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A B S T R A C T

Supramolecular deep eutectic solvents (SUPRADESs), formed by combining cyclodextrins (CDs) with hydrogen 
bond donors, enhance solvation efficiency while retaining CD inclusion capabilities. This study presents the first 
detailed structural analysis of a SUPRADES composed of β-cyclodextrin (β-CD) and lactic acid (LA) (1:30 molar 
ratio) using Molecular Dynamics simulations and X-ray scattering. Results reveal a well-dispersed system where 
LA molecules form stabilising sheaths around isolated β-CDs, preventing coalescence through optimized 
hydrogen bonding and dispersive interactions. The SUPRADES significantly improved solubilisation and reten
tion of water-insoluble trans-anethole (AN), demonstrating strong absorption capacity. While β-CD encapsulation 
of AN was limited, 2D ROESY NMR confirmed inclusion complex formation. These findings highlight the 
SUPRADES's unique microstructure and its potential as a sustainable, eco-friendly solvent for volatile organic 
compound (VOC) applications, offering insights for future green solvent design.

1. Introduction

Cyclodextrins (CDs) are natural cyclic oligosaccharides easily pro
duced by the enzymatic degradation of starch and commonly contain six 
(α-CD), seven (β-CD), or eight (γ-CD) D-glucopyranose units linked by 
α-(1,4) glycosidic bonds. They exhibit a hollow truncated cone structure 
with varying cavity sizes, characterised by a relatively hydrophobic 
interior and a hydrophilic outer surface (El Achkar, Moufawad, et al., 
2020). This unique architecture enables the formation of inclusion 
complexes with molecules that have low hydrophilicity and appropriate 
geometric sizes, driven by non-covalent host-guest interactions of a su
pramolecular nature (Crini et al., 2018a; Szejtli, 1998). Consequently, 
CDs find applications across diverse fields such as cosmetics, pharma
ceutics, food, and catalysis to enhance the solubility or stability of guest 
compounds (Crini et al., 2018b; Ferreira et al., 2015; Gonzalez Pereira 
et al., 2021; Kfoury, Auezova, et al., 2015, 2019; Loftsson & Brewster, 
1996; Marques, 2010). Although extensive research has focused on 

inclusion complexes in aqueous environments (Bhardwaj & Purohit, 
2023; Connors, 1997; Kfoury et al., 2018; Kfoury, Auezova, et al., 2019; 
Kumar & Purohit, 2024; Rekharsky & Inoue, 1998; Saokham et al., 
2018; Yu et al., 2015), few instances involve complex formation in water 
with the addition of a cosolvent (He et al., 2003; Kfoury, Geagea, et al., 
2019; P. Li et al., 1999; Nakhle et al., 2020) or in organic solvents (Kida 
et al., 2011; Usacheva et al., 2020). Deep eutectic solvents (DESs), a new 
category of environmentally friendly solvents, can be considered as low- 
melting-temperature mixtures resulting from the combination of two or 
more different compounds, which exhibit interactions leading to 
enthalpic-driven negative deviations from thermodynamic ideality 
(Abranches & Coutinho, 2023; Martins et al., 2019). Typically, the 
structural organisation deriving from the components involves 
hydrogen bonding interactions; thus, the components are designated as 
hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD) 
(Abbott et al., 2003; Smith et al., 2014). When two compounds capable 
of forming hydrogen bonds (HBs) are considered, the extended 
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hydrogen bond network formed is recognised as the primary factor 
contributing to the reduction of the melting point compared to an ideal 
mixture (Abranches & Coutinho, 2023; Martins et al., 2019; Smith et al., 
2014). The advantage of DESs lies in their ability to serve as “designer- 
solvents”: by carefully selecting their components, it is possible to adjust 
their properties, making them suitable for various applications (Abbott, 
2022; Dwamena, 2019; Ünlü et al., 2019).

Leveraging the tunability of DESs, numerous studies are now 
exploring the potential synergies between CDs and DESs to develop new 
media with essentially unique properties. For instance, the addition of 
methyl-β-CD to a glycerol-based DES exhibited heightened efficacy in 
polyphenol extraction (Athanasiadis et al., 2018). Another study 
employing static headspace-gas chromatography (SH-GC) demonstrated 
an increase in volatile organic compounds (VOCs) solubilisation by 
incorporating CDs into DES, albeit with lower formation constants for 
complexes compared with those observed in water (Moufawad et al., 
2019). Additionally, NMR studies have revealed complex formation 
within DESs for both nonsteroidal anti-inflammatory drugs (Dugoni 
et al., 2019) and VOCs (Di Pietro et al., 2019). More recently, re
searchers have explored the feasibility of crafting binary mixtures of CDs 
and other compounds to yield new media where DES's characteristic low 
melting point synergises with CDs' ability to encapsulate guest mole
cules. Notably, El Achkar et al. introduced a mixture of randomly 
methylated β-CD (RAMEB) and levulinic acid, which is devoid of a 
distinct melting/freezing point but exhibits significant prowess in sol
ubilising trans-anethole (El Achkar, Moufawad, et al., 2020). Subsequent 
efforts involved a binary mixture comprising modified β-CD (specifically 
HP-β-CD) and levulinic acid, effectively entrapping and solubilising 
trans-anethole (El Achkar, Moura, et al., 2020). Considering levulinic 
acid's attitude as a hydrogen bond donor and/or acceptor in various 
DESs (Gutiérrez et al., 2022; G. Li et al., 2016; Maugeri & de María, 
2012; Sánchez et al., 2019) and the ability of the aforementioned sys
tems to maintain a low melting point alongside CDs' capacity to capture 
guest molecules through supramolecular interactions, these systems 
were coined as SUPRAmolecular DESs (SUPRADESs) (Janicka et al., 
2022; Kfoury et al., 2022).

