (tracks 2 and 4) variety. The

percentage of variation was calculated using Equation (2) in section 4.6.

Rchb.; among 20 DES synthesized, the L(-)-proline-levulinic
acid combination (in a 1:2 molar ratio) exhibited the highest
extraction efficiency for orientin and vitexin [25]. In another
recent study on Abelmoschus manihot (Linn.) flowers, Wan
et al. reported that the optimized DES for the extraction of
hyperoside and isoquercitrin was choline chloride—acetic acid
(1:2, molar ratio), while, for myricetin, the optimal eutectic
mixture was choline chloride—methacrylic acid (1:2, molar
ratio); the extraction of hyperoside, isoquercitrin, and myricetin
with their respective optimal DES was significantly higher
than that obtained using methanol, ethanol, 70% ethanol, or
water [26].

In addition, phenolic acids (blue spot) were detected only in bitter
quinoa leaves; their concentrations were higher in the methanol
extract than in the DES extract. Furthermore, we observed that
quercetin and kaempferol glycoside concentrations were slightly
higher in sweet quinoa leaves than in bitter leaves, regardless of
the solvent used.

On the other hand, to compare the content of flavonoids in quinoa
leaves obtained from this study (DES extract and methanol
extract) by HPTLC with the reported results from quinoa leaves
and other natural sources, we used Equation (3) to calculate
the total content of flavonoids in DES and methanol extracts
from bitter and sweet quinoa leaves (Table 3); the total flavonoid
content is 1.2 and 1.3 times higher for the sweet leaves over
the bitter leaves, using DES and methanol, respectively. Ramos-
Escudero et al. [27] found that quinoa leaves of quinoa Peruvian
varieties had 8.69 (Salcedo) and 9.14 (Altiplano) mg rutin-eq/g

by spectrophotometric method, which is in good agreement
with the results of the present study. When comparing the
flavonoid content of quinoa leaves with medicinal plants such
as Matricaria recutita L. or Salvia officinalis L. Moringa oleifera
Lam. Spirulina platensis, Arbutus unedo L., Micromeria graeca
(L.) Benth. ex Rchb. and Mentha rotundifolia (L.) Huds, the
potential of quinoa leaves as sources of bioactive compounds is
remarkable (Table 3).

Figure 3 presents the mass spectra obtained when analyzing the
DES and methanol extracts from quinoa leaves sweet and bitter
varieties. Regarding the solvent, green or conventional, the com-
position of flavonoids in both extracts was similar. Tables 4 and 5
show a tentative identification of the compounds corresponding
to 13 peaks as determined using LC-MS/MS analyses in the
negative ionization mode from the DES and methanol extracts.
Compounds were tentatively identified from experimental depro-
tonated molecules and their fragmentation patterns. Then, the
acquired UV spectra were compared with those reported in the
literature for the compounds. Peaks 2, 3, 7, and 9 at m/z 755,
609, 595, and 477 were tentatively assigned as quercetin glycosides
presenting the fragment at m/z 301 characteristic of this aglycone
[23] (cf. Figure S4). Peaks 1, 4, 5, 6, 10, and 12 at m/z 623, 739,
739, 593, 593, and 461, all showed the deprotonated aglycone as
key-fragment ions at m/z 285, which indicates that they may
have kaempferol as the aglycone [34] (Figure S5). Compounds
11 and 13 detected at m/z 623 and 491, respectively, produced the
deprotonated aglycone fragment at m/z 315, which suggests that
they are based on isorhamnetin [34] (Figure S5). Peak 8 at m/z
623 could not be assigned but the probable aglycone fragment at
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FIGURE 3 | Combined liquid chromatography-mass spectrometry (LC-MS) spectra (8-17 min run) featuring the [M-H]~ ions of flavonoid glycoside
from the quinoa leaf deep eutectic solvent (DES) and methanol extracts.
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TABLE 3 | Comparation of total flavonoid content from studied quinoa leaves to the content of quinoa leaves and other natural sources reported in

the literature.

