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ARTICLE INFO ABSTRACT

Keywords: Interest in cyclodextrins (CDs) never gets old. Since their discovery, these natural macrocycles have played a
Cyclodextrins dynamic role in almost every scientific and industrial field. Native CDs offer many advantages as complexing
Deep eutectic solvents agents, scaffolds, excipients, etc., but suffer from a major drawback: limited aqueous solubility, especially for
2)171(11201:;?1[:35 B-CD (18.5 g/L in water at 25 °C). It is therefore of particular interest to be able to achieve higher solubilities for
Salts these hosts. The critical point is to attain the desired solubility values while maintaining their complexing ability.
Solvation Several strategies have been explored in the literature such as salting in, hydrotropy, deprotonation/ionization

and solvation. This literature review summarizes the available data on the solubilization of CDs in aqueous
solutions of inorganic salts, organic hydrotropes, acids, bases, organic solvents as well as in non-conventional
solvents, e.g. ionic liquids (ILs) and deep eutectic solvents (DESs). The latter provide an interesting opportu-
nity to address the problem of solubility of native CDs (i.e., the solubility of f-CD can reach 1000 g/L at 20 °C).
The present review also clarifies the solubilization mechanism as well as the effect of these agents and solvents on
the complexation ability of CDs. Finally, it helps to identify the gaps in the literature on this topic and provides

some insights to fill them.

1. Introduction

Cyclodextrins (CDs) are a family of naturally occurring host mole-
cules [1]. They are obtained from biomass (starch) and consist entirely
of glucose units that are linked by a-1,4 glycosidic bonds. CDs are pio-
neers in supramolecular chemistry [2]. They have a hydrophilic outer
surface and a hydrophobic central cavity. This cavity can accommodate
guest molecules resulting in the formation of inclusion complexes [3].
Encapsulation can profoundly affect the properties of the encapsulated
guest, such as improving its solubility, stability, release profile,
bioavailability and shelf-life. CDs can also assist in the geometric pre-
organization of the guest for enzymatic or chemical reactions [4]. In
addition to their particular and unique structure, CDs are natural, sus-
tainable, ecofriendly and safe [5]. To date, nearly 63,0000 publications
on CDs are counted (obtained by searching in Scopus (https://Scopus.
com) on June 28, 2024 using the keyword “cyclodextrin”). The global
market size of CDs exceeded 260 million USD in 2020 and is expected to
grow at a Compound Annual Growth Rate of more than 5.5 % from 2021
to 2027. They have attracted great interest in almost every academic and
industrial field [6]. CDs are used as food additives, pharmaceutical
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excipients, cosmetic ingredients and as building blocks for several
innovative materials [7]. Thus, CDs inclusion complexes are being
incorporated into a wide range of formulations [8]. However, final in-
dustrial products may contain a specific combination of additives (i.e.,
excipients, adjuvants) and solvents that can affect the performance of
CDs for several reasons. First, the solubility profiles of CDs can be
challenging because they are strongly influenced by the type of the
solvent and the physicochemical parameters such as pH and salinity in
addition to the storage temperature of the formulation. For example,
above a certain concentration, some CDs can aggregate, often in the
form of an inclusion complex with the target compound, thereby
limiting their use to a certain concentration range and limiting the
maximum output that can be achieved [9]. In some cases, encapsulation
can lead to the formation of inclusion complexes with limited aqueous
solubility [10]. Moreover, the addition of excipients or solvents during
the preparation of the final formulation may result in the formation of
multicomponent complexes that may stabilize or destabilize the desired
inclusion complex (i.e., the complex of the target active compound).
Therefore, every precaution must be taken to ensure that the efficacy of
CDs is maintained in the final formulation. Most importantly,
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fundamental studies are generally performed in near-ideal solutions (i.
e., very dilute solutions), whereas commercial formulations are non-
ideal solutions (i.e., concentrated solutions of target compounds and
excipients/additives) and may therefore deviate from the classical
physicochemical principles. The aim of this paper is to review the
various data in the literature as well as the new possibilities that can be
used to increase the solubility of native CDs. The effect of these media on
the encapsulation capacity of CDs is also discussed.

2. Water

a-CD, B-CD and y-CD have different aqueous solubilities [11-13].
This is due to their distinct ability to form intra- and intermolecular
hydrogen bonds. In water, each glucose unit of a CD molecule can form
approximately 4-5 intermolecular hydrogen bonds with bulk water
molecules. This forms the first hydration shell. Adjacent C2-OH and Cs-
OH moieties of glucose units also form intramolecular hydrogen bonds.
Remarkably, the intramolecular hydrogen bonds formed on the sec-
ondary hydroxyl side of p-CD are more stable leading to an inadequate
hydration by water molecules due to the complete secondary belt [14],
thereby making the scaffold of this macrocycle stiffer [15]. This can
explain the anomalous solubility of -CD, precisely the lowest solubility
among the native CDs (Table 1). It has been shown that the three native
CDs can all self-associate to form nanoscale, poorly soluble aggregates
[16-21] with diameters ranging between 20 and 200 nm [22]. The
amount of aggregates also increases with increasing CD concentration
[23]. Even though these aggregates can dissociate upon filtration, they
can be regenerated in the filtrate during storage [24]. In water, all native
CDs become more soluble with increasing temperature (Table 1).
However, the solubilities obtained are far from those obtained for CD
derivatives at ambient temperature (>500 g/L) [25].

The thermodynamic parameters for CDs dissolution were calculated
using the van’t Hoff plot (Table 2) [12].

The low solubility of CDs is a consequence of the unfavorable
dissolution enthalpies, which are only partially compensated by the
more favorable entropies. When $-CD dissolution is concerned, both the
enthalpy and the entropy are less favorable (more positive AH° and
more negative AS°) than for a-CD and y-CD. This can explain the much
lower solubility of this macrocycle.

Authors suggested empirical equations that correlate the thermo-
dynamic parameters of the three native CDs: AH°/n = —0.155n + 2.232
and AS°/m = 1.95n — 8.10, where n stands for the number of glucose
residues per CD and m is the number of CD molecules per unit cell of
crystalline hydrate. These empirical equations could be useful for pre-
dicting values for large-ring CDs [12].

B-CD is the least soluble but, at the same time it has the most suitable
cavity size for complex formation with many guests and it is the most
common and the cheapest CD [26]. Therefore, increasing its solubility
could be interesting to broaden its applications. This can be achieved
either by the disruption of the hydrogen bond system, through deriva-
tive formation, or by altering the structural properties of the bulk solvent
without direct interactions between the CD and the co-solute or by using
co-solvents. Nevertheless, care should be taken when assessing CDs
solubility.

In the solid state, CDs are present in the form of stable hydrates

Table 1

Solubility of native CDs in water (g/L) at different temperatures [12,25].
Temperature (°C) o-CD p-CD vy-CD
23.7 117.1 17.8
25 130.0 18.5 249
35 210.2 28.3 396
40 246.3 34.9 452
45 290.1 45.3
48 330.5 52.5
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Table 2
Thermodynamic parameters for dissolution of CDs in aqueous saturated solution
[12].

Cyclodextrin AG® Kcal.mol ! AH° Kcal.mol ! AS° cal.mol 1K'
ao-CD 3.58 7.67 13.8
p-CD 4.81 8.31 11.7
y-CD 3.34 7.73 14.7

containing several water molecules. The average water content is 2, 6
and 8.8 molecules in CD cavities, and 4.4, 3.6 and 5.4 molecules bound
to the outer wall, for a-CD, p-CD and y-CD, respectively [9]. The outer
shell has been proposed to be involved in the solubility properties of CDs
[15]. This dramatically alters the aqueous solubility values determined
and often causes discrepancies in literature data. Therefore, CDs must be
dried immediately prior to experiments, as dried CDs are highly hy-
groscopic and readily absorb water.

3. Inorganic salts

It has been reported that the solubility of CDs can be increased in
aqueous solutions of certain inorganic salts. Table 3 gathers the solu-
bility values of B-CD in the presence of some inorganic metal salts [27].

The influence of salt type and concentration on the solubility of
native CDs was observed. Both cations and anions showed remarkable
discrete effect on the solubilization of $-CD. In general, the solubility
enhancement can be classified into 3 groups according to the cation
charge: M < M?" < M>". For nitrates, the solubility increase remained
constant within the group regardless of the cation. For chloride as an
anion, the solubility increase was cation dependent. For divalent metals,
the solubility increased down group II for a given salt concentration:
Ba?" > sr¥" > Ca?t > Mg?" [27].