The development of SUPRADESs is only in its infancy, but recent 
years have witnessed a notable surge in interest in these media. For 
instance, a recent study showcased various SUPRADESs containing 
different CDs and lactic acid as effective media for headspace single- 
drop microextraction (HS-DME) coupled with high-performance liquid 
chromatography (Farooq et al., 2021). SUPRADESs have been used for 
the solubilisation of anti-inflammatory drugs (El Masri et al., 2022) and 
to capture volatile organic compounds (VOCs) of diverse nature (Gui 
et al., 2024; Kfoury et al., 2024). Understanding the interaction mech
anisms among the various components of a SUPRADES and potential 
guest encapsulation is crucial. Triolo et al. provided a pioneering 
exploration into the structural organisation of the prototypical SUPRA
DES composed of heptakis(2,6-di-O-methyl)-β-cyclodextrin (DiMeβ-CD) 
and levulinic acid at a molar ratio of 1:27. Their findings revealed that 
the interplay between hydrogen-bonding and dispersive interactions 
prevents CD aggregation, maintaining a stable liquid phase and pre
serving the capability for inclusion complex formation (Triolo et al., 
2023). A similar investigation was conducted on SUPRADES consisting 
of RAMEB and ethylene glycol at a molar ratio of 1:40, where the ability 
to solubilise ChCl3 was attributed to the presence of van der Waals forces 
(Gui et al., 2024).

Recently, a supramolecular system composed of natural β-cyclo
dextrin (β-CD) and lactic acid (LA), in a 1:30 molar ratio, has been 
introduced and evaluated against a related system utilising maltodex
trin. Therein, the β-CD-based SUPRADES demonstrated markedly su
perior retention capabilities for both (− )-limonene and (− )-terpinen-4- 
ol when compared to the maltodextrin-based system. This underscores 
the significant potential of cyclodextrins in maintaining encapsulation 
capacity when engaged in the SUPRADES environment. Moreover, the 
absence of a crystallization point for this SUPRADES has been assessed: 

only a glass transition at ca. -70 ◦C was detected, thus enabling the use of 
this solvent medium over a broad liquid window (Kfoury et al., 2024).

The proposed SUPRADES is fully environmentally sustainable as it is 
based on β-CD and LA, both of which are naturally occurring compounds 
(derived from potatoes, corn, maize, and cassava starches for β-CD and 
from corn, beets and cane sugar carbohydrates for lactic acid). Both 
SUPRADES ingredients are biodegradable, making the solvent eco- 
sustainable and more environmentally friendly compared to organic 
solvents, synthesized solvents (e.g., ionic liquid) and other DESs derived 
from less natural or synthetic chemicals.

We propose the hypothesis that β-CD and LA can effectively interact 
with one another, resulting in a stable and homogeneous solvent me
dium, as a consequence of an intricate balance of hydrogen bonding and 
dispersive interactions. However, this proposal can be disputable, 
especially considering the role played by β-CD hydroxyl groups in 
depressing β-CD solubility in protic solvents, such as water, glycerol or 
ethylene glycol. Taking into account the supramolecular nature of the 
solvent, we further hypothesise that this supramolecular medium will 
possess considerable absorption capacity for trans-anethole (AN), 
thereby affirming the significant role of β-CD's host capabilities. The 
validation of these hypotheses could signify a significant advancement: 
the effective retention of β-CD's inclusion capacity, while ensuring a 
substantial concentration of β-CD in the solvent medium, is a highly 
sought-after objective in supramolecular chemistry.

In this context, our study preliminarily aims at providing a detailed 
analysis on the structural architecture of the β-CD and LA (at 1:30 molar 
ratio) supramolecular medium, using Molecular Dynamics (MD) simu
lations supported by X-ray scattering experiments. We then explore the 
retention and absorption capabilities of this SUPRADES (with and 
without water additions) towards trans-anethole (AN). Ultimately, our 
goal is to develop and rationalise a system that remains in the liquid 
state even down to rather low temperature, preventing β-CD aggrega
tion, and shows high absorption capacity for a VOC of significant 
interest.

2. Materials and methods

2.1. Materials

β-cyclodextrin (β-CD) was sourced from Wacker-Chemie (Lyon, 
France). L-Lactic acid (LA) (anhydrous, 98 %) was acquired from Fisher 
Scientific (France) and trans-anethole (AN) 99 % was provided by 
Aldrich (France). All compounds were utilised as received, and deion
ised water was employed in all procedures when necessary. The struc
tures of the compounds used in this work are shown in Fig. 1.

2.2. Preparation of the β-CD:LA SUPRADES and its mixtures with water

The supramolecular DES (SUPRADES) β-CD:LA was obtained by 
heating and stirring technique. β-CD was combined with LA in a β-CD:LA 
molar ratio equivalent to 1:30. The mixture was heated at 333.15 K with 
constant stirring until a homogeneous liquid was achieved. The resulting 
SUPRADES remained in a liquid state at room temperature, with a water 
content of. 5.28 ± 0.22 % (Kfoury et al., 2024), determined using a Karl 
Fischer titration method with a DL31 Volumetric KF Titrator (Mettler 
Toledo DL31). SUPRADES-water mixtures were then prepared adding 
deionised water at different water contents (wt%). In particular, four 
different mixtures were produced with 10 wt%, 25 wt%, 50 wt%, and 75 
wt% water.

For the investigation of AN retention, two additional mixtures were 
formulated: one comprising an aqueous solution of β-CD (at its 
maximum solubility in water, 18.5 mg/mL (Brewster & Loftsson, 2007)) 
and another containing LA and water, with amounts adjusted to match 
the molar ratio found in the pure SUPRADES between β-CD and LA.
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2.3. X-ray scattering experiments

X-ray total scattering experiments were performed at the Diamond 
Light Source (UK), using the I15–1 XPDF beamline, with an energy of 
76.69 keV (0.161669 Å). Data were acquired by a Perkin Elmer XRD 
4343CT detector positioned 700 mm away, and for collecting low-angle 
scattering a beam stop was employed. The sample was inserted in a glue- 
sealed 1.5 mm borosilicate capillary and loaded onto the beamline via 
an automated robot system. The measurement, including relevant 
background and empty capillary data for processing, was taken over 
approximately 10 min and the sample was analysed at room tempera
ture (Bracchini et al., 2024). The data were processed into 1D format 
using DAWN software. Corrections for background noise, absorption, 
polarisation, and Compton scattering were applied using GudrunX 
(Soper, 2011).

