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Abstract: The present review article attempts to summarize the use of deep eutectic solvents in the
extraction of flavonoids, one of the most important classes of plant secondary metabolites. All of the
applications reviewed have reported success in isolation and extraction of the target compounds;
competitive, if not superior, extraction rates compared with conventional solvents; and satisfactory
behavior of the extract in the latter applications (such as direct analysis, synthesis, or catalysis),
wherever attempted.
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1. Introduction

The global turn towards green chemistry is an integral approach towards conventional chemical
practices. Following this trend, both raw materials and processes are being re-evaluated from the
ground up, combining the research for naturally, sustainably sourced raw materials with eco-friendly,
cost effective, and lean processes.

Research on multiple compound groups is being carried out globally, aiming at isolating substances
with significant health, well-being, or other benefits from natural sources, through green methods.

The present review focuses on the extraction of flavonoids, an immense category of compounds
found in plants and natural products. Furthermore, the review is dedicated to conventional and novel
extraction methods using classic or natural deep eutectic solvents, a new category of green solvents
with exceptional solvent properties, as well as generally green behavior.

An inclusive overview of the current research being carried out on the extraction of flavonoids
using deep eutectic solvents is provided. The main conclusions, issues, and trends are analyzed in
order to comprise a solid foundation for further research or more focused application.

1.1. Flavonoids

Flavonoids are a category of naturally occurring organic compounds found in fruits, vegetables,
or grains. Flavonoids, as a group, include upwards of 8000 different identified compounds, which are
responsible for a number of functions within plants, such as the coloration of the different parts of
fruits or vegetables (leaves, flower, peel), as well as shielding against UV rays or external threats, such
as pathogens. They can be located in other subsystems as well, such as the bark or the roots of the
plant, where they might serve similar or different purposes [1].

The interest around extraction of flavonoids stems from the multiple health benefits they provide.
Cardiovascular benefits, anticancer activity, and neurological system fortification are only some of the
many actions this group. Flavonoid intake has been involuntarily pursued in medicine since ancient
times. Herbal medicine, such as traditional Chinese or Mediterranean medicine, has helped breed
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plants that are considerably rich in flavonoids. This legacy has fueled much of the research listed in
this project, directing green extraction towards traditional herbs, fruits, or common foods in the hopes
of isolating useful substances, including flavonoids [2,3].

From a chemical structure standpoint, all flavonoids stem from a main skeleton that they share,
and differentiate from each other based on the substituents attached to any part of the structure
(Figure 1). They possess phenolic and pyrane rings in their structures and have many subclasses,
such as flavanols, flavones, flavanones, chalcones, and anthocyanidines. The flavonoid skeleton is
comprised of an aromatic ring linked on one side with a six-membered heterocyclic ring, which bears
an oxygen atom instead of carbon next to the common side. The two rings connect to another aromatic
ring to form the skeleton, as shown below:

FLAVONOIDS
MAIN SKELETON

Figure 1. Flavonoid skeleton and general structures of the main flavonoid categories.
1.2. Deep Eutectic Solvents

The extraction media of choice for green extractions could very well be Deep Eutectic Solvents
(DES). DES are solvents that occur when a mixture of substances has a melting point that is much lower
than that of the two constituents. In order to form a DES system, there needs to be a hydrogen bond
donor (HBD) and a hydrogen bond acceptor (HBA), which when mixed at proper ratios create a new
“mesh” of hydrogen-bond-interconnected molecules with interesting physicochemical properties. DES
can be highly viscous, inhibiting their use in processes that require diffusion or flow, however, research
into their chemical structure, as well as the use of additives (like water), largely alleviates this issue [4].

The potential to use multiple molecules as constituents and create a fluid mixture that can be used
as a solvent is the first key interesting point regarding DES. Adding to this notion, the potential for
many naturally occurring molecules to form DES, thus providing a natural solvent system with low
vapor pressure; low cost, even at larger industrial scales; and the potential to remove the need for
solvent retrieval (Natural DES-NaDES could remain in a consumable end product) highlights their
importance. The evolution of DES, and more importantly, NaDES, means that the design of the newer
solvents can focus on a solvent that is a capable and biocompatible storage media, a readily available
active ingredient, a very efficient catalyst, or a molecular or compound carrier [5,6].

Competing with ionic liquids (ILs), another category of green solvents so far favors DES, since
they are largely cheaper to produce, less toxic, and offer great variety. Seemingly, NaDES is the natural
step forward from conventional ionic liquids, since they can be formed from green sources, can be
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polar or non-polar, hydrophilic or hydrophobic, and can be tailored for any situation. DES could
become designer solvents, designed and synthesized for every extraction individually, with maximum
efficiency in mind.

DES can be synthesized via a number of methods. Considering the research listed in this review,
predominant methods are often simple, such as stirring at room to high temperatures (80 °C), freeze-dry
mixing, or ultrasound-assisted mixtures [7,8]. The synthesis method can be selected with cost in mind
(lower temperatures prevail), speed or efficiency (favoring higher temperatures and/or ultrasound
assistance) or limited by the properties of the reagents (thermal-sensitive substances might require
freeze-drying instead of heating due to thermal instability).

Compounds that are preferred for their natural origin and green character, and that have been
heavily employed in NaDES synthesis are shown in Table 1. All the molecules in Table 1 have been a
part of DES used in flavonoid extraction.

Table 1. Common ingredients for deep eutectic solvents (DES) used in flavonoid extraction (based
upon the literature cited in this review).
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Table 1. Cont.

