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Abstract

In recent years, Deep Eutectic Solvents (DESs) have attracted increasing attention in
various scientific disciplines. Their unique properties, such as low toxicity, biodegradability, low
cost and versatility, have made them an attractive alternative to conventional organic solvents. In
pharmaceutical analysis, where the demand for environmentally friendly methods is growing,
questions regarding whether DESs can replace organic solvents as ""green solvents™ have arisen.
This paper explores the potential applications of DESs in drug analysis, and highlights the benefits
and challenges they bring. Examples of the use of DESs in chromatographic techniques and in
the extraction of drugs from various samples are presented. Additionally, research on the stability
and toxicity of DESs in analytical applications is discussed. Based on the available data, it could
be concluded that DESs have the potential to become an important component of analytical
methods in pharmaceutical analysis and provide environmentally sustainable and efficient
alternatives to conventional organic solvents. However, further research is needed to better
understand their properties and optimize their application in drug analysis.
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Introduction

Due to increasing awareness of the Earth’s pollution, the United Nations, under the
panel “Transforming our world: The 2030 Agenda for Sustainable Development,” has
emphasized the importance of replacing conventional organic solvents with alternative
“green solvents” (1). Deep eutectic solvents (DESs) were first discovered nearly two
decades ago (2), and since then they have been continuously at the forefront of research.
The first preparation of eutectic solvents, along with their definition, was provided by
Abbott et al. (3). Eutectic solvents are a mixture of hydrogen bond donors (HBDs) and
hydrogen bond acceptors (HBAS), resulting in a mixture with a melting point lower than
that of the individual components. However, in addition to the given definition, other
definitions describing eutectic mixtures can be found in the literature, such as mixtures
of Lewis and Brgnsted acids and bases, which may contain various cationic and anionic
species (4). Figure 1 depicts the DESs formation diagram.
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Figure 1. Deep Eutectic Solvent formation diagram
Slikal.  Dijagram formiranja eutektikih smesa

In the literature, a distinction is made between two types of solvents: eutectic
solvents and ionic liquids (lIs). Ils were first described in the literature in 1914 and shortly
afterwards became an important topic in chemical research. Originally, lls were
considered to be “green” solvents, but later research has shown that this is not the case.
DESs were introduced as a “green” alternative to Ils and incorrectly categorized by some
authors as their subclass. The fundamental difference between Ils and DESs lies in the
interactions they form. In lls, the predominant type of interaction is ionic, whereas in

161



DESs hydrogen bonding prevails. From the perspective of “green” chemistry, DESs are
superior to lls due to their biodegradability and low toxicity. In addition, DESs can be
obtained by mixing naturally occurring components, which makes their return to nature
harmless. Furthermore, the preparation of DESs is more economical, utilizes less
resources and energy and is safer for the researcher. Although DESs have many
advantages over lls, viscosity as a physicochemical property is a limiting factor for DESs,
which is overcome by synthesizing new DESs (5).

The most common and simplest method of obtaining eutectic solvents is to mix
individual components and heat them in a flask at a temperature range from 50°C to
100°C until a DES is formed. However, it is known that mixtures of choline chloride
(ChCI) and carboxylic acids can decompose at elevated temperatures due to esterification
processes (6). As a possibility for obtaining eutectic mixtures, freeze-drying (7) and the
grinding method (8) have also been mentioned in the literature. The preparation of
eutectic solvents by heating is the most frequently described in the literature. Pandey and
Pandey (9) provided a detailed method for the preparation of a eutectic mixture based on
ChCl in a molar ratio of 1:1. In addition, the preparation of DESs from ChCI with urea,
ethylene glycol and propylene glycol was described in detail. The characterization of
DESs was carried out using FTIR and Raman spectroscopy. The influence of temperature
and the addition of water on the formation of DESs was demonstrated (9).

