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Abstract 

Deep eutectic solvents (DES) recently emerged as a novel class of green solvents with a high potential 

to replace common organic solvents. Despite their novelty, DES were extensively explored in the past 

years owing to their remarkably interesting properties. Yet, a lot remains to be uncovered given the 

limitless number of possible DES and their versatility. The current study aimed to examine the effect of 

DES on liposomes, adopted as model membranes, and on cell membranes. It also sought to evaluate 

the solubilizing ability of DES toward bioactive volatile compounds. Therefore, a group of selected DES 

along with new solvents were first prepared and characterized. Density, viscosity, and polarity 

measurements were mainly carried out and showed that DES’ properties can be tuned depending on 

their composition. The organization of phospholipids and liposomes within the DES was then 

investigated using optical- and atomic force microscopies. Phospholipids self-assembled into vesicles 

in choline chloride-based DES while liposomes converted to lipid bilayers before their reconstitution into 

vesicles. Moreover, cytotoxicity studies and morphological examinations were combined to evaluate 

the impact of some DES on MDA-MB-231, a human breast cancer cell line. Results showed that the 

effect is highly dependent on the DES’ composition. On the other hand, the solubilizing ability of the 

DES toward bioactive volatile compounds was tested using static headspace-gas chromatography. The 

influence of the presence of water and some encapsulation systems such as liposomes and 

cyclodextrins on the overall DES’ solubilization efficiency was further analyzed. At last, the release of 

trans-anethole from the DES was monitored via multiple headspace extraction. DES were able to 

greatly solubilize the bioactive volatile compounds and to control their release when compared with 

water. Altogether, this work highlights the potential use of DES-based systems as solubilization vehicles 

for bioactive compounds. 

 

Keywords: Deep eutectic solvents; hydrogen bond acceptor; hydrogen bond donor; phospholipids; 

liposomes; biological membranes; solubilization; bioactive volatile compounds; cyclodextrins. 

 

 

 

 

 

 

 

 



 

Résumé 

Les solvants eutectiques profonds (DES) sont récemment apparus comme une nouvelle classe de 

solvants verts présentant un potentiel élevé pour remplacer les solvants organiques usuels. Bien que 

découverts récemment, les DES ont fait l'objet de nombreuses recherches au cours des dernières 

années en raison de leurs propriétés intéressantes. Cependant, il reste encore beaucoup à découvrir 

étant donné le nombre quasiment illimité de DES potentiels et de leur polyvalence. Notre étude vise à 

examiner l'effet des DES sur les liposomes, adoptés comme modèles membranaires, et sur les 

membranes cellulaires. Elle a également cherché à évaluer la capacité de solubilisation des DES 

envers des composés bioactifs volatils. Ainsi, une sélection de DES ainsi que de nouveaux solvants 

ont été tout d’abord préparés et caractérisés. Des mesures de densité, de viscosité et de polarité ont 

été effectuées et ont montré que les propriétés des DES pouvaient être ajustées en fonction de leur 

composition. L'organisation des phospholipides et des liposomes au sein des DES a ensuite été étudiée 

à l'aide de microscopies optique et à force atomique. Les phospholipides s'auto-assemblent en 

vésicules dans les DES à base de chlorure de choline tandis que les liposomes se convertissent en 

bicouches lipidiques avant leur reconstitution en vésicules. De plus, des études de cytotoxicité et des 

examens morphologiques ont été combinés afin d’évaluer l'impact de quelques DES sur MDA-MB-231, 

une lignée cellulaire de cancer du sein humain. Les résultats ont montré que l’effet dépendait fortement 

de la composition du DES. D'autre part, la capacité de solubilisation des DES envers des composés 

bioactifs volatils a été testée par chromatographie en phase gazeuse couplée à un espace de tête. 

L'influence de la présence d'eau et de certains systèmes d'encapsulation tels que les liposomes et les 

cyclodextrines sur la capacité de solubilisation des DES ont été analysés. Enfin, la libération du trans-

anéthole à partir des DES a été suivie par extraction multiple de l'espace de tête. Les DES ont été 

capables de mieux solubiliser les composés bioactifs volatils et de contrôler leur libération par rapport 

à l'eau. Dans l'ensemble, ces travaux mettent en évidence l'utilisation potentielle des systèmes à base 

de DES comme véhicules de solubilisation de composés bioactifs. 

 

Mots-clés : Solvants eutectiques profonds ; accepteur de liaison hydrogène ; donneur de liaison 

hydrogène; phospholipides ; liposomes ; membranes biologiques ; solubilisation ;  composés bioactifs 

volatils ; cyclodextrines. 
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NMR                               Nuclear magnetic resonance 

OA                                  Oxalic acid 

PC                                  Phosphatidylcholine 

PD                                      Propanediol 

PEG                                   Polyethylene glycol 

PFG                                    Pulsed field gradient 

POPC 1-palmitoyl-2-oleoylphoshatidylcholine 

RAMEB                                 Randomly methylated β-cyclodextrin 

ROS                                      Reactive oxygen species 

SANS                                        Small-angle neutron scattering 

SAXS                                       Small-angle X-ray scattering 

SDS                                           Sodium dodecyl sulfate 

SLB Supported lipid bilayer(s) 

TBABr                                       Tetrabutylammonium bromide 

TBACl                                       Tetrabutylammonium chloride 

TBMACl                                     Tributylmethylammonium chloride 

TBPBr Tetrabutylphosphonium bromide 

TEG                                           Triethylene glycol 

TEM                                          Transmission electron microscopy 

TGA Thermogravimetric analysis 

THEDES                                     Therapeutic deep eutectic solvents 

TMA                                            Trimethylammonium 

U                                                  Urea 

VA                                                Valeric acid 
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Introduction 

The quest for green solvents constitutes one of the major concerns in green chemistry. The discovery 

of deep eutectic solvents (DES) was a real milestone in this field. DES represent a new generation of 

solvents that caught the researchers’ attention in recent years. First reported in 2003, DES are defined 

as a mixture of two or three compounds that results in a clear and homogenous liquid with a much lower 

melting point than its forming compounds (Abbott et al., 2003; Q. Zhang et al., 2012). The temperature’s 

depression is often attributed to the hydrogen bonding interactions taking place between the DES’ 

starting compounds. Subsequently, DES can be prepared from a large variety of compounds generating 

a plethora of possible combinations. In addition to their easy preparation from widely accessible and 

cheap starting materials, DES hold interesting physicochemical properties. Furthermore, the natural 

counterparts of DES made of primary metabolites were raised a few years later and were called natural 

deep eutectic solvents (NADES) (Choi et al., 2011). These solvents were extensively applied in various 

domains to replace and bypass some of the conventional organic solvents’ limitations. Indeed, DES 

and NADES have shown promising outcomes in chemical, biological, biomedical, and pharmaceutical 

sectors, among others (Mbous, Hayyan, Hayyan, et al., 2017). Despite the exponentially growing 

number of publications on this topic, a lot of information and implementations of DES remain to be 

uncovered.     

The present study aims to examine three main points. The first one consists of determining the 

physicochemical properties of DES and evaluating the influence of their composition on the resulting 

properties, which may help in the design of DES for specific applications. The second part focuses on 

investigating the interaction between DES and phospholipids. Phospholipids represent the most 

abundant class of lipids in cell membranes. Owing to their amphiphilic nature, these molecules tend to 

self-assemble into lipid vesicles whenever present in an aqueous medium. The resulting lipid vesicles, 

known as liposomes, are one of the most studied and applied encapsulation systems, given their ability 

to encapsulate molecules of a wide polarity range (Anwekar et al., 2011). To date, the studies involving 

DES and phospholipids or liposomes are very limited (Bryant et al., 2016, 2017; M. C. Gutiérrez et al., 

2009; R. McCluskey et al., 2019). Therefore, studying the behavior of phospholipids within DES may 

not only clarify the effect of DES on animal cells and their subsequent biocompatibility but may also 

open up the possibility to create novel DES-based encapsulation systems. The third goal of the study 

revolves around the solubilizing ability of DES and DES-based systems, incorporating different 

encapsulation systems like phospholipids and cyclodextrins, toward bioactive volatile compounds. The 

combination of DES with safe encapsulating agents can lead to the formation of potentially promising 

and economic drug delivery systems with unique properties. 

This study focuses, more precisely, on four main objectives: 

▪ The preparation and characterization of DES; 

▪ The investigation of the organization of phospholipids within DES; 

▪ The impact of DES on liposomes and human cells; 
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▪ The evaluation of the solubilizing ability of DES-based systems toward natural volatile compounds. 

 

This thesis comprises five chapters. The first one provides a literature review of deep eutectic solvents: 

definition, classification, methods of preparation, physicochemical properties, the effect of water on both 

their properties and network, their toxicity, and biodegradability. Moreover, this chapter overviews some 

of the main applications of DES, namely organic synthesis, catalysis, biomass processing, 

electrochemistry, extraction, solubilization, and drug delivery. The last section of the chapter involves 

the studies dealing with the self-assembly of phospholipids or surfactants within DES, and the 

combination of DES and cyclodextrins. 

The second chapter presents the composition of the solvents that were considered in this study, their 

preparation, and their characterization. The latter mainly involves density, viscosity, and polarity 

measurements. 

The third chapter covers the investigation of the phospholipid organization within the DES using both 

optical- and atomic force microscopies, as well as dynamic light scattering.  

The behavior of liposomes in presence of DES, monitored by atomic force microscopy, was described 

in the fourth chapter. Furthermore, this chapter includes the effect of some DES on human cells which 

was evaluated via cytotoxicity and morphological studies.  

In the fifth and last chapter, we studied the solubilization of plant volatiles and some related essential 

oils by DES using static headspace- gas chromatography. We further evaluated the effect of the 

incorporation of water or some encapsulation systems on the solubilization performance of DES. At 

last, we were interested in monitoring the release of a volatile compound from the DES via multiple 

headspace extraction.



I. Literature Review- 1. Deep eutectic solvents 

9 
 

I. Literature Review 

 

1. Deep Eutectic Solvents 

 

1.1. Definition 

The discovery of the deep eutectic solvents (DES) was a major breakthrough in the world of green 

chemistry. DES are frequently defined as binary or ternary mixtures of compounds that are able to 

associate mainly via hydrogen bonds. Combining these compounds at a certain molar ratio results in a 

eutectic mixture (Q. Zhang et al., 2012). The word “eutectic” comes from the Ancient Greek εὔτηκτος 

or eútēktos which means easily melted and a eutectic point represents the chemical composition and 

temperature at which a mixture of two solids becomes fully molten at the lowest melting temperature, 

relative to that of either compounds. However, defining a DES is still a controversial subject and there 

are various reported definitions that do not really distinguish DES from other mixtures, since all the 

mixtures of immiscible solid compounds present an eutectic point and considering that numerous 

compounds are able to form hydrogen bonds when put together (Coutinho & Pinho, 2017). Given that 

the presence of an eutectic point or hydrogen bonding between components are not sufficient conditions 

to define a “deep eutectic solvent” and in order to clarify what a DES is and what makes it special 

compared to other mixtures, Martins et al. recently defined DES as “a mixture of two or more pure 

compounds for which the eutectic point temperature is below that of an ideal liquid mixture, presenting 

significant negative deviations from ideality (ΔT2 > 0)”, where ΔT2 stands for the temperature depression 

which is the difference between the ideal and the real eutectic point (Martins et al., 2019). The same 

authors stated that it is important that the temperature depression results in a liquid mixture at operating 

temperature, regardless of the mixture composition. The fact that there is no fixed composition offer an 

even greater tunability for these systems.  

Although DES were extensively studied, especially in the past decade, there is still a lack of 

understanding the principle behind DES’ formation and properties. It all started almost twenty years 

ago, when Abbott et al. were looking for liquids that can overcome the moisture sensitivity and high cost 

of some common ionic liquids (Abbott et al., 2001). In this study, numerous mixtures based on different 

quaternary ammonium salts and metal salts were tested and it turned out that choline chloride (ChCl) 

mixed with zinc chloride in a 1:2 molar ratio presents the lowest freezing point (23-25 °C). Thereafter, 

the same authors investigated eutectic mixtures of quaternary ammonium salts and hydrogen bond 

donors (HBD) and named them “deep eutectic solvents” (Abbott et al., 2003). The lowest freezing point 

(12 °C) was obtained with 1:2 ChCl:urea. This significant depression of the freezing point, compared to 

that of ChCl (302 °C) or urea (U) (133 °C), is due to hydrogen bonding between urea molecules and 

chloride ion as proved by nuclear magnetic resonance (NMR) spectroscopy. What is interesting about 

these solvents is that they are not only liquid at ambient temperature but also tunable and highly 

https://en.wiktionary.org/wiki/%CE%B5%E1%BD%94%CF%84%CE%B7%CE%BA%CF%84%CE%BF%CF%82#Ancient_Greek
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solubilizing. After that, other DES based on ChCl and carboxylic acids were characterized and were 

also shown to have important solubilizing ability toward some metal oxides (Abbott, Boothby, et al., 

2004). Other liquids were also obtained when mixing ChCl with a hydrated metal salt like chromium (III) 

chloride hexahydrate (Abbott, Capper, et al., 2004). Later on, an additional class of ambient temperature 

solvents based on metal salts and HBD such as amides (urea and acetamide) and diols (ethylene glycol 

and 1,6-hexanediol) were reported, but it turned out that only a restricted number of metal salts and 

HBD can lead to their formation (Abbott, Barron, et al., 2007). 

Few years later, Choi et al. coined the term “natural deep eutectic solvents” (NADES) (Choi et al., 2011). 

This category covers the DES that are made of primary metabolites such as organic acids, amino acids, 

sugars, polyols and choline derivatives (Choi et al., 2011; Dai et al., 2013). Besides, water can also be 

part of NADES’ composition. They were introduced as a way to explain the omnipresence of metabolites 

in high concentrations in cells. Since different combinations of these candidates led to the formation of 

liquids which also succeeded in the solubilization of some natural compounds, NADES were proposed 

as a new cellular phase, together with water and lipids. These mixtures might be engaged in the 

biosynthesis, storage and transport of some poorly water-soluble compounds as well as some other 

processes like dehydration, drought resistance and cryoprotection. Further, their consideration is highly 

encouraged owing to the advantages that they provide from an environmental and economic point of 

view. 

 

1.2. Classification 

In order to differentiate between the possible eutectics, DES were classified into four types based on 

the general formula Cat+ X- zY, where Cat+ is generally an ammonium, phosphonium or sulfonium, while 

X is a Lewis base (usually a halide anion). Y represents a Lewis or Brønsted acid and z is the number 

of Y molecules that interact with the corresponding anion (Figure 1) (Abbott, Barron, et al., 2007; E. L. 

Smith et al., 2014). Type III eutectics are the most studied in literature and are usually based on ChCl 

and various HBD. ChCl has been extensively adopted since it is relatively cheap, non-toxic and 

biodegradable, considering it is approved as a natural additive for several animal species (“Scientific 

Opinion on Safety and Efficacy of Choline Chloride as a Feed Additive for All Animal Species,” 2011). 

In fact, the first type III DES was primarily based on ChCl. Since then, a plethora of compounds has 

been successfully used in DES formation. The hydrogen bond acceptors (HBA) mainly include 

quaternary ammonium or phosphonium salts, whereas the most common HBD are amides, alcohols 

and carboxylic acids. In addition, compounds like sugars, sugar alcohols and amino acids are also 

considered for NADES preparation (Dai et al., 2013). More recently, hydrophobic DES were introduced 

and they are based on the use of hydrophobic compounds such as tetrabutylammonium bromide 

(TBABr), menthol, thymol and fatty acids as hydrogen bond acceptors together with long alkyl chain 

alcohols and carboxylic acids as HBD (Florindo et al., 2019; Osch et al., 2015). Furthermore, DES can 

be made of active pharmaceutical ingredients like ibuprofen, lidocaine and phenylacetic acid. In that 

event, the solvents are named therapeutic deep eutectic solvents (THEDES) (Duarte et al., 2017; Paiva 
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et al., 2014). Some of the frequently used HBA and HBD counterparts described in the literature are 

illustrated in Figure 2. 

 

 

Figure 1. The four types of deep eutectic solvents based on the general formula Cat+ X- zY 

 

On the other hand, although NADES can sometimes be considered as type III DES, it is not always the 

case. That said, NADES were recently classified into five main groups (Dai et al., 2013; González et 

al., 2018): 

▪ Ionic liquids, made of an acid and a base; 

▪ Neutral, made of only sugars or sugars and other polyalcohols; 

▪ Neutral with acids, made of sugar/polyalcohols and organic acids; 

▪ Neutral with bases, made of sugar/polyalcohols and organic bases; 

▪ Amino acids-containing NADES, made of amino acids and sugars/ organic acids. 

Nevertheless, the reported DES do not certainly fall into one of the above-mentioned classes given their 

versatility and the myriad of the considered starting compounds. As a result, Countinho and coworkers 

proposed a type V DES composed of non-ionic species. In their study, they proved that mixing thymol 

with menthol led to severe negative deviations to ideality due to a strong interaction between the 

components. The latter is attributed to resonance effects related to the structure of phenolic compounds 

which acted as strong hydrogen bond donors (Abranches et al., 2019). On another note, two recent 

studies reported the use of cyclodextrins, which are non-toxic cyclic oligosaccharides, as hydrogen 
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bond acceptors resulting in the formation of liquid supramolecular mixtures at room temperature (El 

Achkar, Moufawad, et al., 2020; El Achkar, Moura, et al., 2020). The important events marking the 

development of deep eutectic solvents so far are presented in  Figure 3 (Abbott et al., 2001, 2003; 

Abbott, Capper, et al., 2004; Abbott, Boothby, et al., 2004; Abbott, Barron, et al., 2007; Choi et al., 2011; 

El Achkar, Moufawad, et al., 2020; Osch et al., 2015). 

 

 

Figure 2. Commonly used HBA and HBD compounds in deep eutectic solvents’ preparation 
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 Figure 3. Major events marking the development of deep eutectic solvents throughout the years 

 

1.3. Methods of preparation 

As mentioned above, DES are obtained by mixing two or more compounds capable of associating 

through hydrogen bonds, thus forming a eutectic mixture at a well-defined molar ratio. Researchers 

generally use one of the two main methods to prepare DES: the heating method and the grinding 

method. The heating method consists on mixing and heating the compounds, under constant stirring, 

until a homogeneous liquid is formed (Abbott, Boothby, et al., 2004). The heating temperature usually 

ranges between 50 and 100 °C. However, a high temperature may potentially lead to a degradation of 

the deep eutectic solvent due to an esterification reaction regardless of the preparation method, as 

demonstrated by Rodriguez et al. for solvents based on ChCl and carboxylic acids (Rodriguez 

Rodriguez et al., 2019). The grinding method is based on mixing the compounds at room temperature 

and crushing them in a mortar with a pestle, until a clear liquid is formed (Florindo et al., 2014). Another 

method based on the freeze-drying of the aqueous solutions of the components of DES was also 

revealed by Gutierrez et al. (M. C. Gutiérrez et al., 2009). Indeed, separate aqueous solutions of ChCl 

and urea (or thiourea) were mixed to form an aqueous solution of 1:2 ChCl:U (or ChCl:thiourea), having 

5 wt% solute contents. The obtained solutions were then frozen and freeze-dried, resulting in the 

formation of clear and viscous liquids. However, water was detected in the freeze-dried mixture because 

it can interact with DES’ components and be part of the DES’ network (Choi et al., 2011; Dai et al., 

2013). That said, different DES are obtained when using different methods of preparation. An 

evaporation method was also reported by Dai et al., consisting on dissolving the components of DES 

in water, followed by an evaporation at 50 °C. The resulting liquid is then placed in a desiccator in 

presence of silica gel (Dai et al., 2013). Considering the optimization of time and energy consumption, 
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a greener microwave-assisted approach was proposed for the preparation of NADES within seconds 

(Gomez et al., 2018). Lastly, an ultrasound-assisted synthesis of NADES was recently introduced 

(Santana et al., 2019). 

 

1.4. Physicochemical properties 

The physicochemical properties of DES are one of the main reasons behind the rising researchers’ 

interest in these solvents. Besides having a low volatility, non-flammability, low vapor pressure and 

chemical and thermal stability, DES are chemically tunable meaning they can be designed for specific 

applications given the wide variety of the possible DES forming compounds. All these properties 

encouraged the scientists to explore DES and apply them as a good alternative to conventional 

solvents. Herein, the main physicochemical properties of DES namely their phase behavior, density, 

viscosity, ionic conductivity, surface tension and polarity are presented and discussed.  

1.4.1. Phase behavior 

As mentioned above, DES are not pure compounds but mixtures of two or more pure compounds. This 

system is represented by a solid-liquid phase diagram, which shows the melting temperature in function 

of the mixture composition. Therefore, if we consider a binary mixture of compounds A and B, the 

eutectic point represents the composition and the minimum melting temperature at which the melting 

curves of both compounds meet (Figure 4).  

 

 

Figure 4. General solid-liquid phase diagram of a binary mixture
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According to Martins et al., the DES appellation should only cover mixtures with a melting point lower 

than the ideal eutectic temperature, otherwise DES would not be called “deep” and could not be 

differentiated from other mixtures (Martins et al., 2019). In addition, they stated that a DES must be 

liquid at operating temperature even if this requires a different composition than the eutectic one. 

Consequently, having a phase diagram is essential and knowing the melting properties of the pure 

compounds is necessary to determine the ideal solubility curve. Nevertheless, very little is reported 

about the thermodynamic behavior of the DES to date. The freezing points of most of the DES usually 

range between – 69 and 149 °C (Q. Zhang et al., 2012). A number of DES with a melting point lower 

than 60 °C were summarized by García et al. (García et al., 2015). The choice of the HBD (Abbott, 

Boothby, et al., 2004; Abbott et al., 2003), the nature of the organic salt and its anion (Abbott et al., 

2003) and the organic salt/HBD molar ratio (Shahbaz et al., 2011b) can all affect the freezing point of 

the mixture. The method of preparation can also influence the value of the freezing point, but not the 

eutectic composition which must remain unchanged no matter the method used (Abbott et al., 2006). 

On the other hand, no correlation was found between the freezing point of a DES and the melting points 

of its pure components (Abbott, Boothby, et al., 2004; Q. Zhang et al., 2012). The HBD did however 

affect the freezing point depression ΔT (Abbott, Boothby, et al., 2004; E. L. Smith et al., 2014). For 

instance, Abbott et al. found that the lower the HBD’s molecular weight, the greater is the depression 

of the freezing point (Abbott, Boothby, et al., 2004). But unlike Abbott and coworkers who considered 

the temperature depression as the difference between the linear combination of the melting points of 

the pure components and the real eutectic point (ΔT1), Martins et al. thought it would be more 

appropriate to define the temperature depression as the difference between the ideal and the real 

eutectic point (ΔT2), otherwise any mixture of compounds would be referred as a DES (Figure 5) 

(Martins et al., 2019). 

 

Figure 5. Solid-liquid phase diagram representing a simple ideal eutectic mixture (red line) and a deep 
eutectic mixture (green line) (Adapted from Martins et al. 2019) 
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Nevertheless, several other reported mixtures presented only a glass transition and no melting point 

was detected (Dai et al., 2013; Florindo et al., 2014; Francisco et al., 2012; Savi, Carpiné, et al., 2019; 

Savi, Dias, et al., 2019). 

 

1.4.2. Density 

Density is one of the fundamental physical properties of liquids. Most of the reported DES present higher 

densities than water with values ranging between 1.0 and 1.3 g.cm-3 at 25 °C, while DES based on 

metal salts have densities in the 1.3- 1.6 g.cm-3 range (Tang & Row, 2013). Contrarily, lower densities 

than water are obtained for hydrophobic deep eutectics (Florindo et al., 2019). The DES’ density shows 

a temperature-dependent behavior, it decreases linearly with the increasing temperature (Cui et al., 

2017; Florindo et al., 2014; Ibrahim et al., 2019; Shahbaz, Baroutian, et al., 2012). Moreover, the density 

depends on the choice of the HBD (Abbott, Harris, et al., 2007; Cui et al., 2017; Florindo et al., 2014; 

García et al., 2015), and the molar ratio (Abbott et al., 2011). According to Shahbaz et al., a higher HBD 

mole fraction lowers the density of DES whenever the HBD’s density is lower than that of the 

corresponding DES and vice versa (Shahbaz et al., 2011a; Shahbaz, Baroutian, et al., 2012). In 

addition, when the HBD contains hydroxyl groups, the density of the ChCl-based DES increases with 

the number of hydroxyl groups but decreases with the addition of aromatic groups. Also, when the DES 

is made of an acid its density decreases when the chain length is increased (Florindo et al., 2014; 

García et al., 2015; Mitar et al., 2019). The effect of the HBD type on the density of some ChCl-based 

DES obtained by different studies is represented in Figure 6. These results were in accordance with 

Yusof et al. who also proved that TBABr:alcohol DES present a higher density when a HBD with a 

higher number of hydroxyl groups is adopted. The same group also noticed a decrease in density as 

the HBD’s chain length increased (Yusof et al., 2014). 

The DES’ density is weakly affected by the alkyl chain length of the ammonium salt (Z. Chen et al., 

2017). However, looking at results from different studies reviewed by García et al., one can clearly see 

that the organic salt and its anion affect the density of DES. Indeed, phosphonium salts and bromide 

salts result in denser DES than ammonium salts and chloride salts, respectively (García et al., 2015). 

On another note, Florindo et al. proved that there is no significant difference in density values whether 

the heating method or the grinding method was used for the preparation of DES (Florindo et al., 2014). 

Yet, differences of up to 4% were detected between the available literature sources when it comes to 

the density of the most studied 1:2 ChCl:U DES (García et al., 2015). A series of studies aiming to 

efficiently predict the density of DES were conducted by Mjalli et al. via several theoretical approaches 

(Mjalli, 2016; Mjalli et al., 2015; Shahbaz et al., 2011a, 2013; Shahbaz, Mjalli, et al., 2012). The mass 

connectivity index-based correlation, taking into account the molecular structures of DES’ forming 

compounds, allowed the prediction of the density of different type III DES as a function of temperature 

with a very high efficiency (Mjalli, 2016). 
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Figure 6. Effect of the hydrogen bond donor on the densities of some choline chloride-based deep 
eutectic solvents (yellow: 1:3 choline chloride:ethanolamine; light blue: 1:1 choline chloride:oxalic 

acid; grey: 1:1 choline chloride:malonic acid; black: 1:2 choline chloride:urea; dark blue: 1:2 choline 
chloride:glycerol; purple: 1:1 choline chloride:glutaric acid; orange: 1:3 choline chloride:2,2,2-

trifluoroacetamide; red: 1:2 choline chloride:ethylene glycol; green: 1:3 choline chloride:phenol). 
Reprinted with permission from (García et al., 2015). Copyright (2015) American Chemical Society 

 

1.4.3. Viscosity 

The viscosity is another important and extensively studied property of DES. Most of the reported DES 

to date are highly viscous at room temperature (ɳ > 100 mPa.s) which is mainly ascribed to the 

extensive hydrogen bond network taking place between DES’ components. In addition, they present a 

very broad viscosity range. In fact, ChCl:EG (1:2) is known to have a very low viscosity (37 mPa.s at 

25 °C), while sugar-based DES present extremely large viscosities (12730 mPa.s for 1:1 ChCl:sorbitol 

at 30°C and 34400 mPa.s for 1:1 ChCl:glucose at 50°C) and even higher viscosities were recorded for 

metal salts-based DES (85000 mPa.s for 1:2 ChCl:zinc chloride at 25 °C) (Q. Zhang et al., 2012). Yet, 

very low viscosities were recorded for hydrophobic DES based on DL-menthol (7.61 mPa.s at 25 °C for 

1:3 DL-menthol:octanoic acid) (Nunes et al., 2019; Ribeiro et al., 2015). The viscosity of a eutectic 

mixture is clearly affected by the nature of its components (Abbott, Barron, et al., 2007; D’Agostino et 

al., 2011), their molar ratio (Abbott et al., 2011), the temperature (Abbott, Boothby, et al., 2004; Abbott 

et al., 2003, 2006; Dai et al., 2015; Kareem et al., 2010) and the water content (D’Agostino et al., 2015; 

Dai et al., 2015; Du et al., 2016; Florindo et al., 2014; Shah & Mjalli, 2014). The effect of water will be 

discussed in details in the upcoming sections. Moreover, the viscosity not only depends on the 

intermolecular forces between the HBD and the ion but also on the steric effects which can be quantified 

by the hole theory. The latter considers the existence of holes or voids in the fluid which affects the 

fluid’s viscosity and ionic conductivity (Abbott et al., 2006). The distribution of holes of radius r is 
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influenced by the HBD and the salt. It also seems that DES containing large holes are less viscous 

because they allow a certain ionic motion (García et al., 2015). On a separate note, it is worthy to 

mention that large differences were noticed when comparing the viscosity data obtained by different 

researchers for the same DES (e.g., 152 mPa.s vs 527.28 mPa.s for 1:2 ChCl:U at 30 °C and 202 

mPa.s vs 2142 mPa.s for 1:1 ChCl:oxalic acid at 40 °C) (García et al., 2015). These major differences 

can be attributed not only to the preparation method as stated by Florindo et al. (Florindo et al., 2014), 

but to the experimental method and the impurities as well (García et al., 2015). 

1.4.4. Ionic conductivity 

Since the viscosity is the main controller of the conductivity, most of the DES tend to have poor ionic 

conductivities (к < 2 mS cm-1 at room temperature). Therefore, increasing the temperature results in a 

decrease in the viscosity and an increase in the conductivity (Lapeña et al., 2019a; Q. Zhang et al., 

2012). This property is also affected by the HBA/HBD molar ratio (Abbott, Boothby, et al., 2004), the 

nature of both the organic salt and the HBD as well as the salt’s anion (García et al., 2015) and of 

course the water addition (Dai et al., 2015). 

1.4.5. Surface tension 

The studies related to the surface tension of DES are quite limited compared to the studies dealing with 

other physicochemical properties. Yet, it is an essential property since it is highly dependent on the 

intensity of the intermolecular forces taking place between the HBD and the corresponding salt. That 

said, highly viscous liquids present high surface tensions. The values relative to the reported DES 

generally vary between 35 and 75 mN m-1 at 25 °C (García et al., 2015; Ibrahim et al., 2019). Once 

again remarkable high values were recorded for sugar-based DES such as ChCl:D-glucose (A. Hayyan 

et al., 2013) and ChCl:D-fructose (A. Hayyan et al., 2012), reflecting their extensive hydrogen-bond 

network (Ibrahim et al., 2019). Besides, the surface tension is influenced by the salt mole fraction and 

the cation type since an additional hydroxyl group or a longer alkyl chain in the quaternary ammonium 

salt leads to higher surface tensions. Also, the surface tension linearly decreases with increasing 

temperature (García et al., 2015; Lapeña et al., 2019a; Nunes et al., 2019).  

1.4.6. Polarity 

Polarity is a key property since it reflects the overall solvation capability of solvents. Despite its 

significance, the polarity of the DES was not considerably studied and was not addressed until recently. 

This property is often estimated via the solvatochromic parameters which consider the hypsochromic 

(blue) shift or bathochromic (red) shift of UV−vis bands for the negatively solvatochromic dyes (e.g. 

Reichardt’s betaine dye) or the positively solvatochromic dyes (e.g. Nile red), respectively, as a function 

of the solvent’s polarity (Reichardt, 1994). The most frequently used scales are the polarity scales of 

Dimroth and Reichardt (ET and ETN) (Reichardt, 1994) and the multiparameter scale of Kamlet and Taft 

(the hydrogen bond donating ability α, the hydrogen bond accepting ability β and dipolarity/polarizability 

π*) (Kamlet et al., 1977; Kamlet & Taft, 1976). The common probes adopted for the establishment of 

Dimroth and Reichardt’s scale include Reichardt’s betaine dyes and Nile red. While molecules like 4-
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nitroaniline and N,N-diethyl-4-nitroaniline are used to determine the parameters following the Kamlet 

and Taft multiparameter scale. However, it is worthy to mention that the polarity scales are not universal 

and are probe-dependent which means that we cannot compare polarity parameters obtained by 

different solvatochromic probes (Valvi et al., 2017). A general overview on the studies conducted on 

DES’ polarity is presented in Table 1 following a chronological order.  

 

 

Table 1. Overview of the reported studies related to the polarity of deep eutectic solvents 

Deep eutectic solvent(s) Solvatochromic probe(s) Main results References 

ChCl:G (1:1, 1:1.5, 1:2 

and 1:3) 

Reichardt’s dye 30; 

4-nitroaniline; 

N,N-dimethyl-4-

nitroaniline 

The studied DES at different molar 

ratios make up polar fluids with the 

ET(30) values increasing with the 

increase in ChCl in a nearly linear 

trend. 

(Abbott et 

al., 2011) 

Numerous NADES 

based on ChCl, sugars, 

alcohols, organic acids, 

amino acids and water 

Nile red The organic acid-based NADES 

are the most polar, followed by 

amino acids- and sugar-based 

NADES. While the sugar- and 

polyalcohol-based ones seem to 

be the least polar. 

(Dai et al., 

2013) 

ChCl:U; ChCl:G; 

ChCl:EG; ChCl:MA 

(1:2) 

Several solvatochromic 

probes such as betaine 

dye 33 and Nile red 

All the DES are considered highly 

polar. The structure of the HBD 

clearly affects the solvent’s 

polarity which is highest with 

alcohol-based DES followed by 

those having urea and malonic 

acid. 

(Pandey et 

al., 2013) 

13 Binary or ternary 

ChCl-based DES using 

urea, glycerol, ethylene 

glycol, thiourea or 

formamide as HBD 

Reichardt’s dye 30; 

4-nitroaniline; 

N,N-diethyl-4-nitroaniline 

The polarity of the studied DES 

highly depends on the polarity of 

the HBD. A correlation was also 

found between the solvatochromic 

parameters and the influence of 

DES on the activity or stability of 

lipase. 

(Kim et al., 

2016) 
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Table 1. (continued) 

Deep eutectic solvent(s) Solvatochromic probe(s) Main results References 

4 DES using different N-

oxides as HBA and 

phenylacetic acid as 

HBD 

Nile red Four N-oxides were adopted as 

HBA (three amphiphilic and one 

non-amphiphilic) along with 

phenylacetic acid as HBD. The 

non-amphiphilic HBA gives rise to 

a more polar DES than the ones 

based on amphiphilic HBA. 

(Germani et 

al., 2017) 

19 DES based on 

ammonium salts as HBA 

and carboxylic acids as 

HBD 

4-nitroaniline; 

N,N-diethyl-4-nitroaniline 

Increasing the alkyl chain length of 

both HBA and HBD results in a 

decrease in the hydrogen-bond 

acidity and an increase in the 

hydrogen-bond basicity. While the 

dipolarity/polarizability is mainly 

affected by the HBD given that it 

decreases when the HBD’s alkyl 

chain length is increased. 

(Teles et 

al., 2017) 

ChCl:U; ChCl:G; 

ChCl:EG (1:2) 

Several molecular 

probes 

The studied DES present an 

overall higher polarity than most of 

the organic solvents. The HBD 

type might extremely affect the 

polarity response of the probe. 

Some polarity parameters 

displayed different temperature-

dependence trends when 

comparing the 3 studied DES and 

the polarity did not always 

decrease with the increasing 

temperature thus revealing a 

possible “nonclassical” nature of 

DES compared to other solvents. 

(Valvi et al., 

2017) 

7 DES based on ChCl; 

4 DES based on TBACl; 

4 DES based on DL-

Menthol 

Reichardt’s betaine dye; 

4-nitroaniline; 

N,N-diethyl-4-nitroaniline 

The HBA seems to play a major 

role in the polarity of the DES, 

especially the hydrophobic ones 

that are based on TBACl or DL-

menthol as HBA. While for the 

hydrophilic ChCl-based DES, a 

diacid HBD like malonic acid 

generates a more polar DES than 

a monoacid-based one. 

(Florindo et 

al., 2018) 
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Table 1. (continued) 

Deep eutectic solvent(s) Solvatochromic probe(s) Main results References 

12 DES based on thymol 

and (L)-menthol as HBA 

and 6 different 

monocarboxylic acids as 

HBD 

4-nitroaniline; 

N,N-diethyl-4-

nitroaniline; 

Pyridine-N-oxide 

Thymol-based DES present 

higher polarity and hydrogen-bond 

acidity character than (L)-menthol-

based ones. On the other hand, a 

more pronounced hydrogen-bond 

basicity character is seen with (L)-

menthol with a slight positive 

correlation with the alkyl chain 

length of the acid.  

(Martins et 

al., 2018) 

17 ChCl-based DES 

using polyalcohols 

(ethylene glycol, 

glycerol, propanediols 

and butanediols) as HBD 

at molar ratios 1:1, 1:2 

and 1:3 

Nile red Polarity is affected by the 

molecular structure of the HBD. 

Polarity is also an important 

property to consider while using 

DES as an extraction solvent. 

(Mulia et 

al., 2019) 

9 DES based on PEG as 

HBD and carboxylic 

acids or amides or 

ammonium salts as HBA 

Nile red The HBA controls the DES’ 

polarity since acid-based DES are 

more polar than the amide- and 

ammonium-based DES. A 

negative correlation was also 

detected between the pH values 

and the polarity of these 

PEGylated DES. 

(W. Chen et 

al., 2019) 

9 ternary DES based on 

ChCl, 1-ethyl-3-

methylimidazolium 

chloride or 

tributylmethylammonium 

chloride as HBA and a 

binary mixture of 3-

hydroxycarboxylic acids 

as HBD at a 1:1 or 1:2 

HBA:HBD molar ratio 

Nile red Similar polarities were obtained for 

all the studied DES. The DES 

based on 3-hydroxycaroxylic acids 

were slightly more polar than the 

ones based on their aliphatic 

carboxylic acid analogues. No 

difference was detected between 

the two adopted molar ratios. 

(Haraźna et 

al., 2019) 

ChCl:BA; ChCl:VA; 

ChCl :CA at both 1:2 and 

1:3 molar ratios 

Nile red; 

4-nitroaniline; 

N,N-diethyl-4-nitroaniline 

Increasing the alkyl chain length of 

the HBD results in a decrease in 

DES’ polarity. Yet, no significant 

effect was observed when 

changing the HBA:HBD molar 

ratio. 

(Dwamena 

& Raynie, 

2020) 
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1.5. Effect of water 

Given the omnipresence of water and the hygroscopic character of some DES and their forming 

compounds, the water uptake by the eutectic solvents is inevitable (Du et al., 2016; Florindo et al., 2014). 

