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Abstract

Essential oils (EOs) offer interesting biological properties that can be altered by their high
volatility and low solubility. This study examined, for the first time, the effect of the
combination of different choline chloride (ChCl) based-deep eutectic solvents (DESs), water
and cyclodextrins (CDs) on the retention and solubilization of Eucalyptus citriodora EO and
its major component, citronellal. The density, viscosity and polarity of the newly prepared
DES:water:CD mixtures were measured. The influence of water content, DES type and
composition as well as CD type and concentration on the retention capacity were investigated
using static headspace-gas chromatography. Results showed that the mixture composed of
choline chloride:urea (ChCI:U) (1:2 molar ratio) DES:water (70:30 wt%) in the presence of
CD presented the highest retention capacity. Finally, the formation constant (Kr) values of
CD/citronellal inclusion complexes and the vapor-liquid partition coefficients of citronellal

were determined in ChCl:U DES:water 70:30 wt%.

Keywords: citronellal, cyclodextrins, deep eutectic solvents, essential oil, solubility,

volatility.
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1. Introduction

Essential oils (EOs) are natural multicomponent mixtures that have been widely used due to
their various antibiotic, antioxidant, anti-quorum sensing, anti-inflammatory as well as
digestive fluids stimulating activities. Eucalyptus EO ranks as the world’s first traded oil and
Eucalyptus citriodora EO is the major Eucalyptus oil with respect to the trade volume [1].
However, incorporating EOs in different formulations remains a challenge due to their low
aqueous solubility, low stability and high volatility [2].

A recent strategy for enhancing EO solubility is the use of deep eutectic solvents (DESs) [3].
DESs are generally defined as mixtures of two or more pure compounds, at specific
composition, that are able to associate mainly via hydrogen bonds [4]. This interaction causes
a great depression in the melting point of the mixture compared to its constituents and to their
ideal mixture [5]. Till present, most DESs use choline chloride (ChCl) as hydrogen bond
acceptor, due to its low toxicity. ChCl is widely used as a supplement in animal feeding and
its use is not expected to substantially increase the concentration in the environment. These
solvents have been consequently introduced to replace water and toxic organic solvents for
the solvation of different active agents such as curcumin [6], trans-anethole as well as star
anise and fennel EOs [3].

Another approach to overcome such problems is the use of cyclodextrins (CDs),
oligosaccharides obtained from the enzymatic degradation of starch. The most common
native CDs are a-CD, B-CD, and y-CD, made up of six, seven or eight (a-1,4)-linked D-
glucopyranose units, respectively [7]. CDs possess a hydrophilic surface allowing them to be
soluble in water. Also, they have a hydrophobic cavity making them able to form inclusion
complexes with lipophilic guests through non-covalent interactions [8]. This usually results in
an improvement of the physico-chemical properties of guests, mainly their aqueous
solubility. CDs contain several hydroxyl groups that are used for selective functionalization
in order to obtain CDs derivatives with enhanced solubility and encapsulation capability, like
the hydroxypropylated-B-CD (HP-B-CD) [2]. Many studies focused on using native CDs as
well as their derivatives to improve the retention and solubilization of EOs and their
components [9-11]. As example, it was shown that native and modified CDs can
significantly reduce the volatility of EOs by efficiently binding their individual constituents
[12]. It was also proved that different CDs can greatly increase the EOs aqueous solubility
[13].
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Interestingly, it was shown that poorly-soluble native B-CD can be solubilized in choline
chloride:urea (ChC1:U) DES up to 1 g.mL"! compared to its solubility in water of 0.018 g.mL"
1'[14]. Also, it was recently demonstrated that CDs retain their encapsulation capacity in
DESs [15]. Thus, the combination of DESs and CDs could give rise to formulations with
higher potency of solubilization taking advantage of the encapsulation in CDs and the
solvation in DESs. The aim of the present study is to develop new mixtures using CDs and
ChCl based-DESs to retain and solubilize E. citriodora EO and its major component,
citronellal. The density, viscosity and polarity of the new prepared mixtures were determined.
Then, the retention and the solubilization potential of different DESs, CDs and the combined
DES:water:CD mixtures were studied using static headspace-gas chromatography (SH-GC).
Additionally, the influence of water content, DES type, DES composition and CD content on
the volatility of the EO were assessed. Finally, the formation constant (Kr) of CD/citronellal
inclusion complexes and the vapor-liquid partition coefficients of citronellal were

determined.
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2. Experimental section