Certain interactions that influence the properties of eutectic solvents are important
for the formation of eutectic systems. Abassi et al. investigated the variation in solvation
interactions of ChCl-based DESs formed using different HBDs (10). ChCl-based DESs
composed of HBDs with shorter alkyl chain substituents and strong organic acids, which
possessed lower hydrogen bond basicity and dispersive interactions and higher hydrogen
bond acidity compared to those composed of different isomers of butanediol and
hexanediol as HBDs. Choline acetate DESs possessed higher hydrogen bond basicity and
dispersive interactions, as well as dipolar interactions, compared to those composed of
ChCl as a HBA. The interactions between ChCIl and alcohols (1,2-butanediol, 1,3-
butanediol, 1,4-butanediol, 2,3-butanediol, 1,3-propanediol, glycerol, 1,5-pentanediol,
1,2,5-pentanetriol and xylitol) were studied to evaluate the strength of hydrogen bonding.
DESs were prepared at different molar ratios, and consequently infrared spectroscopy (IR)
and nuclear magnetic resonance (NMR) spectra were recorded to investigate the
mechanism of hydrogen bonding. It was concluded that hydrogen bonding occurs between
the chlorine atoms of the ChCI and the hydrogen atoms of the alcohols. The strength of
the bond decreases with the increase of the alkyl chain length in the alcohol (11).

The characterization of eutectic solvents is well-described in the literature. Fourier
transform infrared spectroscopy (FT-IR) is widely accepted as a method for
characterizing eutectic solvents. In addition, Raman spectroscopy is another method for
structural analysis to confirm the formation of eutectic mixtures, as Raman spectra change
with the formation of hydrogen bonds. NMR spectroscopy is invaluable for evaluating
the formation of eutectic solvents. Thermogravimetric analysis is important for
monitoring the rate of degradation of eutectic solvents (12, 13).
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Classification of eutectic solvents

Eutectic solvents can be represented by the general formula Cat+X-zY, where Cat+
represents any ammonium, sulfonium, or phosphonium ion, X is a Lewis base, and Y is
Lewis or Brgnsted acid (z defines the number of Y molecules). The complex is formed
between X and Y. The classification of DESs is carried out according to the nature of the
reagent used to form the mixture (Table I) (14, 15).

Table | Classification of the Deep Eutetic Solvents (DESs) (14)

Tabela | Podela eutektickih rastvaraca (14)
Type General formula Terms Example (15)
type | Cat"*XzMCl M =Zn, Sn, Fe, Al, Ga, In ZnCl,+ChCl
type Il Cat"X"zMCly-yH,0 M = Cr, Co, Cu, Ni, Fe CoCl;*6H,0 + ChCl
type Il | Cat"™XzRZ Z = CONH,, COOH, OH urea + ChCl
type IV | MClx+ RZ = MCly1"-RZ + MCly1™ M= Al, Zn ZnCl, + urea

Z = CONH,, OH

Cat+ stands for ammonium, sulfonium, or phosphonium ion; X - Lewis base; Y - Lewis or Brgnsted acid;
z - number of Y molecules; R — alkyl group, ChCI - choline chloride

Type | eutectic solvents are formed by the combination of a metal chloride and a
quaternary ammonium salt, while type 1l DES eutectic solvents are a combination of a
hydrate of a metal chloride and a quaternary ammonium salt. Type Il eutectic solvents
represent a mix of a carboxylic acid, an amide or a polyol with a quaternary ammonium
salt. Type IV eutectic solvents are mixture of a metal chloride hydrate and an HBD. For
a long time, the main division was into these four groups (type I-1V), but researchers have
recently reported the existence of type V eutectic solvents, consisting of non-ionic
molecular HBAs and HBDs (16).