Chaotropic anions (anions that disrupt the hydrogen bond network
between water molecules), such as Br, I, SCN~, N3, ClO4 and NOg3,
have been shown to induce pronounced shifts in the signals of H-5 of the
a-CD, indicating that these ions were included into CD cavity. Anti-
chaotropic anions such as F~, HCO3, HyPOy, HPO%’ caused no or very
small shifts [28]. Similar but smaller effects were observed with p-CD
and y-CD.

A recent study showed that salts, except NaSO4, are able to effi-
ciently increase the solubility of f-CD according to their ranking along
the Hofmeister series and the effect of cations is significantly lower than
that of anions. Thus, anions are the main species that preferentially
interact with p-CD [29]. NaClO4 was shown to have the highest solvation
capacity and LiCl the lowest. A previous work has also showed a high

Table 3
Solubility of p-CD in the presence of inorganic metal salts [27].

Salt Salt concentration Solubility of p-CD (g/  Solubility of -CD
) L) (mM)
NaCl 2.00 21 18.2
KCl 2.00 19 17.1
NaNO3 2.00 44 38.5
KNO3 2.00 40 35.6
AlCl3 2.00 252 221.6
AI(NO3)3 1.60 212 187.1
MgCl, 2.19 78 68.7
CaCl, 2.00 129 113.2
SrCl, 2.00 152 133.8
BaCl, 1.39 101 89.4
Mg 2.00 200 176.4
(NO3)2
Ca 2.00 194 171.3
(NO3)2
Sr(NO3)2 2.00 192 169.6
Ba(NO3),  0.30 36 31.9
La(NO3);  2.50 334 294.4

Pr(NO3)3 2.25 311 274.4
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solubilization ability of NaClO4 and found no effect for NaSO4 [30]. The
same authors also showed that a mixture of NaClO4 and NaCl has lower
solubilization ability than NaClO4 alone [30].

The dissolving enthalpy and entropy of $-CD in organic salt solution
(i.e., NaCl 8 %) were determined. The results showed that both the
enthalpy and entropy of dissolution are positive and they increase with
temperature [31]. However, there is no strong evidence that either an-
ions or cations are included into the CD cavity. The complexes formed by
CDs and inorganic salts are considerably unstable (K¢ values < 100 M’l)
[28]. Thus, the fact behind the solubility enhancement effect of inor-
ganic salts is that, in the presence of high concentrations, massive ion
pairing and clustering strongly disturbs the normal hexagonal dynamic
water symmetric structure [32]. The perturbation of the water structure
results in less unfavorable interactions with CD aggregates, namely
B-CD, leading to its solubilization without any inclusion interaction.

Interestingly, salts may increase the complexation affinity for some
guests. This could be due to the salting out effect and thus the decrease in
solubility of the guest molecule. However, this may not lead to a general
rule and the presence of salts may have different effects on the apparent
formation constants of inclusion complexes [30]. This cannot be due to
the formation of real inclusion complex with salts, but most likely to the
binding of the ions to the inclusion complex by electrostatic interactions
or by hydrogen bonding.

These results show that salts have a significant influence on the
intermolecular interaction between CD and guests. Therefore,
complexation studies performed in buffer solution should be carefully
investigated [33].

4. Urea

Urea is commonly used as a chemical denaturant agent. The first
attempt to quantify the effect of urea on CDs solubility dates back to
1989 [34]. The authors studied the evolution of native CDs solubility as
a function of urea concentration. The results showed that, the solubility
of p-CD and y-CD increased steadily with increasing urea concentration.
The maximum urea concentration tested was 10 M. At this point, the
achieved solubilities of B-CD and y-CD were higher than 0.35 and 0.45
M, respectively [34]. On the contrary, the authors observed that urea
decreased the solubility of a-CD. A recent study also demonstrated that
the solubility of p-CD increased with urea concentration to almost 0.25
M at the solubility limit of urea [35], and more recently an increase in
the solubility of p-CD to 107 mM in the presence of 7 mol/kg urea was
reported [29]. The overestimated solubility values reported in the first
study [34] may be due to the experimental method used for CDs quan-
tification (i.e., drying CD solutions at 108 °C for 4 h prior to weighing).

In another study, the effect of urea on the self-assembly process of
a-CD and y-CD was investigated [23]. Permeation studies showed that
urea can break large CDs aggregates into smaller aggregates or even
monomers. The apparent critical aggregation concentration (cac) values
of both CDs increased with increasing urea concentration values,
compared to pure CDs aqueous solutions (Table 4). However, these data
were not sufficient to estimate the exact solubility limit of these CDs in

Table 4

Apparent critical aggregation concentration values for a-CD and y-CD in absence
or presence of different concentrations of urea. The values were specifically
calculated based on CD permeation through 3.5-5 kDa MWCO semi-permeable
membrane [23].

Urea (% w/v) o-CD y-CD
Apparent cac (% w/v) Apparent cac (% w/v)
0 2.5 4.2
0.5 Not studied 5.1
1.0 Not studied 6.0
2.5 3.5 7.1
5.0 5.7 8.5
10 Not studied 10.9
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urea solutions because not only monomers but also smaller aggregates
can penetrate the semi-permeable membrane.

Experimental and theoretical data have been used to elucidate the
mechanism by which urea increases the solubility of CDs. Several hy-
potheses can explain this phenomenon. Urea may act as a salting-in type
of molecule [34]. Others have explained the increase in CD solubility by
the fact that urea is a structure-breaking solute that reduces the structure
of water leading to the solubilization of CD’s aggregates. Structure dis-
ruptors such as urea destabilize the water structure by destroying clus-
ters of associated water molecules and releasing water of solvation. This
is known as the hydrotropic effect [36]. However, more recent in-
vestigations have shown that urea only slightly disrupts the molecular
structure despite the strong hydrogen bonding interactions between
urea and water molecules [37].

The formation of favorable hydrotrope-solute (i.e., urea-CD) in-
teractions leads to fewer unfavorable water-solute (i.e., water-CD) con-
tacts, thereby reducing the free energy penalty for the solvation of the
target compounds. It has been observed that in urea solutions, a large
density of urea molecules is assembled in the vicinity of the $-CD and
within its cavity suggesting that the exclusion of thermodynamically
frustrated water molecules from the immediate vicinity of the $-CD
(cavity and surface) is a driving force for CD solubilization [35]. The
replacement of water by the larger urea molecule in the solvation shell
of CD results in a lower free energy of cavity formation. The free energy
cost of cavity formation in water is greater than in the organic solvents,
for example, for solutes that are less soluble in water than in these sol-
vents [38]. However, no evidence for the formation of inclusion com-
plexes between CDs and urea has been reported in the literature. 'H
NMR studies revealed that urea does not interact with CDs (a-CD or
y-CD). It acts only by hindering the formation of hydrogen bonds, thus
preventing a-CD and y-CD self-aggregation [23]. Calorimetric studies
also proved that no inclusion complex could be formed between a-CD
and urea [39]. A more recent study demonstrated that even at a high
concentration (25 wt%), the stability of the p-CD/guest inclusion com-
plex was not affected by its presence proving that it has no competitive
effect for the CD cavity [40].

5. Mixtures of organic and inorganic compounds

The combined effect of salts and organic compounds has also been
investigated. Recently, the simultaneous ability of a number of salts and
urea to increase the solubility of §-CD was studied [29]. At 1 mol/kg, all
salts (LiCL, NaCl, KCl, CsCl, NaBr, KSCN, NaSCN and NaClOy4) provided a
weaker solubility enhancement than urea at 7 mol/kg. In the presence of
urea, higher solubility values of -CD were achieved without affecting
the ranking of the solubilizing potency of the salts when tested alone,
highlighting the potential of mixed hydrotropes to achieve unique
enhanced solvation capacity. The difference in $-CD solubility as a
function of the type of salt addition was also enhanced and more
discriminating between ions that are close in the Hofmeister scale, such
as NaSCN and NaClO4. Nevertheless, it was shown that urea and salts
can form either antagonistic, additive or synergistic solubilization of
B-CD, showing that the salt variation affects solvation in a significant
way. It was observed that the changes in the standard free energy of
B-CD solvation are linearly correlated with the air-water surface tension
of the salt and urea solutions.

The highest solubility was obtained with urea and NaClO4. The au-
thors showed that both cosolutes accumulate together in the vicinity of
B-CD and that urea strongly assist in salt accumulation. However, a
competition may result in a net decrease in the accumulation of one or
both of them (e.g., at elevated salt concentrations). Similar in-
vestigations have not been performed for other salts, and these specific
results for urea and NaClO4 could not be generalized because solvation is
expected to depend on the charge, size, polarizability, hydrogen
bonding, and other molecular descriptors of the solution. All of these can
be affected by varying cosolutes (i.e., salts and urea) and solvent types.



