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The development of new green solvent systems capable of enhancing cyclodextrin (CD) solubility is of primary
importance in CD research. This need is particularly relevant for overcoming the poor aqueous solubility of
native CDs, notably p-CD, while preserving their host—guest encapsulation ability. In this framework, several
approaches have been investigated, including the use of Deep Eutectic Solvents (DESs)—a new class of promising
green media—as well as compounds exhibiting hydrotropic behaviour. This work presents a comprehensive
investigation into the solubility behaviour of the three native CDs (a-, f-, and y-CD) in different aqueous choline
chloride (ChCl) mixtures at various water:ChCl molar ratios (n = 2, 3, 4, 6 and 10). At n = 4, corresponding to a
deep eutectic mixture (aquoline) Mangiacapre et al. (2023) [1], all CDs exhibit a maximum in solubility,
exceeding in all cases values obtained from pure water. Thermodynamic analysis reveals that, in all the cases
explored, the solubilization mechanism is endothermic; therefore, solubility increases with increasing temper-
ature. Small-Angle X-ray Scattering (SAXS) experiments confirm the absence of CDs aggregation, even at con-
centrations approaching the solubility limits. Molecular Dynamics (MD) simulations provide insights into the
solvation mechanism of -CD in the mixture with n = 4, highlighting a cooperative network of hydrogen bonding,
electrostatic, and dispersive interactions between the CD and the surrounding solvent species, with ions (C1~ +
Ch) and water being comparably distributed around the p-CD. These findings indicate that aquoline provides a
favourable solvation environment that enhances p-CD solubility while preventing flocculation, with ChCl likely
exerting a hydrotropic effect.

1. Introduction

Cyclodextrins (CDs) are a family of naturally occurring cyclic oli-
gosaccharides produced through the enzymatic degradation of starch by
the bacterial enzyme cyclodextrin glucosyltransferase (CGTase). Struc-
turally, natural CDs are composed exclusively of a-1,4-linked p-gluco-
pyranose units, and are classified according to the number of these units
into three main types: a-, §-, and y-CD, consisting of six, seven, and eight
p-glucopyranose monomers, respectively [2]. These are the primary
cyclodextrins produced by the enzyme and are therefore referred to as
‘native’ CDs. From a structural point of view, CDs are cyclic oligosac-
charides and belong to the broader class of cage molecules; they are
characterized by a rigid, three-dimensional toroidal structure with a
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hydrophobic internal cavity and a hydrophilic outer surface. This ar-
chitecture enables CDs to form host-guest inclusion complexes with a
wide variety of lipophilic compounds, making them highly versatile
molecular containers [2-5]. Owing to these unique properties, CDs have
found widespread applications across diverse sectors, including the food
industry [6-10], cosmetics [9-11], pharmaceuticals, biomedicine
[12-17], and in green and sustainable technologies [18-21]. However,
industrial applications often demand formulations that are highly
tailored and precisely optimized. In this context, the use of solvents that
are both safe and easy to produce becomes crucial. Water is an appealing
candidate due to its safety, availability, and environmental compati-
bility. On the other hand, native CDs display markedly different solu-
bilities in water at room temperature: ca. 130 mg/ml for a-CD, 18.5 mg/
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ml for p-CD, and 249 mg/ml for y-CD [22,23], respectively. Among
these, f-CD exhibits the lowest aqueous solubility, yet it remains the
most attractive form, from an applicative standpoint, due to the size of
its internal cavity, well-suited for a broad range of guest molecules, and
its cost-effectiveness [24]. The low solubility of -CD in aqueous envi-
ronments is primarily attributed to the formation of strong hydrogen
bonds between secondary hydroxyl groups of adjacent glucose units.
These interactions restrict hydration on the secondary rim and increase
the rigidity of the macrocycle, resulting in poor solvation [23,25,26].
Furthermore, native CDs are prone to forming large, poorly soluble
aggregates in water, which further limits their effective uses in solution
[27-30]. To address these limitations, several strategies have been
investigated to improve the solubility of cyclodextrins, particularly the
B-CD, in aqueous environments and to prevent their tendency to self-
aggregate [31]. Among these approaches, the use of compounds with
hydrotropic effect has emerged as particularly promising. Hydrotropes
are compounds that enhance the solubility of poorly soluble substances
in water by establishing more favourable interactions with the solute
than those typically occurring between the solute and water [32].

One well-known example is urea, a small and highly water-soluble
organic molecule, which has been shown to markedly increase the sol-
ubility of -CD in aqueous media [33-35]. Recent studies have demon-
strated that favourable interactions between urea and p-CD displace
thermodynamically unfavourable water molecules from the $-CD sur-
face and cavity, effectively reducing the free energy barrier for solvation
[34,35]. In parallel, the exploration of unconventional solvents such as
Deep Eutectic Solvents (DESs) has opened new avenues for CD solubi-
lization. DESs are a class of sustainable and environmentally friendly
media, typically composed of two or more components that form
eutectic mixtures with melting points significantly lower than those of
the individual constituents [36]. One of the most studied DESs is reline,
a 1:2 mixture of choline chloride (ChCl) and urea [37]. Reline has been
reported to dramatically enhance the solubility of a-, §-, and y-CD by
factors of 3.5, 55, and 4, respectively, when compared to water [38]. A
combination of Small-Angle X-ray Scattering (SAXS) and Molecular
Dynamics (MD) simulations has provided insights into the mechanism
underlying this solubility enhancement. The chloride anion forms strong
hydrogen bonds with the hydroxyl groups of §-CD, while urea interacts
with the hydrophobic regions of the macrocycle, reducing aggregation
through dispersive interactions. These synergistic interactions between
urea and choline chloride components are essential for the improved
stability and solubility of $-CD in reline DES [39].