In addition to the mentioned classification of DESs, a new one has been proposed
(Figure 2). Since DESs are hydrophilic by nature, the search for hydrophobic DESs was
a major challenge. Their discovery enabled the extraction of non-polar compounds and
the formation of two layers with water in a separating funnel. Hydrophobic DESs can be
divided into ionic and non-ionic ones, depending on their composition. Non-ionic DESs
have an advantage over ionic DESs due to their cost-effectiveness and reusability (16).
Another group of DESs includes magnetic DESs, which are obtained by adding a metal
chloride to a previously prepared DES (i.e. [tert butyl acetate (TBAC)/ethylene
glycol][FeCl4]). They react strongly to an external magnetic field. However, due to their
nature, these solvents cannot be considered “green” and cannot be injected into liquid or
gas chromatography systems (17). The switchable DESs have been poorly studied in the
literature. These solvents are fascinating due to their nature; they change their polarity by
the addition of a deprotonating agent or under the influence of temperature (18). The

163




preparation of switchable DESs from thymol as a HBA and a fatty acid (hexanoic acid)
as a HBD has been described (19). This mixture has shown high selectivity in the
extraction of triazole pesticides from orange peel, watermelon, and grapes.

Furthermore, in addition to binary DESs systems, ternary eutectic solvents were
also introduced, i.e. guanidine hydrochloride (GH): ethiylen glycol : p-toluenesulfonic
acid (PTSA) (20). Compared to binary DESs, ternary systems have a lower viscosity and

lower melting points (21).
Therapeutic
DESs

Natural Switchable
DESs DESs

f New DESs
categories

Magnetic g
DESs Polymeric
DESs
Hydrophobic
DESs

Figure 2. New classification of DESs
Slika2.  Nova Klasifikacija eutekti¢kih sme$a

Physico-chemical properties and toxicology of eutectic solvents

The properties of eutectic solvents are important for researchers. Eutectic solvents
are polar and the most important physical properties of DESs include melting point,
viscosity, polarity, pH and surface tension (22).

Eutectic solvent mixtures with a melting point below 50°C are of main interest for
research. The melting point is influenced by the molar ratio of the components and the
length of their alkyl chain.

Viscosity is also recognized as a critical property of eutectic solvents. Eutectic
solvents are viscous liquids at room temperature, which is due to the hydrogen bond
density in a small volume of solvent and the presence of Van der Waals forces. The
viscosity is influenced by the type of constituents, their molar ratio, and the temperature.
Low viscosity eutectic solvents are of great interest to researchers, and thus the
overcoming of high viscosity is very important and challenging. The addition of water is
one possibility, but there are also other methods (23). The high viscosity of DESs is
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attributed to a dense network of hydrogen bonds. Large molecules and limited mobility
within the dense hydrogen bond network contribute to high viscosity. Viscosity is largely
dependent on the type of molecules they are made of. Therefore, to prepare DESs with
low viscosity, one should pay attention to the type of ammonium salts, hydrogen bond
donors and acceptors. As mentioned above, the dense network of hydrogen bonds and the
limited space for molecular mobility can be overcome by using small cations or
fluorinated hydrogen bond donors, which can contribute to a reduction in viscosity. In
addition, temperature, together with the addition of water, leads to a decrease in viscosity.

Additionally, pH is one of the most important properties of DESs, and it depends
on the HBA and HBD. The pH value has a major influence on DESs application in various
areas. The pH could be altered by the addition of certain anions, which influences the
shift to acidic or basic properties of these solvents. Moreover, temperature could have an
influence on pH, as a linear increase in temperature leads to a decrease in pH (24).

Eutectic solvents are considered green solvents. A group of scientists investigated
the toxicity and cytotoxicity of eutectic solvents based on ChCI. Glycerol, ethylene
glycol, triethylene glycol and urea, as HBDs, were added to ChCI. After the study, the
scientists reported that these mixtures showed neither toxicity to the bacteria tested nor
cytotoxic effects. However, as this was the first study on this topic, the researchers
themselves stated that further research and findings on this topic are needed and the term
“non-toxic” should be used with caution (25).

