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A B S T R A C T   

The enantioseparation of chiral drugs is a major challenge for the pharmaceutical industry as the pharmaco
logical activities of the enantiomers may differ, which can lead to severe secondary effects in the treatment of 
diseases. The aim of this study is to develop an enantioseparation platform for the resolution of ofloxacin (OFX) 
using enantioselective liquid–liquid extraction (ELLE) based on a hydrophobic eutectic solvent (HES) in 
conjunction with one chiral selector. β-Cyclodextrin (β-CD) derivatives, including β-CD, hydroxypropyl- 
β-cyclodextrin (HP-β-CD), carboxymethyl-β-cyclodextrin sodium salt (CM-β-CD), and sulfated-β-cyclodextrin 
sodium salt (S-β-CD), were investigated as potential chiral selector for the separation of (R/S-OFX), with CM- 
β-CD proving to be the most promising. The efficiency of the HES-based ELLE system was then studied, and a 
total of fourteen systems were evaluated using HES from four groups: L-menthol: fatty acid, L-menthol: fatty 
alcohol, fatty acid: fatty acid, and fatty acid: fatty alcohols. Decanoic acid: dodecanoic acid (C10 acid: C12 acid) 
in a molar ratio of 2:1 was identified as the optimal HES-based ELLE system for the enantioseparation of R/S- 
OFX. This selected system was further used to optimize enantioseparation conditions, including pH, HES- 
water ratio (v/v), and excess of chiral selector (CM-β-CD), using response surface methodology (RSM). Under 
optimal conditions, i.e., pH 3.6, HES-water ratio (v/v) of 1:2 and a 77-fold molar excess of chiral selector, an OFX 
selectivity (α) of 3.8 ± 0.3 was achieved in a single-step.   

1. Introduction 

Chirality is a significant factor in drug development, with approxi
mately 50 % of marketed drugs being chiral [1]. While the approval of 
racemates (mixtures of enantiomers) is declining, many chiral drugs are 
still used as racemates [1,2]. Regulatory concerns, such as those from 
the Food and Drug Administration of the United States (FDA) and the 
European Medicines Agency (EMA), arise due to the differing biological 
activities of enantiomers [3,4]. Typically, only one enantiomer (the 
eutomer) exhibits desired effects, while the other (the distomer) may 
cause adverse effects. Although certain racemic drugs are considered 
safe, regulatory authorities impose stringent requirements on pharma
ceutical companies for the provision of comprehensive pharmacological, 
pharmacokinetic, and toxicological data on individual enantiomers and 
their racemates [5]. Therefore, the need for enantiopure compounds 
over racemic mixtures is growing, aiming to improve drug safety and 
efficacy. 

Ofloxacin (OFX), a widely used quinolone antibiotic, is marketed 
both as levofloxacin (S-OFX) and in racemic form (S-OFX/R-OFX) for 
treating bacterial infections. Its antibacterial activity is highly depen
dent on its stereostructure, with S-OFX exhibiting significantly greater 
biological activity than R-OFX [6]. Due to R-OFX’s lower activity and S- 
OFX’s reduced toxicity, OFX has been exclusively marketed in its S- 
isomer form since 1998 [7]. Given the pivotal role of S-OFX in thera
peutic effect, the enantioseparation of OFX holds significant importance. 

The resolution of racemates to isolate individual enantiomers re
mains the primary approach in chiral separation. Various techniques, 
such as capillary electrophoresis (CE) [8], cocrystallization [9], high 
performance liquid chromatography (HPLC) [10], thin-layer chroma
tography (TLC) [11], and ligand exchange chromatography/capillary 
electrophoresis (LEC/LECE) [12,13], have been used to separate enan
tiomers, like the OFX. While these methods are effective, they have some 
drawbacks, including the need for expensive equipment, high opera
tional costs, and environmental hazards [14,15], which complicate the 
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scaling-up of enantioseparation processes. This highlights the need for 
more cost-effective and environmentally friendly techniques. 

Enantioselective liquid–liquid extraction has recently emerged as a 
versatile technology for recovering single enantiomers from racemic 
mixtures, suitable for continuous operation [16]. ELLE is known for its 
scalability, tunability, and integration of enantiomer recognition and 
solvent extraction in a single-step [17]. In ELLE, there is a chiral selector 
that preferentially interacts with one of the enantiomers and forming a 
complex through various intermolecular interactions (e.g. hydrogen 
bonding, π-π interactions, dipole and van der Waals interactions) [18]. 
This complex shows a different partitioning behavior from the other 
enantiomer and ensures effective enantioseparation [19]. The compo
sition of ELLE also strongly influences enantiomer separation. Therefore, 
thoughtful selection of phase composition along with the chiral selector 
makes ELLE adaptable and versatile for enantiomer separation. 

Jiao et al. [20] investigated the enantioseparation of OFX using a 
traditional ELLE based on n-octanol–water. Using a combination of 
hydrophilic (β-cyclodextrin) and hydrophobic (complex formed by O’O- 
dibenzoyl-(2R,3R)-tartaric acid (L-DBTA) and di(2-ethylhexyl)- 
phosphoric acid (D2EHPA)) chiral selectors, they optimized conditions 
to enhance enantioselectivity, achieving a selectivity of 2.48. In another 
study in which different organic solvents for ELLE were investigated, 
octanol–water was found to be the most effective ELLE for OFX enan
tioseparation [21]. Tartaric acid derivatives and β-cyclodextrin (β-CD) 
were used as chiral selectors, achieving an enantioselectivity of 2.4 with 
di-p-toluoyl-l-tartaric acid (L-DTTA) and β-CD. Molecular simulations 
clarified the selectivity, highlighting the significant roles of interaction 
sites and steric effects in chiral recognition. In addition, Jiao et al. [22] 
utilized an aqueous biphasic system (ABS) − a specific type of ELLE −
composed of polyethylene glycol (PEG) and ammonium sulfate for OFX 
enantioseparation. By adjusting the concentrations of L-tartaric acid (L- 
TA) and hydroxypropyl-β-cyclodextrin (HP-β-CD) and maintaining a pH 
of 4, they achieved a selectivity of 1.32. 