While traces of water in DES are usually considered as impurities, a plethora of papers intentionally added 

water to their solvents in order to fine-tune their properties so they can respond to the requirements of some 

desired applications and water allowed, in many cases, to improve the performance of DES. On the other 

hand, the presence of water not only affects the physicochemical properties but may also jeopardize the 

integrity of DES (El Achkar et al., 2019), which explains the inconsistency in the literature given that DES 

are prepared in different operating conditions. Therefore, studying the effect of water on the eutectic 

systems is of utmost importance. This section highlights the impact of water on the physicochemical 

properties of DES and the characteristics of their supramolecular organizations.  

1.5.1. Effect on DES’ physicochemical properties 

Herein, the effect of water on the main physicochemical properties (melting point, density, viscosity, 

conductivity, surface tension and polarity) will be discussed according to the reported studies so far. Some 

investigated the effect of low water content that can naturally be present in the DES and others considered 

a full range of water content. After being in contact with the atmosphere for three weeks, ChCl:U DES 

absorbed up to 20 wt% water. That said, Meng et al. tested the effect of water (up to 10 wt%), that can be 

naturally absorbed by the DES, on the melting point of ChCl:U. The latter was determined via three different 

and complementary techniques: a thermostated bath, optical microscopy and differential scanning 

calorimetry (DSC). A linear decrease of the melting point was observed as a function of the water content. 

The melting point of the mixture dropped from 30 °C for the dry DES to 15 °C in the presence of 5 wt% of 

water. This tremendous water effect can explain the dissimilarities obtained by different studies for the same 

Table 1. (continued) 

Deep eutectic solvent(s) Solvatochromic probe(s) Main results References 

ChCl:Lev and ChCl:LA 

(1:2) 

Nile red ChCl:LA is more polar than 

ChCl:Lev, which is mainly 

ascribed to the difference in the 

HBD’s polarity. While the two DES 

were more polar compared with 

some alkyl cholinium lactate and 

alkyl cholinium levulinate ionic 

liquids. 

(Fahri et al., 

2020) 

BA: butyric acid; CA: caprylic acid; ChCl: choline chloride; EG: ethylene glycol; G: glycerol; HBA: 

hydrogen bond acceptor; HBD: hydrogen bond donor; LA: lactic acid; Lev: levulinic acid; MA: malonic 

acid; PEG: polyethylene glycol; TBACl: tetrabutylammonium chloride; U: urea; VA: valeric acid. 
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DES (Meng et al., 2016). These results were somehow in accordance with the findings of Smith et al. who 

also followed the variation of the melting point of the same DES but with a full range of water content. 

Though a similar linear trend was obtained up until 10 wt% of water by the two studies, further increase in 

the water content yields a minimum melting point of - 48 ± 2 °C at 0.67 mole fraction of water. Above this 

point, the melting temperature linearly increased as shown in Figure 7. Owing to the behavior of the studied 

mixture, the authors proposed that 1:2:6 ChCl:U:water makes a ternary deep eutectic solvent (P. J. Smith 

et al., 2019). Nevertheless, this behavior of ChCl:U was not observed by the study of Shah et al. in which 

the melting point only decreased as a function of water content studied in full range (Shah & Mjalli, 2014). 

Contrarily, the addition of up to 10 wt% water slightly increased the melting point of 1:1 ChCl:boric acid 

which was explained by a possible reaction between water and boric acid (Häkkinen, Willberg-Keyriläinen, 

et al., 2019). On the other hand, all the studies have agreed that unlike the density, both viscosity and 

conductivity are highly sensitive to the presence of water in DES. Agieienko et al. noticed a slight decrease 

of 0.14% in the density of ChCl:U at around 0.008 mass fraction of water while 0.005 water mass fraction 

decreased its viscosity by around 22%. Authors stated that different water contents along with the chosen 

experimental method and associated instrument calibration may be the reasons behind the poor agreement 

between the reported viscosity values of ChCl:U (Agieienko & Buchner, 2019). Du et al. showed that both 

viscosity and conductivity of ChCl:U are highly sensitive to water. In fact, the viscosity and the conductivity 

were 13 times lower and 10 times higher in the hydrated DES, respectively, at only 6 wt% water content 

(Du et al., 2016). 

 

 

Figure 7. Variation of the freezing point of 1:2 ChCl:U deep eutectic solvent with the added mole fraction 
of water. Reprinted with permission from (P. J. Smith et al., 2019). Copyright (2019) American Chemical 

Society) 
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Likewise, Shah et al. found that within 10 wt% of water, the viscosity of ChCl:U was reduced by more than 

80% and the conductivity was 3 times higher compared to the dried DES. In contrast, the presence of water 

only gradually decreased the melting point and the density of the mixture (Shah & Mjalli, 2014). According 

to Silva et al., the addition of 3 to 9 wt% water to ChCl:sugars DES decreased their melting point, making 

them liquid at room temperature. The presence of water also contributes to a slight density reduction of 

0.82 to 2.22%, a substantial drop in viscosity values and an increase in the liquid’s polarizability (L. P. Silva 

et al., 2018). For ChCl:carboxylic acids, a 5% difference in density was detected between a dried and water-

saturated DES (the water content of the hydrated DES varied between 9.88 and 19.40 wt% depending on 

the DES following their exposition to air) at the same temperature which proves once again that this property 

is not very sensitive to the amount of water present in the sample. On the other hand, viscosity was strongly 

decreased in the hydrated DES with 10 to 200 times lower values than the dried ones (Florindo et al., 

2014).The presence of water (up to 5 wt%) also significantly decreased the viscosity and increased the 

conductivity of NADES based on ChCl and betaine as HBA and sugars and carboxylic acids as HBD (Aroso 

et al., 2017). Increasing the water content from 2 to 22 wt% in ChCl:lactic acid decreased the viscosity by 

two orders of magnitude and increased the electrical conductivity in a similar trend (Alcalde et al., 2019). 

Another study noticed a 3-fold and a 10-fold decrease in the viscosity of glucose:ChCl:water NADES after 

the addition of 5 and 10% water (v/v), respectively (Dai et al., 2013). A significant decrease in the viscosity 

and a linear decrease in the density of several NADES were also observed in the presence of water, while 

the conductivity of five selected ternary NADES made of choline chloride, organic acids, sugars and water 

firstly increased with the increasing water content and then decreased after reaching a peak value of around 

10-100 times higher than that of pure NADES at 60-80 wt% water (Dai et al., 2015). Similar water effects 

on the density and viscosity of some organic acids-based NADES were obtained by Mitar et al. However, 

though clearly higher conductivities were seen in ChCl:organic acid based NADES compared to 

sugar:organic acid in the studies of both Dai et al. and Mitar et al., no rise and fall was obtained by Mitar’s 

group when studying the NADES conductivity as a function of water content. The ionic conductivities simply 

increased with the water content and this difference can be attributed to the narrower water range that was 

considered by Mitar et al. (10-50 wt%) (Mitar et al., 2019). The viscosity and conductivity of ChCl-based 

DES with different glycols as HBD were also massively affected by the water content. In fact, the viscosity 

value was halved after the addition of about 7–10 wt% water. On the other hand, the conductivity of DES 

firstly increased with the increasing of water content, reached a maximum at 60 wt% water, at which values 

were 6–15 times higher than that of pure DESs, and then decreased. The ionic dissociation of DES’ 

components caused the initial increase in the conductivity which was later decreased owing to the dilution 

of the electrolytes at higher water content. The polarity linearly increased with the increasing water content 

for all three DES (Gabriele et al., 2019). A similar non-monotonic behavior of the ionic conductivity was 

observed with aqueous solutions of ChCl:U and ChCl:EG via molecular dynamics (MD) simulations. The 

values reached the maximum also at 60 wt% water (Celebi et al., 2019). When varying the water content 

from 16 to 30 wt% in citric acid:sucrose NADES, a linear decrease of the density was observed. While a 
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major impact was seen on the viscosity which decreased by up to 99.73% at the maximum studied water 

content (30 wt%) (Savi, Dias, et al., 2019). Likewise, the addition of 10 wt% water resulted in a 85.9% 

decrease in the viscosity of lactic acid:glucose NADES (Savi, Carpiné, et al., 2019). 

Rublova et al. conducted an in-depth study about the effect of water on the surface tension of binary 

mixtures of “ChCl + water”, “ChCl + ethylene glycol”, “ethylene glycol + water” and a ternary mixture of 

“ChCl + ethylene glycol + water”. The interpretation of the variation of the surface tension and the 

thermodynamic characteristics of adsorption at the interface “solution/air” led to some interesting findings. 

When comparing the aqueous solution of ChCl to that of EG, stronger adsorption of choline cation was 

obtained owing to the choline cation- water hydrophobic interactions. The ternary mixture results revealed 

interactions between DES’ constituents in an adsorbed surface layer formed at the interface air/diluted 

solution of ChCl:EG which explains the way higher values of equilibrium adsorption constants for the ternary 

mixture compared to those related to “ChCl + water” and “ethylene glycol + water” mixtures (Rublova et al., 

2020). When studying the effect of water on the surface tension of DL-menthol:octanoic acid DES, Nunes 

et al. detected two consecutive behaviors: a decrease of the surface tension while increasing the water 

content reaching a minimum value at around 4000 ppm of water, followed by an increase of the surface 

tension (Nunes et al., 2019). The same behavior was observed by Sanchez-Fernandez et al. when studying 

the surface tension of ChCl:malonic acid as a function of water (Sanchez-Fernandez et al., 2017).  

The papers dealing with the effect of water on the DES’s polarity are rather limited. The polarity of ChCl:U, 

ChCl:G and ChCl:EG was investigated through the solvatochromic behavior of different absorbance and 

fluorescence probes in DES-water mixtures. This approach would inform us about the interactions 

dominating these mixtures. The water addition happens to increase the dipolarity/polarizability and 

decrease the hydrogen bond- basicity of all three DES. The behavior of the fluorescent probes further 

revealed more relevant hydrogen-bond interactions between added water and DES constituents for ChCl:G 

and ChCl:EG when compared to ChCl:U. The structural differences between the adopted HBD as well the 

interstitial accommodation of water molecules within ChCl:U would explain the greater influence of water 

addition on ChCl:G and ChCl:EG, rather than ChCl:U (Pandey & Pandey, 2014). 

1.5.2. Effect on DES’ network 

As discussed above, water clearly impacts the physicochemical properties of the DES, whether present in 

low or large amounts. Furthermore, investigating DES-water interactions is crucial especially that binary 

mixtures of DES and water have been commonly adopted in many applications already. In fact, the 

presence of water allows the circumvention of some of the shortcomings of DES like their relative high 

viscosity while maintaining their unique and appealing properties, which explains the rising interest in DES-

water mixtures over the past few years. However, the high polarity of water and its propensity to interact 

with the hygroscopic components of the eutectic system makes it of paramount importance to check out if 

and how water affects the intra- and intermolecular bonds lying behind the supramolecular network of DES. 

Despite their relevance, the investigations of the effect of water on DES’ system are rather restricted and 
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mostly cover ChCl-based eutectics. Table 2 provides an overview of the reported studies dealing with the 

effect of water on various DES systems. This effect was examined via multiple techniques mainly NMR, 

Brillouin spectroscopies and neutron total scattering, not to mention the MD simulations. Some studies 

proposed a passage from DES to an aqueous solution of its individual components while adding water and 

others suggested that a transition from “water-in-DES” to a “DES-in-water” system occurs at a certain 

hydration level. In the former system, water is seen as another HBD (Hammond, Bowron, Jackson, et al., 

2017; López-Salas et al., 2019; Zhekenov et al., 2017), thus integrating into the DES’s network and 

subsequently strengthening the hydrogen bonds taking place between the HBA and the HBD at a low water 

content (Hammond, Bowron, & Edler, 2017; Weng & Toner, 2018). However, further dilution results in the 

weakening of the interactions that usually dominate in a DES supramolecular structure owing to the 

tendency of water to interact with the DES’ forming compounds. The preferential hydration of chloride 

anions was reported in numerous papers dealing with different ChCl-based DES like ChCl:U, ChCl:G, 

ChCl:EG and ChCl:LA (Alcalde et al., 2019; Fetisov et al., 2018; Kaur et al., 2020; Kumari et al., 2018; 

Weng & Toner, 2018). Yet, when it comes to the hydration level at which the transition happens, the values 

are not always consistent for the same DES. For instance, the transition point varied between 15 and 51 

wt% for ChCl:U (Hammond, Bowron, & Edler, 2017; Kumari et al., 2018; Posada et al., 2017; Shah & Mjalli, 

2014). There are not enough studies to compare between the transition points of other DES. Few studies 

also proved that temperature does not affect the structure of DES-water mixtures (Celebi et al., 2019; Weng 

& Toner, 2018). Further studies must be conducted on other DES because although this transition is likely 

to occur in all the aqueous mixtures of DES, the changeover water content obviously depends on the HBA 

and HBD types as well as their molar ratio (Gabriele et al., 2019). Besides, a deep understanding of the 

impact of water on the DES’ structural arrangement will surely expand the possibility of tuning the DES-

water mixtures according to the desired applications.
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Table 2. Summary of the studies examining the effect of water on deep eutectic solvents’ systems (in chronological order) 

Studied system(s) Water content Technique(s) Comments References 

ChCl:U 

ChCl:thiourea 

1:2 

14- 57- 90 and 95 wt% NMR The characteristic chloride-HBD 

complex was maintained at 14 wt% 

water. Yet, a disruption was noticed at or 

above 57 wt% water content.  

(M. C. 

Gutiérrez et 

al., 2009) 

ChCl:U 

1:2 

0- 90 wt% MD simulations The water addition caused a decrease in 

the number of urea-urea and urea-Cl 

hydrogen bonds owing to the preferential 

binding of chloride anions to water and 

an increase in the ions diffusion. The 

effect of water became notable beyond 

25- 30 wt% water. 

(Shah & Mjalli, 

2014) 

ChCl:U 

ChCl:EG 

ChCl:G 

1:2 

2.5- 20 wt% Pulsed field gradient 

NMR 

Unlike the case of ChCl:G, a difference 

between the diffusion coefficients of the 

aliphatic and hydroxyl groups of choline 

or the HBD was observed when adding 

water to both ChCl:U and ChCl:EG, 

suggesting an interaction with water. 

(D’Agostino et 

al., 2015) 

1,2-propanediol:ChCl:water 

1:1:1 

0-100% (v/v) NMR At a water content below 50% (v/v), the 

NADES structure is maintained. 

However, further dilution leads to an 

aqueous solution of the free components 

of the NADES. 

(Dai et al., 

2015) 

ChCl:G 

1:3 

25 and 50 wt% NMR The interactions between DES' 

components are weakened up to 25 wt% 

water and new interactions with water 

are observed. However, in the presence 

of 50 wt% water the interactions between 

ChCl and glycerol are completely 

disrupted.  

(Hadj-Kali et 

al., 2015) 
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Table 2. (continued) 

Studied system(s) Water content Technique(s) Comments References 

ChCl:U 

1:2 

0.25 wt% (initial water 

content) 

Measurement of water 

absorption as a 

function of the 

exposure time to the 

open air by Karl Fisher 

titration method at a 

temperature of 298 ± 2 

K and a humidity of 

60% 

The water uptake by the DES is very 

high during the first hours with a rate of 

around 6.8 wt% per day. The rate 

decreased to 3.4 wt% after 10 hours then 

was zeroed after 65 days exposure to air 

with 40 wt% water content. On the other 

hand, water content can be easily 

tailored through heating. It went down 

from 40 wt% to 1.5 wt% after heating for 

6 to 18 h.  

(Du et al., 

2016) 

ChCl:U 

ChCl:EG 

ChCl:G 

1:2 

0- 1 mole fraction MD simulations Water molecules are integrated within 

the DES' network below 30 % mole 

fraction of water, while retaining the 

intermolecular interactions occurring in 

the three DES. However, important 

changes were observed in fluidity of the 

different species and the number of 

hydrogen bonds above 50% mole 

fraction. 

(Zhekenov et 

al., 2017) 

ChCl:U 

1:2 

0- 100 wt% Brillouin and NMR 

spectroscopies 

Both techniques perfectly agreed on the 

dilution range at which structural 

rearrangements occur in DES-water 

mixtures. Two distinct regions 

intersecting at 85 wt% DES were 

observed for sound propagation via 

Brillouin spectroscopy, while hydroxyl 

protons of choline were completely 

exchanged with water at the same 

hydration level, as proved by NMR. 

(Posada et al., 

2017) 
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Table 2. (continued) 

Studied system(s) Water content Technique(s) Comments References 

ChCl:U 

1:2 

ChCl:U:water mixtures  

at molar ratios 1:2:1, 

1:2:2, 1:2:5, 1:2:10, 

1:2:15 and 1:2:20 

(corresponding to 6.48- 

67.53 wt% water) 

Neutron total scattering 

and empirical potential 

structure refinement 

The hydrogen bonds between choline 

and urea are slightly reinforced at low 

water levels (≤1 mole fraction). The DES 

then resisted hydration between 2 and 

10 mole fractions of water. At 15 mole 

fraction of water (83 mole % or 51 wt%), 

a transition from "water in DES" to "DES 

in water" is witnessed since the DES 

structural motifs disappeared and the 

system is rather considered as an 

aqueous solution of the DES 

components. 

(Hammond, 

Bowron, & 

Edler, 2017) 

ChCl:malic acid 

1:1 

2 mole equivalents of 

water (11.62 wt%) 

Neutron total scattering 

and quasi-elastic 

neutron scattering 

Water contributes to the hydrogen 

bonding structure of the DES by acting 

as a second smaller HBD at this 

hydration level. Water is sequestered 

into the DES by mostly interacting with 

the ammonium group of choline whilst 

preserving the interactions between the 

DES' components. 

(Hammond, 

Bowron, 

Jackson, et 

al., 2017) 

ChCl:U 

1:2 

 

ChCl:U:water 

1:2:3  

17 wt% for the hydrated 

DES 

MD simulations The anhydrous DES mainly consists of 

hydrogen bonds between urea and the 

chloride anions. These hydrogen bonds 

were disrupted in the hydrated DES 

since water tends to interact with 

chloride ions. In addition, some of urea-

chloride hydrogen bonds are replaced by 

urea-water hydrogen bonds. 

(Fetisov et al., 

2018) 
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Table 2. (continued) 

Studied system(s) Water content Technique(s) Comments References 

Binary systems of 1:2 ChCl:G 

DES/water or glycerol/water 

0-100% mole fraction 

(in 5% intervals) Or 0.9 

mole fraction for MD 

simulations 

FTIR and Raman 

spectroscopies and 

MD simulations 

Results analysis by a multivariate method 

detected five species in the DES-water 

mixture: pure water, DES, DES-water 

association, glycerol and glycerol-water 

association. The DES-water interactions 

dominate over DES-DES interactions at 

0.9 mole fraction of water. Yet, DES was 

identified as a highly stable distinct solvent 

from its constituents. MD simulations 

pictured the mixture of DES-water at 0.9 

mole fraction of water as three different 

regions: a similar structure to that of pure 

DES, ChCl solvated by water and self-

assembled glycerol molecules (Figure 8). 

(Ahmadi, 

Hemmateenej

ad, Safavi, 

Shojaeifard, 

Shahsavar, et 

al., 2018) 

ChCl:U 

1:2 

0-100% mole fraction MD simulations The ion pairing and ionic hydration within 

the (DES + water) mixtures were 

evaluated. Results showed that both 

choline and chloride ions were not 

completely hydrated even at 0.9 mole 

fraction of water. However, the interactions 

between chloride anion and the 

surrounding water molecules are stronger 

than those between choline and water. 

Besides, the ion pairing between choline 

and chloride and the ionic hydration 

coexist in the studied mixtures. While the 

ion pairing decreases with the increasing 

water content, the ionic hydration 

increases and the curves meet at 0.8 mole 

fraction of water.  

(Gao et al., 

2018) 
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Table 2. (continued) 

Studied system(s) Water content Technique(s) Comments References 

ChCl:G 

1:2 

0- 73.6 wt% MD simulations Water played both destructuring and 

structuring roles in ChCl:G DES. The water 

decreases the major type of interactions in 

the DES network which is the ChCl:G 

complex, with chloride anion serving as a 

bridge between the cation and the HBD. 

This effect was observed owing the 

tendency of water to solvate chloride 

anions. On the other hand, the direct 

choline-glycerol hydrogen bonds were 

enhanced at low water content (10.1 wt%) 

compared to the anhydrous DES. Water 

molecules were also able to replace Cl- by 

linking choline and glycerol. These types of 

interactions (choline-water-glycerol) 

reached a maximum at 35.8 wt% water. 

Overall, the chloride-briged interactions 

between choline and glycerol were 

predominant below 21.8 wt% water. 

(Weng & 

Toner, 2018) 

ChCl:U 

1:2 

3.4- 58.1 wt% MD simulations The DES' structure is qualitatively 

preserved below 41 wt% of water. Above 

this water content, water tends to solvate 

chloride anions as well as choline cations, 

thus leading to a transition from DES to an 

aqueous solution of ChCl and urea. 

(Kumari et al., 

2018) 
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Table 2. (continued) 

Studied system(s) Water content Technique(s) Comments References 

ChCl:U 

ChCl:methylurea 

ChCl:EG 

ChCl:G 

1:2 

 

ChCl:glucose 

ChCl:xylitol 

2:1 

 

ChCl:OA 

ChCl:glutaric acid 

1:1 

Measured water 

absorption 

from air as a function of 

time (up to 4-8h) at a 

temperature of 22 ± 2 °C 

and a humidity of 32% 

Attenuated total 

reflectance infrared 

spectroscopy (ATR-

IR) and perturbation- 

correlation moving-

window two-

dimensional 

correlation IR spectra 

techniques 

(PCMW2D-COS) 

All the studied DES are hygroscopic but 

their order for the absorption capacity is 

not in line with that of the absorption rate. 

Thus, a high absorption rate does not 

necessarily mean a high capacity. 

ChCl:glucose and ChCl:xylitol were 

considered for the investigation of the 

water absorption process. Results have 

shown that water molecules are attracted 

into the bulk of DES first, followed by their 

surface absorption. The early water 

absorption increases with the number of 

hydrophilic groups. Further water 

absorption depends on the strength of the 

hydrogen bonds between DES' 

components. This explains why 

ChCl:glucose, with a higher number of 

hydrophilic groups, presents a higher rate 

but a lower absorption capacity when 

compared to ChCl:xylitol.  

(Y. Chen et 

al., 2019) 
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Table 2. (continued) 

Studied system(s) Water content Technique(s) Comments References 

Resorcinol:Hexylresorcinol:Tet

raethylammonium bromide 

1.25:1:1 

0-100 wt% Brillouin and NMR 

spectroscopies 

Both techniques led to the observation of 

two distinct behaviors, below and above 70 

wt% DES, thus reflecting the presence of 

two hydrogen bond networks: a DES 

network at low water content and another 

water network at high water content. 

(Posada et al., 

2019) 

ChCl:malic acid 

1:1 

4- 60 wt% Brillouin and NMR 

spectroscopies 

Two different behaviors were observed 

when varying the ratio of ChCl:malic acid 

to water. These two regimes are explained 

by the transition from "water-in-DES" to 

"DES-in-water" system. This transition 

point occurred at 60- 70 wt% DES, as 

supported by Brillouin spectroscopy 

results, chemical shifts, self-diffusion 

coefficients and the relaxation times 

obtained via NMR. 

(Roldán-Ruiz 

et al., 2019) 
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Table 2. (continued) 

Studied system(s) Water content Technique(s) Comments References 

ChCl:U:water 

1:1.95:1.67 (equivalent to 10.5 

wt% water) 

 

ChCl:EG:water 

1:1.89:1.33 (equivalent to 8.5 

wt% water) 

 

 

ChCl:G:water 

1:1.96:0.97 (equivalent to 5.3 

wt% water) 

Further addition of 10 

wt% or 90 wt% of water 

to the ternary DES 

NMR The most marked hydrogen bonds in urea- 

based DES are the ones between hydroxyl 

protons of choline and water as well as 

between methyl groups of choline and 

urea. No correlation has been detected 

between urea and water. On the other 

hand, interactions between all species 

were observed in ChCl:G:water, but 

glycerol-water interactions were the 

weakest. In ChC:EG:water, and unlike the 

other two DES, strong ethylene glycol-

water interactions were detected. After 10 

wt% dilution, the DES' structures were 

preserved. However, after 90 wt% dilution 

the mixtures are best described as 

aqueous solutions of individual 

compounds. 

(Delso et al., 

2019) 

ChCl:LA 1:1; 1:1.5; 1:2; 1:2.5 1 ChCl: 1 lactic acid: j 

H20 (j= 1-10) for DFT 

and up to 22 wt% for MD 

simulations 

DFT calculations and 

MD simulations 

The DES consists of HBA:HBD clusters 

which are diluted upon water absorption. 

Water tends to interact with Cl and to a 

lesser extent with choline and lactic acid. 

Yet, the presence of water in the studied 

composition range does not disrupt the 

HBA:HBD hydrogen bonding of the DES. 

(Alcalde et al., 

2019) 

 

 

 

 



I. Literature Review- 1. Deep eutectic solvents 

35 
 

Table 2. (continued) 

Studied system(s) Water content Technique(s) Comments References 

ChCl:DEG (n=2) 

ChCl:TEG (n=3) 

ChCl:PEG 200 (n~4) 

1:3  

 

(with n the number of ethylene 

glycol units) 

0-75 wt% D20 FTIR and NMR Both NMR and FTIR results showed that the 

interactions between DES' components are 

gradually weaken by the addition of up to 50 

wt% water but the supramolecular structures 

were somehow maintained. Further dilution 

led to the complete dissociation and hydration 

of the DES at 75 wt%. 

(Gabriele et 

al., 2019) 

Resorcinol:U:ChCl 

3:2:1 

0-75 wt% Brillouin 

spectroscopy, NMR, 

neutron scattering, 

MD simulations and 

DSC 

Water acts as another HBD or HBA at 75wt% 

DES by strongly interacting with the 

compounds forming the ternary DES 

resorcinol:ChCl:U without highly affecting the 

hydrogen bonds between them. At this point, 

the system is known as "water in DES" with 

the lowest DES content or highest dilution 

point. Further, this mixture results in a new 

deeper quaternary eutectic, presenting a 

lower melting point than the corresponding 

ternary DES and water. 

(López-Salas 

et al., 2019) 

ChCl:U 

ChCl:EG 

1:2 

0-100 wt% MD simulations Slight changes in hydrogen bonds numbers 

and radial distribution functions were 

observed at a water content lower than 5 wt%. 

While the microscopic structure of both DES 

is massively affected between 5 and 40 wt% 

of water. Above 40 wt%, both DES lose their 

intermolecular structure due to dissolution in 

water and thus the studied parameters barely 

change. Besides, the structure of DES-water 

is not affected by the temperature. 

(Celebi et al., 

2019) 
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Table 2. (continued) 

Studied system(s) Water content Technique(s) Comments References 

RAMEB:Lev 

1:27 

2.5- 60 wt% NMR The diffusion coefficients of the mixture’s 

components revealed two well differentiated 

behaviors, at a cross-over composition of 72 

wt% DES, as the water content varied. This 

was explained by the predominance of the 

“water-in-DES” system above 72 wt% DES 

and a prevalence of the “DES-in-water” 

system below that same composition. 

(El Achkar, 

Moufawad, et 

al., 2020) 

ChCl:EG 

1:2 

3.7- 60.3 wt% MD simulations The nanostructure of ChCl:EG DES is 

maintained up to 40 mol% water (13.2 wt%). 

Between 27.6 and 43.2 wt%, a transition from 

DES-like structure to water-like structure is 

noticed. This transition is accompanied by the 

preferred hydration of chloride, the tendency 

of water to interact with choline's ammonium 

group and the increased hydrogen bonding 

between ethylene glycol molecules. 

(Kaur et al., 

2020) 
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Table 2. (continued) 

Studied system(s) Water content Technique(s) Comments References 

ChCl:EG 

1:2 and 1:3 

0-87 wt% DSC When studying the phase behavior of 

ChCl:EG as a function of water content, two 

distinct thermal phase behaviors were 

detected at a cross-over composition of 30 

wt% water content. When the latter is below 

30 wt%, no water crystallization is observed 

and the glassy phase behavior of the pure 

DES is preserved. However, when the water 

content is above 30 wt%, there is a 

coexistence of ice which is reflected by the 

crystallization and a residual liquid phase, 

made of water and rich in DES components, 

called maximally freeze-concentrated 

solution. In this latter case, water is thought to 

be trapped via strong interactions between 

water and DES components. 

(Jani et al., 

2020) 

ChCl: choline chloride; DEG: diethylene glycol; DSC: differential scanning calorimetry; EG: ethylene glycol; FTIR: Fourier-transform infrared 

spectroscopy; G: glycerol; HBA: hydrogen bond acceptor; HBD: hydrogen bond donor; LA: lactic acid; Lev: levulinic acid; MD: molecular 

dynamics; NMR: nuclear magnetic resonance spectroscopy; OA: oxalic acid; PEG: polyethylene glycol; RAMEB: randomly methylated β-

cyclodextrin; TEG: triethylene glycol; U: urea. 
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Figure 8. Snapshots from molecular dynamics simulations of ChCl:G (left) and ChCl:G-water system (right) 
at 0.9 mole fraction of water. Purple, dark blue and green points represent the carbon, nitrogen and chlorine 
atoms of choline chloride, respectively. Orange points represent the carbon atoms of glycerol. Red and light 
blue points represent oxygen atoms and water molecules, respectively. Reproduced from (Ahmadi, 
Hemmateenejad, Safavi, Shojaeifard, Shahsavar, et al., 2018) with permission from the PCCP Owner 
Societies 

 

2. Impact of DES on living systems 

Despite their appealing features, namely their green and simple preparation from accessible and low-cost 

materials, low melting point, non-flammability, thermal and chemical stability, and mostly tunability, a major 

DES issue remains to be addressed: their safety. Ever since their emergence, DES were always presumed 

to be non-toxic owing to the well-known safety of their forming compounds. Yet, their toxicity and 

biodegradability must be investigated to refer to them as biocompatible and environmentally friendly 

solvents. In 2013, Hayyan et al. were the first to directly tackle this issue by reporting a short communication 

under the title “Are deep eutectic solvents benign or toxic?” (M. Hayyan, Hashim, Hayyan, et al., 2013). 

Surprisingly, it was found that the studied ChCl-based DES were even more cytotoxic than their individual 

components towards brine shrimp but were non-toxic towards Gram-positive and Gram-negative bacteria. 

Thereafter, several toxicity studies, mostly dealing with ChCl-based DES and NADES, were performed 

toward different biological systems. The upcoming sections highlight and discuss the results of the reported 

in vitro and in vivo toxicity studies. 

2.1. In vitro toxicity studies 

Various organisms were considered for the in vitro toxicity studies of DES notably Gram-positive and Gram-

negative bacteria, yeast, fungi, plants along with human, mouse, and fish cell lines.  

2.1.1. Microorganisms 

Microorganisms were strongly adopted as models for DES’ toxicity related studies. Dealing with the most 

studied DES that are based on ChCl, some studies found no bacteria inhibition (M. Hayyan, Hashim, 
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Hayyan, et al., 2013; Y. Huang et al., 2017) while antibacterial and antifungal activities were reported by 

other studies at high concentrations (EC50 ranging between 275 and 532 mM toward E.coli)  (Juneidi et 

al., 2015; Wen et al., 2015). Zhao et al. highlighted the important effect of the HBD on the overall toxicity of 

DES by examining the antibacterial effect of twenty different ChCl-based DES and revealed the toxicity of 

DES comprising an organic acid (B.-Y. Zhao et al., 2015). Likewise, most of the NADES tested by 

Radošević’s group inhibited the growth of microorganisms and the most antimicrobial activity was observed 

with citric acid-based ones. This effect might be linked to the acidity of organic acid-based NADES and to 

the organic acids which are toxic but to a lesser extent, compared to their corresponding DES (Radošević 

et al., 2018). Whereas DES exhibited lower toxicity than their forming compounds towards four fungi strains 

(Juneidi et al., 2016). 

2.1.2. Invertebrates, plants, and fish 

The effect of DES on invertebrates like brine shrimp (Artemia salina Leach), plants like wheat and garlic, 

as well as Cyprinus carpio fish was evaluated by a limited number of studies. It is worth mentioning that the 

brine shrimp cytotoxicity assay is considered for preliminary assessment of cytotoxicity. When testing the 

cytotoxic effect of DES on brine shrimp, both ChCl- and methyltriphenylphosphonium-based DES turned 

out to be much more cytotoxic than the individual compounds forming the DES suggesting a possible 

synergistic effect between DES’ components (M. Hayyan, Hashim, Al-Saadi, et al., 2013; M. Hayyan, 

Hashim, Hayyan, et al., 2013). On the other hand, although being toxic to hydras and garlic, ChCl- and 

ChAc-based DES were less toxic than their forming compounds (Wen et al., 2015). Likewise, both ChCl- 

and N,N-diethyl ethanol ammonium chloride (EAC)-based DES were less toxic on Cyprinus carpio fish than 

their forming compounds (Juneidi et al., 2015, 2016). DES based on ChCl did not inhibit wheat seed 

germination (Radošević et al., 2015). 

2.1.3. Cell lines 

The majority of the DES’ biocompatibility studies rely on the use of human, fish, and mice cell lines. Besides, 

these studies almost solely cover the effect of ChCl-based DES. For instance, ChCl:glucose and ChCl:G 

DES presented a low cytotoxicity (EC50 > 5mM), while ChCl:OA showed a moderate cytotoxicity (0.1 mM< 

EC50 < 5mM) toward CCO fish cell line and MCF-7 human tumor cell line (Radošević et al., 2015). Similarly, 

the only NADES having an organic acid like malonic acid as an HBD and not having water as a third 

component was the most lethal among the ChCl-based NADES (having sugar or glycerol as HBD) tested 

towards human and mice cancer cell lines (M. Hayyan et al., 2016). Four ChCl-based DES, tested toward 

6 human cell lines, turned out to be relatively toxic and the effect was cell line-dependent (M. Hayyan et al., 

2015). Contrarily, ChCl:U, ChCl:G, and ChCl:EG exhibited low cytotoxicity toward both CCO fish and MCF-

7 human cell lines (Cvjetko Bubalo, Jurinjak Tušek, et al., 2015). Moreover, ChCl:glucose and ChCl:fructose 

presented lower cytotoxicity toward several human cell lines when compared with N,N-diethyl ethanol 

ammonium chloride:triethylene glycol (EAC:TEG) whose toxicity is attributed to its acidic pH compared to 
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the neutral sugar-based DES. The cytotoxicity of EAC:TEG is also driven by its redox stress inducement 

and its higher capacity to perforate the cell membranes, owing to the possible interactions of its constituents 

with the cell membrane. However, in this same study, similar EC50 values were obtained for pure 

DES/NADES and their aqueous solutions. Yet, lower EC50 values were observed with the aqueous 

solutions of the individual components. Thus, the authors suggested the spontaneous intracellular 

association of the components to form the DES may minimize the toxic effects of the individual components 

present in the cells (Mbous, Hayyan, Wong, et al., 2017). 

2.1.4. Effect of DES composition on the overall toxicity 

The toxicity studies reported to date do not actually provide a straightforward answer about whether DES 

are toxic or not. It is a rather complex matter and yet so many insights can be drawn from examining these 

studies. In fact, several factors can affect the overall toxicity of DES, such as the choice of the HBD. Many 

studies linked the high toxicity of some DES to the use of organic acids as HBD (Halder & Cordeiro, 2019; 

M. Hayyan et al., 2015, 2016; Radošević et al., 2015; Radošević, Železnjak, et al., 2016; Radošević et al., 

2018; B.-Y. Zhao et al., 2015). As mentioned earlier, Zhao et al. who tested 20 different ChCl-based DES 

on bacteria concluded that amine-, alcohol- and sugar-based DES did not inhibit bacterial growth, but 

organic acid-based DES showed a significant inhibitory effect due to the acidic pH (B.-Y. Zhao et al., 2015). 

Contrarily, Mitar et al. tested 8 organic acid-containing NADES in presence of 10 wt% water, and no growth 

inhibition was noticed in three human cell lines in the studied concentration range (500- 2000 mg/mL) (Mitar 

et al., 2019). When testing the first three types of DES, it turned out that type III which is the most commonly 

used is the least toxic while type I based on an organic salt and a metal salt is the most toxic (Juneidi et al., 

2015). The type of HBA also impacts the overall toxicity of DES. Haraźna et al. tested the cytotoxicity of 

ternary DES based on ChCl, 1-ethyl-3-methylimidazolium chloride, or tributylmethylammonium chloride as 

HBA and a binary mixture of microorganism-derived 3-hydroxycarboxylic acids as HBD. Cytotoxicity test 

showed moderate toxicity of the DES towards MEF 3T3 mouse embryonic fibroblast cells, except for ChCl-

based DES which were non-toxic at the studied concentration range (100- 500 μg/mL) (Haraźna et al., 

2019). Similarly, Juneidi et al. concluded that ChCl-based DES were less toxic than EAC-based DES 

(Juneidi et al., 2015). In their study, Macário et al. adopted different tetraalkylammonium chloride as HBA 

and ethylene glycol or propanol as HBD. Although all the DES and their starting materials were not 

considered to be hazardous to the aquatic environment, increased toxicity with the increase of the alkyl 

side chain length was noticed explained by a higher reactivity with biological membranes and their proteins 

(Macário, Jesus, et al., 2018). The same group highlighted once more the important contribution of the HBA 

since the cytotoxicity of tetrabutylammonium chloride resulted in the cytotoxicity of all the corresponding 

DES, regardless of the HBD type used (Macário et al., 2019). Some studies also revealed how the 

HBA:HBD molar ratio affects the toxicity of DES (Ahmadi, Hemmateenejad, Safavi, Shojaeifard, Mohabbati, 

et al., 2018; Macário, Ventura, et al., 2018). For instance, the transition from 1:3 to 1:1 ChCl:HBD DES 

transformed the effect on E. coli from non-toxic (M. Hayyan, Hashim, Hayyan, et al., 2013) to lethal (Wen 
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et al., 2015). Few studies consider that the presence of water leads to a decrease in the cytotoxic profile of 

the DES (M. Hayyan et al., 2016; Mbous, Hayyan, Wong, et al., 2017). 

2.1.5. Importance of the studied organism 

Different toxicity responses can result from different organisms when exposed to the same solvents 

(Radošević et al., 2018). As mentioned earlier, ChCl-based DES showed no toxicity against bacteria but 

were lethal to brine shrimp (M. Hayyan, Hashim, Hayyan, et al., 2013). Likewise, despite their non-inhibitory 

effect on bacteria (M. Hayyan, Hashim, Hayyan, et al., 2013) and fungi (Juneidi et al., 2015, 2016), ChCl-

based DES showed a toxic effect on Arthrobacter simplex (Mao et al., 2018). The toxicity of DES may thus 

be species-dependent and linked to different effects owing to the structural differences between various 

organisms. It is also worthy to mention that the adopted concentrations in the toxicity studies are 

questionable since researchers consider different ways for the determination of the DES’ molecular weight 

(Florindo et al., 2014; Mitar et al., 2019) and the related equation that is taken into account is not even 

mentioned in most of the papers. 