2.1. Materials

Choline chloride (ChCl, 98%) was purchased from Sigma-Aldrich, China. Urea (U, 99%) and
lactic acid were purchased from Sigma-Aldrich, USA. Levulinic acid was purchased from
Sigma-Aldrich, France. Citronellal was provided by Merck group, Germany. Propane-1,3-
diol, L(+)-tartaric acid, glycerol, D(-)-sorbitol, D(-)-fructose and D(+)-glucose anhydrous
were provided by VWR Chemicals, Belgium. Xylitol and (£)-butane-1,3-diol were provided
by Alfa Aesar, Germany. Nile red was provided by Acros, Belgium. B-CD was provided by
Wacker-Chemie, Lyon, France. Hydroxypropyl-f-CD (HP-B-CD, MS=0.65) was provided by
Roquette Freres, Lestrem, France. E. citriodora EO was provided by Herbes et Traditions,
Comines, France. The main constituents (> 1%) of the EO are: citronellal (74.77%),
citronnellol (4.84%), isopulegol (4.30%), neoisopulegol (2.17%), citronnellate of
citronnellyle isomers (2.07%), citronnellyle acetate (1.26%), a-pinene (1.32%), B-pinene
(1.04%) and e-cadinene (1.22%) (data provided by Herbes et Traditions). ChCl was dried at
60 °C for at least 2 weeks before use. All other compounds were used as received. Distilled

water was used throughout this work.

2.2.  Preparation of deep eutectic solvents

DESs were prepared using the heating method by mixing ChCI as the hydrogen bond
acceptor (HBA) with different hydrogen bond donors (HBDs), selected to cover different
chemical classes (amines, carboxylic acids, alcohols and sugars); this could help in a better
understanding of the EO solubilization in different DESs types. Each ChCl:HBD DES was
prepared based on literature data. The mixtures were kept under stirring until the formation of
a clear and homogenous liquid (Table 1). The water content of all the prepared DESs was

determined using the Karl Fisher titration method (Mettler Toledo DL31).
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Table 1- Composition of the studied deep eutectic solvents.
HBD in .. ] Heating Water
ChCl-based DES Abbreviation - Molar ratio temperature (°C) content (%)
Urea ChCIl:U 1:2 60 0.05
Levulinic acid ChCl:Lev 1:2 RT 0.31
Tartaric acid ChCl:Tar 1:1 80 0.16
Lactic acid ChCl:Lac 1:2 RT 8.07
Glycerol ChClI:Gly 1:2 RT 0.20
Xylitol ChCl:Xyl 1:2 80 0.07
Sorbitol ChCl:Sor 1:1 80 0.36
Butane-1,3-diol ChClI:But 1:2 40 0.08
Propane-1,3-diol ChCl:Pro 1:1 80 0.21
Glucose ChCI:Glu 2:1 80 0.26
Fructose ChCl:Fru 2:1 80 2.15

ChCl: Choline chloride; DES: Deep Eutectic Solvent; HBA: Hydrogen bond acceptor; HBD:
Hydrogen bond donor; RT: Room temperature

2.3. Density measurements

Density (p) measurements of the studied mixtures were carried out using a U-shaped
vibrating tube densimeter (Anton Paar, model SVM 3001) operating in a static mode at
atmospheric pressure, at 30 or 60 °C. The factory calibration was used and verified before
and after each measurement with air. The densimeter performs an analysis with an estimated
uncertainty in density and temperature of + 0.0001 g.cm™ and * 0.005 °C, respectively. For
ChCl:U DES:water mixtures at low DES wt%, density values were fitted using a linear

equation (1):
p=b+(axw) (D

With w representing the wt% of ChCl:U DES, a and b representing the fitting parameters of
the equation (listed in Table S1).

2.4.  Viscosity measurements

The viscosity (n) of the studied mixtures was determined using a Stabinger viscometer
(Anton Paar, model SVM 3001) at atmospheric pressure, at 30 or 60 °C. The temperature was
controlled to within 0.005 °C. The overall uncertainty on the viscosity was estimated to be
2%. For ChCIl:U DES:water mixtures at low DES wt%, results were fitted to an exponential
equation (2), with a Chi-square up to 0.09.
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n= (A1 X e%) + (Az X e%) + ¥ (2)
With w representing the wt% of ChCl:U DES, yo, A1, ti, A2 and t> representing the fitting

parameters of the equation (listed in Table S2).