However, conventional ELLE systems face issues like the volatility, 
flammability, and toxicity of some organic solvents, while polymer- 
based ELLE (ABS) struggles with high viscosity and limited polarity 
range, affecting extraction efficiency and selectivity, which hinders the 
achievement of high extraction efficiency [23]. Therefore, ELLE based 
on emerging alternative solvents, such as eutectic solvents (ES), has 
gained attention. 

Typically, ES consist of a mixture of two (or more) compounds 

known as the hydrogen bond acceptor (HBA) and hydrogen bond donor 
(HBD) [24]. These solvents are highly customizable and allow fine- 
tuning of physicochemical properties, such as hydrophobicity and hy
drophilicity, by selecting the appropriate components [25]. Given the 
hydrophobic nature of OFX and the advantages offered by hydrophobic 
eutectic solvents (HES), such as higher water stability [25], the devel
opment of a HES-based ELLE emerges as a viable alternative. 

The aim of this study was to investigate the potential of HES as an 
alternative solvent for the enantioseparation of OFX by ELLE. First, four 
different β-CD derivatives were investigated as chiral selectors for OFX 
enantioseparation. Then, fourteen HES-based ELLE systems were 
investigated, with HES based on compounds such as L-menthol, fatty 
acids and fatty alcohols. Finally, optimization of the most effective 
system and the chiral selector was performed using a response surface 
method (RSM). The operating parameters, including pH, excess of chiral 
selector and HES-water ratio (v/v), were optimized to achieve high 
selectivity for R/S-OFX. 

2. Material and methods 

2.1. Materials 

All the chemical reagents used in the present work are reported in 
Table 1. Moreover, in all experiments ultrapure water was used, which 
underwent a rigorous double distillation procedure and meticulously 
treated through a reverse osmosis system and further refined using a 
Milli-Q plus 185 water purifier. 

2.2. HES preparation 

This work focused on the use of HES for ELLE (Table 2), from which 
four groups were evaluated: (i) L-menthol: fatty acid; (ii) L-menthol: 
fatty alcohol; (iii) fatty acid: fatty acid and (iv) fatty acid: fatty alcohol. 
The selection of these HES was based on our previous study [26]. In 
particular, the COSMO-RS predictions showed that the most promising 
HES for OFX extraction are fatty acids with a higher fatty acid molar 
ratio and longer alkyl chains. The selected HES were prepared with the 
indicated molar ratio of HBA and HBD (Table 2) by heating the mixture 
at 80 ◦C for 4–5 h with constant stirring until a clear and homogeneous 
liquid was obtained. These HES remained stable (clear and homoge
neous liquid), with no detectable changes when cooled to 25 ◦C. In 

Table 1 
List of compounds used in this work, including the abbreviation, CAS number, supplier and purity.  

Compound Abbreviation CAS number Supplier Purity (wt%) 

HES compounds 
1-Decanol C10 alcohol 112-30-1 TCI 98.0 
1-Dodecanol C12 alcohol 112-53-8 Alfa Aesar 98.0 
Decanoic acid C10 acid 334-48-5 Thermo Scientific 99.0 
Dodecanoic acid C12 alcohol 143-07-7 Acros Organics 99.0 
L-menthol − – 1490-04-6 Acros Organics 99.5 
Octanoic acid C8 acid 124-07-2 Thermo Scientific 98.0  

Chiral selectors 
Carboxymethyl-β-cyclodextrin sodium salt, DS* ~3 CM-β-CD 2828447-14-7 BLD Pharmatech 99 
Hydroxypropyl-β-cyclodextrin, DS* ~ 5–6 HP-β-CD 128446-35-5 Sigma − – 
Sulfated-β-Cyclodextrin sodium salt, DS* ~12–15 S-β-CD 37191-69-8 Sigma − – 
β-Cyclodextrin β-CD 7585-39-9 Sigma ≥ 97  

Standards and compounds for NMR quantification 
1-Butyl-3-methylimidazolium trifluoromethanesulfonate [C4mim][CF3SO3] 174899-66-2 Iolitec 99 
Deuterium oxide-D D2O 7789-20-0 Aldrich 99.9 
Dimethyl sulfoxide-D6 DMSO 2206-27-1 Euriso-top 99.80 
Levofloxacin S-OFX 100986-85-4 TCI 98 
Ofloxacin R/S-OFX 82419-36-1 TCI 98 
Sodium fluoride NaF 7681-49-4 Thermo scientific 99  

* DS − degree of substitution. 
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addition, their stability in water was previously studied confirming it 
[25]. 

2.3. Selection of the best chiral selector 

First, the efficacy of β-cyclodextrin derivatives were investigated −
namely β-cyclodextrin (β-CD), hydroxypropyl-β-cyclodextrin (HP-β-CD), 
carboxymethyl-β-cyclodextrin sodium salt (CM-β-CD) and sulfated- 
β-cyclodextrin sodium salt (S-β-CD) − as chiral selectors for the enan
tioseparation of OFX. To evaluate the suitability of these selectors and 
determine the initial appropriate molar excess for evolute HES-based 
ELLE, a solution containing racemic OFX (1 mg/ml) was mixed with 
different molar excesses of the chiral selector (20x, 40x, 80x, 120x, and 
160x) in relation to OFX. For β-CD, the evaluation was limited to a 20- 
fold excess of the chiral selector, whereas HP-β-CD was evaluated in a 
range of 20 to 80-fold due to solubility issues. The mixtures were then 
stirred at 50 rpm and room temperature (25 ± 1 ◦C) for at least 12 h to 
ensure optimal contact between the chiral selector and R/S-OFX. Af
terwards, 19F NMR spectroscopy was used to determine whether the R/ 
S-OFX enantiomers were separated or not, as explained below. 

