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Abstract: This review discusses the significance of natural deep eutectic solvents (NaDESs) as a
promising green extraction technology. It employs the consolidated meta-analytic approach theory
methodology, using the Web of Science and Scopus databases to analyze 2091 articles as the basis of
the review. This review explores NaDESs by examining their properties, challenges, and limitations.
It underscores the broad applications of NaDESs, some of which remain unexplored, with a focus
on their roles as solvents and preservatives. NaDESs’ connections with nanocarriers and their
use in the food, cosmetics, and pharmaceutical sectors are highlighted. This article suggests that
biomimicry could inspire researchers to develop technologies that are less harmful to the human body
by emulating natural processes. This approach challenges the notion that green science is inferior.
This review presents numerous successful studies and applications of NaDESs, concluding that they
represent a viable and promising avenue for research in the field of green chemistry.

Keywords: NaDESs; green chemistry; biomimicry; green solvent; natural deep eutectic solvents

1. Introduction

Nature has been adapting and changing for billions of years, affected by various fac-
tors such as evolution, climate change, biotic interactions, and other influences. Biomimicry
methods have emerged to optimize efficiency and sustainability, particularly in engineering
fields. This approach has also influenced other fields such as aerodynamics, robotic naviga-
tion, medicine, clothing design, and water pollution detection, demonstrating the potential
to learn from nature’s capacity to adapt [1,2]. This opens a world of possibilities and
technologies that can inspire innovation and products that are greener, more sustainable,
and made with natural components [2].

One such innovative alternative is natural deep eutectic solvents (NaDESs), which
have become a new green tool for improving drugs’ bioavailability and absorption, phar-
maceuticals, nutraceuticals, and cosmetics. NaDESs comprise a group of green solvents
resulting from a mixture of natural components, such as primary metabolites (amino acids,
sugars, acids, and choline derivatives) that have a very low melting point, characterizing
a eutectic mixture that presents varied properties. NaDESs are highly tunable and can
be modified for specific goals. They are also used to reduce toxicity and lower the cost
of processes in industries and companies while serving as a water-reducing alternative.
Moreover, studies have shown that NaDESs are more biodegradable, less hazardous, and
more stable than other eutectic solvents [3–5].
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The features of NaDESs raise questions about how this technology can improve old
processes and create new ones, particularly in fields like cryopreservation, cosmetics,
the food industry, bioactive extraction, and nanocarriers. NaDESs can provide a new
perspective and possibilities to explore in these fields, leading to better results and higher
efficiency [6]. It is evident that NaDESs and biomimicry are linked and that this new class
of solvent can be employed to reproduce solvent media found in nature, thereby directing
it towards a new level of innovation and employability [7].

In summary, the application of biomimicry to NaDESs can lead to a vast resource of
new possibilities and technologies that are more sustainable and environmentally friendly.
The potential applications of NaDESs are numerous, and their use can lead to better results
and increased efficiency in various fields. By learning from nature’s capacity to adapt,
we can unlock a new level of innovation and create a better future for ourselves and
the environment.

This review aims to analyze the trajectory of NaDESs, from their discovery to their
application over the years, in addition to promoting a discussion about the different
conceptions of this technology throughout the decades, the path of development since
their forerunners, the relationship between NaDESs and biomimicry, and the wide range of
applications that have been successfully explored during this journey. NaDESs’ benefits
and the problems yet to be solved are also presented, discussing the improvements that can
be made and their limitations. This review also challenges the erroneous but deeply rooted
thinking that green chemistry is not viable, aiming to change this limited vision with the
rising and outstanding technology of NaDESs.

2. Methodology

The approach used in this research was consolidated meta-analytic approach theory
(TEMAC), a quantitative, exploratory approach with a multilingual model, which integrates
several databases and uses only free programs as technological support (Table 1) [8].

Table 1. Research flowchart.

Step Procedure Details and Actions

1 Keyword identification Search for articles using the keywords: “Natural Deep Eutectic Solvents”,
“Natural Deep Eutectic Solvent”, or “NaDES”.

2 Time range specification Define the study’s time frame: 2011–2023.

3 Database selection
Choose databases for article retrieval:

Web of Science (1036 articles);
Scopus (1055 articles).

4 Research data analysis in databases

Analyze articles using various criteria:
Assess journals based on impact factor, h-index, and cite score;

Identify journals with the most publications on the subject;
Examine the topic’s evolution over time;

Identify the most-cited documents;
Identify the most-published authors;

Determine the most-cited authors;
Identify the countries with the highest publication output;

Determine the universities with the highest publication output;
Identify the agencies that fund the most research;
Determine the areas with the most publications.

5 Article selection and validation

Conduct the following analyses for article selection:
Examine keyword frequency;
Perform co-citation analysis;

Implement bibliographic coupling analysis;
Investigate co-authorship patterns.

6 Finalize article selection and review Read the abstract of each article and conduct a review for selection.
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TEMAC offers a wide variety of possibilities for interrelations and inferences on
a given topic. This technique is capable of grouping universities, countries, and areas
of knowledge, providing researchers with functionality and important information to
identify resource needs and guide public policies. In addition, the effectiveness of TEMAC
stands out for the time and cost involved, which are considered its main benefits. TEMAC
analysis is carried out in clear steps and is based on bibliometric theories [8]. The choice of
articles for the basis of this research used the flowcharts in Tables 2 and 3, which show the
fundamentals behind each of the methods used to choose articles.

Table 2. Validation of articles through bibliometric laws [8].

Type of Bibliometric Filter Law/Principle of Bibliometrics

Analysis of the most relevant magazines (Table S1a,b) Bradford law, impact factor, and 80/20

Analysis of the journals that publish the most on the subject (Table S2) Bradford law

Evolution of the theme year by year (Table S5) Literature obsolescence and Goffman’s epidemic theory

Most-cited documents (Table S6a,b) Law of elitism, 80/20 law, and quotes

Most-published authors (Table S3) vs. most-cited authors (Table S4) Law of Lokta and law of elitism

Countries that published the most (Table S7) 80/20 law

Universities that published the most (Table S8) 80/20 law

Agencies that fund the most research (Table S9) 80/20 law

Areas that publish the most (Table S10) 80/20 law

Keyword frequency 80/20 law

This research was performed using two renowned databases, the Web of Science and
Scopus. The result obtained by searching the keywords “natural deep eutectic solvents”,
“natural deep eutectic solvent” and “NaDES”, which was 1.93% higher in Scopus. Of the
total number of articles, 916 were found in both Scopus and Web of Science, returning a
number of unique articles in each of the bases, 119 from Web of Science (with one less than
the total, because it is a duplicated article) and 139 from Scopus.

Although the research was conducted using the search terms “natural deep eutec-
tic solvents”, “natural deep eutectic solvent”, and NaDES, it is worth noting that the
two databases yielded significant results related to this topic under different search terms.
Therefore, a comprehensive survey was undertaken to enhance the research and to address
methodological considerations.

One set of search terms employed for this investigation included “LTTMs” and “low
transition temperature mixtures”. The search criteria for NaDES were replicated with the
same timeframe of 2011–2023. In the Web of Science (WoS) database, 191 articles were
identified, while in Scopus, 126 articles were retrieved. It is noteworthy that 82 of these
articles were duplicated in both databases.

Subsequently, an additional search was conducted using the term “deep eutectic
solvents”. Given that the terminology for NaDES is relatively recent and not universally
standardized, many publications make reference to NaDES as deep eutectic solvent. This
yielded a substantial number of results, with 7818 articles found in WoS and 10,229 in
Scopus. Due to the volume of records, it was challenging to ascertain the exact number
of duplicates.

In order to enrich this research, an examination was carried out on the 20 most-cited
articles in each of the databases for each of the search terms. When focusing on the terms
“LTTMs” and “low transition temperature mixtures”, only 3 articles were observed to
be common to both databases. In contrast, with regard to deep eutectic solvents (DESs),
14 articles featured among the most cited in both WoS and Scopus.
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Table 3. Comparative table between characteristics of ILs, DESs, and NADESs.

IL DES NaDES

Formed by Organic cation and
organic/inorganic anion

Hydrogen bond acceptor
(HBA) and hydrogen bond

donor (HBD) (amide
compounds, inorganic salts,

and quaternary
ammonium salts)

HBA and HBD from
natural sources

Solubilization Ability
Good solubilizing capacity

of a number of
organic compounds

High

High solubilization for a wide
range of metabolites with low
to medium polarity, as well as
macromolecules such as DNA,
proteins, and polysaccharides

Extraction Ability High High High

Formulation/Synthesis
Facility Low, demand solvent use

High, but higher melting
points of many DES, however,
can hamper their application

as a green solvent at
room temperature

High

Can be Recycled Yes Yes Yes

Biodegradability Mean High High

Toxicity Toxicity towards diverse
organisms and ecosystems

Some formulations may
contain metallic salts, which

are known for their
innate toxicity

Low, but the inclusion of
organic acids in NaDESs can
increase their overall toxicity

ECO Friendly
Potential environmental

pollution through release via
wastewater effluents

Lack of waste generation, but
not entirely sustainable due to
the presence of metal salts in

some formulations

Yes

Cost High Low cost of their
starting materials Low

Among the 63 articles cited in total, including both searches, 13 articles were identified
in all three search categories: “LTTMs”, “low transition temperature mixtures”, and “deep
eutectic solvents”. This resulted in 50 unique articles that were specific to each database
and search term, thus avoiding duplication. It is pertinent to mention that out of these
50 unique articles, 9 were already cited in the references of this article.

Furthermore, it is noteworthy that among these 41 previously unexamined articles,
many are authored by individuals who were already cited in the course of this research. A
substantial portion of these unpublished articles represent more recent contributions by
these same authors.

For information purposes, these 41 articles are contained in Supplementary Table S11.
By surveying the articles by the presented validation method, the presence of a writer

named Nades with 71 articles published and stored on the Web of Science was noted. These
articles were ignored during the presentation of data and choice of articles.

Table 2 presents each of the bibliometric principles involved in the analyses where we
seek to know the data we are using. They are responsible for presenting us with arguments
to interrelate the data and create filters [8].

Among the possibilities for using this model in science are discovering trends within
one’s subject of study by analyzing the degree of significance of the subjects and how
their behavior has developed over the years, ensuring the understanding of which areas
are growing and which are losing publications and citations, in addition to areas that are
unexplored or have a lack of studies [8].
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To see the extensive analysis in choosing the articles that make up this review,
Supplementary Materials can be requested.

3. NaDESs as They Are

Natural deep eutectic solvents (NaDESs) are composed of natural primary metabolites
containing several hydroxyl groups, carboxyl groups, or amino groups, which facilitate
hydrogen bonding interactions between the constituent molecules and form highly struc-
tured viscous liquids [9]. Green solvents are a generation of ecologically correct and more
sustainable solvents that emerged with the aim of reducing the heavy environmental im-
pacts caused by solvents derived from fossil resources [10,11]. To qualify as green, solvents
must fulfill certain criteria such as availability, biodegradability, non-toxicity, recyclability,
and low cost. Unfortunately, the number of solvents that meet these criteria is limited.
Therefore, it is important to understand ionic liquids (ILs) and deep eutectic solvents (DESs)
to comprehend the path to NaDESs [12].