Hydrogen Bond Donors (HBD) Hydrogen Bond Acceptors (HBA)

0 OH
QS
HO 0o OH

0
HOW(A\/k\
o]

Citric acid

Levulinic Acid

HOH,C H CH,OH

OO0l
WOH
CH
OH
O
HO
HO
OH OH

OH
o CH,OH
HO
CH,OH

Fructose

Glucose

Sucrose OH "o HO
OH OH
~__OH
HO
Sorbitol OH OH

1.3. Application of DES on Flavonoid Extractions

This review examined multiple research topics using DES in various methods to extract flavonoids
from natural sources. All of the extraction methods agree upon the potential of DES in the extraction
of plant sources, given the success of the extractions as well as the promising results in relation to
conventional solvents, particularly so wherever a comparison could be directly drawn [9,10].

The extractions might not have the collection of a compound as the end goal. Many aimed
at providing better analytical methods through the use of DES [11-14], while others attempted the
creation of a substrate for several reactions or subsequent extractions (through systems constructed
with the aid of DES) [15-17].

Furthermore, all of the projects have been successful at applying DES to achieve the target
extractability or otherwise consequent properties, boasting either high retrievability (for extraction),
sufficiently low detection limits for analytical methods, or effective substrates and precursors for
reactions. Whether utilizing DES in novel methods, attempting to increase efficiency with new
approaches, such as negative pressure cavitation (NPC) [18] and these novel solvents, or applying
them to older extraction systems, DES generally seem to adapt to the needs of each process.

All of the applications that incorporated the extraction of a substance through DES, at some point
and to some degree, have provided useful information towards creating a clear picture as to what
affects the process of extraction through DES, and more importantly, how this happens.

2. Factors Affecting the Extraction of Flavonoids Using DES Separation Techniques

The careful study of the current literature concerning the extraction of flavonoids using DES
reveals a set of factors, namely, temperature, molecular structure and composition of the DES, extraction
time, water content, the use of additives, solvent/sample ratio, and pH, which plays an important role
in the efficiency and yield of the process.
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2.1. Temperature

The temperature in which the extraction takes place is naturally expected to affect the time of
the extraction, as well as its efficiency and performance. In general, higher temperatures increase
molecular mobility and allow extracted molecules to diffuse to the solvent quicker. Extractions through
DES are no exception. More so, extractions with DES rely on temperature to decrease the viscosities of
DES, which are significantly high and render extractions cumbersome.

According to the literature, the desirable temperature range for extractions is from room
temperature (25 °C) to about 60 °C. Higher temperatures, aside from demanding energy to sustain
(moving away from the green character of extractions), might also endanger either the DES or the
target substance, since many of the natural substances involved are thermally sensitive [19].

Very high temperatures also proved to decrease yield in some cases because of a decrease in
the interactability between the target compound and the solvent of choice, regardless of the thermal
endurance of either one (which is still a limiting factor nevertheless) [20].

2.2. Molecular Structure and Composition of the DES

The molecular structure of the DES refers to the ingredients used in its synthesis. Whether a binary
or a ternary system, the molecules contained in the DES are responsible for its unique properties. In
extractions, it is reported that the polarity of the DES is a very important factor affecting solubility. In
screening multiple DES against many samples and target compounds, the conclusion implies that the
polarity of the DES used needs to be close to the polarity of the target substance. Among similar DES,
one with a polarity closer to the target will present the greatest extractability. Therefore, in selecting
the proper DES for extraction, polarity similarity is a top priority as far as efficiency is concerned. This
might be difficult given the many potential structures of DES, but potentially enables great efficiency
through novel structures that approach the polarity of each given target [21,22].

Furthermore, the molecular interactions of both HBDs and HBAs with the target, as well as the
background, need to be considered. Any competitive interactions between the ingredients of the DES
and another presence in the system might interfere with the extraction efficiency to a great degree,
potentially leading to a redesign of the extraction [23,24]. An example of this occurrence comes from
Cui et. al, where a change in the ratio between the donor and acceptor led to decrease in yield. This
decrease was not due to polarity change or some similar factor, but due to the chloride anion that the
choline and betaine carried, and which reacted with the target. Reducing their presence in the DES
reduced the yield simply because of the decrease in interaction between the fewer chloride anions
and the target compound [20]. Within a more general scope, with regards to the ratio of HBA/HBD, it
seems that an increase in the hydrogen bond donor content leads to a decrease in the viscosity of DES.
In addition, an increase of hydroxyl groups in any ingredient of the DES would promote the formation
of hydrogen bonds yielding a significantly more stable DES [22].

2.3. Toxicity

Generally, DES are reported as “safe” and “non-toxic” or of “low toxicity”, without any other
justification than the safety and low toxicity of their components. However, this assumption can be
true only in the case of NaDES, which are constituted by naturally occurring compounds, and therefore
can be considered as inherently non-toxic. Thus, the literature concerning the toxicity of DES or NaDES
is still scarce, and in the majority of the published works involving their use as extraction solvents, no
toxicity tests are included.

Hayyan et al. [25] were among the first to study the toxicity and cytotoxicity of DES possessing
choline chloride as the HBA and glycerine, ethylene glycol, triethylene glycol, and urea as the HBD. The
tested DES and their individual components did not show toxicity against Bacillus subtilis, Staphylococcus
aureus, Escherichia coli, or Pseudomonas aeruginosa. The interesting finding was that the DES under
study showed significantly higher cytotoxicity than their individual components against Artemia salina
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leaches. This striking difference in cytotoxicity was attributed to the hydrogen bonding network
present in DES and definitely merits further investigation.

The toxicity of a series of NaDES against L929 fibroblast-like cells was studied by Duarte et al. [26].
The results indicated that although no clear trend regarding cytotoxicity in relation with structure was
observed, the presence of organic acids as HBDs results in increased cytotoxic activity. A series of 28
NaDES containing ChCl as the HBA and a variety of HBDs were tested for their cytotoxicity against
the human embryonic kidney cell line (HEK-293) [27]. The results showed that ChCl, as well as the
compounds used as HBDs, were less toxic than the corresponding NaDES and that the structure of the
HBD and the HBA/HBD ratio play a role in cytotoxicity.

