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Abstract: Vildagliptin (VIL) is a dipeptidyl peptidase-4 inhibitor used in the treatment of type 2
diabetes mellitus; in therapy, it is available as the enantiomerically pure S-VIL, the other enantiomer
R-VIL being considered as an enantiomeric impurity. A systematic screening of 16 cyclodextrin
(CD) derivatives as chiral selectors was performed at three pH levels using phosphate (pH 2.5,
pH 7.0) and acetate (pH 4.5) buffers. Method optimization employed an experimental design
approach, systematically investigating the effect of buffer and CD concentration, buffer pH, capillary
temperature, and applied voltage on the chiral resolution and analysis time. The method’s analytical
performance was thoroughly assessed and subsequently employed for determining the enantiomeric
purity of VIL in a pharmaceutical formulation. The properties of the inclusion complexes, such
as stoichiometry and atomic level intermolecular host-guest interactions were studied by NMR
measurements and molecular modeling. Native a-CD at acidic pH has demonstrated its exceptional
suitability for the separation of VIL enantiomers with a favorable migration order (R-VIL followed
by S-VIL). The optimized analytical conditions (75 mM acetate buffer, pH 4.5, containing 50 mM
«-CD, 18 kV applied voltage, and 15 °C capillary temperature) provided a baseline separation of
VIL enantiomers within 9 min. The developed method represents a cost-effective alternative to
the enantiomeric impurity control of VIL. Symmetry is often a fundamental aspect of molecular
structures and interactions, and our detailed analysis of the chiral recognition process contributes to
the understanding of symmetry-related aspects in molecular systems. This developed method not
only offers a cost-effective alternative for the enantiomeric impurity control of VIL but also provides
valuable information regarding the mechanism of the chiral recognition process, aligning with the
broader themes of symmetry in molecular sciences.

Keywords: vildagliptin; chiral separation; capillary electrophoresis; enantiomeric purity; cyclodextrins;
complexation mechanism
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1. Introduction

Vildagliptin (VIL) is a dipeptidyl peptidase-4 (DPP-4) inhibitor used in the treatment
of type 2 diabetes mellitus, a chronic condition in which the body does not properly
use insulin, leading to high blood sugar levels. By inhibiting the DPP-4 enzyme, the
metabolism of the two incretin hormones (glucagon-like peptide-1 and glucose-dependent
insulinotropic polypeptide) is reduced, leading to an increase in insulin and a decrease in
glucagon secretion under hyperglycemic conditions [1,2].

VIL has one chiral center in its structure (Figure 1), meaning it exists in two enan-
tiomeric forms, and it is used in the therapy as an enantiomerically pure S-VIL; therefore,
adequate analytical procedures are needed for the monitorization of its enantiomeric

purity [3].
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Figure 1. Chemical structure of VIL enantiomers.

Capillary electrophoresis (CE) is an attractive and viable alternative to high-performance
liquid chromatography (HPLC), which is considered the “golden” standard technique in the
field of chiral analysis. CE is characterized by having a low sample, chiral selector, organic
solvent consumption, rapid method development, and short analysis time. Usually, in CE, a
direct separation mechanism is applied by adding the chiral selector (CS) in the background
electrolyte (BGE). Moreover, chiral CE methods offer inherent advantages due to the specific
chiral separation mechanism, which can include a thermodynamic mechanism (difference in
the stability of the CS-enantiomer complexes) and an electrophoretic mechanism (difference
in the mobility of the same complexes) [4,5].

Cyclodextrins (CDs) are the most frequently employed CSs in CE. CDs are oligosaccha-
rides consisting of 6, 7, or 8 D-glucopyranose units for -, 3-, and y-CD, respectively, which
form a cone-shaped cavity. A large variety of different native and derivatized, neutral,
and ionized CDs were used successfully for the enantioseparation of a broad spectrum of
pharmaceuticals. The UV transparency, good solubility, stability in the aqueous medium
over a wide pH range, and the commercial availability of CDs contribute to their popularity
as CSs in CE. Moreover, the possibility to perform a CS screening using different CD
derivatives at different pH aids method development and ensures a high probability of
successful chiral separation [6,7].