2.5. Polarity measurements

Polarity measurements were carried out for various ChCl:U DES:water mixtures and for the
different ChCl-based DES:water mixtures (70:30 wt%). A stock solution of Nile Red (NR)
was prepared in ethanol with a concentration of 10* mol.L'!. A volume of 30 pL of NR
solution was added to 1470 pL of mixture placed in vials as described previously [16]. Then,
solutions were stirred at 20 °C for a few minutes, to ensure the solubilization of NR. UV-Vis
spectra were recorded with a PerkinElmer Lambda 2S spectrophotometer, between 400 and
700 nm. The wavelength, at which the maximum visible-light absorption of NR occurred
(Amax), Was determined for each mixture, and the NR polar parameter Exr (in kcal.mol™!) was

calculated using equation (3).

28591.44
Eng = —— (3)

N Amax (nm)
2.6. Solubility studies

The solubilization ability of the different DESs, CDs and the combined DES:water:CD

mixtures towards E. citriodora EO and citronellal was evaluated using SH-GC.

2.6.1. Preparation of different mixtures

2.6.1.1. Influence of water content

ChCl:U DES:water mixtures were prepared in various water wt% ranging from 0 to 100 wt%
in the absence or presence of 10 wt% HP-B-CD (previously weighted in vials). The final HP-
B-CD concentration increased from 73 to 87 mM along with DES wt%.

2.6.1.2. Influence of DES composition
Screening of different DESs

DES:water (70:30 wt%) mixtures were prepared using different ChCl-based DESs in the
absence and presence of 10 wt% HP-B-CD. The studied DESs are listed in Table 1.

Influence of the mass fraction of DES components
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30 wt% of water and 70 wt% of ChCl:U DES components were mixed using different ChCI
and urea (U) mass fractions (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1 ChCl/U) in the
absence and presence of 10 wt% HP-B-CD.

2.6.1.3. Chromatographic conditions

In all experiments, prepared mixtures (3 mL) were placed in 20 mL vials. Then, appropriate
amounts of an ethanolic solution of EO or citronellal were added. In each experiment, EO
and citronellal concentrations were optimized in order to have satisfying chromatographic
signal/noise ratio, thus allowing an accurate detection of the influence of each studied
parameter. Vials were subsequently sealed using silicone septa and aluminium foil and
thermostated at 30 °C (or 60 °C when varying the mass fractions of DES components) for 24
hours under stirring to reach the equilibrium between liquid and gas phases. Then, 1 mL of
the headspace was withdrawn from the vial and injected in the chromatographic system for
analysis via a heated transfer line (250 °C). Measurements were carried out with a Varian
Genesis headspace sampler coupled with a Perkin Elmer Autosystem XL gas
chromatography (GC) equipped with a DB624 and a flame ionization detector column using

nitrogen as carrier gas. The GC column temperature conditions were set as mentioned before

[9].

Results for EO were expressed as:

Normalized area (%) = % x 100 4)
0

where £An, and Ay stand for the sum of peak areas of the EO components in the presence of

the studied mixture and the corresponding reference, respectively.
Results for citronellal were expressed as:

Normalized area (%) = i—m %X 100 (5)
0

where A and Ao stand for the peak area of citronellal in the presence of the studied mixture

and the corresponding reference, respectively.

2.6.2. Determination of formation constants

The formation constant (Ky) of the complexes were determined using a SH-GC titration

method developed in our laboratory for volatile organic compounds and using an algorithmic
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calculation [17,18]. Increasing concentrations of CDs (B-CD or HP-B-CD) ranging from O to
10 wt% of CDs were prepared in ChCl:U DES:water 70:30 wt% mixtures. Then, 40 puL of the
ethanol solutions of EO (0.02 g.mL™) or citronellal (0.015 g.mL"!) were then added to all
mixtures. Vials, equilibrated at 30 °C, were then subjected to SH-GC analysis. The

chromatographic conditions were set as in 2.6.1.3.

2.6.3. Determination of vapor-liquid partition coefficients of citronellal

The vapor-liquid partition coefficient (K) is the ratio of the concentration of the volatile
compound in the vapor phase to its concentration in the liquid phase, when the equilibrium is

reached, expressed as [19]:

(6)

Where Cg and CL are the concentrations of the volatile compound in the gas phase and the

liquid phase at equilibrium, respectively.