Radosevic et al. [28,29] studied different NaDES regarding their antimicrobial activity against
Salmonella typhimurium., Escherichia coli, Pseudomonas aeruginosa, Proteus mirabilis, Staphylococcus aureus,
and Candida albicans as well as their cytotoxicity against human normal and cancer cell lines (HEK293T,
HeLa, MCF-7). NADES containing an organic acid were found to possess good antimicrobial activity,
whereas their individual components were not active. Moreover, the majority of the tested NaDES
showed low cytotoxicity, with the exception of ChCl-oxalic acid, which exhibited moderate cytotoxicity
selectively against cancer cells. This observation is very important and the authors claim that this can
be attributed to the fact that cancer cells have higher energy demands than normal cells.

In the work of Macario et al. [30], a series of DES comprised of ChCl, tetramethylammonium
chloride ([N1111]Cl), and tetrabutylammonium chloride ([N4444]Cl) as HBAs, in combination
various HBDs, were extensively studied for their cytotoxicity against two human skin cell lines,
HaCaT32-35 (chosen as model for cosmetic applications) and MNT-136-38 (selected as a model to
understand the potential of the DES under study for the treatment of skin disorders). The ChCl- and
[N1111]Cl-containing DES were not cytotoxic, and some of them even increased cell viability. Thus,
these DES can be safely characterized as “benign”, at least for these cell lines, and for skin-related
applications. The [N4444]Cl containing DES was cytotoxic against these cell lines, and as no clear
trend regarding the relation of cytotoxicity with the HBD used was deduced, this HBA should not be
considered safe for further applications.

The in vivo safety of DES and NaDES is much less studied. The first published research in which
both in vitro and in vivo toxicity of DES was conducted is the work of Hayyan et al. in 2015 [31].
Four DES possessing ChCl as the HBA along with glycerine, ethylene glycol, triethylene glycol, and
urea were tested against five human cancer cell lines and one normal cell line, and the individual
components were tested as well. The cytotoxicity of DES in the various cell lines was found to be
not negligible, and the ChCI/HBD ratio as well as the HBD structure seem to play important roles in
toxicity. The in vitro acute toxicity studies indicated that the examined DES were more toxic than their
individual components.

The cytotoxicity of two NaDES having ChCl as the HBA and glucose and fructose as HBDs, as well
as the DES N,N-diethylethanol ammonium chloride-triethylene glycol, was studied by Mbous et al. [32]
against 6 cancer cell lines. NaDES were found to be less toxic than the DES in the in vitro tests. In the
in vivo tests, however, the NaDES showed higher toxicity than the DES, a result that was attributed to
the higher viscosity of the NaDES.

Toxicological studies of DES and NaDES should be conducted before they are used in any
application involving administration to living organisms, animals, or humans. In this context,
Chen et al. [33] performed an acute toxicity study to test the safety of ChCl-glycerine DES, which was
tobe used as a drug carrier for salvianolic acid B. They were grateful to find that the LD50 value (Median
Lethal Dose) of the tested DES was 7733 mg/kg, with a 95% confidence interval of 7130-8387 mg/kg for
oral administration; thus, it can be safely administered orally, as it did not promote acute toxicity.

Belebna et al. [34] recently published the toxicity evaluation of an extract from green coffee beans
rich in polyphenolic compounds. The extraction medium was NaDES (betaine-glycerol) and the
studies were conducted in vivo on rats in order to investigate the potential of administering the extract
as a dietary supplement. The NaDES extract induced several adverse effects after a high dose was
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administered orally, and the authors correctly highlight that in the case of developing food supplements
based on NaDES extracts, the dose should be carefully defined after a detailed in vivo study.

2.4. Viscosity

The usually high viscosity of DES or NaDES is the major drawback that can restrict their use as
extraction solvents, as it hampers penetration of the solvent in the extraction matrix. Increasing the
temperature of the extraction process can lead to a decrease in viscosity, however, this option is not
always the ideal choice, as it is energy consuming and some heat-sensitive phytochemicals may not
tolerate the elevated temperature.

A simple way to overcome this problem is the addition of a co-solvent in the extraction medium.
In most cases, this co-solvent is water, which maintains the green character of the process; however,
organic solvents such as methanol have also been used. In this way, the viscosity is lowered and the
extraction is facilitated [35,36]. In the recent work of Koutsoukos et al., water was used as a co-solvent
for the extraction of phenolic compounds from brown propolis using ChCl/tartaric acid NaDES, with
methanol used as the co-solvent for the extraction of carotenoids from apricot pulp and shrimp head
by-products using the same NaDES [37].

The concentration of water in the DES-water or NaDES-water mixture affects the efficiency of the
extraction, as has been shown by Bi et al. [38], who showed that a mixture of the ChCl/1,4-butanediol
NaDES with 35% water is the optimum medium for the extraction of myricetin and amentoflavone
from Chamaecyparis obtusa. As another indicative example, the work of Zhao et al. [39] indicates that
very efficient extraction of rutin from the flower buds of Sophora japonica can be successful using the
DES ChCl/triethyleneglycol containing 20% water. The researchers studied the viscosities of 20 DES
and concluded that the viscosity increases significantly when more hydrogen bonds are possible among
the DES constituents.

The amount of added water in a DES is a factor that should be carefully monitored when DES or
NaDES are applied as extraction solvents. Dai et al. [40] showed that the viscosity of DES is affected by
the water content, and that if more than 50% water is present the hydrogen bond framework of the
DES components is destroyed.

Another approach to overcome the problem of high viscosity is to take advantage of the enormous
number of possible combinations of natural compounds that can produce NaDES, in order to design
solvents of low viscosity. The latest research from Marrucho et al. [41-43] introduced a new concept—the
design of less-polar NaDES with lower viscosity, formed by mixing fatty acids of different alkyl chain
lengths or by combining menthol with various organic acids.