M. Kfoury and S. Fourmentin

Another study investigating the solubilizing ability of sucrose 6 %
and NaCl 8 % as well as their mixture showed that at high temperature
the solubility of p-CD was lower in the sucrose/NaCl mixed solution,
concluding that the medium composition and temperature influence the
solvent-solute interactions and affect the solubility [31].

6. Acids

There are very few available data on the effect of acids on the solu-
bility of CDs [13]. The results showed that only organic hydroxy acids (i.
e., tartaric acid and citric acid) are able to significantly increase the
solubility of p-CD. In the presence of 140 g/L of citric acid or 110 g/L of
DL-tartaric acid, around 180 g/L and 80 g/L of p-CD were solubilized,
respectively [13]. Also, 130 g/L of ascorbic acid were able to solubilize
more than 60 g/L of B-CD. Lactic acid showed lower solubilizing effi-
cacy. However, a recent study showed that $-CD can successfully form
low melting mixtures with lactic acid and that these eutectics are liquid
at room temperature and can be mixed with water without precipitation
[41]. Malic acid, hydrochloric acid and acetic acid did not improve the
solubility of B-CD compared to water while malonic acid, succinic acid
and maleic acid decreased the solubility of §-CD. This was attributed to
their possible inclusion in the CD and concomitant precipitation of the
formed inclusion complexes.

7. Bases

The pKa of the secondary hydroxyl groups is 12.3 + 0.2, while that of
the primary hydroxyl groups is 15-16. Thus, strong bases can be used to
deprotonate and thus solubilize CDs. It has been shown that NaOH can
be used to readily dissolve significant amount of CD in aqueous solution.
The increase in aqueous solubility of a-CD, p-CD and y-CD in 0.75 M
NaOH was 3.7, 21 and 2.6-fold, respectively [34]. A study investigating
the variation of CD solubility and aggregate size as a function of pH
showed that both size and solubility remain constant up to pH 12.5, at
which point the solubility of $-CD increases sharply to 750 g/L and the
apparent aggregate diameter decreases rapidly to 20 A [16]. This phe-
nomenon was explained by ionization of the hydroxyl groups (pH > pKj)
leading to dissociation of the aggregates as a result of electrostatic
repulsion. Less dramatic changes in the solubility of a-CD and y-CD were
also observed at high pH values. The same authors, previously showed
that in KOH solution OH™ was found within the CD cavity giving rise to
an inclusion complex structure isostructural with p-CD. 12 H30. Thus,
they suggested that the first step in the ionization process involves
complexation of OH™ by the CD. Interestingly, 'H NMR studies showed
that no epimerization occurs after treatment at pH 13 and subsequent
neutralization [16].

8. Organic solvents

The conventional solubilization approach generally used to improve
the aqueous solubility of solutes is the use of organic solvents. However,
CDs exhibit a peculiar behavior. CDs are insoluble in most common
organic solvents such as methanol, ethanol, acetonitrile, acetone and
THF. The literature also reported the solubility of -CD in a number of
water/cosolvent mixtures [42]. The curves of solubility variation ob-
tained are different depending on the organic cosolvent used. For
methanol, the solubility of p-CD decreased with increasing concentra-
tion. The curves of ethanol, THF, acetonitrile and isopropanol showed
maxima at 10, 5, 8 and 8 % mole fractions of cosolvent (30, 20, 20 and
25 % cosolvent), respectively. The maximum f-CD solubilities obtained
at these maxima were 22, 22, 37 and 87 g/L at 25 °C, respectively.
Compared to water, the increase was not huge. The order of magnitude
was similar to that obtained with inorganic salts. This indicates that all
these organic solvents have a limited capacity to dissolve CD. For all
these solvents above 15-20 % mole fraction of cosolvent the solubility of
-CD was lower than in water and equal to zero in the pure solvents. In
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water/cosolvent, the solubility of p-CD increased with increasing tem-
perature without affecting the shape of the curve as observed for
propanol/water mixtures [42].

DMSO showed a distinct behavior, two plateau regions were
observed. For mixtures containing less than 20 % mole fraction of DMSO
(40 % cosolvent), the solubility of B-CD was unchanged. Then, it started
to increase in parallel with the DMSO content to reach again a plateau
between 40 and 90 % mole fraction of DMSO (70-96 % cosolvent),
where -CD reached a solubility around 760 g/L. Surprisingly, above 90
% mole fraction of DMSO, the solubility of B-CD starts to decrease
disproportionately, but it remains very well soluble in DMSO (around
500 g/L). The solubility variations were explained by changes in the
intrinsic solvent properties, in particular the excess partial molar volume
and the viscosity. However, the decrease in p-CD solubility observed
above 90 % mole fraction of DMSO (96 % cosolvent) was attributed to
the fact that at low water content the solvent molecules can be encap-
sulated in B-CD. Authors attributed that to the formation of §-CD/DMSO
inclusion complex that is less soluble than free 3-CD which leads to a
decrease in the apparent solubility of p-CD. Nevertheless, the size of
DMSO molecules is too small to form a stable inclusion complex with
CD.

Other literature data are ambiguous. Authors reported the solubility
of CDs in organic solvents without specifying the type of CD [43].
Nevertheless, the three native CDs may not exhibit the same behavior in
different media. For all of solvents studied, caution should be taken
when relying on literature results for the unit of solvent concentration to
adequately determine the composition of the solvent/water mixture.

Although some solvents may be useful in increasing the solubility of
CDs, they may unfortunately affect the inclusion complex formation.
Organic cosolvents have been shown to inhibit the formation of inclu-
sion complexes with CDs. Several studies have reported a decrease in
inclusion complex strength in the presence of organic cosolvents
[44-47]. It has also been observed that K¢ decreases as the relative
permittivity of the medium decreases [47,48]. Results from the litera-
ture suggest that neither the relative permittivity of the medium nor its
hydrophobic character and dielectric properties allow predicting the
effect of the cosolvent on the complexation process. The magnitude of
the effect depends on the nature and amount of cosolvent added, the
type of the CD and the guest [49]. In addition, findings from the liter-
ature suggest that the influence induced by the presence of the solvent is
more important when the guest volume better fits the cavity of the CD
[44,48,49]. Therefore, each system (CD, guest and cosolvent) should be
investigated alone.

Thermodynamic studies supported these observations. Calorimetric
investigations showed that the presence of cosolvent affects both the
enthalpy and entropy of the complexation. In the presence of <50 wt%
ethanol, an increase in the exothermicity of the complexation is
observed, accompanied by a decrease in the entropic contribution to the
change in the Gibbs energy, leading to a decrease in the stability of the
inclusion [40]. For DMSO, a general tendency is not observed for the
studied guests and CDs [46].

9. Non-conventional solvents

The use of alternative solvents, which have been proposed to replace
conventional hazardous organic solvents, has become a key current
research challenge. Two neoteric classes of solvents have gained
increasing popularity in this field: ionic liquids (ILs) and deep eutectic
solvents (DESs) [50]. They differ in two fundamental ways, namely the
nature of the starting materials and the methods of their formation [51].
ILs consist of a cation and an anion linked mainly via ionic bonds,
hydrogen bonds and van der Waals forces, showing liquid state at room
temperature. They combine the advantages of molecular liquids (liquid
state) and ionic compounds (ionic character). DESs are eutectics formed
by a combination of two or more solid or liquid components linked by
hydrogen bonds [52-54].
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ILs and DESs are highly attractive due to their unique properties (i.e.,
tunability, low volatility, high stability, wide liquid range, large elec-
trochemical window, high conductivity, and high dissolubility) [55].
Recently, they have been widely applied in many fields including
dissolution of active compounds [56,57]. Several studies have attemp-
ted to evaluate whether these solvents are able to dissolve macrocycles
namely CDs and their solubilization capacity as well as dissolution
mechanism.

9.1. Ionic liquids (ILs)

These solvents have been shown to significantly increase the solu-
bility of CDs. Several ILs have been investigated. Table 5 provides a
synopsis of the data collected from the literature on the solubility of CDs
in different ILs.

The results showed that ILs can indeed act as solvents for CDs with
different maximum potencies. At room temperature, among the inves-
tigated ionic liquids, 1-ethyl-3-methylimidazolium acetate [Comim]
[OAc] was the best solubilizer for CDs.

From the thermodynamic point of view, the results proved that the
dissolution of p-CD in ionic liquids is thermodynamically unfavorable.
The solvation process is endothermic and accompanied by positive en-
tropy changes [60,64]. This means that an increase in temperature is
necessary to increase the solubility of CD.