The chiral recognition mechanism of CDs generally involves the formation of inclu-
sion complexes and secondary interactions, such as hydrogen bonds and dipole-dipole
interactions, as well as ionic interactions (ionizable CDs) [8,9]. However, the formation of
external-type complexes has also been described in some cases [10,11].

A CE method has been reported by Kazsoki et al. for the chiral separation of VIL
employing sulfobutyl-ether-a-cyclodextrin (SBE-a-CD) as a CS in an acidic BGE (Tris-
acetate buffer, pH = 4.75). The method underwent optimization using an orthogonal
design. However, further adjustments to the conditions were necessary to improve
peak shapes and increase the separation between the second migrating enantiomer and
EOF [12]. Furthermore, a more cost-effective and widely available CD could potentially
be employed for this purpose. Two chromatographic methods can also be found in the
literature for the chiral analysis of VIL. An HPLC method capable of determining R-
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VIL as a chiral impurity in the presence of the eutomer was reported by Srinivas et al.
Cellulose-[tris(3,5-dimethylphenylcarbamate)]-based chiral column in combination with a
mobile phase consisting of 20 mM borax buffer (pH 9.0)/acetonitrile/0.1% triethylamine
(50:50:0.1, v/v/v) was employed [13]. Recently, our group published a reversed-phase
HPLC method for the simultaneous quantification of R-VIL and four other organic impuri-
ties of VIL using a cellulose-based chiral stationary phase and a mobile phase consisting of
methanol/water/diethylamine (80:20:0.2, v/v/v) [14].

The aim of our study was the development and validation of a CE method using CD
as CS for the enantiomeric purity analysis of VIL, as well as the study of the complexation
mechanism between the CS and VIL enantiomers by NMR spectroscopy and molecular
modeling. As for the correlation with the symmetry concept, the inherent symmetry in
molecular structures, particularly in the context of chiral recognition, is implicit in the
discussion. The mention of inclusion complexes and various interactions contributing to
chiral recognition aligns with the principles of symmetry in molecular systems.

2. Materials and Methods
2.1. Reagents and Samples

R-VIL and R,S-VIL were obtained from Pharmaffilities (Panchkula, Haryana, India).
Phosphoric acid (85%), disodium hydrogen phosphate, sodium dihydrogen phosphate,
sodium acetate, methanol, sodium hydroxide, and hydrochloric acid 37% were purchased
from Merck (Darmstadt, Germany). Deuterium oxide (99.96% D) was obtained from
VWR Chemicals (Belgium, Leuven). Ultrapure water was prepared by using a Milli-Q
Direct 8 Millipore system (Milford, MA, USA).

Sixteen CDs from four different classes were used as potential CS, as follows: native (-,
-, and y-CD), derivatized neutral (2-hydroxypropyl-p-CD—2-HP-3-CD; 2-hydroxyethyl-
3-CD—2-HE-3-CD, heptakis(2,6-di-O-methyl)-3-CD—DIMEB, heptakis(2,3,6-tri-O-methyl)-
-CD—TRIMEB, methyl--CD—M-{3-CD), derivatized anionic (sulfobuthylether-3-CD—
SBE-B-CD, carboxymethyl-3-CD—CM-p-CD, sulfated-f—CD—S-3-CD, succinyl-3—-CD—
Su-p-CD), single isomer anionic (octakis(2,3-di-O-methyl-6-sulfo)-y-CD sodium salt,
heptakis(2,3-di-O-methyl-6-sulfo)-f-CD sodium salt, heptakis(2,3-di-O-acetyl-6-sulfo)-f3-
CD sodium salt, hexakis(2,3-di-O-methyl-6-sulfo)-«-CD sodium salt). All CDs were ob-
tained from Cyclolab R&D, Ltd. (Budapest, Hungary).