In contrast to the first study, in which no toxic effects of eutectic solvents were
found, a second study evaluating the toxic effects on E. coli showed contradictory results.
It was found that ChCl-based eutectics have an antibacterial effect on E. coli. The toxicity
depended on the molar ratio and concentration of the ingredients used to treat the
microorganisms (26).

A recent study on the toxicity of eutectic solvents has recognized the limitations of
studying the toxicity of these solvents (27). The study suggested that the previous
experimental approaches were not appropriate due to the nature of eutectic solvents, and
highlighted their generalized nature. An attempt was made to extrapolate the toxicity
research to humans. The study also highlighted the possibility of using machine learning
tools to obtain a clearer picture of the toxicity of these solvents. Finally, the researchers
point out the low toxicity of studied DESs (27).

In addition to toxicity, the biodegradability of eutectic solvents is discussed in the
literature. For a solvent to be described as “green”, it means that it is easily biodegraded.
Reviewing the biodegradability of the DESs, it was found that all research on
biodegradability uses a single test, the closed bottle test. All eutectic mixtures contained
chloride in their composition (different DESs based on ChCl as HBA, while the HBDs were
glycerol, ethylene glycol, urea, oxalic acid, acetamide, malonic acid, citric acid, glucose,
and fructose), and were found to be readily biodegradable in all cases. It was also suggested
to consider the use of in silico method, i.e. to create a unique database, to reduce the number
of experiments performed and to start faster application of DESs in different industries (28).
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Application of Deep Eutectic Solvents

There is a wide range of applications of DESs as solvents. The use in food analysis
includes the extraction of phenolic compounds, flavonoids, dyes, toxins and metals. The
extraction of tert-butylhydroguinone, the most cost-effective phenolic preservative in
edible oils, has been described. The solvents previously used for extraction were not as
effective as the solvents based on DESs (ChCl:ethylene glycol in a molar ratio of 1:2),
which achieved an extraction rate of 100%. In addition to the extraction of synthetic
phenols, the extraction of phenols and flavonoids from plant samples has also been
described. Due to the contamination of edible oils with heavy metals, especially lead and
cadmium, the use of DESs based on ChCI and urea in a molar ratio of 1:2, which have a
high extraction rate, has been described as well (29). DESs are also used in organic
synthesis and biocatalysis (30), as solvents for the extraction or isolation of compounds
from biological samples (31) and in analytical chemistry (32-34).

The application of DESs as stationary phase modifiers and mobile phase additives
in pharmaceutical analysis has not yet been reviewed. Acetonitrile and methanol have
been essential components of mobile phases for 50 years. Considering how many HPLC
analyses are performed worldwide in a single day, a considerable amount of waste is
generated that is difficult to recycle and contributes to environmental pollution. Over the
last two decades, scientists have been working to replace acetonitrile and methanol with
biodegradable components in mobile phases. DESs have proven to be promising solvents
for the replacement of acetonitrile and methanol. Studies have shown that their elution
capacity is comparable to that of these organic solvents, that they reduce peak tailing and
significantly improve resolution. However, their use is limited due to their high viscosity.
Their use as mobile phases is restricted as they could potentially damage HPLC
equipment. However, with the development of systems tailored to the physical properties
of DESs, their use as mobile phases could be facilitated. So far, their concentration in the
mobile phase ranges from 0.1% v/v to 60% v/v. It is important to consider the presence
of water, as excessive dilution can lead to disruption of the DESs structure (35, 36).

Therefore, we aimed to critically evaluate the available literature data on the
possibility of using DESs in drug quality control.

1. Deep Eutectic Solvents as Stationary Phase and Sorbent Modifiers

The stationary phase is one of the most important components of the
chromatographic system. DESs are used as modifiers of stationary phases and thus
influence the separation mechanisms. Although their use as stationary phase modifiers is
less described in the literature than their use as mobile phase components, there are a few
studies describing this application.