Eutectic solvents were not widely reported in the literature until the early 2000s, with only
a few studies reported in the 1990s that focused on specific applications of these liquid mixtures.
Gill and co-workers reported in 1994 some eutectic mixtures as substrates for enzymatic
reactions. This work demonstrated that when enzymes are dissolved in eutectic mixtures,
they are able to retain their activity [13–15]. This proves that these mixtures are better reaction
media than the conventional organic solvents. A work published in Nature in 1995 revealed
the use of eutectic mixtures as a possible alternative for emulsion crystallization [13,16]. The
Erbeldinger group reported in 1998 the use of heterogeneous eutectic mixtures for enzymatic
synthesis that yield up to 80 water percentage recovery [13,17].

Studies on ILs date back to the early 20th century, and their initial main application was
extraction. However, their use has shifted to synthesis, catalysis, and media for enzymatic
reactions [18]. ILs consist mostly of ions, and therefore exhibit ionic conductivity. They
include molten or fused salts with high melting points, as well as organic and inorganic
salt eutectic mixtures with melting points or glass transition temperatures below 100 ◦C.
The properties of ILs vary greatly, and modifications can be made to the cation and anion
properties independently. They have higher liquid ranges than molecular solvents, and
some slowly form glasses at low temperatures due to their negligible vapor pressures. The
melting point of room-temperature ILs tends to decrease as the size and symmetry of the
ions increases, and the density and viscosity of these liquids cover a wide range [19].

Despite their promising technical performance, studies have raised concerns about
the toxicity and biodegradability of ILs. These issues include toxicity towards diverse
organisms and ecosystems, high cost of synthesis and purification requirements, and
potential environmental pollution through release via wastewater effluents [20,21].

However, in 2004, DES was first recognized as a versatile alternative for ionic liquids
(ILs) [22]. DESs typically consist of two or three inexpensive and safe components that can
associate with each other through interactions to produce a melting point lower than that
of each individual component [18]. DESs also exhibit a significant decrease in the freezing
point and are typically liquid at temperatures lower than 150 ◦C, with most DESs being
liquid between room temperature and 70 ◦C [12].

DESs are widely recognized as a viable replacement for ILs due to the low cost of their
starting materials, ease of preparation, and lack of waste generation. The most common DESs
are based on choline chloride (ChCl) [22]. The research group of Wang et al. classified DES in
three types: amide compounds, inorganic salts, and quaternary ammonium salts [23,24].

The physical properties of DESs, such as viscosity and conductivity, are determined by
ion mobility and the availability of voids of suitable dimensions, which is consistent with
the fluidity of other ionic liquids and molten salts. DESs have been found to improve upon
some of the negative features of ILs, including lower toxicity and cost [22]. However, safety
concerns have always been a major consideration among researchers. While DESs may
offer a more sustainable alternative to many traditional ILs, they are not entirely sustainable
due to the presence of metal salts in some formulations, which are known for their innate



Molecules 2023, 28, 7653 6 of 32

toxicity. Additionally, DESs are partly miscible with water, which can result in their release
into the aqueous environment. It is worth noting that the components of DESs can be
nontoxic and have low environmental impact [25].

As already mentioned above, NaDESs are composed of natural primary metabolites
containing several chemical groups that facilitate the bonding between the molecules, form-
ing a viscous liquid. These solvents can enhance their solubilization capacity by forming
additional hydrogen bonds with solutes. NaDESs have a liquid-crystal-like structure in
which all molecules are arranged in a matrix with optimal interactions via inter- and in-
tramolecular hydrogen bonding [9]. However, when the water content exceeds 50% (v/v) or
the solvent is diluted with water, the interactions weaken, leading to a decrease in viscosity.
NaDESs can be tailored to have controllable physicochemical properties by adjusting the
water content. For instance, the addition of 25% (v/v) water to the NaDES can decrease
its viscosity almost to that of water. This property of NaDESs provides researchers with
a basis from which to develop tailor-made solvents for specific applications [26]. While
NaDESs hold promise as solvents for food, medicines, and cosmetics, further research is
needed to fully explore their potential.

NaDESs are formed by the coordination entity of a hydrogen bond acceptor (HBA)
and a hydrogen bond donor (HBD), similarly to DESs. This charge delocalization leads to a
decrease in the melting point compared to that of the raw materials. The ease of preparing
NaDESs, coupled with the vast number of possible combinations, makes them an attractive
alternative to ILs for specific applications [13]. NaDES matrices are primarily determined
by the intermolecular interactions among their components, allowing their properties to be
easily influenced by various factors such as water content, temperature, and component
ratio. This provides a challenge for the metabolomics of natural products but also presents
an opportunity for tailor-made solvents with specific properties [27]. The supramolecular
structure of NaDESs is held together by strong hydrogen networks, and loosening these
networks could enhance their industrial applications [21] (Figure 1).

NaDESs emerged in the early 2000s when Abbott and co-workers classified DESs as a
sub-family of ILs [28]. While ILs and NaDESs share some similarities such as a wide liquid
range and tunability, NaDESs have unique characteristics that make them innovative. For
example, NaDESs are less expensive, less hazardous, more biodegradable, more stable,
and easier to synthesize on a large scale compared to ILs. Additionally, NaDESs are
made of compounds found naturally in primary metabolites of living organisms, such as
organic acids, amino acids, sugars, polyols, and tertiary amines [29]. These properties make
NaDESs attractive solvents for various industries, and further research is needed to explore
their full potential.

Some other studies have suggested that NaDESs could be a third liquid phase present
in the cells of all living organisms, including plants [5]. The evidence for their presence is
indirect, based on proton nuclear magnetic resonance (1H NMR) metabolomic analyses,
which have shown high levels of common metabolites such as sucrose or glucose, with
similar intensity signals in all types of biological material. This has led to theories that
ILs could be present in plants due to their advantageous properties, such as the ability to
biosynthesize non-water-soluble metabolites like cellulose. Natural ILs and DESs were
identified after an experiment successfully mixed equimolar amounts of malic acid and
ChCl and were named NaDESs. While the direct evidence of their presence in nature is
still lacking, the amount of indirect evidence is increasing [18].

Indirect evidence suggests that drought, desiccation, and cold resistance are related to
high levels of osmolytes, which encompass all the compounds found to form NaDESs. It is
believed that a dynamic equilibrium exists between the aqueous phases of different cell
compartments and the potential presence of NaDESs attached to membranes or in vesicles.
Different NaDESs may exist in the same cellular space, attached to different membranes or
in different compartments, highlighting the importance of water in their composition. The
effect of water content on NaDESs’ solubilizing capacity and viscosity reduction has been
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studied, with dilution with water shown to activate certain enzymes in NaDES solutions
and verify the protective role of NaDESs for proteins [18].
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Figure 1. NaDESs are formed by the complexation of a hydrogen bond acceptor (HBA) and hydrogen
bond donors (HBDs), similarly to DESs. This charge delocalization leads to a decrease in the melting
point compared to that of the raw materials. NaDESs are made of compounds found naturally in
primary metabolites of living organisms, such as organic acids, amino acids, sugars, polyols, and
tertiary amines. The NaDES concept was developed to explain the higher solubility of certain natural
compounds, such as flavonoids, than in water, working as a third liquid phase in organisms.

A study has demonstrated the impressive solubilizing capacity of NaDESs for a broad
range of metabolites with low to medium polarity, as well as macromolecules like DNA,
proteins, and polysaccharides. This capacity is attributed to the supramolecular structure
of NaDESs and their broad range of polarity, which covers a spectrum from more polar
than water to that of methanol [30]. The addition of small amounts of water decreases
NaDESs’ viscosity significantly without compromising their unique characteristics. In
human and mouse cell lines, NaDESs’ cytotoxicity seems to be related to various factors,
such as the physical properties of NaDESs (particularly viscosity), the cellular require-
ments of cancer cells, and the nature of NaDESs’ raw materials and their interactions with
functional groups present on the cell surface. Recent studies have also shown that the
inclusion of organic acids in NaDESs can increase their overall toxicity. Furthermore, the
Hofmeister phenomenon suggests that NaDESs/DESs species’ propensity to permeate
cellular membranes depends on the specific principle of affinities between chaotropic and
kosmotropic species and cell surface groups [21].

NaDESs have the potential to be used as drug delivery systems for poorly soluble
bioactive compounds and are being considered as an alternative to traditional volatile
organic solvents in various chemical processes and applications. In recent years, they have
been utilized as solvents for carbon dioxide capture, biodiesel production and processing
lignocellulose, biocatalysis, and electrochemical detection of phenolics. Moreover, NaDES
extraction has been combined with microwave- and ultrasound-assisted techniques, in-
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novative extraction technologies that reduce the energy and time required and increase
extraction yields. The food, biomedical, cosmetics, and pharmaceutical industries are some
of the sectors where NaDESs have shown significant promise [31].

4. NaDESs: Learning from Nature

Biomimicry, as defined by the Cambridge dictionary, is “the practice of designing
technological and industrial products that copy natural processes” [32]. By employing
biomimicry thinking, we can create bio-inspired products and overcome technical chal-
lenges in science, such as using NaDESs for cryopreservation or combining them with
nanocarriers to improve drug delivery [33]. A NaDES is, in fact, a biomimicry of nature,
since it is made up of natural components found in living organisms or in high concen-
trations during stressful situations. This natural origin of NaDESs provides numerous
benefits when applied in product formulation or technology development, as previously
discussed. NaDESs are, therefore, a new technology that enables us to learn from nature
once again [29].

As mentioned earlier, there is evidence of the presence of NaDESs in living organisms.
The first evidence that NaDESs may exist in nature was obtained in an investigation of
highly concentrated molecules in saps, nectars or plant exudates. The strongest theories
that supported this investigation were that the visual appearance and physical properties
of these secretions and NaDESs are very close, their qualitative analysis usually showed
the presence of molecules encountered in NaDES mixtures, and the stoichiometry between
components are very consistent and close to the ones observed in NaDESs. These hypothe-
ses were based on the nectar of the plant Cleome hassleriana, honey or maple syrup, in all of
which were found compositions very similar to the ones found in NaDESs, with practically
equimolar ratios [29].

NaDESs can be also seen as an explanation for unclear metabolic pathways in living
organisms. This idea surrounds the thinking that many metabolites that are synthetized,
stored and transported in plants are highly concentrated and sometimes are non-water-
soluble. NaDESs, in this case, can be viewed as the medium in which the enzyme-catalyzed
reactions of poorly water-soluble molecules or polymers would occur. The fact that NaDESs
have an excellent capacity for solubilizing these substances and an unexpected activ-
ity/stability of enzymes in these media supports this statement. For example, other studies
have shown that, in comparison with water, the increase in solubility of molecules such as
rutin and quercetin ranged from 18 to 460.000 [29,30].

NaDESs form hydrogen bonds with surface residues of the enzyme, leading to stability
instead of enzyme denaturation [29,34]. Moreover, some enzymes have been shown to be
inactive in NaDESs. However, with laccases, for example, the addition of water activates
them, which supports an idea of the role of NaDESs in preserving enzymes in plant seeds. In
other words, this just supports the fact that NaDESs can be the media in which cell enzymes
or substrates are stored independently or simultaneously dissolve to allow biochemical
reactions [5,29,35].