2.4. HES-based enantioselective Liquid-Liquid extraction (ELLE) 

The HES-based ELLE was chosen as the platform for the enantiose
paration of R/S-OFX. A total of fourteen systems (see Table 2) with an 
equal volume ratio of HES and water (HES-water ratio, v/v) were 

analyzed for enantioseparation. The water phase contained the racemic 
mixture of OFX (2 mg/ml) and the previously identified and optimized 
chiral selector. The mixture was stirred at 50 rpm for at least 12 h at 
room temperature (25 ± 1 ◦C) to ensure the contact between the phases. 
Then, the system was centrifuged at 10,000 rpm for 10 min. Subsequent 
separation of the HES phase (top) from the aqueous phase (bottom) was 
performed and analyzed by 19F NMR spectroscopy to quantify the OFX 
enantiomers in each phase as described below. This entire procedure 
was repeated three times in order to determine the average of the 
partition coefficients and selectivity, as well as the respective standard 
deviations. Fig. 1 gives an overview of the experimental process of OFX 
enantioseparation using HES-based ELLE. 

2.5. Identification and quantification of OFX enantiomers by 19F NMR 

The NMR technique can be used to identify and quantify enantio
mers, especially for fluorine-containing compounds such as OFX, as 
shown in Fig. 2. The identification and quantification of OFX enantio
mers were performed using the 19F NMR spectroscopic method, 
following the established approach by Rofouei et al. [7]. This method is 
characterized by the observation of a doublet signal in the 1H-decoupled 
19F NMR spectrum of OFX, which is crucial for accurate enantiomeric 
analysis. 

All samples were analyzed by 1H-decoupled 19F recorded on a Bruker 
Avance 300 at 282 MHz to obtain their spectrum, and the depending on 
the chiral selector and its concentration different signals of R/S-OFX 
(ppm) were observed. 

To quantify OFX enantiomers using 19F NMR, sodium fluoride (NaF) 
was employed as an internal standard, as it presents a distinct signal 
(− 118.8 ppm) compared to OFX (− 115.7 ppm) in the 1H-decoupled 19F 
NMR spectrum (Fig. S1 in Supplementary Material). A solution of NaF at 
a concentration of 2 mg/ml in deuterated water (D2O) was prepared and 
distributed into separate capillaries to avoid interactions with the OFX 
enantiomers and to ensure accurate quantification. Each capillary was 
standardized using a reference solution of 1-butyl-3-methylimidazolium 
trifluoromethanesulfonate ([C4mim][CF3SO3]). Then, these calibrated 
capillaries were used as an internal standard for the quantification of 
OFX enantiomers in each phase. For OFX quantification, 400 µl of each 
phase was weighed individually (±10-4 g) in a NMR tube with a NaF 
standardized capillary. Then, the samples were analyzed by 1H- 

Table 2 
List of HES studied in this work.  

HBA HBD Abbreviation Molar ratio 

L-menthol Octanoic acid L-menthol: C8 acid 1:2 
Decanoic acid L-menthol: C10 acid 1:2; 1:3 
1-Decanol L-menthol: C10 alcohol 2:1 
1-Dodecanol L-menthol: C12 alcohol 2:1 

Octanoic acid Decanoic acid C8 acid: C10 acid 2:1 
Dodecanoic acid C8 acid: C12 acid 2:1 
1-Decanol C8 acid: C10 alcohol 2:1 
1-Dodecanol C8 acid: C12 alcohol 2:1 

Decanoic acid Dodecanoic acid C10 acid: C12 acid 2:1; 3:1 
1-Decanol C10 acid: C10 alcohol 2:1 
1-Dodecanol C10 acid: C12 alcohol 2:1; 3:1  

Fig. 1. Schematic diagram of the enantioseparation of OFX using HES-based ELLE.  
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decoupled 19F recorded and their spectrum recorded. The gathered 
spectra were analyzed in order to calculate the amount of R/S-OFX 
enantiomers present in the phases, aiming to determine the partition 
coefficient and the selectivity. 

The partition coefficient (K) for each enantiomer were calculated 
separately through Eq. (1): 

KS/R− OFX =
CbotS/R− OFX

CtopS/R− OFX
(1)  

where CbotS/R− OFX and CtopS/R− OFX refer to the concentration of R-OFX or 
S-OFX in the bottom phase (aqueous phase) and in the top phase (HES 
phase), respectively. Moreover, the selectivity (α) of each system was 
calculated as described in Eq. (2): 

αR− OFX/S− OXF =
KR− OFX

KS− OFX
(2)  

where KR− OFX and KS− OFX represent the partition coefficient of R-OFX 
and S-OFX, respectively. 

2.6. Computational details 

Initially, the geometry optimization of the β-CD trimer, CM-β-CD 
trimer, S-β-CD trimer, and OFX (in both zwitterionic and positive forms) 
was conducted using Turbomole v4.5.2 (TmoleX19 software package) at 
the BP86/TZVP level. In this step, a separate *.cosmo file was generated 
for each molecule, which was then used in the COSMOthermX software. 
To confirm the stability of the most stable conformer, a final single-point 
calculation was conducted to eliminate any oscillation frequencies [27]. 

The intermolecular interactions energies − specifically, hydrogen 
bonding (H-bond), electrostatic misfit (misfit) and van der Waals forces 
(vdW) − between the chiral selectors and OFX were then calculated. 
These calculations used the COSMO-RS (COnductor-like Screening 
MOdel for Real Solvents) approach [28], a thermodynamic model that 
combines quantum chemistry and statistical thermodynamics. All 
COSMO-RS calculations were performed utilizing the COSMOthermX 
software package (Version 21.0, COSMOlogic GmbH) at the BP86/TZVP 
level with the BP_TZVP_21.ctd parameterization [28,29]. 