A placebo mixture of excipients identic with the composition of the analyzed pharma-
ceutical product (consisting of lactose, microcrystalline cellulose, sodium starch glycolate
type A, and magnesium stearate) was kindly offered by a local pharmaceutical company.
The drug product used for the application of the developed method (Agartha® (Gedeon
Richter) 50 mg tablets) was purchased from a local pharmacy in Targu Mures.

2.2. Instrumentation

Electrophoretic experiments were carried out on an Agilent 1600 CE system (Agilent
Technologies, Waldbronn, Germany) equipped with a diode array (DAD) detector and
Chemstation 7.01 software for data handling. Experiments were performed using an
uncoated fused-silica capillary with 48 cm total, 40 cm effective length, and an internal
diameter of 50 um (Agilent, Germany).

Capillaries were conditioned by flushing with 1 M NaOH for 30 min, 0.1 M NaOH,
and purified water for 20 min each. Between runs, the capillary was preconditioned by
flushing with 0.1 M NaOH (2 min), water (1 min), and BGE (2 min).

The initial electrophoretic conditions were as follows: voltage 20 kV, capillary temper-
ature 20 °C, UV detection at 205 nm, sample concentration 50 yig mL~!, and hydrodynamic
injection (50 mbar for 3 s).

The 1D 'H NMR spectra for Job’s plot were recorded with a Varian Mercury Plus
spectrometer (400 MHz for 'H) in D,0. Then, 1D 3C (deptqsp) and 2D ROESY (roesyph.2)
experiments were performed using a Bruker Avance NEO 500 MHZ spectrometer equipped
with TCI cryo probe head. Chemical shifts were referenced to internal methanol.
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2.3. Preparation of Running Buffers and Solutions

BGE solutions were prepared by dissolving the appropriate amount of buffer con-
stituents in ultrapure water and adjusting their pH, if necessary, with 1 M NaOH, 1 M
phosphoric acid, (phosphate buffer), or 1 M hydrochloric acid (acetate buffer).

Additionally, 2 mg mL~! stock solutions of R-VIL and R,S-VIL were prepared in
methanol and then mixed and diluted with purified water to appropriate concentrations.

The commercial pharmaceutical product was analyzed by powdering ten tablets in
a mortar and suspending an amount of powder equivalent to the medium weight of one
tablet in 100 mL methanol and sonicating for 5 min. The suspension was centrifuged at
4000 rpm for 10 min using a Centurion K240 centrifuge (Centurion Scientific, Chichester,
UK). The obtained supernatant was filtered through a 0.45 um syringe filter and diluted
with water to the appropriate concentration before use.

Both sample solutions and BGE were filtered through a 0.45 pm pore size membrane
filter and degassed in an ultrasonic bath for 2 min before use. When not in use, all solutions
were stored in the refrigerator.

2.4. Data Interpretation and Calculations

The obtained results were evaluated in terms of resolution (R;) based on the
Rs = 2(t — t1)/ (w1 + wy) equation, where the migration times (f; and #;) and the peak
widths (w; and w;) were marked for the slow and fast migrating enantiomers, respectively.
Design Expert 7.0 statistical software (Stat-Ease, Minneapolis, MN, USA) was utilized
for technique optimization in order to build the experimental plans and assess the results.