Another contribution of NaDESs would be to allow organisms to resist or acclimate
in environmental conditions classified as harsh (cold or drought environments). The self-
organizing structure found in NaDESs allows the liquid components to remain in this state
and stable over significant temperature ranges. NaDESs could also be seen as the way
to prevent water crystallization inside living cells for better winter survival. This could
be stated based on the fact that the interactions between the NaDES network and water
are strong enough to maintain water liquid even at temperatures below 50 ◦C [29]. Other
studies have also showed that components frequently described in NaDESs are produced,
stored, and used by cell organisms and tissues under certain specific conditions [29,36] The
insect Nemoura arctica is a clear example of this hypothesis: its glycerol increased by three
orders of magnitude in cold acclimation [29,37]. The same observation was obtained with
beetles from central Europe. The idea of NaDESs involving water molecules could also be
a strategy for organisms, such as cacti, to hold water. It was observed that when there is
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water in the NaDES, it is strongly retained in the liquid and cannot evaporate easily. This
could prevent total desiccation [5,29].

NaDESs’ physical-chemical properties have also exhibited great potential in stabilizing
the environment for solutes. They decrease the movement of solute molecules, reducing
contact at interfaces and, consequently, oxidative degradation. Natural pigments, for ex-
ample, are very poorly stable in water, while they are stable in plants. For example, the
carthamin pigment shows a higher stability in NaDESs than in water. This creates the hy-
pothesis that NaDESs may stabilize this safflower pigment as well as other pigments [9,29].
NaDESs could also play a role in cellular functions by being a good medium in which to
solubilize and stabilize RNA and DNA structures [29,38]. All these examples of the role of
NaDESs in living beings and biochemical processes only justifies how we still have a lot
to learn by observing natural processes. Practicing biomimicry is essential to the path of
green chemistry and more sustainable processes.

Over 100 combinations of NaDESs have been generated by exploring various combi-
nations of these common metabolites, which are abundantly present in all types of cells
and organisms [30]. Studies from 2018 described at least 174 NaDES species [27], with
approximately 108 possible combinations estimated. Green technology is a critical issue for
preserving the environment and reducing negative human impact. Green technology pro-
motes the use of non-hazardous media and the development of environmentally acceptable
solubilization techniques that control the physical properties of media and develop new
green solvents [30]. NaDESs can provide a clear and direct link to the development of new
technologies and sustainability because of their unique advantages, including biodegrad-
ability, sustainability, low cost, and simple preparation, surpassing all the other solvents
discussed in this article [26,39].

The term “eutectic” in the name NaDES refers to a mixture of components that, in
specific proportions, have the lowest melting point, as mentioned previously. DESs can
overcome the significant drawbacks of common ILs and share properties with NaDESs,
such as biodegradability and low toxicity. DESs are obtained by simply mixing two or
three “safe” components capable of forming a eutectic mixture. The NaDES concept was
developed to explain the higher solubility of certain natural compounds, such as flavonoids,
than in water, working as a third liquid phase in organisms. This observation, along with
the diversity of redundant metabolites in natural resources and the occurrence of natural
eutectic mixtures, influenced the concept [5].

In some NaDES formulations, water can be added to reduce viscosity and increase
the polarity and extraction efficiency of phenolics. However, excess water can decrease
extraction efficiency, weakening or breaking the intermolecular hydrogen bond structure of
NaDES components and reducing the extractability of less polar components. The addition
of water increases NaDESs’ conductability but weakens hydrogen bonding interactions
between components. NaDESs also enhance the stability of natural compounds during
extraction and storage [40].

As already discussed, NaDESs’ physicochemical properties are tunable by adjusting
the HBA and HBD. Depending on the molar ratio and the starting components, factors
like viscosity, solvency power, and stabilizing capability can be altered accordingly. Molar
ratio has a critical impact on the hydrogen bond network and, hence, the polarity and
viscosity [12]. When compared, the polarity of betaine monohydrate-based NaDES is
within the range of water and methanol [41]. As another example of these properties, it
is known that organic acid-based NaDESs are more polar than water while sugar- and
polyalcohol-based NaDESs are less polar, with polarities close to methanol [42]. It can be
said that NaDESs exhibit solvent duality because they have lipophilicity and hydrophilicity,
although many of them are polar. This shows how this solvent is capable of dissolving both
polar and nonpolar compounds [39,42–45].

NaDESs’ physical-chemical properties have been tested and studied in various con-
ditions, including temperature, water content, and different organic acids, due to their
relevant characteristics [46]. NaDESs have demonstrated antimicrobial effects and antiox-
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idative properties under specific conditions [47]. NaDESs represent a rising technology
that aims to revolutionize the way a wide range of products and drugs are produced,
by mimicking nature’s ability to manage solutes and media with molecules of primary
metabolites, since the beginning of time. The biochemical and food industries have taken
notice of NaDESs due to their numerous properties, as discussed earlier.

5. The Solvent Solution: New Solutions to All Your Problems

Solvents play a vital role in many industries, from personal care products and phar-
maceuticals to pesticides, cleaners, and paints. Interestingly, despite their widespread use,
people often fail to recognize their ubiquitous presence in the products they consume. In
the cosmetics industry, solvents such as ethanol, ethyl acetate, and acetone are used to
provide appropriate consistency for lotions, powders, shaving creams, and nail polish.
Solvents like butyl acetate are used in healthcare industries to purify penicillin, while in the
paint industry, glycol ether esters are added to spray paints to prevent them from drying in
mid-air. These examples barely scratch the surface of the countless applications of solvents
in our daily lives. In fact, even the simple act of adding sugar to water, the universal solvent,
is an application of solvent technology [48,49].

Although solvents play a crucial role in many industries, their importance often still
goes unnoticed. However, the use and disposal of solvents pose significant environmental
and health risks. The vapors and mists of many solvents have a narcotic effect and can
cause fatigue, dizziness, and even death at high doses. Improper disposal of these sol-
vents can lead to contamination of water, air, and soil, affecting the lives of living beings
that meet them. To address these issues, there is a growing need for developing green
technologies that focus on creating new, environment-friendly solvents [48]. NaDESs and
room-temperature ionic liquids are promising solvents that can meet both technological
and economic demands. These green solvents not only eliminate concerns regarding envi-
ronmental impact, but also offer cheaper and simpler disposal options. Furthermore, using
such solvents can free up resources that were previously allocated to proper disposal and
redirect them towards other more productive areas. In conclusion, the development of
green solvents such as NaDESs can address many of the challenges posed by traditional
solvents while satisfying safety, effectiveness, and environmental restrictions [48,50].

The improper disposal of by-products generated by various industries, particularly
the food industry, is a growing concern. These by-products are often considered a waste
rather than a valuable source of compounds that could be used for various technological or
nutritional purposes [51]. One promising solution to this problem is the use of NaDESs
as solvents for the extraction of useful compounds from food by-products, such as antho-
cyanin and pectin from Myrciaria cauliflora fruit by-products (popularly known in Brazil
as jabuticaba). Different natural food ingredients have been evaluated as substitutes for
synthetic additives due to their health benefits [52]. This is possible due to the nutritional
and technological aspects of these ingredients and, since Brazil has a large variety of fruits
that generate co-products with valuable nutrients and bioactive compounds, Brazilian flora
are gaining attention. These by-products have also been shown to be similar in compo-
sition to the intact vegetal matrix [53]. In recent studies, six NaDESs were prepared and
characterized via various techniques, including differential scanning calorimetry, pH, and
rheological analysis [54].

The affinity between NaDESs and the targeted molecules of the jabuticaba fruit was
studied using COSMO-RS (conductor-like screening model for real solvents). The results
show that the NaDES chlorine of chloride:proline (with a molar ratio of 1:2 and 1:1 in a water
solution) was the most effective for anthocyanin extraction, while citric acid:glucose:water
(with a molar ratio of 1:1:3 and 1:9 of NaDES/water in a water solution) was the most
promising for pectin extraction. The efficiency of the NaDESs for anthocyanin and pectin
extraction was evaluated using the maceration method and compared to various reference
solvents, including ethanol, acidified ethanol, pure water, and citric acid. These results
demonstrate that NaDESs are highly effective in extracting compounds that can be used
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in food applications and offer the added benefit of being eco-friendly. Furthermore, the
selection of NaDES starting constituents can be tailored to different vegetable matrices and
target compounds, making them versatile and widely applicable [54].

Ammonia (NH3) is a pollutant hazardous gas that exists mainly because of industrial
processes [55]. Ammonia synthesis, the manufacturing of nitrogen fertilizer, metallurgy,
and pharmaceutical industries are the biggest examples of how this gas is produced, used
in everyday life and, consequently, affects the surroundings [56]. The direct emission of
ammonia into the atmosphere may harm both the human body and the environment and,
thus, separation and recovery of this gas from industrial exhaust gas are of great importance
for pollution control and resource utilization [57]. In industry, the elimination of ammonia
is normally carried out via the wet scrubbing method. Liquid solvents are usually used
(water or aqueous inorganic acids), but these solvents are associated with some defects,
such as high volatility and heat capacity. These characteristics can make the process of
recycling NH3 environmentally unfavorable and energy intensive, particularly when it
comes to the inorganic acids, which can exhibit strong corrosive qualities and reactivity,
which makes the operation expensive and the recycling of ammonia quite difficult. A
NaDES made with choline chloride and sugars was proposed, and it was more effective in
capturing ammonia from dilute sources at elevated temperatures and low pressures when
compared to other commonly used solvents. Because they enable strong hydrogen bond
interactions with NH3, the abundant hydroxyl groups in NaDESs proved to be responsible
for the highly efficient absorption of ammonia. Moreover, the absorption of NH3 in the
NaDES displayed excellent selectivity over other industrial components present in tail gas
and good reversibility [55]. Another study proposed a NaDES made with glycolic acid and
xylitol (ratios 3:1) and it also displayed a higher ammonia absorption capacity that other
ILs and DES tested previously and could be highly reversible under specific conditions.
It showed similar selectiveness to NH3 as the aforementioned choline chloride and sugar
NaDESs [57].

As discussed before, green solvents, especially DESs and NaDESs, are quite revolu-
tionary and versatile, enabling applications in the most varied areas and, consequently,
the resolution of many problems found with the use of traditional solvents. However, it is
worth highlighting that, although they have strong potential as solvents, NaDESs and DESs
have properties that can be understood as both advantages and disadvantages, depending
on the application for which they are intended [45].

Among these properties, the high viscosity and low volatility of these solvents stand
out. For example, while for the pharmaceutical and food industry, the high density and
viscosity of these solvents can be considered an advantage, enabling better textures for
formulations, for use in extraction, they hinder the interaction of the solvent with the
substance, posing a challenge for industrial scaling. The same happens with low volatility,
a property that makes these solvents more suitable for the environment while preventing
their recyclability. Because of their low volatility, these solvents make film formation
difficult, which creates a challenge for many applications [7,18,58].