2.7. Optimization of the operating extractions conditions 

In order to investigate synergies or antagonisms in the extraction 
process under different conditions, we employed the response surface 
methodology (RSM). RSM uses mathematical and statistical methods to 
determine correlations and optimize response(s) [30]. In a 2 k RSM, k 
variables contribute to different response (y), and the data are treated 
according to the following second-order polynomial equation: 

y = β0 +
∑

βiXi +
∑

βiiX2
i +

∑

i<j
βijXiXj (3)  

where, β0, βi, βii, and βij refer to the adjusted coefficients for the inter
cept, linear, quadratic, and interaction terms, respectively, while Xi and 

Xj represent the operational variables. 
A 23 RSM was used to optimize the selectivity of OFX by evaluating 

three operating variables, namely pH (between 3 and 5), excess of chiral 
selector (ranging from 20 to 121 times the amount of OFX) and HES- 
water ratio (between 1:2 and 2:1 v/v). A total of twenty experiments 
were performed. Detailed information on the RSM can be found in 
Tables S1 and S2 in the Supplementary Material. 

Statistical analysis of the results was performed using Statistic 10.0 
software (StatSoft, Tulsa, OK, USA) with a 95 % confidence level. This 
analysis included various methods, including analysis of variance 
(ANOVA), regression analysis and contour plots. These analysis tech
niques were used to determine and define the optimal operating con
ditions in this study. 

3. Results and discussion 

3.1. Selection of the best chiral selector 

In enantioseparation, the interactions of the chiral selectors with the 
enantiomers are crucial for effective separation of the enantiomers [31]. 
Cyclodextrins (CD) are preferred as chiral selectors due to their cost 
efficiency, stability and water solubility [32]. Recently, β-CD derivatives 
with neutral or charged groups have proven to increase the solubility 
and enantioseparation efficiency. In this context, we investigated the 
efficiency of four β-CD derivatives (neutral β-CD: β-CD and HP-β-CD and 
anionic β-CD: S-β-CD, CM-β-CD) at different molar excesses of chiral 
selector (20x, 40x, 80x, 120x and 160x), at 25 ◦C for the enantiomeric 
separation of OFX. The 19F NMR results obtained are shown in Fig. 3. 
Please note that the results for the excess of β-CD from 40x to 160x and 
HP-β-CD from 120x to 160x are not shown in the figure, as it was not 
possible to dissolve these chiral selectors in water at these 
concentrations. 

As shown in Fig. 3, among the studied chiral selectors, the neutral 
β-CDs, namely β-CD and HP-β-CD, exhibit a negligible effect on the 
enantioseparation of OFX. This is evident from their 19F NMR spectra, 
which lack two distinct peaks even with a high excess of the chiral 
selector. These findings align with previous studies [7,33,34]. In 
contrast, anionic β-CD namely, CM-β-CD and S-β-CD showed consider
able potential for the enantioseparation of OFX, since two peaks were 
observed in the NMR spectra, confirming the separation of OFX enan
tiomers. These results show that, while in neutral β-CD hydrophobic 
interactions are usually responsible for the formation of host–guest 
complexes by entrapping the aromatic part of the analytes into the CD 
cavity, in anionic β-CD electrostatic interactions and hydrogen bonding 
are the main driving forces for chiral recognition, in addition to the well- 
known hydrophobic interactions [35]. This allows the formation of a 
shallow external complex rather than an inclusion complex between 
anionic β-CD and analytes, which may explain the good enantiomeric 
results observed for anionic β-CD. However, note that the structure of 
the analytes also significantly influences the enantioseparation. 
Furthermore, two distinct peaks were observed with increasing excess of 
the anionic chiral selector, especially at 120-fold excess of the chiral 

Fig. 2. The structure of the OFX enantiomers.  
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selector. This improved separation can be associated with the formation 
of additional complexes when the concentration of the chiral selector 
was increased [36]. However, a further increase in the excess of the 
anionic chiral selector to 160-fold leads to a decrease in the separation 
efficiency for the R/S-OFX peaks. 

It is worth noting that despite some studies indicating successful OFX 
enantiomer separation with HP-β-CD [33,34,37], our observations are 
not consistent with this, suggesting that its efficacy may be limited to 
certain experimental conditions. On the other hand, only when CM-β-CD 

was used as a chiral selector, especially at 120-fold excess, two clearly 
separated peaks were observed, highlighting its superiority in the 
enantioseparation of OFX. These results are consistent with previous 
studies showing that anionic derivatives of β-CD, particularly CM-β-CD, 
produce the most stable complexes and the highest resolution in enan
tioseparation [33,38]. 

To gain insights into why the chiral selector CM-β-CD performs better 
than S-β-CD in the enantiomer separation of OFX, we calculated the 
intermolecular interaction energies, including hydrogen bonding (H- 

Fig. 3. The 1H-decoupled 19F NMR spectrum of R/S-OFX in the presence of different chiral selectors and molar excess, at 25 ◦C.  

Fig. 4. Interaction energies, including hydrogen bonding (H-bond), electrostatic misfit (misfit), and van der Waals forces (vdW), calculated using COSMO-RS for 
aqueous mixtures of β-CD (yellow), S-β-CD (orange), or CM-β-CD (green) with OFX in its zwitterionic (solid line) or positive (dashed line) form, at 20-fold and 120- 
fold excess of the chiral selector. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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bond), electrostatic misfit (misfit), and van der Waals forces (vdW). 
These calculations were performed using COSMO-RS for water mixtures 
with β-CD, S-β-CD or CM-β-CD and OFX at 20- or 120-fold excess of the 
chiral selector. The results are shown in Fig. 4 and Table S3 in the 
Supplementary Material. β-CD was not included at 120-fold excess 
because it is not water soluble at this concentration. In addition, the 
mixture of S-β-CD and OFX at 120-fold excess had a pH of 5.7, meaning 
that OFX was present in both its zwitterionic and positive forms (OFX 
pKa1 = 5.2 and pKa2 = 8.4 [39]), so calculations were performed for both 
OFX forms. For the other mixtures, the interaction energies were only 
calculated for this form, as they had a pH of about 6.1 and OFX was 
predominantly present in its zwitterionic form. 