The amphiphilic nature of these solvents plays a key role in the
solvation performance [60]. The dissolution process is dominated by
hydrogen bonding interactions between CDs and both the anion and
cation of the IL [60,66]. It has also been observed that ILs can approach
the interior part of CDs while forming solvation shells around the
macrocycle [60]. Thus, the mechanism of CD dissolution in ILs seems to
consist of two main steps: a) the partial disruption of the attractive in-
teractions between the IL components (cation and anion) which can be
affected by the strength of the interaction between the IL components, as
indicated for example by the melting temperature of the solvent. ILs
with weak anion/cation interactions could be therefore more appro-
priate for CD dissolution; and b) the formation of the inclusion

Table 5
Solubility of CDs in ionic liquids.

Ionic liquid CD Solubility Reference
[C,Oymim][Br] a-CD 350 g/L [58]
[C30;mim][Br]

[bmim][BF,4] <1 wt% [59]
[bmim][Cl] 30 wt% [59]
[bmim][PFe] <1 wt% [59]
[MeOetmim][Br] 350 g/L [58]
[Comim][OAc] 270 g/1(15°C) [60]
[bmim][BF,4] p-CD <1 wt% [59]
[bmim][Br] 25 wt% (25 °C) [61]
[bmim][Cl] 21 wt% [59]
[bmim][PFe] <1 wt% [59]
[bmim][dca] 750 g/1 (75 °C) [62]
[emim][Ac] 25 wt% [63]
[bmim][Cl] 69.7-106.7 /100 g (70-90 °C) [64]
[hemim][Cl] 78.4-110.4 g/100 g (65-85 °C) [64]
[amim][Cl] 79.4-112.3 g/100 g (60-80 °C) [64]
[bmim][N(CN),] 73.0-105.1 g/100 g (60-80 °C) [64]
[hemim][N(CN)2] 90.5-121.1 g/100 g (60-80 °C) [64]
[amim][N(CN),] 102.3-132.2 g/100 g (60-80 °C) [64]
[emim][Cl] 15 mol % (150 °C) [65]
[emim] [Br] 15 mol % (150 °C) [65]
[bmim][Cl] 15 mol % (150 °C) [65]
[Comim][OAc] 1000 g/L (15 °C) [60]
[bmim][BF,] v-CD <1 wt% [59]
[bmim][Cl] 30 wt% [59]
[bmim] [PF¢] <1 wt% [59]
[Comim][OAc] 1500 g/L (15 °C) [60]
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complexes with CD (which may be affected by the strength of binding
between the IL and the cavity of the CD) [64]. It has been shown that a
small amount of $-CD added to the IL is able to lower the equilibrium
temperature, producing the eutectic point [65] and that CD dissolution
in ILs can also affect the other IL properties, such as electrochemical
properties [67], as well as rheological properties and can lead to gel
formation [63].

Numerous studies have demonstrated the formation of inclusion
complexes between CDs and ionic liquids in aqueous solution. A liter-
ature review collected data on the binding strength of inclusion com-
plexes between $-CD and various ILs, expressed as formation constant
(Kg) values [68]. The analysis of the collected data revealed that the
complexation between CD and IL is a function of the hydrophobicity and
the size matching of the cation and the anion with a predominance of the
inclusion of the hydrophobic tail of the IL in the CD cavity. ILs with
longer carbon chains tend to form more stable inclusion complexes [68].
Therefore, to reduce the possibility of inclusion complex formation be-
tween CD and IL, researchers tend to explore the replacement of long
chains (i.e., butyl) with relatively shorter groups, such as ethyl or propyl
[69].

Finally, the polarity of the IL and the medium should also be
considered [65]. Care should be taken when handling ILs in different
buffer solutions, as metathesis reaction (i.e., exchange between the ionic
liquid and buffer ions) may occur, leading to misinterpretation of the
binding strength or discrepancies between different techniques.

9.2. Deep eutectic solvents (DESs)

The first paper on deep eutectic solvents (DESs) appeared in 2001
[70], and the first solubilization of CDs in these green solvents was
performed in 2016 [71]. The solubility enhancement of native CDs in the
ChCl:urea (1:2) DES was then quantified. The obtained solubilities were
greater than 500 g/L for a-CD, and greater than 1000 g/L for p-CD and
y-CD corresponding to solubility enhancements of 3.5, 55 and 4,
respectively [72]. The dissolution of $-CD in ChCl:urea 1:2 was found to
be an exothermic process with a dissolution enthalpy of —23.3 J/g
(—26.4 kJ/mol) [73]. In this work, the enthalpy was measured using
calorimetry and it corresponds to the dissolution of solid -CD in DES at
60 °C while the thermodynamic parameters for CD dissolution in other
media (water, salt solutions and IL) described in the different sections
above were obtained using the van’t Hoff plot. Although $-CD was found
to be perfectly soluble in ChCl:urea (1:2), it was insoluble in other DESs
such as ChCl:ethylene glycol (1:2), ChCl:glycerol (1:2) [74] and tetra-
butylamonium chloride:lactic acid (1:2) [75]. Interestingly, this very
high solubilization of p-CD in dry ChCl:urea (1:2) DES is achieved
without the occurrence of aggregation phenomena as demonstrated by
SAXS [74]. The solubility of p-CD doesn’t only depend on the type of
DES but also on the hydration level of the solvent. It decreases with
increasing hydration level of ChCl:urea (1:2) DES [35,76]. However, it
has recently been shown that the eutectic point would not be the optimal
point for p-CD solvation. On the contrary, it is very close to the point of
worst -CD solvation for a given hydration [76]. This means that varying
the ChCl:urea ratio would lead to higher solvation levels of p-CD.
Therefore, the optimal ChCl:urea ratio for each hydration level should
be determined experimentally.

All these observations result from the unique solvation mechanism of
B-CD in ChCl:urea (1:2) DES; a) this huge solvation capacity of DES has
been attributed to its unique highly ordered liquid structure, which
consists of an enormous network of hydrogen bonds. CDs with multiple
hydroxyl groups can be incorporated into this network through further
hydrogen bonding interactions [72]. This observation can be supported
by the fact that methylated CDs are not soluble to this extent in ChCl:
urea [74], b) all DES moieties (choline, chloride and urea) mutually and
favorably interact with p-CD. This can explain the observation that at the
eutectic point the DES components interact strongly with each other,
leading to a weaker interaction with B-CD and thus to a lower solvation
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of the macrocycle and c¢) the importance of urea which can explain why
ChCl:urea (1:2) containing urea succeeds in dissolving large amounts of
B-CD while ChCl:ethylene glycol (1:2), ChCl:glycerol (1:2) containing
ethylene glycol and glycerol, respectively, do not.

Nevertheless, the importance of using DESs goes beyond the
consideration of its individual components. The components of DES (i.e.,
choline chloride and urea) synergistically enhance each other’s stabi-
lizing effect (i.e., f-CD has higher solubility in hydrated ChCl:urea (1:2)
solutions than in binary urea-in-water solutions). All reline components
are found within the reference p-CD (i.e., for r < 4 [o\), with an average
number of 0.1, 0.5, and 2 cations, anions, and urea species, respectively
[74]. However, there is no evidence that these species can form stable
inclusion complexes with CDs.

Regarding the hydrophobic exterior of CDs, literature results showed
that the walls of CDs are surrounded by well-defined solvation shells. A
first chloride anion solvation shell developed at ~9 A (containing <11
chloride anions). Choline cations formed a more relaxed solvation shell
at larger distances, containing ~15 members at ~11 A, presumably due
to their larger size. Urea formed two hydration shells at ~10 A (con-
taining ~34 molecules) and at a larger distance (14 /o\) [35,74]. In
addition, the solubility of urea, the key species for CD solvation, is
limited in water, so the very high concentration of this neutral species
found in ChCl:urea cannot be achieved in aqueous urea solutions [35].

Regarding the complexation ability of CD in these media, literature
data showed that CDs have a reduced tendency to encapsulate guests in
dry DESs [73,77]. The binding strength increased when the hydration
level in DES solutions was increased [78,79]. The destabilizing effect
depended on the type and wt % of DES in the complexation medium
[40]. Several DESs (i.e., ChCliurea (1:2), ChCl:glycerol (1:2), ChCl:
xylitol (1:2), ChCl:sorbitol (1:1), ChCl:glucose (2:1), ChCl:fructose (2:1))
didn’t show any competitive effect on the complexation up to 25 wt%
[40]. However, at higher DES contents (>25 wt%), a significant desta-
bilization of the complexation was observed, not only due to the
competitive effect of DES components, but also to the disruption of the
solvatophobic forces [40]. Nevertheless, DESs were much less destabi-
lizing than organic solvents (i.e., ethanol). It has also been shown that
the inclusion mechanism in DES solutions is similar to that in water,
with analogous thermodynamic signatures and maintained stoichiom-
etry [40,80].