Evidently, as with traditional solvents, there are other disadvantages associated with
the use of green solvents, but it is worth analyzing whether, in fact, such characteristics
only comprise disadvantages or whether they are simply being used for inappropriate
applications.

Table 4 below presents a consolidated summary of the NaDESs discussed in the
chapter with uses as solvents.
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Table 4. NaDES with uses as solvents.

NaDES Molar Ratio Possibility of Use

Chlorine of chloride:proline
1:2
1:1

(in water solution)
Anthocyanin extraction [54]

Citric acid:glucose:water 1:1:3
1:9 (in water solution) Pectin extraction [54]

Chlorine of chloride:fructose:water 1:5:1 Ammonia absorption [55]
Chlorine of chloride:xylose:water 1:5:1

Glycolic acid:xylitol 3:1 Ammonia absorption [57]

6. Small but Mighty: How Nanocarriers Are Revolutionizing Drug Delivery and the
Role That NaDESs Play in This Story

Researchers are increasingly concerned about the environmental impact of scientific
developments and are focusing on developing innovations with methods and materials
that are biodegradable, biocompatible, and less toxic. This is also true for nanocarriers [59].

Nanoparticles are a type of manufactured material that measure less than 100 nm in at
least two dimensions and present different properties because of their size, thus making
their use an advantage compared to materials that are not in nanoscale. There is a variety
of these particles, made from different kinds of materials and also using different methods,
which enables their modifications for targeted molecular interactions [60].

Among their applications, nanoparticles are being used as nanocarriers in cancer drug
treatments in order to promote more specific delivery. They are mostly made of synthetic
polymers and not liquid-based carriers, which sometimes compromises certain uses [54].
However, researchers are now exploring new carrier systems using ILs and DESs, although
these have limitations, such as thermal instability, low drug loading levels, and low drug
release and solubility [61].

One possible solution to these issues is using NaDESs, which have been shown to
be highly biocompatible materials that can transport drugs to a specific site without side
effects. NaDESs can also be prepared using secondary metabolites, a method that has
proven to be a significant achievement [62].

Studies have shown that NaDESs can be used as a biotin-conjugated solid–liquid
nanocarrier (SLN) for the encapsulation of anticancer drugs, which can decrease cell
toxicity caused by the drug. NaDESs made with lactic acid (LA) and prolinebetaine (PB)
have shown promising results in the synthesis of the NaDES-based biotin-conjugated solid–
liquid polymer nanocarrier through self-assembly. This method allows for the degradation
of the drug carrier by lysosomal enzymes found in cancer cells, which helps to release
drugs into cancer cells [54,61].

In another study using this system, the drug carrier contains both amide and ester
bonds, with the amide bonds found in NaDESs facilitating the rapid degradation of the
biotin-conjugated solid–liquid polymer by lysosomal enzymes in cancer cells [63]. This
action aids the release of drugs specifically into cancer cells, providing a new perspective on
drug site delivery and treatment effects. These results offer a wide range of possibilities for
future experiments to improve treatment efficiency, while reducing side effects, targeting
only the affected cells instead of healthy ones during cancer treatment [61].

While nanotechnology is increasingly used in commercial and industrial applications,
its unique properties are also creating concerns [64,65]. Due to their large specific surface
area and high reactivity, nanoparticles may bioaccumulate in organisms at the top of
the food chain [66]. However, some studies have explored the use of nanoparticles in
environmental and physiological applications, such as the extraction of metal oxides from
plants using NaDESs [67].

To investigate this process, a study was conducted using radishes grown in a medium
containing copper (II) oxide, cerium (IV) oxide, and titanium (IV) oxide. A NaDES was used
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as an extractant, and the results were analyzed using single-particle inductively coupled
plasma mass spectrometry (SP-ICP-MS), since this technique can determine the number
and size of the nanoparticles [68]. Interestingly, the copper (II) oxide nanoparticles were not
found in the extract, regardless of the solvent used. Larger cerium (IV) oxide nanoparticles
were found in the root, while smaller ones were present in the radish leaves. The titanium
(IV) oxide nanoparticles were agglomerated and were present in small amounts in the plant
leaves, but more accumulated in the root [67].

Various NaDES formulations were tested, and it was found that those containing
choline chloride and either glucose or glycerol were the most effective at extracting metal
oxide nanoparticles from plants without causing their transformation. However, it was also
observed that a NaDES containing citric acid could not be used as an extractant because it
dissolved nanoparticles of CuO [67].

Graphene has garnered significant attention for its potential applications in anti-cancer
therapy, drug delivery, bio-imaging, and gene delivery. This molecule is non-toxic, and its
cellular behavior has been confirmed as safe and biocompatible. It has a high surface area
that benefits multiple attachment sites for drug targeting and has a drug loading capacity
of up to a 200% loading ratio of loaded drug weight to delivery when compared with other
drug nanocarriers [69]. It has already been applied as a nanocarrier for drugs such as ibupro-
fen, DOX (Doxorubicin), heparin, ellagic acid, 5-fluorouracil, and camptothecin [70–72].
However, there is a need to improve its biocompatibility, since it was speculated that this
nanomaterial is potentially toxic to both humans and the environment [73]. In this study, a
NaDES was used as a functionalizing agent [74].

NaDESs have been chosen because of their ability to introduce various functional
groups and surface modifications. It is essential to modify the surface chemistry of graphene
in order to achieve the goals surrounding the improvement of the biocompatibility. Among
the NaDESs produced for the experiment, choline chloride:malonic acid (at a 1:1 molar
ratio) proved to be the most efficient in reducing the cytotoxicity levels of graphene, while
also demonstrating higher tamoxifen entrapment efficiency and loading capacity than
other functionalized NaDESs. This high efficiency rate is due to the resulting surface
modifications, including changes in morphology, exfoliation, re-stacking effect, and the
addition of functional groups. The reduction in cytotoxicity was observed through var-
ious tests, including cell viability, cell cycle progression, and ROS generation. Overall,
the use of NaDESs as a functionalizing agent has significant potential in enhancing the
biocompatibility of graphene for various applications in medicine and beyond [74].

Therefore, while nanoparticles have many potential uses in commercial and industrial
applications, their unique properties also present unique challenges. Thus, the use of
NaDESs as an extractant for metal oxide nanoparticles in plants shows promise for further
research in the environmental and physiological fields.

Researchers have also used NaDESs in the green cascade production of nanocellulose,
nanohemicellulose, and nanolignin from Prosopis juliflora biomass, using NaDESs based
on ChCl and lactic acid (LA), folic acid (FA), and oxalic acid (OA) in three different ratios:
(1) 1:1; (2) 2:1 and (3) 3:1. Through screening experiments, LA2-ChCl was selected for
selective hemicellulose solubilization in the first stage, and FA3-ChCl was selected for
lignin solubilization in the second stage. This microwave-integrated two-stage cascade
process gives a higher recovery yield (96.8% cellulose, 92.43% hemicellulose, and 90.56%
lignin), and the recovered particles were then converted into nanoparticles using intense
ultrasound. In summary, the use of NaDESs in this study for a proposed clean and
sustainable process achieved the complete transformation of environmentally undesirable
Prosopis julifora into sustainable nanoparticles and obtained maximum yield [75].

In another nanocellulose production study, this one using mechanochemical pro-
duction coupled to NaDESs (made with ChCl and oxalic acid dihydrate or citric acid
monohydrate), cellulose nanocrystals (CNCs) were extracted with a yield of 65%, and
their lengths were established at around 143 nm. In addition, the carboxylated CNCs
showed high thermal stability and a high crystallinity index, as this is a fast and direct
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method with little use of solvent, thus reducing the cost of producing CNCs and the
negative environmental impact, promoting adaptation to the market for this renewable
nanomaterial [76].

Another use of NaDESs in nanoscale productions involves the use of NaDESs based
on ChCl and ascorbic acid (AA) to increase the solubility and antioxidant properties of
antioxidant extracts from Mangifera pajang fruit residues, where all the ChCl-AA in different
proportions tested increased the antioxidant capacity of antioxidant extracts by 1.3–14.64%
compared to antioxidant extracts in water. This finding highlights the role of this NaDES as
an antioxidant capacity enhancer, in addition to the antioxidant extracts solubilized in the
ChCl-AA system, forming a nanoscale cluster structure, suggesting that it could potentially
be used in a nanoformulation that protects antioxidant extracts [77].

Although these studies use NaDESs in processes that result in nanoscale formations, it
is still hard to find reports in the literature of NaDESs being used for organic nanoparticles,
especially lipid nanoparticles (LNs). LNs are nanoparticles that present at least one lipid in
their formulations. They have emerged as a novel pharmaceutical drug delivery system of a
variety of therapeutic agents, bringing the advantage of being biocompatible, biodegradable
and less toxic. These particles can be classified in different types: solid lipid nanoparticle
(SLN), nanostructured lipid carriers (NLCs), lipid drug conjugate (LDC), liposomes, and
nanoemulsions [78,79].

Only one study reporting the use of NaDESs in lipid nanoparticles was found, more
specifically with liposomes. The research aimed to investigate how NaDESs might affect
skin permeation using liposome membranes of egg-phosphatidylcholine (Egg-PC) and di-
palmitoyl-phosphatidylcholine (DPPC). The physical stability of liposomes was evaluated
through their exposure to different NaDESs. The studies indicated that, in general, lipo-
somes were physically stable in NaDESs for 24 h, being further stabilized by the solvent, in
some cases. Furthermore, a decrease in liposome size was observed, which was attributed
to the high osmolarity of the solvent [80].

However, regarding nanostructured lipid carriers or solid lipid nanoparticles, which are
already used for cosmetic preparations, anticancer therapy and drug delivery, nothing related
to NaDESs was found. The same happened with the other types of lipid nanoparticles.

Nonetheless, the scarcity of results does not mean that we cannot discuss and think
about how the use of NaDESs in lipid nanoparticle formulations could solve some prob-
lems. Until now, we have mainly discussed NaDESs’ advantages, and if we stop to
look at some points, a lot of these advantages can also be incorporated to improve lipid
nanoparticle formulations.

For example, one of the biggest problems related to LN formulation is the use of toxic
solvents to promote the solubility of some active compounds of interest to be loaded in the
nanocarrier [81–84]. The use of NaDESs to try the solubilization of these active compounds
could emerge as an innovative, green, and cheaper solution.

Another challenge commonly faced with LNs is their sensitivity to freezing condi-
tions, which sometimes compromises the use of some protocols or even their storage for
long periods [85,86]. Fortunately, some NaDESs are also known for their cryoprotective
characteristics, and why should they not be tested for LN formulations?

Questions like these demonstrate the need for research in this area in order to increase
the effectiveness of these studies and to revolutionize the production of green nanoparticles,
adding value to the use of NaDESs. The applicability of NaDESs is vast, and there are
endless possibilities for improvement, paving the way for a new wave of ideas [61].

Table 5 below presents a consolidated list of the NaDESs discussed in the chapter with
uses in the area of nanoscience and nanotechnology.
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Table 5. NaDES involved in nanoscience area.