2.5. Extraction Time

Extraction times show little variance among extractions. Greater extraction times increase costs,
while shorter extractions run the risk of leaving considerable quantities of target substances in the
sample, rendering the process ineffective. Most of the processes reviewed have very high retrieval
percentages, with extraction times ranging from 20 minutes to 2 hours. Naturally, the type of extraction
also defines the extraction time necessary, with energy-assisted methods such heating, ultrasound, or
microwave requiring less extraction time, but, in turn, more energy to conduct. Overall, the use of DES
has enabled undeniably short extraction times for all extraction methods employed.

2.6. Water Content

Water content is another crucial factor to the efficiency of NaDES in flavonoid extractions. Water
might be found in a DES system unintentionally (during the synthesis, or from remaining in a container)
or intentionally through co-solution to create an aqueous system. While some NaDES could be applied
as extraction media on their own, their increased viscosity would hamper the speed of extractions.
Furthermore, using pure DES as extraction media could increase the costs of extractions, rendering
the process cost-inefficient at the laboratory or industrial scale. To tackle this issue, aqueous solutions
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of NaDES have been experimentally used instead, attempting the extraction of multiple substances
with aqueous NaDES solutions of various concentrations, ranging from 20% all the way up to 80%.
According to the literature, particularly in studies in which the water content was a part of optimization,
percentages close to 20% water content [20,44] are the balance between creating a fluid extraction
system and maintaining the hydrogen bond mesh of the DES [40]. Higher water contents tend to break
the hydrogen bond structure of the DES, decreasing its effectiveness. This, however, does not imply
that higher water contents would be ineffective or undesirable, as every extraction, having a great
number of variables, could take advantage of higher or lower percentages of water.

2.7. DES as Additives, or Additives to DES

DES have been tested both as additives to traditional extraction or analysis systems, or have had
additives combined with them in extractions, with ionic liquids being the prevalent example [45].
Sharing similar properties in structure and behavior as solvents meant that the combination of DES
and ILs was inevitable.

Additives that co-exist with DES in extractions include, of course, other DES ingredients, which
form ternary systems that aim at isolating multiple compounds, enhancing the efficiency of a single
extraction or otherwise supplementing the processes which the system will traverse. DES can be made
of multiple ingredients, as attempted on multiple occasions, however, there is no guarantee that even a
carefully planned and synthesized ternary DES system will be more efficient than a binary, simpler
one. Depending on the target, a ternary system could be a better or a worse option [46].

Other additives can be added to assist the extraction of a substance or any other action, however,
similarly to the ternary systems, any addition may promote or hamper an extraction, depending on
the target. An example by Georgantzi et al. [47] shows that the addition of 3-cyclodextrin alters the
extractability of select flavonoids depending on the selected DES, benefiting one but worsening the
other, with varying levels of significance based on the miscellaneous parameters of the extraction.

2.8. Solvent/Sample Ratio

The ratio of sample (solid or otherwise) to solvent used can also affect the extraction. Immersing
a miniscule amount of sample into the solvent means the extraction could be inefficient at a larger
scale, since only a small amount of sample is being processed at a given time. On the other hand,
smothering the solvent with a copious amount of solid sample might mean the dispersion of solvent
around the sample would be slower, the contact surface of the sample with the solvent could eventually
decrease (compared to a lesser amount of sample), and the system would end up underperforming.
Most of the literature examples, after statistical analysis or reference to previous successful work, have
converged on a ratio of solid sample to solvent of 1:10, balancing the amount of sample processed with
the efficiency of the method [48,49].

2.9. pH

The pH level of the system may dictate the form of the target compound in some cases, eventually
affecting its solubility in the DES. Some DES ingredients might also be affected by the pH themselves,
changing their polarity or general behavior, with beneficial or undesirable results. The form of the
target (a result of the pH) may completely change the design of the extraction, given that a solvent with
a completely different polarity would be extracted by a different DES than originally planned [50,51].

2.10. Separation Techniques

The majority of the research with regards to the use of DES in flavonoid extractions still revolves
around the optimization of conditions and evaluating the performance of the extraction at a level
deemed satisfactory after having modified certain parameters. Most cited attempts employed HPLC
(High Performance Liquid Chromatography), UV-Vis (Ultra-Violet — Visible Spectroscopy) [12], or
other instrumental analysis, aiming to analyze the extract in order to evaluate the performance of the
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DES mixtures to capture the target compounds. Therefore, some reviews do not capitalize upon the
separation of the flavonoids from each other or from a group of organic compounds extracted via
the DES as a research point in itself, rather than as a means to examine the performance of the initial
extraction. For example, research aiming at simply verifying the flavonoid content of the extract to
confirm a successful NaDES extraction employed the Folin—Ciocalteu reagent in a properly prepared
extract sample, which, after reaction and incubation, could be studied through UV-Vis or another
method to verify the total phenolic content, and subsequently, the flavonoid content [52].

Whenever deemed necessary, often due to the extraction methodology, some researchers opted for
filtration or centrifugation prior to the commonplace HPLC analysis that would confirm the extraction
of the target flavonoids [53].

A popular and efficient solution for the enrichment and the separation of the flavonoids from the
DES extract involves the use of column chromatography through a packed column with a macroporous
resin (such as ME-2 [44], NKA-9, or AB-8 [54]), which is cleaned with deionized water, and then
after exposure to the extract is eluted with aqueous ethanol. This method, however, requires further
processing of the solution to isolate a particular flavonoid from a potential group of flavonoids extracted
from a source. The packed column method may provide exceptionally high yields of up to 98.92% [55].