K of citronellal was determined in water and in ChCL:U DES:water 70:30 wt% mixture
prepared in the absence or the presence of 10 wt% HP-B-CD or 2 wt% B-CD at 30 °C using
the phase ratio variation (PRV) method in water (10 uL of citronellal at 0.005 g.mL"! were
added to different volumes of water in vials) and the vapor phase calibration (VPC) method
in the other mixtures (different volumes of citronellal at 0.1 g.mL! were added to 3 mL of

mixtures in vials) as reported earlier [20].
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3. Results

This study was performed to evaluate the solubilization capacities of solutions combining
DESs, CDs and water. Different formulations were prepared by varying water content, DESs
type and composition as well as CDs content. All formulations were then subjected to
physico-chemical characterization. Solubility studies were carried out using SH-GC. When a
decrease in the peak areas of the EO or citronellal is observed, this corresponds to a decrease

in their volatility, meaning an increase in their solubility in the studied mixture.

3.1. Characterization of the prepared mixtures

3.1.1. Density measurements

Different wt% of water were added to ChCl:U DES in the absence and presence of 10 wt%
HP-B-CD. These solutions were characterized first by measuring their densities. The density
of ChCIl:U DES decreased linearly when increasing the amount of water in the media in the
absence and the presence of CDs (Figure S1). Results are coherent with those found in
literature with other DESs (ChCl:glucose, ChCl:sucrose, and ChCl:propane-1,2-diol) [21].
The influence of ChCl mass fraction variation in ChCl:U DES:water 70:30 wt% was also
studied. Results proved that decreasing the ChCl mass fraction in the mixture, meaning
increasing the U mass fraction, led to the increase in the density of the mixture (Table S3).
Further, preparing different types of DESs can give rise to solvents with different properties
including their densities [22]. The obtained results (Table S4) confirmed that the density of
the different types of DES:water 70:30 wt% depended on the nature of the HBD of the DESs,
in agreement with literature [23].

For all studied formulations, the presence of 10 wt% of HP-B-CD led to an increase in the
density of the mixture compared to CD-free formulations (Figure S1). Additionally, the
density increased when increasing the wt% of CDs (either HP-B-CD or B-CD) (Table SS).
Hence, the increase in the density in the presence of CDs can be attributed to the large

hydrodynamic volume of CDs.

3.1.2. Viscosity measurements

The viscosity () of all formulations was then measured. A dramatic decrease in the viscosity
was observed upon the addition of a small percentage of water to ChCl:U DES either in the

absence or the presence of CDs (Figure 1), which is in agreement with the literature [24].
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This proved the interest of using water to obtain solutions with appropriate viscosity for
different applications. In addition, the viscosity of the solutions was higher in the presence of
10 wt% HP-B-CD than in its absence. This could be due to the presence of additional
hydrogen bonds in the presence of CDs leading to a higher viscosity of the mixture [25].

The viscosity of the different ChCl-based DES:water 70:30 wt% mixtures (Table S4) was
affected by the HBD type of DES, which was always higher in the presence of CDs.

0 10 20 30 40 50 60 70 80 90 100
ChCI:U content (wt%)

0 10 20 30 40 50 60 70 80 90 100
ChCI:U content (wt%)

Figure 1: Viscosity variation as function of the ChCl:U DES content (wt%) in water ' in the
absence and @ the presence of 10 wt% of HP-B-CD at 30 °C. The dashed curves are the fitted
curves obtained from the experimental values.

3.1.3. Polarity measurements

For a better understanding of the mechanism of solubilization, polarity measurements were
conducted for the prepared formulations starting by the different ChCl:U DES:water
mixtures. Because of the aggregation phenomena of the Nile red (NR) probe in water, the
polarity of only 100, 90, 80, 70, 60, 50 and 40 wt% ChCIl:U DES in water mixtures was
measured. Amax and Enr values are depicted in Table S6. Polarity values showed that adding
water to the media led to the increase in the polarity of the mixture as indicated by the red-
shift of the Amax, in agreement with the literature [26].

In addition, polarity measurements of the different synthesized ChCl-based DES:water 70:30
wt% mixtures were done (Table S7). Even if weak polarity differences between the different
mixtures were observed, some trends could be extracted. The least polar mixture was with
ChCl:Butane-1,3-diol, while the most polar one was with ChCl:Tartaric acid. This can be

explained by the fact that butane-1,3-diol possess a long hydrocarbon chain which explains

10
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its lower polarity. Additionally, adding alcoholic and acidic functional groups increase the
polarity of the solvent [27]. For example, ChCl:Sorbitol DES:water 70:30 wt% was more
polar than ChCl:Xylitol DES:water 70:30 wt%. This could be explained by the presence of an

additional alcohol function in sorbitol as compared to xylitol.