A Xeuss 2.0 Q-Xoom system (Xenocs SA, Sassenage, France) with a 
micro-focus Genix 3D X-ray source (λ = 0.1542 nm) and a two- 
dimensional Pilatus3 R 300 K detector that can be positioned at 
different distances from the sample was used to perform the Small Angle 
X-ray Scattering (SAXS) measurement at the SAXS Lab Sapienza. The 
measurement was conducted to cover a Q range of 0.04 < Q (Å− 1) < 3.5 
and data were collected at room temperature (ca. 293 K). The sample 
was inserted into a quartz capillary with a thickness of 1.0 mm and 
sealed with hot glue.

2.4. Computational details

Molecular dynamic calculations were performed through the GRO
MACS 2021.3 package (Hess et al., 2008; Van Der Spoel et al., 2005). 
Bonded and non-bonded parameters for the β-CD were derived from q4- 
MD force field (Cézard et al., 2011; Gebhardt et al., 2018; Zhang et al., 
2012), while for the LA species an all-atoms potential OPLS-AA was 
used, obtained through the LigParGen webserver (Dodda, De Vaca, 
et al., 2017; Dodda, Vilseck, et al., 2017; Jorgensen et al., 1996; Jor
gensen & Tirado-Rives, 2005).

The simulation was performed using a cubic box of 40 β-CD units and 
1200 LA molecules, thus reproducing the experimentally used molar 
ratio 1:30; periodic boundary conditions were applied. Initial configu
rations were created by Packmol software (Martinez et al., 2009), the 
starting box dimension in both simulations was fixed at 6 nm. The 
equilibration phase was developed in many steps, starting with an NVT 
simulation at 400 K, followed by a series of NPT runs that gradually 
reduced the temperature to its final value of 350 K. Pressure was held 
constant for all systems at 1 bar, and a total of 12 ns equilibration runs 
were performed.

After the equilibration process, the system was run for 50 ns in a 
production run before generating a final 2 ns trajectory and saving it at a 
frequency of 1 ps for structural property calculation. Simulations were 
always evaluated against the energy and density profiles. We employed 
a velocity rescaling thermostat (Bussi et al., 2007) (with a time coupling 

constant of 0.1 ps) for the temperature coupling and a Parrinello–Rah
man barostat (Parrinello & Rahman, 1981) (1 ps for the relaxation 
constant) while for the pressure coupling, during the production runs. 
The equations of motion were integrated using the Leap-Frog algorithm 
with a 1 fs time step. Cut-offs for the Lennard- Jones and real space part 
of the Coulombic interactions were set to 16 Å.

The Particle Mesh Ewald (PME) summation method (Darden et al., 
1993; Essmann et al., 1995) was applied for the electrostatic in
teractions, with an interpolation order of 6 and 0.08 nm of FFT grid 
spacing. Structure factors and selected pair correlation functions and 
angular distribution functions were calculated through TRAVIS (Brehm 
et al., 2020; Brehm & Kirchner, 2011; Hollõczki et al., 2015). The gmx 
energy routine of Gromacs was used to evaluate the interaction energies 
between different moieties in the system, in terms of their dispersive 
(Edisp) and Coulombic (ECoul) contributions.

2.5. Density and viscosity measurements

Density (ρ) and viscosity (η) measurements were conducted using a 
Stabinger SVM 3001 apparatus from Anton Paar. Temperature control 
was maintained within 0.005 ◦C. All measurements were performed 
under atmospheric pressure over the temperature range of 
293.15–323.15 K.

2.6. Surface tension measurements

Surface tension (γ) was determined using the pendant drop method 
with the Attension-Theta Flex instrument (Biolin Scientific, Finland). 
The droplet of air is attached to an inverted needle immerged in the 
sample. Measurements were conducted at 293.15 K, and each sample 
was measured at least four times to ensure accuracy. The mean values 
and related errors were calculated and reported for each sample.

2.7. Static headspace-gas chromatography experiments (SH-GC)

The SH-GC experiments were performed utilising a Thermo Scienti
fic™ TriPlus™ 500 Headspace Sampler connected to a TRACE™ 1300 
Series GC featuring a flame ionisation detector and a DB624 column 
with nitrogen as the carrier gas. The GC column temperature stayed 
constant at 393.15 K throughout the experiments. Glass vials, with a 
volume of 22 mL, were prepared for headspace sampling, sealed, and 
kept at 303.15 K with stirring for 24 h to establish equilibrium between 
the liquid and gaseous phases. Subsequently, 1 mL of the gaseous phase 
was extracted from the vial and fed directly onto the chromatographic 
column for analysis (Kfoury et al., 2024).

2.7.1. Determination of vapour-liquid partition coefficients
The vapour-liquid partition coefficient (K) is a key parameter related 

to the mass distribution between the gas and liquid phases in equilib
rium and it can be easily determined through the solute's solubility in the 

Fig. 1. Structure of the compounds used in this study.
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liquid phase. It is calculated as the ratio of solute concentrations in the 
gas and liquid phases, using the following equation: 

K =
CG

CL
(1) 

Here, CG and CL represent the concentrations of the solute in the gas 
and liquid phases, respectively. To determine the K values for the 
investigated mixtures, we employed a well-established procedure, 
which is a combination of two different methods, as already shown in 
previous studies (Gui et al., 2024, 2025; Villarim et al., 2022, 2024). We 
applied the phase ratio variation method described by Kolb and Ettre to 
determine the K values in water (Kolb & LS, 2006), while the vapour 
phase calibration method was employed to establish the VOC partition 
coefficients in the absorbent. A detailed description of the K values 
calculation can be found in previous works (Gui et al., 2024; Moura 
et al., 2017; Villarim et al., 2022, 2024). VOC was added at known 
concentrations to precise masses of the investigated mixtures (3 g) in 
vials with a 20 mL volume. After, samples were stirred under magnetic 
agitation and equilibrated for 24 h before SH-GC analysis at 303.15 K. 
The distribution of VOCs between phases occurred according to ther
modynamically controlled equilibrium constants.