10. Conclusion and remarks

Native CDs, especially -CD, have limited aqueous solubility. Finding
the right way to boost their solubility while preserving their encapsu-
lation ability is the key step to expand their application and fully exploit
their unique potential. Increasing the solubility of native CDs will favor
their use instead of derivatives or polymers that are specially synthe-
sized, heterogeneous, more expensive and have lower naturality index.
Various strategies have been explored to increase the solubility of CDs (i.
e., inorganic salts, organic hydrotropes, acids, bases, ionic liquids (ILs)
and deep eutectic solvents (DESs)). Mixtures of different strategies were
also examined. Almost all of them were effective in increasing the sol-
ubility of native CDs in comparison to water. However, they showed
different enhancement factors.

However, with the exception of a few studies, most of the data pre-
sented, mainly for salts, acids, bases and organic solvents, are old
(performed before the year 2000) and need to be reviewed using new
sophisticated techniques and perhaps better purified CDs. Also, for all
strategies, the temperature dependent solubilities and thermodynamic
parameters (AG°, AH° and AS° of the dissolution) are not thoroughly
investigated. However, this is a key requirement for predicting the
behavior of the mixtures at application conditions. In addition, the aging
of the mixtures has never been studied. This can allow the modulation
and optimization of the composition to avoid the occurrence of some
collateral phenomena such as precipitation with time or due to moisture
entrapment. Also, no study has attempted to investigate the capacity of
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CDs to encapsulate guests at these high solubility levels.

Salts alone were not very efficient, but their combination with
organic hydrotropes such as urea, which itself was able to remarkably
solubilize native CDs, increased the solvation capacity. Among acids,
only citric acid and tartaric acid were effective in increasing the solu-
bility of the tested CDs. CDs are highly soluble and stable in highly basic
solutions. However, the basicity of the medium may limit the applica-
tion range. Regarding solvents, literature showed that neoteric solvents
(ILs and DESs) are much more convenient than organic solvents and are
the best CD solubilizers. Moreover, DESs could be the most relevant
because they not only replace organic solvents but also overcome all the
drawbacks of using synthetic ILs, especially their multistep synthesis,
toxicity and environmental hazards [51]. Thus, it seems that DESs could
be considered in many cases to overcome the limitations of aqueous
solubility of CDs. However, investigations are still in their infancy, with
only promising results for dry and hydrated ChCl:urea (1:2) DES, with a
focus on the importance of urea.

In the case of DESs, the focus has been on uncovering the theoretical
forces involved in the solvation of CDs and modeling the accumulation
of DES components around and inside the macrocycle [35,74]. There has
been little motivation to experimentally determine the factors that in-
fluence the solubilization process. Various physicochemical parameters
such as viscosity, surface tension, excess partial molar volume, electrical
conductivity, acidity/alkalinity and so on can affect the solubilization
process and also help to identify the applicability of a DES/CD combi-
nation. In addition, for a beneficial increase in solubility, CDs should
ideally retain their complexation ability in this new solvation medium.
However, unlike in water and organic solvents, this task is not
straightforward. For example, the addition of water to DES can lead to
the dissociation of the solvent into free components that compete with
the guest for the CD cavity. Also, depending on the hydration level,
water can be incorporated as a component of the DES or disturb the
eutectic composition. No in-depth investigations have been made to
optimize the molar ratio of DES for better solubilization of CDs instead of
only considering the eutectic point. Last but not least, no study has
explored the effect of DES composition nor evaluated the long-term
stability under different conditions. All these gaps need to be filled in
order to rationalize the use of (deep) eutectic mixtures for the solubili-
zation of CDs, as these media hold great promise not only for CD solu-
bilization but also for the broadening of their application.

CRediT authorship contribution statement

Miriana Kfoury: Writing - review & editing, Writing — original draft,
Visualization, Validation, Data curation, Conceptualization. Sophie
Fourmentin: Writing — review & editing, Writing — original draft,
Visualization, Validation, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
No data was used for the research described in the article.

References

[1] G. Crini, Review: a history of cyclodextrins, Chem. Rev. 114 (2014) 10940-10975,
https://doi.org/10.1021/cr500081p.

[2] K.-H. Fromming, J. Szejtli, Cyclodextrins in Pharmacy, Springer Netherlands,
Dordrecht, 1994, doi: 10.1007/978-94-015-8277-3.

[3] M. Kfoury, L. Auezova, H. Greige-Gerges, S. Fourmentin, Encapsulation in
cyclodextrins to widen the applications of essential oils, Environ. Chem. Lett. 17
(2019) 129-143, https://doi.org/10.1007/s10311-018-0783-y.


https://doi.org/10.1021/cr500081p
https://doi.org/10.1007/s10311-018-0783-y

M. Kfoury and S. Fourmentin

[4]

[5

fad}

[6]

71

[8

[}

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

(271

[28]

[29]

F. Hapiot, A. Ponchel, S. Tilloy, E. Monflier, Cyclodextrins and their applications in
aqueous-phase metal-catalyzed reactions, C. R. Chim. 14 (2011) 149-166, https://
doi.org/10.1016/j.crci.2010.04.003.

S. Verstichel, B. De Wilde, E. Fenyvesi, J. Szejtli, Investigation of the aerobic
biodegradability of several types of cyclodextrins in a laboratory-controlled
composting test, J. Polym. Environ. 12 (2004) 47-55, https://doi.org/10.1023/B:
JOOE.0000010050.52967.94.

N. Morin-Crini, S. Fourmentin, E. Fenyvesi, E. Lichtfouse, G. Torri, M. Fourmentin,
G. Crini, 130 years of cyclodextrin discovery for health, food, agriculture, and the
industry: a review, Environ. Chem. Lett. 19 (2021) 2581-2617, https://doi.org/
10.1007/s10311-020-01156-w.

M. Kfoury, S. Fourmentin, Cyclodextrins as building blocks for new materials,
Beilstein J. Org. Chem. 19 (2023) 889-891, https://doi.org/10.3762/bjoc.19.66.
L. Puskas, L. Szente, L. Szécs, E. Fenyvesi, Recent list of cyclodextrin-containing
drug products, Period. Polytech. Chem. Eng. 67 (2023) 11-17, https://doi.org/
10.3311/PPch.21222.

T. Loftsson, H.H. Sigurdsson, P. Jansook, Anomalous properties of cyclodextrins
and their complexes in aqueous solutions, Materials 16 (2023) 2223, https://doi.
org/10.3390/mal6062223.

T. Loftsson, I.B. Ossurardéttir, T. Thorsteinsson, M. Duan, M. Mésson, Cyclodextrin
solubilization of the antibacterial agents triclosan and triclocarban: effect of
ionization and polymers, J. Incl. Phenom. Macrocycl. Chem. 52 (2005) 109-117,
https://doi.org/10.1007/510847-004-6048-3.

E. Sabadini, T. Cosgrove, F.D.C. Egidio, Solubility of cyclomaltooligosaccharides
(cyclodextrins) in H20 and D20: a comparative study, Carbohydr. Res. 341 (2006)
270-274, https://doi.org/10.1016/j.carres.2005.11.004.

M.J. Jozwiakowski, K.A. Connors, Aqueous solubility behavior of three
cyclodextrins, Carbohydr. Res. 143 (1985) 51-59, https://doi.org/10.1016/50008-
6215(00)90694-3.

J. Szejti, Chemistry, physical and biological properties of cyclodextrins, in:

J. Szejtli, T. Osa (Eds.), Comprehensive Supramolecular Chemistry, Elsevier
Science Ltd., New York, 1996, pp. 5-40.

B.G. Poulson, Q.A. Alsulami, A. Sharfalddin, F. Emam, F. El Agammy, A.-

H. Mouffouk, L. Emwas, M.J. Jaremko, Cyclodextrins: structural, chemical, and
physical properties, and applications, Polysaccharides 3 (2021) 1-31, https://doi.
org/10.3390/polysaccharides3010001.

W. Cai, T. Sun, X. Shao, C. Chipot, Can the anomalous aqueous solubility of
p-cyclodextrin be explained by its hydration free energy alone? PCCP 10 (2008)
3236-3243, https://doi.org/10.1039/b717509d.