Interestingly, p-CD has been reported to exhibit limited solubility in
other ChCl-based DESs, such as ethaline (ChCl:ethylene glycol, 1:2) and
glyceline (ChCl:glycerol, 1:2) [39]. Moreover, it has been shown that the
addition of water to reline (ChCl:urea, 1:2) can reduce the solubility of
B-CD [34], and that the 1:2 ratio traditionally used to define reline does
not correspond to the optimal condition for CD solubilization; in fact, it
appears to be among the least effective [40]. These findings suggest that
the solubility of CDs in DESs is generally governed by multiple, inter-
dependent factors, including the specific components, their molar ratios,
and the hydration level.

In this context, the solubility of the three native cyclodextrins, i-CDs
(withi = a, B, and y), was investigated in a series of ChCl-water mixtures
with varying water:ChCl molar ratios (n = 2, 3, 4, 6, and 10). Previous
studies have shown that the ChCl/water system exhibits a deep eutectic
character [1,41], with the mixture at n = 4 (aquoline) corresponding to
the true deep eutectic composition [1].

Solubility measurements were performed at three temperatures
(293, 303, and 313 K) by means of polarimetric measurements. An in-
depth thermodynamic analysis was then carried out to elucidate the
nature of the solvation processes. SAXS experiments were subsequently
performed to confirm the absence of CD aggregation in all ChCl-water
mixtures, both near saturation and at lower concentrations. Finally,
MD simulations were conducted to provide atomistic insight into the
dissolution mechanism of p-CD within the deep eutectic ChCl-water
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mixture at n = 4 (aquoline). The combined use of experimental scat-
tering techniques and MD simulations has proven to be a powerful and
complementary approach for obtaining structural insight into CD sol-
vation phenomena in media such as DESs [39,42,43].

In the broader context of cyclodextrin chemistry, this study con-
tributes a new perspective on the role of solvent design and component
synergy in optimizing solubility, a key parameter for many different
CDs’ applications.

2. Materials and method
2.1. Samples and mixtures’ preparation

Choline Chloride (ChCl) was purchased from TCI Chemicals with a
purity of 99.5 %. a-Cyclodextrin, p-Cyclodextrin, and y-Cyclodextrin
(a-CD, B-CD, and y-CD, respectively) were supplied by Wacker-Chemie
(Lyon, France). Before preparing the ChCl-water mixtures, ChCl was
dried under high vacuum at approximately 353 K for 96 h to eliminate
residual moisture, then stored in an anhydrous environment. The dried
ChCl was precisely weighed, and Milli-Q water was added to obtain
ChCl-water mixtures with varying molar ratios. Specifically, five
different mixtures were prepared with water:ChCl molar ratios of n = 2,
3, 4, 6, and 10. Each mixture was maintained at approximately 325 K
under constant stirring until a clear and homogeneous liquid was
obtained.

2.2. Karl-Fischer measurements

Before use, the exact water content in each ChCl-water mixture was
determined using the Karl Fischer titration method with a DL31 Volu-
metric KF Titrator (Mettler Toledo DL31). Each measurement was per-
formed at least three times to obtain an appropriate mean value with the
associated deviation standard. Results in Table S1 of the ESI show that
the measured molar ratios n completely matches the expected ones,
demonstrating that all samples were accurately prepared.

2.3. Solubility analysis

The solubility analysis was performed adding an excess amount of i-
CD (i = a, B or y) to each ChCl-water mixture. The solutions were then
stirred and heated at selected temperatures (293 K, 303 K, and 313 K) for
24 h. Afterward, the solutions were centrifuged, and the supernatant
was filtered through a 1.0 pm J.T. Barker syringe filter with glass fibres
and a 25 mm diameter. Accurate distilled water dilutions were subse-
quently prepared, and the optical rotation of each i-CD solution was
measured using a Jasco P-2000 polarimeter. The concentration of dis-
solved CDs was then calculated from three standard curves corre-
sponding to aqueous solutions of known concentrations of each i-CD
(Fig. S1 of the ESI).

2.4. SAXS measurements

Small Angle X-ray Scattering (SAXS) experiments were carried out at
the SAXS Lab Sapienza using a Xeuss 2.0 Q-Xoom system (Xenocs SA,
Sassenage, France), equipped with a micro-focus Genix 3D X-ray source
(A = 0.1542 nm) and a two-dimensional Pilatus3 R 300 K detector. The
measurements covered a Q range from 0.04 A~! to 0.6 A~. Samples
were prepared in ChCl-water mixtures at different molar ratios, n, each
containing one of the i-CD (i = a, f, y), with the CD concentration chosen
based on solubility results. The solutions were loaded into 1 mm boro-
silicate capillaries, which were carefully sealed with hot glue to prevent
evaporation. All measurements were conducted at room temperature
(293 K).