Fig. 4 shows that both H-bond and vdW interactions are slightly more 
negative (with greater intensity) for the chiral selector CM-β-CD at an 
excess of 120x. Conversely, under these same conditions, the misfit 
energy interactions have less intensity. Negative values for H-bond and 
vdW interactions indicate stronger interactions between the chiral 
selector and OFX, while positive misfit interactions are generally 
disadvantageous − the lower the better [40]. These results show that 
CM-β-CD at 120x has the strongest interactions with OFX, as observed 
experimentally (Fig. 3). When comparing different chiral selectors at 
20x excess, especially in terms of H-bond energy, they show similar 
values, indicating a comparable affinity for OFX; consequently, no sig
nificant differences were expected under these conditions, as observed 
experimentally (Fig. 3). In addition, for S-β-CD at 120x, it should be 
noted that half of the OFX is in its positive form and the other half in the 
zwitterionic form, which could explain why S-β-CD was less effective 
than CM-β-CD in enantiomer separation at this concentration (Fig. 3). In 
this context, it is understandable that CM-β-CD at 120x shows the 
highest efficiency in enantiomer separation, as it has the most negative 
values for both H-bond and vdW energies and the lowest misfit energy 
among the chiral selectors studied. 

Since CM-β-CD with a 120-fold excess showed the most promising 
results in OFX enantiomer separation, this chiral selector and molar 
excess were chosen for subsequent studies. 

3.2. Selection of the optimal enantioselective Liquid-Liquid extraction 
(ELLE) 

To identify the optimal HES-based ELLE for OFX enantioseparation, 
fourteen systems were explored, assessing four different HES families (L- 
menthol: fatty acid, L-menthol: fatty alcohol, fatty acid: fatty acid, and 
fatty acid: fatty alcohol) with various molar ratios of HES (Fig. 5). The 

experiments were conducted under the following conditions: 1:1 (v/v) 
HES-water ratio, 120-fold excess of CM-β-CD, stirring at 50 rpm for at 
least 12 h at (25 ± 1 ◦C). Fig. 5 shows the results obtained regarding the 
selectivity of the systems for the enantioseparation of OFX and initial pH 
of each system (for more details see Table S4 Supplementary Material). 
The pH was not adjusted during these experiments. Furthermore, CM- 
β-CD prefers the aqueous phase due to its high hydrophilicity, and since 
the partition coefficient of R-OFX exceeds the partition coefficient of S- 
OFX in the aqueous phase, this indicates that R-OFX is predominantly in 
this phase (water). As a result, the chiral cavities of CM-β-CD exhibit a 
specific affinity for the R-enantiomer of OFX due to its high hydrophi
licity [38]. This selective recognition is consistent with the three-point 
interaction model, in which optimal chiral discrimination occurs 
through at least three simultaneous interaction points (hydrogen bonds, 
hydrophobic effects and van der Waals forces) [38]. These results sup
port the complex formation with the preferred enantiomer and promote 
its separation from the racemic mixture. 

As shown in Fig. 5, HES-based ELLE are in general promising for OFX 
enantioseparation, which is consistent with the hypothesis that highly 
hydrophobic solvents are advantageous to achieve robust enantior
ecognition when β-CD derivatives are used as chiral selectors [18]. The 
only exception is the HES group based on L-menthol: fatty alcohol, 
which has a significantly lower selectivity, suggesting that this group 
may not be suitable for enantioseparations. These systems are charac
terized by being those with higher pH values (around 6.3), which could 
explain these results as the OFX molecule is in its zwitterionic form at 
this pH (OFX pKa1 = 5.2 and pKa2 = 8.4) [39], which could lead to 
weaker interactions with the chiral selector [41]. The impact of pH on 
enantioseparation will be further discussed in more detail ahead. On the 
other hand, fatty acid-based HES proves to be a good option for OFX 
enantioseparation and shows the most promising results. It is note
worthy that these systems have pH values between 4.5 and 5.3, where 
the molecules are positively monocharged, and therefore have a higher 
affinity to interact with the anionic chiral selector. It is also observed 
that increasing the alkyl chain length of the fatty acids (e.g., L-menthol: 
C8 acid (1:2) with α of 1.19 ± 0.03 vs. L-menthol: C10 acid (1:2) with α 
of 1.42 ± 0.04) and their molar ratio (e.g., L-menthol: C10 acid (1:2) 
with an α of 1.42 ± 0.04 vs. L-menthol: C10 acid (1:3) with an α of 1.85 
± 0.05) contribute to a better separation of the OFX enantiomers. An 
exception was observed with HES from fatty acid:fatty acid, where a 
higher molar ratio of fatty acids led to a decrease in the selectivity of 
OFX enantiomer separation (i.e., C10 acid:C12 acid (2:1) with an 
α-value of 2.01 ± 0.06 versus C10 acid:C12 acid (3:1) with an α-value of 

Fig. 5. Selectivity of OFX (αR-OFX/S-OFX) for each system (bars) and pH (circles), using the chiral selector CM-β-CD at a 120-fold excess. Experiments were conducted 
at 25 ◦C. 
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1.34 ± 0.04). 
In summary, among the HES-based ELLE systems, the one utilizing a 

C10 acid:C12 acid (in a 2:1 ratio) demonstrated the highest effective
ness, boasting a selectivity of up to 2.01 ± 0.06. Consequently, this 
system was chosen for further evaluation in subsequent steps. 

3.3. Optimization of the operating extractions conditions 

A RSM was used to optimize the operating conditions for OFX 
enantiomer separation in order to analyze different variables simulta
neously and to identify the most significant parameters and their 
interaction. The independent variables considered were pH, excess of 
chiral selector and HES-water ratio (v/v), and the dependent variable 
was the selectivity of OFX (αR-OFX/S-OFX). Details about the results, the 
statistical analyses and fitted model can be found in the Supplementary 
Material (Tables S5–S7, Figs. S2 and S3). The fitted model was obtained 
using the analysis of variance (ANOVA) to estimate the statistical sig
nificance of the variables and their interactions. It shows satisfying 
predictability at a confidence level of 95 % with R2 = 0.92 and F- 
calculated > F-tabulated, demonstrating the model reliability in 
describing experimental findings. The impact of these three variables on 
the selectivity of OFX is illustrated in Fig. 6. In addition, the Pareto chart 
(Fig. S2 in Supplementary Material) highlights the significant effects of 
operating variables, including pH, excess of chiral selector, and HES- 
water ratio, along with some of their interactions. The order of vari
ables with statistical significance is HES-water ratio ≥ pH > excess of 
chiral selector2 > pH2 > excess of chiral selector. The effects of each 
variable will be discussed in more detail below. 