Total

flavonoids (mg
Resources Solvent Method rutin-eq/g) References
Quinoa leaves, INIAP-Tunkahuan, sweet variety DES® HPTLC 7.09 + 0.52®
Quinoa leaves, Chimborazo, bitter genotype HPTLC 6.14 + 0.35®
Quinoa leaves, INIAP-Tunkahuan, sweet variety Methanol HPTLC 7.18 + 0.56»
Quinoa leaves, Chimborazo, bitter genotype HPTLC 5.70 + 0.14®
Quinoa leaves, Salcedo variety Methanol Spectrophotometric 8.69 + 0.49 [27]
Quinoa leaves, Altiplano variety Methanol Spectrophotometric 9.14 + 0.42 [27]
Matricaria recutita L. (synonym of Matricaria Methanol Spectrophotometric 71+04 [28]
chamomilla L.)

Salvia officinalis L. Methanol Spectrophotometric 35+1.6 [28]
Moringa oleifera Lam. leaves DES (bataine:urea, molar Spectrophotometric 48-50 [29]
ratio 1:1)

Moringa oleifera Lam. leaves Ethanol 70% v/v Spectrophotometric 20-24 [29]
Spirulina platensis Ethanol Spectrophotometric 0.59+0.05 [30]
Arbutus unedo L. leaves Methanol Spectrophotometric 21.40 + 0.01 [31]
Micromeria graeca (L.) Benth. ex Rchb. Ethanol Spectrophotometric ~ 1.90 + 0.10© [32]
Mentha rotundifolia (L.) Huds. Ethanol 50% v/v Spectrophotometric ~ 3.74 + 0.07© [33]

(®DES: extraction with DES (choline chloride:glycerol:water; molar ratios 1:2:1).

®Total concentration calculated using Equation (2).
(Total concentration reported in mg of quercetin equivalents/g of dry matter.

m/z 315 was observed, which indicates that this compound may
be based on isorhamnetin.

The aglycone identification was confirmed by studying the
collision-induced dissociation (CID) spectra of commercial
quercetin, kaempferol, and isorhamnetin compared to the data
of the natural extracts. Interestingly, the glycosyl moieties are
completely lost in negative ionization electrospray. Thus, CID
spectra lack information about the glycone characterization.
Consequently, the CID spectra of protonated ions were also
studied [35]. Indeed, those ions will undergo the fragmentation
of the sugars one by one, displaying characteristic losses (-132
amu for a pentosyl unit, -146 amu for a rhamnosyl unit, -162
amu for a hexosyl unit and -176 amu for a hexuronyl unit) [35-
37]. In general, the presence of pentosyl, hexosyl, and hexuronyl
groups most commonly occur in the glycosyl part of flavonoids
determined in quinoa leaves, regardless of solvent, DES or
methanol.

About 10 flavonols, quercetin, and kaempferol glycosides have
been identified in quinoa, most of them in seeds, with biological
activities evaluated in vitro and in vivo such as antibacterial,
antioxidant, anti-inflammatory, antitumor, anticancer, hepato-
protective, antiulcerogenic, antidiabetic activities and neuro-
protective effect [18]. There is little information on the iden-
tification of flavonoids in quinoa leaves and the presence
of isorhamnetin, kaempferol, quercetin and rutin has been
reported [1, 18].

2.4 | Evaluation of the Stability of the Extracts
Free Radical Scavenging Activity

Compared to the traditional solvents used to extract free radical
scavengers from quinoa sweet and bitter leaves, DES better
stabilizes this activity in liquid extracts stored at 5°C for up to 4
months (Figure 4), probably through an increase in viscosity and
a reduction in water activity. All the extracts were individually
evaluated, indicating an influence of storage time on free radical
scavenging activity. Interestingly, both the extracts of bitter and
sweet quinoa leaves in DES presented (i) a higher free radical
scavenging activity compared to methanol extracts; this result is
in agreement with Caprin et al. [6], who showed, for a Calendula
officinalis L. DES extract, a dose-related radical scavenging
activity significantly higher compared to an ethanol/water, 50:50
v/v extract; and (ii) a lower% of degradation in comparison to
those measured in methanol.