NaDES Molar Ratio Possibility of Use

Chlorine of chloride:glucose Not showed Extracting metal oxide nanoparticles from plants without
causing their transformation [67]Chlorine of chloride:glycerol Not showed

Choline chloride:malonic acid 1:1
Reducing the cytotoxicity levels of graphene, while also

demonstrating higher tamoxifen entrapment efficiency and
loading capacity [74]

Choline chloride:lactic acid 2:1 Selective hemicellulose solubilization [75]

Choline chloride:folic acid 3:1 Lignin solubilization [75]

Choline chloride:oxalic acid dihydrate 1:1 Extraction of cellulose nanocrystals with 65% yield, high
thermal stability and high crystallinity index [76]Choline chloride:citric acid monohydrate 1:1

Choline chloride:ascorbic acid
1:1
1:2
2:1

Increasing the solubility and antioxidant properties of
antioxidant extracts from Mangifera pajang fruit residues [77]

7. NaDESs in Cryopreservation: Advancing Preservation Techniques

Over the last few decades, cryopreservation has become an area of great interest due
to the increasing focus on fertility and optimizing organ transplants. However, the preser-
vation of cells and tissues has its own set of challenges, with a significant portion of these
challenges revolving around the viability of cells after the procedure. The cryopreservation
of human ovarian tissue has been explored as a means of preserving the fertility of young
women of fertile age before undergoing treatment for malignant disease. Similarly, these
studies have applications in veterinary medicine, where female oocytes in ovarian follicles
of endangered species, home pets, or transgenic animals can be preserved to build an
animal germplasm bank. Ovarian follicles can be cryopreserved in two ways—in situ or
isolated—each with its advantages, disadvantages, and challenges. In situ preservation is
considered the most viable option, as preserving the ovary is difficult given the differences
between the many cell types present in ovarian tissue [87–89].

Cryoprotectant agents, which are organic substances that protect cells or tissues against
dehydration, cooling, and damage caused by extreme temperature reduction, play a crucial
role in cryopreservation (Figure 2). The most commonly used cryoprotectants are dimethyl
sulfoxide (DMSO), propanediol (PROH), ethylene glycol (EG), and glycerol (GLI). However,
except for GLI, they are toxic to cells and tissues at specific temperatures, or in the case of
PROH, during synthesis, they produce toxic intermediaries and pollutants [89,90].

When discussing the challenges of organ banking, it is imperative to address the
obstacles related to ice nucleation and growth, cryoprotectant and osmotic toxicities, chill-
ing injury, thermomechanical stress, the need for rapid and uniform rewarming, and
ischemia/reperfusion injury. To overcome these challenges, various approaches have been
proposed, including cryoprotectant screening strategies and the use of cryoprotectant
cocktails that include ice-binding agents [91].

Several studies have shown that NaDESs exhibit anti-freezing properties and resistance
to high osmotic pressure. These findings were observed in experiments that combined
malic acid and choline chloride to create a homogeneous liquid mixture in a 1:1 ratio
association. It was postulated that metabolites like choline or betaine, in combination with
organic acids such as malic or citric, would create a liquid phase (NaDES) with “DES-like”
physical-chemical properties that would account for these properties [29].

More recently, exciting results have been reported on the cryopreservation of Jurkat
cells in NaDESs. An optimized cryoprotective agent (CPA) formulation was developed
using a trehalose-glycerol NaDES (molar ratio of 1:30) diluted in Normosol-R and supple-
mented with isoleucine. The results show that the NaDES suppresses both ice formation
and dehydration of the non-frozen region. Supplemented NaDES with isoleucine does not
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affect the solution’s thermophysical properties but significantly enhances the cells’ survival
and proliferation post-thaw [33].
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Figure 2. (A) Dehydration. (B) Supercooling and intracellular ice formation. (C) Vitrification. (D) Cell
lysis. (E) Apoptotic onset. The use of NaDESs in cryopreservation can prevent the formation of
extracellular ice crystals, avoiding osmotic imbalance and consequent cellular dehydration. Rapid
cooling rates and the addition of high concentrations of cryoprotectant agents (CPA) can achieve
vitrification, an amorphous and ice-free state. However, high concentrations of CPA can be toxic
to cells. NaDESs exhibit low toxicity when compared to conventional cryoprotectants. Finally,
cryopreservation can induce apoptosis, leading to delayed cell death after thawing. Due to their low
toxicity, NaDESs can decrease the death rate.

As a result, NaDESs are emerging as a potential substitute for cryoprotectants already
used for cell cryopreservation, such as DMSO. NaDES is capable of reducing the number
of ice crystals, thereby reducing ice crystal damage in cells, which is a critical factor in
their survival upon freezing. Moreover, NaDESs are more biodegradable and less toxic
than DMSO, the current gold standard for cryopreservation [85]. This opens up many
possibilities, including the use of supplemented NaDESs to improve cell viability and
survival after cryopreservation, enhancing the results and studies made with them.

Other studies conducted with L929 and HaCaT cells using a NaDES made of trehalose,
glucose, proline, and sorbitol (in most systems, water was required to ensure the formation
of the eutectic mixture) showed that the NaDES exerted a significant cryoprotective effect
on L929 cells compared to DMSO or in the absence of a CPA. For HaCaT cells, the eutectic
system demonstrated a slight improvement in cell survival, while DMSO caused complete
cell death. In addition, the results obtained indicate that the NaDES could be maintained in
the growth media after the thawing step without compromising cell viability, which is not
possible with other CPAs such as DMSO [92].

The NaDES technology represents a significant innovation that could reduce or elimi-
nate challenges with cryoprotectants in organ banking and fertility preservation. NaDESs
are made with natural compounds that are minimally toxic and have a eutectic point with a
low melting point, which could revolutionize the field of cryopreservation. The advantages
of NaDESs are enormous, with the potential to extend the viability of organs for many
days, months, or even years before transplant surgery. In fertility preservation, NaDESs
could improve the viability of oocytes and other cells of the ovarian tissue, resulting in
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better preservation outcomes. Using NaDESs in this process of preservation would also
decrease the amount of toxicity in the cryoprotectant, creating a less stressful environment
for the cells. This would also reduce the number of toxic intermediaries and pollutants,
thus contributing to the protection of nature and other living beings. Additionally, NaDESs
use less water in these processes, improving water usage and reducing waste.

Table 6 below presents a consolidated list of NaDESs discussed in the chapter with
uses in cryopreservation.

Table 6. NaDES with uses in cryopreservation.

NaDES Molar Ratio Possibility of Use

Choline chloride:malic acid 1:1 Anti-freezing properties and resistance to high
osmotic pressure [29]

Trehalose:glycerol 1:30 Cryopreservation of Jurkat cells [33]

Trehalose:glucose:sorbitol:water 1:2:1:10 A significant cryoprotective effect on L929 cells compared to
DMSO or in the absence of a CPA, and for HaCaT cells,

demonstrated a slight improvement in cell survival, while
DMSO caused complete cell death [92]

Glucose:proline:glycerol:water 3:5:3:21
Betaine:trehalose:glycerol:water 2:1:3:7

Betaine:trehalose:water 4:1:12
Betaine:sucrose:proline:water 5:2:2:21

8. The Beauty of Science: The Fascinating Intersection of NaDESs, Cosmetics, Food,
and Pharmaceuticals

NaDESs have emerged as an environmentally friendly option to replace petrochem-
icals in the cosmetics industry for dissolving plant metabolites. However, only a few
NaDESs can be used for cosmetic purposes due to safety or regulatory issues [93]. NaDESs
have also been studied for their potential in the food, pharmaceutical, and cosmetics indus-
tries, as demonstrated in a study analyzing anthocyanins in flower petals of Catharanthus
roseus using HPLC-DAD-based metabolic profiling. The most promising NaDESs used in
this study, including lactic acid:glucose (LGH), 1,2-propanediol:choline chloride (PCH), and
75% glucose:fructose:sucrose NaDES, showed similar extraction power for anthocyanins
to acidified methanol, the preferred solvent in this process. LGH, in particular, exhibited
at least three times the highest stabilizing capacity for cyanidins than acidified methanol,
making it easier to extract and analyze these compounds [94].

Further research has demonstrated the excellent extractability of NaDESs for both polar
and less polar metabolites, as seen in a study on safflower, a commonly used component
in the food and cosmetics industry. NaDESs were found to be more effective at extracting
metabolites than conventional solvents, with the water content in NaDESs having the most
significant impact on phenolic compound yield. NaDESs successfully recovered most major
phenolic compounds with a yield between 75% and 97%, making them a valuable option
for extracting safflower, a plant used as a natural pigment, food additive, cosmetic, and
traditional medicine for cardiovascular diseases [9,42].

NaDESs have also shown a high capacity for solubilizing and stabilizing carthamin,
the primary red pigment in safflower, which has antioxidant activity but is very unstable
in aqueous solutions. Unlike alkaline solutions, NaDESs do not cause degradation of
carthamin, and they maintain its color and stability under various conditions such as high
temperature, light, and storage time. NaDESs achieve this due to strong hydrogen bonding
interactions between solutes and solvent molecules [9].

The awareness people nowadays have about their diet has led to a demand for in-
dustries to make food that contains biologically active compounds which have functional
properties, such as antioxidant ones. Because of that, polyphenols are attracting attention,
due to their potential positive effects in the area of human health [95]. Taking advantage of
the high capacity of extractability of NaDESs, cocoa by-products were chosen as a sustain-
able source of polyphenols to be used as a fortifier of chocolate milk. The NaDESs used
in this study and their molar ratios are: choline chloride:citric acid (2:1, ChCit), choline
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chloride:glycerol (1:2, ChGly), choline chloride:glucose (1:1, ChGlc), betaine:citric acid
(1:1, BCit), betaine: glycerol (1:2, BGly) and betaine:glucose (1:1, BGlc). According to the
results, the selected NaDESs could be used for efficient extraction of polyphenols from
cocoa by-products, and the NaDES extracts obtained could be used for fortification in the
food industry, without removal of extraction solvent, since they have been proven by tests
to be safe and considered sensorially acceptable [96].

Bioactive compounds are widely used in both the cosmetics and food industries
due to their many health benefits, including antioxidant, antimicrobial, antifungal, anti-
inflammatory, anti-allergic, and antitumor effects [97–99]. They are used as replacements
for synthetic additives, to confer bioactive characteristics, or to improve the sensory quality
of food products. These compounds, such as phenolics, alkaloids, phenylpropanoids, ter-
penoids, polysaccharides, lipids, and peptides, are mostly extracted from natural matrices
using aqueous-organic solvents like hexane, benzene, methanol, chloroform, petroleum
ether, and acetone. However, these solvents can harm the environment, the operator, and
consumer health due to their toxicity, volatility, and flammability [7].

Grapes are highly valued by the pharmaceutical, food, and cosmetics industries be-
cause of their potential applications. Grape phenolic compounds, including anthocyanins,
flavanols, and phenolic acids, are known to have strong antioxidant [100–102], antimicro-
bial [103], anti-inflammatory [104–106], and anticancer [107] properties, as well as providing
cardiovascular protection [108–110]. However, conventional methods used to extract grape
phenolics are laborious, time-consuming, and require a huge amount of solvent use, often
not delivering a good final product [39].