The paper by Yang et al. describes the use of DESs as stationary phase modifiers
for the HPLC separation of nucleobases and amino acids. Namely, the synthesis of new
stationary phases in which DESs replace the solvents usually used for synthesis (such as
chloroform, methanol) and thus modify the stationary phase was described. The
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modification of the stationary phase was carried out with three eutectic mixtures based
on ChCI with ethylene glycol (Figure 3), urea and glycerol in a molar ratio of 1:2. The
mixture was prepared at 60°C. The influence of various chromatographic conditions such
as the ratio of acetonitrile, temperature and flow rate was investigated. It was found that
a better separation was achieved compared to the classically synthesized stationary
phases (37).
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Figure 3. DESs ChCI : ethylene glycol (1:2, n/n) interactions with the stationary phase
Slika3. Interakcije eutekticke smeSe ChCIl : ethylene glycol (1:2, n/n) sa
stacionarnom fazom

In the study by Boczkaj et al., the use of DESs for the synthesis of the stationary
phase in gas chromatography (GC) was described for the first time. A mixture of
tetrabutylammonium chloride and heptadecanoic acid in a molar ratio 1:2 was used. A
medium polarity column was synthesized, and it had a particular affinity for alcohols (1-
hexanol and 1-heptanol) due to its ability to form hydrogen bonds. Although the
abovementioned column showed good specificity and selectivity towards only one group
of compounds, the authors emphasized that the use of DESs as a modifier for stationary
phases opened new possibilities for the synthesis of new stationary phases with high
targeted selectivity (38).

Very few studies address the use of DESs as modifiers of extraction sorbents.
Makos-Chetstowska and Gebicki investigated the use of DESs as modifiers of sorbents
and emphasized the importance of DESs as modifiers due to their specific properties. The
synthesis of modified sorbents and their application in solid phase extraction were
described in detail in the study. In the conclusion, the authors emphasized the importance
of sorbent modification, as it could lead to the creation of specific sorbents for a certain
class of compounds or target analytes, which could speed up the analytical process and
reduce the cost of routine analysis (39).
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2.Deep Eutectic Solvents as Mobile Phase Additives

DESs as green solvents have found their application as mobile phase additives or
modifiers in liquid chromatography. There have been an increasing number of studies in
which the organic component of the mobile phase is completely or partially replaced with
DESs.

The first study in which DESs were added as additives in mobile phases was
published in 2016 by Tan et al. The mechanism of separation of quaternary alkaloids was
investigated (coptisine chloride, sanguinarine, berberine chloride and chelerythrine) on
Cus stationary phase in RP-HPLC system (40). During method development, parameters
such as pH value, DESs concentration, types of DESs and acetonitrile amount were
varied. The authors concluded that DESs were equally effective as additives, regardless
of whether the mobile phase contained methanol or acetonitrile. The concentration of
DESs significantly affected chromatographic separation. An increase in DESs
concentrations led to increased retention time of analytes, contributing to better selectivity
and sharper peaks, with higher symmetry. However, these factors varied depending on
which HBAs and HBDs were used to form the eutectic mixture. In particular, the
interaction of choline cation from ChCI with deprotonated silanol groups of the stationary
phase significantly affected the chromatographic separation.

The same group of authors, Tan et al., also used DESs as additives in hydrophilic
interaction liquid chromatographic (HILIC) analysis with silica stationary phase. Various
concentrations of a DESs mixture of ChCl and ethylene glycol, in a molar ratio of 1:3,
were added to the mobile phase containing acetonitrile. The chromatographic separation
of a group of nucleoside bases was monitored. The authors concluded that the addition of
DESs to the mobile phase improved the separation compared to the use of mobile phases
without DESs. Interestingly, the addition of DESs led to a separation of cytidine and
cytosine that could not be achieved with a mobile phase that was a mixture of water and
acetonitrile. An increase in the column temperature, in combination with DESs as
additives in mobile phases, resulted in decreased retention times of the analytes, and
consequently shortened analysis times (41).