Our data support the stabilizing effects previously reported
for redox-sensitive compounds. At 5°C, DES based on choline
chloride, glycerol, and water (molar ratio 1:2:1) stabilized up
to 2 months saponins from bitter seeds and husks of quinoa
(Chenopodium quinoa Willd.) [38]. At 25°C, four DES (based
on the HBA choline chloride and the HBD glycerol, lactic acid,
1,2-propanodiol or oxalic acid, added with 10% water) showed a
high capacity to stabilize polyphenols of rosemary (Rosmarinus
officinalis L.) up to 72 h [39]. At 25, 4, and -20°C, DES based on
choline chloride and lactic acid, added with 20% water, stabilized
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TABLE 4 |
mass spectrometry.

Determination of tentative flavonoids in methanol- and deep eutectic solvent (DES)-extracts from Chenopodium quinoa Willd. leaves by

A
(ppnRetention
N° Molecular m/z ® time Leaves of bitter Leaves of sweet
peak Flavonoids formula [M-H]~ (min) quinoa quinoa
Methanolic DES Methanolic DES
extract® extract® extract® extract®
1 Kaempferol-O-hexuronylhexoside 623.1248 8.23 \/ \/ \/ \/
C,;H0,; 0.3
2 Quercetin-O-hexosyldirhamnoside 755.2035 9.91 Vv v Vv Vv
C33H,005 0.4
3 Quercetin-O-hexosylpentoside 5951299 1.3 10.80 Vv Vv Vv Vv
C26H28016
4 Kaempferol-O- 1.2 11.09 Vv v Vv Vv
hexosyldirhamnoside-n°1 C3;3H,0 0y 739.2086
5 Kaempferol-O- 1.2 11.36 Vv v Vv Vv
hexosyldirhamnoside-n°2 C;3H,0 049 739.2086
6  Kaempferol-O-hexosylrhamnoside 593.1506 0.5 11.75 \/ \/ \/ \/
C:27H30 015
7 Quercetin-O-hexuronylpentoside 0.5 11.85 Vv v Vv Vv
CyHy0; 609.1092
8 Unknown flavonoid 14 11.85 Vv v Vv Vv
CyH,, 0,5 623.0884
9 Quercetin-O-hexuronide CyHgOy3 13.42 \/ \/ \/ \/
477.0669 0.0
Kaempferol-O-hexuronylpentoside 593.1143 1.0 13.85 \/ \/ \/ \/
10 C26H26016
1 Isorhamnetin-O- 623.1248 14.20 Vv v Vv Vv
hexuronylpentoside C,;H0,; 0.8
12 Kaempferol-O-hexuronide CyH3Oy, 15.57 \/ \/ \/ \/
461.0720 0.7
13 Isorhamnetin-O-hexuronide 491.0861 16.15 \/ \/ \/ \/
C,,H,,0y3 0.4

@A (ppm): mass measurement error in parts per million (ppm).
®Methanolic extract = extraction with methanol.

(IDES extract = extraction with DES (choline chloride—glycerol—water; molar ratios 1:2:1).

anthocyanins for up to 90 days [40]. Other DES stabilizing
effects have been shown for Carthamus tinctorius L. carthamin
(a C-glucosyl quinochalcone), Catharanthus roseus (L.) G.Don
anthocyanins and Camellia sinensis (L.) Kuntze catechins [41].
The stabilizing ability of DES may be tentatively explained by
intermolecular interactions, mainly hydrogen bonding, between
solutes and DES. These interactions (i) reduce the mobility of
the solutes, thus reducing their contact with oxygen and water,
consequently reducing their oxidative and hydrolytic degrada-
tion; and (ii) reduce the water activity. Some authors postulate
that the hydrogen bond network formed in the DES system (DES
components, water, and solutes) may contribute to building up
and maintaining a 3D structure of the bioactive compounds that
protects them from external factors [39, 41].