2.4.1. Analysis of SAXS data
SAXS patterns were analysed and fitted using the SASView software
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(M. Doucet et al, SasView Version 6.0.1, https://doi.org/10.
5281/zenodo.1412041), following the same approach adopted in pre-
vious studies [39,44]. Initially, each pattern was corrected for both
solvent and background contributions. The corrected data were then
modelled using the core-shell sphere model, which effectively repre-
sents isolated and isotropically oriented i-CDs.

For each dataset, the scaling factor, a residual background and the
electron density (ED) of the shell were considered as fitting parameters.
The i-CD structural dimensions (radius and shell thickness), the solvent
and the core EDs were kept constant throughout the fitting process, after
preliminary data analysis and also on the basis of our previous modelling
of related systems. The choice of fixed structural parameters was based
on our previous works [39,44], while the core ED was assumed to match
the solvent ED and was calculated using the following equation:

p=—=—er, (€)]

Here, p represents ED, Z; is the atomic number of atom i in the
considered medium, r. (2.81 x 10713 cm) represents the classical elec-
tron radius and V is the molecular volume containing all n atoms.

Table S3 and Table S4 in the ESI summarize all constant values used
in the fitting procedure. When required, hard sphere interactions were
considered and modelled using the Percus-Yevick approximation
[45,46], with an effective hard sphere radius equal to the outer radius of
the i-CD and the volume fraction of the hard spheres.

2.5. Computational details

Molecular Dynamics (MD) simulations were performed using the
GROMACS 2021.3 package [47,48]. Bonded and non-bonded parame-
ters for p-CD were derived from q4-MD force field [49-51], while for
choline chloride were described using an all-atoms OPLS force field
developed by the group of Acevedo [52]; TIP3P potential was used for
water [53].

The simulation for the probed mixture (aquoline, n = 4) was per-
formed using a cubic box; details concerning the number of species are
shown in Table 1.

Periodic boundary conditions were applied. Initial configurations
were created by Packmol software [54], the starting box dimension in
the simulation was fixed at 7.5 nm. The equilibration procedure was
done in several steps, starting from a NVT simulation at 400 K, followed
by a series of NPT runs lowering progressively the temperature to their
final value at 298 K, pressure was fixed for all system at 1 bar and a total
of 8 ns equilibration runs were performed. After the equilibration phase,
the system was run for a total of 50 ns for a production run at 298 K; then
a final 2 ns trajectory was generated, and it was saved at a frequency of 1
ps for calculation of the structural properties. The simulation was always
checked versus the density and energy profile. During the production
runs for the temperature coupling, we used a velocity rescaling ther-
mostat [55] (with a time coupling constant of 0.1 ps), while for the
pressure coupling, we used a Parrinello-Rahman barostat [56] (1 ps for
the relaxation constant). The Leap-Frog algorithm with a 1 fs time step
was used for integrating the equations of motion. Cut-offs for the Len-
nard- Jones and real space part of the Coulombic interactions were set to
16 A for all the systems. For the electrostatic interactions, the Particle
Mesh Ewald (PME) summation method [57,58] was used, with an
interpolation order of 6 and 0.08 nm of FFT grid spacing. Selected pair
correlation function and angular distribution function were obtained by

Table 1
Details concerning the number of species employed to perform classical MD
simulation.

N° of ChCl N° of water N° of -CD ChCl:water:p-CD $-CD (mg/ml)

1000 4200 20 1:4.2:0.02 116
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TRAVIS [59-61].
3. Results and discussion
3.1. Solubility measurements

Polarimetry was used to determine the solubility of the three i-CDs
(with i =, p and y) in all the ChCl-water systems as well as in pure water
at three different temperatures (293 K, 303 K, and 313 K). Fig. 1 presents
the solubility results for all the i-CDs, expressed in molarity (M), at
specific temperatures as a function of the water content. Each mea-
surement was repeated at least twice, and the error bars represent the
standard error of the mean obtained from the replications.

From Fig. 1 clearly emerges the overall good agreement with the data
reported by Jozwiakowski et al. on CDs solubility in pure water [22].
Moreover, the trend observed in Fig. 1 exhibits for all i-CDs a maximum
around a water content of 35 wt%, corresponding to an n of approxi-
mately 4. In recent works this composition was evaluated as the one
exhibiting deep eutectic nature, subsequently named as aquoline [1,41].
In all cases, the i-CDs’ solubility increases compared to the case of pure
water when water content reaches the composition of aquoline.