A back extraction using an antisolvent is a simpler method of isolating the flavonoids from the
DES. After centrifugation of the sample, the supernatant is diluted with an organic antisolvent such as
methanol [46], and subsequently centrifuged again to create a biphasic system. The newly occurring
supernatant is the target system, leaving only the solvent to be evaporated (i.e., by vacuum centrifugal
evaporation [8]).

Finally, a novel method for extracting the flavonoids from the DES involves the mimicking of
DNA denaturation in the DES, as described by Tian et al. [56]. According to their research, the main
goal in removing the flavonoids from the DES is the breakdown of the hydrogen mesh that holds the
DES together, which is a process similar to denaturation. The group designed an effective method
of extracting the flavonoids on a chrome metal organic framework (Materials of Institut Lavoisier:
MIL-100 (Cr)), from which the isolation of the flavonoids becomes easier and more selective. Initially,
the DES is diluted in water (10% DES Solution), then NaCl is added, causing the HB mesh to breakdown.
The subsequent addition of the MIL allows for the readily collectible flavonoids to attach to it and be
easily removed from the diluted DES.

An overview of all the applications of NaDES on flavonoid extractions examined in this review is
presented in Table 2, including the bioactivity of the target flavonoids as mentioned in each study.
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Table 2. Overview of extraction examples from the literature, presenting the plant source, DES employed, target compound, and the bioactive role the writers mention

(literature presented in chronological order).

Plant Source

DES

Target Flavonoids

Bioactivity

Ref.

Chamaecyparis obtusa ChClI (1:2)

Ethyl Glycol Glycerol
1,2-Butanediol
1,3-Butanediol
1,4-Butanediol
2,3-Butanediol
1,6-Butanediol

Myricetin
Amentoflavone

Anti-oxidative phenols.

[38]

ChCl (1:2)

Radix scutellariae

1,4-Butanediol
Glycerol
Ethylene glycol
Citric acid
Malic acid
Lactic acid (also 3:1,2:1,1:1,1:3
1:4)
Glucose
Sorbitol
Sucrose
Maltose

Citric Acid (1:2)

Sucrose
Glucose

Lactic Acid (1:2)

Sucrose

Baicalin Wogonoside
Baicalein
Wogonin

Antiviral, antitumor, anticonvulsant,
anti-allergic, anti-inflammatory, anxiolytic, and
anti-oxidant properties.

[44]

ChCl (1:2)

Ethylene Glycol
1,2-Butanediol
1,6-Hexanediol

ZnCl; (1:2)

Ethylene Glycol
1,2-Butanediol
1,6-Hexanediol

Chamaecyparis obtusa

Et;NCI (1:2)

Phenol
Urea
Oxalic acid

Me(Ph)3;PBr (1:4)

1,2-Butanediol
Glycerine

Me(Ph);PBr

Ethylene Glycol
(1:1,1:2,1:3,1:4,1:5)

Quercetin, Myricetin,
Amentoflavone

Myricetin: Potential anticancer activity and
chemoprevention agent for bladder cancer.
Quercetin: Antibacterial agent that inhibits the
oxidation of low-density lipoproteins;
anti-allergenic. Amentoflavone: Potential
cancer growth and metastasis inhibitor;
antibacterial, anti-inflammatory, and
anti-oxidative.

[48]
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Plant Source DES Target Flavonoids Bioactivity Ref.
Glycerol (1:1)
ChCl Xylitol (5:2)
D-(+)-Glucose (1:1) Rutin
Flos sophorae L-Proline D-(+)-Glucose (5:3) Quercetin Kaem.pferol Rutin: Antiplatelfat, anticarcinogen, [7]
Isorhamnetin vasodilatant.
i . D-(+)-Glucose (1:1) glycosides
Citric Acid Adonitol (1:1)
Betaine DL-Malic acid (1:1)
Hyperin, 2’-O-galloylhyperin:
Anti-inflammatory activity, treatment for cough,
blood pressure, and can lower cholesterol;
protects the cardiovascular and cerebrovascular
networks.
Hyperin, 2/-O-galloylhyperin Quercitrin, Quercetin-O-rhamnoside:
Quercitrin Expectorant,
Pyrola incarnata ChCl Polyols in different ratios - . cough and asthma ailment, can lower blood [21]
Quercetin-O-rhamnoside R
Chimaphilin pressure and content of fat in the blood, can
increase coronary artery blood flow and cause
its expansion.
Chimaphilin: Secondary metabolite of
Pyroloideae
drude, main component of antibacterial,
anti-inflammatory. and analgesic products.
Sucrose . Genistein: Plant estrogen with anti-oxidant,
1,2-Propanediol - Lo, - .
anti-inflammatory, anticarcinogenic, and protein
Glucose . e .
. kinase inhibitory action.
Sorbitol Genistin: A ol ide of istein with anti
ChCl (1:1) Glveol enistin: A glycoside of genistein with anticancer,
: Gl Yy | Genistin antiviral, anti-oxidant, anti-inflammatory, and free
Cajanus Cajan (L) Millsp. yeero® Genistein radical scavenging potential. [20]
1,3-Butanediol . . . . R .
. Apigenin Apigenin: A naturally occurring flavonoid,
1,4-Butanediol . .. .
. R . with anti-inflammatory action, blood pressure
1,6-Butanediol (multiple ratios) d . X . . .
ecreasing potential, anti-arteriosclerotic,
L-Proline anti-anxiety, antimicrobial, antiviral,
Glucose

Lactic acid

anti-oxidant, and free radical scavenging actions.
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Ref.

Plant Source

DES Target Flavonoids Bioactivity

Equisetum Palustre L.

Glycerol
1,4-Butanediol
ChCl 1,3-Butanediol
Ethylene glycol Gastroprotective effect, anti-oxidant,

Glycerol Nine glycosides antimicrobial, and genotoxicity activity.