These data on DES extraction of bioactive components are
encouraging for further studies regarding efficiency, stability
of bioactive compounds in the finished products, production
costs, greenness, and potential effects on human health and
safety so that these methods can be implemented by food and
pharmaceutical industries [42].

Due to their radical scavenging properties, polyphenols such as
flavonoids and phenolic acids are considered major contributors
to the antioxidant activity of quinoa leaves [1]. Taking into
account that quercetin glycosides contains two hydroxyl groups
in the position 3’ and 4’ of the B-ring (flavonoid structure have
3 rings A, B, and C) in comparison with one hydroxyl group
in the position 4’ of B-ring of kaempferol glycoside; and that
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TABLE 5 | Tandem mass spectrometry (MS/MS) product ions obtained from the [M+H]* and [M-H]~ ions corresponding to peaks 1-13 from quinoa
leaves extract, regardless of the type of extraction solvent used.

Positive mode Negative mode
Peak Fragment
num- [M+H]* CE m/z (% [M-H]~ CE Fragment m/z
ber m/z (eV) intensity) m/z (eV) (% intensity)
1 625.1405 5 625 (100), 6231248 15 623 (100), 461 (10), 447 (17), 285 (17)
449 (10), 287
(5)
2 757.2191 5  757(100),611 7552035 30 755 (100), 301 (11), 300 (29)
(12), 465 (6),
303 (14)
45 301 (20), 300 (100), 271 (17), 255 (7), 175 (3), 151 (2)
3 597.1456 5 597 (100), 5951299 30 595 (23), 301 (25), 300 (100), 271 (31)
465 (12), 303
(6)
45 301 (19), 300 (100), 271 (76), 255 (34), 243 (8), 227 (3), 151 (4)
4 741.2242 5 741(100),595  739.2086 30 739 (100), 285 (17), 284 (30)
(16), 449
(10), 287 (4)
45 285 (32), 284 (100), 255 (26), 227 (6)
5 741.2242 5 741(100),595  739.2086 30 739 (100), 285 (16), 284 (37)
(25), 449 (13),
287 (5)
45 285 (30), 284 (100), 255 (28)
6 595.1663 5 595 (100), 5931506 30 593 (18), 285 (42), 284 (100), 255 (6)
449 (20), 433
(2), 287 (20)
45 285 (30), 284 (100), 255 (85), 227 (34), 175 (9)
7 611.1248 5 611(100),479  609.1092 15 609 (100), 301 (28), 300 (28)
(51), 435 (1),
303 (10)
45 301 (100), 300 (38), 283 (10), 271 (55), 255 (31), 243 (16), 227
(10), 179 (29), 151 (59)
8 - - - 623.0884 30  623(9), 315 (100), 299 (80), 287 (49), 273 (36), 271 (27), 179 (14),
151 (11)
9 479.0826 - - 477.0669 15 477 (61), 301 (100), 300 (41)
30 301 (100), 300 (24), 283 (5), 271 (19), 255 (7), 179 (14), 151 (23)
10 595.1663 5 595 (100), 593.1143 15 593 (100), 307 (9), 285 (61)
463 (60), 287
(12)
45 285 (100), 257 (25), 241 (6), 229 (37), 151 (3)
1 625.1405 5 625 (100), 6231248 15 623 (100), 315 (64), 307 (7)
493 (48), 317
®)
45 315 (50), 300 (100), 271 (42), 255 (24), 243 (10)
12 463.0876 - - 461.072 15 461 (27), 285 (100)
45 285 (100), 257 (23), 255 (20), 229 (94), 211 (24), 187 (39), 159
(20), 143 (16)
13 493.0982 - - 491.0861 15 491 (22), 315 (100), 300 (3)
45 315 (3), 300 (54), 255 (44), 243 (31), 227 (7), 199 (3), 151 (4)
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FIGURE 4 | Influence of time on a decrease in radical scavenging from quinoa leaf samples, in deep eutectic solvent (DES) (choline

chloride:glycerol:water at molar ratio 1:2:1) and methanol at 5°C. Values are expressed as means of three extraction replicates with the error bars

corresponding to standard deviations. (a) and (b) DES bitter and sweet quinoa leaf extracts, respectively. (c) and (d) Methanolic bitter quinoa leaf

extracts, respectively.