3.2. Solubilization studies

3.2.1. Influence of water content

Firstly, the influence of water addition on ChCl:U DES on the volatility of the E. citriodora
EO was studied. Figure S2, shows the overlapping chromatograms obtained in water and
pure ChCl:U DES. The peaks corresponding to the volatile compounds found in the EO are
clearly visible in water but they almost disappeared in the pure DES in accordance with
literature [3]. This was obviously observed for the major compound of the EO, citronellal that
was eluted at 21 min approximately. This observation led us to optimize the EO and
citronellal concentration in each experiment independently in order to obtain satisfying

signal/noise ratio allowing accurate evaluation of the influence of each studied parameter.

Figure 2 depicts the evolution of the total area of the EO when increasing the DES wt% in
the mixture in the absence and the presence of 10 wt% HP-B-CD.

a) b)
100—1 150 |
90 | I 140 | {
g 80r I T g 1301
7ol : £ 120}
g 60 b1 ol g 110 |
N sl ol gwo—{ E {
© T © 90}
40} E—-
£ [ E sl { E
o 30 T o 70 } } E
Z o} E = 60_ E
10 50’
O'-I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
ChCI:U content (wt%) ChCI:U content (wt%)

Figure 2: Plots of the EO normalized area, obtained from SH-GC analysis, as a function of
the ChCI:U DES content (wt%), a) in the absence of CD where the reference mixture was
water (EO concentration = 8.7x10”° g¢.mL™') and b) in the presence of 10 wt% of HP-B-CD
where the reference mixture was the water containing 10 wt% HP-B-CD, at 30 °C (EO
concentration = 1.34x107 g.mL™).

In the absence of HP-B-CD (Figure 2a), a linear decrease in the total area was observed when
increasing the wt% of DES, which indicated a decrease in the volatility of EO due to its

increased solubilization. A 5-fold decrease in the volatility was observed in the presence of

11
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100 wt% DES as compared to water. The same tendency was observed in literature, where
the increase of water content led to a relatively linear decrease in the solubility of four
phytochemicals in DESs [26]. A correlation between the polarity of ChCl:U DES:water
mixtures and the total areas was observed (Figure 3). As can be seen, decreasing DES
content, meaning adding water to the mixture, led concomitantly to the increase in the
polarity of the mixture and to the increase in the EO volatility. This indicated that increasing
the polarity of the mixture led to a decrease in the EO solubility in accordance with the
literature [26]. Therefore, it can be confirmed that the polarity constituted a fundamental

solubilization mechanism herein.

70 |
8 60 - i - 40 Wt%
L 7
5l 50 wit%
ge] 760 wt%
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N 40} P
= B 70 wt%
g 30l 2 sow%
o 7
Z ol i -7 90 wt%
7
100 wt% DES
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565 570 575 580 585 590 595 600
A (nm)

max

Figure 3: Correlation between the EO normalized area, using water as reference, obtained
from SH-GC analysis, and the maximum wavelength (Amax) of Nile red probe in the
corresponding ChCl:U DES content (wt%). These data follow the normality test, and possess
a correlation coefficient of 0.9857 with p-value <0.01.

As the addition of HP-B-CD to DES:water mixtures resulted in a dramatic decrease in the
total chromatographic peak area of the EO (a 33-fold decrease in the EO total peak area was
observed when adding HP-B-CD to water), a higher EO concentration was used in order to

obtain significant chromatographic peak areas.

In the presence of 10 wt% HP-B-CD (Figure 2b), a relatively linear decrease in the EO total
area was observed with increasing the wt% of ChCl:U DES in water from 0 to 70 wt%.

Surprisingly, an increase in the EO volatility was observed above DES:water 80:20 wt%.

12



311  The apparent HP-B-CD/EO complex formation constant (Kr) values in all DES:water
312  mixtures were determined using the rapid method described earlier [13]. The apparent Ky
313  were calculated using the approximate concentration of citronellal based on its percentage in
314  the EO. Results showed that the K values decreased monotically from 470 to 37 M™! when
315 increasing the ChCl:U DES content in water (Table S8).