Betai 1,4-Butanediol
etaine 1,3-Butanediol
Ethylene glycol

Camelia sinensis leaves

Ethylene glycol
Glycerol
1,4-Bu.tanef:hol Anti-oxidant, antibacterial, antiviral,
Lactic acid anti-inflammatory, anti-allergic
ChCl (1:2) Malic acid Catechins ) X tory, a gle,
Citric acid anti-hypertensive, antl—pbesﬂy, and antidiabetic
Glucose activity.
Fructose
Sucrose

[57]

Sophora japonica

Urea
Acetamide
Ethylene glycol
Glycerol
1,4-Butanediol
Triethylene glycol
Xylitol
D-Sorbitol
p-tolunesulfonic acid
Oxalic acid Rutin
Levulinic acid
Malonic acid
Malic acid
Citric acid
Tartaric acid
Xylose/water
Sucrose/water
Fructose/water
Glucose/water
Maltose/water

Rutin: Treatment of hypertension and

ChCl hemostatic for cerebral hemorrhage.

[39]
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Plant Source DES Target Flavonoids Bioactivity Ref.
Oleocanthal: Anti-inflammatory activity,
inhibits cyclooxygenase (COX-1 and COX-2)
enzymes, similar to the function of ibuprofen
(more bioactive roles mentioned).
Oleacein: Prevents tumor cell proliferation and
LGly.cero.l d(112)2 anti-oxidant properties.
actic aCll.Z( 2) Oleuropein aglycon (Hy-EA) was found to be
SUrea ( '1 _)1 an anti-allergenic, to directly regulate HER-2 in
Sucrgzg 54:1; breast cancer cells, and fortify against
. . . ChCl ucrose L ) Alzheimer’s disease.
Virgin Olive Oil 1,4_])3(11?11’1(;(1;(.)11 (1:5) Several compounds Hydroxytyrosol: Inhibits tumor cell [58]
12 p ylito (d % 11 proliferation and promotes apoptosis, broad
'M lropane ‘:10 1(.1' ) range of beneficial physiological activities in
U a (C);IIIC ac11 (1.‘1.)1 terms of plasma lipoproteins, oxidative damage,
rea/Glycerol (1:1:1) platelet and cellular function, and bone health,
due to its anti-inflammatory, antimicrobial, and
anti-oxidant activities
Lignans: Phyto-estrogens;
prevention and treatment of cancer,
D-(+)- Fructose D-(+)-Glucose/Sucrose (1:1:1) arteriosclerosis, and osteoporosis.
Ethylene Glycol
Glycerol
1,2-butanediol
},i:ﬁu:aﬁejioi Anticancer, antiviral, anti-oxidant,
Dalbergia odorifera T. Chen ChCl 2,3-b:11t2n€ez digl Prunetin Tectorigenin anti-inflammatory, anti-osteoporosis, 159]
leaves 1 6-i1ex lene elvcol Genistein Biochanin A cardioprotective, hypoglycemic, anaphylaxis g
! Lac}icic acigcly inhibitory activities.
Citric acid
Glucose
Sucrose
Ginko biloba ChCl Eth}élf ncee;g(glcol Quercetin Anticarcinogenic activity, anti-oxidant, and [49]
Y Myricetin antiplatelet activities.

Propylene glycol
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Plant Source DES Target Flavonoids Bioactivity Ref.
Anredera cordifolia Steenis Betaine 1,4-butanediol Vitexin N/A [19]
Laevulinic acid (1:2)
Ethylene Glycol (1:2)
ChCl N,N’ Dimethylurea (1:1)
-D- Glucose (1:1)
Laevulinic acid (12) . . Spasrpolytlc, a1.'1t1phlog1.st1c, .ant1—0x1da.t1ve,
. Multiple flavonoids and anti-allergenic, and diuretic properties
Platycladi Cacumen ) Ethylene Glycol (1:2) : - [55]
Betaine aglycones (attributed to the flavonoids of the
1-Methylurea (1:1) Jant as a whole)
-d-Glucose (1:1) p .
Laevulinic acid (1:2)
. Glycerol (1:2.5)
L-Proline Acetamide (1:1)
d-Glucose (1:1)
Anti-oxidant, anticancer, anti-inflammatory,
Camelia sinensis leaves Multiple based on betaine, citric acid, and glycerol Catechins antibacterial, antiviral, and anti-angiogenic [6]
properties.
Hydrophobic phase
. Methyl . Hydrophllhlc.pha.s ¢ Flavonoids Terpene
, . trioctyl ammonium, Ch-Laevulinic acid, . L
Ginkgo Biloba leaves . Trilactones Procyanidine N/A [60]
capryl alcohol, and Betaine-Etheylene Glycol Polvprenvl Acetates
octylic acid Ch- Malonic acid ypreny
(1:2:3).
. . Nicotinamide
Cog‘zg:ryz ZZZ?ZZZ:;MS/ Lactic Acid Ammonium Acetate
Salovia fruticosa (triloba), ' (7:1) Sodium AFetate Multiple compounds Anti-oxidant activity, antlm}croblal activity, as [47]
PP With/without L-Alanine well as chemoprotective potency.
Salvia officinalis, ) . Ivei
Thymus vulgaris B-Cyclodextrin Gc}fg;e
Genistein Isoflavones (the broader category of t.he target
Daidzein compounds) possess oestrogenic, anti-oxidant,
. Seventeen NaDES based on choline chloride and organic L and anti-allergic properties. In the cosmetics
Products containing soy . o Genistin
acids (e.g., citric acid) Daidzin

industry, they serve to delay the start of skin aging,
Biochanin A

stimulate collagen biosynthesis in fibroblasts, and
accelerate the regeneration of skin cells.

[46]
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Plant Source

DES

Target Flavonoids

Bioactivity

Ref.