3.3.1. Effect of HES-water ratio (v/v) on the enantioseparation of OFX 
The volume ratio of the phases typically plays an important role in 

the enantioseparation in ELLE [20,31]. In our case, the HES-water ratio 
(v/v) was the most important parameter, together with pH, as 
mentioned above. The results show a higher selectivity at a lower HES- 
water ratio (v/v), highlighting the significant influence of a higher ratio 

of the aqueous phase on the enantiomer distribution [20]. This can be 
explained by the lower volume of HES, which allows more OFX to enter 
the hydrophilic phase. Consequently, CM-β-CD can interact more 
effectively with the enantiomers enhancing enantioseparation [31]. 

3.3.2. Effect of pH on enantioseparation of OFX 
The significance of pH in enantioseparation has been extensively 

investigated in previous studies [20,22], and the OFX enantiomers can 
usually be separated in a wide pH range, except when the molecule is in 
its neutral zwitterionic form (OFX has two pKa values: pKa1 = 5.2 and 
pKa2 = 8.4, with the neutral zwitterionic form prevailing between these 
pKa values) [39]. Therefore, a pH range of 3.0 to 5.0 was chosen for 
enantioseparation in this study. 

As expected, the pH plays a crucial role in the separation of OFX 
enantiomers emerging as the second most significant variable. The re
sults show that the quadratic effect of pH has a negative influence on the 
enantioseparation of OFX (Table S6 in the Supplementary Material). 
Thus, maximum selectivity is observed at intermediate pH values, where 
an increase from 3.0 to 3.5 enhances selectivity, but further increases 
above 3.5 lead to decreased selectivity. 

This behavior can be attributed to the chemical structure of OFX, 
characterized by the presence of a carboxyl group (pKa1 = 5.2) and a 
piperazine group (pKa2 = 8.4) [39]. The charge of these functional 
groups varies with pH, becoming positively charged in an acidic medium 
[39]. Additionally, CM-β-CD is negatively charged at acid medium (pKa 
= 4) [41]. As a result, there is a strong ionic interaction between R-OFX 
and CM-β-CD, enhancing the selectivity. These results are consistent 
with previous research [33,38] showing that the complexes formed 
between R-OFX and CM-β-CD remain stable at acidic pH. Jiao et al. [22] 
also demonstrated the favorable influence of acidic conditions, specif
ically at pH 4, on the enantioseparation of OFX using an ABS based on 
PEG and ammonium sulfate, with two chiral selectors, L-TA and HP- 
β-CD. 

On the other hand, a reduction in selectivity can be observed when 
the pH value increases. This is attributed to the increased deprotonation 

Fig. 6. Responsive surface and contour plots of the selectivity of OFX (αR-OFX/S-OFX) with the combined effects: (A) pH and excess of chiral selector, (B) HES-water 
ratio (v/v) and excess of chiral selector and (C) HES-water ratio (v/v) and pH. 
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of the carboxyl groups of OFX, which leads to an increase in the zwit
terionic form. Simultaneously, the electrostatic attraction between OFX 
and CM-β-CD decreases, contributing to a less efficient enantiosepara
tion. In summary, the most efficient enantioseparation is achieved at a 
pH around 3.5, where CM-β-CD is negatively charged while OFX is 
positively charged. 

3.3.3. Effect of excess of chiral selector on enantioseparation of OFX 
The excess of the chiral selector is considered a critical factor in 

enantioseparation. Chiral selectors not only improve the selectivity of 
enantiomers in ELLE, but also influence the partitioning of enantiomers 
between phases [22]. The data from Fig. 6 and Table S6 in the Supple
mentary Material show a positive correlation between CM-β-CD excess 
and the selectivity of R/S-OFX. This can be explained by the fact that an 
increase in CM-β-CD excess enhances interactions such as hydrogen 
bonding and dipole–dipole interactions between the enantiomers and 
the chiral selector, which facilitates the formation of more complexes 
and improves chiral recognition [20,33]. However, Fig. 6 shows that 
exceeding a 100-fold excess of CM-β-CD leads to a decrease in the 
selectivity of OFX enantioseparation. This decrease is consistent with the 
negative effects of the quadratic effect of excess CM-β-CD. The excess 
concentration of CM-β-CD likely leads to saturation of the binding sites 
for the OFX enantiomers, disrupting the chiral recognition process. This 
saturation could affect the separation efficiency and even lead to non- 
selective interactions between the enantiomers and the chiral selector. 
These findings are consistent with the results of previous studies 
[20,42]. Jiao et al. [20] demonstrated that in an ELLE system composed 
of n-octanol and water, increasing the concentration of the hydrophobic 
chiral selector (a complex of D2EHPA and L-DBTA) improved the dis
tribution, enantiomeric excess, and separation factor of OFX enantio
mers up to a maximum. Beyond this optimal concentration, however, 
further increases led to a decrease in enantioseparation efficiency. 

3.3.4. Discussion 
After analyzing the surface plots shown in Fig. 6, the optimal oper

ating conditions for the enantioseparation of OFX with ELLE based on 
HES-C10 acid:C12 acid (2:1) and CM-β-CD as chiral selector are an 
excess of chiral selector of 77, an HES-water ratio of 1:2, and a pH of 3.5. 
Under these optimized conditions, a selectivity of R/S-OFX of 3.81 ±
0.33 was achieved. Remarkably, this experimental result aligns with the 
value predicted by multiple regressions using RSM analysis, which 
estimated a selectivity of R/S-OFX at 3.75, resulting in a relative error of 
only 1.6 %. This validated the model with a confidence interval of 95 %, 
underlining the robustness of the fitted model. 