the free radical scavenging capacity is primarily attributed to the
high reactivities of the B-ring hydroxyl substituents [43], in our
case, the higher content of quercetin glycosides (Table 2 and
Figure 2) in DES extracts may contribute to higher 2,2-diphenyl-1-
picrylhydrazyl assay (DPPH®) scavenging compared to methanol
extract.

Another remarkable advantage of DES in extracting compounds
from quinoa leaves was the color of its extracts which was
conserved for up to 4 months. Methanol extracts presented some
small sedimented particles at the bottom of the glass containers
after one month, and the color darkened and became less green
after 4 months (Figure 4).

3 | Conclusion

A green and rapid extraction method using DES-based ball
mixer mill extraction at room temperature of flavonoids from
Ecuadorian quinoa leaves, bitter (Chimborazo genotype), and
sweet (INIAP-Tunkahuan variety) was evaluated. In this study,
we refer to a green method primarily due to the avoidance of
organic solvents, which is a key aspect. This approach also has a
positive impact on the extraction process (the left-over material
contains no toxic residual solvent; the DES extract is used as
is, without the energy required for drying or solvent waste).
However, the ‘greenness’ of a method indeed depends on many
parameters out of our reach, notably the production process
of DES components. A DES prepared with choline chloride,
glycerol, and water at a molar ratio of 1:2:1 was compared to
methanol, using HPTLC and LC-MS/MS methods to determine
the qualitative flavonoid composition of the extracts. Regardless
of the type of solvent used (conventional or green solvent),
quercetin, kaempferol, and isorhamnetin glycosides were found
as the major flavonols in sweet and bitter quinoa leaves. Those
compounds were recovered by SPE at recovery rates oscillating
between 61% and 83%. DES showed higher specificity toward
quercetin glycosides than methanol, and a higher capacity to
stabilize quinoa radical scavengers. These findings indicate that
DESs have huge potential in industrial application due to their

advantages over conventional solvents such as the possibility to
design them for specific purposes, with reasonable stability of the
compounds during storage. Although, it is necessary to continue
investigating the use of DES in the extraction of compounds from
natural sources, they are a promising alternative.

4 | Methods
4.1 | Plant Material

Sweet quinoa leaves INIAP-Tunkahuan variety were grown at
the Instituto Nacional de Investigaciones Agropecuarias (INIAP),
Santa Catalina Experimental Station, Pichincha province,
0°22’01”S 78°33’17”W, altitude 3050 m.a.s.l, and bitter organic
quinoa leaves Chimborazo genotype were obtained from several
producers in Calpi, Chimborazo province, 1°38’48”S 78°43’47”W,
altitude 3060 m.a.s.l., both places located in Ecuador. After 90
days (sweet variety) and 75-90 days (bitter genotype) of seeding,
leaves were collected manually and washed with distilled water.
After removing the excess water with a paper towel, sweet quinoa
leaves were lyophilized (1 kg of fresh leaves), and bitter quinoa
leaves (18 kg of fresh leaves) were dried in an oven (24 h, 30°C);
then both were ground and stored at -20°C. All material was
ground in a laboratory mill (PX-MFC 90 D; Kinematica AG,
Switzerland) and sieved to obtain particle sizes <0.5 mm.