This trend may be attributed to the hydrotropic effect of ChCl, rarely
discussed in the literature. Few studies have highlighted the potential
hydrotropic effect of ChCl-based mixtures in enhancing the solubility of
poorly water-soluble hydrophobic compounds [62]. The possible role of
ChCl as a hydrotrope outside of eutectic mixture formulation has been
explored in the field of surfactant systems: one study reported that the
addition of ChCl to aqueous solutions of DABCO-16, a cationic surfac-
tant, significantly enhanced the micellar solubilization of hydrophobic
compounds such as Sudan I and curcumin [63]. Interestingly, ChCl has
been shown to act as an effective hydrotrope also for Kraft lignin,
markedly increasing its solubility in aqueous solutions. The maximum
solubilization was observed at ChCl molar fractions between 0.20 and
0.25 (corresponding to molar ratios n = 4 and n = 3, respectively) [64].
In the work of Cldudio et al., the role of ChCl as a hydrotrope was
investigated for vanillin solubilization: a maximum in solubility was
observed at approximately 20 wt% ChCl (corresponding to n =~ 30) [65].
A similar trend was reported for ibuprofen, where the solubility peak
occurred at around 40 wt% ChCl (n ~ 12) [66]. However, in both cases,
no broad concentration ranges of ChCl were examined, and no infor-
mation regarding the drying procedure of ChCl was provided. Based on
our results, this suggests that a more comprehensive exploration of ChCl
concentrations is essential to fully understand its potential hydrotropic
behaviour.

Although the solubility of various species typically reaches a plateau
in the presence of a hydrotrope, ionic hydrotropes like ChCl can instead
lead to a maximum in solubility, as observed in Fig. 1. This behaviour
has been attributed to variations in the ratio of dissociated to associated
ions in ionic hydrotropes, as well as changes in hydrotrope concentra-
tion and, consequently, in the effective volume of hydrotrope partici-
pating in solute solubilization [65,67].

Table 2 offers a clearer visualization of the solubility enhancement of
i-CDs, presenting the specific solubility values (expressed in mg/ml) for
each i-CD in aquoline at 298 K. These values were obtained from the
Van’t Hoff plots, described in the following section.

Table 2 highlights the solubility enhancement of all investigated i-
CDs compared to the case of pure water. Although the solubility value
obtained for B-CD is five times lower than what McCune et al. reported
for reline (=1000 mg/ml) [38], it is noteworthy that a water-based
solvent exhibits a significant solubility enhancement for all the probed
cyclodextrins. This is particularly remarkable given the typical CDs’ low
solubility in aqueous solutions. Moreover, in the case of -CD, a signif-
icant solubility enhancement compared to other DESs like ethaline (1:2
ChCl:ethylene glycol) or glyceline (1:2 ChCl:glycerol) is observed, where
B-CD solubilizes only up to tens of milligrams at 293 K [39]. It is also
important to highlight differences with the findings reported by
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Fig. 1. o-CD (a), p-CD (b) and y-CD (c) solubility as function of water percentage (wt%) for all the explored ChCl-water mixtures at three different fixed temperatures:
293 K, 303 K and 313 K. For pure water, results are compared with those reported by Jozwiakowski et al. at 303 K and 313 K [22].

Table 2
Solubility values of i-CDs in aquoline compared to the solubility in pure water at
298 K, along with the corresponding enhancement factor. ® [22]

i- Solubility in aquoline Solubility in water (mg/ Enhancement
CD (mg/ml) ml) factor
o 286 129.5% ~2
237 18.41% ~13
Y 467 249.2% ~1.9

Shumilin et al., who similarly to this work investigated the solubility of
B-CD in ChCl aqueous solutions. However, when comparing mixtures
with similar water content, their reported $-CD solubility values are
generally lower than those obtained in this work. Moreover, in their
case, the maximum solubility was reached at a water content of
approximately 60 wt%, corresponding to a molar ratio of aboutn =11,
which contrasts with maximum observed here at n = 4 [34] (Fig. S2 in
the ESI).

3.2. Thermodynamic study

The natural logarithm of the mole fraction (x) of the explored i-CDs,
corresponding to their solubility in either the ChCl-water mixtures or
pure water, is plotted as a function of temperature to construct the Van’t
Hoff plots (Fig. 2). These data are used to calculate the Gibbs free energy
of solution (AGs,), the enthalpy of solution (AHs,), and the entropy of
solution (ASs,) at each temperature using the following equations:

AGy, = —RTIn(x) (2)

din(x
AH,, = RT? dé ) 3
ASgy1 = AHgor — AGgo “4)

As an example, Table 3 presents all the results for p-CD, while the
parameters obtained for a-CD and y-CD are provided in the ESI
(Tables S5 and S6, respectively).

Notably, for all the explored i-CDs, a AGs, > 0 is found, indicating
that solvation is not a thermodynamically spontaneous process. More-
over, the process results to be endothermic with AHs; > 0, meaning
solubility increases as temperature rises. This is consistent with litera-
ture data reporting positive dissolution enthalpies for f-cyclodextrin in
aqueous media, including systems containing 6 % sucrose, 8 % NaCl,
and their mixture, obtained through van’t Hoff analysis [68].