NaDES grape extracts have proven to be a promising alternative to conventional
methods due to their simple, inexpensive, and naturally occurring compounds with an
implied safety profile. In several tests, NaDES grape extracts were found to be of high
quality with valuable biological activities, eliminating the need for expensive downstream
purification steps [5,42]. However, due to the possible synergetic effect between compo-
nents, it is necessary to further evaluate their cytotoxicity [111]. The cytotoxicity of five
different types of NaDESs was evaluated in vitro using the cell lines MCF-7 and HeLa, and
all of them formulated with 30% of water. The tested NaDESs were found to have low
cytotoxicity, making them good options for extracting phenolics in grape skin, with choline
chloride:fructose NaDES showing the best overall results [39]. In summary, NaDESs are a
promising alternative to conventional extraction methods for bioactive compounds and
have been shown to be particularly effective in extracting grape phenolic compounds.
Further research is necessary to fully understand the potential applications and possible
toxicological effects of NaDESs.

On the other hand, it is necessary to comment that there has been a research study
in which NaDESs containing oxalic acid as a HBD showed the best performance in the
phenolic extraction of grape skin. However, due to its toxicity, it was excluded from
the study. This fact proves that many studies about NaDESs still need to be performed
to understand why sometimes the best methodology for a specific application may not
necessarily be the best one for the environment. Moreover, it also shows it is not always
right to hypothesize that non-toxic raw materials will make a non-toxic solvent. That is
why toxicity studies should always accompany their preparation and application. The
extracts of the NaDES made with choline chloride:malic (ChMa) acid were tested for toxicity
along with the other NaDESs, but only ChMa showed a substantial inhibiting effect on
cell viability. It was evaluated via WST-1 cell proliferation assay using MCF-7 and HeLa.
The methanol extract was also tested as a reference solvent for phenolic extraction. All the
extracts were applied to cells in the range of 1.67 mg/mL and 16.67 mg/mL [39].

Recent research has shown that NaDESs based on a 30% solution of choline chlo-
ride:citric acid (molar ratio 1:1) are highly effective in the extraction of isoflavones from
soy products [112]. Isoflavones are a group of chemical compounds found in plants known
for their biological activity and are used in pharmaceutical formulations, dietetics, and
the cosmetics industry [113]. Maintaining the proper level of isoflavones in the diet is
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important in preventing diseases such as cancer and cardiovascular diseases [112,114].
Classical extraction methods using significant amounts of solvents are laborious and re-
quire many samples. The NaDES used in these tests resulted in relatively non-toxic results
and an easily prepared formulation made with renewable, non-flammable, non-volatile,
and biodegradable components, optimizing extract efficiency. The optimized conditions
for the procedure were a NaDES molar ratio of 1:1, 30% water content, a 3:1 NaDES vol-
ume to sample amount ratio, a 60 min extraction time, a 60 ◦C extraction temperature,
and an ultrasonic power of 616 W. The results achieved enrichment factors up to 598 for
isoflavones, with the recoveries of the analytes ranging from 64.7% to 99.2%. These findings
suggest that NaDESs could be a promising alternative to traditional solvents for isoflavone
extraction [112].

In the by-products field, some studies have been performing tests on NaDESs and
microwave-assisted extraction (MAE) to recover bioactive compounds from hazelnut
pomace (a by-product originating from the hazelnut oil process). The objective of this
research is to contribute to sustainable valorization [40]. Research surrounding the choline
chloride–propylene glycol mixture-based DES has already been performed and shows
efficient properties in the extraction of flavonoids [115], anthocyanins [116], and pheno-
lic compounds [117]. Trials were performed with eight different NaDESs, and choline
chloride:1,2-propylene glycol (CC-PG, in the molar ratio of 1:4) was determined as the
most suitable NaDES for the target extraction: in that case, the extraction of antioxidant
constituents. The comparison and analyses established parameters for extraction effi-
ciency and physicochemical properties. As already said, the physicochemical properties
of NaDESs can be changed if the components’ hydrogen bond donors/hydrogen bond
acceptor (HBD/HBA) structures or molar ratios vary. NaDES electrical conductivity is low,
resulting in high viscosity, a factor that limits the effectiveness of NaDESs as solvents for
extraction since the mass transporting capacity also decreases. While the physicochemical
properties of the solvent are similar to water with the addition of 25% water (v/v), the sol-
vent properties are preserved. It is known that NaDESs usually have high viscosity values
at room conditions, but, in the results of this experiment, it was observed that the CC-PG
NaDES and another one tested had much lower viscosity values, similar to the density
data used as the base. Therefore, it is a positive feature in favorable extraction applications.
The amounts of antioxidants extracted with three tested NaDESs, including CC-PG, were
higher when compared to the other usual solvents, such as water, acetone, ethanol, and
methanol. As already known, 1,2-propylene glycol is a nontoxic glycol preferred in formu-
lations as a solvent in the pharmaceutical, cosmetics and flavoring industries. Although all
these discoveries may be promising, it is still hard to predict the suitability of NaDESs by
examining just the physicochemical properties [40].

As already mentioned, there is increasing interest in making use of food waste using
environmentally friendly procedures, since it is known that the agri-food industry produces
enormous amounts of waste. The olive oil industry produces residues such as twigs, leaves,
and olive mill wastewater (OMW). Olive leaves are gaining interest for their use in high-
added-value compounds. This part of the plant species Olea europaea L. contains large
quantities of phenolic compounds, higher than those in the fruit or virgin olive oil [118].
Different from other plants, they have secondary metabolites, of which secoiridoid and
flavonoids as the main ones. Oleuropein (Ole) is the most abundant bioactive phenol in
olive leaf extract, having important pharmacological activities. Studies have described the
anti-inflammatory properties of oleocanthal, since they are similar to ibuprofen [119]. After
that, a group of pharmacological and biological activities were reported for this olive oil
secoiridoid derivative and its analog, which is oleacein [120].

The main drawback in this context is the fact that only small amounts of either
secoiridoid can be obtained from natural matrices. The conventional extraction of phenolic
compounds from plant leaves and fruits is performed by maceration, also using organic
solvents such as ethanol, methanol, dichloromethane, acetone, hexane, and ethyl acetate.
Although the extraction process with these solvents has high yields and the product



Molecules 2023, 28, 7653 20 of 32

obtained is of high quality, these solvents harm human health and the environment. The
process also requires long treatment times and high temperatures. Also, prior to use, they
must be subjected to solvent removal and purification. As a result, it was seen that the
combination of NaDESs and microwave-assisted extraction (MAE) techniques is an efficient
approach to recover phenolic compounds from these wastes. The most effective NaDESs
for this purpose were polyols-based, NaDES-2 (consisting of choline chloride and glycerol
as HBD, as well as the most effective one), NaDES-4 (consisting of choline chloride and
ethylene glycol), and organic acid-based NaDES-3 (consisting of choline chloride and lactic
acid). It was also proved that NaDES extract could be fully used, even if applied to products
used or consumed by people [118].

Phlorotannins (TPhCs) belong to the class of polyphenolic compounds and are sec-
ondary metabolites produced mainly by brown seaweeds (Phaeophyceae). They have
diverse bioactivities, such as antiviral [121], anti-bacterial [122], antioxidant [123], anti-
cancer [124], anti-inflammatory [125], neuroprotective [126] and UV-protective [127]. Due
to their antimicrobial and antioxidant properties, phlorotannins are used in food packaging
films as preservatives [128]. Also, they are co-extracted with fucoidan, providing cosme-
ceutical effects for fucoidan crude extracts [129]. In the European Union, phlorotannins
are approved as new food products and are allowed as ingredients in dietary supple-
ments [130]. NaDESs have been proposed as an alternative for the usually toxic solvents
used for the extraction, such as ethanol (EtOH). The objective of the work of Obluchin-
skaya et al. was to study the effect of selected extraction parameters on the phlorotannin
content, hydrophilic ascorbic acid and lipophilic fucoxanthin in a NaDES extract from
Fucus vesiculosus. Two NaDESs were used: NaDES 1 was made with lactic acid and choline
chloride (molar ratio of 3:1, respectively) and NaDES 2 was made with lactic acid, glucose,
and H2O (molar ratio of 5:1:3, respectively). The addition of water in the NaDES led to a
decrease in the viscosity and in the surface tension of the solvents, resulting in a positive
impact on the mass transfer from the seaweed cells into the extract [30,131]. In NaDES 1,
the best formulation had a water content of 30%, while in NaDES 2 the best formulation
had a water content of three moles of water. The effects of the chosen NaDES and EtOH
were monitored in phlorotannin extracts during storage for 360 days at the temperature of
25 ◦C. After 30 days, the TPhC in EtOH began to decline considerably faster compared to
the TPhC in both NaDESs. Seventy percent of the phlorotannins degraded in EtOH after
360 days, while NaDES 1 enables greater stability of phlorotannins. The results suggest
that NADESs could be considered as an alternative to the conventional techniques for the
effective extraction of phlorotannins from F. vesiculosus with high antioxidant potential,
since the NaDESs tested provided high stability and preserved the bioactivity of the extracts
during storage [131]. This potential may have a relationship to their viscosity [9,131]. The
dilution with water decreased the viscosity of NaDES 2 compared to NaDES 1. The higher
the viscosity of the NaDES, the more negatively it will affect the movement of the molecules,
which allows a stable interaction between the molecules of the NaDES components and
the solutes. This results in reduced contact time for the metabolites on the NaDES surface
with air, leading to a less oxidative degradation [94]. Oxygen also has a lower solubility in
NaDESs than ethanol, a fact that helps to explain and understand the results [131,132].

It is already known that Hibiscus sabdariffa L. has natural pigments that are valuable to
the food industry [133]. Associated, again, with the MAE technique, NaDESs with choline
chloride as a base were made. Among several, the oxalic acid-based NaDES with choline
chloride (molar ratio 1:1) had the best selectivity for anthocyanins and higher extraction
yields of the bioactive compound, even better than the ones extracted with methanol. The
potential of this particular NaDES for the extraction of these pigments is undeniable, due
to its acidic profile. However, more studies are needed, since there were some problems
with stability and recovery yield, for example [134].

Proteins have high importance in the food industry. In some studies, the glyca-
tion conditions of bovine serum albumin (BSA) with glucose were studied to optimize
it with a NaDES, since this process usually takes a lot of time and requires high temper-
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atures. The theory was that a NaDES could improve the grafting of glucose-glycated
BSA by shifting the reaction equilibrium [135]. A NaDES was prepared based on other
research methods [112,113], but with slight modifications. In short, this was a choline
chloride:glucose NaDES in the molar ratio of 1:1. The obtained NaDES was also diluted in
PBS to prepare different w/w solutions. It was also seen that a water content lower than 40%
may limit the migration of reactant molecules, limiting the degree of graft. The results verify
that the NaDES provided a non-aqueous medium to shift the reaction equilibrium cited
before. Markers, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
and Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF-MS) analyses were made. It was seen that, when compared to water systems, the
NaDES had more hydroxyl groups, more secondary structures in disorder, lower intrinsic
fluorescence intensity, lower surface hydrophobicity, fewer thiol groups, higher absorption
of visible UV, and higher emulsifying properties. The NaDES was recognized at the end as
a promising solvent to increase the glycation extents and property changes of BSA, also
promoting its functional activities, making it applicable to the food industry [43,135–141].