4.2 | Reagents and Standards

Choline chloride (>98%), rutin hydrate (>94%), 2-aminoethyl
diphenylborinate (97%), DPPH®, and kaempferol (>90%) were
purchased from Sigma (Merck); glycerol (99%), polyethyleneg-
lycol 400 (PEG-400), methanol with 0.1% ammonium acetate
(LC-MS grade) and formic acid (99-100%) were obtained from
ChemLab; methanol (99%), absolute ethanol (>99.8%), methyl
ethyl ketone (GPR Reactapur), formic acid (98%), ethyl acetate
(ACS reagent), and methanol (99,8%) were purchased from
VWR Chemicals; isorhamnetin (>99%) was obtained from Carl-
Roth; and quercetin dihydrate (82%, Ph. Eur. Ref. Std.) from
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EDQM (European Directorate for the Quality of Medicines &
HealthCare). All reagents were of analytical grade. The water
used to prepare DES was Milli-Q grade water (18.0 MQ.cm). SPE
cartridges, Strata -X 33 um, Polymeric Sorbent, were purchased
from Phenomenex.

4.3 | Preparation of DES

A reported eutectic mixture based on choline chloride, glycerol,
and water at a molar ratio of 1:2:1 was prepared using a heating
method [38]. The components were placed in a glass-closed
system with magnetic stirring (350 rpm, MR Hei-Tec magnetic
stirrer) at 50°C for 20 min; a water bath was used to heat the
system. A viscous and transparent liquid mixture was obtained.

4.4 | Preparation of Extracts

A 0.150 g of quinoa leaf powder was mixed with 3.000 g of solvent,
DES (choline chloride:glycerol:water at a molar ratio 1:2:1) or
methanol, added with 9.4 mg of glass beads or 5 units (diameter,
1-1.5 mm) and extracted using a ball mixer mill MM 400 (Retsch,
Germany) at 30 Hz for 10 min at room temperature (~25°C). After
centrifugation (40 min, 4000 g, 25°C) (centrifuge UniCen MR,
Herolab, Germany), the supernatant was recovered and stored in
an amber glass 5mL-vial with a screw cap. Methanol extracts and
DES extracts from bitter and sweet quinoa leaves were obtained
in triplicate.

4.4.1 | Pretreatment of Extracts by SPE

Although DES extracts from quinoa leaves have the potential
to be used at an industrial scale without the need to separate
the extracts from DES components, we performed SPE for
analytical purposes to avoid: (i) components of DES that interfere
with the HPTLC chromatographic separation [44]; and (ii) the
chlorophyll color in the methanolic samples, which interfere in
the spectrophotometry determination in the DPPH® assay. Prior
to SPE, methanolic extracts and DES extracts were diluted as
follows: (a) 0.500 g of DES extract was diluted adding 0.500 g of
DES solvent and vortexed for 4 min at 28 rpm; (b) for solvent
exchange, 0.500 g of methanol extract were added to 1.000 g
of DES solvent previously weighed in an Eppendorf-5 mL; this
mixture was carefully vortexed for 2 min at 14 rpm and methanol
was then evaporated in a sample centrifugal vacuum concentrator
(40°C, vacuum 12 mbar, 140 min; SP Genevac miVac SpeedTrap)
to obtain the extract in 1 g DES. Both final mixtures from
(a) and (b) were subsequently subjected to the SPE process. A
cartridge (Strata -X 33 um, reverse phase for neutral compounds,
30 mg/1 mL polymer-based sorbent mass) was placed in a
vacuum manifold and equilibrated with 5 mL of absolute ethanol,
followed by 5 mL of Milli-Q grade water. After loading 1 g of
diluted extract, the cartridge was rinsed twice with 6 mL of milliQ
water and eluted with 6 mL of absolute ethanol. After evaporation
of ethanol at 40°C in rotavapor, the solid residue was dissolved
in 1 mL of methanol to obtain SPE pretreated DES or methanol
extract that was subjected to HPTLC and DPPH® assays.