It is also noteworthy that T-ASs, is generally positive, suggesting an
increase in disorder upon solvation. However, some exceptions arise:
a-CD in the ChCl-water mixture with n = 10 at all temperatures, $-CD in
the mixture at n = 2 at 293 K, and y-CD in the system with n = 2 across
all examined temperatures. This result is generally attributed to an
overall increase of the order within the system. Indeed, there are systems
where a loss of entropy upon dissolution has been observed: the case of
alkali metal halides dissolved in ionic liquids [69], hydrophobic solutes
in water [70], or highly charged ions in aqueous solutions [71]. A single,
unified explanation for this behaviour remains elusive, as entropy loss
can manifest in various ways. These include restrictions in molecular
dynamics, such as reduced mobility within hydrogen-bond networks,
indicating that the solvent has become more structured [69]. Further-
more, in all cases enthalpy plays a dominant role in the solvation pro-
cess: for each system, AHs,; > T-ASs, is observed, indicating that
solvation is primarily driven by enthalpic contributions. This suggests
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Fig. 2. Van’t Hoff plots for a-CD (a), p-CD (b) and y-CD (c) in all the explored ChCl-water mixtures. Solid lines represent the linear fit employed to obtain the

thermodynamic parameters.

Table 3

Solution thermodynamic parameters obtained at 293 K, 303 K and 313 K for p-CD dissolved in the explored ChCl-water mixtures.

AGg) (kJ/mol) for B-CD

T (K) ChClWn =2 ChClWn=3 ChClWn =4 ChClWn =6 ChCl:W n =10 Water
293 14.04 13.85 12.18 13.52 15.67 18.79
303 14.11 13.58 11.65 12.82 15.18 17.78
313 14.03 13.35 11.34 12.75 14.48 16.90
AHgo) (kJ/mol) for p-CD

T (K) ChCl:Wn =2 ChCl:W n = 3 ChCl:Wn = 4 ChCl:Wn =6 ChCL:W n =10 Water
293 13.22 19.79 22.94 23.22 31.01 43.51
303 14.14 21.17 24.53 24.83 33.16 46.53
313 15.08 22.58 26.17 26.50 35.39 49.65

T-ASs01 (kJ/mol) for -CD

T (K) ChCl:Wn =2 ChClWn =3 ChCl:W n =4 ChClWn =16 ChC:W n =10 Water
293 —0.820 5.942 10.75 9.706 15.34 24.73
303 0.025 7.590 12.87 12.01 17.98 28.75
313 1.053 9.231 14.83 13.75 20.90 32.76

that stronger interactions occur between the solvent components rather
than between the solvent and solute. These results are similar to those
obtained for the solubilization of $-CD in hydrophilic ionic liquids [72],
as well as for a-CD in the 1-ethyl-3-methylimidazolium acetate ionic
liquid [44]. On the other hand, results presented in this work contrast
with the findings for p-CD dissolution in reline, where dissolution
calorimetry measurements indicate an exothermic dissolution process
[73].

3.3. SAXS measurements

The aggregation of CDs in aqueous solutions is a well-documented
phenomenon. Numerous studies have reported their natural tendency

to form aggregates in pure water [74-76], even at dilute concentrations
below their solubility limits [27,77]. Despite these observations, SAXS
and SANS measurements performed on both -CD and y-CD in aqueous
solutions at dilute regimes do not indicate the presence of any aggre-
gation [78]; the same conclusion is supported by various NMR studies
conducted in aqueous solutions of a-CD, B-CD, and y-CD [79,80].
Considering this, SAXS measurements on a series of i-CDs solutions in
ChCl-water mixtures were conducted. Following recent studies on -CD
solvation in reline [39] and the solubilization of a-CD, $-CD, and y-CD in
the ionic liquid 1-ethyl-3-methylimidazolium acetate (IL) [44], the
scattering patterns were analysed using a model based on identical
spherical shells. These shells represent the structure of monomeric a-CD,
B-CD, and y-CD, whose mutual interactions can be described by a hard
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sphere potential. Therefore, each scattering pattern was modelled using
the following mathematical approach:

I(Q) = AeP(Q) S(Q) +bkg (5)

where A is a scaling factor, bkg represents a constant background level,
and P(Q) and S(Q) correspond to the form factor and structure factor,
respectively [39,44]. By applying the previously described model and
performing the pattern analysis detailed in Section 2.4.1, fits presented
in Figs. S3, S4 and S5 of the ESI were obtained. Specifically, experiments
were performed on solutions obtained by dissolving i-CDs in selected
ChCl-water mixtures, at concentrations close to the experimental
maximum solubility obtained at 293 K.

In all the cases presented, the applied models accurately describe the
SAXS patterns, leading to the conclusion that CDs’ aggregation is absent
across all the explored conditions. Notably, in each mixture, the CD
concentration was chosen close to its maximum solubility at 293 K.
Although in some instances the i-CDs solubility was lower than that
observed in pure water, the absence of aggregation is crucial for po-
tential CDs’ applications. Aggregation or flocculation of CDs can
significantly impact their encapsulation capabilities, thereby reducing
their effectiveness in drug solubilization and delivery [28,81,82].

Considering solubility results and the particular importance of $-CD,
SAXS patterns for various p-CD solutions in aquoline at different CD
content were analysed (Fig. 3).