Searching for an increase in the shelf life of food, active packaging of extracts rich
in bioactive compounds added to edible films has become a study focus [136]. In order
to achieve this, a nontoxic solvent is needed that is also not harmful to the environment.
Some researchers have tried to design NaDESs by lyophilization, targeting the extraction
of anthocyanins from Luma chequen. Later, the NaDES would be added to an edible î-
carrageenan film matrix; ultrasound-assisted extraction (UAE) was used, and with pH
differential, the method was able to evaluate the anthocyanin content. The antioxidant
capacity of extracts and the antibacterial capacity were evaluated via DPPH assay (2,2-
diphenyl-1-picryl-hydrazyl-hydrate) and diffusion agar tests, respectively. In the end,
it was observed that the glycerol-based NaDES was efficient in the role of anthocyanin
extraction and that the extract inhibition had good results [134].

Other studies focused on preparing biodegradable active packaging with shrimp
waste. In this case, the effort was put into the extraction of astaxanthin (ASX) using an
ultrasound-assisted (UAE) NaDES, and the support of ASX-rich NaDES extracts to achieve
the goal of the research. The ASX-NaDES extract obtained via the process, in optimum
conditions (68.98 ± 1.22 mg ASX/g shrimp waste), was applied as a plasticizer for chitosan
(CS)-based biodegradable films, which were prepared using just NaDES/CS. Since the
extraction method with a NaDES was a success, it is now seen as a potential alternative
instead of the traditional extraction and a good opportunity for the utilization of low-grade
materials [137].

NaDESs have already shown antibacterial properties by themselves or in combination
with photosensitizers and light. Some researchers are trying to combine the wound healing
property of collagen and the antibacterial properties of NaDESs [43,138]. Citric acid, xylitol,
and their respective aqueous dilutions were used in NaDESs for the tests and they all
went through spectroscopic, calorimetric, and viscosity methods. It was seen that collagen
exhibited variable unfolding properties dependent on the type of material and degree of
the aqueous dilutions made in the NaDES and, in fact, the two types of collagens (telo- or
atelocollagen) were susceptible to the process of unfolding when diluted in this solvent.
It was verified in the results that the dissolving process of collagen happened in a highly
diluted NaDES, showing similar results to when collagen is dissolved in acetic acid. This
all resulted in the acknowledgment that NaDESs can dissolve collagen while maintaining
the structural properties of the collagen, turning NaDESs into a potential excipient in
collagen-based products. Synthesizing all the results gathered, collagen in a NaDES is more
susceptible to molecular changes, which can be beneficial if one exploits the chemotactic
properties via the attraction of cells involved in wound healing and the antibacterial
properties of the combination of collagen and NaDES. An increased mechanical strength of
freeze-dried collagen-NaDES sheets was observed, and a plasticizing effect of NaDES was
seen when this solvent was at low concentrations. The combination seemed suitable for the
development of a topical preparation in the future [139].
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Some valuable products are seen as waste, as has already been discussed. In the case
of durian seeds, valuable products could be processed from them, for example, seed gum
and flour. Some tests have tried to combine NaDESs combined with gum in the form
of eutectogel. Some outcomes demonstrated tunable characteristics, indicating that the
properties of natural durian seed gum can be improved for specific applications in the
future. Since the coated gel is edible, potentially low cost, and strongly sustainable, food
preservation could be extended, increasing the commercial value [140].

Freezing is the most common technique for preserving food products. However,
during practical production, which involves the freezing process of food or the frozen
storage of these products, severe ice or frost that may accumulate in considerable amounts
can affect production efficiency and food quality. These specific problems have held back
the development of the frozen food industry, but in order to change that, researchers have
explored the anti-freezing properties of NaDESs. NaDESs were made with the combination
of proline:glucose (molar ratio of 5:3 and 1:1), proline:sorbitol (molar ratio of 1:1), and
urea:glucose:calcium chloride (molar ratio of 3:6:1). The proline:sorbitol one in the molar
ratio of 1:1 showed the best temperature sensitivity and frosting capacity after several
tests, showing how NaDESs can be announced as an innovation in anti-freezing agents
for industries, since they can be fabricated into functional materials for this purpose, like
hydrogel and eutectogel [141].

It is known that the blueberry is a fruit rich in polyphenols, with great potential
for the extraction of bioactive compounds. Most solvents used to extract these bioactive
compounds need to be removed for the subsequent uses of these molecules. In order to
study the gastro-protective effects and the biocompatibility of a blueberry crude extract
(CE) obtained using a NaDES and the extraction fractions in a model of ethanol-induced
gastric ulcer in rats, a NaDES containing choline chloride:glycerol:citric acid in the molar
ratios of 0.5:2:0.5 was used. The animals were treated for 14 days with water, NaDES
vehicle, CE, anthocyanin-rich-fraction (ARF), a non-anthocyanin phenolic fraction (NAPF),
or lansoprazole (intragastric) before receiving the ethanol that would induce the gastric
ulcer. In the end, it resulted in CE decreasing the ulcer index and preserving the integrity
of the mucosa. The pretreatment with CE or ARF reduced glutathione depletion and the
mucosa’s inflammatory response. The NaDES treatment, as well as the other treatments,
reduced protein oxidation and nitric oxide overproduction in rats that were treated with
ethanol. These outcomes suggest that a NaDES can obtain biocompatible extracts of this
fruit without needing to remove them for use. In conclusion, the NaDES vehicle contributed
to some protective effects, and it has been seen as a potential medium for obtaining extracts
of blueberry that exhibit gastro-protective effects [142].

Studies are also applying NaDESs as a potential extractor of medicinal plants, such as
Sideritis scardica and Plantago major, aiming to avoid organic solvents. This methodology
is seen as an alternative to water–alcohol mixtures, plus the antimicrobial and genotoxic
potential of the extract studied. The best extract results for total phenolic compounds
were obtained using a NaDES prepared with choline chloride:glucose (molar ratio of 5:2)
with the addition of 30% water. The extraction efficiency was calculated by measuring
total phenolics and flavonoids. However, something unexpected happened: the extracts
with this NaDES were inactive against all tested microorganisms. Meanwhile, extracts
with the NaDES containing citric acid:1,2-propanediol (molar ratio of 1:4) and choline
chloride:glycerol (molar ratio of 1:2) showed exciting activity against some microorganisms.
All four NaDESs tested showed low genotoxicity, and cytotoxicity, and the extracts showed
antimicrobial activity. Indeed, the results show that a NaDES can improve the effects of
bioactive extracts. However, more studies are needed to fully understand the influence of
the NaDES in question on the bioactivity of dissolved substances and, most importantly,
the possibility of using these extracts in the pharmaceutical, food, and cosmetics industries,
among others [143].

Curcuma longa L. is used worldwide as a spice and coloring agent, mainly in the textile,
pharmaceutical, confectionery, and cosmetics industries [144]. Studies throughout the
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years have highlighted this component, which has been used in the medical treatment of
many diseases because of its reported properties, such as antioxidant, anti-inflammatory,
antibacterial, antidepressant, antidiabetic, and antitumor [145–147]. These properties have
already been applied as a protective and preventive agent against cancer, AIDS, neurologi-
cal, lung, liver, and cardiovascular diseases. In order to extract curcumin and antioxidants
using the MAE technique, five NaDESs were prepared using binary combinations of
choline chloride, lactic acid, fructose, and sucrose. The NaDESs with sucrose:choline
chloride:water (molar ratio 1:4:4), fructose:choline chloride:water (molar ratio 1:5:5), su-
crose:lactic acid:water (molar ratio 1:5:7), and lactic acid:choline chloride:water (molar ratio
1:1:2) exhibited higher total antioxidant capacity (TAC) and curcumin contents (CC) than
those in an 80% methanol:water solvent, which is the one preferred in the literature. The
NaDESs were characterized via Fourier transform infrared (FTIR) density and viscosity
values analysis. Some essential parameters were studied in MAE. The MAE results show
that this method has the potential to be an efficient and sustainable procedure in the natural
dye, food and pharmaceutical industries, among others. The extracts can also turn into a
ready-for-consumption product [144].

NaDESs are known as nonvolatile, but there are still a limited number of techniques
capable of concentrating and isolating bioactive compounds or food components from
them. In contrast, studies have demonstrated that NaDESs do not interfere with the
analytical determination of solutes, opening up new possibilities. With that in mind,
analytical characterization without time- and cost-consuming purification steps would be
possible [31].

The plant named Aralia elata has medicinal properties in its roots, which are rich in
biologically active natural products. Triterpene saponins constitute one of their major
groups, and these metabolites are usually extracted by methanol and ethanol but, as
already discussed, these two solvents present a wide range of problems associated with
their use. NaDESs were recently proposed as promising alternative extractants for the
isolation of natural products from medicinal plants and, in the study of Petrochenko and
Orlova [148], triterpene saponins were successfully extracted from all the seven acid-based
tested NaDESs. The 1:1 mixture of choline chloride and malic acid, as well as a 1:3 mixture
of choline chloride and lactic acid, presented the highest efficiency achieved. It could be
concluded that, for 13 metabolites, NaDESs were more efficient extractants in comparison
with water and ethanol [148].

Rhodiola rosea L. is a plant used in traditional medicine as a food supplement due to
its adaptogen properties [149–152]. More than 150 biologically active compounds have
been identified in the rhizomes of the plant, such as flavonoids, phenyletanes and phenyl-
propanoids [151,153–155]. A NaDES made with lactic acid, glucose, fructose and water was
used to extract phenyletanes and phenylpropanoids, which were analyzed afterwards by
HPLC. The results show that the L-lactic acid:fructose-based NaDES could be considered a
viable alternative to 40% aqueous ethanol for the extraction of salidroside, tyrosol, rosavin,
rosin and cinnamyl alcohol (sum of phenyletanes and phenylpropanoids). To optimize the
extraction, the Plackett–Burman design followed by the steepest ascent method was used.
Even though this NaDES proved to be a good alternative for extracting the compounds,
the recovery of tyrosol and cinnamyl alcohol was lower that the results with the usual
solvent [131].

Also used in traditional and officinal medicine, the roots of Glycyrrhiza glabra L. (popu-
larly known as licorice) have more than 400 biologically active compounds, among which
triterpenoid saponins and flavonoid compounds dominate [156,157]. Medicinal plants can
accumulate a high amount of trace elements due to the industrial load on the environment,
which are transferred with solvents from the plant material to the extract [158,159]. In the
work of Shikov et al., acid-based NaDESs (polar solvents) are seen as an alternative to
co-extract trace elements from the roots of this plant [160–162]. Five NaDESs were used
to co-extract trace elements and glycyrrhizic acid (GA, one of the key active principles in
licorine and the dominant phytochemical in the plant) from the roots of G. glabra and, due
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to similarities in the pKa of tactic acid and GA, the yield of GA in lactic acid-based NaDESs
was higher in comparison with the other NaDESs. In these NaDESs, the yield of GA even
surpassed the yield of GA in water. The recovery of all elements (except Li) by all tested
NaDESs was low, with values smaller than 6%. The metal pollution index, hazard quotient,
hazard index and chronic daily intake were also calculated. The results of these parameters
suggest that all tested NaDES extracts of G. glabra roots were non-toxic and should possess
no potential health risk after both topical application and ingestion [162].