4.5 | Characterization of Extracts
4.5.1 | Liquid Chromatography-MS/MS

Instead of SPE pretreatment, the sweet and bitter quinoa leaf
extracts were simply diluted for LC-MS/MS analysis of the
flavonoids. The system consisted of a Waters Acquity UPLC H-
class liquid chromatography device coupled to a Waters Synapt
G2-Si mass spectrometer. Samples for injection were prepared by
diluting 10 uL of sample (DES or methanolic quinoa extracts) with
990 uL methanol. Then 5 pL of each mixture was injected into the
system and chromatographic separation was achieved on a non-
polar column (Phenomenex Kinetex C18 EVO (00F-4633-AN), 150
X 2.1 mm; 5 pm particle size) at 40°C. The mobile phase consisted
of 0.1% formic acid in water (A) and methanol (B) at a flow rate
of 0.25 mL/min in gradient elution mode (0 min, 10% B; 6 min,
30% B; 11 min, 35% B; 18 min, 50% B; 23 min, 90% B; 25 min,
100% B; 27 min, 10% B). The mass spectrometer parameters were:
electrospray ionization in the negative ionization mode (ESI-
); dry nitrogen (ESI gas) at 500 L/h for the desolvation gas;
capillary voltage 2.5 kV; cone voltage 40 V; source Offset 80 V;
source temperature 120°C; desolvation temperature 300°C. Ion
monitoring mode was a full scan in the range m/z 50-2000 and
all ions were transmitted into the pusher region of the time-of-
flight analyzer for mass analysis with 1 s integration time. For the
analysis in the positive ionization mode, the mass spectrometer
used was the Waters QToF API-US (ESI) coupled to the Waters
Alliance 2695 HPLC system. All the parameters were the same as
in the negative ionization mode, except for the capillary voltage
which was 3.1kV, and the cone voltage which was 30 V. Data were
processed through the MassLynx V 4.1 software (Waters).

4.5.2 | High-performance TLC

Fingerprinting of flavonoid compounds contained in the extracts
obtained in section 4.4.1 was performed by HPTLC according
to the method reported by Liu et al. [44] and following the
procedures of the European Pharmacopeia 10 [45] with some
modifications. Chromatographic layers were HPTLC silica gel
60 F,s, plates, size 20x10 cm (Merck, Germany). Samples were
applied by spray, using an Automatic TLC Sampler (ATS 4,
Camag, Switzerland); 5 puL of the sample were applied onto
the plate for the flavonoid detection protocol; 19 bands of 5-
mm were applied per plate, 8 mm from the plate lower edge;
the plates were equilibrated under a 33% relative humidity and
developed over a pathway of 70 mm from the lower edge in
an Automated Multiple Development chamber (AMD2, Camag)
with formic acid—water—methyl ethyl ketone—ethyl acetate
(10:10:30:50, v/v/v/v) in a saturated twin trough chamber. The
plate was automatically dried for 5 min after development and
heated at 105°C for 5 min using a TLC Plate Heater (Camag). Post-
chromatographic derivatization was achieved following these
steps: (i) a2 mL solution of 2-aminoethyl diphenylborinate (10 g/L
in methanol; “Natural Product” reagent, NP) were applied on
the warm plate (Derivatizer Camag, green nozzle, level 3); the
plate was then dried for 30 s at RT; and (ii) a 2 mL solution
polyethyleneglycol 400 (50 g/L in methanol; “PEG reagent”) was
applied on the same plate (Derivatizer Camag, blue nozzle, level
2); the plate was dried for 90 s at RT. Upon derivatization, the
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plates were documented as digital images under short-wave UV
light (254 nm), long-wave UV light (365 nm), and white light using
the TLC Visualizer 2. The Camag systems were driven by the
visionCATS software, version 2.5.

4.6 | Semi-quantification of Quinoa Leaf
Flavonoids by HPTLC

To construct a calibration curve, several solutions of rutin hydrate
(>94%) (20, 40, 60, 80, 160, and 200 pg/mL) were applied (4 pL)
in duplicate on an HPTLC plate. DES extracts or methanolic
extracts were applied in triplicate on the same plate. The plate was
developed, derivatized, and recorded as described in section 4.5.2.
Using CAMAG Visualizer 2, an electronic image was captured of
the chromatogram in long-wave UV (366 nm, broadband) after
derivatization. For each Rf value, the mean luminance of the
pixels (red, blue, and green) in the zone corresponding to an
aliquot of the track (50% of its length) is calculated. Luminance
as a function of the Rf plot generates the “Peak Profile from
Image” (PPI) with visionCATS software. The calibration curve
was constructed by plotting peak area (AU) as a function of the
rutin concentration (ug/mL) using the winCATS software.