2.7.2. Determination of the formation constant with SH-GC
The calculation of the formation constant (Kf) for the β-CD/AN in

clusion complex was calculated at 303.15 K using a titration technique 
established by Decock et al. (Decock et al., 2008). Vials were assembled 
by introducing a consistent amount of AN to 3 g of SUPRADES-water 
mixtures considering different β-CD concentrations (ranging between 
0 and 0.34 M). Subsequently, the vials underwent treatment and anal
ysis in accordance with the methodology outlined in the preceding 
section (Section 2.7) via SH-GC. Finally, an algorithmic method based 
on eq. (2) was applied to determine Kf value from the experimental data 
(Decock et al., 2008; Landy et al., 2000): 

[β − CD/AN] = −
1
2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[(
1
Kf

+ [β − CD]T + [AN]T

)]√

+
1
2

(
1
Kf

+ [β − CD]T + [AN]T

) (2) 

where [β-CD/AN] represents the concentration of the inclusion complex 
formed, while [β-CD]T and [AN]T denote the initial concentrations of 
β-CD and the volatile guest, respectively.

2.7.3. Retention study
Vials were prepared by adding an appropriate quantity of AN to 

previously measured 3 g of SUPRADES-water mixtures (0,10, 25, 50, 75, 
and 100 wt% water). The percentage of retention was determined using 
the following formula: 

Retention (%) =

(

1 −
Am

Aw

)

×100 (3) 

Here, Am and Aw represent the peak areas of AN in the SUPRADES- 
water mixtures and pure water, respectively.

2.8. NMR study

A Bruker Avance III spectrometer with a multinuclear z-gradient 
BBFO probe head and a 400 MHz operating frequency for the proton 
nucleus was used for the NMR experiment. Standard 5-mm NMR tubes 
with D2O inserts were utilised, and the probe temperature was set at 
30 ◦C. Using the troesyph off-resonance pulse program (from the Bruker 
library), a mixing time of 800 ms was applied during spin-lock for the 
2D-ROESY spectrum of the β-CD/AN complex in the β-CD:LA mixture. 
512 tests with 142 scans in F1 and a temporal domain of 2048 K in F2 
were used to implement the States-TPPI approach. The sample was 

prepared as follows: approximately 300 mg of β-CD and 700 mg of LA 
were used for SUPRADES preparation, followed by the addition of 250 
μL of D₂O and 5 μL of pure AN. The mixture was filtered before per
forming the NMR measurements.

3. Results and discussion

3.1. β-CD:LA structural features

The liquid structure organisation of the β-CD:LA SUPRADES was 
characterised by means of wide-angle X-ray Scattering (WAXS) and 
small-angle X-ray Scattering (SAXS). When comparing the experimental 
and simulated WAXS patterns, particularly in the Q-range > 2 Å− 1, we 
observe a generally good agreement. Despite deviations in intensity at Q 
values <2 Å− 1 (likely due to the finite size of the simulation box), the 
overall similarity confirms the success of MD calculations in reproducing 
structural features.

The experimental SAXS pattern (inset of Fig. 2) differs from the one 
of related systems, such as the β-CD-Reline mixture (Triolo et al., 2020), 
β-CD in the [C2mim][OAc] ionic liquid (Triolo et al., 2022), and finally 
the aqueous solution of β-CD (Kusmin et al., 2008), due to the high β-CD 
concentration in the present SUPRADES, as compared to the other more 
dilute mixtures. On the other hand, the present experimental pattern is 
comparable to that reported for the other SUPRADES DiMeβ-CD-LevAc, 
where comparable CD content was considered (Triolo et al., 2023), 
consistently with the observation that no CD flocculation occurs, and the 
latter are distributed homogeneously in the sample. This observation is 
further supported by the MD simulation snapshot in Fig. 3, where one 
can observe that β-CDs maintain close to each other (that is reasonable, 
considering the CD content), but without forming fully segregated 
aggregates.

To further investigate the structural organisation of the SUPRADES, 
we then explored the outcome of the MD simulation trajectory. Specif
ically, we examined intermolecular interactions among SUPRADES 
components by studying various Radial Distribution Functions (RDFs) or 
g(r)s.

Fig. 4 presents selected g(r) functions highlighting specific correla
tions between the β-CD centre of mass (#2) and either the #2 position of 
lactic acid (LA), or other LA sites (namely O1 and C3). To distinguish 
correlations occurring inside versus outside the β-CD walls, we also 
determined the RDF between the centre of mass of β-CD (#2β-CD) and 
all other β-CD atoms within the macromolecule (Triolo et al., 2023), 

Fig. 2. Experimental (blue line) and computed (red line) X-ray weighted nor
malised structure factors (S(Q)) for the β-CD:LA SUPRADES system at room 
temperature. In the inset, the experimental SAXS data for the probed system at 
room temperature are shown.
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represented by the yellow pattern in Fig. 4. Accordingly, at distances r <
3 Å, we monitor the content of the CD cavity, while for r > 8 Å, we probe 
the external environment surrounding the reference CD.

The #2β-CD-#2LA g(r) shows a distinct peak closer to the CD wall, 
centred at about 10 Å, suggesting that CD solvation in the SUPRADES is 
sustained by LA molecules that are very close to the CD wall.

Similarly to the DIMEB:LevA system, by integrating the #2β-CD- 
#2LA g(r) up to 3 Å, one detects ca. 1 LA molecule enclosed inside the 
β-CD (Triolo et al., 2023). There is limited LA presence within a distance 
range between 3 Å and 8 Å. Then, by integrating up to 12 Å (i.e. up to 
first solvation shell), one finds that ca. 35 LA molecules are located, on 
average, around the reference β-CD; such a quantity closely matches the 
chosen molar ratio between β-CD and LA, which was chosen to achieve a 
stable mixture. This observation confirms the importance of selecting an 
optimal molar ratio between CD and molecular compound to ensure an 
effective CD solvation in SUPRADES (Triolo et al., 2023).

Based on these observations, the structural organisation of the 
SUPRADES system appears to be characterised by surrounding layer of 
LA molecules that effectively keeps the cyclodextrins well-separated 
and, hence, avoids the β-CD coalescence that is observed, e.g. in water.

A more thorough examination of the RDFs depicted in Fig. 4 pro
vided additional insights into the LA organisation surrounding β-CD. The 
LA oxygen atoms (data shown for O1 only) distribute around the β-CD 
wall, as indicated by a well-defined, sharp peak centred around 9 Å for 
the #2β-CD-O1 correlation.