The excellent agreement between SAXS data and the employed
model, in all the probed cases, confirms the absence of -CD aggregation
in aquoline. This strongly suggests that the solvent effectively stabilizes
B-CD as individual molecules, even at the highest tested concentrations.

3.4. Molecular Dynamics (MD) simulation results

Molecular Dynamics (MD) simulation was performed on the -CD/
aquoline system. The aim was to identify the key interactions driving the
B-CD solvation in the best ChCl-water mixture in terms of solubility
enhancement.

Fig. 4 displays the nomenclature used in the MD analysis for each
atom of every species involved in the studied system.

Specifically, the MD analysis was conducted on a B-CD/aquoline
solution in which the concentration of p-CD corresponds to approxi-
mately half of its maximum solubility at 298 K. This condition translates
into a ChCl:water:p-CD molar ratio of 1:4.2:0.02 (see Table 1 for details).

The structural correlations between $-CD and the solvating compo-
nents of aquoline were analysed using Radial Distribution Functions
(RDFs), which show the normalized densities of choline (Ch), chloride
(C17), and water centre of masses (CoM) with respect the CoM of a
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Fig. 3. SAXS patterns of p-CD in Aquoline at varying concentrations, recorded
at room temperature. The continuous lines represent fits based on isolated -CD
molecules dissolved in the mixture.
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reference p-CD (Fig. 5). The light grey shaded area represents the -CD
wall, determined by calculating the intramolecular RDF between the
B-CD CoM and all its constituent atoms. The RDF of water oxygen atom
around p-CD in pure water is also shown for sake of comparison.

From Fig. 5 it clearly emerges that all aquoline components can
reside within the cavity of the reference p-CD (i.e., for distancesr < 4 A).
The number of nearest neighbours for all the correlations presented in
Fig. 5, obtained by integrating up to a distance of 4.0 A, are shown in
Table S8 of the ESI. Table S8 reveals an interesting trend: unlike reline,
where two urea molecules are consistently included within the $-CD
cavity [39], aquoline exhibits a similar but lower inclusion of water
molecules, despite their higher amount in the system. Comparing to
reline, the number of Cl™ anions remain essentially unchanged (most
likely being bound to the hydrophilic CD rims), while the number of
choline molecules within the cavity is quite similar. In the case of pure
water, the preferential inclusion of water molecules is observed, with
approximately 9.0 water oxygen atoms located inside the cyclodextrin
cavity.

An examination of the exterior region of $-CD reveals that all
aquoline species form well-defined solvation shells in close proximity to
its outer surface. Interestingly, a solvation distance sequence can be
identified: the B-CD-water correlation exhibits a peak centred around
9.2 A, followed closely by the p-CD-CI~ correlation at approximately
9.3 [D\, and finally the choline solvation shell, with a peak centred at
approximately 10.3 A. This behaviour differs from the case of reline,
where the chloride ion approaches p-CD first, followed by urea [39].
Here, likely due to the small size of water molecule, water and chloride
appear to concomitantly approach the p-CD wall. From previous studies
[25,39,83], the RDF for pure water exhibits a weak peak in the outer
region, centered around 9.5 [o\, with no evidence of a second solvation
shell at longer distances. The number of nearest neighbours concerning
the external solvation shells for all aquoline species is reported in
Table S9 of the ESI. A comparison with reline case reveals a similar
number of chloride anions surrounding the p-CD, but a higher presence
of choline species [39].

Given the variety of chemical species in the system, each of them
bearing functional groups capable of acting as either hydrogen bond
donors or acceptors, a detailed investigation of hydrogen bonding in-
teractions is essential. Fig. 6 illustrates all the correlations between the
hydroxyl oxygens of $-CD and the hydroxyl hydrogens of both water and
Ch in aquoline.

Fig. 6 (a) and (b) reveal that all the correlations related to Oa and Od
species display relatively sharp peaks around 2.0 10\, which are consistent
with hydrogen bonding interactions. While correlations involving Ob
oxygen atoms exhibit weak yet appreciable features in both water and
choline patterns, those involving Oc species display poorly defined or
absent peaks, indicating weak to negligible hydrogen bonding, respec-
tively. Interestingly, all the correlations involving water present in-
tensities below unity, but appear slightly more structured and sharper
than those involving Hch.

Key differences among the correlations shown in Fig. 6 become
evident upon examination of the corresponding number of nearest
neighbours reported in Table 4.

Table 4 reveals that the -CD oxygen atoms Oa and Od are the most
effectively involved in hydrogen bonding with water and Ch, as indi-
cated by the high coordinating numbers of both Hw and Hch. In
contrast, ether oxygens Ob and Oc appear to play a negligible role in
hydrogen bonding with either water or Ch. These findings differ from
what was observed in the case of reline, where urea, acting as the HBD,
was able to form strong HBs with all the hydroxyl oxygen atoms of -CD.
In that system, all oxygen atoms exhibited N(r) values equal to or greater
than 0.25, indicating more effective interactions [39], fingerprinting a
closer approach of urea to the hydrophobic portion of p-CD.