316  Based on these apparent K¢ values, the amounts of free and complexed EO present in each
317 ChCl:U DES:water mixture at equilibrium were determined. Figure 4 shows the percentage

318  of the EO solubilized in each form.

100 +

Solubilized form of EO (%)
o oo 88 8383 3 38 8
L 1 1 1 1 | 1 | 1 1

-++####LLL1

0O 10 20 30 40 50 60 70 80 90 100
ChCI:U content (wt%)

319

320 Figure 4: Percentages of the amount of each solubilized form of EO at equilibrium in all
321 ChCl:U DES:water mixtures. EO complexed with HP-B-CD (green histograms) and free EO
322 (blue histograms).

323

324  As we can see, up to ChCIl:U DES:water 80:20 wt% more than 93% of the solubilized EO
325  was present in the complexed form. These high complexed amounts observed despite the

326  reduction in the apparent K¢ value (Table S8) could be contributed to the high amount of CD
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present in the medium and the decrease in the polarity of the medium with the DES addition

was still not enough to strongly destabilize the inclusion complex.

Over DES:water 80:20 wt%, a concomitant decrease in the amount of complexed EO form
and increase in the amount of free EO form were observed. This could be attributed to the
large fall in the polarity of the medium detected when using these high percentages of DES
(Figure 3). This led to a significant shift in the equilibrium towards the dissociation of the
inclusion complex and thus a significant increase in the amount of free EO in good agreement
with the very strong decrease in the apparent Kr values (Table S8). This, consequently, led to

the increase in the amount of volatile EO in the gaseous phase (Figure 2b).

Altogether, these findings indicated the existence of an optimal DES:water medium observed
experimentally in Figure 2b. This results from the fact that the solubilization of EO is
governed by two different mechanisms, which follow opposite trends with regards to the
solvent composition. Solubilization can occur either in the bulk (solvent) in the free form or
as in the form of inclusion complex in the CD cavity. The polarity of the medium affects
these two mechanisms in opposite ways. Indeed, decreasing the polarity of the medium

increases the contribution of the first mechanism and lessens the latter.

Results also proved that, in the presence of more than 20 wt% water, CD could maintain
strong encapsulation ability in good agreement with literature. The beneficial effect of the
presence of a small proportion of water was confirmed in a recent NMR study on the
complexation of piroxicam in B-CD (10 wt%) solubilized in ChCl:U DES. Authors concluded
that, upon addition of 25 wt% of water to DES, water molecules tend to interact firstly with
the hydroxyl groups of the CDs through hydrogen bonding. This consequently increased the
molecular rotational motion of the CDs and allowed it experiencing an aqueous-like
environment capable of maintaining its encapsulation capacity [28]. This suggested that the
contribution of CDs required a minimum presence of water in order to fully benefit from the

inclusion driven by hydrophobic forces.

It has also to be underlined that the presence of water improves the convenience of
preparation and use of solvents, since water effectively reduces the high viscosity generally

observed for DESs, while also improving the solubilization efficiency when using CDs.
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As the optimal decrease in the EO volatility, in the presence of HP-3-CD, was detected when
the wt% of DES was in the range of 60 to 80 wt% (Figure 2b), the ChCl:U DES:water 70:30

wt% was used in the following investigations.

3.2.2. Influence of DES composition
3.2.2.1. Screening of different DESs

The solubilization capacity of different ChCl-based DES:water 70:30 wt%, in the absence
and presence of 10 wt% HP-B-CD, was studied. Results are illustrated in Figure 5.
a) b)

200 -
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100 -
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Hydrogen bond donors Hydrogen bond donors

Figure 5: EO normalized area, obtained from SH-GC, for different ChCl-based DES:water
70:30 wt% mixtures a) in the absence of CDs where the reference mixture was ChCl:U
DES:water 70:30 wt% (EO concentration = 6.7x10” g.mL™!), and b) in the presence of 10
wt% HP-B-CD where the reference mixture was ChCl:U DES:water 70:30 wt% containing 10
wt% HP-B-CD at 30 °C (EO concentration = 1.07x10° g.mL™").

From Figure 5a, it can be shown that, in the absence of CDs, the lowest EO volatilities were
obtained with ChCl:Levulinic acid and ChCl:Lactic acid DESs. Nevertheless, their acidic
nature can therefore limit their applications.