2.1.6. Mechanism of action 

Few studies considered exploring the mechanism of action of DES. Cardellini et al. examined the 

Saccharomyces cerevisiae cells in presence of pure trimethylglycine:carboxylic acid DES. A rapid decrease 

in the cells’ viability was explained by the cell dehydration since the mechanism of action of DES was highly 

correlated to that of the well-known non-toxic dehydrating agent CaCl2 (Cardellini et al., 2014). Hayyan et 

al. confirmed the rupture of the cell membrane when LDH levels increased with the DES concentration 

tested on MCF7 human breast cancer cells. In addition, it was found that DES did not cause DNA damage 

but enhanced the production of reactive oxygen species (ROS) and induced apoptosis in treated cancer 

cells (M. Hayyan et al., 2015). Radosevic et al. also noticed an accumulation of ROS accompanied by a 

decrease in the antioxidant enzymes in plants following exposure to DES (Radošević et al., 2015). It has 

been assumed that when DES dissociate in cellular media, cholinium cations aggregate and disrupt the 

cellular membranes (Wen et al., 2015). Mao et al. observed a reduction in the bacterial cell membrane 

integrity of A. simplex due to the damaging effect of ChCl salt (Mao et al., 2018). Hayyan et al. examined 

the interactions between NADES and some phospholipids using a computational model. Cellular 

aggregation was proposed as a mechanism of NADES’ cytotoxicity given their tendency to interact with 

HBD and HBA sites and the non-polar surfaces of phospholipids (M. Hayyan et al., 2016). A molecular 

dynamics study investigated the effect of aqueous solutions of eleven ChCl-based DES on 1-palmitoyl-2-

oleoylphoshatidylcholine (POPC) model lipid bilayer. After being dissociated in water, chlorine ions were 

not inserted and the choline cation was inserted in minor quantities for some solvents whereas the 

hydrogen-bond donor molecules were incorporated in the lipidic bilayer. The number of inserted HBD 

depends on their hydrophobicity. However, the structure of the POPC lipidic bilayer does not suffer large 
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changes upon the insertion of the HBD (Atilhan et al., 2017). Also, the toxicity of DES was sometimes 

attributed to their physicochemical properties such as their viscosity and acidity. 

Furthermore, some unclear results can sometimes be obtained. When studying the effect of eleven NADES 

(1:1 ChCl:glucose; 1:1 ChCl:citric acid; 2:1 ChCl:citric acid; 4:1 ChCl:sucrose; 1:1 ChCl:sucrose; 2:1 

ChCl:tartaric acid; 2:1 ChCl:xylose; 3:1 ChCl:xylose; 1:1 citric acid:sucrose; 1:1 citric acid:glucose; 1:1 

glucos:tartaric acid) on L929 fibroblast-like cells, Paiva et al. found some inconsistent results. For instance, 

ChCl:tartaric acid and ChCl:citric acid were the most toxic among tested NADES while tartaric acid:sucrose 

and ChCl:glucose were the least toxic. Such results underline the importance of choosing the right 

combination of compounds for the preparation of DES (Paiva et al., 2014). Huang et al. tested 13 different 

NADES based on ChCl or glycerol and all the solvents did not inhibit bacterial growth except for L-

arginine:glycerol despite the non-toxicity of their individual compounds (Y. Huang et al., 2017). Besides, 

DES showed higher toxicity than their individual components in bacteria (M. Hayyan, Hashim, Al-Saadi, et 

al., 2013; Radošević et al., 2018; B.-Y. Zhao et al., 2015) but an opposite trend was observed in marine 

organisms and plants (Wen et al., 2015) as well as in some human cell lines (Mbous, Hayyan, Wong, et al., 

2017). In fact, possible synergistic interactions between DES’ counterparts resulting in more or less toxic 

DES were suggested by several studies (M. Hayyan et al., 2015, 2016; Juneidi et al., 2015; Mao et al., 

2018; J. M. Silva et al., 2019). Considering DES as mixtures rather than single compounds, Macário et al. 

successfully assessed the toxicity results of some DES by the classical models of mixtures’ toxicity and 

revealed the importance of the synergistic or antagonistic interactions between DES’ components (Macário, 

Jesus, et al., 2018; Macário, Ventura, et al., 2018). When it comes to modeling, a highly accurate and 

predictive multitasking Quantitative Structure-Toxicity Relationship model was reported with a data set of 

498 DES and their components under multiple experimental conditions (different measures of toxic effects, 

different biological targets, and presence of water). The interpretation of various molecular descriptors 

underlines the importance of HBD, polarizability, electronegativity as well as DES’ topological properties to 

the overall toxicity of DES. Regarding the HBD, it was found that sugar alcohols (e.g. sorbitol and xylitol) 

and straight-chain alcohols (e.g. glycerol, ethylene glycol, and 1,2-propanediol) are the least toxic HBD, 

followed by amides (e.g. urea). While sugars (e.g. xylose, fructose, maltose, and glucose) present 

intermediate toxicity and the use of organic acids (e.g. oxalic acid, phenylacetic acid, citric acid, and malic 

acid) contributed the most to DES' toxicity (Halder & Cordeiro, 2019). Very recently, Torregrosa-Crespo et 

al. conducted the first study that considered testing pre-adapted E. coli cells, suggesting the need to 

implement new guidelines for testing DES toxicity given the limitations of the commonly adopted 

approaches such as the high density and viscosity of DES as well as their hydrolysis and possible 

interactions with the nutrients and salts present in the culture media (Torregrosa-Crespo et al., 2020). 

2.1.7. Related uses 

The relative safety of some DES pushed the researchers to consider applying these systems in various 

domains. The study by Macário et al. reveals the promising integration of DES in the pharmaceutical and 
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cosmetic sectors. In this study, different DES prepared using ChCl, tetramethylammonium chloride or 

tetrabutylammonium chloride as HBA and hexanoic acid, butanoic acid, ethylene glycol, 1-propanol, or urea 

as HBD, were tested on two normal and cancer human skin cell lines. Except for the toxic 

tetrabutylammonium chloride-based DES, the other DES were not only non-toxic but some of them even 

enhanced the cell viability of the normal cells (Macário et al., 2019). Having lower toxicity than dimethyl 

sulfoxide, trehalose:glycerol was adopted as a cryoprotective agent because of its wide thermal stability 

and ability to prevent crystallization at low temperatures (Castro et al., 2018). Some authors even exploited 

the toxic effect of some DES towards microorganisms and used them as antimicrobial solvents in 

biomedical applications (J. M. Silva et al., 2019; Wikene et al., 2017). While Radošević et al. made it clear 

that a promising DES for a certain application may not necessarily be environmentally friendly (Radošević, 

Ćurko, et al., 2016). 

 

 

Figure 9. Classification of hydrogen bond donor types according to their toxicity level as per the 
multitasking quantitative structure-toxicity relationship model (adapted from Halder & Cordeiro, 2019). 

 

2.2. In vivo toxicity studies 

Owing to the novelty of this topic, the in vivo toxicity studies of DES are still scarce and they all consist of 

an oral administration of DES. The first in vivo study conducted on mice by Hayyan et al. showed a lethal 

effect of ChCl-based DES (using urea, glycerol, ethylene glycol, and triethylene glycol as HBD) at high 

concentrations with an LD50 of around 5-6 g/kg. Besides, as with bacteria, the DES was more toxic than 

its individual compounds (M. Hayyan et al., 2015). Chen et al. were aiming to use 1:2 ChCl:G DES as a 

drug carrier, so they tested its acute toxicity on mice. The authors considered the DES as relatively safe 
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with an LD50 of 7.733 g/kg (J. Chen et al., 2017). This value is somehow close to that obtained by Hayyan 

et al. for 1:3 ChCl:G (LD50= 6.39 g/kg) although different ChCl:G molar ratios were used. Moreover, despite 

their low in vitro toxicity, NADES based on ChCl and sugars were highly toxic on mice with an LD50 of 

around 1g/kg, which was probably ascribed to their high viscosity (Mbous, Hayyan, Wong, et al., 2017). 

According to Benlebna et al. who conducted an in vivo study on rats by testing a glycerol:betaine NADES 

extract rich in phenolic compounds, it is a question of finding the right dose and the appropriate combination 

of the compounds forming the NADES. Although various detrimental effects were observed in rats after an 

approximative daily dose of 36 g/kg (2 out of 6 rats died), this effect was better than those observed by 

Hayyan et al. and Chen et al. who found much lower LD50 of ChCl:G on mice. In addition, the administration 

of NADES extract induced dietary restriction, weight loss, adipose tissue loss, excessive water 

consumption, hepatomegaly, plasma oxidative stress, and increased blood lipid levels. Once more, 

dehydration and high viscosity are thought to cause some of these effects. The overall results might be due 

to a balance between the positive anti-oxidant properties of both phenolic compounds and betaine and the 

deleterious effects of glycerol (Benlebna et al., 2018). 

 

2.3. Biodegradability 

The emergence of DES has come in the first place to replace the traditional organic solvents and to 

overcome their environmental issues. Finding new eco-friendly solvents is a very important subject in green 

chemistry. This chemistry section “deals with the design of chemical products and processes that reduce 

or eliminate the use or generation of substances hazardous to humans, animals, plants, and the 

environment”, according to the International Union of Pure and Applied Chemistry (IUPAC) (Vert et al., 

2012). Therefore, realizing the environmental impact and fate of DES is crucial. In other words, the 

biodegradability of the DES is required to define them as green systems. Only a few studies have 

investigated the biodegradability of DES so far. Most of these studies, presented in chronological order in  

Table 3, have used the closed bottle test to measure the biodegradability level. According to the 

Organization for Economic Cooperation and Development (OECD), chemicals are considered readily 

biodegradable if they reach a biodegradation level of 60% in a 10-day window within the 28-day period of 

the OECD 301 test (OECD, 1992). The majority of the studied DES, mainly based on ChCl, were proved 

to be readily biodegradable. This was attributed to the biodegradability of their forming compounds. In some 

cases, lower biodegradability levels were obtained and these dissimilarities between different studies can 

be ascribed to differences in reaction conditions, sources of microorganisms, DES concentrations, and 

molar ratios, as well as different time periods.
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Table 3. Summary of the reported studies on deep eutectic solvents’ biodegradability 

Deep eutectic 
solvents 

Initial DES 
concentration 

Method Time 
period 

Source of 
microorganisms 

Results References 

ChCl:Glucose (2:1); 
ChCl:OA (1:1); 
ChCl:G (1:2) 

100 mg/L OECD 301D- 
Closed bottle test 

28 days Effluent from an 
urban 
wastewater 
treatment plant 

The biodegradability ranged 
between 68 and 96% thus allowing 
the classification of these DES as 
readily biodegradable. 
Order of biodegradability: ChCl:G > 
ChCl:glucose> ChCl:OA. 

(Radošević 
et al., 
2015) 

8 DESs using ChCl 
or ChAc as HBA; 
and urea, 
acetamide, glycerol, 
or ethylene glycol 
as HBD at 1:1 molar 
ratio 

4 mg/L OECD 301D- 
Closed bottle test 

28 days Activated sludge 
from a wastewater 
treatment plant 

2 out of 8 DES are biodegradable: 
ChCl:U and ChCl:acetamide. The 
other DES presented a 
biodegradability level lower than the 
pass level (<60%). 

(Wen et al., 
2015) 

ChCl:EG (1:2); 
ChCl:G (1:2); 
ChCl:U (1:2); 
EAC:EG (1:2); 
EAC:G (1:2); 
EAC:MA (1:1); 
EAC:zinc nitrate 
hexahydrate (1:1); 
EAC: zinc chloride 
(1:2) 

5 mg/L OECD 301D- 
Closed bottle test 

28 days A secondary 
effluent treatment 
plant 

All the DES are biodegradable with 
levels ranging between 61 and 91% 
observed for ChCl:G and EAC:MA 
DES, respectively. ChCl-based 
DES were clearly more 
biodegradable than EAC-based 
ones. 

(Juneidi et 
al., 2015) 

20 ChCl-based DES 3 mg/L OECD 301D- 
Closed bottle test 

28 days Fresh lake water All the tested DES are readily 
biodegradable with a minimum of 
69.3% biodegradability after 28 
days. Order of biodegradability: 
amine-based DES ~ sugar-based 
DES > alcohol-based DES > acid-
based DES. 

(B.-Y. Zhao 
et al., 
2015) 
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Table 3. (continued) 

Deep eutectic 
solvents 

Initial DES 
concentration 

Method Time 
period 

Source of 
microorganisms 

Results References 

13 ChCl- and 
glycerol-based 
NADES using 
alcohols, sugars, 
and amino acids as 
HBD 

3 mg/L OECD 301D- 
Closed bottle test 

28 days Fresh lake water All the NADES are biodegradable 
with a minimum of 70.5% for 
arginine:G and a maximum of 
94.8% for ChCl:G. 

(Y. Huang 
et al., 
2017) 

10 ChCl-based DES 5 mg/L or 
43.8 μL 

Winkler method or 
new automated 
chemiluminescence 
method 

5 days 
or 7.5 
min 

Bacteria or 
Saccharomyces 
cerevisiae yeast 

The DES showed higher 
biodegradability levels compared to 
ILs with values ranging between 
49.2% and 71.6% for ChCl:MA and 
ChCl:U, respectively, in the studied 
time period. 

(Costa et 
al., 2018) 

9 ternary DES 
based on ChCl, 
EMImCl, or TBMACl 
as HBA and a 
binary mixture of 3 
hydroxycarboxylic 
acids as HBD at a 
1:1 or 1:2 HBA:HBD 
molar ratio 

50 mg/L OECD 301  21 days Activated sludge The analysis by HPLC-MS showed 
that ChCl and the HBD were fully 
degraded within 5- 6 days. While 
TBMACl and EMImCl were not 
degraded during the studied period 
of 21 days. 

(Haraźna 
et al., 
2019) 

ChAc: Choline Acetate; ChCl: choline chloride; EAC: N,N-diethyl ethanol ammonium chloride; EG: ethylene glycol; EMImCl: 1-ethyl-3 

methylimidazolium chloride; G: glycerol; HBA: hydrogen bond acceptor; HBD: hydrogen bond donor; HPLC-MS: High Performance Liquid 

Chromatography- Mass Spectrometry; MA: malonic acid; OA: oxalic acid; TBMACl: tributylmethylammonium chloride; U: urea. 
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3.  Applications 

In addition to the remarkable and tunable properties of DES, the growing need for eco-friendly processes 

and the urge to replace conventional organic solvents led the researchers to consider these new solvents 

in diverse fields of application. Since their discovery, DES have been perused in organic synthesis, 

catalysis, electrochemistry, solubilization, and extraction, among others. This upcoming section provides a 

general overview of the major reported applications while focusing on the solubilization and extraction 

studies. 

3.1. Reaction medium 

The environmental impact of the hazardous organic solvents can be fortunately minimized by the use of 

DES given the atom economy of their synthesis, their high biodegradability, and their possible recyclability 

and reusability, among others. That said, DES were considered in organic synthesis and can be divided 

into two groups depending on their role: innocent and active DES. In the former group, DES simply act as 

a reaction medium. Whereas in the latter, DES can have an intrinsic reagent character depending on its 

forming compounds or can act as a catalyst in the organic reaction. Either way, DES were successfully 

involved in numerous types of reactions namely redox, esterification, cyclization, condensation, and 

multicomponent reactions (Alonso et al., 2016). Moreover, catalysis represents a tremendously important 

field since it is involved in the processing of over 80% of the manufactured products. Catalysis can not only 

save time and energy but can also reduce the production of waste thus supporting the objectives of green 

chemistry. However, finding a suitable solvent in catalyzed reactions is critical since a solvent must allow 

better contact between reactants and catalysts and must provide an easy separation and recycling 

procedure. Due to their peculiar properties and the diversified nature of their possible forming compounds, 

DES were fruitfully applied in several acid-, base- and metal-catalyzed reactions, which were clearly 

covered by a comprehensive and illustrating review by Zhang et al. (Q. Zhang et al., 2012). When it comes 

to biocatalysis, water is the most used solvent. Nevertheless, the polar nature of water limits its ability to 

solubilize some substrates. That’s why researchers were looking for non-aqueous media to be employed 

in biocatalytic transformations. DES were first applied as solvents in a lipase-catalyzed reaction in 2008 by 

Gorke et al. (Gorke et al., 2008). Since then, DES were mostly evaluated for lipase- and protease-catalyzed 

esterification and transesterification reactions, among others. The use of DES in both enzymatic and whole-

cell biocatalysis led to promising results. There are three application principles of DES in biocatalysis: a 

DES can serve as a solvent, as a co-solvent or as a combined solvent and substrate, as illustrated in Figure 

10. In this 2-in-1 approach, some compound(s) can act as DES component(s) and as substrate(s) at the 

same time. The enzyme activity and stability and the possible side reactions with DES’ components must 

be taken into consideration when choosing the right DES for the right catalytic reaction. On a separate note, 

the addition of water to the DES showed considerable effects on the resulting enzymatic reaction, since 
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higher yields were obtained when a certain optimized water content was added, compared with pure DES 

(Pätzold et al., 2019). 

 

 

Figure 10. Three possible ways to apply deep eutectic solvents in biocatalysis (Pätzold et al., 2019) 

 

3.2. Biomass processing 

Biomass consists of renewable, biocompatible, and biodegradable materials derived from food crops, 

animal and plant wastes, forest products, and industrial residues. The conversion of biomass into valuable 

materials, energy, and biofuels requires a processing step. Aiming to lower the environmental impact of the 

traditional solvents and to improve their properties, DES are recently being explored for a greener biomass 

valorization. DES have been showing encouraging findings when used as solvents or cosolvents in the 

biomass processing due to their important solubilizing and extracting abilities. DES, mostly based on ChCl, 

were tested for the pretreatment of biomass and the dissolution, separation, or extraction of biomass 

compounds. The latter include carbohydrates (cellulose, chitin, starch), lignin (which makes 20 to 30% of 

the biomass), and some lignin monomeric model compounds, phenolic compounds along with some 

proteins, lipids, and vitamins. Besides, DES contributed to the biomass conversion by acting as solvents or 

catalysts (Y. Chen & Mu, 2019).  
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3.3. Electrochemistry 

Electrochemistry is the first explored field of the reported DES applications. DES were considered for 

electrochemical applications to avoid the limitations related to the use of aqueous solutions and ionic liquids. 

Because of their water tolerance and their redox potential, DES were successfully applied in metal and 

alloy electrodeposition, electropolishing, metal separation, and electrolytes preparation (Q. Zhang et al., 

2012). 

3.4. Extraction 

Conventional organic solvents and water were long considered for extraction-related applications. 

Nevertheless, the toxicity of the organic solvents and the exclusive selectivity of water toward polar 

compounds pushed the researchers to explore DES as extraction solvents owing to their greener character, 

tunable properties, and remarkable solubilizing ability (Fernández et al., 2018). During the past few years, 

DES and their natural counterparts NADES were successfully applied for the extraction of diverse 

compounds which mostly include natural bioactive compounds namely flavonoids, isoflavones, phenolic 

compounds, terpenoids, anthraquinones, and alkaloids (Chemat et al., 2019; J. Huang et al., 2019; 

LAVAUD et al., 2020). Some studies related to the extraction of proteins, polysaccharides, and nucleic 

acids were also reported (El Achkar et al., 2019). Further, the development of the hydrophobic DES in the 

last five years expanded DES’ applications as they allowed the extraction of non-polar compounds (Florindo 

et al., 2019). Table 4 presents some selected examples providing a general overview of DES applications 

as extraction solvents. DES were considered for the extraction of various compounds from different 

matrices, at different water contents, and using different extraction techniques. DES have been adopted in 

modern extraction techniques that can overcome the limitations of conventional ones (e.g. maceration and 

percolation). Indeed, conventional methodologies impose the use of large volumes of hazardous solvents, 

long extraction periods, low extraction yields, and poor disposal and recycling practices (Zainal-Abidin et 

al., 2017). Several methods have been employed while using DES as extraction solvents and they mainly 

involve liquid-phase microextraction, ultrasound-assisted microextraction, and microwave-assisted 

extraction. The distribution of the used extraction techniques is illustrated in Figure 11. Liquid-phase 

microextraction occupies the majority (41%) of DES’ extraction studies and it mainly comprises dispersive 

liquid-liquid microextraction (DLLME), DES-based aqueous two-phase system (ATPS), hollow-fiber liquid-

phase microextraction and single drop microextraction. On the other hand, ultrasound- and microwave-

assisted extractions are considered in 34% and 11% of DES extraction studies, respectively. In liquid-phase 

microextraction techniques, few microliters of the extracting solvent are placed in direct contact with the 

aqueous sample or in its headspace, thus favoring a higher degree of concentration and a lower solvent 

consumption (Cunha & Fernandes, 2018). The dispersive liquid-liquid microextraction consists on the 

dispersion of the extracting solvent in the aqueous sample solution, enabling a faster extraction of analytes 

present in the aqueous sample. The dispersion is usually aided by a dispersive solvent that is miscible with 

both extracting and aqueous phases. In some other cases, dispersion can be formed by the injection of air 
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bubbles, vortex-mediated bubbles formation or by the syringe sucking-injecting mechanic action (Cunha & 

Fernandes, 2018). The ATPS or aqueous two-phase system, used in liquid-liquid extraction processes, is 

usually based on two aqueous solutions that are immiscible above certain concentrations. DES-based 

ATPS recently emerged by replacing some phase-forming compounds with DES for a greener and more 

effective process. The DES-based ATPS generally involves the combined use of a DES and an aqueous 

solution of an inorganic salt, in the view of extraction and purification of biomolecules. However, the 

mechanism behind the phase formation of this system is still a controversial subject (Farias et al., 2020). 

Ultrasound-assisted microextraction promotes the contact between the sample and the extracting solvent 

via the ultrasonic energy. It also requires low volumes of DES and short extraction times. On the other 

hand, microwave-assisted extraction increases the extraction kinetics by heating the solvent and the 

sample through non-ionizing electromagnetic irradiation (Cunha & Fernandes, 2018). 

Gonzalez et al. recently discussed the requirements of an optimal extraction method (Gonzalez et al., 

2020). These include the use of green solvents, compatibility between the extracting solvent and the 

method, a high efficiency, reproducibility, and sensitivity as well as maintenance of the extracts’ stability. 

When it comes to the choice of the DES, there are important properties like the polarity and the viscosity 

that can affect the extraction capacity of the solvent. The high versatility of the DES and their adjustable 

properties offer promising extraction abilities towards various compounds. Consequently, the extracting 

solvent can be designed according to the choice of its forming compounds and its molar composition. 

Although the common high viscosity of DES might come in the way by hindering the mass transfer, it can 

be reduced by simply adding the right amount of water to relative hydrophilic DES. This addition may also 

help in changing their polarity in a way to meet the polarities of the target compounds thus enhancing their 

selective extraction ability. Yet, predicting the appropriate DES for a certain extraction application remains 

a challenge since a solvent that can highly solubilize the pure target compounds is not necessarily able to 

extract them most probably due to a matrix effect (Gonzalez et al., 2020). That said, different DES-related 

parameters must be optimized along with several other external factors to reach the maximum extraction 

capacity (Zainal-Abidin et al., 2017). The external factors possibly include the water content, the 

temperature, the extraction time, the sample to the DES ratio, among others (J. Huang et al., 2019).  
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Table 4. Selected examples of deep eutectic solvent-based extractions 

Target compound(s) Matrix Deep eutectic solvent(s) Water content Extraction method References 

Phenolic acids (ferulic, 

caffeic and cinnamic 

acids) 

Olive, almond, 

sesame and 

cinnamon oils 

ChCl:EG and ChCl:G 

1:2 

No added 

water 

Ultrasound-assisted 

microextraction 

(Khezeli et al., 2016) 

Rutin (flavonoid) Tartary buckwheat 

hull 

13 ChCl- and 

glycerol-based NADES; 

best solvent type: 

ChCl:G 

1:1 

0- 50 wt% Ultrasound-assisted 

extraction 

(Y. Huang et al., 2017) 

Isoflavones Soy-containing food 

products 

17 NADES; best solvent 

type: ChCl:citric acid 

1:1 

10- 75 wt% Ultrasound-assisted 

microextraction 

(Bajkacz & Adamek, 

2017) 

Phenolic acids and 

tanshinone IIA 

Radix 

Salviae miltiorrhizae 

25 ChCl-based DES 0- 80% (v/v) Microwave-assisted 

extraction 

(J. Chen et al., 2016) 

Terpenoids Chamaecyparis 

obtusa leaves 

ChCl:EG  

1:2, 1:3, 1:4 and 1:5 

No added 

water 

Headspace solvent 

microextraction 

(Tang et al., 2014) 

Phytocannabinoids Cannabis sativa plant 10 Menthol:carboxylic 

acids DES 

No added 

water 

Ultrasound-assisted 

microextraction 

(Křížek et al., 2018) 

Bovine serum albumin 

and trypsin 

_ ChCl:G 

1:1 

No added 

water 

ATPS (Xu et al., 2015) 

Chitin Lobster shells ChCl:U (1:2) 

ChCl:thiourea (1:1) 

ChCl:G (1:2) 

ChCl:MA (1:2) 

No added 

water 

Heating and stirring (Zhu et al., 2017) 

ATPS: aqueous two-phase system; ChCl: choline chloride; EG: ethylene glycol; G: glycerol; MA: malonic acid; U: urea. 
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Figure 11. Distribution of the adopted extraction techniques using deep eutectic solvents. The dark blue 
color represents the liquid-phase microextraction techniques (based on Scopus database; May 2020) 

 

3.5. Solubilization 

The solubilizing ability of DES constitutes a highly attractive feature that strongly contributed to their 

consideration in diverse fields of applications namely organic synthesis, biocatalysis, extraction, drug 

delivery, and biomass processing. Indeed, DES conferred a remarkable solubility to various compounds 

including metal oxides (Abbott et al., 2003), gas (X. Li et al., 2008), drugs (Morrison et al., 2009), along with 

biological macromolecules and natural compounds (Choi et al., 2011). 

In this section, we will mainly focus on the solubilization of drugs and biomolecules. Morrison and coworkers 

were the first to evaluate the solubility of five poorly water-soluble drugs in DES and aqueous DES mixtures. 

They tested ChC:U and ChCl:MA DES which were able to improve the solubility of the compounds by 5 to 

22000 fold compared with their solubility in water (Morrison et al., 2009). Thereafter, the solubility of various 

drugs was explored by many researchers who mainly adopted ChCl-based DES and proved the potential 

of DES as solvents for pharmaceutical formulations (Emami & Shayanfar, 2020). On another note, Choi’s 

group perused the solubility of some bioactive compounds and biological macromolecules in NADES to 
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understand the role of the newly discovered solvents at that time. They noticed a significant solubility of 

some bioactive compounds like rutin, paclitaxel, and ginkgolide B as well as some biomolecules such as 

salmon DNA, starch, and proteins (albumin and amylase), thus suggesting the engagement of the naturally 

occurring NADES in various biochemical reactions and physiological functions (Choi et al., 2011; Durand 

et al., 2020). 

 

 

Figure 12. Compounds considered for the deep eutectic solvents’ solubilization studies 

 

Despite the number of studies further reporting high solubilization abilities of DES, the ones dealing with 

solute-solvent interactions as well as the underlying mechanism are still relatively limited. Several methods 

can be used to study the solubilization mechanism and the interactions lying between the solute and the 

solvent. These mainly include NMR, infrared and UV-visible spectroscopies, in addition to   computational 

methods like MD simulations. Table 5 presents some studies investigating the dissolution mechanism in 

DES. The latter mainly involves hydrogen bonding interactions between the solute and the components of 

the DES. The solute-solvent interactions must be stronger than the solvent-solvent or the solute-solute 

interactions for dissolution to occur. The dissolution also depends on several factors like the HBA and HBD 

types, the viscosity and compartmentalized structure of the DES, the solute’s polarity, the temperature and 

the presence of water.  
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Table 5.Investigations of the deep eutectic solvents’ solubilization mechanism 

Tested compound(s) Deep eutectic solvent(s) Techniques Mechanism References 

Drugs 

Lidocaine (anesthetic) ChCl:LA and β-alanine:LA 
1:1 

Density functional 
theory 
and MD simulations 

The efficient solvation of lidocaine by both 
studied DES involves a combination of 
strong van der Waals interactions and 
hydrogen bonds occurring between lidocaine 
and DES' components. Upon the addition of 
lidocaine, the DES undergoes some 
rearrangements to accommodate the drug, 
while maintaining its hydrogen bonding 
network. Important choline-lidocaine van der 
Waals interactions are observed in ChCl:LA 
and spatial distribution functions reveal the 
concentration of choline cations above the 
phenyl, carbonyl, and amine groups of 
lidocaine. The dominant hydrogen bonds 
occur between choline-lidocaine for ChCl:LA 
and between LA-lidocaine for β-alanine:LA. 
The self-association between lidocaine 
molecules is discarded. 

(A. Gutiérrez 
et al., 2018) 

Indomethacin (a non-
steroidal anti-inflammatory 
drug) 

Aqueous solutions of 
TBABr:G or TBABr:EG 
1:4 at a DES weight fraction 
ranging from 0 to 1  

Determination of the 
Hansen solubility 
parameters and the 
thermodynamic 
properties 

Ethylene glycol-containing DES presented a 
higher indomethacin solubility than glycerol-
based one. This experimental result was 
reflected by the Hansen solubility 
parameters which can help in the prediction 
of a solute solubility in a given solvent, thus 
supporting the "like dissolves like" strategy. 
The drug dissolution in the aqueous 
solutions of DES is an endothermic (ΔH>0) 
and non-spontaneous process (ΔG>0). 
However, a higher DES weight fraction led to 
a greater indomethacin solubility 
accompanied by a decrease in ΔG and ΔH. 

(Mokhtarpour 
et al., 2019) 
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Table 5. (continued) 

Tested compound(s) Deep eutectic solvent(s) Techniques Mechanism References 

Drugs 

Sulfonamides 
(antimicrobial) 

ChC:G at 2:1, 1:1 and 1:2 
molar ratios 

COSMO-RS  
computational model 

Being selected as the best solubilizing 
solvent among other ChCl-based DES 
toward sulfonamide drugs, ChCl:G 
solubilizing effect is explained by 
predominant interactions taking place 
between ChCl and the sulfonamide drug. 
The important and stable ChCl-drug 
interactions are proved by studying the 
heteromolecular affinities expressed in terms 
of Gibbs free energy. 

(Cysewski & 
Jeliński, 
2019) 

Bupivacaine, prilocaine and 
procaine (anesthetics) 

Arginine:glutamic acid; 
Arginine:OA; 
Arginine:tartaric acid 
1:1 

Density functional 
theory 
and MD simulations 

Strong affinities were observed between the 
anesthetics and both arginine and the 
organic acids forming the DES. Hydrogen 
bonds formation between the anesthetic's 
carbonyl group and the hydroxyl and amine 
groups of the HBA and HBD of the DES are 
the main characteristics of the solvation 
mechanism. 

(A. Gutiérrez 
et al., 2020) 

Biopolymers 

Lignin (technical lignins and 
lignin monomer model 
compounds) 

14 DES based on ChCl, 
alkyammonium- and 
alkylphosphonium chloride 
or urea as HBA and glycerol, 
ethylene glycol, urea or 
carboxylic acids as HBD 
(both neat DES and their 
aqueous solutions were 
tested) 

UV-vis spectroscopy 
and Fourier 
Transform Infrared 
spectroscopy-based 
method for solubility 
measurements 

The solubilization of lignins or 
lignin monomer model compounds (ferulic 
acid, vanillic acid, syringaldehyde, and 
syringic acid) in DES was driven by one of 
two mechanisms: hydrotropy and 
cosolvency. Some DES act as hydrotropes 
when a non-monotonic solubility 
enhancement is observed as a function of 
DES concentration. Other DES play the role 
of cosolvents which induce a monotonic 
solubility enhancement with increasing DES 
concentration. However, hydrotropy led to 
greater solubility enhancement compared 
with cosolvency. 

(Soares et 
al., 2019) 
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Table 5. (continued) 

Tested compound(s) Deep eutectic solvent(s) Techniques Mechanism References 

Biopolymers 

Cellulose ChCl:U; ChCl:G; 
ChCl:citric acid; ChCl:OA 
1:2 

Scanning electron 
microscopy 
and X-Ray 
diffraction 

Although relatively low (up to 2%), the 
dissolution of cellulose in DES is driven by 
hydrogen bonding formation 
between DES' components and the hydroxyl 
groups of cellulose. The dissolution is also 
enhanced by the temperature and the 
solvent's properties such as its low viscosity. 
ChCl:OA, which is the least viscous 
exhibited the best cellulose dissolution. The 
regenerated cellulose presents the same 
structure but a transition from type I to type II 
of its crystalline form occurred after 
dissolution in DES. 

(H. Zhang et 
al., 2020) 

Biomolecules 

Quercetin (flavonoid) Xylitol:ChCl:water 
1:2:3 

High-resolution 
magic angle 
spinning NMR 

Being over 400000 times more soluble in 
NADES than in water, quercetin's high 
solubility is attributed to the formation of 
hydrogen bonds between quercetin and 
NADES' molecules. 

(Dai et al., 
2013) 

Glucose TBABr:Imidazole 
1:2; 
TBABr:EG and TBABr:G 
1:4 

Determination of the 
thermodynamic 
properties and MD 
simulations 

TBABr:Imidazole presented the highest 
glucose solubility although an isomerization 
from glucose to fructose was observed in this 
DES at high temperatures, in the absence of 
a catalyst. MD simulations revealed the 
important role of the anion and the HBD 
which enhanced the glucose dissolution by 
forming hydrogen bonds with glucose 
molecules. 

(Mohan et 
al., 2017) 
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Table 5. (continued) 

Tested compound(s) Deep eutectic solvent(s) Techniques Mechanism References 

Others 

4-aminophtalimide, 
coumarin 153 and 
anthracene 

ChCl:EG; ChCl:1,3-PD; 
ChCl:1,4-BD 
1:3 
ChCl:1,2-BD; ChCl:1,3-
BD; 
ChCl:2,3-BD 
1:4 

Time-resolved 
fluorescence 
anisotropy and 
fluorescence 
correlation 
spectroscopy 

A different behavior of the fluorescent 
solutes was observed in the ChCl:diol DES. Each 
molecule occupies a certain area of the heterogeneous 
DES' structure comprising both ionic and molecular 
regions (Figure 13). The polar 4-aminophtalimide is 
located in the ionic polar region, the large coumarin 153 
at the interface between ionic and molecular regions, 
and anthracene in the molecular region due to its non-
polar nature. The distinct rotational and translational 
diffusion of 4-aminophtalimide is ascribed to strong 
solute-solvent hydrogen bonding interactions, which are 
mostly enhanced with increasing HBD' chain length. 

(Hossain & 
Samanta, 
2018) 

Glucose, 1-pentanol 
and phenol 

ChCl:EG 
1:2 

Pulsed-field 
gradient NMR, 2-
dimensional 
Overhauser effect 
spectroscopy and 
DLS 

The presence of 10 wt% glucose in ChCl:EG resulted in 
a homogenous mixture owing to strong solute-solvent 
hydrogen bonding interactions. On the other hand, 10 
wt% 1-pentanol or phenol led to aggregates formation. 

(Häkkinen, 
Alshammari, 
et al., 2019) 

Coumarin 151 ChCl:EG 1:2; 
 ChCl:1,3-PD; ChCl:1,4-
BD 
1:3; 
ChCl:1,5-pentanediol 
1:3.5 

Infrared 
spectroscopy 
and MD 
simulations  

Following the electrostatic field exerted 
by the DES (mostly by ChCl) on coumarin via 
coumarin's carbonyl group allowed the elucidation of the 
distribution, orientation, and interactions taking place in 
ChCl: alcohol DES in presence of a solute. The increase 
in chain length of the alcohol HBD reduced the hydrogen 
bonding affinities between alcohols' hydroxyl groups 
and coumarin's carbonyl group. It also affected the 
spatial arrangement of choline cations which 
concentration around the solute increased with the 
alcohol's chain length. 

(Chatterjee 
et al., 2020) 

BD: butanediol; ChCl: choline chloride; COSMO-RS: conductor-like screening model for real solvents; DLS: dynamic light scattering; EG: 
ethylene glycol; G: glycerol; HBA: hydrogen bond acceptor; HBD: hydrogen bond donor; LA: lactic acid; MD: molecular dynamics; NMR: nuclear 
magnetic resonance; OA: oxalic acid; PD: propanediol; TBABr: tetrabutylammonium bromide; U: urea 
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Figure 13. Illustration of the possible localization of 4-aminophtalimide (AP), coumarin 153 (C153), and 
anthracene (ATN) in the heterogeneous domain-like structure of ChCl:alcohol deep eutectic system 

Reproduced from (Hossain & Samanta, 2018) with permission from the PCCP Owner Societies. 

 

3.6. Drug delivery 

Water is the most preferable solvent to be used in pharmaceutical formulations. However, 40% of approved 

drugs and almost 90% of drugs under development are poorly water-soluble (Pedro et al., 2019). 

Consequently, new and safe solvents are needed to provide better drug solubility. DES interfere in different 

ways to overcome the limitations linked with solid drugs namely their low solubility, stability, permeation, 

bioavailability, and therapeutic action. As mentioned above, DES can act as solvents solubilizing active 

pharmaceutical ingredients. For instance, Lu et al. obtained a 17 to 5477 -fold increase in the solubility of 

non-steroidal anti-inflammatory drugs in different DES when compared with their solubility in water (Lu et 

al., 2016). In addition, an active pharmaceutical ingredient can be used as one of the DES’ components 

resulting in the formation of therapeutic DES called THEDES. The concept of THEDES dates back to 1961 

when the solubility and absorption of sulfathiazole were improved when using the eutectic mixture 

comprising sulfathiazole and urea (Sekiguchi & Obi, 1961). The conversion of active pharmaceutical 

ingredients into liquids may overcome the constraints associated with the use of solid forms. Although an 

active pharmaceutical ingredient can act as an HBA and/or HBD, most of the reported THEDES to date 

use it as an HBD. In some other cases, dual-function liquids are prepared by mixing two active 

pharmaceutical ingredients (Pedro et al., 2019). For instance, the anesthetic cream EMLA®, which is the 

first patented and commercialized eutectic mixture, is composed of prilocaine and lidocaine (Juhlin et al., 

1980). However, a dual function DES based on ibuprofen and lidocaine was recently reported and allowed 
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a faster and stronger lidocaine effect when compared to EMLA (Berton et al., 2017). Furthermore, active 

pharmaceutical ingredients were combined with skin permeation enhancers (acting as a second DES’ 

component) like menthol and thymol for topical and transdermal delivery. In fact, most of the studies 

reporting therapeutic DES focus on topical and transdermal delivery (Pedro et al., 2019). Figure 14 provides 

some examples of DES comprising active pharmaceutical ingredients. 