2.5. Molecular Modeling

The OPLS-AA force field [15], in combination with the Born implicit solvation model,
was employed to optimize the 3D structure of x-CD and thus to achieve a suitable host
for molecular docking. Both S-VIL and R-VIL were docked to the prepared «-CD using
AutoDock Vina [16]. A grid box of 40 x 40 x 40 A3 was considered, and the exhaustiveness
was set to 8 during the docking procedures. Allin all, in each calculation, 9 binding modes
were produced, and the corresponding binding affinities (E4) were computed to select the
best binding modes (lowest E4). Additional complexes were prepared by reversing the
orientation of the VIL enantiomers in the «-CD cavity. The selected and newly prepared
complexes were further refined and optimized using the PM6 semi-empirical method [17].
To achieve the final structures and the corresponding thermodynamic properties, the
Austin—Petersson-Frisch functional with dispersion (APFD) [18] in combination with
6-31 G(d) basis set was applied, and optimizations and frequency calculations were carried
out. The Gaussian 16 program package was used to perform the quantum chemical
computations. [19]. To mimic the effect of solvation, the CPCM implicit solvent model
(water, ¢ = 78.3553) was employed as part of the quantum chemical calculations [20,21].
During the density functional theory calculations, both neutral and protonated VIL species
were considered.

3. Results
3.1. Preliminary Experiments

Sixteen neutral and anionic CDs differing in cavity sizes, type, and substitution pattern
(randomly substituted and single isomeric CDs) applied in the concentration range of
5-20 mM were screened at three pH levels (pH—2.5, 4.5, and 7.0). Given that VIL is a
secondary amine exhibiting a distinct basic character (with a pK, value around 9), it can
be anticipated that the compound predominantly exists in its positively charged form
within the investigated pH range, causing migration towards the cathode. The magnitude
of electroosmotic flow (EOF), as a non-enantioselective driving force, can influence the
migration times of analytes and can enhance or weaken the chiral separation. Under
strongly acidic conditions, as in the case of BGE with pH—2.5, EOF is mainly suppressed,
while at higher pH values, EOF increases with the increasing basicity of the BGE [22].
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Consequently, for neutral CDs, screening was exclusively conducted in the positive polarity
mode. In contrast, for anionic CDs, both normal and reversed-polarity experiments were
undertaken. In strongly acidic conditions (pH—2.5), no chiral recognition was observed,
while at pH 4.5, VIL enantiomers showed partial chiral resolution (Rs = 0.54) when applying
x-CD as a CS. A partial chiral resolution was also achieved when using 3-CD or DIMEB at
pH 7.0 but with a lower chiral resolution. The enantiomeric migration order in all cases was
favorable, with the distomer R-VIL migrating first, followed by the eutomer S-VIL. Based
on the CS screening, «-CD was chosen as the CS for further investigations and method
optimization. Representative electropherograms obtained during the screening phase are
presented in Figure 2.
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Figure 2. Chiral separation of VIL in the presence of (a) 20 mM «-CD, (b) 10 mM B-CD, (c) 20 mM
DIMEB. Analytical conditions: (a)—50 mM acetate buffer (pH—4.5), (b,c)—5 mM phosphate buffer
(pH—7.0) voltage: 20 kV, temperature: 20 °C, injection: 50 mbar/3 s.

3.2. Method Optimization

To determine the optimal analytical conditions, a multivariate approach was applied
in two steps: first, a screening design, followed by an optimization design. Our aim was to
develop a rapid and selective CE method capable of determining the enantiomeric impurity
of VIL. Therefore, during method optimization, we chose to follow the chiral resolution
and analysis time (represented by the migration time of R-VIL) as analytical responses. At
first, a 2572 type fractional factorial screening design was applied to estimate factors with
significant effects on the analytical responses. The five studied factors and their ranges
were as follows: BGE pH of 4.5-5.5 (factor A), BGE concentration of 25-75 mM (factor B),
a-CD concentration of 30-50 mM (factor C), capillary temperature of 15-25 °C (factor D),
applied voltage of 15-25 kV (factor E). Each factor had a lower- and upper-level value,
coded as —1 and 1. For the improved estimation of experimental error and to increase the
number of degrees of freedom in the model, three additional injections were made at the
center point of the experimental plan, with each factor set at the 0 level. The experimental
matrix with the results obtained is presented in the Supporting Information Table S1. To
evaluate the results, a simple first-order regression model was applied, and analysis of
variance (ANOVA) was carried out to verify the significance of the model and its regression
coefficients. One by one, the insignificant model terms were removed, and each time a term
was removed, the mathematical model underwent another evaluation. The final regression
equations for the resolution and analysis time were determined and are shown below in
coded terms:

Rs=+0.96 +0.35*B — 019+ D — 0.19 x E (1)

t=+543+170«B —255%E — 1.63*B*E )

The BGE concentration and applied voltage were shown to have significant impacts
on both experimental responses, while the capillary temperature proved to influence
significantly only the resolution.
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In the second step of method optimization, response surface methodology was carried
out by applying a face-centered central composite design (FCCD) based on the results of
the screening design. An experimental plan consisting of 20 experiments was constructed
to evaluate the three selected variables, each being studied at three levels in the following
ranges: BGE concentration of 60-90 mM (factor A), capillary temperature of 15-25 °C
(factor B), and applied voltage: 15-25 kV (factor C). The rest of the factors, considered less
significant, were held constant during the optimization (buffer pH—4.5 and 50 mM «-CD).
The experimental matrix of FCCD with the results obtained are summarized in Supporting
Information Table S1. The following final equations were obtained by ANOVA using a
second-order polynomial model, which corresponds to the response surface methodology:

Rs=+1.47 —0.068 x A — 0.31 *+ B — 031 x C + 0.070 * A x B — 0.095 * A % C + 3)
0.058 * B x C — 0.14 % C2

t=+526+0.055%A — 089« B —249%C — 032« AxC+048«B*C+048 xC> (4)

Table 1. Method validation data for the determination of R-VIL as a chiral impurity in S-VIL samples.

Precision
Intra-day precision migration time, RSD% 211
(c=15ugmL~1, n=6) peak area, RSD% 1.45
Inter-day precision migration time, RSD% 2.64
(c=15ugmL~1, n=18) peak area, RSD% 1.87
Accuracy (recovery %)
3 ug mL~! (0.15%) (n = 6) 96.16 & 3.07
15 ug mL~1 (0.75%) (n = 6) 100.76 4 1.28
30 ug mL~! (1.5%) (n = 6) 99.41 +2.13
Linearity

Regression equation

(250 g mL1) (0.1-2.5%) y = 0.6242x — 0.3737

Coefficient of determination R? =0.9964
Sensitivity
LOD (ug mL™1) 0.52
LOQ (pg mL™1) 1.58

The regression models proved to be significant, showing good performance indicators
in terms of goodness of fit expressed by R? and Rzﬂdj and goodness of prediction expressed
by Q? values, such as R? = 0.9671, Rzudj = 0.9480, Q? = 0.8688 for the resolution, and
R? =0.9902, R?,4 = 0.9857, Q? = 0.9613 for the analysis time, respectively.

As observed, both models contain quadratic and interaction terms, demonstrating the
complexity of the effects of the studied experimental parameters on the responses. Based
on the F values calculated for each model term during ANOVA, the capillary temperature
(factor B) and the applied voltage (factor C) have relatively high and almost equal influences
on the Rs-value. In the case of t, the applied voltage has the most prominent effect. The
concentration of BGE (factor A) has the weakest influence on both responses, as expected.
The three-dimensional response surface plots depicted in Figure 3 represent the interactions
between two analytical parameters and their influence on the responses, while the third
parameter is kept constant.
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Figure 3. Three-dimensional response surface plots obtained for Rs and .

The optimal parameter setting was established by using the optimization feature of
the experimental design software. Maximizing Rs values and minimizing t were set as
the objectives. The lower limits were set as 1.5 for Rs and 10 min for ¢, respectively. The
factors were optimized with the same weight of priority. The optimal separation conditions
were as follows: 75 mM acetate BGE, pH 4.5, 50 mM «-CD, 18 kV, 15 °C. Under the
optimal analytical conditions, a baseline enantioresolution (Rs = 2.07) was achieved within
9 min. The generated current under these conditions was around 60 pA. A representative
electropherogram of the separation of VIL enantiomers under optimized conditions is
presented in Figure 4.

mAU

h

'
th

time (min)

Figure 4. Enantiomeric separation of VIL under optimized conditions (75 mM acetate buffer, pH—4.5,
containing 50 mM «-CD, 18 kV applied voltage, 15 °C capillary temperature, UV detection at 205 nm,
injection: 50 mbar/3 s).