When excluding acid-basic effect and thus the three acid-based DESs, a better understanding
of the influence of the polarity on the volatility results can be obtained. A correlation was
observed between the polarity of the DES:water 70:30 wt% mixtures and the obtained EO
chromatographic normalized area for each mixture (Figure 6). It can be seen, that when
increasing the polarity (a red-shift of the Amax), a higher volatility of the EO was observed,

which indicated a decrease in the solubility.
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Figure 6: Correlation between the EO normalized area, obtained from SH-GC analysis, and
the maximum wavelength (Amax) of Nile red probe in the different DES:water 70:30 wt%

mixtures. The reference solvent was the ChCl:U DES:water 70:30 wt%. These data follow
the normality test, and possess a correlation coefficient of 0.8521 with p-value <0.01.

ChCl:But, = ChClI:Pro, A ChCl:Gly, © ChCl:U, @ ChCl:Fru, *ChCl:Glu, ChCl:Xyl,
* ChCl:Sor

Figure 5b shows the reduction in EO volatility in the different ChCl-based DES in the
presence of 10 wt% HP-B-CD. Among all, ChCIl:U reduced the most the EO volatility and
therefore possessed the best solubilizing ability. This suggests that this system affected the
less the complexation phenomenon comparing to the other DESs. Thus, this optimal mixture

ChCl:U DES:water 70:30 wt% was used in the following investigations.

3.2.2.2. Influence of the mass fraction of DES components

The influence of the ChCl mass fraction in the ChCl:U DES on the volatility of EO in
DES:water 70:30 wt% mixtures was studied in the absence and in the presence of 10 wt%
HP-B-CD. Figure 7 shows the evolution of the EO volatility as a function of the ChCI mass
fraction in the DES.
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Figure 7: Plots of the EO normalized area, obtained from SH-GC, as a function of the ChCl

mass fraction in ChCl:U DES:water 70:30 wt% a) in the absence of CDs where the reference
mixture was water containing 1 ChCl mass fraction (EO concentration = 2.7x107° g.mL™") and
b) in the presence of 10 wt% of HP-B-CD where the reference mixture was water containing

1 ChCl mass fraction and 10 wt% HP-B-CD at 60 °C (EO concentration = 1.33x10™* g.mL").

It should be noted that the ChCl mass fraction equal to 0.5 roughly corresponds to the
eutectic point 1:2 molar ratio [4]. From Figure 7, it can be noticed that increasing the ChCl
mass fraction from 0 to 0.7 (from ChCL:U 0:1 to 1:1 molar ratio, respectively) led to
insignificant volatility variation. Then, above 0.7 ChCl mass fraction, a gradual increase in
the EO volatility was observed. The EO volatility was found to be significantly lower in the
absence of ChCl than in the absence of U. The same tendency was observed in the presence
of 10 wt% HP-B-CD, even if a slightly higher slope was obtained between 0.0- 0.7 ChCl
mass fraction range. This confirms the importance of U for ensuring the best reduction in EO
volatility. Still, the presence of ChCl was also required and was of great importance because
it allows solubilizing U in the solvating mixture and it was therefore necessary to ensure the
liquid state at room temperature. This highlighted the importance of the synergetic effect of
the two DES components for both the solubilization of substances and the improvement of
each other effect in good agreement with literature [29,30]. In fact, U (70 wt%) was not
soluble when associated to 30 wt% of water at room temperature (which led us to carry out
these experiments at 60 °C). To the contrary, a liquid mixture was obtained for 70 wt%
ChCl:U DES with 30 wt% of water. Thus, an effective volatility reduction was achieved in

ChCl:U DES:water 70:30 wt%.

As the eutectic point is close to optimal efficiency both in the absence and presence of CDs,

such composition was kept in the following experiments.

17



427

428

429

430
431
432
433

434

435
436
437
438

439
440
441
442
443

3.2.3. Determination of formation constants

Different concentrations of native B-CD and HP-B-CD were added to ChCLU (1:2)
DES:water 70:30 wt%. The evolution of volatility of citronellal and E. citriodora EO in the

different mixtures are illustrated in Figure 8.
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Figure 8: Complexation curves of a) B-CD/citronellal, b) HP-B-CD/citronellal, ¢) B-CD/E.
citriodora and d) HP-B-CD/E. citriodora in ChCI:U (1:2) DES:water 70:30 wt% at 30 °C. In
all these plots, the reference mixture was ChCl:U DES:water 70:30 wt% in the absence of
CD:s (Citronellal and EO = 1.98x10™* and 2.63x10* g.mL"!, respectively).