 

 

Figure 14. Examples of reported deep eutectic solvents comprising active pharmaceutical ingredients 

 

Also, the therapeutic DES that presents a polymerizable character can contribute to the development of 

new (bio)polymer-based drug delivery systems while exerting a triple-action by providing the active 

pharmaceutical ingredient, acting as a monomer and as the synthetic medium. These systems may offer a 

greater therapeutic effect and a controlled drug release (Pedro et al., 2019). Also, the self-assembly of 

some amphiphilic molecules like surfactants and lipids in the DES has been investigated by few studies 

and open up the possibilities to use these self-assembled structures as drug carriers (Emami & Shayanfar, 

2020). Further details regarding these studies will be given in the upcoming section. 

 

4. Encapsulation systems 

4.1. Cyclodextrins 

Discovered more than 120 years ago, cyclodextrins (CD) are naturally occurring cyclic oligosaccharides 

resulting from the enzymatic degradation of starch. α-, β- and γ-CD represent the most common native CD
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comprising 6, 7, or 8 (D)- (+) glucopyranose units linked together by α-1,4 glycosidic bonds. The chair 

conformation of glucose units gives rise to doughnut-shaped molecules. These molecules present a 

hydrophilic outer surface characterized by suspended primary and secondary hydroxyl groups on the 

narrow and wide edges, respectively, alongside a hydrophobic inner cavity marked by C-H groups and 

glycosidic oxygens (Figure 15). Native CD, especially β-CD, present a poor solubility in water due to the 

intramolecular hydrogen bonds taking place between hydroxyl groups of adjacent glucose molecules. 

Consequently, CD derivatives are produced to improve the solubility of native CD by replacing the hydroxyl 

groups with other polar or apolar moieties. The most adopted CD derivatives include hydroxypropylated, 

methylated, and sulfobutylated CD. Owing to their amphiphilic nature, CD are fortunately able to selectively 

encapsulate some molecules of relative low hydrophilicity and appropriate size into their cavity by forming 

non-covalent host-guest inclusion complexes. This property enabled CD to be involved in numerous 

application fields like food and aroma, pharmacy and cosmetology (Kfoury et al., 2016).  

 

 

Figure 15. Illustration of the three native cyclodextrins 

 

4.2. Combination of DES and cyclodextrins 

There are a limited number of studies that considered combining the concept of DES with that of CD. 

Indeed, CD were dissolved in DES to improve their solubility, to investigate their beneficial properties, and 

to explore them in several domains. On the other hand, CD were used as one of DES’ components in a few 

studies, given their large number of hydrogen bonding sites. The first CD-based mixture consisted on β-

CD:N-methylurea (3:7 mass ratio). This combination resulted in a low melting mixture with a melting point 

of 80°C and successfully served as a reaction medium for Suzuki-Miyaura and Heck cross-coupling 

reactions (X. Zhao et al., 2014). Later, Jérôme and coworkers obtained low melting mixtures made of native 

CD or CD derivatives and N,N’-dimethylurea (DMU) with a melting point around 90°C and high catalytic 

activities were found when using these mixtures as solvents for hydroformylation and Tsuji-Trost reactions 

(Ferreira et al., 2015; Jérôme et al., 2014). The high melting point was beneficial in this case allowing, via 

simple cooling, the recycling of the catalytic system without any loss of catalytic activity. The melting point 
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was not affected by the size or the chemical modification of the CD. However, modified CD resulted in less 

viscous liquids, compared with their corresponding native CD, which also led to higher substrate 

conversion. The idea of complexation between the CD and the substrate was excluded after testing the 

acyclic CD unit, α-D-methylglucopyranose (Ferreira et al., 2015; Hapiot et al., 2017). Xiong et al. adopted 

a highly efficient and recyclable catalytic system consisting of ChCl:U DES as a solvent and γ-CD (5 mol%) 

as a catalyst for the synthesis of 2-amino-4H-benzo[b]pyrans and 1,4-dihydropyridines via multi-component 

reaction (Xiong et al., 2019). After their patent related to the use of DES as an absorbent for volatile organic 

compounds and after revealing the additional solubilizing effect of the CD when added to ChCl:U, 

Fourmentin’s group proved the ability of native and modified CD to form inclusion complexes in ChCl:U 

DES medium (Fourmentin et al., 2016; Moufawad et al., 2019). In their study, McCune et al. dissolved the 

three native CD in ChCl:U DES and ended with a solubility enhancement of more than 3 to 55 fold when 

compared to the solubility in water. They also proved that γ-CD maintains its host-guest properties in the 

DES (McCune et al., 2017). A recent work conducted an experimental and computational study with the 

aim of the investigation of the solvation of β-CD in ChCl:U. No aggregation of the CD was detected in the 

DES medium even at the highest tested concentration (800 mg/mL). The remarkable solvation ability of the 

DES toward CD is attributed not only to the hydrogen bonding interaction between the DES’ moieties and 

the CD’s hydroxyl groups but to the additional effect of urea which allowed the solvation of the hydrophobic 

walls of the CD. This conclusion also explains why β-CD was highly soluble in ChCl:U but not in ChCl:EG 

or ChCl:G (Triolo et al., 2020). A recent study considered the molecular examination of a more complex 

system comprising ChCl:U DES, β-CD, and water. In this system, added water seems to primarily interact 

with CD hydroxyl groups while preserving the DES’ supramolecular network to some extent. The CD 

mobility conferred by the presence of water allowed CD molecules to form an inclusion complex with a drug 

within the DES as proved by NMR (Dugoni et al., 2019). Likewise, the same group once again proved the 

maintenance of β-CD’s host-guest properties in neat and hydrated ChCl:U by forming inclusion complexes 

with volatile organic compounds (Di Pietro et al., 2019). Similarly, the hydrated ChCl:U/ β-CD system was 

tested in presence of two drugs and it was concluded that CD retains both host-guest properties and chiral 

recognition ability (Di Pietro et al., 2020). Other researchers added β-CD to the aqueous solution of lactic 

acid-based DES to extract polyphenols. As a result, β-CD showed positive and sometimes negative 

contribution to polyphenols extraction (Chakroun et al., 2019; Georgantzi et al., 2017). On the other hand, 

the same group proved that methyl-β-CD acted as a booster by enhancing the polyphenol extraction yield 

and by delaying the chemical degradation of the extracts, such as hydrolysis and oxidation, when added to 

an aqueous solution of glycine:glycerol:water (Athanasiadis et al., 2018a, 2018b). On another note, the 

chiral separation of threonine enantiomers was achieved via the biphasic recognition chiral extraction 

technique while using hydrophilic and hydrophobic DES for the two-phase formation and HP-β-CD as one 

of two chiral selectors. The enantioseparation effect was evaluated by varying different conditions such as 

the type of DES and the water content of the hydrophilic DES (Wang et al., 2019). In another study, the 

effect of the addition of ChCl-based DES to the β-CD acting as a chiral selector in a buffer solution was 
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investigated in an attempt of separation of chiral drugs. The presence of DES (at a concentration of 1% 

(v/v)), especially ChCl:U, improved the separation efficiency when compared to β-CD alone, thus 

suggesting a synergy between β-CD and the DES (Mu et al., 2019). 

4.3. Liposomes 

Being one of the most studied encapsulation systems, liposomes are vesicles consisting of an aqueous 

core surrounded by one or more lipid bilayers (Anwekar et al., 2011). They are mainly composed of 

phospholipids which present a hydrophobic tail (alkyl chains of fatty acids) and a hydrophilic head 

(phosphate and polar groups). The amphiphilic nature of phospholipids leads to their spontaneous self-

assembly in an aqueous medium. Liposomes, which can be prepared by various techniques, usually range 

between 20 nm and up to several micrometers. Subsequently, liposomes can be classified according to 

their size, lamellarity, and preparation method (Immordino et al., 2006). The liposomes' features, namely 

their mean size, polydispersity index, zeta potential, permeability, encapsulation efficiency, drug release, 

and stability, largely depend on their lipid composition and method of preparation (Maherani et al., 2011). 

Furthermore, these lipid vesicles were applied in several domains like pharmaceutical and medical 

research, food science, and cosmetics given their biocompatibility, their cell membrane-like structures, and 

their ability to encapsulate drugs of a wide hydrophobicity range. In fact, hydrophilic molecules can be 

entrapped in the aqueous compartment, hydrophobic ones intercalate in the lipid bilayer while substances 

with intermediate hydrophobicity can be located at the aqueous-lipid interface (Immordino et al., 2006; 

Maherani et al., 2011). 

4.4. Amphiphilic self-assembly in DES 

The self-organization of amphiphilic molecules can mainly be driven by the solvophobic effect as well as 

the solvent’s cohesiveness and polarity (Arnold et al., 2015). Though still in its infancy, the use of DES as 

self-assembly promoting solvents has a great potential given that DES provide a similar hydrogen-bonding 

environment to that of water (Sanchez-Fernandez, L. Moody, et al., 2018).  

Among the few studies related to the phospholipids’ self-assembly in DES, a study showed, via solvent 

penetration experiments, that ChCl:U DES can penetrate and solubilize phosphatidylcholine (PC)- based 

lipids (1,2- dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn- glycero-3 phosphocholine 

(DPPC), 1,2-distearoyl-sn-glycero-3- phosphocholine (DSPC), as well as egg PC having 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC) as major constituent) in the absence of water. As seen in 

polarizing optical microscopy, the DES swells the lipids above the lipid transition temperature, and a Lα 

lamellar phase spontaneously forms, which transforms into vesicles with time. As in water, the penetration 

temperature in DES also increases with the increasing lipid alkyl chain length (Bryant et al., 2016). The 

behavior of the same PC-based phospholipids was investigated in alkylammonium-based DES (HBA: 

ethylammonium chloride, ethylammonium bromide, propylammonium bromide, butylammonium bromide, 

and pentylammonium bromide), this time using glycerol and ethylene glycol as HBD. Solvent penetration 
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experiments revealed that phospholipids form lamellar phases and spontaneously spawn vesicles in all the 

tested DES. However, higher transition temperatures are required when compared with water, glycerol, or 

ethylene glycol, which is explained by the electrostatic interactions of the DES’ cations with the 

phospholipids’ headgroups, thus stabilizing the ordered acyl chain state and reducing the driving force of 

the fluid lamellar phase formation. The minimum temperature for fluid lamellar phase formation depends 

on both cation and anion type of the HBA in the DES but depends less strongly on the HBD used. In fact, 

the transition temperature first increases (with ethyl- and propylammonium salts) as a result of a competition 

between the alkyl chains in the DES bulk and the hydrophobic domains in the lipid bilayer. Then the 

transition temperature decreases with increasing cation chain length (with butyl- and pentylammonium 

salts) since the cation acts as a cosurfactant for the lipid. Furthermore, a higher chain melting temperature 

is observed with bromide-containing ethylammonium DES than with chloride-containing ones owing to the 

stronger binding of bromide ions to the ammonium phospholipid headgroups (Bryant et al., 2017). More 

recently, McCluskey and coworkers proved the formation of stable phospholipid monolayers at the air-DES 

interface for the first time, by adopting ChCl:G DES and several PC and one phosphatidylglycerol as 

phospholipids. They also obtained similar monolayer structures as those obtained at the air-water interface 

(R. McCluskey et al., 2019). On the other hand, Gutiérrez et al. tried to incorporate liposomes in DES by 

freeze-drying a mixture of preformed DMPC- based liposomes and aqueous solutions of DES individual 

components (having 20 wt% solute content), after proving that DES can be obtained via freeze-drying the 

aqueous solutions of their individual components. Cryo-etch SEM showed fence-like structures 

incorporating vesicles while confocal fluorescence microscopy confirmed the presence of liposomes 

ranging between 200 and 500 nm and the preservation of their membrane-like structure in DES (M. C. 

Gutiérrez et al., 2009).  

Other papers reported the self-assembly of surfactants in DES and are presented, in chronological order, 

in Table 6. The surfactants’ self-assembly process depends on various factors, namely the type of the 

surfactant (anionic, cationic, zwitterionic, or non-ionic), headgroup, tail length, charge position, and 

concentration of the surfactant, as well as the type of DES, its composition, and the water content. For 

instance, cationic surfactants are insoluble or poorly soluble in ChCl:U while they present an appreciable 

solubility in ChCl:G (Pal et al., 2015). The aggregation was, in some cases, more favored in pure or hydrated 

DES than in water which is most probably attributed to the additional electrostatic interactions taking place 

between DES’ components and ionic surfactants. 
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Table 6. Investigations of surfactants’ self-assembly in deep eutectic solvents 

Deep eutectic solvent(s) Surfactant(s) Technique(s) Main Results References 

ChCl:U 

1:2 

SDS 

(up to 100 mM) 

Fluorescence probes 

experiments; density, 

viscosity, electrical 

conductivity, and 

surface tension 

measurements; DLS 

and SAXS 

The hydrated ChCl:U (in presence of 5, 15, or 50 

wt% water) supports the self-assembly of SDS as 

proved by a fluorescence dipolarity probe, 

electrical conductivity, and surface tension 

measurements, with even lower CMC values than 

in water. Moreover, the miscibility of non-polar 

organic solvents like cyclohexane, chloroform, and 

toluene in the DES was increased in presence of 

SDS owing to the formation of SDS-assisted oil-in-

DES microemulsions as proved with cyclohexane 

(acting as the oil phase). 

(Pal et al., 

2014) 

ChCl:G 

1:2 

n-alkyl TMA- 

based surfactants 

(n= 10, 12, 14, 16 

or 18) 

(up to 50 mM) 

Pyrene fluorescence 

probe method; 

electrical conductivity 

and surface tension 

measurements; DLS; 

SAXS; TEM and 

determination of 

thermodynamic 

parameters 

Cationic n-alkyltrimethylammonium- 

based surfactants (n≥12) self-aggregate in ChCl:G, 

although a less favorable aggregation efficiency is 

observed when compared to water. As in water, a 

bigger counterion like p-toluenesulfonate 

(compared with bromide or chloride) facilitates the 

surfactants' aggregation in the DES. All the 

techniques confirm the self-aggregation of C16-

trimethylammonium bromide, taken as an 

example, into large (around 36 nm) assemblies 

with a non-specific shape within ChCl:G. 

(Pal et al., 

2015) 
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Table 6. (continued) 

Deep eutectic solvent(s) Surfactant(s) Technique(s) Main Results References 

ChCl:U 

1:2 

SDS 

(>100 mM) 

Surface tension 

measurements; DSC; 

SANS; X-Ray 

reflectivity 

The results prove the formation of 

micelles in pure DES, with a significantly lower 

CMC than that in water. SDS tends to form 

cylindrical rather than spherical-shaped 

micelles, which length increased with increasing 

SDS mole fraction (from 3.5 x 10-4 to 1.7 x 10-

3). 

(Arnold et al., 

2015) 

ChCl:U 

1:2 

or ChCl:U:water 

1:2:1, 

1:2:2 and 1:2:4 

SDS 

(up to 449 mM) 

SANS and SAXS The size and shape of the SDS micelles formed 

in the DES depend on the surfactant 

concentration and the water content. The length 

of the micelles first increased (between 8.71 and 

42.5 mM) and reached a maximum point at 42.5 

mM before decreasing at higher SDS 

concentration (up to 424 mM). Results highlight 

the important role of the interaction between 

choline cation and the negatively charged SDS 

headgroup which is favored at low surfactant 

concentration, leading to the formation of longer 

and packed elongated micelles.  

(Sanchez-

Fernandez, 

J. Edler, et al., 

2016) 

ChCl:G 

1:2 

1-alkyl-3-

methylimidazolium 

chloride ionic 

liquid (with n 

alkyl= 8, 10, 12, 

14 and 16) 

(up to 30 wt%) 

Pyrene fluorescence 

probe method; SAXS 

and FT-IR 

The solvophobic effect is lying behind the 

micellization of the ionic liquid in DES since 

lower CMC values were obtained for the ionic 

liquid with a longer alkyl chain, as seen in water. 

Solvent-solute hydrogen-bond interactions are 

thought to promote micelle formation. 

(Tan et al., 

2016) 
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Table 6. (continued) 

Deep eutectic solvent(s) Surfactant(s) Technique(s) Main Results References 

ChCl:G 

1:2 

n-alkyl TMA 

bromides (n= 12, 

14 or 16) (up to 

943 mM) 

Surface tension 

measurements; SANS 

and X-Ray and neutron 

reflectivity 

The cationic surfactants, which were insoluble 

in ChCl:U, were self-assembled in ChCl:G DES. 

The micellization process of these cationic 

surfactants in ChCl:G is similar to that occurring 

in water since the CMC values in DES are 

comparable to those in water. The CMC values 

decrease with the increase of the surfactant 

chain length, thus suggesting the micellization 

to be driven by the lyophobic effect. No specific 

solvent-surfactant headgroup interactions were 

detected. 

(Sanchez-

Fernandez, 

Arnold, et al., 

2016) 
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Table 6. (continued) 

Deep eutectic solvent(s) Surfactant(s) Technique(s) Main Results References 

ChCl:MA 

1:1 

or ChCl:MA:water 

1:1:2, 

1:1:5, 1:1:10 and 1:1:20 

n-alkyl TMA 

bromides (n= 12, 

14 or 16) 

(up to 909 mM) 

Surface tension 

measurements and 

SANS 

Although higher than in water, the CMC values 

in the DES are inversely proportional to the alkyl 

chain length of the surfactant. However, the 

presence of water in hydrated DES promotes 

the surfactant aggregation at lower 

concentrations compared with pure DES. The 

CMC value in 1:1:20 ChCl:MA:water was even 

lower than the CMC in water, which strongly 

suggests the involvement of DES' individual 

compounds (after the disruption of DES) in the 

micellization process. A morphological 

transition was observed in neat and hydrated 

DES from globular micelles for C12-surfactant 

to elongated micelles for C16-surfactant. This 

transition depends on both the size of the 

hydrophobic moiety and the type of counterion 

and its adsorption on the micellar interface. The 

major contribution is attributed to the interaction 

between DES' malonate anions and the 

surfactant's cationic headgroups. 

(Sanchez-

Fernandez et 

al., 2017) 

Aqueous solutions of 5 

wt% ChCl:U or ChCl:G 

1:2 

BMIm 

octysulphate ionic 

liquid 

(up to 120 mM) 

Fluorescence probes 

experiments; DLS; FT-

IR and UV-vis 

spectroscopy 

The micellization of the short-chain ionic liquid 

is favored in the aqueous solutions of both DES, 

presenting lower CMC and higher aggregation 

numbers compared with the values in water. 

This effect is explained by enhanced 

solvophobicity and electrostatic interactions. 

Lower CMC and higher binding affinity between 

the ionic liquid and an antidepressant drug were 

observed in the aqueous solution of ChCl:U 

compared with that of ChCl:G. 

(Kumar Banjar

e et al., 2018) 
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Table 6. (continued) 

Deep eutectic solvent(s) Surfactant(s) Technique(s) Main Results References 

ChCl:U and ChCl:G 
1:2 

Dodecylsulfate 
surfactants 
with different 
counterions 
(lithium, cesium, 
magnesium, EMIm, 
BMIm, or choline) 
(up to 196 mM) 

Surface tension 
measurements and SANS 

Micelles form in both DES at a lower CMC than in 
water. The addition of dodecylsulfate surfactants in 
ChCl:G generates globular micelles while elongated 
micelles are observed in ChCl:U. The surfactant 
behavior not only depends on the solvent type but 
it is mainly driven by the counterion adsorption onto 
the micelle interface thus reducing the electrostatic 
repulsion between the headgroups. The concerned 
counterion may be the native counterion of the 
surfactant or a counterion in the solvent (choline in 
this case). The process also depends on the 
lyophobicity and the solubility of the counterion in 
the solvent. The latter applies to the case of ChCl:G 
in which the cation is soluble owing to the glycerol-
dominated structure of the DES. 

(Sanchez-
Fernandez, 
S. Hammond, et 
al., 2018) 

ChCl:G and ChCl:EG 
1:2 

Cetylpyridinium 
bromide 
(up to 80 wt%) 

SAXS; polarized optical 
microscopy and 
rheological 
measurements 

Various aggregates were formed in the DES as the 
surfactant's concentration increased. These include 
micelles, hexagonal phase, a bicontinuous cubic 
phase, and lamellar phase. The observed phase 
diversity is attributed to the relatively large 
cohesiveness of the DES reflected by the Gordon 
parameter as well as their charge screening. Both 
DES present comparable self-assembling ability with 
water and a better one when compared to an ionic 
liquid (ethylammonium nitrate). 

(Q. Li et al., 
2018) 

ChCl:G 
1:2 

1 phosphocholine- 
and 2 sulfobetaine-
based surfactants 
(up to 312 mM) 

Surface tension 
measurements; X-Ray 
reflectivity and SANS 

Globular micelles are formed in the DES in presence 
of the surfactants while the structure of the 
aggregates depends on the surfactant headgroup 
and tail length as well as the charge positions of the 
zwitterionic surfactants. The self-assembly of a 
mixture of two surfactants is also promoted in 
ChCl:G. 

(Sanchez-
Fernandez, 
L. Moody, et al., 
2018) 
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Table 6. (continued) 

Deep eutectic solvent(s) Surfactant(s) Technique(s) Main Results References 

Aqueous solutions of 
ChCl:G 
1:2, at DES/water 1/0, 9/1, 
7/3, 1/1, and 0/1 weight 
ratios 

A mixture of Tween-
80 and span-20 at 
different weight 
ratios (at a fixed 
surfactants: 
DES/water: oil 
weight ratio of 20: 
4: 76); 
(Isopropyl myristate 
is the oil used) 

SAXS; TEM and DLS DES-in-oil microemulsions were successfully formed 
as potential transdermal drug delivery systems by 
adopting a mixture of two non-ionic surfactants, 
while a DES-water mixture constituted the inner 
phase. At 1/3 tween-80/span-20 weight ratio, 
spherical microemulsions were obtained which size 
increased with the increase in DES ratio. On the 
other hand, a 3/1 surfactants ratio resulted in a 
transition from spherical to cylindrical structure as 
the DES ratio increased. 

(Sakuragi et al., 
2018) 

ChCl:U and ChCl:EG 
1:2 
(in presence or absence of 
10, 30, or 50 wt% water) 

Sodium dioctyl 
sulfosuccinate 
(up to 70 mM 
approximatively) 

Conductivity and surface 
tension measurements; 
pyrene fluorescence 
probe method; 
determination of 
Kamlet-Taft parameters; 
NMR spectroscopy and 
DLS 

The surfactant aggregates in both 
pure and hydrated DES but lower CMC values were 
obtained with DES-water mixtures and the CMC 
decreased with the increasing water content. The 
30-50 wt% hydrated DES present even lower CMC 
than in water. When comparing the two DES, the 
aggregation is better promoted in ChCl:U. The self-
assembly depends on the polarity and cohesiveness 
of the solvent. The additional interaction between 
cholinium cations and the surfactant's anion 
explains the favorable aggregation in DES-water 
mixtures (at 50 wt% water) over water itself. 

(Komal et al., 
2018) 

Benzyltripropylammonium 
chloride:EG 
1:3 

Tween-80 
(molar ratio 
DES/Tween-80: 0.3, 
0.7, 1.3) 

DLS; rheological 
measurements and 
Raman spectroscopy 

The results prove the formation of reverse micelles 
using DES as the entrapped polar phase, 
cyclohexane as the oil phase, and Tween-80 
surfactant. This organized system is explained by 
the formation of hydrogen-bonding interactions 
between the DES and the surfactant. 

(Panda et al., 
2019) 

BMIm: 1-butyl-3 methylimidazolium; ChCl: choline chloride; cmc: critical micelle concentration; DLS: dynamic light scattering; DSC: 

differential scanning calorimetry; EG: ethylene glycol; EMIm: 1-ethyl-3 methylimidazolium; FT-IR: Fourier transform infrared spectroscopy; 

G: glycerol; MA: malonic acid; NMR: nuclear magnetic resonance; SANS: small-angle neutron scattering; SAXS: small-angle X-ray 

scattering; SDS: sodium dodecyl sulfate; TEM: transmission electron microscopy; TEM: transmission electron microscopy; TMA: 

trimethylammonium; U: urea. 
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In the course of our study, DES were first prepared using some common hydrogen bond acceptors like 

choline chloride, tetrabutylphosphonium bromide, and tetrabutylammonium bromide, and hydrogen bond 

donors such as urea, glycerol, ethylene glycol, levulinic acid, and decanoic acid. On the other hand, new 

liquid mixtures based on β-cyclodextrin derivatives, acting as hydrogen bond acceptors, were revealed for 

the first time. The presence of cyclodextrins could result in some interesting systems with supramolecular 

properties, thus called SUPRADES. Following their preparation, DES and SUPRADES were characterized 

by measuring their density, viscosity, and polarity. Owing to their novelty, SUPRADES were further 

characterized via differential scanning calorimetry, thermogravimetric analysis, and rheological studies.  

Thereafter, the organization of egg phospholipids in the solvents was investigated by atomic force 

microscopy and polarity measurements were conducted using a solvatochromic probe. Moreover, DES 

were introduced into liposomes’ preparation via two conventional methods (ethanol injection method and 

thin film hydration method), by replacing the aqueous phase with DES. The resulting preparations were 

then observed by optical microscopy and analyzed by dynamic light scattering. 

After studying the behavior of phospholipids within the DES, we examined the effect of the DES on 

preformed liposomes, prepared via the ethanol injection method and composed of phospholipids and 

cholesterol, using atomic force microscopy. The first approach consisted of exposing the adsorbed 

liposomes to DES or aqueous solutions of their components, while the second approach involves 

suspending the liposomes in DES or aqueous solutions of their components, for different periods before 

their adsorption and examination. Besides, the impact of two selected choline chloride-based DES on 

human breast cancer cells was studied by conducting a combination of cytotoxicity and morphological 

studies. The effects of the DES were also compared to the effect of their individual or combined 

components. 

Lastly, the solubilizing ability of the DES toward volatile compounds, mainly trans-anethole, and related 

essential oils was evaluated using static headspace-gas chromatography. Nuclear magnetic resonance 

spectroscopy was further used to check if the ability of cyclodextrins to form inclusion complexes is 

preserved within the SUPRADES. In addition, we assessed the effect of water and some incorporated 

encapsulating agents namely cyclodextrins, lipids, and surfactants on the DES’ solubilization capability. 

Finally, the release of trans-anethole from the studied solvents was monitored via multiple headspace 

extraction technique.
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II. Solvents’ preparation and characterization 

1. Tested solvents 

In the present study, a selection of type III DES was considered using choline chloride (ChCl), 

tetrabutyphosphonium bromide (TBPBr), and tetrabutylammonium bromide (TBABr) as HBA, along with 

urea (U), glycerol (G), ethylene glycol (EG), levulinic acid (Lev) and decanoic acid (Dec) as HBD. Table 7 

presents the composition of the studied DES which were prepared by simply combining the HBA and HBD 

at a certain molar ratio, followed by stirring and heating the mixture at 60 °C until the formation of a clear 

and homogenous liquid. Choline chloride was dried at 60 °C for 2 weeks before use. All the other 

compounds were used as received. The water content of all the prepared mixtures was determined using 

the Karl Fisher titration method (Mettler Toledo DL31). 

Table 7. Composition of the tested deep eutectic solvents 

DES HBA HBD 

HBA:HBD 

molar ratio 

Water 

content (%) 

ChCl:U Choline chloride Urea 1:2 0.33 

ChCl:G Choline chloride Glycerol 1:2 0.05 

ChCl:EG Choline chloride Ethylene glycol 1:2 0.06 

ChCl:Lev Choline chloride Levulinic Acid 1:2 0.05 

TBPBr:Lev 
Tetrabutylphosphonium 

bromide 
Levulinic Acid 1:6 0.04 

TBABr:Dec 
Tetrabutylammonium 

bromide 
Decanoic Acid 1:2 0.02 

 

TBPBr:EG 
Tetrabutylphosphonium 

bromide 

 

Ethylene glycol 

 

1:2 

 

0.01 
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On the other hand, SUPRADES were prepared using different β-CD derivatives as HBA, given their large 

number of hydrogen bonding sites (Figure 16a). Being natural cyclic oligosaccharides and holding an 

important encapsulation property, CD-based mixtures could lead to the formation of safe and interesting 

systems with unusual properties. The combination of four β-CD derivatives (hydroxypropyl-β-CD (HPBCD), 

randomly methylated β-CD (RAMEB), low methylated β-CD (CRYSMEB) and sulfobutylether-β-CD 

(Captisol ®)) with levulinic acid was conducted at first and resulted in the formation of clear liquids at room 

temperature. Thereafter, HPBCD or RAMEB was mixed with different polyalcohols, namely glycerol, 

ethylene glycol, 1,3-propanediol, or 1,3-butanediol (Figure 16). The selected liquids, named SUPRADES, 

are presented in Table 8. 

 

 

 

 

 

 

 

Figure 16. Structures of SUPRADES’ constituents. a) General structure of β-CD derivatives: HP-β-CD 

(degree of substitution (DS) = 4.34), R = -H or –CH2-CH(OH)–CH3; RAMEB (DS = 12.9), R = -H or –CH3; 

CRYSMEB (DS = 4.9), R = -H or –CH3; Captisol® (DS = 6.5), R = -H or -(CH2)4-SO3
− Na+; b) levulinic 

acid; c) glycerol; d) ethylene glycol; e)1,3-propanediol; f) 1,3-butanediol 

 

 

 

 

 

f) 

d) 

a) b) 

c) 

e) 
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Table 8. Composition of the SUPRADES 

SUPRADES HBA HBD 

HBA:HBD 

molar ratio 

Water content 

(%) 

HPBCD:Lev HPBCD Levulinic acid 1:28 2.7 

RAMEB:Lev RAMEB Levulinic acid 1:27 2.5 

CRYSMEB:Lev CRYSMEB Levulinic acid 1:25 3.3 

Captisol:Lev Captisol® Levulinic Acid 1:44 3.9 

HPBCD:G HPBCD Glycerol 1:30; 1:40 2.4; 2.0 

HPBCD:EG HPBCD Ethylene glycol 1:20; 1:30; 1:40 3.7 ; 3.2 ; 2.8 

HPBCD:1,3-PD HPBCD 1,3-propanediol 1:30; 1:40 3.2 ; 2.8 

HPBCD:1,3-BD HPBCD 1,3-butanediol 1:40 2.2 

RAMEB:1,3-PD RAMEB 1,3-propanediol 1:20; 1:30; 1:40 3.7 ; 3.3 ; 2.8 

RAMEB:1,3-BD RAMEB 1,3-butanediol 1:30; 1:40 2.7; 2.3 
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2. Characterization 

2.1. Density 

Density measurements were carried out using a U-shaped vibrating tube densimeter (Anton Paar, model 

DMA 5000 M) operating in a static mode. The factory calibration was used and verified before and after 

each measurement with air and tri-distilled degassed water. The DMA 5000 densimeter performs an 

analysis with an estimated uncertainty in density and temperature of ± 0.1 kg m−3 and ± 0.001 °C, 

respectively. All measurements were performed at atmospheric pressure and temperatures ranging 

between 30 and 60 °C. Table 9 presents the experimental density values at 30 °C. The obtained values at 

the studied temperature range are all displayed in Table A1. The values were fitted using a linear equation 

(1) to correlate the density with the temperature and the fitting parameters (a and b) are listed in Table A2. 

The density decreased linearly as a function of temperature. 

 𝜌 = 𝑎 + 𝑏𝑇 (1) 

The density values of the tested solvents are all higher than 1000 kg m-3 and fall in the (1000- 1300 kg m-

3) range observed for the reported DES, except for TBABr:Dec which presents a lower density, following 

the values reported for hydrophobic DES (Florindo et al., 2019). On the other hand, SUPRADES present 

similar densities when compared with typical DES although they are slightly denser, most probably owing 

to the large number of CD hydrogen bonding sites. On another note, the density clearly depends on the 

choice of the HBD: a higher density is observed when an additional hydroxyl group (e.g. 1139.0 kg m-3 for 

1:40 HPBCD:1,3-PD and 1290.5 kg m-3 for 1:40 HPBCD:G) or a shorter chain length ( ρ 1:40 HPBCD:EG 

> ρ 1:40 HPBCD:1,3-PD > ρ 1:40 HPBCD:1,3-BD) is considered. Likewise, the density is influenced by the 

HBA type and the molar ratio.
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Table 9. Experimental values of the densities of the studied solvents at 30 °C 

 

 

 

 

DES ρ (kg m-3) DES ρ (kg m-3) DES ρ (kg m-3) DES ρ (kg m-3) 

ChCl:U 1193.4 TBPBr:EG 1065.5 HPBCD:G 1:40 1290.5 HPBCD:1,3-BD 1:40 1086.8 

ChCl:G 1187.4 HPBCD:Lev 1204.7 HPBCD:EG 1:20 1245.1 RAMEB:1,3-PD 1:20 1160.1 

ChCl:EG 1111.9 RAMEB:Lev 1184.5 HPBCD:EG 1:30 1215.9 RAMEB:1,3-PD 1:30 1134.9 

ChCl:Lev 1134.5 CRYSMEB:Lev 1207.5 HPBCD:EG 1:40 1197.1 RAMEB:1,3-PD 1:40 1118.6 

TBPBr:Lev 1105.7 Captisol:Lev 1234.3 HPBCD:1,3-PD 1:30 1159.8 RAMEB:1,3-BD 1:30 1085.8 

TBABr:Dec 965.4 HPBCD:G 1:30 1299.0 HPBCD:1,3-PD 1:40 1139.0 RAMEB:1,3-BD 1:40 1068.7 
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2.2. Viscosity  

The viscosity was determined using a falling-ball-based microviscosimeter (Lovis 2000 M/ME from Anton 

Paar). The temperature was controlled to within 0.005 °C and measured with an accuracy better than 0.02 

°C. A capillary tube of 1.8 mm diameter, previously calibrated as a function of temperature and angle of 

measurement with reference oils, was used for the measurements. The overall uncertainty on the viscosity 

was estimated to be 2%. All measurements were performed at atmospheric pressure and temperatures 

ranging between 30 and 60 °C. The results are fitted following the Vogel-Fulcher-Tammann model, 

described by equation (2), with a maximum average absolute deviation (AAD) of 0.31 %. The equation 

parameters (A, K, and T0), along with the AAD values, are listed in Table B1. 

 

 

ɳ = 𝐴𝑇1/2𝑒𝑥𝑝
𝐾

(𝑇 − 𝑇0 )
 

 

(2) 

The quaternary ammonium- or phosphonium-based DES present a large viscosity range varying between 

33.62 and 919.52 mPa s at 30 °C for ChCl:EG and ChCl:U, respectively (Figure 17A). The viscosity 

obviously depends on the DES’ composition. The obtained viscosity values of ChCl-based DES were 

compared with those reported in the literature, as shown in Table 10. A remarkable difference is observed 

between studies, especially with ChCl:U and ChCl:Lev, which may be attributed to the experimental 

method, the DES’ preparation method, and the impurities like water which was previously shown to highly 

impact the viscosity values. On the other hand, Figure 17 B displays the viscosity of levulinic acid-based 

systems. CD:Lev mixtures were more viscous than the common DES (ChCl:Lev and TBPBr:Lev), except 

for RAMEB:Lev which presents a similar viscosity to that of ChCl:Lev (212.9 and 206.2 mPa s at 30 °C, 

respectively).  

Nevertheless, the viscosity values decreased remarkably with increasing temperature. All CD-Lev mixtures, 

except Captisol:Lev, show relatively low viscosities (≤80 mPa.s) at 60 °C. The relatively higher viscosity of 

Captisol:Lev can be explained by a stronger hydrogen bond network, given the higher number of HBA sites 

present in Captisol® compared to the other studied β -CD derivatives, due to the presence of the sulfonate 

groups. In addition, the CD:Lev mixtures were less viscous than the reported mixtures based on β-CD 

derivatives and N,N’-dimethylurea. Indeed, the latter mixtures present a melting point above 80 °C and their 

viscosities were at least equal to 205.0 mPa.s at 90 °C (Jérôme et al., 2014).  
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Figure 17. Experimental viscosities of the studied deep eutectic solvents (A) and the levulinic acid-
containing systems (B) as a function of temperature ranging between 30 and 60 °C. The lines represent 
the fitted values following the Vogel-Fulcher-Tammann model 
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Table 10. Comparison of the viscosity values of choline chloride-based DES at 30 °C with available 
literature sources 

DES Experimental viscosity 

(mPa s) 

Literature viscosity 

(mPa s) 

References 

ChCl:U 

1:2 

919.52 449 

527.28 

(D’Agostino et al., 2011) 

(Yadav & Pandey, 2014) 

ChCl:G 

1:2 

271.73 188 

246.79 

(D’Agostino et al., 2011) 

(Yadav et al., 2014) 

ChCl:EG 

1:2 

33.62 35 

32.40 

(D’Agostino et al., 2011) 

(Lapeña et al., 2019b) 

ChCl:Lev 

1:2 

206.17 164.5 

79.14 

(Florindo et al., 2014) 

(G. Li et al., 2016) 

 

 

When looking at the polyalcohol-based systems, Figure 18 reveals the effect of the HBA type on the 

viscosity of the system since more viscous liquids were obtained with CD compared with those based on 

ChCl for glycerol- (Figure 18 A) and ethylene glycol- (Figure 18 B) containing systems. Moreover, RAMEB 

resulted in less viscous systems than HPBCD-based ones (Figure 18 C and D). In addition to the effect of 

the HBA, the viscosity is affected by the molar ratio since the viscosity decreases when the HBD molar 

fraction increases (ɳ 1:20 > ɳ 1:30 > ɳ 1:40). Furthermore, Table 11 highlights the influence of the HBD 

type on the viscosity of the CD:polyalcohol systems. Indeed, the viscosity increases with the alkyl chain 

length of the HBD (ɳ HPBCD:1,3-BD > ɳ HPBCD:1,3-PD > ɳ HPBCD:EG and ɳ RAMEB:1,3-BD > ɳ 

RAMEB:1,3-PD). These results are in accordance with those observed by Mulia and coworkers who studied 

several ChCl-based DES using polyalcohols like ethylene glycol, glycerol, propanediols, and butanediols 

as HBD (Mulia et al., 2019). Besides, a major rise in the viscosity value was witnessed when an additional 

hydroxyl group was present. For instance, HPBCD:G 1:40 was 10 times more viscous than HPBCD:1,3- 

PD 1:40. 
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Figure 18. Experimental viscosities of the polyalcohol-based (glycerol- (A), ethylene glycol- (B), 1,3-propanediol- (C), and 1,3-butanediol- (D) based 
systems as a function of temperature ranging between 30 and 60 °C. The lines represent the fitted values following the Vogel-Fulcher-Tammann 
model
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Table 11. Effect of the hydrogen bond donor on the viscosity of polyalcohol-based SUPRADES at 30 °C 

 

2.3.  Polarity 

The polarity of the studied DES was estimated using the solvatochromic probe Nile Red. A stock solution 

of Nile Red was prepared in ethanol at a concentration of 10-4 mol/L. A volume of Nile Red solution (100 

μL/ 1mL DES) was placed in vials, followed by ethanol evaporation. The studied DES were then added to 

the vials and stirred at 30 °C for 24 h to ensure the complete solubilization of the probe (Figure 19). UV–

Vis spectra were recorded with a Perkin Elmer Lambda 2S spectrophotometer, between 400 and 700 nm 

with a quartz cell equipped with a thermostatically controlled bath which allows absorbance to be measured 

at a temperature of 30 °C with an accuracy of ± 0.1 °C. The wavelength at which the maximum visible-light 

absorption of Nile Red occurred, λmax, was determined for each DES and the Nile Red polar parameter ENR 

(in kcal/mol) was calculated using equation (3). 