Furthermore, in contrast to the DiMeβ-CD:LevAc SUPRADES system, 
where no distinct correlations were observed, the interaction between 
β-CD and the methyl carbon (C3) of LA exhibits a relatively intense and 
well-structured feature, centred around approximately 10 Å (Triolo 
et al., 2023). This difference might be related to the different size be
tween LA and the levulinic acid and represents a hint on how neighbour 
β-CD molecules are maintained separated to ensure their homogeneous 
distribution in the system.

Considering that β-CD presents 21 HB donor sites and 35 HB acceptor 
sites, while LA includes three acceptor oxygens (O1, O2, and O3) and 
two hydrogens (H2 and H3) that can serve as HB donors, we interro
gated our MD trajectory for the conceivable hydrogen bonding in
teractions. Most likely, these will be the predominant interactions taking 
place in this system.

The hydrogen bonding interactions within the examined system 
were primarily analysed through the computation of RDFs involving the 
possible correlations between the β-CD hydrogen bond acceptor/donor 
sites and the LA hydrogen bond acceptor/donor moieties.

In Fig. S1 a) to c) of the ESI, we monitored the correlations involving 
the hydroxyl hydrogens of β-CD (Ha and Hd, belonging to the upper and 
lower rims, respectively, see Scheme 1), which serve as donors to the LA 
oxygen atoms (O1, O2 and O3). Except for the correlations involving the 
O1 oxygen, where the feature around 2 Å appears as a shoulder to a 
primary peak at approximately 3.5 Å, we clearly observe well-defined 
peaks centred around 2.0 Å. These peaks are indicative of the estab
lishment of hydrogen bonding interactions between lactic acid and 
β-CD.

A clear preference emerges for the LA oxygen atoms to interact with 
the Ha hydroxyl group. This is evidenced by g(r)s displaying the highest 
intensity and the largest number of nearest neighbours compared to 
those involving Hd (Table 1).

The preference for Ha is attributed to the greater mobility and 
accessibility of this hydroxyl hydrogen compared to Hd. Moreover, one 
should also consider the increased freedom resulting from Ha lower 
propensity to engage in intramolecular hydrogen bonding, at odd with 
Hd sites, which have neighbour hydroxyl groups in adjacent glucopyr
anose rings.

Furthermore, it is evident that the examined hydroxyl hydrogens of 
β-CD predominantly engage in hydrogen bonding interactions with the 
carboxylic oxygen (O3) of LA.

The investigation into hydrogen bonding interactions within the 
studied system was extended with the aid of Fig. S2 in the ESI, illus
trating correlations between all the acceptor sites of β-CD (Oa-Od sites in 
Scheme 1) and H2 and H3 in LA. In Fig. S2 (a), the g(r)’s Oa-H2 and Od- 
H2 are characterised by intense and well-defined peaks at 1.8 Å. In this 
case, it emerges again the enhanced tendency of β-CD primary hydroxyl 
groups to engage into HB interactions: specifically, when integrating 
over a distance of about 2.5 Å, we observe a value of approximately 0.40 
for the Oa-H2 correlation and around 0.21 for the Od-H2 correlation, 
suggesting H2 preference to interact with Oa rather than Od. On the 
other hand, Oa-H3 and Od-H3 g(r)s show only weak peaks at ca. 2 Å, 
suggesting that Oa and Od prefer engaging hydrogen bonding in
teractions with H2 rather than H3 sites in LA, likely due to the more 
acidic nature of a carboxylic hydrogen compared to that of a hydroxyl 
hydrogen.

Concerning the other β-CD oxygen atoms (Ob and Oc), their 
engagement into correlations with either H2 or H3 in LA are 

Fig. 3. Representative snapshot of the studied β-CD:LA SUPRADES, where only 
the β-CD molecules are shown (licorice representation).

Fig. 4. Selected MD-computed Radial Distribution Functions (RDFs) between 
β-CD centre of mass (indicated as #2β-CD) and LA centre of mass (indicated as 
#2LA) and other relevant atoms. The yellow shadowed area is related to the 
intramolecular RDF between #2β-CD and all other β-CD atoms.
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characterised by much weaker g(r) peaks, indicating weaker hydrogen 
bonding correlations (Fig. S2 (b)).

The system exhibits a highly intricate hydrogen-bonding network, 
further modulated by the presence of intramolecular hydrogen bonds 
between adjacent cyclodextrin units. As shown in Fig. S3, the secondary 
hydroxyls of β-CD participate in strong intramolecular hydrogen 
bonding interactions. The combined distribution function (CDF) for a 
representative correlation between the Hd hydrogen of one glucopyr
anose unit and the Od oxygen of an adjacent glucopyranose unit reveals 
a distinct hot spot. This hot spot is centred at a distance of approximately 
1.8 Å with an angular range of 0–30◦, consistent with strong hydrogen 
bonding interactions.

Hydrogen bonding interactions between LA molecules were also 
evaluated. Fig. S4 in the ESI displays the correlations involving both the 
carboxylic and hydroxyl groups of LA. Once again, the carboxylic region 
demonstrates a strong propensity to engage into strong hydrogen bonds. 
Specifically, very sharp and intense peaks are observed around 1.8 Å for 
the O3-H2 correlation, which also shows the highest number of nearest 
neighbours (approximately 0.5 at 3.0 Å). Additionally, a distinct ten
dency for the hydroxyl group, consisting of O2 and H3, to establish 
correlations with the carboxylic moiety of another LA molecules is 
evident. This is reflected in the clear presence of sharp and intense peaks 
around 2.0 Å for both O2-H2 and O3-H3 correlations.

We next explored the existence of correlations between LA molecules 
and β-CD which are not driven by HB interactions. β-CD oxygen atoms 
and LA carbon atoms g(r)s are shown in Fig. S5 in the ESI: while in
teractions involving Ob and Oc with all LA carbon atoms exhibit rela
tively unstructured peaks, distinct patterns emerge for the cases of Oa 
and Od, likely due to molecular ordering driven by HB interactions.

Correlations between selected carbon atoms of cyclodextrin (specif
ically, those near the ether groups and the carbon directly bonded to the 
hydroxyl group) and LA methyl carbon atoms are shown in Fig. S6 in the 
ESI. Relatively defined peaks are observed, though all have intensities 

maintain below unity. The most prominent and structured feature, 
corresponding to the Ca–C3 correlation, with a peak centred around 
4.0 Å, is driven by HB interactions.