Herba artemisiae scopariae

ChCl (1:2)

Formic acid
Acetic acid
Propionic acid
Glycerol
Urea
1,2-Butanediol
1,4-Butanediol

Rutin
Quercetin
Scoparone

Anti-inflammatory, antibacterial, and
anti-oxidant properties.

[45]

Mentha Piperita L.

Citric Acid

Glycerol (1:2)
Xylitol (1:1)
D-(+)-Glucose (1:1)

Urea

Glycerol (2:1)
Xylitol (2:1)
D-(+)-Glucose (2:1)

Phenolic compounds

N/A

(53]

Scutellaria Baicalensis Georgi

ChCl (1:1)

Lactic acid
Glucose
Glycerol

1,4- Butanediol
Ethylene Glycol

Baicalin

Blood pressure decrease, detoxifying, antifever
action, and reduces the risk of cardiovascular
diseases.

[61]

Cyclocarya-paliurus (Batal.)

Iljinskaja leaves

ChCl

Glucose (2:1)
Citric acid (1:1)
Glycerol (1:1)
Urea(1:1)

Citric Acid/Glycerol (1:1:1)

1,4-Butanediol (1:5)
Lactic acid (1:1)
Malonic acid (1:1)

Malic Acid/Xylosic Alcohol (1:1:1)

Multiple flavonoids

N/A (bioactivity not directly attributed to
flavonoids).

[23]

Pollen typhae

ChCl

1,4-Butanediol (1:4)
Glucose (1:4)
Glycerol (1:4)

1,4-Butanediol/Glycerol (1:2:2)

Lactic acid (1:4)
Ethylene Glycol (1:4)
1,2-Propanediol (1:4)

L-proline

Glycerol (4:11)

Quercetin
Kaempferol
Isorhamnetin
Naringenin

Anti-oxidant, anti-inflammatory, antigenotoxic,
antiprotozoal activity.

[22]
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Plant Source DES Target Flavonoids Bioactivity Ref.
Multiple DES based on ChCl, betaine, proline, anﬁi?;ii:;ﬁ;z%ini C:II: tlilaarrz,tif-rjgglle:ﬁts
Ginkgo Biloba 1,3-Butanediol, 1,2-Propanediol and xylitol with numerous Multiple flavonoids . Y agen's, & PP [62]
reduction of edema caused by tissue injury, free
components .
radical scavengers.
Phenolic anti-oxidants - .
Orange Peels ChCl Glycerol (1:2,1:3,1:4) (gallic acid, ferrulic acid, AnftlblOthS, antltumor.al agents, [63]
Ethylene Glycol (1:2,1:3,1:4) L anti-inflammatory, anti-allergic.
para-coumaric acid)
Flavonoids. amone other Antidepressant, anti-oxidant, antibacterial,
Moringa Oleifera ChCl Citric acid / & antidiabetic, renoprotective, hepatoprotetive, [64]
compounds . g . L
anti-inflammatory, and antilipidemic activities.
. . Butyric acid Quercetin and miscellaneous
Juglans Regia L. ChCl(1:2) Phenylpropionic acid compounds N/A [65]
Citric acid
Malic acid
Lactic acid
Ethylene Glycol
1,3-butanediol Rutin Anti-oxidant, cytoprotective
Sea Buckweed Leeves ChCl (1:1) 1,4-butaned1.ol Quercet1n—3-0-gluc051de immune-modulatory, cardioprotective, [10]
1,6-hexanediol Quercetin nti-inflammatory, and wound-healin. tivit
1,2-propanediol Kaempferol Isorhamnetin a ammatory, a o calng activity:
Glycerol
Glucose
Fructose
Sucrose
Glycerol(1:4)
L-Proline Glucose/H, O (5:3:8)
Fructose / H,O (1:1:5)
Glycol(1:4) Scatellarin
Radix Scutellariae Glycerol(1:4) Wogonoside Baicalein Antibacterial and antiviral action. [66]
1,2-Propylene(1:4) Wogonin
ChCl 1,2-Butanediol(1:4) 8

Lactic acid(1:4)
Malic acid/ HoO(1:1:3)
Glucose/ H,O(1:1:2)
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Table 2. Cont.

Plant Source

DES

Target Flavonoids

Onion solid waste

Sodium Propionate

Lactic acid
Glycerol

Quercetin, Rutin

17 of 23
Bioactivity Ref.
N/A [52]

Ruta graveolens L.

ChCl (2:1)

Citric acid

Total phenolic content

Rutin: Inhibition of vascular endothelial growth
factor in subtotic concentrations in vitro,
angiogenesis inhibitor, support and [67]

(notably Rutin) strengthening of blood vessels, eye strengthener,
strong anti-oxidative action.
Glycerol (1:2, 1:3, 1:4)
Chlorella vulgaris ChCl Ethylene Glycol (1:2,1:3,1:4) Anti-oxidant, anti-inflammatory, antimicrobial,

1,3-Propanediol (1:2,1:3,1:4) Total phenolic content
1,4-Butanediol (1:2,1:3,1:4)

and antitumoral properties. [68]

. . . NaDES in combination with NaCl (NaDES structure not Catech mn .TOtfil phenolic .and flavonoid co.nte.n’F,
Five Gallium species . . . B e . Rutin anti-oxidant capacity, and enzyme inhibitory [69]
mentioned) using dispersive liquid-liquid microextraction . .
Quercetin effects of the extracts are mentioned.
Tetrabutylammonium
chloride (TBACI) Decanoic acid (DA)
(1:2, 1:3 and 1:4)
Tomatoes, onions, grapes Tetrabutylammonium Quercetin N/A [50]
bromide (TBABr) Decanoic acid (DA)
(1:3)
Malic acid (1:1, 1:3)
Citric acid (1:1, 1:3)
Malonic acid (1:1, 1:3)
Methylurea
(1:1, 1:3)
Urea
Flos Sophorae ChCl (1:1, 1:3) Flavonoids N/A [56]
N,N’-Dimethylurea (1:1, 1:3) -
1,2-Butanediol
(1:1, 1:3)
Ethylene Glycol
(1:1, 1:3)
Glycerol