 

𝐸𝑁𝑅  (𝑘𝑐𝑎𝑙/𝑚𝑜𝑙) =
28591

𝜆 max(𝑛𝑚)
 

 

(3) 

 

The values of the polarity parameter of the different DES are listed in Table 12 in descending order of 

polarity. Since Nile Red is a positively solvatochromic probe, a higher polarity is reflected by a longer 

wavelength, thus a lower ENR. The choice of the HBD seems to affect the overall DES polarity since levulinic 

acid-containing DES are the most polar, followed by glycerol-, ethylene glycol-, urea-, 1,3-PD-,1,3-BD- and 

decanoic acid-based ones. Yet, no correlation was found between the DES polarity and logP of the HBD 

for ChCl-based DES (data not shown). However, the polarity was found to decrease with the increase of 

the alkyl chain length of the diols used as HBD (ENR ChCl:EG <  ENR ChCl:1,3-PD < ENR ChCl:1,3-BD), which 

is in accordance with the findings of Teles et al. and Dwamena and Raynie (Dwamena & Raynie, 2020; 

Teles et al., 2017). Also, the HBA seems to influence the polarity but to a lesser extent given that TBPBr:Lev 

and TBPBr:EG are slightly more polar than ChCl:Lev and ChCl:EG, respectively. 

SUPRADES ɳ (mPa s) SUPRADES ɳ (mPa s) 

HPBCD:EG 1:40 192.49 HPBCD:G 1:40 3028.30 

HPBCD:1,3-PD 1:40 292.19 RAMEB:1,3-PD 1:40 150.95 

HPBCD:1,3-BD 1:40 521.77 RAMEB:1,3-BD 1:40 236.02 
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Figure 19. Some deep eutectic solvents in presence of Nile Red. From left to right: TBABr:Dec, ChCl:U, 
ChCl:EG, ChCl:G, ChCl:Lev and TBPBr:Lev. 

 

Table 12. Polarity parameter values of the studied deep eutectic solvents 

DES ENR (kcal/mol) 

TBPBr:Lev 47.68 

ChCl:Lev 48.3 

ChCl:G 49.92 

TBPBr:EG 49.94 

ChCl:U 50.35 

ChCl:EG 50.51 

ChCl:1,3-PD 50.54 

ChCl:1,3-BD 50.93 

TBABr:Dec 51.82 

 

The polarity measurements were not conducted on SUPRADES since Nile Red, which is a hydrophobic 

dye, can form inclusion complexes with CD (Hazra et al., 2004). 

 

2.4. Differential scanning calorimetry 

DSC measurements were performed in order to understand the thermal behavior of the new CD-based 

systems. Experiments were carried out using a Q1000 DSC (TA Instruments) with a temperature ranging 

from -100 °C to 40 °C and at a thermal scanning rate of 5 °C.min−1. We chose to focus on the lower 

temperature range, given that the samples under study were all liquid at room temperature. The CD:Lev 

systems (HPBCD:Lev, RAMEB:Lev, CRYSMEB:Lev and Captisol:Lev) were encapsulated in aluminum 

pans (sample weight ~10–15 mg), sealed with hermetic lids, and analyzed. Experiments were performed 
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under nitrogen flow (50 mL.min−1). Interestingly, none of the CD-based mixtures, i.e. HPBCD:Lev, 

RAMEB:Lev, CRYSMEB:Lev, and Captisol:Lev, showed a melting point in the heating curve. Instead, glass 

transition curves with Tg of −73.3, −74.3, −73.5, and −67.8 °C were respectively observed for the mixtures 

(Figure 20). This absence of melting peaks and the presence of glass transition temperature was widely 

observed in the literature. For example, Francisco et al. reported 21 systems showing no melting point but 

glass transition temperatures ranging between −13.64 and −77.73 °C (Francisco et al., 2012) while Dai et 

al. identified 13 different NADES with a Tg < -50 °C and no melting point (Dai et al., 2013). Likewise, except 

for glass transition, no other thermal events occur for trehalose:glycerol at a 1:30 molar ratio (Castro et al., 

2018). Moreover, the observed Tg value of −75.14 °C for trehalose:glycerol is interestingly pretty close to 

the values obtained for our CD-based mixtures. CD generally present a Tg ranging between 80 °C and 

more than 200 °C depending on the CD (Tabary et al., 2011). Therefore, the observed Tg values could be 

attributed to the formation of a low melting mixture with levulinic acid. 

 

 
Figure 20. Differential scanning calorimetry curves of the SUPRADES 
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2.5. Thermogravimetric analysis 

Dynamic thermogravimetric analysis (TGA) was used to further investigate the thermal stability of the new 

mixtures. TG measurements were performed with a TGA550 thermogravimetric analyzer (TA Instruments). 

Samples were placed in an open platinum pan (100 μL) suspended in the furnace. The initial weight of the 

sample was around 25–30 mg and nitrogen was used as the purge gas at a fixed flow of 20 mL.min-1. The 

weight of the material was recorded during heating from room temperature to 600 °C at a heating rate of 

10 °C.min−1. As shown in Figure 21, the SUPRADES underwent a progressive decomposition as the 

temperature increased. Their decomposition showed a two-step weight loss similar to some reported ChCl-

based DES (Delgado-Mellado et al., 2018). At around 130 °C, levulinic acid began to decompose while the 

CD began to degrade at about 325 °C, except in the case of Captisol® for which the second decomposition 

began at around 225 °C and a third decomposition was determined near 350 °C. From the 

thermogravimetric curves, the results showed that the thermal decomposition temperatures corresponding 

to the first thermal event of HPBCD:Lev, RAMEB:Lev, CRYSMEB:Lev, and Captisol:Lev were equal to 

130.4, 117.6, 137.7, and 127.6 °C, respectively. CRYSMEB:Lev had the best thermal stability and 

RAMEB:Lev the worst (Table 13). The DSC and TGA results demonstrate that these CD-based mixtures 

retain a stable liquid state over a wide temperature range. 

 

 

Figure 21. Thermogravimetric analysis curves of the SUPRADES 
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Table 13. Degradation temperatures of the SUPRADES and their individual compounds 

SUPRADES Tdecomposition (°C) Tdecomposition (°C) 

Levulinic acid 

Tdecomposition (°C) 

Cyclodextrins 

HPBCD:Lev 130.4  

 

139.4 

314.8  

RAMEB:Lev 117.6  333.7  

CRYSMEB:Lev 137.7  318.8  

Captisol:Lev 127.6  267.1  

 

 

2.6. Rheological measurements 

In order to investigate the flow behavior of the four CD:Lev mixtures, rheological measurements were 

performed with an AR-G2 controlled- stress rotational rheometer (TA Instruments) at 30 °C. Flow curves 

were obtained with an aluminum cone-plate geometry (40 mm diameter, 1° cone angle, 28 μm truncation 

gap). A three-step shear rate sweep was imposed after a 3-minute equilibration time: 1) increase of the 

shear rate from 0.1 to 5000 s−1 over 3 min (upwards curve), 2) peak hold at 5000 s−1 during 1 min, 3) 

decrease of the shear rate from 5000 to 0.1 s−1 over 3 min (downwards curve). The temperature was 

maintained at 30 °C and controlled with a Peltier plate. Measurements were performed in triplicate at least 

for each sample, to ensure reproducibility. The statistical analysis was performed by calculating the 

standard deviation from at least three measurements for each sample. Studying the rheological properties 

of these mixtures is very important, especially if we are aiming to use them as drug delivery systems for 

skin application.  All the studied mixtures exhibit a Newtonian plateau for shear rates below 1000 s-1
 and a 

shear-thinning behavior for shear rates above this value (Figure 22). The measured static and dynamic 

viscosities for the same composition were slightly different (for example, in the case of RAMEB:Lev at 30 

°C, ηstatic = 212.9 mPa s vs. ηdynamic = 245.0 mPa.s) but the same order was found for the viscosities (η 

Captisol:Lev > η HPBCD:Lev > η CRYSMEB:Lev > η RAMEB:Lev). Moreover, the shear-thinning behavior 

was more pronounced as the viscosity increased. Indeed, for a high shear rate of 5000 s−1, a decrease of 

around 29% in viscosity was observed for Captisol:Lev, whereas in the case of RAMEB:Lev a smaller 

decrease (around 8%) was detected. As stated earlier, the most viscous mixtures probably contain a larger 

number of hydrogen bonds that may be disrupted at high shear rates, leading to a greater decrease in 

viscosity. 
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Figure 22. Log-log scale representation of the viscosity vs shear rate for SUPRADES at 30 °C
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III. Phospholipids self-assembly in DES 

Owing to their unique properties, DES are recently being explored as self-assembly promoting solvents. 

Their polarity, cohesiveness, and important hydrogen bond network constitute encouraging factors and 

important requirements for the self-organization of amphiphilic molecules. DES were found to act as 

solvents for the self-assembly of ionic surfactants and phospholipids. However, the studies involving the 

behavior of phospholipids in the DES are quite limited. Therefore, in this section, we aimed to investigate 

the phospholipid organization in the DES and the new CD-based systems. In addition, DES were introduced 

as aqueous phase replacement in two typical methods adopted for the preparation of liposomes. 

1. Organization of E80 phospholipids 

The unexplored organization of phospholipids was investigated in the 7 adopted DES and the new CD:Lev 

mixtures (HPBCD:Lev, RAMEB:Lev and CRYSMEB:Lev) via atomic force microscopy (AFM) for the first 

time. AFM is a high-resolution scanning probe microscopy that provides detailed information about the 

surface of the samples at the nanoscale level. As illustrated in Figure 23, AFM consists of scanning the 

sample’s surface with a sharp tip that is attached to a cantilever. The attractive or repulsive probe-surface 

interactions result in a deflection of the cantilever. This deflection is measured by monitoring the subsequent 

deflection of a laser beam that is focused on the back of the cantilever, which is then reflected from a 

mirrored surface onto a photodiode detector (Grobelny et al., 2011). AFM provides both imaging and force 

measurement of soft biomaterial interfaces. It can thus be used to obtain 2D and 3D images of lipid vesicles 

and to observe their morphology and size distribution. Besides, their surface properties such as their rigidity 

and viscoelasticity can be determined by this high-resolution technique. 

 

Figure 23. Schematic diagram of atomic force microscopy (Grobelny et al., 2011) 
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As mentioned earlier, we aimed to follow the organization of Lipoid E80 phospholipids (80- 85% egg 

phosphatidylcholine (PC), 7- 9.5% phosphatidylethanolamine, 3% lysoPC, 0.5% 

lysophosphatidylethanolamine, 2-3% sphingomyelin, 2% water, 0.2% ethanol, iodine value 65-69, obtained 

from lipoid GmbH (Ludwigshafen, Germany)) within the DES and the newly prepared CD:Lev mixtures. 10 

mg of lipoid E80 were dissolved in a mixture of ultrapure water (0.2 ml) and DES or SUPRADES (1.8 mL) 

(ChCl:U, ChCl:G, ChCl:EG, ChCl:Lev, TBPBr:Lev, TBABr:Dec, TBPBr:EG, HPBCD:Lev, RAMEB:Lev or 

CRYSMEB:Lev) and were kept under stirring at room temperature. Aliquots of 50 μL were removed at 4, 

24, and 48h and deposited on the mica surface for adsorption. The non-adsorbed structures were then 

removed by rinsing the surface with ultrapure water. Finally, the samples were visualized by AFM and 20 

images were recorded for each analysis, and the experiment was repeated at least 2 times. AFM imaging 

was performed at room temperature using an Agilent 5420 microscope (Key sight, California, USA) and a 

pyramidal AFM probe with a 0.08 N/m force constant. All samples were imaged in contact mode with a 

typical scan rate of 1 Hz, a resolution of 512 x 512 pixels per image, a scanning angle of 0°, and a set point 

typically below 0.1 nN to avoid vesicles damage or displacement. Mica sheets (9 mm diameter and 0.1 mm 

thickness) were used as a substrate in AFM imaging. Images of 5x5 μm2, 4x4 μm2, or 2x2 μm2 were 

recorded. Figure 24 illustrates AFM 2D images of the evolution of lipoid E80 organization within the four 

ChCl-based DES (ChCl:U, ChCl:G, ChCl:EG, and ChCl:Lev) as a function of time. At t=4h, supported lipid 

bilayers (SLB) are formed in presence of the 3 common DES Chl:U, ChCl:G, and ChCl:EG and cover the 

mica substrate, while the clear formation of aggregated and separated vesicles was detected in ChCl:Lev 

DES. At t = 24h, spherical vesicles and other structures were seen in the four studied DES. At t = 48h, 

partial to complete conversion of lipoid E80 to stable spherical cap-shaped structures was observed in all 

ChCl-based DES. This conversion seems to be complete and faster in ChCl:Lev DES, followed by ChCl:U 

DES, then the two other solvents. These results are in accordance with those reported by Bryant and 

coworkers who followed the organization of different PC-based lipids in ChCl:U and observed the 

spontaneous lamellar phase formation which then transformed into vesicles with time (Bryant et al., 2016). 

Table 14 shows the mean diameter and height values of the vesicles formed in the four DES as a function 

of time. The mean size of the lipid vesicles increases with time, accompanied by the simultaneous 

disappearance of the lipid wires. The distinct behavior of ChCl:Lev could be explained by its higher polarity 

compared with the 3 other DES (Table 12), resulting in a greater solvophobic effect. It could also be 

attributed to the interaction between the cationic headgroups of the phospholipids and the levulinate anions 

originating from the partial deprotonation of levulinic acid, thus promoting the phospholipids self-assembly, 

as proposed by the group of Karen J. Edler for the surfactant micellization in ChCl:MA DES (Sanchez-

Fernandez et al., 2017). 

On the other hand, no lipid structures were detected in presence of TBPBr- or TBABr-based DES 

(TBPBr:Lev, TBPBr:EG and TBABr:Dec), unless these DES induce the formation of small self-assemblies 

( < 30 nm) that cannot be detected by the AFM. This could also be due to a complete lipid dissolution in the 

DES. Likewise, no lipid assemblies were observed in the CD:Lev systems, which could be due to the 
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entrapment of the phospholipids into the CD cavities (Szente & Fenyvesi, 2016). The choice of the HBA 

has a major effect on the organization of the phospholipids within the DES. 

 

 

Figure 24. 4x4 µm2 AFM 2D images of Lipoid E80 within ChCl:U, ChCl:G, ChCl:EG, and ChCl:Lev 
obtained in contact mode at 4, 24, and 48h 
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Table 14. Mean diameter D and height H values of the vesicles formed in ChCl:U, ChCl:G, ChCl:EG, and 
ChCl:Lev, at 4, 24, and 48h, obtained by the AFM cross-section tool 

                Time (h) 

DES 

4 24 48 

ChCl:U SLB 

D = 60 ± 12 nm 

H = 16 ±  3 nm 

D = 77 ± 11 nm 

H = 15 ±  2  nm 

ChCl:G SLB 

D = 50 ± 8 nm 

H = 12 ± 1 nm 

D = 78 ± 12 nm 

H = 16 ±  2 nm 

ChCl:EG SLB 

D = 66 ± 25 nm 

H = 17 ±  3 nm 

D = 100 ± 20 nm 

H = 20  ±  4 nm 

ChCl:Lev 

D = 60 ± 10 nm 

H = 14 ±  2 nm 

D = 80 ± 12 nm 

H = 16  ± 3 nm 

D = 140 ± 20 nm 

H = 25  ±  4 nm 

 

 

To further investigate the behavior of the phospholipids within these systems, we measured the polarity of 

4 selected DES (ChCl:G, ChCl:EG, TBPBr:Lev and TBABr:Dec) in the absence or presence of E80 

phospholipids, by determining λmax, the wavelength that corresponds to the maximum visible-light 

absorption of the solvatochromic probe Nile Red. The same protocol, described in section II.2.3., was 

followed herein. After the complete dissolution of Nile Red in the DES, a final lipoid E80 concentration of 

2.5 mg/ mL was added to the (DES + dye) mixture, stirred at 30 °C, and the polarity measurements were 

conducted 48h after the phospholipids’ addition.  

Figure 25 presents the λmax values of the Nile Red dissolved in the selected DES in the absence or presence 

of egg phospholipids. The values of λmax decreased after the addition of the lipids in both ChCl:G and 

ChCl:EG indicating the transition of the Nile Red to a relatively non-polar environment. This difference can 

be explained by the possible intercalation of the probe in the lipid bilayer of the vesicles that were formed 

in the DES, as previously detected by the AFM technique. Contrarily, the λmax values slightly decreased in 

TBPBr:Lev and TBABr:Dec DES, where no lipid structures were observed by AFM.  
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Figure 25. λmax values of Nile Red reflecting the polarity of the DES in the absence or presence of lipoid 
E80 at t = 48h 

 

2. DES-based methods for liposomes preparation 

In this section, the phospholipid self-assembly was studied using another approach which consists of 

introducing the DES into liposomes preparation methods. Two conventional methods that are commonly 

used for the preparation of liposomes were considered: the ethanol injection method and the thin film 

hydration method. The latter is called “thin film-DES dissolution” in this manuscript since water was not 

used to dissolve the lipid film. The ethanol injection method, described in 1973 by Batzri and Korn, consists 

of dissolving the lipids in ethanol, followed by the injection of the ethanolic solution into an aqueous phase 

and the evaporation of the organic phase, thus leading to the formation of liposomes (Batzri & Korn, 1973). 

The thin film hydration method also called the Bangham method, on the other hand, requires the dissolution 

of the lipids in an organic phase before its evaporation which will result in the formation of a thin lipid film. 

The subsequent hydration of this film generates liposomes (Bangham et al., 1965). The same general 

procedure was followed herein, except that the aqueous phase was replaced by the DES in both 

techniques. The obtained preparations were then observed via optical microscopy.  
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2.1. Ethanol injection method 

For the ethanol injection method using DES instead of the aqueous phase, lipoid S100 (94 % soybean PC, 

3 % lysoPC, 0.5 % N-acyl-phosphatidylethanolamine, 0.1 % phosphatidylethanolamine, 0.1 % 

phosphatidylinositol, 2 % water, 0.2 % ethanol, iodine value 97-107) and cholesterol were dissolved in 

absolute ethanol (2.5 ml) at a concentration of 10 mg/mL and 5 mg/mL, respectively. The obtained organic 

phase was then injected, using a syringe pump (Fortuna optima, GmbH-Germany), into 5 ml of DES or 

SUPRADES, at a flow rate of 1 ml/min, under magnetic stirring at 400 rpm at room temperature. The lipid 

suspension was kept stirring at 400 rpm for 15 min, followed by the removal of ethanol by rotary evaporation 

(Heidolph Instruments GmbH and co., Germany) at 40 °C and 60 rpm under reduced pressure. The 

preparations were stored at 4 °C prior to analysis. Blank samples were prepared following the same protocol 

in the absence of the lipids, i.e. only ethanol was injected into the preformed DES or SUPRADES. A small 

sample volume (V= 30 μL) of each preparation was deposited on poly-L-lysine coated slides and observed 

via optical microscopy on a 40x objective. Figure 26 illustrates the images of these preparations for which 

ChCl-based DES were used instead of water in the ethanol injection method. Different shapes were 

observed in the 4 ChCl-based DES when compared to the samples prepared without lipids. Long needle-

like structures were seen in ChCl:U, small circular aggregates in ChCl:G, while square-shaped structures 

formed in ChCl:EG and ChCl:Lev. Whereas no lipid structures were detected in the other studied DES or 

SUPRADES (TBPBr:Lev, TBABr:Dec, TBPBr:EG, HPBCD:Lev, RAMEB:Lev and CRYSMEB:Lev). These 

findings are somehow linked to the previously discussed AFM results concerning the organization of egg 

phospholipids within the studied systems. It is also worthy to mention that the preparations in ChCl-based 

DES presented a cloudy appearance, while clear solutions were obtained with the other solvents. This 

clarity could be explained by the complete dissolution of lipids within these DES where no lipid structures 

were observed by AFM and no remarkable changes in the polarity were detected after the lipid addition in 

both TBPBr:Lev and TBABr:Dec. When it comes to CD:Lev systems, the CD may contribute to the lipid 

dissolution since β-CD derivatives can form inclusion complexes with both phospholipids and cholesterol 

(Szente & Fenyvesi, 2016). 

Moreover, a non-ionic surfactant Triton X-100 (Figure 27) known for its ability to disrupt lipid vesicles in 

aqueous media was added at 10 % (v/v) concentration to the DES-based preparations. Nevertheless, giant 

spherical assemblies surprisingly formed after the addition of Triton X-100 to ChCl:U, ChCl:G, and 

ChCl:EG. The surfactant was then added to the DES in the absence of any lipid and the large self-

assemblies appeared once again indicating that the surfactant is clearly behind their formation (Figure 28). 

It is also worthy to mention that the lipid structures that were observed in ChCl:U, ChCl:G, and ChCl:EG 

completely or partially vanished when Triton X-100 was added, which is most probably due to the ability of 

the surfactant to dissolve the lipids. All the studies, related to the surfactants self-assembly in DES, that 

were reported to date involve ionic surfactants, except one study dealing with a mixture of 2 non-ionic 

surfactants (Tween 80 and Span 20) which generated the formation of DES-in-oil microemulsions when 
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aqueous solutions of ChCl:G DES were put in presence of isopropyl myristate oil (Sakuragi et al., 2018). 

However, Triton X-100 was never considered and its organization into large vesicles in ChCl-based DES is 

most probably due to solvophobic interactions taking place between the DES and the hydrophobic chain of 

the surfactant.  

 

 

Figure 26. Observation of the preparations of DES-based ethanol injection method via optical 
microscopy 



III. Phospholipids self-assembly in DES 

93 
 

 

Figure 27. General structure of Triton X-100 (n = 9-10) 

 

 

 

Figure 28. DES-based ethanol injection method: observation of ChCl-based DES in presence of 
lipids (left column), in presence of both lipids and Triton X-100 (middle column), and in presence 

of Triton X-100 (right column) 
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2.2. Thin film-DES dissolution method 

In the thin film-DES dissolution method, lipoid S100 (10 mg/ mL) and cholesterol (5 mg/mL) were dissolved 

in 3 mL of a chloroform/methanol 2/1 (v/v) mixture. The preparation was then evaporated using a rotary 

evaporator until the formation of a thin lipid film (Figure 29). Thereafter, the lipid film was dissolved with 1 

mL of Tris-HCl buffer (pH 7.4, 0.1 M) (for the preparation of conventional liposomes) or 1 mL of DES or 

SUPRADES, under mechanical stirring. The preparations were stored at 4 °C prior to analysis. The resulting 

preparations were then observed via optical microscopy. As shown in Figure 30, lipid structures were again 

formed in ChCl-based DES (ChCl:G, ChCl:EG, and ChCl:Lev) and no structures were detected in the other 

studied DES or SUPRADES (figures not shown). Once again, these findings seem to be in accordance with 

the results of the AFM and ethanol injection method. Yet, the morphology of the self-assemblies was not 

always the same as in the ethanol injection method: circular- and needle-shaped structures were observed 

in ChCl:EG and ChCl:Lev, respectively instead of square-shaped ones. Furthermore, Triton X-100 (10 % 

v/v) was added to the DES or the DES- lipid suspension and led to the formation of large and heterogenous 

vesicles in ChCl:G and ChCl:EG, unlike ChCl:Lev (Figure 30). These observations are consistent with those 

of the ethanol injection method, although lipid structures remained in the presence of Triton X-100 probably 

owing to the highest lipid concentration in the thin film-DES dissolution technique. 

 

 

Figure 29. Thin lipid film obtained following the organic phase evaporation 
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Figure 30. DES-based thin film dissolution method: observation of ChCl-based DES in presence 
of lipids (left column), in presence of both lipids and Triton X-100 (middle column), and in 

presence of Triton X-00 (right column) 

 

The dynamic light scattering (DLS) technique was further used to have insight into the size of the lipid 

assemblies that were observed in ChCl:G and ChCl:EG. The measurements were performed with a Malvern 

Zetasizer Nano ZS90 operating at a fixed scattered angle of 90° and equipped with a Helium-Neon laser 

source of a wavelength of 633 nm. An appropriate sample volume (1 mL) was placed in macrocuvettes of 

a 1-cm optical pathway and four optical faces (Sarstedt). The hydrodynamic diameter d(H) of the lipid 

particles was determined at 25°C using the Stokes-Einstein equation assuming a spherical shape of the 

nanoparticles and using the viscosity and refractive index values of the corresponding DES. The 

nanoparticles size profile was obtained from the intensity-weighted distribution and corresponded to the 

median diameter derived from the cumulative distribution curve. All measurements were performed in 

triplicate (n=3). As shown in Figure 31, one population of lipid particles with an average size of 103 nm was 

detected in ChCl:G, while two populations were identified in ChCl:EG with average sizes of 267 and 974 

nm.   
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Figure 31. Size distribution plots of lipid particles formed in ChCl:G- or ChCl:EG-based thin film 
dissolution preparations 
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IV. Effect of DES on synthetic and biological 

membranes  

After examining the organization of phospholipids within the studied systems and after proving the formation 

of self-assemblies in ChCl-based DES, the effect of these DES and the aqueous solutions of their 

constituents on preformed liposomes was assessed via AFM for the first time. In addition to the liposomes 

which are considered as models for biological membranes, the effect on human breast cancer cells MDA-

MB-231 was also evaluated. 

1. Effect on preformed liposomes 

Liposomes were prepared following the ethanol injection method: 500 mg of lipoid E80 were dissolved in 

10 mL of ethanol. The obtained organic phase was later injected, using a syringe pump (Fortuna optima, 

GmbH-Germany), into 20 mL of ultrapure water, at a flow rate of 1 mL/min, under magnetic stirring at 400 

rpm at room temperature. The liposomal suspension was then kept under stirring (400 rpm) for 15 min. 

Finally, ethanol was removed by rotary evaporation (Heidolph Instruments GmbH and co., Germany) at 40 

°C and 60 rpm under reduced pressure. The liposomal formulation was stored at 4 °C prior to analysis. 

1.1. Exposure of adsorbed liposomes to the studied systems 

In a first protocol, an aliquot of the liposomal suspension was diluted 10 times in ultrapure water to obtain 

a less sticky sample. Then, 50 μL of the diluted formulation was deposited on a freshly cleaved mica surface 

and left for 15 min in the air at room temperature for adsorption. Adsorbed liposomes were directly and 

separately subjected to 50 μL of ultrapure water (used as control), DES (ChCl:U, ChCl:G, ChCl:EG, 

ChCl:Lev), or aqueous solutions of the individual components of ChCl-based DES added simultaneously 

in the same ratio of DES. The exposure stands for 30 min in the air for the 15 samples. Every mica sheet 

was rinsed with ultrapure water to remove the non-adsorbed vesicles, and inserted directly (before drying) 

for imaging. At least 20 images were taken for each analysis and the experiment was repeated at least 2 

times. The average values of the diameter and height of 200 liposomes detected in 20 images were 

determined using the AFM cross-section tool.  

Figure 32 illustrates representative 2D images of the liposomes exposed to water, the four ChCl-based 

DES, and the aqueous solutions of ChCl and the appropriate HBD. Exposed to water, well-adsorbed 

vesicles on the mica substrate were obtained, with a spherical cap structure and a diameter ranging from 

90 to 220 nm (Figure 32 A), with a mean value of 150 ± 30 nm and a height of 22 ± 4 nm. Exposed to DES 

(ChCl:U, ChCl:G or ChCl:EG), the adsorbed Egg PC liposomes maintained their spherical cap structures, 

while their size decreased in comparison with those exposed to water. A different behavior was observed 

for liposomes exposed to ChCl:Lev, where a clear aggregation of liposomes (Figure 32E), and/or 
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conversion to supported lipid bilayers of ~ 7 nm height (Figure 32E’) were observed. Exposed to the 

aqueous solutions of DES constituents, liposomes showed the same behavior as when exposed to DES 

with an additional decrease in the mean dimensions’ values; liposomes diameters varied between 30 and 

60 nm. The mean diameter D and height H values are presented in Table 15. In contrast to liposomes 

exposed to ChCl:Lev DES, no aggregation or conversion to SLB was observed in the aqueous solution 

containing ChCl and Lev. Also, the liposomes in the four aqueous solutions of DES’ constituents maintain 

their spherical cap shape. The reduction of the size of the vesicles in presence of the aqueous solutions of 

ChCl and the HBD can be explained by the osmosis phenomenon. Given that liposomes are prepared in 

water using the ethanol injection method, the core-shell lipid structures consist of an internal aqueous cavity 

surrounded by lipid bilayers. That said, in the presence of aqueous solutions of DES components, inner 

water molecules tend to migrate through the semipermeable membrane. Likewise, a size reduction was 

detected in presence of the DES which is also related to osmosis. In fact, two recent studies demonstrated 

the potential of ChCl:G and ChCl:EG DES as efficient, inexpensive, and reusable draw solutions for the 

enrichment of biomacromolecules or the recovery of water from industrial wastewater, using forward 

osmosis (Mahto et al., 2017; Mondal et al., 2015). Additionally, Cvjetko Bubalo et al. witnessed a decrease 

in the baker’s yeast viability as a result of a high DES content in the medium and explained it by the high 

osmotic pressure imposed on the yeast cells, leading to the diffusion of water out of the cells (Cvjetko 

Bubalo, Mazur, et al., 2015). This osmotic potential pushed liposomes to lose their confined water 

molecules to the surrounding environment, leading to the reduction of their size. On another note, the 

distinctive effect of ChCl:Lev compared to the three other DES can be explained neither by the density nor 

the viscosity of the eutectic mixture. However, this effect could be explained by the relatively high polarity 

and/or acidity of the levulinic acid-containing DES which may lead to a transmembrane pH gradient. 
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Figure 32. AFM contact mode 2D images of Egg PC liposomes following 30 min exposure to A- ultrapure water, B- ChCl:U, C- ChCl:G, D- 
ChCl:EG, E, E' ChCl:Lev  F- aqueous solution of ChCl + U, G- aqueous solution of ChCl + G, H- aqueous solution of ChCl + EG, I- aqueous 

solution of ChCl + Lev 
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Table 15. Mean diameter D and mean height H of Egg PC liposomes following 30 min exposure to ChCl:U, ChCl:G, ChCl:EG, ChCl:Lev, aqueous 
solution of ChCl + U, an aqueous solution of ChCl + G, an aqueous solution of ChCl + EG, and an aqueous solution of ChCl + Lev, determined by 
AFM using the cross-section t

 

Time 

 

DES 

   

 
ChCl:U ChCl:G ChCl:EG ChCl:Lev 

 

30 min 
D = 75 ± 15 nm 

H = 17 ± 3 nm 

D = 80 ± 20 nm 

H = 18  ± 4 nm 

D = 60 ± 18 nm 

H = 16 ± 3 nm 
Aggregation and/or SLB 

Time Aqueous solutions    

 Aqueous solution of ChCl + U Aqueous solution of ChCl + G Aqueous solution of ChCl + EG Aqueous solution of ChCl + Lev 

 

30 min 
D = 48 ±15 nm 

H = 14 ± 2 nm 

D = 45 ± 7 nm 

H = 14 ± 2 nm 

D = 46 ± 6 nm 

H = 14 ± 2 nm 

D = 45 ± 4 nm 

H = 14 ± 2 nm 
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1.2. Time-dependent behavior of liposomes suspended in the studied 
systems 

In the second approach, an aliquot of the liposomal formulation was diluted 10 times in water, DES (ChCl:U, 

ChCl:G, ChCl:EG, ChCl:Lev) or the aqueous solutions of the individual components. The dilution in water 

was considered as a control. After mixing, a volume of 50 μL was removed at different time points, deposited 

on a freshly cleaved mica surface, and left for 15 min in the air for adsorption at room temperature. Excess 

vesicles were removed by rinsing the mica surface with ultrapure water, and then the mica sheet was 

inserted directly for imaging. For a statistical purpose, 20 images were recorded.  

Figure 33 and Figure 34 illustrate AFM 2D images of Egg PC liposomes suspended in ChCl-based DES, 

and in the aqueous solutions of the constituents of ChCl-based DES for 1, 2, 24, and 48h, respectively. The 

images obtained at other time points (1 h 20 min, 1 h 40 min, and 4 h) are presented in Figure C1. Well 

adsorbed liposomes on the mica sheets were observed in ChCl-based DES at time t = 0 (Figure 33). 

However, the images show a non-homogeneous dispersion of vesicles within the ChCl-based DES, 

compared to liposomes in water (figures not shown). In addition, the mean diameter values of liposomes 

suspended in these DES are less than those suspended in water, especially at t=0 and t=1h (Table 16). 

Aggregation of vesicles started at t=0 for all the ChCl-based DES and seemed to dominate the images at t 

= 1 h. Furthermore, a complete conversion to SLB (~7 nm of height) was observed at t = 2 h. This indicates 

that aggregation and/or fusion occurs between t = 0 and t = 2 h, and continues till 4 h (Figure C1). 

Nevertheless, the SLB formed were not stable and converted into vesicles after 24 h in all the ChCl-based 

DES, owing to the solvent encapsulation by the lipid bilayers. The size of the reconstituted liposomes then 

increased over time. When it comes to liposomes suspended in the aqueous solutions of ChCl-based DES’ 

constituents, AFM images show well-adsorbed liposomes on mica substrates at 0, 1, 2, 24, and 48 h. In 

contrast to the above-described observations of liposomes suspended in DES, no aggregation or fusion 

was detected on the mica substrates. We can only notice spherical cap structures of liposomes at the 

different time points; the SLB structures were seemingly absent. Despite the similarity of liposomes 

morphology compared to water, we noticed a clear decrease in the size starting from t = 0 reflecting the 

progression of the osmosis phenomenon; while some vesicles maintained their initial diameter (~100 nm). 

After t=1 h, the mean diameter and height values of the liposomes remain stable, as indicated in Table 16. 

 



IV. Effect of DES on synthetic and biological membranes 

102 
 

 

Figure 33. AFM 2D 4 × 4 μm2 
 images of EggPC liposomes suspended in ChCl:U, ChCl:G, ChCl:EG, and 

ChCl:Lev DES obtained in contact mode at different time points 
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 Figure 34. AFM 2D 4x4, and 2x2 µm2 images of EggPC liposomes suspended in an aqueous solution of 
ChCl + U, an aqueous solution of ChCl + G, an aqueous solution of ChCl + EG, and an aqueous solution 

of ChCl + Lev, obtained in contact mode at different time points  
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Table 16. Mean diameter D and mean height H of Egg PC liposomes suspended in water, ChCl:U, ChCl:G, ChCl:EG, ChCl:Lev, aqueous solution 
of ChCl + U, an aqueous solution of ChCl + G, an aqueous solution of ChCl + EG, and an aqueous solution of ChCl+ Lev, at different time points 
determined by AFM using the cross-section tool 

                     Time (h) 

 

Solvent 

 

0 

 

1 

 

2 

 

24 

 

48 

Water D = 120 ± 15 nm 

H = 21 ± 3 nm 

ChCl:U D = 65 ± 13 nm 

H = 15 ± 3 nm 

D = 60 ± 10 nm 

H = 14 ±  3 nm 
SLB 

D = 50 ± 18 nm 

H = 15 ±  3  nm 

D = 80 ± 20 nm 

H = 17 ±  4 nm 

ChCl:G D = 80 ± 8 nm 

H = 16 ± 3 nm 

D = 67 ± 10 nm 

H = 15 ± 3 nm 
SLB 

D = 35 ± 8 nm 

H = 12 ± 1 nm 

D = 75 ± 18 nm 

H = 14 ±  2 nm 

ChCl:EG D = 65 ± 10 nm 

H = 14 ±  2 nm 

D = 65 ± 8 nm 

H = 15 ± 3 nm 
SLB 

D = 66 ± 25 nm 

H = 17 ±  3  nm 

D = 80 ± 18 nm 

H = 14 ±  2 nm 

ChCl:Lev D = 72 ± 13 nm 

H = 15 ±  3 nm 

D = 60 ± 10 nm 

H = 14 ±  3 nm 
SLB 

D = 73 ± 10 nm 

H = 14 ±  2 nm 

D = 90 ± 20 nm 

H = 18 ± 4 nm 

Aqueous solution of 

ChCl + U 

D = 62 ± 10 nm 

H = 15 ±  2 nm 

D = 50 ± 8 nm 

H = 14 ± 2 nm 

D = 47 ± 8 nm 

H = 14 ± 2 nm 

D = 46 ± 6 nm 

H = 14 ± 3 nm 

D = 46 ± 4 nm 

H = 14 ± 2 nm 

Aqueous solution of 

ChCl + G 

D = 55 ± 13 nm 

H = 15 ±  2  nm 

D = 47 ± 6 nm 

H = 14 ± 2 nm 

D = 45 ± 7 nm 

H = 14 ± 2 nm 

D = 44 ± 6 nm 

H = 14 ± 3 nm 

D = 44 ± 4 nm 

H = 14 ± 2 nm 

Aqueous solution of 

ChCl + EG 

D = 58 ± 13 nm 

H = 15 ±  3  nm 

D = 49 ± 8 nm 

H = 14 ± 2 nm 

D = 46 ± 7 nm 

H = 14 ± 2nm 

D = 45 ± 5 nm 

H = 14 ± 3 nm 

D = 45 ± 4 nm 

H = 14 ± 2 nm 

Aqueous solution of 

ChCl + Lev 

D = 53 ± 11 nm 

H = 15 ± 2 nm 

D = 47 ± 6 nm 

H = 14 ± 2 nm 

D = 45 ± 6 nm 

H = 14 ± 2nm 

D = 45 ± 5 nm 

H = 14 ± 3 nm 

D = 44 ± 4 nm 

H = 14 ± 2 nm 
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2. Effect on human cells 

After studying the effect of DES on liposomes, known as models for biological membranes, we were 

interested in evaluating the impact of DES on human cells. As mentioned in section I.2., DES were 

always assumed as non-toxic solvents owing to the safety of their forming compounds. Nevertheless, 

some studies recently reported that DES can have a different toxicity response than their starting 

compounds. In this section, we examined the effect of two of the most studied and applied DES, ChCl:U 

and ChCl:EG, on MDA-MB-231, a human breast cancer cell line. To do so, a combination of cytotoxicity 

studies and morphological assessment was carried out. The cytotoxicity study was performed using the 

trypan blue exclusion test and by exposing the cells to different concentrations of the DES. On the other 

hand, the morphological alterations of the cells were monitored via optical microscopy. Furthermore, 

the effect of the DES was compared with the effect of their individual (ChCl, urea, or ethylene glycol) or 

combined compounds. The solution of the combined compounds was prepared by separately dissolving 

the HBA and the HBD in water at the same HBA:HBD molar ratio adopted for the DES. In a second 

approach, confluent MDA-MB-231 cells were incubated in pure DES, devoid of any culture medium, for 

the first time. The cells were subsequently observed over time using optical microscopy.  