Structured features are also evident for the carbon atoms near the 
ether oxygens of cyclodextrin, specifically Cc and Cf, highlighting the 
existence of weak hydrophobic interactions between apolar portions of 
the SUPRADES. Such an interaction, though of weak extent, turns out to 
be fundamental to avoiding adjacent β-CD to coalesce and phase sepa
rate, as it happens with β-CD dissolved in water.

The above described intricacy between hydrogen bonding and 
dispersive interactions leading to a structurally homogeneous SUPRA
DES is reflected by the interaction energy between β-CD and LA. We 
decomposed the interaction energy between these moieties into 
dispersive (van der Waals interactions, Edisp) and coulombic (ECoul, 
including hydrogen bonding) contributions and obtained Edisp =

− 16,800 kJ/mol and ECoul = − 14,650 kJ/mol for the two terms. Their 
very similar values reflect the strong interplay between these two kinds 
of interactions in SUPRADES, analogously to what was detected for 
other SUPRADES systems (Triolo et al., 2023).

Overall, the structural organisation of the system manifests as 
remarkably complex; it is primarily driven by the strong, diverse 
hydrogen bonding interactions between β-cyclodextrin (β-CD) and lactic 
acid (LA), but with a fundamental role played by dispersive interactions. 
An extensive solvation network is generated as a result, which effec
tively ensures the separation of β-cyclodextrin molecules, thus main
taining the mixture as overall homogeneous.

The emerging solvation scenario is expressed by a sort of LA sheath 
wrapping around β-CD walls, where LA molecules prevalently interact 
with β-CD through hydrogen bonding interactions, with the establish
ment of weak dispersive interactions between apolar moieties.

In this scenario, the stoichiometric ratio between β-CD and LA most 
likely plays a crucial role in shaping and stabilising the structural 
organisation, by promoting a balance between polar and dispersive in
teractions, thus effectively maintaining cyclodextrins separated between 
each other and preventing aggregation.

3.2. SUPRADES-water mixtures characterisation

The experimental density and dynamic viscosity values for the 
different SUPRADES-water mixtures are reported as a function of the % 
wt. water content, in Tables S1 and S2, respectively, in the ESI. Both 
density and dynamic viscosity values are shown as a function of tem
perature in the temperature range 293.15–323.15 K. The temperature 
dependence of the reported parameters (Fig. 5) was described with two 
different equations: a quadratic relationship for the density and the 

Scheme 1. Schematic representation of a β-CD monomer (left, indicated as CD in the MD investigation) and LA (right).

Table 1 
Number of nearest oxygen neighbours N(r) related to the hydrogen bonding 
correlations between the hydroxyl hydrogens of β-CD (Ha and Hd) and the ox
ygen atoms of LA (O1, O2 and O3).

Correlation Solvation shell extent (Å) N(r)

Ha-O1 3.0 0.22
Hd-O1 3.0 0.16
Ha-O2 3.0 0.29
Hd-O2 3.0 0.20
Ha-O3 3.0 0.37
Hd-O3 3.0 0.31
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Vogel-Fulcher-Tamann model for the dynamic viscosity. The corre
sponding fitting parameters are listed in Table S3 in the ESI. Since the 
dynamic viscosity of the pure SUPRADES at 303.15 K does not vary with 
the shear rate, it can be defined as a Newtonian fluid, specifically 
showing a dynamic viscosity of 1.82 ± 0.19 Pa•s (Kfoury et al., 2024). It 
is important to highlight that the higher viscosity compared with 
traditional DESs or LTTMs is possibly attributed to the robust hydrogen 
bonding network characteristic of these supramolecular mixtures 
(Triolo et al., 2023).

Given this high value for dry SUPRADES, we were able to measure 
the density and dynamic viscosity only for the SUPRADES-water 
mixtures.

Although our experimental investigation did not specifically inves
tigate dry SUPRADES, it is worth comparing with findings from other 
pure supramolecular mixtures. Chengmin et al. highlighted a decrease in 
these parameters with increasing temperature for different RAMEB and 
CRYSMEB-based SUPRADESs, suggesting that, in the framework of 
VOCs absorption, higher absorption temperatures enhance fluidity (Gui 
et al., 2024, 2025). A similar trend has been noted for various SUPRA
DESs based on levulinic acid and modified β-CD (El Achkar, Moura, 
et al., 2020).

The specific effect of water content on density and dynamic viscosity 
was investigated at 298.15 K and it is presented in Fig. 6. The depen
dence on water exhibits two distinct trends for the two physical vari
ables under investigation: density shows a clear linear decrease, whereas 

dynamic viscosity follows an exponential decay.
In line with RAMEB-based supramolecular systems, there is a 

decrease in dynamic viscosity with increasing water content, leading to 
enhanced fluidity (El Masri et al., 2022). A similar trend is evident in 
various low melting mixtures incorporating β-CD derivatives and N,N′- 
dimethylurea, although the observed patterns lack systematicity 
compared with our findings (Jérôme et al., 2014) (Fig. 6, (b)).

This result highlights the potential to modulate key properties such 
as fluidity, which is crucial for practical applications. As shown in Fig. 6, 
dynamic viscosity significantly decreases from 10 wt% to 25 wt% water 
content while maintaining good absorption capacity for AN (as further 
discussed in the next section). This decrease may be attributed to the 
interference of water with the strong hydrogen bond network formed by 
β-CD and LA, making it more flexible, as previously observed in various 
DESs (Kivelä et al., 2022; López-Salas et al., 2019; Shah & Mjalli, 2014).

Next, the impact of water on the surface tension (γ, mN/m) of 
SUPRADES-water mixtures was examined at 293.15 K. The corre
sponding data are shown in Fig. 7.

Surface tension raises with increasing water content, following an 
exponential trend described by eq. 3 in the ESI. Currently, there are no 
existing studies on the surface tension of SUPRADESs. However, we can 
compare our results with those obtained for traditional LA-based DESs, 
which exhibit a different behaviour. For example, for the case of ChCl:LA 
(1:2) DES, surface tension remains nearly constant with increasing water 
content at 293.15 K, observing an increase only at a water molar fraction 

Fig. 5. Experimental values for the denisty (a) and the dynamic viscosity (b) of the SUPRADES-water mixtures. Solid lines represent the fits for both parameters.