AW. Coleman, I. Nicolis, N. Keller, J.P. Dalbiez, Aggregation of cyclodextrins: an
explanation of the abnormal solubility of B-cyclodextrin, J. Incl. Phenom. Mol.
Recognit. Chem. 13 (1992) 139-143, https://doi.org/10.1007/BF01053637.

F.B. De Sousa, A.C. Lima, A.M.L. Denadai, C.P.A. Anconi, W.B. De Almeida, W.T.
G. Novato, H.F. Dos Santos, C.L. Drum, R. Langer, R.D. Sinisterra, Superstructure
based on B-CD self-assembly induced by a small guest molecule, PCCP 14 (2012)
1934-1944, https://doi.org/10.1039/c2cp22768a.

H. Shigemitsu, T. Kida, Preparation of nano- and microstructures through
molecular assembly of cyclic oligosaccharides, Polym. J. 50 (2018) 541-550,
https://doi.org/10.1038/541428-018-0040-z.

O. Hausler, C.C. Miiller-Goymann, Properties and structure of aqueous solutions of
hydroxypropyl-beta-cyclodextrin, Starch - Starke 45 (1993) 183-187, https://doi.
org/10.1002/star.19930450508.

Y. He, P. Fu, X. Shen, H. Gao, Cyclodextrin-based aggregates and characterization
by microscopy, Micron 39 (2008) 495-516, https://doi.org/10.1016/j.
micron.2007.06.017.

G. Gonzalez-Gaitano, P. Rodriguez, R. Rodriguez, J.R. Isasi, M. Fuentes,

G. Tardajos, M. Anchez, The aggregation of cyclodextrins as studied by photon
correlation spectroscopy, J. Incl. Phenom. 44 (2002) 101-105, https://doi.org/
10.1023/A:1023065823358.

M. Messner, S.V. Kurkov, P. Jansook, T. Loftsson, Self-assembled cyclodextrin
aggregates and nanoparticles, Int. J. Pharm. 387 (2010) 199-208, https://doi.org/
10.1016/j.ijpharm.2009.11.035.

A.R. Sa Couto, A. Ryzhakov, T. Loftsson, Disruption of a- and y-cyclodextrin
aggregates promoted by chaotropic agent (urea), J. Drug Deliv. Sci. Technol. 48
(2018) 209-214, https://doi.org/10.1016/].jddst.2018.09.015.

T. Loftsson, P. Saokham, A.R. S& Couto, Self-association of cyclodextrins and
cyclodextrin complexes in aqueous solutions, Int. J. Pharm. 560 (2019) 228-234,
https://doi.org/10.1016/j.ijpharm.2019.02.004.

M. Agnes, E. Pancani, M. Malanga, E. Fenyvesi, I. Manet, Implementation of water-
soluble cyclodextrin-based polymers in biomedical applications: how far are we?
Macromol. Biosci. 22 (2022) https://doi.org/10.1002/mabi.202200090.

M. Kfoury, D. Landy, S. Fourmentin, Characterization of cyclodextrin/volatile
inclusion complexes: a review, Molecules 23 (2018) 1204, https://doi.org/
10.3390/molecules23051204.

A.W. Coleman, I. Nicolis, Inorganic salt modulation of the aqueous solubility of
p-cyclodextrin, Supramol. Chem. 2 (1993) 93-97, https://doi.org/10.1080/
10610279308038302.

Y. Matsui, M. Ono, S. Tokunaga, NMR spectroscopy of cyclodextrin-inorganic
anion systems, Bull. Chem. Soc. Jpn. 70 (1997) 535-541, https://doi.org/10.1246/
besj.70.535.

1. Shumilin, D. Harries, Enhanced solubilization in multi-component mixtures:
mechanism of synergistic amplification of cyclodextrin solubility by urea and
inorganic salts, J. Mol. Liq. 380 (2023) 121760, https://doi.org/10.1016/j.
molliq.2023.121760.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Journal of Molecular Liquids 410 (2024) 125599

A. Buvari, L. Barcza, Complex formation of inorganic salts with B-cyclodextrin,
J. Incl. Phenom. Mol. Recognit. Chem. 7 (1989) 379-389, https://doi.org/
10.1007/BF01076992.

S. Jin, X. Cui, Y. Qi, Y. Shen, H. Li, Measurement and correlation of the solubility of
p-cyclodextrin in different solutions at different temperatures and thermodynamic
study of the dissolution process, Processes 7 (2019) 135, https://doi.org/10.3390/
pr7030135.

A. Ali, T.T.B. Le, A. Striolo, D.R. Cole, Salt effects on the structure and dynamics of
interfacial water on calcite probed by equilibrium molecular dynamics simulations,
J. Phys. Chem. C 124 (2020) 24822-24836, https://doi.org/10.1021/acs.
jpcc.0c07621.

L.X. Song, L. Bai, Old drugs, new tricks: the effect of molecule - ion interactions on
the precipitation - dissolution equsilibrium of lithium carbonate in aqueous
solution and on the chiral recognition of cyclodextrins to D-, L-tryptophan, J. Phys.
Chem. B 113 (2009) 11724-11731, https://doi.org/10.1021/jp902456h.

D.Y. Pharr, Z. Sheng, T.K. Fu, W.L.H. Smith, Solubilization of cyclodextrins for
analytical applications, Anal. Chem. 61 (1989) 275-279, https://doi.org/10.1021/
ac00178a018.

1. Shumilin, D. Harries, Cyclodextrin solubilization in hydrated reline: Resolving
the unique stabilization mechanism in a deep eutectic solvent, J. Chem. Phys. 154
(2021) 22, https://doi.org/10.1063/5.0052537.

B.W. Muller, E. Albers, Effect of hydrotropic substances on the complexation of
sparingly soluble drugs with cyclodextrin derivatives and the influence of
cyclodextrin complexation on the pharmacokinetics of the drugs, J. Pharm. Sci. 80
(1991) 599-604, https://doi.org/10.1002/jps.2600800620.

F. Hammami, N. Issaoui, S. Nasr, Investigation of hydrogen bonded structure of
urea-water mixtures through infra-red spectroscopy and non-covalent interaction
(NCI) theoretical approach, Comput. Theor. Chem. 1199 (2021) 113218, https://
doi.org/10.1016/j.comptc.2021.113218.

M. Prévost, L.T. Oliveira, J.-P. Kocher, S.J. Wodak, Free energy of cavity formation
in liquid water and hexane, J. Phys. Chem. 100 (1996) 2738-2743, https://doi.
org/10.1021/jp952906a.

G. Barone, G. Castronuovo, V. Elia, M. Muscetta, Interaction of urea and urea
derivatives with cyclohexamylose in aqueous solutions at 25C, J. Solution Chem.
15 (1986) 129-140, https://doi.org/10.1007/BF00646284.

L. Nakhle, M. Kfoury, S. Fourmentin, H. Greige-Gerges, D. Landy, Thermodynamic
investigations on host/guest complexation in deep eutectic solvent/water
mixtures, C. R. Chim. 27 (2024) 1-9, https://doi.org/10.5802/crchim.304.

M. Kfoury, F.-X. Legrand, S. Ruellan, S. Fourmentin, Low melting mixtures:
Neoteric green solvents for flavor formulation, J. Mol. Liq. 394 (2024) 123696,
https://doi.org/10.1016/j.molliq.2023.123696.

A.K. Chatjigakis, C. Donze, A.W. Coleman, P. Cardot, Solubility behavior of beta-
cyclodextrin in water/cosolvent mixtures, Anal. Chem. 64 (1992) 1632-1634,
https://doi.org/10.1021/ac00038a022.

A. Hedges, Cyclodextrins, in: Starch, Elsevier, 2009, pp. 833-851, doi: 10.1016/
B978-0-12-746275-2.00022-7.

C. Senac, S. Desgranges, C. Contino-Pepin, W. Urbach, P.F.J. Fuchs, N. Taulier,
Effect of dimethyl sulfoxide on the binding of 1-adamantane carboxylic acid to p-
and y—cyclodextrins, ACS Omega 3 (2018) 1014-1021, https://doi.org/10.1021/
acsomega.7b01212.

S. Charumanee, S. Okonogi, J. Sirithunyalug, P. Wolschann, H. Viernstein, Effect of
cyclodextrin types and co-solvent on solubility of a poorly water soluble drug, Sci.
Pharm. 84 (2016) 694-704, https://doi.org/10.3390/scipharm84040694.

M.-J. Bernad-Bernad, J. Gracia-Mora, D. Diaz, S. Castillo-Blum, Thermodynamic
study of cyclodextrins complexation with benzimidazolic anti-helmintics in
different reaction media, Curr. Drug Discov. Technol. 5 (2008) 146-153, https://
doi.org/10.2174/157016308784746274.