The detailed methodology and the obtained results are presented below, in the form of an article that 

will be submitted to Chemosphere journal. 
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Abstract 

Deep eutectic solvents (DES) represent a new generation of solvents with interesting and tunable 

physicochemical properties. Despite the rising interest in DES and their multidisciplinary applications, 

their assumed safety remains a controversial subject. The present work aims to investigate the effect 

of two common DES, choline chloride:urea and choline chloride:ethylene glycol, on MDA-MB-231 

human breast cancer cell line and to compare it with the effect of the aqueous solutions of their 

individual or combined forming compounds. To this end, the cytotoxicity and the morphological 

alterations of the cells were evaluated using the trypan blue exclusion test and optical microscopy, 

respectively. The IC50 values of the DES lie between the values of the corresponding salt and hydrogen 

bond donor (HBD). Indeed, DES were mostly more cytotoxic than the aqueous solutions of their 

combined compounds and presented different behaviors when it comes to the cells’ morphology. 

Choline chloride:ethylene glycol is much more cytotoxic than choline chloride:urea, thus proving the 

important contribution of the HBD to the overall toxicity of the DES. In another approach, cells were 

incubated in pure DES medium, devoid of any culture medium, for the first time. As a result, the cells 

were fixed in a certain state for 12 days. 

Keywords: deep eutectic solvents, choline chloride, urea, ethylene glycol, cytotoxicity, fixation. 
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Introduction 

Deep eutectic solvents (DES) constitute a new generation of solvents that was discovered only 

seventeen years ago [1]. They are mostly defined as a binary or ternary mixture of compounds that are 

capable of hydrogen bonding. Mixing the hydrogen acceptor (HBA) and the hydrogen bond donor (HBD) 

at a specific molar ratio will lead to the formation of a homogenous liquid with a very low melting 

temperature, relative to that of the forming compounds [2]. The point which corresponds to these exact 

composition and temperature is called the eutectic point. Moreover, the word “deep” comes from the 

fact that a DES must present a lower eutectic temperature than the ideal one [3]. Given the ease of 

their preparation and their unique physicochemical properties, DES were successfully applied in 

numerous domains namely organic synthesis [4], catalysis [2], extraction [5], and drug delivery [6]. 

Another major reason for the rising interest in DES is that these solvents were long considered non-

toxic owing to the safety of their forming compounds, further improving their chances of replacing 

conventional organic solvents. Yet, the toxicity issue was not directly addressed until recently. 

In this first study, Hayyan and coworkers surprisingly found that choline chloride (ChCl)-based DES 

were more cytotoxic than their individual forming compounds toward brine shrimp and were non-toxic 

toward Gram-positive and Gram-negative bacteria [7]. Since then, several toxicity studies were 

conducted toward different biological systems like bacteria, yeast, fungi, along with human, mouse, and 

fish cell lines [8]. However, the studies reported to date do not provide a clear conclusion about DES’ 

toxicity. It is a complex issue given the countless number of possible DES and the multiple factors that 

can affect their overall toxicity. These factors include the HBA and HBD types, their molar ratio, and the 

targeted living system. Indeed, most of the studies highlighted the important role of the HBD in the 

resulting DES’ toxicity [9–14]. A highly accurate and predictive multitasking Quantitative Structure-

Toxicity Relationship model using a data set of 498 DES and their components was recently reported 

and concluded that sugar alcohols (e.g. sorbitol and xylitol) and straight-chain alcohols (e.g. glycerol, 

ethylene glycol, and 1,2-propanediol) are the least toxic HBD, followed by amides (e.g. urea). While 

sugars (e.g. xylose, fructose, maltose, and glucose) present intermediate toxicity and the use of organic 

acids (e.g. oxalic acid, phenylacetic acid, citric acid, and malic acid) contributed the most to DES' toxicity 

[9]. Some other studies pointed out the impact of the HBA [15,16] and the HBA:HBD molar ratio [17,18]. 

Moreover, one DES can lead to different toxicity responses when different organisms are considered 

[7]. 

Choline chloride:urea (ChCl:U) and choline chloride:ethylene glycol (ChCl:EG) represent two of the 

most studied and applied DES so far. These solvents were already considered by several toxicity 

studies and were tested toward different organisms, which mainly include bacteria and various human 

cell lines. Some papers reported their non-toxicity toward Gram-positive and Gram-negative bacteria 

[7,14], while others proved their anti-bacterial activity [19,20]. When it comes to the cytotoxicity studies, 

various profiles are obtained which indicate that DES’ cytotoxicity tends to be cell line dependent. For 

instance, ChCl:U and ChCl:EG were non-toxic toward CCO fish cell line and MCF-7 human breast 

cancer cell line (at 1- 2000 mg.L-1 concentration range) [21] and even enhanced the cell viability of two 

human skin cell lines (at 50 – 500 mg.L-1 concentration range and 1:1 molar ratio) [22]. On the other 
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hand, the same DES exhibited relatively high cytotoxicity toward other cell lines, with IC50 values 

ranging between 25 and 82 mg.L-1  [10]. Furthermore, few studies compared the effect of DES with the 

aqueous solutions of their individual or combined starting compounds. Two studies demonstrated that 

ChCl:U and ChCl:EG DES presented higher toxicity toward brine shrimp [7] and Escherichia coli [19] 

than a mixture of their individual compounds. In contrast, these DES were less toxic than their forming 

compounds or their mixtures toward Arthrobacter simplex [20]. Likewise, ChCl:U led to a lower toxic 

effect when tested on several human cancer cell lines [10] or marine bacteria Aliivibrio fischeri [18]. 

In the present study, we aimed to evaluate the effect of ChCl:U and ChCl:EG on the MDA-MB-231 

human breast cancer cell line. Hence, we investigated both the cytotoxic effect and the morphological 

alterations of the cells after their exposure to DES or aqueous solutions of their individual or combined 

forming compounds. In addition, the cells were incubated in pure DES for the first time and their 

morphology was subsequently monitored using optical microscopy. 

 

Experimental section 

Materials 

Choline chloride (99%), urea (98%), and ethylene glycol (99.5%) were purchased from Acros Organics 

(Netherlands). Roswell Park Memorial Institute (RPMI) 1640 medium, fetal bovine serum (FBS), L-

glutamine, penicillin-streptomycin, Dulbecco's phosphate-buffered saline (PBS), trypsin, and trypan 

blue were purchased from Sigma-Aldrich (St Louis, USA). 

Preparation of the deep eutectic solvents 

The studied DES, ChCl:U and ChCl:EG, were prepared by combining the two components at a 1:2 

ChCl:HBD molar ratio. The mixture was then stirred at 60 °C until the formation of a clear and 

homogenous liquid. The water content of the prepared solvents was determined using the Karl Fisher 

titration method (Mettler Toledo DL31) and was found to be 0.33 and 0.06 wt.% for ChCl:U and 

ChCl:EG, respectively. 

 

Preparation of the aqueous solutions 

The aqueous solutions of the individual components (ChCl, urea or ethylene glycol) were prepared by 

weighing and dissolving each compound in a total volume of 10 mL of ultrapure water to reach a final 

concentration of 1.5 M. Likewise, the aqueous solutions of both components, denoted as (ChCl + U) aq 

or (ChCl + EG) aq, were prepared by dissolving ChCl in ultrapure water at a concentration of 1.5 M, 

followed by the addition of the corresponding HBD such that a 1:2 ChCl:HBD molar ratio is obtained. 
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Cell culture 

Highly invasive MDA-MB-231 human breast cancer cells were cultured at 37°C in a humidified 

atmosphere with 5% CO2 in RPMI 1640 medium. The medium was supplemented with 10% Fetal 

Bovine Serum, 1% L-glutamine, and 1% penicillin-streptomycin. The cells were passaged every 3- 4 

days: medium removal, PBS wash, cell detachment with trypsin solution, medium addition, 

centrifugation at 900 rpm for 5 min, and resuspension of the pellet in fresh medium. 

Cell viability assay 

The cytotoxicity of DES and the aqueous solutions of their constituents was studied using the trypan 

blue exclusion test which determines the number of viable cells present in the cell suspension. Trypan 

blue dye will only be taken up by dead cells since they possess damaged membranes and will be 

excluded by viable cells. Dead cells will consequently have a blue cytoplasm and viable cells will present 

a clear one when examined. Briefly, 20000 cells /well were seeded into 24-well culture plates, in a total 

volume of 500 μL/well of RPMI medium. After overnight incubation to allow cell attachment, the medium 

was replaced with a fresh medium containing increasing concentrations of DES, an aqueous solution 

of the individual constituents (ChCl or urea or ethylene glycol), or an aqueous solution of combined 

HBA and HBD. In other words, the prepared DES and stock solutions of the individual or combined 

compounds were diluted in the fresh culture medium to reach the desired final concentrations. The 

molar mass of the DES was calculated according to Florindo et al. (MW ChCl:U = 259.74 g.mol-1 and 

MW ChCl:EG = 263.76 g.mol-1) [24]. Whereas control cells were incubated in a fresh medium. The 

plates were then incubated for 24, 48, and 72h. After each time point, the medium was removed, the 

cells were washed with PBS and detached using trypsin. The cell suspension was centrifuged (900 

rpm, 5 min) and the resulting pellet was resuspended in fresh medium. The cell suspension was mixed 

with trypan blue dye at 1:1 dilution (v/v) and 10 μL were slowly deposited on the Neubauer slide and 

examined on the optical microscope. All measurements were performed in triplicate and each 

experiment was repeated at least three times. The results are expressed as the percentage of cell 

viability with respect to the untreated control, which was set as 100%. Corresponding IC50 values were 

calculated from the dose-response curves using equations of best-fitted trendlines. 

Morphological assessment 

The morphological changes of MDA-MB-231 breast cancer cells following the exposure to different 

concentrations of DES or the aqueous solutions of their constituents were investigated via optical 

microscopy. Cells were seeded in a 12-well plate (40000 cells/well) in a total volume of 1 mL/well of 

RPMI medium. After overnight incubation, cells were subjected to different concentrations of the 

aqueous solution of the individual components (50 and 100 mM), the aqueous solution of the combined 

components, or the DES (10; 30; 50 and 100 mM). The cells were then photographed at different time 

points (1, 3, 6, 24, and 48h) using an inverted microscope (Leica Microsystems, Switzerland). This 

experiment was repeated 3 times and each concentration was done in duplicate. 
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Incubation in pure DES 

The effect of DES on human cells was studied by exposing MDA-MB-231 cells to pure DES. Cells were 

seeded on a 12-well plate (40000 cells/well) in a total volume of 1 mL/well of RPMI medium. 72 hours 

after seeding, the RPMI medium was removed and replaced with 1 mL of fresh RPMI medium (control) 

or DES (ChCl:U or ChCl:EG). The cells were then monitored at different time points (1h, 72h, day 6, 

day 10, and day 12) via optical microscopy on a 10X objective. After 12 days at 37°C, the DES was 

removed, the well was washed 3 times with PBS buffer (VPBS= 200 μL/ well), and the wells were imaged 

once again. The cells were then detached using trypsin, centrifuged (900 rpm, 5 min) and the resulting 

pellet was resuspended in fresh medium. The resulting cell suspension was placed in the wells to check 

if the cells can recover and proliferate. 

Statistical analysis 

Experimental values were expressed as the means ± standard deviation (SD) of at least three 

independent experiments. Statistical analysis was performed using Student’s t-test and GraphPad 

Prism 8 software. Statistical significance was defined when P < 0.05. 

Results and discussion 
 

Cytotoxicity and morphological studies 

Breast cancer cells (MDA-MB-231) were treated with ChCl:U or ChCl:EG DES, or with aqueous 

solutions of their separate or combined forming compounds. The cell viability was determined via the 

trypan blue exclusion test and the cell morphology was observed at different time points following the 

exposure. Combining these two approaches is interesting since it can provide a better elucidation of 

the impact of the DES on the cells. Cells were subjected to concentrations ranging between 0.01 and 

100 mM of the above-mentioned solutions. 

▪ Effect of the forming compounds 

In a first step, we evaluated the effect of the individual compounds used for the preparation of the two 

studied DES on MDA-MB-231 cells. When exposed to choline chloride (ChCl) for 24h, the cell viability 

decreased from 96.79% to 64.19% when going from 0.01 to 100 mM, respectively (Figure S1a). The 

viability dropped to 39.67% at the highest concentration (100 mM) after 48h of exposure (Figure 1a). 

Similar results were obtained after 72h (Figure S2a). On the other hand, the number of viable cells 

slightly decreased when exposed to urea (Figure 1b), with 69.08% cell viability at the highest 

concentration and after 72h of exposure (Figure S2b). Conversely, the cell viability significantly dropped 

in presence of ethylene glycol and reached, after 48h, 42%, and 12.5% at 0.01 and 100 mM, 

respectively (Figure 1c). A similar effect was also observed following 72h of exposure (Figure S2c). 

Furthermore, the observations via optical microscopy showed adherent and confluent spindle-shaped 

cells in control, with few detached cells owing to the full coverage of the wells by the cells. When treated 

with ChCl, less confluent and elongated MDA-MB-231 cells were observed compared with control cells 

(Figure 2a). However, no morphological alterations or effect on the cells’ proliferation were detected 
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upon exposure of the cells to urea (Figure 2b). Likewise, no remarkable differences were seen on the 

microscope when it comes to the cellular morphology or proliferation of ethylene glycol-treated cells 

(Figure 2c). The IC50 values, displayed in Table 1, prove that ethylene glycol (IC50 = 9.21E-03 mM) is 

more cytotoxic than ChCl (IC50 = 10.70 mM), which is more cytotoxic than urea (IC50 = 205.60 mM). 

However, this finding is not in accordance with the studies of Hayyan et al. [10] and Macário et al. [18] 

who both agreed on the following toxicity ranking: ChCl > urea > ethylene glycol toward various human 

cell lines other than MDA-MB-231 and marine bacteria. Consequently, this could be due to the 

difference in targeted biological systems, type of cell line, or experimental procedure. 

 

Figure 1. Variation of cell viability of MDA-MB-231 breast cancer cells in function of the concentration 
of a) choline chloride, b) urea, or c) ethylene glycol following 48h of exposure. Results are expressed 
as mean ± SD of three independent experiments (** stands for P < 0.01, *** stands for P < 0.001, and 
**** stands for P < 0.0001) 
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Figure 2. Images of MDA-MB-231 cells untreated (control) or treated with aqueous solutions of a) 
choline chloride, b) urea or c) ethylene glycol for 24 and 48h 
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Table 1. IC50 values of DES and the aqueous solutions of their individual or combined forming 
compounds after 48h of exposure 

 

Solvent 

IC50 (mM) 

HBA HBD (HBA + HBD) 

aq 

DES 

ChCl:U  

10.70 

205.60 26.92 32.04 

ChCl:EG 9.21E-03 5.47E-01 4.76E-03 

 

▪ DES vs aqueous mixtures of the forming compounds 

Likewise, we evaluated the effect of preformed DES on MDA-MB-231 cells and compared it to the effect 

of the aqueous solutions of both HBA and HBD denoted as (HBA + HBD) aq. The results of the cell 

viability assay revealed that ChCl:U DES is less cytotoxic than (ChCl + U) aq after 24 or 48h of 

exposure. However, this effect was reversed at the highest concentrations (50, 75, and 100 mM) (Figure 

3 and Figure S3a). After 72h, the higher cytotoxic effect of ChCl:U compared to (ChCl + U) aq covered 

a wider concentration range (1- 100 mM) (Figure S3b). Moreover, the IC50 value of ChCl:U (32.04 mM) 

determined at 48h is very close to that of (ChCl + U) aq (26.92 mM), and lies between the IC50 of ChCl 

and urea (Table 1). Besides, no clear differences were observed between untreated cells and cells in 

presence of ChCl:U or (ChCl + U) aq at 10 or 30 mM, as illustrated in Figure 4 and Figure 5. However, 

at 50 and 100 mM, the number of the cells decreased in presence of the aqueous solution from the first 

hour of exposure where few round cells were observed at 100 mM. Although the cells were able to 

recover at 50 mM after 48h of incubation, elongated cells with membrane blebbing were seen at 100 

mM (Figure 6). On the other hand, ChCl:U DES does not seem to affect the cell proliferation as much 

as the aqueous solution but may induce cell death since more floating cells were noticed at high DES 

concentrations compared with control (Figure 5). In addition, clustered cells were observed at 100 mM 

DES from t = 1h (Figure 5), and cell enlargement and elongation, as well as membrane blebbing, were 

detected at t = 48h (Figure 6). 
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Figure 3. Cytotoxic effect of ChCl:U DES versus the aqueous solution of its components (ChCl + U) aq 
on MDA-MB-231 breast cancer cells after 48h of exposure. Results are expressed as mean ± SD of 
three independent experiments (* stands for P < 0.1, ** stands for P < 0.01, *** stands for P < 0.001, 
and **** stands for P < 0.0001)
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Figure 4. Images of MDA-MB-231 cells untreated (control) or treated with different concentrations of aqueous solutions of choline chloride and urea at 
different time points 
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Figure 5. Images of MDA-MB-231 cells untreated (control) or treated with different concentrations of ChCl:U DES at different time points 
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Figure 6. Morphological differences between untreated MDA-MB-231 cells and cells treated with aqueous 
solutions of choline chloride and urea (ChCl + U) aq or ChCl:U DES at 100 mM for 48h 

 

When it comes to ChCl:EG, DES is significantly more cytotoxic than (ChCl + EG) aq at all tested 

concentrations. Moreover, no viable cells were obtained in presence of the DES at a concentration ≥ 10 

mM, following 24h (Figure S5), 48h (Figure 7), or 72h of exposure (Figure S5). Consequently, the IC50 of 

ChCl:EG (4.76E-03 mM) is lower than that of (ChCl + EG) aq (5.47E-01 mM). Hayyan and coworkers also 

found out that aqueous solutions containing the forming compounds of ChCl-based DES are most of the 

time less cytotoxic than the corresponding DES toward various human cell lines, except for ChCl:U [10]. 

When it comes to the morphological observations, no remarkable difference was noticed between untreated 

cells and cells treated with (ChCl + EG) aq (Figure S7) or ChCl:EG DES (Figure S8) at 10 and 30 mM. 

However, a reduction in the number of cells was clear in presence of the aqueous solution at 50 and 100 

mM from the first hour of exposure. Besides, the cells presented a more elongated bipolar shape and a 

damaged membrane at 50 and 100 mM. A different outcome resulted from the DES’ treatment where cells 

were still confluent at 50 and 100 mM but elongated adherent cells and a higher number of detached dead 

cells was witnessed especially at 100 mM. The results obtained herein confirm that DES present a different 

behavior than (HBA + HBD) aq, thus a possibly different mechanism of action. Furthermore, the impact of 

the DES is not simply caused by the simultaneous presence of the HBA and HBD although the DES, present 

at a maximum of 2% (v/v), is most probably disrupted in presence of the culture medium [18]. Indeed, many 

studies have stated that the hydrogen bond network of DES is weakened in presence of high water content 

since water tends to interact with the DES’ forming compounds [25–29]. Furthermore, when comparing the 

two DES, it can be concluded that ChCl:EG is more cytotoxic than ChCl:U, which is in accordance with the 

works of Shekaari et al. and Mao et al. who tested ChCl-based DES on A549 lung cancer cells and 

Arthrobacter simplex, respectively [20,23]. The major difference in the cytotoxicity profile of the studied DES 

highlights the important role of the HBD in the overall toxicity. 
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Figure 7.  Cytotoxic effect of ChCl:EG DES versus the aqueous solution of its components (ChCl + EG) aq 
on MDA-MB-231 breast cancer cells after 48h of exposure. Results are expressed as mean ± SD of three 
independent experiments (*** stands for P < 0.001, and **** stands for P < 0.0001) 

 

Incubation in pure DES 

In another approach, cells were exposed to pure DES for the first time. Figure 8 depicts the images of MDA-

MB-231 cells following their incubation in ChCl:U or ChCl:EG for different periods. At t = 1h, control cells 

are confluent (72h after seeding) and so are the cells incubated in pure DES, except that cell shrinkage and 

voids are observed between the cells in both DES. At t = 72h, floating dead cells were covering the adherent 

cells in the control given that the rapidly evolving cancer cells did not have enough room to proliferate or 

enough nutrients from the culture medium. However, no obvious dead cells were seen in both ChCl:U- and 

ChCl:EG-treated cells. On the other hand, some morphological changes are somehow observed in the cells 

treated with ChCl:U at t= 72h, which seemed like a detached monolayer of cells. Twelve days after their 

exposure, untreated cells are obviously dead but DES-treated cells surprisingly maintained the same state 

that was observed at earlier time points. Thereafter, the cells were again photographed after DES removal 

and PBS wash (Figure 9). These results demonstrate that ChCl-based DES somehow fix the cells for at 

least 12 days. Yet, the cell morphology was altered and the membrane integrity seems to be lost in ChCl:U. 

Nevertheless, the cells maintained their spindle-like shape in ChCl:EG, although the tight cell to cell junction 

seemed disrupted (Figure 9). This finding may explain the distinct morphological observations that were 

noticed when comparing the effect of DES with the aqueous solutions. As discussed earlier, no decrease 

in the cell number was detected when MDA-MB-231 cells were exposed to both DES, which can be related 

to the potential cell fixation by DES. The purpose of using a fixative is to physically or chemically fix 

dynamically changing viable cells or tissues at a certain time point. The physical fixation involves processes 
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like heating, microwaving, or freeze-drying. On the other hand, chemical fixation consists of using coagulant 

or non-coagulant chemical fixatives [30]. Coagulant fixatives act by coagulating the proteins which generally 

maintain the cells or tissues’ architecture, whereas non-coagulant fixatives form covalent cross-links 

between proteins, between nucleic acids, or between proteins and nucleic acids. To the best of our 

knowledge, this is the first study that highlights the ability of DES in cell fixation. However, liposomal and 

bacterial preservation in ChCl-based DES has already been demonstrated [31–33]. Understanding the 

mechanism of DES behind the cells’ fixation is quite early but some explanations can be drawn based on 

the previously reported papers. The exposure to pure DES will induce a high osmotic pressure on the cells 

which will most probably lead the cells to lose their inner water molecules. Such effects were also obtained 

when exposing liposomes to ChCl-based DES in our previous study [32]. The removal of water from the 

cells may destabilize the conformation of the proteins and result in their coagulation. Few studies have 

already investigated the effect of ChCl-based DES on the activity and structure of proteins and the latter 

were found to be negatively affected at higher DES concentrations in some cases [34–38]. 

Thereafter, the cells were partially detached (since complete detachment was not achieved after 

trypsinization) and resuspended in a fresh medium. Yet, 24h later, the cells did not adhere or proliferate. 

The preliminary observations presented herein already reveal some interesting information although further 

investigations must be carried out to understand the behavior of these cells in presence of pure DES. 

 

Figure 8. Images of MDA-MB-231 cells exposed to RPMI medium (control) or pure DES for different 
periods 
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Figure 9. Observations of MDA-MB-231 cells exposed to pure DES for 12 days following DES removal 
and PBS wash 

 

Conclusion 
 

DES were long considered non-toxic and green owing to the safety of their starting materials. However, 

their non-toxicity became questionable when this topic was recently addressed. In this study, we tested two 

common DES, ChCl:U and ChCl:EG, on MDA-MB-231 human breast cancer cell line and compared their 

effect to that of their individual or combined forming compounds. The cytotoxicity study conducted via the 

trypan blue exclusion test revealed that DES are mainly more cytotoxic than the aqueous solution of their 

compounds. Furthermore, the observation of the cell morphology upon exposure to DES or aqueous 

solutions of both compounds showed a different behavior which can be explained by a different mechanism 

of action. The choice of the hydrogen bond donor can highly affect the overall toxicity of a DES, resulting 

in a relatively harmless DES like ChCl:U or a moderately toxic DES like ChCl:EG. In another approach, 

cells were incubated in pure DES for the first time and were monitored by optical microscopy. Both DES 

were able to fix the cells in a certain state for up to 12 days, which can be explained by dehydration of the 

cells upon exposure to pure DES and subsequent protein coagulation. To the best of our knowledge, this 

is the first reported case of cell fixation by DES and further studies must be carried out to understand the 

mechanism behind these observations.
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Figure S1. Variation of cell viability of MDA-MB-231 breast cancer cells in function of the concentration 
of a) choline chloride, b) urea, or c) ethylene glycol following 24h of exposure. Results are expressed 
as mean ± SD of three independent experiments (** stands for P < 0.01, *** stands for P < 0.001, and 
**** stands for P < 0.0001) 
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Figure S2. Variation of cell viability of MDA-MB-231 breast cancer cells in function of the concentration 
of a) choline chloride, b) urea, or c) ethylene glycol following 72h of exposure. Results are expressed 
as mean ± SD of three independent experiments (**** stands for P < 0.0001) 
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Figure S3. Cytotoxic effect of ChCl:U DES versus the aqueous solution of its components (ChCl + U) aq 
on MDA-MB-231 breast cancer cells after a) 24h and b) 72h of exposure. Results are expressed as mean 
± SD of three independent experiments (* stands for P < 0.1, ** stands for P < 0.01, and *** stands for P < 
0.001) 
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Figure S4. Variation of cell viability of MDA-MB-231 breast cancer cells in function of the concentration of 
a) aqueous solution of choline chloride and urea (ChCl + U) aq or b) ChCl:U DES following 48h of exposure. 
Results are expressed as mean ± SD of three independent experiments (*** stands for P < 0.001 and **** 
stands for P < 0.0001) 
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Figure S5. Cytotoxic effect of ChCl:EG DES versus the aqueous solution of its components (ChCl + EG) 
aq on MDA-MB-231 breast cancer cells after a) 24h and b) 72h of exposure. Results are expressed as 
mean ± SD of three independent experiments (** stands for P < 0.01, *** stands for P < 0.001, and **** 
stands for P < 0.0001) 
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Figure S6. Variation of cell viability of MDA-MB-231 breast cancer cells in function of the concentration of 
a) aqueous solution of choline chloride and ethylene glycol (ChCl + EG) aq or b) ChCl:EG DES following 
48h of exposure. Results are expressed as mean ± SD of three independent experiments (**** stands for 
P < 0.0001) 

a) 
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Figure S7. Images of MDA-MB-231 cells untreated (control) or treated with different concentrations of aqueous solutions of choline chloride and 
ethylene glycol at different time points 
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Figure S8. Images of MDA-MB-231 cells untreated (control) or treated with different concentrations of ChCl:EG DES at different time points



V. The solubilizing ability of DES toward natural volatiles and essential oils 

133 
 
 

V. The solubilizing ability of DES toward natural 

volatiles and essential oils 

In this chapter, we evaluated the ability of the DES to solubilize plant volatiles like trans-anethole (AN) and 

L-carvone (Carv) and related essential oils. In addition, we investigated the impact of the incorporation of 

water or some encapsulating agents like cyclodextrins (CD), phospholipids, and surfactants on the overall 

DES’ solubilization efficiency. Finally, we monitored the release of trans-anethole from the DES over time. 

1. Solubilization of volatile compounds by DES  

The solubilization studies were conducted using static headspace-gas chromatography (SH-GC). In this 

technique, the sample (liquid or solid) is generally placed in a closed vial which will then be thermostated 

at a constant temperature. Thereafter, an equilibrium between the sample phase and the gas phase above 

it will be reached and the concentration of the volatile compound in the gas phase will be constant. The gas 

phase is called the headspace and the type of analysis is static since the two phases present in the vial are 

under static conditions. In a second step, the gas phase is analyzed by gas chromatography: an aliquot of 

the headspace is transferred to the column (stationary phase) via the carrier gas stream (mobile phase) 

(Figure 35). The distribution of the studied volatile compound between the two phases is represented by a 

parameter known as the partition coefficient K which represents herein the ratio of the analyte’s 

concentration in the gas phase over its concentration in the sample phase. When water constitutes the 

sample phase, we talk about Henry’s law constant Hc. These parameters reflect the solubility of the analyte 

in the considered sample (Kolb & Ettre, 2006). 

 

Figure 35. Principle of static headspace-gas chromatography 
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In the present study, we evaluated the solubility of trans-anethole (AN) (Figure 36A) and L-Carvone (Carv) 

(Figure 36B) in the different DES and compared it to their solubility in water. Trans-anethole is a major 

component of star anise and fennel essential oils, while L-Carvone is found at high concentrations in 

spearmint oil. They are both mainly used as flavoring agents and applied in food, cosmetics, and 

pharmaceutical industries due to their numerous biological properties. However, their wider applications 

are hampered by their high volatility, low water solubility, and chemical instability (de Carvalho & da 

Fonseca, 2006; Gharib et al., 2018). 

 

Figure 36. The general structure of (A) trans-anethole and (B) L-carvone 

 

1.1. Determination of the partition coefficient K  

The values of the vapor-liquid partition coefficient K of the studied volatiles in DES were determined at 30 

°C and were compared to the partition coefficients of the same volatiles in water using two complementary 

methods: the phase ratio variation method and the vapor phase calibration method (Kolb & Ettre, 2006). It 

is noteworthy that the partition coefficient K will be considered as the ratio of the concentration in the gas 

phase over the concentration in the liquid phase to simplify the comparison with the partition coefficient in 

water. 

1.1.1. The phase ratio variation method 

In the phase ratio variation method, several vials containing different amounts of water and the same 

amount of the volatile compound are analyzed at 30 °C. Subsequently, Henry’s law constant Hc of the 

considered volatile in water can be determined by plotting the curve relating 1/AVL to the VG/VL ratio as 

shown in equation (4): 

 
1

𝐴𝑉𝐿

=
1

𝛼

𝑉𝐺

𝑉𝐿

 +
1

𝛼𝐻𝑐
 (4) 

 



V. The solubilizing ability of DES toward natural volatiles and essential oils 

135 
 
 

 

where A is the chromatographic peak area, α is a constant, and VL and VG are the volumes of the liquid 

phase and the gas phase, respectively.  

 

1.1.2. The vapor phase calibration method 

The vapor phase calibration method was further applied to determine the partition coefficient of the volatile 

compounds in the different DES. In a first step, several vials containing the same amount of water and 

different amounts of the volatile compound are analyzed by SH-GC. A calibration curve A = f (Ctotal) relating 

the chromatographic peak area to the total concentration of the volatile compound in water is thus obtained. 

After determining Hc using the phase ratio variation method, the concentration of the volatile in the gas 

phase CG can be calculated following equation (5): 

 

𝐶𝐺 = 
𝑛𝑡𝑜𝑡𝑎𝑙

(𝑉𝐺 + 
𝑉𝐿
𝐻𝑐

 )
 

 

(5) 

Where ntotal is the number of moles of the analyte, initially added to the vial. 

Knowing the concentration in the gas phase, the calibration curve A = f (CG) relating the peak area to 

concentration in the gas phase can thus be drawn.   

In the second step, several vials containing the same amount of DES (3 mL) and different amounts of the 

volatile compound (1- 200 mg) are analyzed by SH-GC. The concentration of the volatile compound in the 

gas phase CG can be determined from the experimental chromatographic peak area, using the parameters 

of the calibration curve A = f (CG) obtained earlier. Subsequently, the vapor-liquid partition coefficient of the 

volatile compound in the DES which is the ratio of its concentration in the gas phase over its concentration 

in the liquid phase can be obtained.   

Before analysis, the volatile compound was added to the DES placed in 22 mL headspace glass vials. Vials 

were then sealed and thermostated at 30 °C under stirring for 24 h to reach equilibrium between liquid and 

gas phases. The vials were then put in the headspace oven at 30 °C for an additional 2 hours. 

Subsequently, 1 mL of the headspace was withdrawn from the vial and injected in the chromatographic 

column for analysis via a heated transfer line (250 °C). All measurements were carried out with an Agilent 

G1888 headspace sampler coupled with a PerkinElmer Autosystem XL gas chromatography equipped with 

a flame ionization detector and a DB624 column using nitrogen as carrier vector. The GC column 

temperature was set at 160 °C for both trans-anethole and L-carvone. 

Table 17 presents the values of the partition coefficient of trans-anethole in water or the solvents. A clear 

decrease in K occurs when trans-anethole is added to all the studied solvents compared with water. A 
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reduction in K means an increase in CL, which in turn means that the volatile compound is more soluble in 

the considered solvent than in water. K of trans-anethole was reduced at least 13 times and up to 4200 

times in ChCl:U and TBABr:Dec, respectively. The DES based on TBABr or TBPBr as HBA seem to present 

a greater solubilizing effect than ChCl-based DES. On another note, SUPRADES presented an 

intermediate solubilizing ability. The SUPRADES based on levulinic acid showed a greater K reduction 

when compared with other SUPRADES. The molar ratio also affects the solubilization since a lower partition 

coefficient is obtained when a lower HBD molar fraction is used (1:20 > 1:30 > 1:40), which can be explained 

by the higher amount of CD. However, no correlation was detected between the K reduction and the density 

or the viscosity of the tested solvents. 

Table 17. Partition coefficient values of trans-anethole in water and the different solvents and Kwater/Ksolvent 

ratio at 30 °C  

Solvent Partition coefficient K Kwater/Ksolvent 

Water 1.29E-02 1 

ChCl:U 9.55E-04 13.51 

ChCl:G 5.23E-04 24.67 

ChCl:EG 2.38E-04 54.20 

ChCl:Lev 3.40E-05 379.41 

TBPBr:Lev 2.18E-05 591.74 

TBABr:Dec 3.05E-06 4229.51 

TBPBr:EG 8.70E-06 1482.76 

HPBCD:Lev 1.04E-05 1240.38 

RAMEB:Lev 9.60E-06 1343.75 

CRYSMEB:Lev 1.08E-05 1194.44 

Captisol:Lev 2.18E-05 591.74 

HPBCD:G 1:30 8.87E-04 14.55 

HPBCD:G 1:40 1.12E-04 115.07 

HPBCD:EG 1:20 2.55E-05 506.44 

HPBCD:EG 1:30 3.21E-05 401.83 

HPBCD:EG 1:40 3.49E-05 369.64 

HPBCD:1,3-PD 1:30 3.95E-05 326.57 
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HPBCD:1,3-PD 1:40 3.91E-05 330.29 

HPBCD:1,3-BD 1:40 3.04E-05 424.69 

 

When it comes to L-carvone, a decrease in the partition coefficient is also witnessed in presence of the 

DES and the levulinic acid-containing SUPRADES but to a lesser extent than with trans-anethole, as shown 

in Table 18. K is 1.9 to 126 times lower in the tested solvents than in water. Likewise, TBABr:Dec presented 

the highest solubilization ability and the SUPRADES resulted in better solubilization than ChCl-based DES.  

Table 18. Partition coefficient values of L-Carvone in water and the different solvents and Kwater/Ksolvent ratio 

at 30 °C 

Solvent Partition coefficient K Kwater/Ksolvent 

Water 3.56E-03 1 

ChCl:U 1.91E-03 1.86 

ChCl:G 1.85E-03 1.92 

ChCl:EG 1.92E-03 1.85 

ChCl:Lev 1.13E-04 31.50 

TBPBr:Lev 3.75E-05 94.91 

TBABr:Dec 2.82E-05 126.18 

TBPBr:EG 6.76E-05 52.66 

HPBCD:Lev 4.22E-05 84.31 

RAMEB:Lev 3.09E-05 115.18 

CRYSMEB:Lev 3.55E-05 100.38 

Captisol:Lev 5.48E-05 64.94 

Table 17. (continued) 

Solvent Partition coefficient K Kwater/Ksolvent 

RAMEB:1,3-PD 1:20 1.56E-05 828.63 

RAMEB:1,3-PD 1:30 2.70E-05 477.75 

RAMEB:1,3-PD 1:40 3.14E-05 410.21 

RAMEB:1,3-BD 1:30 2.87E-05 450.18 

RAMEB:1,3-BD 1:40 3.81E-05 338.52 
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2. Solubilization of essential oils by DES 

The solubilizing ability of the DES was also evaluated toward two essential oils (EO): star anise (Illicium 

verum) and fennel (Foeniculum vulgare). These EO were chosen for having trans-anethole as a major 

component (91.07% for star anise and 75.30% for fennel). A certain volume of EO (10 μL for star anise and 

5 μL for fennel, at a concentration of 0.1 g.mL-1) was added to the DES (3 mL) placed in 22 mL headspace 

glass vials. Vials were then sealed and thermostated at 30 °C under stirring for 24 h to reach equilibrium 

between liquid and gas phases. Subsequently, 1 mL of the headspace was withdrawn from the vial and 

injected in the chromatographic column for analysis via a heated transfer line (250 °C). The GC column 

temperature conditions were set as follows: initial temperature of 50 °C for 2 min, increased to 200 °C at 5 

°C.min-1, then hold for 2 min, giving a total runtime of 34 min. The retention of trans-anethole, star anise, 

and fennel EO in the solvents was estimated according to procedures developed for aromas (Decock et al., 

2008) and EO (Kfoury et al., 2015), respectively. The percentage of retention of trans-anethole and EO by 

the DES was determined by SH-GC at 30 °C following equations (6) and (7), respectively. 

 
%𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 = (1 −

𝐴𝐷𝐸𝑆

𝐴𝑊

)  × 100 

 

(6) 

Where ADES and AW stand for the peak area of trans-anethole in presence of the DES or water, respectively. 