Fig. 6. Relationship between density and water content (wt%) at 298.15 K (a). Relationship between dynamic viscosity and water content (wt%) at 298.15 K (b). The 
solid red lines represent the data interpolation.
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xH2O > 0.9 (Chen et al., 2019). Conversely, Savi et al. observed a 
reduction in surface tension at 298 K for the LA:glucose (5:1) NADES as 
water content increased to achieve a final molar ratio of 5:1:3 (LA: 
glucose:water) (Savi et al., 2019). Similarly, in a NADES composed of 
betaine (BET) and LA in a molar ratio of BET:LA 1:2, a decrease in 
surface tension is noted with higher water content (Mohd Fuad & Mohd 
Nadzir, 2022).

The decrease in surface tension with lower water content (Fig. 7) can 
be attributed to the distinct composition of our SUPRADES compared to 
LA-based DESs. Its complex hydrogen bond network (discussed in the 
MD section) may disrupt water's intermolecular interactions, reducing 
surface tension. The same behaviour was observed in aqueous solutions 
of HP-β-CD (hydroxypropyl-β-CD): as its concentration in aqueous so
lutions increases, a noticeable decrease in surface tension is observed 
(Häusler & Muller-Goymann, 1993; Motoyama et al., 2009). This effect 
was attributed to the strong hydrogen bonding interactions between HP- 
β-CD and water molecules(Khuntawee et al., 2017), which may easily 
disrupt the HB network of water. As a result, increasing HP-β-CD con
centrations lead to a reduction in surface tension.

Additionally, it is important to consider that pure SUPRADES has a 
lower surface tension than water (approximately 44.97 mN/m from the 
trend shown in Fig. 7), thus the SUPRADES/water mixture gradually 
approaches water's surface tension as the system shifts from water-in- 
DES to DES-in-water.

3.3. Trans-anethole absorption

AN is a prominent constituent of star anise and is renowned for its 
natural flavouring properties and antimicrobial attributes, which 
enhance food preservation. Despite its benefits, AN's utility is hampered 
by its high volatility and minimal solubility in water, along with sus
ceptibility to degradation from air, light, or heat during food processing. 
To overcome these limitations, inclusion complexes with CDs offer a 
promising solution (Kfoury, Auezova, et al., 2014; Kfoury, Landy, et al., 
2014). Therefore, the capacity of the investigated SUPRADES to absorb/ 
retain AN was evaluated using SH-GC. In particular, the absorption was 
first evaluated by calculating the partition coefficients (K) of AN in pure 
SUPRADES and in the various SUPRADES-water mixtures at 303.15 K. 
The obtained values are presented in Table 2, along with the ratios 
Kwater/Kabsorbent. All experiments were conducted at the same equilib
rium time, allowing for direct comparison of the obtained K values with 
those in water.

First, it is evident that the AN absorption in the investigated 

SUPRADES-water mixtures decreases with higher water content (wt%). 
This trend is reflected in the rising K values, indicating reduced VOC 
absorption. Particularly noteworthy is the exceptional retention effi
ciency of pure SUPRADES, which exhibits up to a 300-fold higher ab
sorption efficacy for AN than pure water, as indicated by the partition 
coefficients. Equally remarkable is the value observed in the LA-water 
mixture and the absorption capability demonstrated by β-CD in water 
(refer to Table 2).

Water influence can be attributed to the transition, at low water 
content, from a water-in-DES system to a DES-in-water one. This shift 
progressively reduces the AN solubility (due to its poor solubility in pure 
water), leading to a decrease in the partition coefficient.

AN absorption has been previously assessed in other supramolecular 
mixtures comprising levulinic acid (utilised as HBD) and various 
modified β-CDs (acting as HBAs). Of significant note is the outstanding 
efficacy displayed by the β-CD:LA SUPRADES, yielding a K value com
parable to those obtained in the HPBCD:Lev, CRYSMEB:Lev, and Cap
tisol®:Lev mixtures (El Achkar, Moura, et al., 2020). Through SH-GC 
measurements, the solubility of AN was assessed in a RAMEB-based 
supramolecular DES, revealing a 1300-fold increase in solubility 
compared with that observed in pure water (El Achkar, Moufawad, 
et al., 2020).

3.4. Determination of the formation constant

To investigate the ability of β-CD to encapsulate and dissolve AN, the 
formation constant of the β-CD/AN inclusion complex was determined 
at 303.15 K using SUPRADES-water mixtures (details concerning the 

Fig. 7. Surface tension as a function of water content (wt%) at 293.15 K. The 
red solid line is related to the employed fitting procedure. The green dot rep
resents the surface tension value of pure water (Vargaftik et al., 1983).

Table 2 
Partition coefficient (K) values of trans-anethole (AN) in water and in the tested 
absorbents and ratios Kwater/Kabsorbents at 303.15 K. (a)this work and (b) El Achkar 
et al.(El Achkar, Moura, et al., 2020).

Absorbent K Kwater/Kabsorbent

Pure SUPRADES 8.88•10− 5 306
SUPRADES with 10 wt% water 1.69•10− 4 161
SUPRADES with 25 wt% water 1.81•10− 4 150
SUPRADES with 50 wt% water 1.23•10− 3 22
SUPRADES with 75 wt% water 1.96•10− 3 14
β-CD with 98 wt% water 2.23•10− 3 12
LA with 30 wt% water 2.99•10− 4 91
Pure water 2.72•10–2(a) 

1.29•10–2(b)
1

Fig. 8. Representation of the experimental peak area values obtained from the 
SUPRADES-water mixtures (blue spheres) compared with the theoretical titra
tion curve (the red line) for a 1:1 complex.
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samples are in Table S6 of the ESI). The formation constant value (Kf) of 
the β-CD/AN complex, equal to 57 M− 1, was determined through 
algorithmic treatment aimed at minimising the difference between the 
experimental and theoretical peak area values. Fig. 8 displays both the 
experimental peak area values and their theoretically derived 
counterparts.