3.3. Method Validation

Our method was validated according to the International Council of Harmonization
(ICH) guidelines, based on the specificity, precision, linearity, accuracy, limits of detection
(LOD), and limit of quantification (LOQ) for the determination of R-VIL in VIL samples.
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The specificity of the method was tested by spiking VIL enantiomers into the placebo
mixture of the drug (excipients without VIL). There was no interference seen on the electro-
pherograms with the excipients used in medication preparation. Precision (repeatability
based on RSD% of migration time and peak area) and accuracy (calculated as recovery %)
were estimated at three levels of the enantiomeric impurity, i.e., 0.15, 0.75, and 1.5% in the
presence of 2000 pg mL~! VIL.

The linearity of the method was investigated in the range of 2-50 pug mL~!
(0.1-2.5%) R-VIL in 2000 pug mL~! VIL samples, performing three replicate injections
at six concentration points. LOD and LOQ were calculated from signal /noise ratios 3:1 and
10:1, respectively. The LOQ of R-VIL was 1.58 g mL ™!, corresponding to 0.079% impurity
in 2000 pg mL~! sample of eutomer, while LOD was 0.52 g mL~!, corresponding to
0.026% distomer. A representative electropherogram of VIL sample containing 0.1% R-VIL
under optimal analytical conditions is presented in Figure 5.

10 9
mAU

S-VIL

time (min)

Figure 5. Determination of R-VIL in S-VIL sample. Sample containing 0.1% chiral impurity (experi-
mental conditions the same as in Figure 4).

The validation data are summarized in Table 1. The RSD values of intra-day and
inter-day precision were below 3%, and recovery values were above 95%.

According to the obtained results, our optimized method proved to be specific, precise,
accurate, and linear for the determination of R-VIL as a chiral impurity in S-VIL samples.

The robustness of the method was verified by employing a Plackett-Burman design
with 12 experiments by modifying the values of five experimental factors within the
following ranges: applied voltage of 17-19 kV, capillary temperature of 14-16 °C, BGE
concentration of 72-78 mM, BGE pH of 4.4-4.6, x-CD concentration of 48-52 mM. As
analytical responses, the chiral resolution and migration time of both enantiomers were
chosen. Statistical analysis (ANOVA) revealed no significant correlation between the
studied factors and responses in the verified ranges, which demonstrates the robustness of
this method.

The validated method was applied for the purity analysis of VIL tablets. The results
showed that R-VIL could not be detected in the samples or was present in a concentration
below the LOQ.

3.4. Characterization of Enantioselective Complexation

To describe the possible enantioselective interactions between «x-CD and VIL enan-
tiomers, NMR experiments and molecular modeling were performed.