 
%𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 = (1 −

Ʃ𝐴𝐷𝐸𝑆

Ʃ𝐴𝑊

)  × 100 

 

(7) 

   

Where ƩADES and ƩAW stand for the sum of peak areas of the EO’s components in presence of the DES or 

water, respectively. 

Figure 37 depicts the chromatogram of star anise EO obtained by SH-GC in presence of RAMEB: Lev, 

taken as an example and in presence of water as a reference solvent. The peaks corresponding to the 

volatile compounds found in star anise are obvious in water but almost disappear in presence of the 

SUPRADES. Table 19 displays the percentage of retention of star anise and fennel EO in DES and levulinic 

acid-containing SUPRADES. All the tested solvents exhibited a high retention ability (≥80.39%) toward 

both star anise and fennel EO, except for ChCl-based DES which retention ability ranged between 61.80 

and 83.77%. Moreover, the CD:Lev systems presented a remarkable solubilizing effect. 

In addition, we assessed the retention of trans-anethole as one of the components of star anise and fennel 

EO. As shown in Figure 38, similar results were obtained whether trans-anethole is in its pure form or in 

presence of other EO’s compounds. Therefore, the ability of the DES to solubilize trans-anethole is 

maintained even with the simultaneous presence of other volatile compounds. 
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Figure 37. Chromatogram of star anise essential oil in water and RAMEB:Lev 

 

 

Table 19. Percentage of retention of the essential oils by the studied solvents at 30 °C 

DES % Retention 

Star anise Fennel 

ChCl:U 65.37 63.99 

ChCl:G 76.03 61.80 

ChCl:EG 83.77 68.04 

ChCl:Lev 99.22 98.16 

TBPBr:Lev 99.63 99.55 

TBABr:Dec 100.00 99.52 

TBPBr:EG 80.39 94.24 

HPBCD:Lev 99.67 99.74 

RAMEB:Lev 99.35 99.58 

CRYSMEB:Lev 99.91 99.73 

Captisol:Lev 98.89 99.97 
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Figure 38. Percentage of retention of trans-anethole by DES, in the absence (pure trans-anethole) or 
presence of other compounds found in star anise or fennel essential oils 

 

3. Effect of water on DES’ solubilization ability 

As previously detailed in section 1.5, water has a major impact on DES’ physicochemical properties, as 

well as their hydrogen bond network. Therefore, it is interesting to investigate the effect of water on DES’ 

solubilizing ability. Aqueous solutions of DES were prepared by mixing preformed DES (ChCl:Lev, 

TBPBr:Lev, HPBCD:Lev or RAMEB:Lev) and ultrapure water at various DES concentrations ranging 

between 20 and 100 wt%. The same amount of trans-anethole (5 μL of 0.1 g.mL-1) was then added to the 

aqueous solutions of DES (3 g) placed in headspace vials. The mixtures were then homogenized, 

equilibrated at 30 °C for 24h and analyzed by SH-GC. As demonstrated in Figure 39, the concentration of 

trans-anethole in the gas phase gradually decreases as the DES weight fraction increases. In other words, 

the addition of water weakens the solubilizing efficiency of the 4 levulinic acid-containing DES. However, 

the extent of the solubilization reduction by water is lowered in presence of CD, especially in the case of 

RAMEB:Lev at 20 wt% DES. Besides, two different behaviors were detected below and above 40 wt% 

DES, which could be explained by a transition from an aqueous DES (above 40 wt% DES) to an aqueous 

solution of the individual components that form the DES (below 40 wt% DES), as seen in section I.1.5.2. 
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Figure 39. Variation of the chromatographic peak area of trans-anethole in binary DES-water mixtures 
with varying DES content 

 

This behavior was further investigated by comparing the solubilizing ability of the aqueous preformed DES 

(denoted by DES aq) with that of the aqueous solution of both forming compounds (denoted by (HBA+HBD) 

aq), or the aqueous solution of each individual compound (denoted by HBA aq or HBD aq), at a 

concentration equivalent to 20 wt% DES content. Consequently, DES aq and (HBA+HBD) aq result in the 

same retention capacity (Figure 40). Moreover, the retention of trans-anethole seems to arise from the 

effect of both HBA and HBD. In the cases of ChCl:Lev and TBPBr:Lev, only levulinic acid can retain trans-

anethole. However, in the case of the CD:Lev systems, both HBA and HBD contribute to the overall 

retention ability. On the other hand, DES aq and (HBA+HBD) aq were compared at a higher DES content 

(70 wt%) and they also led to the same percentage of trans-anethole retention (Table 20). This means that 

there is no difference between an aqueous solution of a preformed DES and an aqueous solution of the 

DES’ forming compounds when added separately, even at a high DES content. 
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Figure 40. Retention of trans-anethole by aqueous solutions of preformed DES (DES aq), aqueous 
solutions of the forming compounds (HBA + HBD) aq, and aqueous solutions of the individual compounds 

(HBA aq or HBD aq) at a concentration equivalent to 20 wt% DES 

 

Table 20. Percentage of retention of trans-anethole by aqueous solutions of preformed DES (DES aq) 
and by aqueous solutions of the forming compounds (HBA + HBD) aq at a concentration equivalent to 70 

wt% DES 

% Retention of trans-anethole 

  ChCl:Lev TBPBr:Lev HPBCD:Lev RAMEB:Lev 

DES aq 98.95 99.77 99.59 99.55 

(HBA + HBD) aq 98.95 99.78 99.41 99.42 

 

4. Nuclear magnetic resonance spectroscopy study 

To further explore the new CD-based mixtures, we selected RAMEB:Lev and investigated the interactions 

taking place in the presence of trans-anethole. It was previously reported that trans-anethole can form an 

inclusion complex with RAMEB in aqueous solutions (Kfoury et al., 2014). Therefore, we were curious to 

know if the complexation ability of RAMEB is preserved in the SUPRADES form. The possibility of inclusion 

complex formation in aqueous solutions is usually studied by titration experiments with increasing CD 

concentrations using techniques like UV-visible spectroscopy, isothermal titration calorimetry, and nuclear 

magnetic resonance spectroscopy (NMR), or by two-dimensional Rotating Frame Overhauser 

Enhancement Spectroscopy (2D ROESY) NMR. In the present study, the SUPRADES was first 

characterized by 1H NMR. Then, to check if a CD/ trans-anethole complexation occurs in SUPRADES, 2D 
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ROESY NMR was adopted given that the CD consists one of the SUPRADES components. This NMR 

method was followed by a complementary 2D DOSY NMR which allows tracking of the variation of the 

diffusion coefficients D of the involved compounds (Figure 41).  

 

 

Figure 41. The general structure of a) randomly methylated-β-cyclodextrin (RAMEB, DS = 12.9 and R= -H 
or -CH3), b) levulinic acid and c) trans-anethole 

 

All NMR experiments were performed on a Bruker Avance III spectrometer operating at 400 MHz for the 

proton nucleus, equipped with a multinuclear z-gradient BBFO probe head. In all experiments, the probe 

temperature was maintained at 30 °C and standard 5 mm NMR tubes with D2O insert were used. The 1H 

spectra were recorded with the following acquisition parameters: time-domain 55 K with a digital resolution 

of 0.20 Hz, relaxation delay: 2 s, and 16 scans. 2D ROESY spectrum was obtained with a mixing time of 

800 ms during spin-lock, using off-resonance pulse program troesyph, and States-TPPI method with a 2048 

K time domain in F2 and 512 experiments in F1 with 200 scans. 2D-DOSY spectra have been conducted 

using the bipolar longitudinal eddy current delay (BPPLED – Bipolar Pulsed Field Gradient Longitudinal 

Eddy Delay) pulse sequence. In each DOSY experiment, a series of 16 spectra with 20 K points were 

collected, with 16 scans. The pulse gradients have been incremented in 16 steps from 2 to 98 % of the 

maximum gradient strength in a linear ramp. Diffusion times (∆) and gradient pulse durations (δ) were 

optimized for each experiment in order to achieve a 95 % decrease in resonance intensity at the largest 

gradient amplitude; typically, δ between 3 and 1.4 ms, ∆ between 300 and 75 ms. After Fourier 

transformation, phase, and baseline correction, the diffusion dimension of the 2D-DOSY spectra was 

processed using MestRenova software (version 11.0.2). The diffusion constants were calculated by the 

Peak Heights Fit method with 128 points in the diffusion dimension. 
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The preformed SUPRADES was studied before and after the addition of trans-anethole. The corresponding 

1H NMR spectra, shown in Figure 42, display several peaks relative to each compound. Although the 

SUPRADES’ viscosity hampers the acquisition of well-defined NMR spectra, the peaks could be identified 

by comparison with the NMR spectrum of RAMEB in D2O (Fenyvesi et al., 2014).  

 

 

Figure 42. 1H NMR spectra of RAMEB:Lev in the absence (top) or presence of trans-anethole (bottom). 
Blue, orange, and green boxes respectively represent peaks related to RAMEB, levulinic acid, and trans-
anethole 

 

On the other hand, a section of the ROESY spectrum of RAMEB:Lev and trans-anethole reveals an 

important correlation between H1 and H2 of trans-anethole and -OCH3, H3, and H5 of RAMEB (Figure 43). 

Such correlation proves the formation of a CD/ trans-anethole inclusion complex, given that H3 and H5 are 

located inside the CD cavity. Furthermore, the diffusion coefficients (D) of the SUPRADES’ components, 

as well as trans-anethole (solubilized in the SUPRADES) were determined by NMR spectroscopy in 

different SUPRADES-water binary mixtures. Figure 44 shows the variation of the diffusion coefficients of 

the three compounds in function of SUPRADES content. Two different behaviors were detected at a cut-

off value of 72 wt%. Above 72 wt% DES, levulinic acid, and trans-anethole present similar diffusion 

coefficients but a lower value was obtained for RAMEB, which is in accordance with the higher molecular 

weight of the CD. Below 72 wt% DES, the diffusion coefficient of levulinic acid drastically increased, while 

the diffusion of trans-anethole followed the diffusion of RAMEB. In addition, the diffusion coefficients of the 
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separate compounds in water were determined in the absence or presence of RAMEB. As shown in Table 

21, the diffusion coefficient of levulinic acid does not vary much when RAMEB is added. Yet, the diffusion 

value of trans-anethole is greatly lowered in presence of RAMEB, thus confirming the formation of RAMEB/ 

trans-anethole inclusion complex and explaining the different behavior of trans-anethole and levulinic acid 

below 72 wt% DES in Figure 44.  

 

 

Figure 43. ROESY spectrum of RAMEB:Lev in presence of trans-anethole 
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Figure 44. Variation of the diffusion coefficients of RAMEB:Lev SUPRADES’ components and trans-
anethole in different SUPRADES-water binary mixtures 

 

Table 21. Diffusion coefficient values of RAMEB, levulinic acid, and trans-anethole, separately dissolved 
in water in the absence or presence of RAMEB 

Diffusion coefficient 

(10-11 m2/s) 
RAMEB Levulinic acid trans-Anethole 

Water 

 

24.7 
82.7 73.6 

Water + RAMEB 
78.4 32.8 

 

Altogether, these results prove that RAMEB maintains its ability to form inclusion complexes, even when 

present as one of the SUPRADES’ components. Therefore, SUPRADES constitute promising low-melting 

mixtures with supramolecular properties. 

 

5. Effect of cyclodextrin’s addition  

Aiming to study the effect of CD on DES’ solubilizing ability, ChCl:U or ChCl:Lev DES (3 mL) were put in 

headspace vials to which increasing amounts (2, 4, 6, and 10 wt%) of different CD (α-CD, β-CD, γ-CD, HP-
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β-CD, CRYSMEB, and Captisol®) were added. After CD dissolution and homogenization, the same amount 

of trans-anethole (5 μL of 0.1 g.mL-1) was added to the (DES + CD) mixtures. Vials were then sealed and 

thermostated at 30 °C under stirring for 24h prior to analysis by SH-GC. Figure 45 shows the peak area of 

trans-anethole in ChCl:U as a function of CD concentration. The chromatographic peak area, which is 

proportional to the concentration of trans-anethole in the gas phase, decreases as the CD concentration 

increases. In other words, the addition of CD improves the solubilization of trans-anethole by ChCl:U. This 

result could be explained by the formation of a CD/ trans-anethole inclusion complex within ChCl:U DES, 

especially that it was recently proven that CD maintain their complexation ability in ChCl:U (Di Pietro et al., 

2019; Moufawad et al., 2019). Moreover, no significant decrease in the peak area was observed when 10 

wt% of glucopyranose was added to ChCl:U (Figure 45). This point confirms that the improved solubilization 

ability is not related to the sugar effect but most probably to the complexation of trans-anethole in the CD 

cavity. When it comes to ChCl:Lev, no effect was detected when the CD was added, even at the highest 

CD concentration. This means that unlike ChCl:U, no complexation occurs between CD and trans-anethole 

in ChCl:Lev DES. 

 

 

Figure 45. Variation of the chromatographic peak area of trans-anethole in mixtures of ChCl:U and 
increasing amounts of cyclodextrins. Glucopyranose was added at 10 wt% as a reference  
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6. Effect of lipids 

In this section, we evaluated the solubilizing ability of the thin film-DES dissolution preparations, previously 

described in Section 2.2., in which DES were used to solubilize the lipid film in order to form lipid vesicles. 

ChCl:G and ChCl:EG were chosen since lipid structures were observed in these DES by optical microscopy 

(Figure 30). The preformed preparations based on the DES, lipoid S100, and cholesterol were placed in 

the headspace vials. The same amount (25 μL at a concentration of 0.1 g.mL-1) of trans-anethole, L-

carvone, or D-menthol was then added to the vials which were then sealed and thermostated at 30 °C 

under stirring for 24 h prior to analysis by SH-GC. Menthol, found in peppermint oil (Mentha piperita), is 

known as an important flavoring agent, used in various consumer products like oral hygiene products and 

over-the-counter medications, as well as topical formulations (Kamatou et al., 2013). The solubilizing ability 

of both ChCl:G and ChCl:EG toward trans-anethole, L-carvone, and D-menthol was improved in presence 

of the lipids given that a lower gas phase area was obtained when compared with neat DES (Figure 46). 

The gas phase area of trans-anethole decreased by 39.9% and 22.2%, the area of L-carvone decreased 

by 21.8% and 30.5%, while that of D-menthol was reduced by 51.5% and 16.6% in ChCl:G and ChCl:EG, 

respectively. These results could be due to the encapsulation of the aroma compounds in the lipid structures 

that were formed in the DES.  

 

Figure 46. The chromatographic peak area of the studied volatile compounds in presence of DES or thin 
film-DES dissolution preparations  

 

7. Effect of surfactant’s addition 

After observing large spherical self-assemblies in some ChCl-based DES in the presence of Triton X-100, 

a non-ionic surfactant, the solubilizing ability of the DES was evaluated in presence of the surfactant and 
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compared to that of neat DES. Trans-anethole (10 μL at a concentration of 0.1 g.mL-1) was added to 

headspace vials containing 3 mL of DES (ChCl:U, ChCl:G, or ChCl:EG) or a mixture of DES and 10% (v/v) 

Triton X-100. The vials were sealed, thermostated at 30 °C for 24 h, and analyzed by SH-GC. The 

solubilization of trans-anethole was clearly improved in the presence of triton X-100 in all 3 studied DES 

(Figure 47). The gas phase area of trans-anethole was reduced by 69.3%, 81.2%, and 46.8% in ChCl:U, 

ChCl:G, and ChCl:EG, respectively. These findings are somehow in line with the optical microscopy 

observations, where the large self-assemblies formed by the surfactant could result in a greater trans-

anethole solubility in DES. 

 

 

Figure 47. The chromatographic peak area of trans-anethole in ChCl-based DES in the presence or 
absence of Triton X-100 surfactant 

 

8. Release study 

The release of trans-anethole from the DES and the CD:Lev mixtures was monitored by multiple headspace 

extraction (MHE). This technique is a dynamic gas extraction that consists of successive headspace 

extractions from the same vial (Kolb & Ettre, 2006). In order to study the release kinetics of trans-anethole 

from the above-mentioned solvents at 60 °C and compare it with the release from water, samples were 

prepared similarly to the previous experiments but, once equilibrium was reached, vials were subjected to 

10 headspace extractions at 1-hour intervals. The amount of trans-anethole present in the vial after each 

extraction could be determined from the chromatographic peak area. The release profiles of trans-anethole 
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from DES, SUPRADES, and water are shown in Figure 48. The results indicate that the studied solvents 

can not only solubilize trans-anethole but also delay its release over time. Indeed, 70% of trans-anethole 

was released from water after 10 extractions at 60 °C, while only 18 to 43% was released from the DES. 

These results seem to be related to the viscosity of the solvents since the most viscous solvents 

(Captisol:Lev and ChCl:U) release less AN.  

 

 

Figure 48. Release of trans-anethole from water and studied solvents at 60 °C 
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Conclusion and perspectives 

The present study aimed to characterize deep eutectic solvents (DES), to explore the behavior of liposomes 

and biological membranes within these solvents, and to evaluate the solubilizing ability of the rising solvents 

toward bioactive volatile compounds. 

A group of DES was selected and prepared using different hydrogen bond acceptors and hydrogen bond 

donors. The hydrogen bond acceptors involve choline chloride, tetrabutylphosphonium bromide, and 

tetrabutylammonium bromide. On the other hand, several hydrogen bond donors namely urea, glycerol, 

ethylene glycol, levulinic acid, and decanoic acid were considered. The physicochemical characterization 

studies showed that the density, viscosity, and polarity of the DES can be tuned depending on the choice 

of the hydrogen bond acceptor, the hydrogen bond donor, and their molar ratio. New solvents were 

prepared using β-cyclodextrin derivatives as hydrogen bond acceptors and were called SUPRADES for 

having potential supramolecular properties. Interestingly, SUPRADES have shown similar physicochemical 

properties to DES and were found to be stable and liquid over a wide temperature range.  

Following their characterization, the studied solvents were investigated as potential media for the self-

assembly of phospholipids via atomic force microscopy. It was found that phospholipids tend to organize 

into vesicles in ChCl-based DES. Conversely, no lipid structures were observed in TBABr- or TBPBr- based 

DES or SUPRADES. DES were also introduced in two common methods adopted for liposomes preparation 

in aqueous media: ethanol injection method and thin film hydration. The replacement of the aqueous phase 

with the DES phase in both techniques generated lipid structures with different shapes in the ChCl-based 

DES. Moreover, the addition of the non-ionic surfactant Triton X-100 led to the formation of large circular 

assemblies in ChC:U, ChCl:G, and ChCl:EG.  

In the next step, we sought to investigate the effect of DES on lipid membranes by exposing or incubating 

liposomes or human cells in ChCl-based DES. When exposed to DES or aqueous solutions of their 

components, preformed liposomes preserved their self-assembled structures although they decreased in 

size due to their probable dehydration. Similar observations were obtained when liposomes were incubated 

in the aqueous solutions of DES’ compounds for different periods. However, when incubated in ChCl-based 

DES, liposomes converted into lipid bilayers before their reconstitution into vesicles. Moreover, the effect 

of ChCl:U, ChC;EG, and the aqueous solutions of their forming compounds on human cells was assessed 

through a combination of cytotoxicity and morphological studies. Results showed that DES are more 

cytotoxic than the corresponding (HBA + HBD) aqueous solutions toward MDA-MB-231, a human breast 

cancer cell line. The study also highlights the relevance of the choice of the HBD to DES’ cytotoxicity since 

it can result in a relatively harmless DES like ChCl:U or a moderately toxic DES like ChCl:EG. The 

incubation of the cells in pure DES medium led to their fixation for up to 12 days.  



Conclusion and perspectives 

152 
 
 

The last part of the study focuses on the solubilization of bioactive volatile compounds by DES and other 

complex DES-based systems. DES showed a high solubilizing ability toward trans-anethole and L-carvone 

when compared with water. TBABr:Dec presented the greatest solubilizing capability, followed by TBPBr-

based DES, and ChCl-based DES. SUPRADES exhibited an intermediate efficiency. Furthermore, all the 

tested solvents highly retained star anise and fennel essential oils, with more than 61% retention relative 

to water. The solubilization of trans-anethole by binary DES-water mixtures decreased with the increasing 

water content. Besides, an NMR study of RAMEB:Lev in presence of trans-anethole revealed some 

important interactions between the volatile compound and the CD cavity, thus suggesting that CD maintains 

its complexation ability in the SUPRADES form. Besides, the addition of CD to ChCl:U improved the 

solubility of trans-anethole by the DES. Likewise, the solubilizing performance of the DES was improved in 

presence of lipids or Triton X-100. Lastly, DES provided a controlled release of trans-anethole over time 

when compared with water. 

Altogether, the obtained results pointed out the tunability of the DES and the prospect of designing new 

solvents with unique properties like SUPRADES. They also disclosed the behavior of phospholipids within 

the DES and the potential of these solvents as media for the self-assembly of amphiphilic molecules or the 

preservation of liposomes. These findings also contributed to elucidate the impact of the DES on biological 

membranes and their questionable safety. As proved by the solubilization studies, the main results of this 

research could also open up the possibility of forming new safe and economic DES-based systems for the 

encapsulation of bioactive molecules. 

Based on this work, future investigations may be carried out to further elucidate some of the key findings 

of this research. Therefore, we encourage considerations to: 

- Study the phase behavior of the new solvents that are based on CD and polyalcohols; 

- Characterize the phospholipid self-assemblies formed in ChCl-based DES; 

- Determine the critical micelle concentration of Triton X-100 in ChCl-based DES; 

- Explore the organization of phospholipids at higher concentrations in TBPBr- and TBABr-based 

DES; 

- Follow the effect of TBPBr- and TBABr-based DES on preformed liposomes; 

- Track the long-term stability of self-assembled structures in DES; 

- Evaluate the toxicity of the DES and SUPRADES toward a normal cell line; 

- Appraise the solubility of other volatiles compounds by DES to understand the mechanism of 

solubilization; 

- Examine the CD complexation ability in other DES than ChCl:U. 
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Appendices 

Appendix A: Density measurements 

Table A1. Experimental values of the densities of the studied solvents at 40, 50, and 60°C 

 

DES 

ρ (kg m-3) 

40°C 50°C 60°C 

ChCl:U 1187.6 1182.2 1177.0 

ChCl:G 1181.9 1176.5 1171.1 

ChCl:EG 1106.4 1100.9 1095.2 

ChCl:Lev 1127.9 1121.4 1114.9 

TBPBr:Lev 1098.3 1090.8 1083.3 

TBABr:Dec 958.8 952.4 946.0 

TBPBr:EG 1058.9 1052.4 1045.8 

HPBCD:Lev 1196.7 1188.8 1180.8 

RAMEB:Lev 1176.4 1168.2 1159.8 

CRYSMEB:Lev 1199.4 1191.6 1183.6 

Captisol:Lev 1226.3 1218.4 1210.4 

HPBCD:G 1:30 1292.6 1286.2 1280.1 

HPBCD:G 1:40 1284.1 1277.9 1271.8 

HPBCD:EG 1:20 1238.4 1232.0 1225.4 

HPBCD:EG 1:30 1209.1 1202.4 1195.6 

HPBCD:EG 1:40 1190.4 1183.6 1176.7 

HPBCD:1,3-PD 1:30 1153.6 1147.4 1141.1 

HPBCD:1,3-PD 1:40 1132.8 1126.5 1120.2 

HPBCD:1,3-BD 1:40 1080.1 1073.4 1066.6 

RAMEB:1,3-PD 1:20 1153.6 1147.0 1140.3 

RAMEB:1,3-PD 1:30 1128.4 1121.9 1115.3 
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Table A2. Fitting parameters (a and b) and average absolute deviation (AAD) of the fitted density 

measurements of the studied systems at 30- 60 °C temperature range 

DES a (x 102) b AAD (%) 

ChCl:U 13.6 -0.546 0.020 

ChCl:G 13.5 -0.543 0.003 

ChCl:EG 11.8 -0.554 0.010 

ChCl:Lev 13.3 -0.651 0.010 

TBPBr:Lev 13.3 -0.747 0.003 

TBABr:Dec 11.6 -0.643 0.010 

TBPBr:EG 12.6 -0.657 0.001 

HPBCD:Lev 14.5 -0.797 0.002 

RAMEB:Lev 14.3 -0.821 0.011 

CRYSMEB:Lev 14.5 -0.796 0.008 

Captisol:Lev 14.7 -0.794 0.003 

HPBCD:G 

1:30 

14.9 - 0.630 0.010 

HPBCD:G 

1:40 

14.8 - 0.621 0.006 

HPBCD:EG 

1:20 

14.4 - 0.654 0.006 

 

Table A1. (continued) 

DES ρ (kg m-3) 

40°C 50°C 60°C 

RAMEB:1,3-PD 1:40 1112.1 1105.6 1099.1 

RAMEB:1,3-BD 1:30 1078.9 1071.9 1064.9 

RAMEB:1,3-BD 1:40 1061.8 1054.8 1047.7 
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Table A2. (continued) 

DES a (x 102) b AAD (%) 

HPBCD:EG 

1:30 

14.2 - 0.675 0.003 

HPBCD:EG 

1:40 

14.0 - 0.677 0.005 

HPBCD:1,3-PD 

1:30 

13.5 - 0.623 0.003 

HPBCD:1,3-PD 

1:40 

13.3 - 0.624 0.005 

HPBCD:1,3-BD 

1:40 

12.9 - 0.670 0.008 

RAMEB:1,3-PD 

1:20 

13.6 - 0.660 0.004 

RAMEB:1,3-PD 

1:30 

13.3 - 0.655 0.004 

RAMEB:1,3-PD 

1:40 

13.2 - 0.652 0.003 

RAMEB:1,3-BD 

1:30 

13.0 - 0.698 0.006 

RAMEB:1,3-BD 

1:40 

12.8 - 0.699 0.006 

 

 

Appendix B: Viscosity measurements 
 

Table B1. Vogel-Fulcher-Tammann equation parameters (A, K, and T0) and average absolute deviation 
(AAD) of the fitted viscosity measurements of the studied systems at 30- 60 °C temperature range 

DES A (mPa s K-1/2) K (K) T0 (K) AAD (%) 

 

ChCl:U 

 

2.65 

 

796.5 

 

211.66 

 

0.03 

 

ChCl:G 

 

1.27 

 

1127.1 

 

166.26 

 

0.09 
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Table B1. (continued) 

DES A (mPa s K-1/2) K (K) T0 (K) AAD (%) 

 

ChCl:EG 

 

4.26 

 

649.6 

 

171.21 

 

0.15 

 

ChCl:Lev 

 

3.15 

 

798.2 

 

189.72 

 

0.05 

 

TBPBr:Lev 

 

2.64 

 

675.6 

 

190.39 

 

0.03 

 

TBABr:Dec 

 

0.84 

 

1245.6 

 

160.26 

 

0.07 

 

TBPBr:EG 

 

1.30 

 

997.8 

 

158.28 

 

0.19 

 

HPBCD:Lev 

 

1.15 

 

997.3 

 

193.68 

 

0.16 

 

RAMEB:Lev 

 

1.21 

 

936.6 

 

186.49 

 

0.05 

 

CRYSMEB:Lev 

 

0.66 

 

1133.0 

 

182.49 

 

0.08 

 

Captisol:Lev 

 

2.13 

 

971.6 

 

198.46 

 

0.05 

 

HPBCD:G 

1:30 

 

0.09 

 

2100.2 

 

 

152.08 

 

 

0.13 

 

HPBCD:G 

1:40 

 

0.09 

 

2022.0 

 

 

150.76 

 

0.22 

 

HPBCD:EG 

1:20 

 

0.48 

 

1574.5 

 

165.71 

 

0.29 

 

HPBCD:EG 

1:30 

 

0.29 

 

1579.2 

 

149.48 

 

0.26 

 

HPBCD:EG 

1:40 

 

0.44 

 

1367.0 

 

 

150.12 

 

0.31 
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Table B1. (continued) 

DES A (mPa s K-1/2) K (K) T0 (K) AAD (%) 

 

HPBCD:1,3-PD 

1:30 

 

0.13 

 

1957.6 

 

 

130.98 

 

0.17 

 

HPBCD:1,3-PD 

1:40 

 

0.10 

 

1988.0 

 

 

119.28 

 

0.07 

 

HPBCD:1,3-BD 

1:40 

 

0.07 

 

1881.5 

 

 

144.13 

 

0.14 

 

RAMEB:1,3-PD 

1:20 

 

0.12 

 

1847.3 

 

 

144.93 

 

0.12 

 

RAMEB:1,3-PD 

1:30 

 

0.12 

 

1829.9 

 

 

129.60 

 

0.23 

 

RAMEB:1,3-PD 

1:40 

 

0.14 

 

1752.5 

 

 

124.48 

 

0.20 

 

RAMEB:1,3-BD 

1:30 

 

0.08 

 

1718.3 

 

 

150.21 

 

0.14 

 

RAMEB:1,3-BD 

1:40 

 

0.09 

 

1689.0 

 

 

146.29 

 

0.08 
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Appendix C: Time-dependent behavior of liposomes suspended in DES 

 

Figure C1. AFM 2D 4 × 4 μm2 and 5 x 5 μm2 images of EggPC liposomes suspended in ChCl:U, ChCl:G, ChCl:EG, and ChCl:Lev DES obtained in 

contact mode at different time points
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Introduction 

La recherche de solvants verts constitue l'une des préoccupations majeures de la chimie verte. La 

découverte des solvants eutectiques profonds (DES) a constitué un tournant dans ce domaine. Les DES 

représentent une nouvelle génération de solvants qui a attiré l'attention des chercheurs au cours de ces 

dernières années. Décrits pour la première fois en 2003, les DES sont définis comme un mélange de deux 

ou trois composés qui donne un liquide clair et homogène dont le point de fusion est beaucoup plus bas 

que ceux de ses composants (Abbott et al., 2003; Zhang et al., 2012). La dépression de la température est 

souvent attribuée aux interactions de type liaison hydrogène qui ont lieu entre les constituants du DES. 

Ainsi, ces solvants peuvent être préparés à partir d'une grande variété de composés générant une pléthore 

de combinaisons possibles. En plus de leur préparation facile à partir de matières premières largement 

accessibles, les DES possèdent des propriétés physico-chimiques intéressantes. Des homologues naturels 

des DES constitués de métabolites primaires ont été décrits quelques années plus tard et appelés solvants 

eutectiques profonds naturels (NADES) (Choi et al., 2011). Ces solvants ont été largement appliqués dans 

divers domaines pour remplacer et contourner certaines des limitations des solvants organiques 

conventionnels. En effet, les DES et les NADES ont donné des résultats prometteurs dans les secteurs de 

la chimie, biologie, du biomédical et pharmaceutique, entre autres (Mbous et al., 2017). Malgré le nombre 

croissant de publications sur ce sujet, beaucoup d'informations et de mises en œuvre du DES restent à 

découvrir. 

La présente étude vise à examiner trois points principaux. Le premier consiste à déterminer les propriétés 

physico-chimiques des DES et à évaluer l'influence de leur composition sur les propriétés résultantes, ce 

qui peut aider à la conception de DES pour des applications spécifiques. La deuxième partie se concentre 

sur l'étude de l'interaction entre les DES et les phospholipides. Les phospholipides représentent la classe 

de lipides la plus abondante dans les membranes cellulaires. En raison de leur nature amphiphile, ces 

molécules ont tendance à s'auto-assembler en vésicules lipidiques lorsqu'elles sont présentes dans un 

milieu aqueux. Les vésicules lipidiques, connues sous le nom de liposomes, sont l'un des systèmes 

d'encapsulation les plus étudiés et appliqués, étant donné leur capacité à encapsuler des molécules d'une 

large gamme de polarité (Anwekar et al., 2011). À ce jour, les études impliquant les DES et les 

phospholipides ou les liposomes sont très limitées (Bryant et al., 2016, 2017; Gutiérrez et al., 2009; 

R. McCluskey et al., 2019). Par conséquent, l'étude du comportement des phospholipides dans les DES 

peut non seulement clarifier l'effet du DES sur les cellules animales et leur biocompatibilité ultérieure, mais 

peut également ouvrir la possibilité de créer de nouveaux systèmes d'encapsulation basés sur les DES. Le 

troisième objectif de l'étude repose sur la capacité de solubilisation des DES et de nouveaux systèmes 

basés sur le DES, incorporant différents systèmes d'encapsulation comme les phospholipides et les 

cyclodextrines, envers des composés volatils bioactifs. La combinaison des DES avec des agents 

d'encapsulation peut conduire à la formation de systèmes d'administration de médicaments potentiellement 

prometteurs et économiques, aux propriétés uniques. 
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Cette étude se concentre, plus précisément, sur quatre objectifs principaux : 

▪ La préparation et la caractérisation de DES ; 

▪ L'étude de l'organisation des phospholipides au sein des DES ; 

▪ L'impact des DES sur les liposomes et les cellules humaines ; 

▪ L'évaluation de la capacité de solubilisation des systèmes à base de DES envers des composés 

volatils naturels. 

 

Cette thèse comprend cinq chapitres. Le premier présente une revue bibliographique sur les solvants 

eutectiques profonds : définition, classification, méthodes de préparation, propriétés physico-chimiques, 

effet de l'eau sur leurs propriétés et leur réseau, leur toxicité et leur biodégradabilité. En outre, ce chapitre 

présente quelques-unes des principales applications du DES, tels que la synthèse organique, la catalyse, 

le traitement de la biomasse, l'électrochimie, l'extraction, la solubilisation et l'administration de 

médicaments. La dernière section du chapitre concerne les études portant sur l'auto-assemblage de 

phospholipides ou de tensioactifs dans les DES, et la combinaison des DES et des cyclodextrines. 

Le deuxième chapitre présente la composition des solvants qui ont été considérés dans cette étude, leur 

préparation et leur caractérisation. Cette dernière consiste principalement en des mesures de densité, de 

viscosité et de polarité. 

Le troisième chapitre couvre l'étude de l'organisation des phospholipides dans les DES en utilisant les 

microscopies optique et à force atomique, ainsi que la diffusion dynamique de la lumière.  

Le comportement des liposomes en présence des DES, suivi par microscopie à force atomique, est décrit 

dans le quatrième chapitre. De plus, ce chapitre inclut l’étude de l'effet de certains DES sur les cellules 

humaines, évalué par des études de cytotoxicité et de morphologie.  

Dans le cinquième et dernier chapitre, nous avons étudié la solubilisation de composés bioactifs volatils et 

de certaines huiles essentielles par les DES en utilisant la chromatographie en phase gazeuse couplée à 

un espace de tête. Nous avons ensuite évalué l'effet de la présence d'eau ou de certains systèmes 

d'encapsulation sur la capacité de solubilisation des DES. Enfin, nous nous sommes intéressés à suivre la 

libération d'un composé volatil à partir des DES par extraction multiple de l'espace de tête.  
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I. Revue bibliographique 

1. Les solvants eutectiques profonds 

1.1. Définition 

Les DES sont souvent définis comme des mélanges binaires ou ternaires de composés capables de 

s'associer principalement par des liaisons hydrogène. La combinaison de ces composés à un certain 

rapport molaire donne un mélange eutectique (Zhang et al., 2012). Le mot "eutectique" vient du grec ancien 

εὔτηκτος ou eútēktos qui signifie "facilement fondu" et un point eutectique représente la composition 

chimique et la température auxquelles un mélange de deux solides devient entièrement fondu à la 

température de fusion la plus basse, par rapport à celle de l'un ou l'autre des composés. Cependant, la 

définition d'un DES est encore un sujet controversé et il existe plusieurs définitions publiées qui ne 

distinguent pas vraiment le DES des autres mélanges, puisque tous les mélanges de composés solides 

non miscibles présentent un point eutectique et compte tenu du fait que de nombreux composés sont 

capables de former des liaisons hydrogène lorsqu'ils sont mis ensemble (Coutinho & Pinho, 2017). Étant 

donné que la présence d'un point eutectique ou de liaisons hydrogène entre les composants ne sont pas 

des conditions suffisantes pour définir un "solvant eutectique profond" et afin de clarifier ce qu'est un DES 

et ce qui le rend spécial par rapport à d'autres mélanges, Martins et al. ont récemment défini le DES comme 

"un mélange de deux ou plusieurs composés purs pour lequel la température du point eutectique est 

inférieure à celle d'un mélange liquide idéal, présentant des écarts négatifs importants par rapport à l'idéal 

(ΔT2 > 0)", où ΔT2 représente la dépression de la température qui est la différence entre le point eutectique 

idéal et le point eutectique réel (Martins et al., 2019). Les mêmes auteurs ont déclaré qu'il est important 

que la dépression de température se traduise par un mélange liquide à la température de fonctionnement, 

quelle que soit la composition du mélange. Le fait qu'il n'y ait pas de composition fixe offre une plus grande 

flexibilité pour ces systèmes.  

1.2. Classification  

Les DES ont été classés en quatre types selon la formule générale Cat+ X- zY, où Cat+ est généralement 

un ammonium, un phosphonium ou un sulfonium, tandis que X est une base de Lewis (généralement un 

anion halogénure). Y représente un acide de Lewis ou de Brønsted et z est le nombre de molécules Y qui 

interagissent avec l'anion correspondant (Figure 1) (Abbott et al., 2007; Smith et al., 2014). Les eutectiques 

de type III sont les plus étudiés dans la littérature et sont généralement basés sur le chlorure de choline 

(ChCl) et divers donneurs de liaison hydrogène (HBD). Le ChCl a été largement adopté car il est 

relativement bon marché, non toxique et biodégradable, étant donné qu'il est approuvé comme additif 

naturel pour plusieurs espèces animales (“Scientific Opinion on Safety and Efficacy of Choline Chloride as 

a Feed Additive for All Animal Species,” 2011).  
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Figure 1. Les quatre types de solvants eutectiques profonds suivant la formule générale Cat+ X- zY 

 

Le premier DES de type III décrit était à base de ChCl. Depuis, une pléthore de composés ont été utilisés 

pour la préparation des DES. Les accepteurs de liaisons hydrogène (HBA) comprennent principalement 

des sels d'ammonium ou de phosphonium quaternaires, tandis que les HBD les plus courants sont les 

amides, les alcools et les acides carboxyliques. Lorsque les DES sont constitués de métabolites primaires 

tels que les acides organiques, les acides aminés, les sucres, les polyols et les dérivés de la choline, on 

parle de solvants eutectiques profonds naturels (NADES) (Choi et al., 2011; Dai et al., 2013). En outre, 

l'eau peut également faire partie de la composition des NADES. Plus récemment, les DES hydrophobes 

ont été introduits et ils sont basés sur l'utilisation de composés hydrophobes tels que le bromure de 

tétrabutylammonium (TBABr), le menthol, le thymol et les acides gras comme accepteurs de liaisons 

hydrogène ainsi que les alcools à longue chaîne alkyle et les acides carboxyliques comme HBD (Florindo 

et al., 2019; Osch et al., 2015). De plus, les DES peuvent être composés de principes actifs 

pharmaceutiques comme l'ibuprofène, la lidocaïne et l'acide phénylacétique. Dans ce cas, les solvants sont 

appelés solvants eutectiques profonds thérapeutiques (THEDES) (Duarte et al., 2017; Paiva et al., 2014). 