In addition, a eutectic mixture based on ChCl and ethylene glycol was investigated
as an additive to optimize the chromatographic behavior of quercetin in an RP-HPLC
system on Cas stationary phase. The influence of temperature, DES concentration, and
the molar ratio of ChCI and ethylene glycol was investigated. Confirmation of DES
formation was performed by FT-IR spectroscopy. Three mixtures of ChCl and ethylene
glycol were prepared in different molar ratios and at different temperatures: 1:2 (60°C),
1:3(80°C) and 1:4 (100°C). DESs were added to the mobile phase in three concentrations:
0.05, 0.10 and 0.15, v/v. The authors concluded that the best peak symmetry and the
highest number of theoretical plates were obtained with the mixture of ChCl and ethylene
glycol at a molar ratio of 1:2 and in concentration of 0.15, v/v in the mobile phase. The
mechanism of interaction was also investigated. Enhanced interactions with the stationary
phase and improved peak symmetry were obtained as the DES performed like a large ion
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pair. It was concluded that DESs have great potential as an additive or substitute for
organic solvents in the mobile phase (42).

Lil et al. investigated the use of DESs as an additive to optimize the
chromatographic behavior of caffeic acid in RP-HPLC system at Cis stationary phase
(43). The optimization of chromatographic conditions for the analysis of caffeic acid
using an experimental design and a mixture of ChCl and glycerol as a mobile phase
additive has been described. The authors used a Box-Behnken experimental design to
simultaneously vary the factors corresponding to the preparation of DESs and
concentration of DESs added to the mobile phase. The factors in the Box-Behnken
experimental design were the molar ratio of glycerol to ChCI (2:1, 3:1, 4:1, n/n), the
temperature (60°C, 80°C and 100°C), and the volume fraction of additive in the mobile
phase (0.05, 0.1 and 0.15, v/v). The formation of DESs was confirmed by FT-IR
spectroscopy. Optimal chromatographic behavior was achieved under the following
conditions: molar ratio of glycerol to ChCl 3:1, temperature 80°C, and volume percent of
the additive in the mobile phase 0.1, v/v. The authors compared the chromatograms
obtained with those from previous studies in which the chromatographic conditions were
optimized for the analysis of caffeic acid using phosphoric or acetic acid as additives. The
conclusion of the study was that DESs are superior to the previous additives for the
mentioned analysis (43).

It is already well-known that the use of eutectic solvents depends on their viscosity.
Considering the publications on the application of DESs in pharmaceutical analysis, it is
important to overcome this major drawback by preparing DESs with low viscosity. The
mentioned physicochemical parameter is influenced by the preparation temperature and
the molar ratio in which the components are mixed. For this reason, researchers have
addressed this problem by the preparation of low-viscosity DESs from ChCIl and
carboxylic acids (citric acid, lactic acid, tartaric acid, malic acid, and malonic acid). In
addition to the preparation described, the DESs were classified, for the first time,
according to the number of functional groups and rheological properties (44). The
preparation of a eutectic mixture based on ChCl and glycerol was also described in detail
as another example of DESs in which the high viscosity was overcome (45).

Due to a very high viscosity, DESs are mainly used as mobile phase additives in
liquid chromatography. Recently, Ray described the application of DESs solely as mobile
phases in thin-layer chromatography (TLC) and HP-TLC on Si60 stationary phase for the
qualitative and quantitative analysis of five alkaloids from the plant species Chelidonium
majus (berberine, chelerythrine, chelidonine, coptisine, sanguinarine) (46). The
composition of 17 DESs, labeled as natural deep eutectic solvents (NADESS) and used in
the study as mobile phases, is shown in Table I1I. NADESs are mixtures of HBDs and
HBAs isolated from plant biomass, an example of which is proline-malic acid (45). The
author concluded that, compared to conventional TLC chromatography, the results
obtained with DESs are representative and applicable. It was demonstrated that the
viscosity of DESs is also a significant factor that must be considered during TLC method
development. The dilution of the initially obtained DESs with methanol, acetone and 30%
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of acetic acid led to a decrease in viscosity and resulted in improved chromatograms and
separation (47).