An exponential decrease in the volatility of citronellal and EO was observed when increasing
the wt% of both CDs. 2 wt% of CDs was sufficient to have an almost maximum retention
capacity of the EO. Such an isothermal curve is typical of a complexation phenomenon
[31,32]. This variation is in agreement with a 1:1 inclusion complex between citronellal and

CDs dissolved in ChCl:U (1:2) DES:water 70:30 wt%. Formation constants (Ky) values for -
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CD/citronellal and HP-B-CD/citronellal inclusion complexes were calculated using an
algorithmic treatment developed in our laboratory [17] and were equal to 177 + 15 M! and
303 + 28 M!, respectively. The obtained K¢ in DES:water 70:30 wt% were lower than those
obtained in water; 1523 M and 815 M for B-CD/citronellal and HP-B-CD/citronellal,
respectively, at 25 °C [12]. The same tendency was observed in a previous article that
showed the decrease of K¢ in the pure ChCl:U DES compared to water [15]. This confirms
the early stated hypothesis that the solubilization of guests in DESs lowers their affinity for
the hydrophobic cavity of CDs, therefore lowers their encapsulation efficiency.

Then, the affinity of CDs towards the whole EO was evaluated. Given that the EO is a
mixture of different volatile components, one way to calculate an apparent molar
concentration of the EO is to use the percentage of citronellal in the EO (74.77%) and its
molar concentration in the vials. Thus, the apparent molar concentration of the EO was
calculated by dividing the concentration of citronellal by 0.7477. Apparent K¢ of the EO were
then determined and were equal to 320 + 18 M and 433 + 33 M! with B-CD and HP-B-CD,
respectively. The apparent K values obtained for HP-B-CD/EO via the rapid (Table S8) and

titration methods were coherent.

3.2.4. Determination of vapor-liquid partition coefficients of citronellal

As citronellal constitutes the major component of the studied EO, its vapor-liquid partition
coefficient (K) in water, ChCl:U DES:water 70:30 wt%, ChCl:U DES:water 70:30 wt% with
2 wt% B-CD and ChCl:U DES:water 70:30 wt% with 10 wt% HP-B-CD was determined at 30
°C via the PRV and VPC methods, respectively. The corresponding K values were of
3.59x102 + 0.18x102, 1.05x10% + 0.07x1072, 3.93x10* + 0.43x10™* and 2.54x10* + 0.08x10°
4, respectively. The lower the K value, the higher is the retention or solubilization capacity of

the mixture.

K value in ChCl:U DES:water 70:30 wt% was approximately 3-times lower than in water,
which was similarly obtained in another study [20]. This proved the higher solubilization of
citronellal in the mixture. Besides, significantly lower apparent K values were obtained upon
the addition of CDs to DES:water mixture, as a consequence of the higher retention of
citronellal because of its encapsulation in the CDs. K values were 27 and 41-times lower in
the presence of 2 wt% of B-CD and 10 wt% of HP-B-CD, respectively, compared to the

DES:water mixture in the absence of CDs.
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4. Conclusion

With the aim of improving the solubility of E. citriodora EO and its major constituent,
citronellal, new DES:water:CD mixtures were prepared and characterized by measuring their
densities, viscosities and polarities. Solubility studies were conducted by SH-GC and showed
that the presence of a minimal amount of water was highly favorable when combining DESs
and CDs in the mixture providing the highest solubilization ability compared to the use of
each system separately. ChCl:U DES:water 70:30 wt% was shown to be the most efficient
mixture for the solubilization of the EO among different ChCl-based DES:water mixtures,
when CDs was present. Also, the eutectic point of ChCl:U 1:2 molar ratio was considered as
one of the optimal ratios for solubilization purposes. The complexation of the EO and
citronellal with B-CD and HP-B-CD was proved in ChCI:U (1:2) DES:water 70:30 wt%. Even
if the K¢ values of citronellal were lower in DES:water than in water, the contribution of CDs
in DESs mixtures was proved to be highly favorable. Lastly, the vapor-liquid partition
coefficients of citronellal were determined in ChCIL:U (1:2) DES:water 70:30 wt% in the
absence and the presence of CDs and were significantly lower compared to water. All these
results proved that DES:water:CD mixtures could be efficiently used to solubilize volatile
guests. Therefore, these new formulations should be taken into consideration for further

research implications in different domains.
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