La Figure 2 présente les événements importants qui ont marqué le développement des DES jusqu'à présent 

(Abbott et al., 2001, 2003; Abbott, Capper, et al., 2004; Abbott, Boothby, et al., 2004; Abbott et al., 2007; 

Choi et al., 2011; El Achkar, Moufawad, et al., 2020; Osch et al., 2015).  
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Figure 2. Les grands événements qui ont marqué le développement des solvants eutectiques profonds 

 

1.3. Propriétés physico-chimiques 

Outre leur faible volatilité, leur non-inflammabilité, leur faible tension de vapeur et leur stabilité chimique et 

thermique, les DES sont chimiquement accordables, ce qui signifie qu'ils peuvent être conçus pour des 

applications spécifiques étant donné la grande variété de composés formant des DES. Toutes ces 

propriétés ont encouragé les scientifiques à explorer les DES et à les appliquer comme une bonne 

alternative aux solvants conventionnels.  

▪ Point de fusion 

Comme mentionné ci-dessus, les DES ne sont pas des composés purs mais des mélanges de deux ou 

plusieurs composés purs. Ce système est représenté par un diagramme de phase solide-liquide, qui 

indique la température de fusion en fonction de la composition du mélange. Par conséquent, si nous 

considérons un mélange binaire de composés A et B, le point eutectique représente la composition et la 

température de fusion minimale à laquelle les courbes de fusion des deux composés se rencontrent (Figure 

3). Les points de fusion de la plupart des DES se situent généralement entre - 69 et 149 °C (Zhang et al., 

2012). Néanmoins, plusieurs autres mélanges signalés ne présentaient qu'une transition vitreuse et aucun 
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point de fusion n'a été détecté (Dai et al., 2013; Florindo et al., 2014; Francisco et al., 2012; Savi, Carpiné, 

et al., 2019; Savi, Dias, et al., 2019). 

 

Figure 3. Diagramme de phase solide-liquide d'un mélange binaire 

 

▪ Densité et viscosité 

La densité est l'une des propriétés physiques fondamentales des liquides. La plupart des DES présentent 

des densités plus élevées que l'eau, avec des valeurs comprises entre 1,0 et 1,3 g.cm-3 à 25 °C, tandis 

que les DES à base de sels métalliques ont des densités comprises entre 1,3 et 1,6 g.cm-3 (Tang & Row, 

2013). Au contraire, des densités inférieures à celles de l'eau sont obtenues pour les eutectiques profonds 

hydrophobes (Florindo et al., 2019). La densité du DES diminue linéairement avec l'augmentation de la 

température (Cui et al., 2017; Florindo et al., 2014; Ibrahim et al., 2019; Shahbaz et al., 2012). La viscosité 

est une autre propriété importante et largement étudiée du DES. La plupart des DES sont très visqueux à 

température ambiante (ɳ > 100 mPa.s), ce qui est principalement attribué au réseau de liaisons hydrogène 

qui se produit entre les composants des DES. En outre, ils présentent une très large gamme de viscosité. 

En fait, le DES ChCl:EG (1:2) est connu pour avoir une très faible viscosité (37 mPa.s à 25 °C), tandis que 

les DES à base de sucre présentent des viscosités extrêmement importantes (12730 mPa.s pour le 

ChCl:sorbitol 1:1 à 30 °C et 34400 mPa. s pour 1:1 ChCl:glucose à 50 °C) et des viscosités encore plus 

élevées ont été enregistrées pour le DES à base de sels métalliques (85000 mPa.s pour 1:2 ChCl:chlorure 

de zinc à 25 °C) (Zhang et al., 2012). Cependant, de très faibles viscosités ont été enregistrées pour les 

DES hydrophobes à base de DL-menthol (7,61 mPa.s à 25 °C pour le 1:3 DL-menthol:acide octanoïque) 

(Nunes et al., 2019; Ribeiro et al., 2015). La viscosité d'un mélange eutectique est clairement affectée par 

la nature de ses composants (Abbott et al., 2007; D’Agostino et al., 2011), leur rapport molaire (Abbott et 
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al., 2007), la température (Abbott, Boothby, et al., 2004; Abbott et al., 2003, 2006; Dai et al., 2015; Kareem 

et al., 2010) et la teneur en eau (D’Agostino et al., 2015; Dai et al., 2015; Du et al., 2016; Florindo et al., 

2014; Shah & Mjalli, 2014). 

 

1.4. Effet de l’eau 

Étant donné l'omniprésence de l'eau et le caractère hygroscopique de certains DES et de leurs composés, 

l'absorption d'eau par les solvants eutectiques est inévitable (Du et al., 2016; Florindo et al., 2014). Alors 

que les traces d'eau dans les DES sont généralement considérées comme des impuretés, un très grand 

nombre d’études ont intentionnellement ajouté de l'eau à leurs solvants afin d'affiner leurs propriétés pour 

qu'ils puissent répondre aux exigences de certaines applications souhaitées et l'eau a permis, dans de 

nombreux cas, d'améliorer les performances des DES. D'autre part, la présence d'eau n'affecte pas 

seulement les propriétés physico-chimiques mais peut également mettre en danger l'intégrité des DES (El 

Achkar et al., 2019). 

Certaines études ont proposé un passage du DES à une solution aqueuse de ses composants individuels 

tout en ajoutant de l'eau et d'autres ont suggéré qu'une transition du système "eau-dans-DES" à un système 

"DES-dans-eau" se produit à un certain niveau d'hydratation. Dans le premier système, l'eau est considérée 

comme un autre HBD (Hammond, Bowron, Jackson, et al., 2017; López-Salas et al., 2019; Zhekenov et 

al., 2017), s'intégrant ainsi dans le réseau du DES et renforçant par la suite les liaisons hydrogène qui ont 

lieu entre l'HBA et l’HBD à une faible teneur en eau (Hammond, Bowron, & Edler, 2017; Weng & Toner, 

2018). Cependant, une dilution supplémentaire entraîne l'affaiblissement des interactions qui dominent 

habituellement dans la structure supramoléculaire du DES en raison de la tendance de l'eau à interagir 

avec les composés formant le DES. L'hydratation préférentielle des anions chlorure a été signalée dans de 

nombreux articles traitant de différents DES à base de ChCl comme ChCl:U, ChCl:G, ChCl:EG et ChCl:LA 

(Alcalde et al., 2019; Fetisov et al., 2018; Kaur et al., 2020; Kumari et al., 2018; Weng & Toner, 2018). 

Pourtant, en ce qui concerne le niveau d'hydratation auquel la transition se produit, les valeurs ne sont pas 

toujours cohérentes pour le même DES. Par exemple, le point de transition varie entre 15 et 51 wt% pour 

le ChCl:U (Hammond, Bowron, & Edler, 2017; Kumari et al., 2018; Posada et al., 2017; Shah & Mjalli, 

2014). Il n'y a pas suffisamment d'études pour comparer les points de transition des autres DES. D'autres 

études doivent être menées sur d'autres DES car, bien que cette transition soit susceptible de se produire 

dans tous les mélanges aqueux de DES, la teneur en eau de transition dépend des types d'HBA et d'HBD 

ainsi que de leur rapport molaire (Gabriele et al., 2019). De plus, une compréhension approfondie de 

l'impact de l'eau sur la structure du DES augmentera certainement la possibilité de moduler les mélanges 

DES-eau en fonction des applications souhaitées. 
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2. Impact des DES sur les systèmes vivants 

Malgré leurs caractéristiques attrayantes, un problème majeur lié aux DES reste à résoudre : leur sécurité. 

Depuis leur apparition, les DES ont toujours été présumés non toxiques en raison de la sécurité bien 

connue de leurs composés. Pourtant, leur toxicité et leur biodégradabilité doivent être étudiées pour les 

désigner comme des solvants biocompatibles. En 2013, Hayyan et al. ont été les premiers à s'attaquer 

directement à cette question en publiant une communication intitulée "Les solvants eutectiques profonds 

sont-ils bénins ou toxiques ? (Hayyan et al., 2013). De manière surprenante, il a été constaté que les DES 

à base de ChCl étudiés étaient plus cytotoxiques que leurs composants individuels envers les crevettes de 

saumure, mais qu'ils étaient non toxiques envers des bactéries Gram-positives et Gram-négatives. Par la 

suite, plusieurs études de toxicité, portant principalement sur les DES à base de ChCl et les NADES, ont 

été réalisées à l'égard de différents systèmes biologiques. Divers organismes ont été pris en compte pour 

les études de toxicité in vitro des DES, notamment des bactéries Gram-positives et Gram-négatives, des 

levures, des champignons, des plantes ainsi que des lignées cellulaires humaines, de souris et de 

poissons. Les études de toxicité rapportées à ce jour ne fournissent pas de réponse directe à la question 

de toxicité des DES. Il s'agit d'une question assez complexe et pourtant, l'examen de ces études permet 

de tirer de nombreuses conclusions. En fait, plusieurs facteurs peuvent affecter la toxicité globale du DES, 

comme le choix de l’HBD et le choix de l’HBA. De même, différentes réponses de toxicité peuvent résulter 

de différents organismes lorsqu'ils sont exposés aux mêmes solvants (Radošević et al., 2018). 

 

3. Applications des DES 

Outre les propriétés remarquables des DES, le besoin croissant de procédés respectueux de 

l'environnement et l'envie de remplacer les solvants organiques usuels ont conduit les chercheurs à 

envisager ces nouveaux solvants dans divers domaines d'application. Depuis leur découverte, les DES ont 

été utilisés dans la synthèse organique, la catalyse, l'électrochimie, la solubilisation et l'extraction, entre 

autres (Figure 4). 
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Figure 4. Aperçu des principales applications des solvants eutectiques profonds 

 

4. Combinaison des DES et des cyclodextrines 

Les cyclodextrines (CD) sont des oligosaccharides cycliques naturels résultant de la dégradation 

enzymatique de l'amidon. Les CD natives les plus courantes comprennent 6, 7 ou 8 unités de α-D-

glucopyranose (α-, β- et γ-CD respectivement) reliées entre elles par des liaisons glycosidiques α-1,4. La 

conformation en chaise des unités de glucose donne naissance à des molécules en forme de cône tronqué. 

Ces molécules présentent une surface extérieure hydrophile caractérisée par des groupes hydroxyles 

primaires et secondaires positionnés  sur les bords étroits et larges, respectivement, et une cavité intérieure 

hydrophobe marquée par des groupes C-H et des oxygènes glycosidiques (Figure 5). La β-CD, présente 

une faible solubilité dans l'eau en raison des liaisons hydrogène intramoléculaires qui ont lieu entre les 

groupes hydroxyles des molécules de glucose adjacentes. Par conséquent, les dérivés de la CD sont 

produits pour améliorer la solubilité de la CD native en remplaçant les groupes hydroxyles par d'autres 

fragments polaires ou apolaires. Les dérivés de CD les plus courants sont les CD hydroxypropylées, 

méthylées ou sulfobutylées. En raison de leur nature amphiphile, les CD sont capables d'encapsuler 

certaines molécules hydrophobes et de taille appropriée dans leur cavité en formant des complexes 

d'inclusion via des liaisons non covalentes. Cette propriété a permis aux CD d'être impliquées dans de 
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nombreux domaines d'application tels que agroalimentaire, pharmaceutique et cosmétique (Kfoury et al., 

2016).  

 

Figure 5. Illustration des trois cyclodextrines natives (α-CD, β-CD et γ-CD de gauche à droite) 

 

Il existe peu d'études ayant envisagé de combiner le concept de DES avec celui de CD. En effet, les CD 

ont été dissoutes dans le DES pour améliorer leur solubilité, pour étudier leurs propriétés bénéfiques et 

pour les explorer dans plusieurs domaines.  

 

5. Auto-assemblage de molécules amphiphiles au sein des DES 

L'auto-organisation des molécules amphiphiles peut être principalement entraînée par l'effet solvophobe 

ainsi que par la cohésion et la polarité du solvant (Arnold et al., 2015). Bien qu'encore à ses débuts, 

l'utilisation de DES comme solvant favorisant l'auto-assemblage présente un grand potentiel étant donné 

que le DES offre un environnement de liaisons hydrogène similaire à celui de l'eau (Sanchez-Fernandez 

et al., 2018).  

Parmi les quelques études relatives à l'auto-assemblage des phospholipides dans les DES, une étude a 

montré, par le biais d'expériences de pénétration des solvants, que le ChCl:U peut pénétrer et solubiliser 

les lipides à base de phosphatidylcholine (PC) (1,2- dimyristoyl-sn-glycéro-3-phosphocholine (DMPC), 1,2-

dipalmitoyl-sn- glycéro-3-phosphocholine (DPPC), 1,2-distéaroyl-sn-glycéro-3-phosphocholine (DSPC), 

ainsi que le phosphatidylcholine de l’oeuf ayant comme constituant principal le 1-palmitoyl-2-oleoyl-sn-

glycéro-3-phosphocholine (POPC)) en l'absence d'eau. La microscopie optique polarisante a montré que 

le DES gonfle les lipides au-dessus de la température de transition lipidique, et qu’une phase lamellaire Lα 

se forme spontanément, puis se transforme en vésicules avec le temps. Comme dans l'eau, la température 

de pénétration dans le DES augmente également avec l'augmentation de la longueur de la chaîne alkyle 

des lipides (Bryant et al., 2016). Le comportement des mêmes phospholipides à base de PC a été étudié 

dans les DES à base d'alkylammonium (HBA : chlorure d'éthylammonium, bromure d'éthylammonium, 

bromure de propylammonium, bromure de butylammonium et bromure de pentylammonium), cette fois en 
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utilisant le glycérol et l'éthylène glycol comme HBD. Les expériences de pénétration des solvants ont révélé 

que les phospholipides forment des phases lamellaires et génèrent spontanément des vésicules dans tous 

les DES testés (Bryant et al., 2017). Plus récemment, McCluskey et ses collègues ont prouvé pour la 

première fois la formation de monocouches de phospholipides stables à l'interface air-DES, en adoptant le 

DES ChCl:G et plusieurs PC et un phosphatidylglycérol comme phospholipides. Ils ont également obtenu 

des structures monocouches similaires à celles obtenues à l'interface air-eau (R. McCluskey et al., 2019). 

D'autre part, Gutiérrez et al. ont essayé d'incorporer des liposomes dans les DES (ChCl:U ou 

ChCl:thiourée) en lyophilisant un mélange de liposomes préformés (à base de DMPC) et de solutions 

aqueuses des composants individuels du DES (ayant une teneur en solutés de 20 wt%), après avoir prouvé 

que les DES peuvent être obtenus par lyophilisation des solutions aqueuses de leurs composants 

individuels. La microscopie confocale à fluorescence a confirmé la présence de liposomes variant entre 

200 et 500 nm et la préservation de leur structure membranaire dans le DES (Gutiérrez et al., 2009).  

D'autres articles ont examiné l'auto-assemblage des tensioactifs dans les DES. Le processus d'auto-

assemblage des tensioactifs dépend de divers facteurs, à savoir le type du tensioactif (anionique, 

cationique, zwitterionique ou non ionique), la tête hydrophile, la longueur de la chaîne hydrophobe, la 

position de la charge et la concentration du tensioactif, ainsi que le type de DES, sa composition et sa 

teneur en eau. L'agrégation était, dans certains cas, plus favorable dans le DES pur ou hydraté que dans 

l'eau, ce qui est probablement attribué aux interactions électrostatiques supplémentaires qui ont lieu entre 

les composants du DES et les tensioactifs ioniques. 
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II. Plan de travail 

Au cours de notre étude, les DES ont d'abord été préparés en utilisant certains accepteurs de liaisons 

hydrogène communs comme le chlorure de choline, le bromure de tétrabutylphosphonium et le bromure 

de tétrabutylammonium, et des donneurs de liaisons hydrogène comme l'urée, le glycérol, l'éthylène glycol, 

l'acide lévulinique et l'acide décanoïque. D'autre part, de nouveaux mélanges liquides basés sur des 

dérivés de la β-cyclodextrine, agissant comme accepteurs de liaisons hydrogène, ont été décrits pour la 

première fois. La présence de CD pourrait donner naissance à des systèmes intéressants dotés de 

propriétés supramoléculaires, appelés ainsi SUPRADES. Après leur préparation, les DES et SUPRADES 

ont été caractérisés par la mesure de leur densité, de leur viscosité et de leur polarité. En raison de leur 

nouveauté, les SUPRADES ont été caractérisés par calorimétrie différentielle à balayage, analyse 

thermogravimétrique et études rhéologiques.  

Par la suite, l'organisation des phospholipides dans les solvants a été étudiée par microscopie à force 

atomique et des mesures de polarité ont été effectuées à l'aide d'une sonde solvatochromique. De plus, le 

DES a été introduit dans la préparation des liposomes par deux méthodes conventionnelles (la méthode 

d'injection éthanolique et la méthode d'hydratation d’un film lipidique), en remplaçant la phase aqueuse par 

le DES. Les préparations résultantes ont ensuite été observées par microscopie optique et analysées par 

diffusion dynamique de la lumière. 

Après avoir étudié le comportement des phospholipides dans les DES, nous avons examiné l'effet des DES 

sur les liposomes préformés, préparés par la méthode d'injection éthanolique et composés de 

phospholipides et de cholestérol, en utilisant la microscopie à force atomique. La première approche a 

consisté à exposer les liposomes adsorbés aux DES ou aux solutions aqueuses de leurs composants, 

tandis que la seconde approche consiste à mettre les liposomes en suspension dans les DES ou les 

solutions aqueuses de leurs composants, pendant différentes périodes avant leur adsorption et leur 

examen. De plus, l'impact de deux DES à base de chlorure de choline sur des cellules humaines de cancer 

du sein a été étudié en menant une combinaison d'études de cytotoxicité et de morphologie. L’effet des 

DES a également été comparé à l'effet de leurs composants individuels ou combinés. 

Enfin, le pouvoir solubilisant des DES vis-à-vis de composés volatils, principalement le trans-anéthol, et 

des huiles essentielles associées, a été évalué par chromatographie en phase gazeuse couplée à un 

espace de tête. La spectroscopie de résonance magnétique nucléaire (RMN) a également été utilisée pour 

vérifier si la capacité des cyclodextrines à former des complexes d'inclusion était préservée dans les 

SUPRADES. De plus, nous avons évalué l'effet de l'eau et de certains systèmes d'encapsulation tels que 

les cyclodextrines, les lipides et les tensioactifs, sur la capacité de solubilisation du DES. Enfin, la libération 

du trans-anéthol à partir des solvants étudiés a été suivie par la technique d'extraction multiple de l’espace 

de tête. 
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III. Résultats 

1. Préparation et caractérisation des DES 

Dans la présente étude, une sélection de DES de type III a été envisagée en utilisant le chlorure de choline 

(ChCl), le bromure de tétrabutyphosphonium (TBPBr) et le bromure de tétrabutylammonium (TBABr) 

comme HBA, ainsi que l'urée (U), le glycérol (G), l'éthylène glycol (EG), l'acide lévulinique (Lev) et l'acide 

décanoïque (Dec) comme HBD. Le Tableau 1 présente la composition des DES étudiés qui ont été 

préparés en combinant l'HBA et l’HBD à un certain rapport molaire, puis en agitant et en chauffant le 

mélange à 60 °C jusqu'à la formation d'un liquide clair et homogène. Le chlorure de choline a été séché à 

60 °C pendant 2 semaines avant d'être utilisé. La teneur en eau de tous les mélanges préparés a été 

déterminée à l'aide de la méthode de titrage Karl Fisher (Mettler Toledo DL31). 

 

Tableau 1. Composition des solvants eutectiques profonds étudiés 

DES HBA HBD 
Ratio molaire 

HBA:HBD 

Teneur en 

eau (%) 

ChCl:U Chlorure de choline Urée 1:2 0.33 

ChCl:G Chlorure de choline Glycérol 1:2 0.05 

ChCl:EG Chlorure de choline Ethylène glycol 1:2 0.06 

ChCl:Lev Chlorure de choline Acide lévulinique 1:2 0.05 

TBPBr:Lev Bromure de 

tétrabutylphosphonium Acide lévulinique 1:6 0.04 

TBABr:Dec Bromure de 

tétrabutylammonium 
Acide 

décanoïque 1:2 0.02 

 

TBPBr:EG 
Bromure de 

tétrabutylphosphonium 

 

Ethylène glycol 

 

1:2 

 

0.01 
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D'autre part, les SUPRADES ont été préparés en utilisant différents dérivés de β-CD comme HBA, étant 

donné leur grand nombre de sites de liaison hydrogène. Étant des oligosaccharides cycliques naturels et 

possédant une importante propriété d'encapsulation, les mélanges à base de CD pourraient conduire à la 

formation de systèmes sûrs et intéressants. La combinaison de quatre dérivés de β-CD (β-CD 

hydroxypropylée (HPBCD ; degré de substitution (DS) = 4.34), β-CD méthylée de manière aléatoire 

(RAMEB ; DS = 12.9), β-CD faiblement méthylée (CRYSMEB ; DS = 4.9) ou sulfobutyléther-β-CD (Captisol 

® ; DS = 6.5)) avec de l'acide lévulinique a été réalisée et a abouti à la formation de liquides clairs à 

température ambiante. Par la suite, la HPBCD ou la RAMEB a été mélangée avec différents polyalcools, 

tels que le glycérol, l'éthylène glycol, le 1,3-propanediol (PD) ou le 1,3-butanediol (BD) à différents rapports 

molaires. Les mélanges aboutissant à des liquides à température ambiante ont été retenus. 

Par la suite, des mesures de densité et de viscosité de ces solvants ont été effectuées à la pression 

atmosphérique et à des températures comprises entre 30 et 60 °C. De même, la polarité des DES a été 

estimée à l'aide de la sonde solvatochromique Nile Red. Les résultats ont montré que ces propriétés 

dépendent de l'HBA, de l'HBD et de leur rapport molaire. Par exemple, une densité plus élevée est 

observée lorsqu'un groupe hydroxyle supplémentaire (1139,0 kg m-3 pour le 1:40 HPBCD:1,3-PD et 1290,5 

kg m-3 pour le 1:40 HPBCD:G) ou une longueur de chaîne plus courte ( ρ 1:40 HPBCD:EG > ρ 1:40 

HPBCD:1,3-PD > ρ 1:40 HPBCD:1,3-BD) est considérée. D'autre part, la viscosité augmente avec la 

longueur de la chaîne alkyle du HBD (ɳ HPBCD:1,3-BD > ɳ HPBCD:1,3-PD > ɳ HPBCD:EG et ɳ 

RAMEB:1,3-BD > ɳ RAMEB:1,3-PD). Le choix du HBD semble aussi affecter la polarité globale des DES 

puisque les DES contenant de l'acide lévulinique sont les plus polaires, suivis par ceux à base de glycérol, 

d'éthylène glycol, d'urée, de 1,3-PD, de 1,3-BD et d'acide décanoïque. La calorimétrie différentielle à 

balayage et l'analyse thermogravimétrique ont prouvé que les SUPRADES présentent un état liquide et 

stable sur une large gamme de températures (El Achkar, Moura, et al., 2020). 

2. Auto-assemblage des phospholipides au sein des DES 

En raison de leurs propriétés uniques, les DES ont été récemment explorés comme solvants favorisant 

l'auto-assemblage. Leur polarité, leur cohésion et leur important réseau de liaisons hydrogène constituent 

des facteurs importants pour l'auto-organisation des molécules amphiphiles. Il a été signalé que les DES 

agissent comme solvants pour l'auto-assemblage des tensioactifs ioniques et des phospholipides. 

Cependant, les études portant sur le comportement des phospholipides dans le DES sont assez limitées. 

C'est pourquoi, dans cette section, nous avons cherché à étudier l'organisation des phospholipides dans 

les DES et les nouveaux systèmes à base de CD par microscopie à force atomique (AFM). L’AFM est une 

microscopie à haute résolution qui fournit des informations détaillées sur la surface des échantillons à 

l'échelle nanométrique. Ainsi, 10 mg de lipoïde E80 (80- 85% de phosphatidylcholine (PC), 7- 9,5% de 

phosphatidyléthanolamine, 3% de lysoPC, 0,5% de lysophosphatidyléthanolamine, 2-3% de 

sphingomyéline, 2% d'eau, 0,2% d'éthanol) ont été dissous dans un mélange d'eau ultra-pure (0,2 ml) et 
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de DES ou SUPRADES (1,8 ml) (ChCl:U, ChCl:G, ChCl:EG, ChCl:Lev, TBPBr:Lev, TBABr:Dec, TBPBr:EG, 

HPBCD:Lev, RAMEB:Lev ou CRYSMEB:Lev) et ont été conservés sous agitation à température ambiante. 

Des aliquotes ont été prélevées à 4, 24 et 48 h et déposées sur la surface du mica pour être adsorbées. 

Les images obtenues par l’AFM ont montré que les phospholipides ont tendance à former des bicouches 

lipidiques à t=4h dans les DES à base de chlorure de choline qui se transforment ensuite en vésicules 

lipidiques à t=48h (Eid et al., 2020). En revanche, aucune structure lipidique n'a été détectée en présence 

de DES à base de TBPBr ou de TBABr (TBPBr:Lev, TBPBr:EG et TBABr:Dec). Cela pourrait être dû à une 

dissolution complète des lipides dans les DES. De même, aucun assemblage de lipides n'a été observé 

dans les systèmes CD:Lev, ce qui pourrait être dû à l'emprisonnement des phospholipides dans les cavités 

des CD (Szente & Fenyvesi, 2016). Le choix de l'HBA a un effet majeur sur l'organisation des 

phospholipides dans le DES. 

Afin d’étudier davantage le comportement des phospholipides dans ces systèmes, nous avons mesuré la 

polarité de 4 DES (ChCl:G, ChCl:EG, TBPBr:Lev et TBABr:Dec) en l'absence ou en présence de 

phospholipides E80, en déterminant λmax, la longueur d'onde qui correspond à l'absorption maximale de 

lumière visible par la sonde solvatochromique Nile Red. Les valeurs de λmax ont diminué après l'ajout des 

lipides dans ChCl:G et ChCl:EG, indiquant la transition du Nile Red vers un environnement relativement 

non polaire. Cette différence peut s'expliquer par l'intercalation possible de la sonde dans la bicouche 

lipidique des vésicules qui se sont formées dans les DES, comme cela a été détecté précédemment par la 

technique d’AFM. Au contraire, les valeurs de λmax ont légèrement diminué dans le DES TBPBr:Lev et 

TBABr:Dec, où aucune structure lipidique n'a été observée par l'AFM. 

De plus, l'auto-assemblage des phospholipides a été étudié selon une autre approche qui consiste à 

introduire le DES dans les méthodes de préparation des liposomes. Deux méthodes conventionnelles 

généralement utilisées pour la préparation des liposomes ont été considérées : la méthode d'injection 

éthanolique et la méthode d'hydratation du film lipidique. La méthode d'injection éthanolique, décrite en 

1973 par Batzri et Korn, consiste à dissoudre les lipides dans l'éthanol, puis à injecter la solution 

éthanolique dans une phase aqueuse et à évaporer la phase organique, ce qui conduit à la formation de 

liposomes (Batzri & Korn, 1973). La méthode d'hydratation du film lipidique, également appelée méthode 

de Bangham, nécessite la dissolution des lipides dans une phase organique avant son évaporation qui 

entraînera la formation d'un film lipidique. L'hydratation ultérieure de ce film génère des liposomes 

(Bangham et al., 1965). La même procédure générale a été suivie ici, sauf que la phase aqueuse a été 

remplacée par le DES dans les deux techniques. Le lipoïde S100 (94 % de PC de soja, 3 % de lysoPC, 0,5 

% de N-acyl-phosphatidyléthanolamine, 0,1 % de phosphatidyléthanolamine, 0,1 % de 

phosphatidylinositol, 2 % d'eau, 0,2 % d'éthanol, indice d'iode 97-107) et le cholestérol ont été utilisés à 

une concentration de 10 mg/mL et 5 mg/mL, respectivement. Les préparations obtenues ont ensuite été 

observées par microscopie optique. Des formes différentes de lipides ont été détectées dans les DES à 

base de ChCl par rapport aux échantillons préparés sans lipides dans les deux méthodes. Alors qu'aucune 
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structure lipidique n'a été détectée dans les autres DES ou SUPRADES étudiés (TBPBr:Lev, TBABr:Dec, 

TBPBr:EG, HPBCD:Lev, RAMEB:Lev et CRYSMEB:Lev). Ces résultats sont en quelque sorte liés aux 

résultats de l'AFM concernant l'organisation des phospholipides E80 dans les DES. De plus, un tensioactif 

non ionique, le Triton X-100 connu pour sa capacité à perturber les vésicules lipidiques en milieu aqueux, 

a été ajouté à une concentration de 10 % (v/v) aux préparations à base de DES. Néanmoins, des 

assemblages sphériques de grande taille se sont formés après l'ajout du Triton X-100 au ChCl:U, au 

ChCl:G et au ChCl:EG. Le tensioactif a ensuite été ajouté au DES en l'absence de lipides et les auto-

assemblages sont apparus de nouveau, indiquant que le tensioactif est clairement à l'origine de leur 

formation (Figure 6). 

 

 

Figure 6. Méthode d'injection éthanolique à base de DES : observation de DES à base de ChCl en 
présence de lipides (colonne de gauche), en présence à la fois de lipides et de Triton X-100 (colonne du 

milieu), et en présence de Triton X-100 (colonne de droite) 
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3. Effet des DES sur les membranes synthétiques et biologiques 

Après avoir examiné l'organisation des phospholipides dans les DES et après avoir prouvé la formation 

d'auto-assemblages dans les DES à base de ChCl, l'effet de ces DES et des solutions aqueuses de leurs 

constituants sur les liposomes préformés a été évalué pour la première fois par AFM. En plus des liposomes 

qui sont considérés comme des modèles pour les membranes biologiques, l'effet sur les cellules 

cancéreuses du sein humain MDA-MB-231 a également été évalué.  

3.1. Effet sur les liposomes préformés 

Deux approches ont été envisagées pour étudier l'effet des DES sur les liposomes, qui ont été préparés 

par la méthode d'injection éthanolique en utilisant des phospholipides E80. La première consiste à exposer 

les liposomes adsorbés aux DES ou aux solutions aqueuses de leurs constituants pendant 30 min avant 

leur observation. Dans la seconde approche, les liposomes préformés sont mis en suspension dans les 

DES ou les solutions aqueuses pendant différents temps avant leur adsorption et leur observation. 

Lorsqu'ils sont exposés aux DES ou aux solutions aqueuses de leurs composants, les liposomes préformés 

conservent leurs structures bien qu'ils diminuent de taille en raison de leur déshydratation probable. Des 

observations similaires ont été obtenues lorsque les liposomes ont été mis en suspension dans les 

solutions aqueuses de composés de DES. Cependant, lorsqu'ils étaient mis en suspension dans les DES 

à base de ChCl, les liposomes se transformaient en bicouches lipidiques à t= 2h avant leur reconstitution 

en vésicules (Figure 7) (Eid et al., 2020). 

3.2. Effet sur les cellules humaines 

Après avoir étudié l'effet des DES sur les liposomes, nous nous sommes intéressés à l'évaluation de 

l'impact des DES sur les cellules humaines. Comme mentionné dans la section I.2., les DES ont toujours 

été considérés comme des solvants non toxiques en raison de la sécurité de leurs composants. 

Néanmoins, certaines études ont récemment rapporté que les DES peuvent avoir une réponse toxique 

différente de celle de leurs composés de départ. Dans cette section, nous avons examiné l'effet de deux 

des DES les plus étudiés, ChCl:U et ChCl:EG, sur MDA-MB-231, une lignée cellulaire de cancer du sein 

humain. De plus, l'effet du DES a été comparé à l'effet de leurs composés individuels (ChCl, urée ou 

éthylène glycol) ou combinés. La solution des composés combinés a été préparée en dissolvant 

séparément l'HBA et l’HBD dans l'eau selon le même rapport molaire HBA:HBD adopté pour le DES. Pour 

ce faire, une combinaison d'études de cytotoxicité et d'évaluation morphologique a été réalisée. 

L'étude de cytotoxicité réalisée par le test d'exclusion du bleu de trypan a révélé que les DES sont 

généralement plus cytotoxiques que les solutions aqueuses de leurs composés. En outre, l'observation de 

la morphologie cellulaire lors de l'exposition au DES ou à la solution aqueuse des deux composés a montré 

un comportement différent qui peut s'expliquer par un mécanisme d'action différent. D’autre part, le choix 

du donneur de liaisons hydrogène peut fortement affecter la toxicité globale d'un DES, ce qui peut donner 
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un DES relativement inoffensif comme le ChCl:U ou un DES modérément toxique comme le ChCl:EG. 

Dans une autre approche, les cellules ont été incubées dans du DES pur pour la première fois et ont été 

suivies par microscopie optique. Les deux DES ont pu fixer les cellules dans un certain état pendant une 

période allant jusqu'à 12 jours, ce qui peut s'expliquer par la déshydratation des cellules suite à l'exposition 

au DES et la coagulation des protéines qui s'ensuit (Figure 8). 

 

Figure 7. Images 2D de liposomes E80 (4 × 4 μm2) en suspension dans du ChCl:U, ChCl:G, ChCl:EG ou 
ChCl:Lev obtenues par AFM en mode contact 

 

Figure 8. Observations de cellules MDA-MB-231 exposées à du DES pur pendant 12 jours 
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4. Pouvoir solubilisant des DES vis-à-vis de composés bioactifs volatils 

Dans la dernière partie de l’étude, nous avons évalué la capacité des DES à solubiliser les arômes tels que 

le trans-anéthol (AN) et la L-carvone (Carv) ainsi que des huiles essentielles. De plus, nous avons étudié 

l'impact de la présence d'eau ou de certains systèmes d’encapsulation comme les cyclodextrines (CD), les 

phospholipides et les tensioactifs sur l'efficacité de solubilisation du DES. Enfin, nous avons suivi la 

libération du trans-anéthol à partir du DES en fonction du temps. 

Les études de solubilisation ont été menées par chromatographie en phase gazeuse couplée à un espace 

de tête (SH-GC). Dans cette technique, l'échantillon (liquide ou solide) est généralement placé dans un vial 

fermé et thermostaté. Par la suite, un équilibre entre la phase liquide et la phase gazeuse (appelée espace 

de tête) sera atteint et la concentration du composé volatil dans la phase gazeuse sera constante. Dans 

une deuxième étape, la phase gazeuse est analysée par chromatographie en phase gazeuse : une aliquote 

de l'espace de tête est transférée à la colonne (phase stationnaire) via le flux du gaz porteur (phase mobile) 

(Figure 9). La distribution du composé volatil entre les deux phases est représentée par un paramètre 

appelé coefficient de partage K qui est considéré comme le rapport de la concentration de l'analyte dans 

la phase gazeuse sur sa concentration dans la phase liquide. Les DES ont montré une grande capacité de 

solubilisation du trans-anéthol et de la L-carvone, traduite par une diminution importante (jusqu’à 4200 fois) 

du coefficient de partage K par rapport à l'eau. Le TBABr:Dec présentait la plus grande capacité de 

solubilisation, suivi par les DES à base de TBPBr et les DES à base de ChCl. Les SUPRADES présentaient 

une efficacité intermédiaire. 

 

 

Figure 9. Principe de la chromatographie en phase gazeuse couplée à un espace de tête 
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De plus, tous les solvants testés ont présenté une rétention élevée des huiles essentielles d'anis étoilé et 

de fenouil, avec plus de 61% de rétention par rapport à l'eau. La solubilisation du trans-anéthol par les 

mélanges binaires DES-eau a diminué avec l'augmentation de la teneur en eau. De plus, une étude par 

RMN de RAMEB:Lev en présence de trans-anéthol a révélé la présence d’interactions importantes entre 

le composé volatil et la cavité de la CD, suggérant ainsi que la CD conservait sa capacité de complexation 

sous la forme de SUPRADES (El Achkar, Moufawad, et al., 2020). En outre, l'ajout de CD au ChCl:U a 

amélioré la solubilité du trans-anéthol par le DES. De même, la capacité de solubilisation du DES a été 

améliorée en présence des lipides ou du Triton X-100. Enfin, la technique d’extraction multiple de l’espace 

de tête a montré que les DES ont permis une libération contrôlée du trans-anéthol par rapport à l'eau 

(Figure 10) (El Achkar, Moura, et al., 2020). 

 

 

Figure 10. Libération du trans-anéthol à partir de l’eau ou des DES à 60°C 
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Conclusion et perspectives 

Cette étude visait à caractériser les solvants eutectiques profonds (DES), à explorer le comportement des 

liposomes et des membranes biologiques au sein de ces solvants, et à évaluer leur capacité de 

solubilisation envers des composés bioactifs volatils. 

Dans l'ensemble, les résultats obtenus ont mis en évidence la modularité des DES et la perspective de 

concevoir de nouveaux solvants aux propriétés uniques comme les SUPRADES. Ils ont également révélé 

le comportement des phospholipides au sein du DES et le potentiel de ces solvants comme milieu pour 

l'auto-assemblage de molécules amphiphiles ou la préservation des liposomes. Ces découvertes ont 

également contribué à élucider l'impact du DES sur les membranes biologiques. Comme le prouvent les 

études de solubilisation, les principaux résultats de cette recherche pourraient également ouvrir la 

possibilité de former de nouveaux systèmes sûrs et économiques basés sur les DES pour l'encapsulation 

de molécules bioactives. 

Sur la base de ces travaux, des investigations futures pourraient être menées afin d'élucider davantage 

certains des principaux résultats de cette étude. C'est pourquoi nous encourageons les considérations 

suivantes : 

- Étudier le comportement de phase des nouveaux solvants à base de CD et de polyalcools ; 

- Caractériser les structures de phospholipides formées dans les DES à base de ChCl ; 

- Déterminer la concentration micellaire critique du Triton X-100 dans les DES à base de ChCl ; 

- Explorer l'organisation des phospholipides à des concentrations plus élevées dans les DES à base de 

TBPBr et TBABr ; 

- Suivre l'effet du DES à base de TBPBr et de TBABr sur les liposomes préformés ; 

- Suivre la stabilité à long terme des structures auto-assemblées dans les DES ; 

- Évaluer la toxicité des DES et des SUPRADES vis-à-vis d’une lignée cellulaire normale ; 

- Évaluer la solubilité d'autres composés volatils dans les DES afin de comprendre le mécanisme de 

solubilisation ; 

- Examiner la capacité de complexation des CD dans d'autres DES que le ChCl:U.
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