The complexes’ stoichiometry was quantified using the continuous variation method.
Different cVIL/cCD ratios were used to measure the 1H NMR chemical shifts. However,
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the total of cVIL + cCD remained constant at 30 mM. The chemical shift changes in certain
hydrogens of VIL induced by the complexation and weighed by the molar fraction of VIL
(AS x xvyi) were plotted (Job’s plot) as a function of the molar fraction of VIL (xyy). The
registered Job’s plot presented a maximum at 0.5 molar fraction plot indicating a 1:1 ratio
of the host and guest in the complex (Figure 6a). The molecular geometry of the complex
was investigated by two-dimensional phase-sensitive rotating frame nuclear Overhauser
effect spectroscopy (2D ROESY) using 300 ms mixing time. In ROESY experiments, the
samples contained 30 mM «-CD and 10 mM VIL. The 2D ROESY NMR spectrum of VIL
and «-CD at 1:3 molar ratio showed the proximity of the H3 hydrogen of the host and
several hydrogens of the guest molecules (Figure 6b), indicating that both the adamantane
and pyrrolidine moieties of VIL may be involved in complex formation. Based on the 1D
'H and '3C (Supplementary Figures S1 and S2) spectra, we can assume that «-CD forms
a complex with higher stability with the adamantane moiety. However, in the context of
chiral recognition, the less stable inclusion with the pyrrolidine moiety may also play a role,
given its proximity to the chiral center. In the 'H NMR spectrum, chiral recognition is not
observable because of the high degree of overlap of the multiple signals (Supplementary
Figure S1). However, in the 13C spectrum, S- and R-VIL signals are separated, indicating
that the basis of the separation lies in the stability difference between the complexes of
enantiomers with x-CD (Supplementary Figure S1).
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Figure 6. Job’s plot (a) and 2D ROESY NMR spectrum (b) of the VIL—a-CD system.
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The formation of VIL/x-CD inclusion complexes was verified by both molecular
docking and quantum chemical calculations. The two possible types of inclusion com-
plexes involving the adamantane- and the pyrrolidine moieties of VIL, respectively, are
presented in Figure 7. Complex formation is thermodynamically favored for both 5- and
R-enantiomers. Furthermore, the preference towards the inclusion of the adamantane
moiety of VIL into the cavity of the CD is also shown. In the case of the adamantane
inclusion, by the protonation of VIL, the preference towards the S-VIL/a-CD complex
further enhanced from —11.8 kJ /mol to —38.8 kJ/mol. These findings are in accordance
with the experimentally observed migration order. To the best of our knowledge, the
characterization of the VIL—a-CD complexes at the molecular level is reported for the first
time.
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-11.8 (-38.8) kJ/mol AGg g -5.0 (-1.2) kd/mol

Figure 7. VIL/x-CD complexes along with the corresponding relative Gibbs free energies
(DGS-R = GS-GR, in kJ/mol) calculated at the APFD/6-31G(d) level of theory in water using
the CPCM implicit solvent model. The values in brackets correspond to the complexes, including
protonated VIL.

4. Conclusions

A new, rapid, and cost-effective CE method using CD as CS has been developed for
the determination of the enantiomeric purity of VIL. To identify the best system for the
chiral separation of VIL, a thorough BGE and CD screening was carried out. An acetate
buffer at pH 4.5 containing native x-CD as a CS proved to be the most adequate separation
medium.

An experimental design-based methodology was applied for method optimization,
first performing screening for significant parameters by fractional factorial design, followed
by an FCCD as optimization design.

The optimized method was validated according to ICH guidelines and applied for the
determination of S-VIL in the eutomer samples.

NMR experiments indicated an inclusion complex formation between «-CD and VIL
molecules in 1:1 stoichiometry. The molecular modeling shows that the S-enantiomer
exhibits a stronger binding to the CS than its antipode, which is in accordance with the
experimental migration order. Moreover, the possibility of the formation of two complex
types was demonstrated, one involving the adamantane moiety of VIL and the other involv-
ing its pyrrolidine moiety in the interactions with «-CD. The use of molecular modeling
techniques further emphasizes the exploration of structural symmetry and interactions in
the formation of inclusion complexes.

The developed method represents a good alternative to those already reported in
the literature due to its simplicity and high efficacy. The application of native x-CD as
CS, along with an aqueous separation media, provides an economically and ecologically
advantageous approach for the enantiomeric impurity control of VIL. The accessibility and
low cost of «-CD represent a real benefit to the more expensive ionic or single isomer CD
derivatives, as well as chiral chromatographic columns. This study, through its compre-
hensive approach, contributes to the understanding of symmetry-related aspects in chiral
analysis.
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