The hydrogen bonding interactions where water oxygen and chloride
serve as HBA with the hydroxyl hydrogens of cyclodextrin are also
explored (Fig. 7).
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Fig. 5. Selected MD-computed RDFs between p-CD CoM and Ch (a), ClI™ (b) and
water (c) CoMs. The light grey shadowed area represents the p-CD wall. The
dashed blue-line refers to the distribution of water oxygen atoms around the
reference B-CD, taken from Ref. [39] for comparison purposes. (For interpre-

tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Therein, it emerges that both CI~ and Ow act as efficient hydrogen
bond acceptors (HBAs), with strong interactions, as reflected by pro-
nounced peaks at approximately 2.0 A and 1.8 A, respectively. These
observations are consistent with previous findings for the reline system,
where B-CD is strongly solvated via hydrogen bonds with both CI™ and
the oxygen atom of urea. In reline, the urea oxygen shows a peak at a
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Fig. 6. RDFs (continuous lines) and corresponding running neighbour numbers (dashed lines) for all the Ox---Hw (a) and Ox---Hch (b) correlations (x = a,b,c and d).
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Fig. 4. Schematic representation of a p-CD monomer (a) on the left, choline and chloride (b) in the middle and water (c) on the right side.

(©)

greater distance than CI™ [39], whereas in aquoline the opposite trend is
observed, with water exhibiting a closer correlation than chloride.

The effectiveness of all the HBs shown in Fig. 7 is also demonstrated
by the number of nearest neighbours for both CI~ and Ow species around
the hydroxyl hydrogens of $-CD (Table 5).

Data in Table 5 confirm the strong HBA character of Cl~ toward the
hydroxyl hydrogens of p-CD, with both Ha and Hd showing a relatively
high number of coordinating chloride ions. These results also emphasize
the key role of water: compared to reline, the number of coordinating
Ow atoms far exceeds the number of Ou atoms from urea for both hy-
droxyl positions [39]. To provide a comprehensive overview of the
hydrogen bonding interaction pattern, correlations between the choline
oxygen atom (Och) and the hydroxyl hydrogens of p-CD were also
analysed (Fig. S6 of the ESI). In both cases, the peaks are not well-
defined and display two main features: a low-intensity peak centred

Table 4

Number of nearest oxygen neighbours N(r) related to the hydrogen bonding
correlations between the hydroxyl oxygens of §-CD (Oa, Ob, Oc and Od) and the
hydrogen atoms of water (Hw), urea (Hu) in reline [39] and choline (Hch).

N(r) atr < 2.5 A

Correlation ~ Aquoline  Correlation ~ Reline Correlation ~ Aquoline
Oa-Hw 0.37 Oa-Hu 1.0 (2.9)" Oa-Hch 0.10
Ob-Hw 0.17 Ob-Hu 0.46 (2.8)" Ob-Hch 0.04
Oc-Hw 0.03 Oc-Hu 0.25 (3.0)" Oc-Hch 0.01
Od-Hw 0.34 0d-Hu 0.77 (2.9)*" Od-Hch 0.06

@ Average of the N(r) values for the two secondary hydroxyl hydrogens of §-CD
from [39].
b Integration distance different from 2.5 A, shown in the brackets.

N(r)
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Fig. 7. RDFs (continuous lines) and corresponding running neighbour numbers
(dashed lines) for the Hx---Cl~ and Hx---Ow correlations (x = a and d).

Table 5

Number of nearest oxygen neighbours N(r) related to the hydrogen bonding
correlations between the hydroxyl hydrogens of f-CD (Ha and Hd) and Cl™ and
the oxygen atom of water (Ow). For comparison, the coordination numbers of
Cl™ and Ou (urea oxygen) in reline were also reported [39].

N(r) atr < 3.0 A

Correlation Aquoline Correlation Reline

Ha-Cl 0.33 Ha-Cl 0.70

Hd-Cl 0.26 Hd-Cl 0.51°

Ha-Ow 0.63 Ha-Ou 0.22 (3.2 A)°
Hd-Ow 0.46 Hd-Ou 0.06 (2.7 A)*"

@ Average of the N(r) values for the two secondary hydroxyl hydrogens of §-CD
from [39].
b Integration distance different from 3.0 /°\, shown in the brackets.

around 2.0 A, indicating relatively weak hydrogen bonding interactions
between the species, and a broader signal that extends from approxi-
mately 3 A to around 6 A. These observations suggest that Ch behaves
more effectively as hydrogen bond donor (HBD) rather than HBA, also
considering results from Fig. 6.

Table S10 in the ESI presents the number of nearest neighbours
associated with the correlations displayed in Fig. S6. As shown in
Table S10, the number of Och species coordinating Ha and Hd is low,
consistent with observations in the reline system [39], thus confirming
the limited ability of choline to act as HBA toward the hydroxyl groups
of B-CD.