Table 3 shows a comparison of the developed method for the enan
tioseparation of OFX with previous ELLE approaches. Jiao et al. [22] 
used an ABS consisting of PEG 2000 and ammonium sulfate using L-TA 
in the PEG-rich phase and HP-β-CD in the salt-rich phase as chiral se
lectors and achieved a maximum selectivity of 1.32 for OFX under 
optimal conditions. In contrast, in another study [20], a higher separa
tion factor of 2.48 was obtained for R/S-OFX using conventional ELLE 
with n-octanol, using both hydrophilic and hydrophobic chiral selectors; 
however, the hydrophobic component was a complex of L-DBTA and 
D2EHPA. In addition, Li et al. [21] investigated different organic sol
vents and chiral selectors in ELLE for OFX extraction. Their most 
effective system, which used n-octanol and water with L-DTTA as the 
hydrophobic chiral selector and β-CD as the hydrophilic selector, ach
ieved an enantioselectivity of 2.4 under optimized conditions. This 
demonstrates that complex chiral selectors are not always necessary, 
depending on the specific conditions of enantioseparation. Overall, 
research on OFX enantioseparation in two-phase systems, as described 
both in the literature and in this study, highlights the importance of 
careful solvent and chiral selector selection, as well as optimized oper
ating factors such as pH control. These elements are crucial for 
increasing the efficiency of OFX enantioseparation. Notably, the HES- 
based ELLE system using a C10 acid:C12 acid (2:1) HES with CM-B-CD 

as chiral selector at pH 3.5 proves to be the most promising approach. 
Expanding the discussion to include process development, it is 

crucial to develop effective method for recovering the active pharma
ceutical ingredient and to understand the toxicity (both eco- and cyto- 
toxicity) of HES. 

Regarding the recovery of the target enantiomer, we did not directly 
study the extraction of S-OFX from the HES phase in this study. How
ever, Li et al. [21] investigated this aspect using an acetic acid solution 
to recover S-OFX from octanol, a highly hydrophobic solvent, and 
showed effective recovery. This suggests that this approach could be 
effective for the extraction of S-OFX from the HES phase, as it is also a 
highly hydrophobic solvent. Moreover, this method not only facilitates 
the recovery of the enantiomer, but also enables the reuse of HES in 
subsequent extractions, which is crucial for the development of a sus
tainable process. Nevertheless, further studies are needed to evaluate 
the stability of HES after the recovery process. 

Regarding the ecotoxicity of our HES, although no specific tests have 
yet been carried out, the analysis of only the C10 and C12 acids can 
provide information on their hazard potential. Their slow degradation in 
water poses a risk to aquatic ecosystems and requires proper disposal to 
minimize the impact on the environment [43,44]. On the other hand, 
the low solubility of HES (2 wt%) helps to reduce water pollution and 
improve environmental sustainability [45]. The challenge of complete 
separation of HES from compounds also requires an evaluation of the 

Table 3 
A summary of extraction conditions for some enantioselective liquid–liquid 
systems in OFX enantioseparation from the literature.  

Enantioseparation 
method 

Chiral 
selector 

Extraction 
conditions 

Selectivity 
(α) 

Ref. 

Enantioselective 
liquid–liquid 
extraction (ELLE), 
including aqueous 
biphasic system 
(ABS) 

L-TA; 
HP-β-CD 

[OFX] = 0.04 mg/ 
ml, pH = 4, [HP- 
β-CD] = 0.02 mol/ 
l, [L-TA] = 0.05 
mol/l, 40 wt% of 
PEG 2000, 25 wt% 
of ammonium 
sulfate. (ABS − a 
specific type of 
ELLE) 

1.32 [22] 

β–CD; [OFX] = 0.002 g/ 
ml, pH = 6.5, 
[β–CD] = 0.011 g/ 
ml, [L-DBTA] =
0.055 g/ml and 
[D2EHPA] = 0.3 g/ 
ml, organic phase 
volume (n- 
octanol) = 14 ml, 
aqueous phase 
volume = 20 ml, 
temperature =
25 ◦C. 

2.48 [20] 

L- 
DTTA;β- 
CD 

[OFX] = 1 mg/ml, 
[L-DTTA] = 0.012 
g/ml and [β-CD] =
0.006 g/mL, 
organic phase 
volume (n- 
octanol) = 3 ml, 
aqueous phase 
volume = 3 ml, 
temperature =
25 ◦C. 

2.4 [21] 

CM- 
β-CD 

[OFX] = 2 mg/ml, 
pH = 3.5, molar 
excess of chiral 
selector = 77-fold, 
HES-water volume 
ratio = 1:2 (V/V), 
temperature =
25 ◦C. 

3.8 ± 0.3 This 
work  
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cytotoxicity of HES. Studies suggest different cytotoxic effects of fatty 
acid-based HES on yeasts (C. albicans) [46], bacteria and HaCaT [47], so 
further targeted research is needed. Although the Food and Drug 
Administration (FDA) classifies the HES components themselves as safe 
[48], and they are therefore widely used in the industry, high doses can 
cause irritation, so further research is needed. 

Taking into account all the aforementioned points, the development 
of advanced recycling methods and the provision of comprehensive 
toxicity data are essential for a more effective integration of HES into 
industrial applications. 

4. Conclusions 

Aiming at the enantioseparation of OFX, this study developed an 
ELLE method based on HES, utilizing both neutral and anionic de
rivatives of β-CD as chiral selectors. An initial screening was conducted 
to identify the most promising chiral selector for the enantioseparation 
of OFX. The results highlighted the potential efficacy of anionic β-CD 
derivatives, particularly CM-β-CD, in the effective separation of R/S- 
OFX. After that, a screening of fourteen HES-based ELLE systems 
revealed that an increased molar ratio of fatty acids, coupled with an 
extension of their alkyl chain length, significantly improved the effi
ciency of enantioseparation of OFX. Among these combinations, C10 
acid: C12 acid at a ratio of 2:1 was found to be the most favorable 
extraction solvent. Finally, an experimental design was carried out to 
investigate the most important factors in enantioseparation with C10 
acid: C12 acid (2:1) HES and CM-β-CD as a chiral selector. The results 
showed that the three variables evaluated, i.e. pH, excess of chiral 
selector and HES-water ratio (v/v), had an effect on improving the 
selectivity of R/S-OFX separation. Under the optimal conditions, i.e. 77- 
fold excess of chiral selector, pH of 3.5 and HES-water ratio (v/v) of 
0.54, the highest selectivity (α) of 3.8 ± 0.3 was achieved in a single- 
step. 