The observed variations in the peak area values for the tested mix
tures closely align with a 1:1 host/guest complex, as evident from Fig. 8. 
It is apparent that the experimental data points align well with the 
theoretical curve. Although the obtained complex formation constant 
(Kf) may appear relatively low compared with the value of 1040 M− 1 

obtained in water (Kfoury, Auezova, et al., 2014), the use of such 
SUPRADES can enhance both AN solubility and absorption. It is worth 
noting that while other systems employing β-CD do not yield favourable 
results for the solubility and/or absorption of AN, they exhibit higher Kf 
values. For instance, a study utilising NMR experiments assessed the Kf 
of the β-CD/AN complex at 1040 M− 1, despite demonstrating low sol
ubility of AN, which is not directly correlated with the high Kf value 
obtained (Donze & Coleman, 1993). Similar observations can be made 
for other investigations employing SH-GC or UV–vis techniques. One 
study documented a Kf of 542 M− 1 using UV–vis and 497 M− 1 with SH- 
GC, both conducted on various aqueous β-CD solutions. In addition, a Kf 
of 441 M− 1 was obtained when phosphate buffer (PBS) was added to the 
solutions (Kfoury, Auezova, et al., 2014). Other UV–vis assessments on 
β-CD solutions yielded a Kf of 542 M− 1 (Kfoury, Landy, et al., 2014), 
whereas SH-GC experiments yielded a Kf of 630 M− 1 (Ciobanu et al., 
2013). Despite the higher Kf values observed in the aforementioned 
studies, less effective retention and solvation capabilities were achieved.

The decrease in Kf value could be attributed to the fact that at high 
SUPRADES wt% content, AN experiments more favorable interactions 
with the surrounding solvent molecules, which in turn disfavor the 
complex formation with β-CD. This induces a decrease in the sol
vatophobic forces, the governing forces for the inclusion complex 
(Nakhle et al., 2024).

3.5. Retention study using SH-GC

The capacity of the studied SUPRADES to retain AN was assessed 
using SH-GC as a function of water content. The findings are illustrated 
in Fig. S7 in the ESI.

Initially, we can note an increase in the retention capacity for AN as 
the water content (wt%) decreases. Interestingly, this retention ability, 
along with AN absorption, remains notably high even when the inves
tigated SUPRADES is mixed with water, as previously demonstrated by 
the calculation of partition coefficients (k) (refer to section 3.3).

Furthermore, it is noteworthy that the plot depicted in Fig. S7 ex
hibits a trend that refers to the usual titration curve observed for 1:1 CD 
inclusion complexes. This observation aligns with other β-CD based 
systems (Kfoury, Balan, et al., 2015; Kfoury, Landy, & Fourmentin, 
2019), particularly with the β-CD:LA SUPRADES, for which the evalu
ation of (− )-limonene and (− )-terpienen-4-ol has already been con
ducted (Kfoury et al., 2024). Similar trends were observed in various 
aqueous solutions of ChCl:Urea 1:2 DES (Reline) (Nakhle et al., 2023).

3.6. NMR study

As previously indicated by SH-GC and UV–vis analyses, the β-CD 
within the investigated SUPRADES can indeed establish inclusion 
complexes with the anethole. However, given that β-CD functions as a 
constituent of the solvent in this scenario, rather than as a solute, the 
sole method to confirm complex formation is 2D ROESY NMR spec
troscopy. Fig. 9 presents a section of the contour plot from the ROESY 
spectrum of AN within the examined SUPRADES.

From Fig. 9, it is evident that there is a notable correlation between 
the H1 and H2 protons of AN and the inner proton of β-CD indicating 
that the phenyl ring of AN is indeed included in the β-CD cavity. This 
finding conclusively demonstrates that β-CD, despite being a solvent 
component rather than a solute, still possesses the capability to form 
inclusion complexes with guest molecules.

Fig. 9. ROESY spectrum of β-CD/AN complex in the β-CD:LA SUPRADES (spectra recorded with a D2O insert).
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4. Conclusions

This study provides, for the first time, a comprehensive description of 
the structural architecture of a β-CD and LA-based SUPRADES, high
lighting its promising a) stability against phase separation and b) com
plexing capability towards drugs and aromas. Our investigation into the 
structural organisation of the pure SUPRADES, combining MD simula
tions and S-WAXS experiments, reveals a complex architecture which is 
characterised by a homogeneous β-CD distribution in the matrix and by 
the notable absence of β-CD aggregation. The study reveals that β-CD are 
surrounded, on average by ca 35 LA molecules, thus reflecting the ideal 
stoichiometric ratio that was formulated to obtain the stable SUPRADES. 
Moreover, the crucial role of LA-β-CD intermolecular hydrogen bonding 
in maintaining an efficient cyclodextrin solvation is assessed, with the 
observation of a multiform hydrogen bonding network, involving β-CD 
hydroxyl groups and LA carboxyl group. More importantly, we assess 
the fundamental co-presence of weak dispersive interactions between 
LA and β-CD apolar moieties, integrating the HB-driven solvation and 
prevailing on inter-CD hydrophobic coalescence. This solvation scenario 
involves the formation of a LA sheath surrounding isolated β-CD: in this 
respect, the ideal LA-β-CD stoichiometric ratio plays a key role in 
shaping and stabilizing this complex arrangement, facilitating a balance 
between polar and dispersive interactions. These results support our 
hypothesis of a complex interplay between HB and dispersive in
teractions maintaining the SUPRADES formulation stable and 
homogeneous.

A systematic evaluation of the SUPRADES absorption and retention 
capability towards AN, using vapour-liquid experiments and NMR in
vestigations, was also carried out. SH-GC experiments demonstrate the 
impressive absorption capability of SUPRADES, even with minimal 
water content (specifically, 10 wt% and 25 wt%), as evidenced by 
significantly lower partition coefficients (k) compared to pure water. 
Determination of the complex formation constant (Kf) through titration 
methods highlights the limited encapsulation ability of β-CD, despite its 
solubility and retention capabilities. 2D ROESY NMR experiments 
confirm the formation of a β-CD/AN inclusion complex, indicating 
strong correlations between the β-CD cavity protons and the AN phenyl 
protons. We then provide support to the initial hypothesis on the pres
ervation of β-CD's inclusion capacity at the elevated concentration 
achieved in the SUPRADES formulation.

Overall, this study provides a description and rationalisation for 
structure and host-guest functionality of a supramolecular eutectic me
dium, paving the way for the formulation of novel types of sustainable 
media for aromas, drugs, VOCs etc. encapsulation.
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