V. Kolivoska, M. Gal, M. Hromadova, M. Valdsek, L. Pospisil, Correlation of the
formation constant of ferrocene-cyclodextrin complexes with dielectric properties
of the aqueous DMSO solution, J. Organomet. Chem. 696 (2011) 1404-1408,
https://doi.org/10.1016/j.jorganchem.2011.01.007.

L. Nakhle, M. Kfoury, H. Greige-Gerges, S. Fourmentin, Effect of dimethylsulfoxide,
ethanol, a- and f-cyclodextrins and their association on the solubility of natural
bioactive compounds, J. Mol. Liq. 310 (2020) 113156, https://doi.org/10.1016/j.
molliq.2020.113156.

M. Kfoury, C. Geagea, S. Ruellan, H. Greige-Gerges, S. Fourmentin, Effect of
cyclodextrin and cosolvent on the solubility and antioxidant activity of caffeic acid,
Food Chem. 278 (2019) 163-169, https://doi.org/10.1016/j.
foodchem.2018.11.055.

E.S. Morais, A.M.C. Lopes, M.G. Freire, C.S.R. Freire, J.A.P. Coutinho, A.J.

D. Silvestre, Use of ionic liquids and deep eutectic solvents in polysaccharides
dissolution and extraction processes towards sustainable biomass valorization,
Molecules 25 (2020) 3652, https://doi.org/10.3390/molecules25163652.

J. Plotka-Wasylka, M. de la Guardia, V. Andruch, M. Vilkovd, Deep eutectic
solvents vs ionic liquids: similarities and differences, Microchem. J. 159 (2020)
105539, https://doi.org/10.1016/j.microc.2020.105539.

E.L. Smith, A.P. Abbott, K.S. Ryder, Deep eutectic solvents (DESs) and their
applications, Chem. Rev. 114 (2014) 11060-11082, https://doi.org/10.1021/
cr300162p.

M.A.R. Martins, S.P. Pinho, J.A.P. Coutinho, Insights into the nature of eutectic and
deep eutectic mixtures, J. Solution Chem. 48 (2019) 962-982, https://doi.org/
10.1007/510953-018-0793-1.

D.O. Abranches, J.A.P. Coutinho, Annual review of chemical and biomolecular
engineering everything you wanted to know about deep eutectic solvents but were
afraid to be told, Annu. Rev. Chem. Biomol. Eng. 14 (2023) 141-163, https://doi.
org/10.1146/annurev-chembioeng.


https://doi.org/10.1016/j.crci.2010.04.003
https://doi.org/10.1016/j.crci.2010.04.003
https://doi.org/10.1023/B:JOOE.0000010050.52967.94
https://doi.org/10.1023/B:JOOE.0000010050.52967.94
https://doi.org/10.1007/s10311-020-01156-w
https://doi.org/10.1007/s10311-020-01156-w
https://doi.org/10.3762/bjoc.19.66
https://doi.org/10.3311/PPch.21222
https://doi.org/10.3311/PPch.21222
https://doi.org/10.3390/ma16062223
https://doi.org/10.3390/ma16062223
https://doi.org/10.1007/s10847-004-6048-3
https://doi.org/10.1016/j.carres.2005.11.004
https://doi.org/10.1016/S0008-6215(00)90694-3
https://doi.org/10.1016/S0008-6215(00)90694-3
http://refhub.elsevier.com/S0167-7322(24)01658-1/h0065
http://refhub.elsevier.com/S0167-7322(24)01658-1/h0065
http://refhub.elsevier.com/S0167-7322(24)01658-1/h0065
https://doi.org/10.3390/polysaccharides3010001
https://doi.org/10.3390/polysaccharides3010001
https://doi.org/10.1039/b717509d
https://doi.org/10.1007/BF01053637
https://doi.org/10.1039/c2cp22768a
https://doi.org/10.1038/s41428-018-0040-z
https://doi.org/10.1002/star.19930450508
https://doi.org/10.1002/star.19930450508
https://doi.org/10.1016/j.micron.2007.06.017
https://doi.org/10.1016/j.micron.2007.06.017
https://doi.org/10.1023/A:1023065823358
https://doi.org/10.1023/A:1023065823358
https://doi.org/10.1016/j.ijpharm.2009.11.035
https://doi.org/10.1016/j.ijpharm.2009.11.035
https://doi.org/10.1016/j.jddst.2018.09.015
https://doi.org/10.1016/j.ijpharm.2019.02.004
https://doi.org/10.1002/mabi.202200090
https://doi.org/10.3390/molecules23051204
https://doi.org/10.3390/molecules23051204
https://doi.org/10.1080/10610279308038302
https://doi.org/10.1080/10610279308038302
https://doi.org/10.1246/bcsj.70.535
https://doi.org/10.1246/bcsj.70.535
https://doi.org/10.1016/j.molliq.2023.121760
https://doi.org/10.1016/j.molliq.2023.121760
https://doi.org/10.1007/BF01076992
https://doi.org/10.1007/BF01076992
https://doi.org/10.3390/pr7030135
https://doi.org/10.3390/pr7030135
https://doi.org/10.1021/acs.jpcc.0c07621
https://doi.org/10.1021/acs.jpcc.0c07621
https://doi.org/10.1021/jp902456h
https://doi.org/10.1021/ac00178a018
https://doi.org/10.1021/ac00178a018
https://doi.org/10.1063/5.0052537
https://doi.org/10.1002/jps.2600800620
https://doi.org/10.1016/j.comptc.2021.113218
https://doi.org/10.1016/j.comptc.2021.113218
https://doi.org/10.1021/jp952906a
https://doi.org/10.1021/jp952906a
https://doi.org/10.1007/BF00646284
https://doi.org/10.5802/crchim.304
https://doi.org/10.1016/j.molliq.2023.123696
https://doi.org/10.1021/ac00038a022
https://doi.org/10.1021/acsomega.7b01212
https://doi.org/10.1021/acsomega.7b01212
https://doi.org/10.3390/scipharm84040694
https://doi.org/10.2174/157016308784746274
https://doi.org/10.2174/157016308784746274
https://doi.org/10.1016/j.jorganchem.2011.01.007
https://doi.org/10.1016/j.molliq.2020.113156
https://doi.org/10.1016/j.molliq.2020.113156
https://doi.org/10.1016/j.foodchem.2018.11.055
https://doi.org/10.1016/j.foodchem.2018.11.055
https://doi.org/10.3390/molecules25163652
https://doi.org/10.1016/j.microc.2020.105539
https://doi.org/10.1021/cr300162p
https://doi.org/10.1021/cr300162p
https://doi.org/10.1007/s10953-018-0793-1
https://doi.org/10.1007/s10953-018-0793-1
https://doi.org/10.1146/annurev-chembioeng
https://doi.org/10.1146/annurev-chembioeng

M. Kfoury and S. Fourmentin

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Y. Chen, T. Mu, Revisiting greenness of ionic liquids and deep eutectic solvents,
Green Chem. Eng. 2 (2021) 174-186, https://doi.org/10.1016/.gce.2021.01.004.
S. El Masri, S. Ruellan, M. Zakhour, L. Auezova, S. Fourmentin, Cyclodextrin-based
low melting mixtures as a solubilizing vehicle: application to non-steroidal anti-
inflammatory drugs, J. Mol. Liq. 353 (2022) 118827, https://doi.org/10.1016/j.
molliq.2022.118827.

J. Petitprez, F.-X. Legrand, C. Tams, J.D. Pipkin, V. Antle, M. Kfoury,

S. Fourmentin, Huge solubility increase of poorly water-soluble pharmaceuticals by
sulfobutylether-p-cyclodextrin complexation in a low-melting mixture, Environ.
Chem. Lett. 20 (2022) 1561-1568, https://doi.org/10.1007/510311-022-01415-y.
N. Kimizuka, T. Nakashima, Spontaneous self-assembly of glycolipid bilayer
membranes in sugar-philic ionic liquids and formation of ionogels, Langmuir 17
(2001) 6759-6761, https://doi.org/10.1021/1a015523e.

D.W. Armstrong, L. He, Y.S. Liu, Examination of ionic liquids and their interaction
with molecules, when used as stationary phases in gas chromatography, Anal.
Chem. 71 (1999) 3873-3876, https://doi.org/10.1021/ac990443p.

A. Triolo, F. Lo Celso, J. Perez, O. Russina, Solubility and solvation features of
native cyclodextrins in 1-ethyl-3-methylimidazolium acetate, Carbohydr. Polym.
291 (2022) 119622, https://doi.org/10.1016/j.carbpol.2022.119622.