These results emphasize the critical significance of carefully selecting 
appropriate solvents and chiral selectors while evaluating key factors for 
the separation. This approach has the potential to significantly improve 
the efficiency of enantioseparation of chiral compounds. This research 
not only addresses the separation of OFX enantiomers, one of the most 
common quinolone antibiotics, but may also be of interest to the phar
maceutical industry at large, which needs to commercialize chiral drugs 
as single enantiomers. 

CRediT authorship contribution statement 

Mahtab Moradi: Writing – review & editing, Writing – original 
draft, Investigation, Formal analysis, Data curation. Ana M. Ferreira: 
Writing – review & editing, Supervision, Formal analysis, Data curation. 
Catarina M.S.S. Neves: Writing – review & editing, Formal analysis, 
Data curation. Filipe H.B. Sosa: Data curation, Software, Writing – re
view & editing. Gholamreza Pazuki: Writing – review & editing, Su
pervision, Conceptualization. João A.P. Coutinho: Writing – review & 
editing, Supervision, Project administration, Funding acquisition, 
Conceptualization. 

Declaration of competing interest 

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

Data availability 

Data will be made available on request. 

Acknowledgments 

This work was developed partly within the scope of the project 
CICECO-Aveiro Institute of Materials, UIDB/50011/2020 (DOI 
10.54499/UIDB/50011/2020), UIDP/50011/2020 (DOI 10.54499/ 
UIDP/50011/2020) & LA/P/0006/2020 (DOI 10.54499/LA/P/0006/ 
2020), financed by national funds through the FCT/MCTES (PIDDAC). 
AMF, CSSN and FHBS acknowledge FCT for the research contracts 
CEECIND/00361/2022 (DOI 10.54499/2022.00361.CEECIND/ 
CP1720/CT0020), CEECIND/01975/2017 (DOI 10.54499/CEECIND/ 
01975/2017/CP1459/CT0037) and CEECIND/07209/2022 (DOI 
10.54499/2022.07209.CEECIND/CP1720/CT0019) under the Scientific 
Stimulus – Individual Call, respectively. 

Appendix A. Supplementary data 

Experimental details of optimization of separation conditions by 
RSM (Table S1 and S2). The 19F NMR spectrum of OFX and NaF 
(Figure S1). COSMO-RS results (Table S3). Screening results for 
choosing the best system and chiral selector ratio (Table S4). Experi
mental results on RSM using the best HES and chiral selector (Table S5 to 
S7 and Figs. S2 and S3). Supplementary data to this article can be found 
online at https://doi.org/10.1016/j.seppur.2024.128462. 

References 
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[29] BIOVIACOSMOtherm, DassaultSystèmes, (2021). https://www.3ds.com/products/ 
biovia/cosmo-rs/cosmotherm (accessed June 12, 2023). 

[30] M. Moradi, S.N. Ashrafizadeh, Nitrate removal from tapwater by means of 
electrocoagulation-flotation process, Sep. Sci. Technol. 55 (2020) 1577–1587, 
https://doi.org/10.1080/01496395.2019.1602143. 

[31] S. Ma, F. Li, L. Liu, L. Liao, L. Chang, Z. Tan, Deep-eutectic solvents simultaneously 
used as the phase-forming components and chiral selectors for enantioselective 
liquid-liquid extraction of tryptophan enantiomers, J. Mol. Liq. 319 (2020) 
114106, https://doi.org/10.1016/J.MOLLIQ.2020.114106. 

[32] J.M. Saz, M.L. Marina, Recent advances on the use of cyclodextrins in the chiral 
analysis of drugs by capillary electrophoresis, J. Chromatogr. A 1467 (2016) 
79–94, https://doi.org/10.1016/J.CHROMA.2016.08.029. 

[33] B. Zhu, S. Xu, X. Guo, L. Wei, J. Yu, T. Wang, Use of various β-cyclodextrin 
derivatives as chiral selectors for the enantiomeric separation of ofloxacin and its 
five related substances by capillary electrophoresis, J. Sep. Sci. 40 (2017) 
1784–1795, https://doi.org/10.1002/JSSC.201601403. 

[34] T. De Boer, R. Mol, R.A. De Zeeuw, G.J. De Jong, K. Ensing, Enantioseparation of 
ofloxacin in urine by capillary electrokinetic chromatography using charged 
cyclodextrins as chiral selectors and assessment of enantioconversion, 
Electrophoresis (2001), https://doi.org/10.1002/1522-2683. 

[35] D. Boczar, K. Michalska, Cyclodextrin inclusion complexes with antibiotics and 
antibacterial agents as drug-delivery systems—A pharmaceutical perspective, 
Pharmaceutics 14 (2022), https://doi.org/10.3390/PHARMACEUTICS14071389. 

[36] Q. Ma, W. Cong, Y. Liu, Z. Geng, Y. Lin, Z. Wang, Experimental and computational 
study on the enantioseparation of four chiral fluoroquinolones by capillary 
electrophoresis with sulfated-β-cyclodextrin as chiral selector, Chirality 33 (2021) 
549–557, https://doi.org/10.1002/CHIR.23340. 

[37] F.E.O. Suliman, A.A. Elbashir, O.J. Schmitz, Study on the separation of ofloxacin 
enantiomers by hydroxyl-propyl-β-cyclodextrin as a chiral selector in capillary 
electrophoresis: a computational approach, J. Incl. Phenom. Macrocycl. Chem. 83 
(2015) 119–129, https://doi.org/10.1007/S10847-015-0547-2. 
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