Table 11 Composition of NADESs used as mobile phases for TLC separation of
berberine, chelerythrine, chelidonine, coptisine and sanguinarine (46)

Tabela Il Sastav eutektickih smesa koje su koriiéene kao mobilne faze za TLC razdvajanje
berberina, heleritrina, helidonina, koprizina i sangvinarina (46)

Components Molar ratio (n/n)
borneol + phenol 1:1
camphor + formic acid 1:1
camphor + phenol 1:1
camphor + phenyl salicylate 1:1
menthol + acetic acid 1:1
menthol + borneol 8:2
menthol + lactic acid 1:2
menthol + limonene 1:1
menthol + phenol 1:1
menthol + thymol 1:1
thymol + acetic acid 1:1
thymol + linalool 1:1
thymol + phenol 1:1
ChCI + lactic acid 1 1:1
ChCl + malic acid 1 1:1
ChCI + oxalic acid 1 1:2
ChCI + phenol 1 1:1

The micellar liquid chromatography (MLC) method was described for the
separation and determination of four drugs (aspirin, metformin, metoprolol, and
atorvastatin) from urine and human plasma using eutectic solvents as additives in the
mobile phase on Cis stationary phases. Central composite design was employed to
develop a new method for the analysis of these drugs, achieving better peak symmetry
and shorter analysis times compared to previous methods. The following factors were
tested: sodium dodecyl sulfate solution concentration (0.06, 0.07, 0.08, 0.09 and 0.1 mol
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L), butanol content (8, 9, 10, 11 and 12, v/ v), DESs content (2.0, 2.5, 3.0, 3.5 and 4.0,
v/v) and the content of glacial acetic acid (2.5, 3.0, 3.5, 4.0 and 4.5, v/v). The optimal
mobile phase composition was sodium dodecyl sulfate solution (0.09 mol L™) : butanol
: DES : glacial acetic acid (83:10:3.5:3.5, v/v/v/v) (48).

A new cyclodextrin-electrokinetic chiral chromatographic method for the analysis
of the antiepileptic drug lacosamide has been developed. In this method, DESs were used
as additives to the mobile phase. The preparation of four different DESs was described,
each in various molar ratios: ChCl : ethylene glycol 1:2; ChCl : urea 1:2; ChCI : D-glucose
2:1 and ChClI : D-sorbitol 1:1. The temperature range from 70°C to 80°C was used for the
preparation of DESs. The best resolution was achieved using the eutectic mixture of ChCl
. D-sorbitol in a 1:1 molar ratio as an additive to the mobile phase. The analysis was
performed on an uncoated fused-silica capillary using 100 mM a borate buffer (pH 9.0)
containing 18 mM of succinyl-B-cyclodextrin and 0.5 (w/v) of ChCI-D-sorbitol 1:1
(n/n) (49).

The use of DESs is not limited to LC and TLC; they have also been used as mobile
phase additives in supercritical fluid chromatography (SFC). A new method for the
separation of 10 isoquinoline alkaloids using SFC and DESs as “green” solvents has
been described (50). The aim of the study was to develop a new method, since the
existing methods severely damage the stationary phase, resulting in poor separation of
the compounds. In order to achieve symmetrical peaks and good separation of the
compounds, and to reduce the organic modifier content, DESs were added to the mobile
phase as modifiers in the mobile phase. Sixteen new DESs were prepared at a
temperature of 80°C (Table I11). The characterization of the prepared DESs was carried
out by IR spectroscopy. The influence of different DES on the separation of 10
isogquinoline alkaloids was investigated considering the effects of the molar ratio of the
solvents used to prepare the DESs and the concentration of DESs as additives in the
mobile phase. It was concluded that the best separation was achieved with ChCI as the
HBA, while optimal separation and the most symmetrical peaks were obtained with a
mixture of ChCl and glycerol (2:1, n/n) added to the mobile phase in a concentration of
0.25, viv (50).
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Table Il Composition of DESs used for the separation of 10 isoquinoline alkaloids using
SFC (50)