Z.-T. Liu, L.-H. Shen, Z.-W. Liu, J. Lu, Acetylation of p-cyclodextrin in ionic liquid
green solvent, J. Mater. Sci. 44 (2009) 1813-1820, https://doi.org/10.1007/
5s10853-008-3238-1.

Q. Liu, M.H.A. Janssen, F. van Rantwijk, R.A. Sheldon, Room-temperature ionic
liquids that dissolve carbohydrates in high concentrations, Green Chem. 7 (2005)
39, https://doi.org/10.1039/b412848f.

N. Gonsior, M. Hetzer, W.M. Kulicke, H. Ritter, First studies on the influence of
methylated p-cyclodextrin on the rheological behavior of 1-ethyl-3-methyl
imidazolium acetate, J. Phys. Chem. B 114 (2010) 12468-12472, https://doi.org/
10.1021/jp1036684.

Y. Zheng, X. Xuan, J. Wang, M. Fan, The enhanced dissolution of f-cyclodextrin in
some hydrophilic ionic liquids, J. Phys. Chem. A 114 (2010) 3926-3931, https://
doi.org/10.1021/jp907333v.

M. Rogalski, A. Modaressi, P. Magri, F. Mutelet, A. Grydziuszko, M. Wlazto,

U. Domanska, Physico-chemical properties and phase behavior of the ionic liquid-
p-cyclodextrin complexes, Int. J. Mol. Sci. 14 (2013) 16638-16655, https://doi.
org/10.3390/ijms140816638.

B. Cao, J. Du, Z. Cao, X. Sun, H. Sun, H. Fu, DFT study on the dissolution
mechanisms of a-cyclodextrin and chitobiose in ionic liquid, Carbohydr. Polym.
169 (2017) 227-235, https://doi.org/10.1016/j.carbpol.2017.04.012.

M. Suzuki, N. Kurahashi, Y. Takeoka, M. Rikukawa, M. Yoshizawa-Fujita, Effect of
B-cyclodextrin on physicochemical properties of an ionic liquid electrolyte
composed of N-methyl-N-propylpyrrolidinium bis(trifluoromethylsulfonyl)amide,
Front. Chem. 7 (2019) 90, https://doi.org/10.3389/fchem.2019.00090.

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

Journal of Molecular Liquids 410 (2024) 125599

N. Mofaddel, S. Fourmentin, F. Guillen, D. Landy, G. Gouhier, Ionic liquids and
cyclodextrin inclusion complexes: limitation of the affinity capillary
electrophoresis technique, Anal. Bioanal. Chem. 408 (2016) 8211-8220, https://
doi.org/10.1007/500216-016-9931-z.

C.D. Tran, S.H. De Paoli Lacerda, Determination of binding constants of
cyclodextrins in room-temperature ionic liquids by near-infrared spectrometry,
Anal. Chem. 74 (2002) 5337-5341, https://doi.org/10.1021/ac020320w.

A.P. Abbott, G. Capper, D.L. Davies, R.K. Rasheed, V. Tambyrajah, Novel solvent
properties of choline chloride/urea mixtures, Chem. Commun. 1 (2003) 70-71,
https://doi.org/10.1039/b210714g.

S. Fourmentin, D. Landy, L. Moura, S. Tilloy, H.H. Bricout, M. Ferreira, Procédé
d’épuration d’un effluent gazeux, FR3058905B1 (2016).

J.A. McCune, S. Kunz, M. Olesifiska, O.A. Scherman, DESolution of CD and CB
macrocycles, Chem. A Eur. J. 23 (2017) 8601-8604, https://doi.org/10.1002/
chem.201701275.

T. Moufawad, L. Moura, M. Ferreira, H. Bricout, S. Tilloy, E. Monflier, M. Costa
Gomes, D. Landy, S. Fourmentin, First evidence of cyclodextrin inclusion
complexes in a deep eutectic solvent, ACS Sustain. Chem. Eng. 7 (2019)
6345-6351, https://doi.org/10.1021/acssuschemeng.9b00044.

A. Triolo, F. Lo Celso, O. Russina, Structural features of p-cyclodextrin solvation in
the deep eutectic solvent, reline, J. Phys. Chem. B 124 (2020) 2652-2660, https://
doi.org/10.1021/acs.jpcb.0c00876.

M.Q. Farooq, V.R. Zeger, J.L. Anderson, Comparing the extraction performance of
cyclodextrin-containing supramolecular deep eutectic solvents versus conventional
deep eutectic solvents by headspace single drop microextraction, J. Chromatogr. A
1658 (2021) 462588, https://doi.org/10.1016/j.chroma.2021.462588.

I. Shumilin, A. Tanbuz, D. Harries, Deep eutectic solvents for efficient drug
solvation: optimizing composition and ratio for solubility of f-cyclodextrin,
Pharmaceutics 15 (2023) 1462, https://doi.org/10.3390/
pharmaceutics15051462.

A. Cantelli, P. Franchi, E. Mezzina, M. Lucarini, Determination of binding strengths
of host-guest complexes in deep eutectic solvents using spin probe methodology,
ChemPhysChem 22 (2021) 517-521, https://doi.org/10.1002/cphc.202001007.
M.E. Di Pietro, G. Colombo Dugoni, M. Ferro, A. Mannu, F. Castiglione, M. Costa
Gomes, S. Fourmentin, A. Mele, Do cyclodextrins encapsulate volatiles in deep
eutectic systems? ACS Sustain. Chem. Eng. 7 (2019) 17397-17405, https://doi.
org/10.1021/acssuschemeng.9b04526.

L. Nakhle, M. Kfoury, I. Mallard, H. Greige-Gerges, D. Landy, Solubilization of
Eucalyptus citriodora essential oil and citronellal in deep eutectic solvents:water:
cyclodextrins mixtures, J. Mol. Liq. 359 (2022) 119371, https://doi.org/10.1016/
j.molliq.2022.119371.

L. Nakhle, M. Kfoury, S. Ruellan, H. Greige-Gerges, D. Landy, Insights on
cyclodextrin inclusion complexes in deep eutectic solvents: Water mixtures, J. Mol.
Struct. 1293 (2023) 136260, https://doi.org/10.1016/j.molstruc.2023.136260.


https://doi.org/10.1016/j.gce.2021.01.004
https://doi.org/10.1016/j.molliq.2022.118827
https://doi.org/10.1016/j.molliq.2022.118827
https://doi.org/10.1007/s10311-022-01415-y
https://doi.org/10.1021/la015523e
https://doi.org/10.1021/ac990443p
https://doi.org/10.1016/j.carbpol.2022.119622
https://doi.org/10.1007/s10853-008-3238-1
https://doi.org/10.1007/s10853-008-3238-1
https://doi.org/10.1039/b412848f
https://doi.org/10.1021/jp1036684
https://doi.org/10.1021/jp1036684
https://doi.org/10.1021/jp907333v
https://doi.org/10.1021/jp907333v
https://doi.org/10.3390/ijms140816638
https://doi.org/10.3390/ijms140816638
https://doi.org/10.1016/j.carbpol.2017.04.012
https://doi.org/10.3389/fchem.2019.00090
https://doi.org/10.1007/s00216-016-9931-z
https://doi.org/10.1007/s00216-016-9931-z
https://doi.org/10.1021/ac020320w
https://doi.org/10.1039/b210714g
https://doi.org/10.1002/chem.201701275
https://doi.org/10.1002/chem.201701275
https://doi.org/10.1021/acssuschemeng.9b00044
https://doi.org/10.1021/acs.jpcb.0c00876
https://doi.org/10.1021/acs.jpcb.0c00876
https://doi.org/10.1016/j.chroma.2021.462588
https://doi.org/10.3390/pharmaceutics15051462
https://doi.org/10.3390/pharmaceutics15051462
https://doi.org/10.1002/cphc.202001007
https://doi.org/10.1021/acssuschemeng.9b04526
https://doi.org/10.1021/acssuschemeng.9b04526
https://doi.org/10.1016/j.molliq.2022.119371
https://doi.org/10.1016/j.molliq.2022.119371
https://doi.org/10.1016/j.molstruc.2023.136260

	State of the art in cyclodextrin solubility enhancement. Are green solvents the solution?
	1 Introduction
	2 Water
	3 Inorganic salts
	4 Urea
	5 Mixtures of organic and inorganic compounds
	6 Acids
	7 Bases
	8 Organic solvents
	9 Non-conventional solvents
	9.1 Ionic liquids (ILs)
	9.2 Deep eutectic solvents (DESs)

	10 Conclusion and remarks
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