To better understand this review, Table 5 below was prepared, with the NaDESs
mentioned throughout this work. It is important to note that there are NaDESs with the
same components and in equal proportions for different purposes, showing the possible
range of uses of these solvents.

The areas of cosmetics, food, and pharmaceuticals have a wide range of examples
presented throughout the chapter. Table 7 below consolidates these examples, describing
each of the NaDES presented, their molar proportions and areas of use.

Table 7. NaDES involved in the areas of cosmetics, food and pharmaceuticals.

NaDES Molar Ratio Possibility of Use

Lactic acid:glucose 5:1

Anthocyanin extraction [94]Choline chloride:1,2-Propanediol

1:1
1:1.5
1:2
1:3

Glucose:fructose:sucrose 1:1:1

Choline chloride:citric acid 2:1

Polyphenol extraction [96]

Choline chloride:glycerol 1:2
Choline chloride:glucose 1:1

Betaine:citric acid 1:1
Betaine:glycerol 1:2
Betaine:glucose 1:1

Choline chloride:fructose 1.9:1 Extracting phenolics in grape skin [39]

Choline chloride:citric acid 1:1 Extraction of isoflavones from soy products [112]

Choline chloride:propylene glycol 1:4 Extraction of flavonoids [115], anthocyanins [116],
and phenolic compounds [117]

Choline chloride:glycerol 1:1
Extraction of phenolic compounds [118]Choline chloride:ethylene glycol 1:1

Choline chloride:lactic acid 1:1

Lactic acid:glucose:water 5:1:3 Extraction of phenyletanes and phenylpropanoids [131]

Choline chloride:lactic acid
Lactic acid:glucose:water

1:3
5:1:3

An alternative to the conventional techniques for the
effective extraction of phlorotannins from F. vesiculosus with

high antioxidant potential [131]

Choline chloride:oxalic acid 1:1 Selectivity for anthocyanins and higher extraction yields of
the bioactive compound [134]

Choline chloride:glycerol 1:1 Anthocyanin extraction [134]

Choline chloride:glucose 1:1

A promising solvent to increase the glycation extents
and property changes of BSA, also promoting its
functional activities, making it applicable to the

food industry [43,135–140]

Choline chloride:glycerol 1:2

Extraction of astaxanthin (ASX) using an ultrasound
assisted (UAE) NaDES [137]

Choline chloride:oxalic acid 1:2
Choline chloride:lactic acid 1:2

Choline chloride:tartaric acid 1:2
Choline chloride:malic acid 1:2
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Table 7. Cont.

NaDES Molar Ratio Possibility of Use

Choline chloride:glycerol:citric acid 0.5:2:0.5

NaDESs can obtain biocompatible extracts of this fruit
without needing to remove them for use. In conclusion, the
NaDES vehicle contributed to some protective effects, and it
has been seen as a potential medium for obtaining extracts

of blueberry that exhibit gastroprotective effects [142]

Choline chloride:glucose 5:2 Potential extractor for the isolation of natural products from
medicinal plants [143]

Choline chloride:sucrose:water 4:1:4

Curcumin and antioxidant extraction [145]
Choline chloride:fructose:water 5:1:5

Sucrose:lactic acid:water 1:5:7
Choline chloride:lactic acid:water 1:1:2

Choline chloride:malic acid
Choline chloride:lactic acid

1:1
1:3

Potential extractor for the isolation of natural products from
medicinal plants [148]

Choline chloride:malonic acid
Choline chloride:malic acid

Choline chloride:tartaric acid
Choline chloride:citric acid

1:1
1:1
2:1
1:1

(All DESs with 30%
water addition) Alternative for co-extracting trace elements from the roots of

Glycyrrhiza glabra L. [160–162]Lactic acid:glucose:water
Choline chloride:lactic acid
Choline chloride:malic acid

5:3:1
1:3
1:1

Sucrose:citric acid
Sorbitol:citric acid

Sucrose:Lactic Acid
Sorbitol:Lactic Acid

Choline Chloride:Lactic Acid

3:1
3:1
3:1
3:1
1:3

9. Conclusions

This review highlighted how NaDESs have evolved, changed and been improved
throughout the decades since their first studies. From there, the knowledge surrounding
this new technology and the range of applications has become extensive and promising,
although there is still much to discover, as has also been pointed out.

Based on the information presented, NaDESs are now being seen as an alternative
to commonly used solvents, and they are already preferable to some others because they
represent a sustainable alternative for industries, as well as having superior solvent prop-
erties than currently used ones. NaDESs have lower toxicity, require less water during
production, and are safe for use and consumption. These properties make NaDESs a better
alternative for companies to use in the formulation of new products, as they are inspired
by the natural metabolites found in plants and cells, providing unique characteristics and
improvements in various fields. NaDESs are highly tunable and have greater solubilization
capacity, making them applicable in almost every field of knowledge. Additionally, the
use of NaDESs can significantly decrease the amount of hazardous and toxic constituents
people ingest or come into contact with, as they are made from natural components that
our bodies already recognize.

The still recent nature of studies with NaDESs allows for the exploration of new ideas,
formulations, and experiments in a wide range of fields. One promising application of
NaDESs is their potential to act as powerful moisturizers that can reduce water loss in
extreme environments and temperatures, which could have significant implications for
various industries. NaDESs could also be used as cryoprotectants to preserve viable cells,
organs, and oocytes for longer periods, raising the possibility of extending female fertility
and creating a bank of organs for transplants; they could be associated with nanocarriers,
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reducing toxicity of drugs and improving drug site delivery; and they could be used to
create natural supplements with higher bio-solubility, as well as much more.

Overall, we can learn a lot from nature and how it has adapted over billions of years.
NaDESs are an example of how we can use biomimicry to create sustainable and eco-
friendly products that can lead to significant advances in many fields. However, all these
aspects show that there is still much to learn about NaDESs and their relationship with
nature, but their potential for innovation and progress is promising. And, above all, we
should be grateful for our ability to observe and learn from nature and use that knowledge
to evolve and progress.
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134. Alañón, M.E.; Ivanović, M.; Pimentel-Mora, S.; Borrás-Linares, I.; Arráez-Román, D.; Segura-Carretero, A. A novel sustainable
approach for the extraction of value-added compounds from Hibiscus sabdariffa L. calyces by natural deep eutectic solvents. Food
Res. Int. 2020, 137, 109646–109655. [CrossRef]

135. Fu, J.J.; Sun, C.; Xu, X.B.; Zhou, D.Y.; Song, L.; Zhu, B.W. Improving the functional properties of bovine serum albumin-glucose
conjugates in natural deep eutectic solvents. Food Chem. 2020, 328, 127122–127129. [CrossRef]

136. Velásquez, P.; Bustos, D.; Montenegro, G.; Giordano, A. Ultrasound-Assisted Extraction of Anthocyanins Using Natural Deep
Eutectic Solvents and Their Incorporation in Edible Films. Molecules 2021, 26, 984. [CrossRef] [PubMed]

137. Chandra Roy, V.; Ho, T.C.; Lee, H.J.; Park, J.S.; Nam, S.Y.; Lee, H.; Getachew, A.T.; Chun, B.S. Extraction of astaxanthin using
ultrasound-assisted natural deep eutectic solvents from shrimp wastes and its application in bioactive films. J. Clean. Prod. 2021,
284, 125417–125428. [CrossRef]

138. Chattopadhyay, S.; Raines, R.T. Collagen-based biomaterials for wound healing. Biopolymers 2014, 101, 821–833. [CrossRef]
139. Grønlien, K.G.; Pedersen, M.E.; Tønnesen, H.H. A natural deep eutectic solvent (NADES) as potential excipient in collagen-based

products. Int. J. Biol. Macromol. 2020, 156, 394–402. [CrossRef]
140. Fang, X.; Li, Y.; Kua, Y.L.; Chew, Z.L.; Gan, S.; Tan, K.W.; Lee, T.Z.E.; Cheng, W.K.; Lau, H.L.N. Insights on the potential of

natural deep eutectic solvents (NADES) to fine-tune durian seed gum for use as edible food coating. Food Hydrocoll. 2022, 132,
107861–107876. [CrossRef]

141. Tian, Y.; Sun, D.W.; Zhu, Z. Development of natural deep eutectic solvents (NADESs) as anti-freezing agents for the frozen food
industry: Water-tailoring effects, anti-freezing mechanisms and applications. Food Chem. 2022, 371, 131150–131158. [CrossRef]

142. da Silva, D.T.; Rodrigues, R.F.; Machado, N.M.; Maurer, L.H.; Ferreira, L.F.; Somacal, S.; da Veiga, M.L.; Vizzoto, M.; Rodrigues, E.;
Barcia, M.T.; et al. Natural deep eutectic solvent (NADES)-based blueberry extracts protect against ethanol-induced gastric ulcer
in rats. Food Res. Int. 2020, 138, 109718–109729. [CrossRef] [PubMed]

143. Grozdanova, T.; Trusheva, B.; Alipieva, K.; Popova, M.; Dimitrova, L.; Najdenski, H.; Zaharieva, M.M.; Ilieva, Y.; Vasileva, B.;
Miloshev, G.; et al. Extracts of medicinal plants with natural deep eutectic solvents: Enhanced antimicrobial activity and low
genotoxicity. BMC Chem. 2020, 14, 73–81. [CrossRef] [PubMed]

https://doi.org/10.1038/437045a
https://doi.org/10.1080/10408398.2019.1650715
https://doi.org/10.1134/S1063074022050169
https://doi.org/10.3390/md20060403
https://doi.org/10.1021/jf3003653
https://doi.org/10.1002/jbt.22346
https://doi.org/10.1021/jf900820x
https://doi.org/10.4196/kjpp.2019.23.2.121
https://doi.org/10.3390/antiox10030352
https://doi.org/10.3390/md20120754
https://doi.org/10.3390/md18030170
https://doi.org/10.3390/md20120742
https://doi.org/10.3390/molecules26144198
https://doi.org/10.3390/molecules26092645
https://doi.org/10.1016/j.foodres.2017.07.073
https://doi.org/10.1016/j.foodres.2020.109646
https://doi.org/10.1016/j.foodchem.2020.127122
https://doi.org/10.3390/molecules26040984
https://www.ncbi.nlm.nih.gov/pubmed/33673385
https://doi.org/10.1016/j.jclepro.2020.125417
https://doi.org/10.1002/bip.22486
https://doi.org/10.1016/j.ijbiomac.2020.04.026
https://doi.org/10.1016/j.foodhyd.2022.107861
https://doi.org/10.1016/j.foodchem.2021.131150
https://doi.org/10.1016/j.foodres.2020.109718
https://www.ncbi.nlm.nih.gov/pubmed/33292963
https://doi.org/10.1186/s13065-020-00726-x
https://www.ncbi.nlm.nih.gov/pubmed/33308280


Molecules 2023, 28, 7653 32 of 32
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