(1:1, 1:3)
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Plant Source Target Flavonoids Bioactivity Ref.
Sodium acetate Polyphenols: Use in the food industry to
. . . Ammonium Acetate Polyphenols (notably prevent the oxidation of lipids.
Grapefruit Peels Lactic Acid Glucose naringin) Naringin: Food additive towards treating [70]
Glycine obesity and diabetes (among other uses).
Glycol (1:1)
Glycerol (1:1)
Sucrose (1:1) Rutin
1,3-Butanediol (1:1) nicotiflorin
1,4-Butanediol narcissin
Flos Sophorae ChCl (1:1,2:1,3:1,4:1) quercetin N/A (711
Citric acid (1:1) kaempferol
Lactic acid (1:1) isorhamnetin
Glucose (1:1)
Malic acid (1:1)
Acetamide (1:2)
Triethylene glycol (1:4) Orientin
1,2-Propanediol (1:1) Isoorientin
1,4-Butanediol (1:3) S‘\’/‘i’teiin
Common buckwheat sprouts ChCl Urea (1:2) Isovitexi Anti-oxidants. [72]
Ethylene glycol (1:2) sovitexin
’ Quercetin-3-O-robinobioside
Glycerol (1:1) Rutin
Oxalic acid (1:1)
Malonic acid (1:1)
1,2-Propanediol (1:2)
Glycerol (1:2)
Ethylene Glycol (1:2)
Mahc. ac@ (1:1) .. Anti-oxidant, anticancer, anti-inflammatory,
Malonic acid (1:1) Myricetin .. . e .
, . R . X antimicrobial, antiviral, antitumor,
Lycium barbarum L. fruits ChCl p-Toluenesulfonic acid (1:2) Morin . . [73]
s . . neuroprotective properties, enhancement of the
Laevulinic acid (1:2) Rutin lipid metabolism against obesity complications
Oxalic acid (1:2) P 8 ty P ’
Resorcinol (1:3)
Xylitol (1:1)
Urea (1:2)
Citrus peel waste Multiple based on ChCl Compounds 1pcludlng Ant1—0x1c'la¥1t, anti-inflammatory, anticarcinogenic, 51]
flavonoids antiviral, and neuroprotective actions.
ChCl Tartaric acid Flavonoids and phenolics Anti-oxidant. [37]

Brown Greek propolis
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3. Conclusions

The use of DES in the extractions of flavonoids has yielded overwhelmingly promising results. All
of the applications reviewed have reported success in isolation and extraction of the target compounds,
as well as competitive, if not superior, extraction rates compared with conventional solvents, in addition
to the satisfactory behavior of the extract in the latter applications (such as direct analysis, synthesis or
catalysis), wherever attempted.

The issue of selectivity of the DES or NaDES used for the extraction of flavonoids has not been
extensively researched yet. In fact, the majority of the published works focus on the extraction efficiency
evaluated in terms of total flavonoid or total phenolic content, or anti-oxidant activity, and do not
usually analyze the selectivity of the solvents on the extraction of certain molecules. Obviously, this is
the next step that should be investigated. As a very good indicative example, Vieira et al. [65] have
screened a series of DES comprised of ChCl and carboxylic acids as solvents for the extraction of
phytochemicals from the leaves of walnut trees (Juglans. regia L.). They found differences in selectivity
in the extraction of 3-O-caffeoylquinic acid, quercetin 3-O-glucose, and quercetin O-pentoside among
the various DES, and these results enabled them to choose the optimum system for their process.

DES are extremely versatile, with variables such as the number of ingredients, their ratios, and the
ingredients themselves. This versatility limits their number to the foresight and the resilience of the
researcher, who can design and apply any DES to any system, through any method, with the promise
that the resulting extraction will be efficient while being green, given the general properties of DES.
The relatively low cost of DES ingredients coupled with an increased selectivity after careful planning
means that a lean-process future would definitely involve DES in the extraction compendium.

The fact that the DES extract system has a satisfactory performance in analytical methods [12]
or chemical processes means that there is the potential for circumventing the last stage of extraction
(separating the extract from the DES), using the system in its entirety instead. DES, being perfectly
capable solvents, albeit viscous, can act as the solvent or carrier for the extract in its following stages,
in some cases aiding in the reactions it might partake in or in the overall environment the extract will
inhabit. The natural origin of NaDES would mean that such systems can be used in their entirety, even
in products to be used or consumed by people (such as cosmetics or pharmaceuticals), without the
need for extract isolation and further processing.

A pioneer example of NaDES being utilized as both an extraction medium and a biocompatible,
consumer-grade carrier is the patented process by Lavaud et.al. [74], which encompasses all of the
advantages and the potential they provide. This patent officially links the laboratory research results
regarding the use of betaine-based NaDES, mixed with glycerol or water, for the extraction and
storage of natural extracts from plants or microorganisms, and the subsequent use of the extract
directly as a uniform, natural-origin product. Evidently, the patent of such a method means that the
industry is ready and willing to employ NaDES as an immediate extraction-carrier system, even on a
consumer level.

This summary of flavonoid extractions via DES incorporates the essence of green chemistry, and
the future of chemistry in general. Tailor-made solvents are applied to carefully designed conditions to
collect a very valuable substance from a natural source with as little waste as possible. The simplicity
of this sentence is deceptive, since careful design and research is required to replace conventional
methods, however, these promising results can only act as fuel for future research.

Funding: This research received no external funding.
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