The phenolic acid and flavonoid contents were expressed in mg
rutin-eq/g (mgrutin-equivalents per gram of dried quinoa leaves).
The percentage of variation of content (mg rutin-eq/g) in DES
extract related to content (mg rutin-eq/g) in methanolic extract,
was calculated using Equation (1).

Cpps — C
%V ariation = —2E5__~MeOH 100 (€]

C'M etOH

where Cpg = phenolic acid or flavonoid content of DES extract
(mg rutin-eq/g), and Cy;on = phenolic acid or flavonoid content
of methanol extract (mg rutin-eq/g).

The total flavonoid content of DES and methanolic extract
(section 4.4.1) was calculated using Equation (2).

Total flavonoid content = Cgreen 1 + Cyeliow 1+ *** +Cn_green + Cn_yellow

@)
where C,.,; = flavonoid content (mg rutin-eq/g) in green band
1 of HPTLC chromatogram; Cyo,; = flavonoid content (mg
rutin-eq/g) in yellow band 1 of HPTLC chromatogram; C, yrcen =
flavonoid content (mg rutin-eq/g) in n-th green band of HPTLC
chromatogram; and C,, yeoy = flavonoid content (mg rutin-eq/g)
in n-th yellow band of HPTLC chromatogram.

4.7 | SPE: Recovery of Phenolic Compounds

We employed the methanol extracts obtained in sections 4.1 and
4.1.1 to calculate the recovery of phenolic acids and flavonoids
using the SPE pretreatment by Equation (3).

Concentration after SPE

% Recovery =
7 very Concentration before SPE

X 100 ?3)

where Concentration after SPE = concentration of phenolic acids
(blue spot in HPTLC chromatogram) or flavonoids (green and
yellow spots in HPTLC chromatogram) in mg rutin-eq/g after the

SPE; and Concentration before SPE = concentration of phenolic
acids (blue spot) or flavonoids (green and yellow spots) in mg
rutin-eq/g without SPE pretreatment.

4.8 | Measurement of Extracts Free Radical
Scavenging by a DPPH®

The radical quenching activity of DES and methanolic extracts
of sweet and bitter quinoa leaf samples were measured using
a DPPH® spectrophotometric assay employing a 96-well
microplate, as previously reported [46]. The samples were
diluted to appropriate concentrations such that they were within
the dynamic range of the calibration curve (4.0, 8.0, 12.0, 16.0,
20.0, and 24.0 pg/mL of rutin). Fresh DPPH® solution (0.004%
w/v in methanol with 0.1% ammonium acetate) was prepared the
same day as the measurement and stored at 5°C until use. Figure
S1 shows the composition, distribution, and applied volume (ul)
of blanks, DPPH control, calibration standard solutions, and
samples in the 96-well microplate. Absorbances were recorded at
517 nm (SpectraMax M2 microplate reader, Molecular Devices) at
regular intervals of 5 min, for 40 min, 9 reads, shaking 10 s before
first read and 3 s between reads. Calculation of scavenging effects
relative to the control was performed per Equation (4).

A - A
DPPH scavenging effect (%) - DPPH control cor sample cor (4)
ADPPH control cor

where Appph controlcor = Average of corrected DPPH control
absorbance (average of negative control absorbances—average
of blank for DPPH control absorbances); Agmpiecor = corrected
absorbance of the sample (absorbance of the sample-absorbance
of sample blank). All information about blanks, DPPH control,
and samples is presented in Figure S2.

4.9 | Study of Free Radical Scavenger Stability of
the DES and Methanol Extracts Prepared in
Section 4.4

The DES and methanol extracts are prepared in section 4.4. were
stored at 5°C for 4 months and regularly analyzed by DPPH®
assay for their free radical scavenging activity according to the
method described in section 4.7.
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