The role of the ammonium moiety in choline is also examined. In
particular, its positive charge may engage in electrostatic interactions
with the hydroxyl groups of $-CD, while the surrounding methyl groups
could contribute to dispersive interactions with the wall of the cyclo-
dextrin. Relevant and selected correlations are presented in Fig. S7 of the
ESI. Fig. S7 (a) demonstrates a strong affinity of the ammonium group
for both Oa and Od species, as indicated by a relatively sharp peak
centred around 4.3 A, suggesting well-defined electrostatic interactions.
Simultaneously, evidence of dispersive interactions is also observed: the
presence of structured features in the 4-7 A range for all the examined
carbon sites along the p-CD wall is consistent with interactions between
the outer surface of p-CD and the methyl groups surrounding the cho-
line’s ammonium moiety (Fig. S7 (b)). The most prominent peak is
associated with the Cf site, which corresponds to the most solvent-
exposed carbon atom on the p-CD surface. Its sharp and intense peak
points to a preferential spatial correlation with the trimethylammonium
group of choline, likely driven by dispersive forces. Drawing a parallel
with reline, where a similar behaviour is observed due to the ammonium
groups of urea [39], it can be suggested that, although less prominent
than hydrogen bonding interactions, dispersive interactions may also
play a role in preventing p-CD aggregation. Table S11 in the ESI
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summarizes the number of nearest neighbours corresponding to the
correlations presented in Fig. S7.

Overall, the MD analysis reveals a complex network of interactions
involving all aquoline components in solvating p-CD. By considering the
total number of nearest neighbours reported in Table S8 and Table S9 in
the ESI, the resulting distribution of ions (Cl~ and Ch) and water mol-
ecules, shown in Fig. 8, indicates a nearly 40:60 ratio, with water
prevalence. This distribution, notably differing from aquoline bulk
composition, likely underlies the observed solubility maximum at the
specific aquoline molar ratio (n = 4), highlighting the potential role of
ChCl as a hydrotrope. Rather than being driven by the deep eutectic
nature of aquoline, the solubility enhancement appears to stem from the
ability of ChCl to organize around p-CD while simultaneously allowing
an optimal amount of water to interact with it. At the aquoline
composition, this balanced arrangement gives rise to a rich interplay of
interactions, including hydrogen bonds mainly with hydroxyl groups of
B-CD, as well as electrostatic and dispersive forces.

4. Conclusions

This study presents a comprehensive solubility assessment of the
three native cyclodextrins (a-, f-, and y-CD) in aqueous choline chloride
(ChCl) mixtures across varying water:ChCl molar ratios (n = 2, 3, 4, 6
and 10) and temperatures (293, 303, and 313 K). Polarimetric mea-
surements show that all investigated CDs exhibit maximum solubility at
n = 4, corresponding to the deep eutectic composition of the ChCl-water
system (aquoline), where their solubility surpasses that in pure water.
B-CD, the least water-soluble native CD, shows an increase in solubility
of ~13 times at this molar ratio compared to water. Thermodynamic
analysis via Van’t Hoff plots indicate that the solvation mechanism is in
all cases endothermic (AHs, > 0), with solubility increasing with tem-
perature. Small-Angle X-ray Scattering (SAXS) measurements confirm
the absence of CDs’ aggregation in all tested ChCl-water mixtures, even
near saturation levels.

Classical Molecular Dynamics (MD) carried out on the $-CD/aquo-
line system provided atomistic detail to the characterization. Analysis of
the solvation environment reveals that B-CD is surrounded by an
approximately 40:60 ratio of ionic species (CI” and Ch) and water
molecules. This distribution suggests that the experimentally observed
solubility maximum at n = 4 likely arises from the cooperative contri-
bution of both ions and water. Within this network, Cl~ and water act as
effective hydrogen-bond acceptors (HBAs), particularly toward the Ha
and Hd hydroxyl hydrogens of p-CD. In contrast, choline primarily be-
haves as a hydrogen-bond donor (HBD) toward the Oa and Od oxygen
atoms of B-CD, while also participating in electrostatic interactions
through its ammonium group and dispersive contacts via its methyl
groups with the outer surface of the macrocycle. At aquoline composi-
tion, this balanced interplay of interactions enhances p-CD solubility
while preventing aggregation, suggesting a potential hydrotropic role of

I Chloride
I choline
[ water 59%

27% 14%

Fig. 8. Relative distribution of water, Cl and Ch ions involved in the first sol-
vation shell of p-CD.
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ChCl rather than attributing the solubility behaviour to aquoline deep
eutectic nature.

Although aquoline offers a favourable solvation environment for
B-CD, its effect is less pronounced than in reline. Systematic comparison
with reline highlights the superior ability of urea, acting as a strong HBD
in synergy with Cl1™ (Table 4 and Table 5, respectively), to enhance -CD
solubility. This is consistent with previous observations where urea,
upon addition to ChCl-water mixtures, promotes the exclusion of water
from the immediate outer surface of p-CD [34]. However, the present
study adds a new piece to the broader puzzle of CD research by
demonstrating, through the combined use of experimental and compu-
tational approaches, that the solubility of native CDs can be significantly
enhanced using water-based and environmentally friendly media. In
particular, aquoline emerges as a promising, sustainable, and
aggregation-free solvent platform for CDs applications.
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