Tabela Il Sastav eutektickih smesa koje su koriiéene za razdvajanje 10 izohinolinskih
alkaloida primenom SFC (50)

Molar ratio HBA : HBD
Hydrogen Bond acceptor Hydrogen bond donor (n/n)
D-glucose 1:1
Maltose 2:1
Ethylene glycol 2:1
] ) Glycerol 2:1
Choline chloride ——
Laevulinic acid 1:2
Oxalic acid 1:1
Urea 1:2
Acetamid 11
D-glucose 11
) Laevulinic acid 1:2
Betain -
Acetamid 1:1
Glycerol 1:2
D-glucose 11
) Glycerol 2:5
L-proline —
Laevulinic acid 1:2
Acetamid 1:1
Conclusion

This review article summarizes all existing knowledge on DESs and their
application in drug analysis, either as modifiers for the stationary phase/sorbents or as
mobile phase additives. Since the first description of DESs in 2004, there have been only
a very limited number of studies regarding their use in LC for drug quality control. The
use of DESs as stationary phase modifiers opened new possibilities for the synthesis of
stationary phases with high targeted selectivity. In addition, DESs proved to be promising
mobile phase additives in LC and TLC systems and substitutes for organic modifiers in
mobile phases. DESs were found to be superior to the additives used in previous
separation studies. Although DESs are increasingly being studied due to their unique
properties and complex interactions, many questions remain unanswered. They have a
specific viscosity, pH, and density that are different from those of the individual
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components that constitute these mixtures. Since drugs can be acidic or basic, the use of
eutectics in pharmaceutical analysis raises questions about the specific interactions
between DESs and analytes, as well as the underlying separation mechanisms in
chromatography.
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Kratak sadrzaj

Poslednjih godina, eutekti¢ki rastvaraci privlaée sve veéu paznju u razli¢itim nau¢nim
disciplinama. Njihova jedinstvena svojstva, kao §to su niska toksi¢nost, biorazgradivost, niska
cena i moguénost primene u razli¢itim oblastima, uéinila su ih atraktivnom alternativom
konvencionalnim organskim rastvara¢ima. U farmaceutskoj analizi, gde su sve veci zahtevi za
ekoloski prihvatljivim metodama, postavlja se pitanje da li eutektic¢ki rastvaraci, kao ,,zeleni
rastvara¢i“, mogu da zamene organske rastvarace. Ovaj rad istraZuje potencijalnu primenu
eutektickih rastvaraca u analizi lekova i isti¢e prednosti i izazove koje oni donose. Prikazani su
primeri upotrebe eutektickih rastvaraca u hromatografiji i u ekstrakciji lekova iz razlicitih
uzoraka. Pored toga, razmatrana je stabilnost i toksi¢nost eutekti¢kih rastvaraca koji se koriste u
analitickim metodama. Na osnovu dostupnih podataka, moZze se zakljuciti da eutekticki rastvaraci
imaju znacajan potencijal u pogledu upotrebe u analitickim metodama u farmaceutskoj analizi i
pruzanja ekoloski odrzive i efikasne alternative konvencionalnim organskim rastvarac¢ima.
Medutim, potrebna su dalja istrazivanja kako bi se bolje razumela njihova svojstva i optimizovala
njihova primena u ispitivanju lekova.

Kljucéne redi: eutekticki rastvaraci, zeleni rastvaraci, tecna hromatografija, analitika lekova
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