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Mobility shift-affinity capillary electrophoresis was employed for enantiosep-
aration and simultaneous binding constant determination. Human serum
albumin was used as a chiral selector in the background electrolyte composed
of 20 mM phosphate buffer, pH 7.4. The applied setup supports a high mobility
shift since albumin and the drug-albumin complex hold negative net charges,
while model compounds of amlodipine and verapamil are positively charged.
In order to have an accurate effective mobility determination, the Haarhoff-van
der Linde function was utilized. Subsequently, the association constant was
determined by nonlinear regression analysis of the dependence of effective
mobilities on the total protein concentration. Differences in the apparent
binding status between the enantiomers lead to mobility shifts of different
extends (α). This resulted in enantioresolutions of Rs = 1.05–3.63 for both drug
models. R-(+)-Verapamil (KA 1844 M−1) proved to bind stronger to human
serum albumin compared to S-(−)-verapamil (KA 6.6 M−1). The association
constant of S-(−)-amlodipine (KA 25 073 M−1) was found to be slightly higher
compared to its antipode (KA 22 620 M−1) when applying the racemic mixture.
The low measurement uncertainty of this approach was demonstrated by the
close agreement of the association constant of the enantiopure S-(−)-form
(KA 25 101 M−1).
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1 INTRODUCTION

The stereoselectivity of a living body exhibits different
affinities toward a pair of enantiomers, which results
in diverse pharmacology, pharmacokinetics, metabolism,
and toxicology [1]. The binding affinity represents the
strength of the binding interaction between amolecule and
a binding site [2]. Information on a feasible interaction
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is valuable in chiral analysis, particularly in developing
enantioseparation methods and predicting drug behavior
in the biological system [3]. Thus, drug quality control and
treatment for patients can be optimized by understanding
the molecular interactions.
Molecular interactions in the biological system are

mostly related to the availability of human serum proteins.
HSA and α-acid glycoprotein are the most important
transporter proteins due to their ability to bind to a wide
variety of drugs [4–6]. HSA is a single-chain, nonglyco-
sylated polypeptide containing 585 amino acid residues
with a molecular mass of 66.5 kDa. In the circulatory
system, HSA represents about 60% of the total plasma
proteins at typical concentrations of 30–50 g/L [7]. It plays
an important role as a carrier of endogenous ligands and
intrinsically exhibits high stereoselectivity [4]. Due to its
stereoselectivity in binding, HSA is an ideal candidate for
studying protein–enantiomer interactions of the human
body.
Since calcium-channel blockers (CCBs) are produced

andmarketed as racemicmixtures, it is important to inves-
tigate the binding affinity of the individual enantiomers.
A clinical study on CCBs has reported high protein bind-
ing for amlodipine (AML) and verapamil (VER) with dif-
ferent duration of actions. Protein binding and elimination
half-life (t1/2) of AML were found to be more than 99%; t1/2
42.5 h and VER 84–93%; t1/2 3.2 h [8]. Consider the differ-
ence between AML and VER in pharmacokinetic profiles:
both racemic mixtures were selected as chiral drug models
to study the stereoselectivity interactions toward HSA.
AML is a dihydropyridine CCB used as a treatment

choice of hypertension and coronary artery disease [9,10].
The chemical structure of AML possesses an asymmetric
carbon atom, resulting in the existence ofR-(+)- and S-(−)-
enantiomers. It has been marketed as a racemate, known
as amlodipine benzene sulfonic acid salt (besylate). How-
ever, both enantiomers do not possess the same potency
as calcium channel inhibitors. The S-(−)-enantiomer of
AML shows the antihypertensive effect, which is approx-
imately 1000 times stronger than the R-(+)-enantiomer
[10]. Therefore, the S-(−)-form is considered to be most
responsible as CCB-mediated pharmacodynamics action
[11]. These facts clearly show that the stereochemistry of
AML plays an important role in the enantiomeric compo-
sition of pharmaceuticals and its pharmacological effects.
Another treatment choice for hypertension and coronary
artery disease is VER, a phenylalkylamine [9]. VERhas one
chiral center, and thus two enantiomers of R-(+)-VER and
S-(−)-VER exist. The pharmacological activity of S-(−)-
VER is found to be 10–20 times more potent compared to
its antipode. Even though it is less potent in calcium chan-
nel inhibition, R-(+)-VER showed potential anti-tumor
activity [12].

HSA–drug interaction studies of AML and VER have
been conducted by several analytical methods such as
spectroscopy, chromatography, and CE. Fluorescence and
circular dichroism spectroscopy have been developed for
AML binding constant determination [13] and frontal
analysis (FA) high-performance affinity chromatography
for association equilibrium constant assay of VER enan-
tiomers [14]. Moreover, various CE-based analytical meth-
ods to assess the binding affinity parameters of chiral drugs
toward HSA have been developed [15–17]. Liu et al. have
investigated the interaction of AML enantiomers to HSA
by flow injection-CE frontal analysis (FI-CE/FA) [18]. A
CE/FA method has been employed for molecular asso-
ciation study of VER enantiomers in a racemic mixture
toward HSA [19]. Chiral CE offers possibilities to immo-
bilize the selector onto a silica capillary surface [20,21] as
well as to operate in a free solution that does not require
the immobilization of the chiral selector (CS). In gen-
eral, a basic prerequisite of enantiomeric separations in
CE is that at least one of the counterparts is charged. The
separation requires a sufficient stereoselective interaction
between enantiomers and the CS. Combination methods
of CE/FA for measuring unbound enantiomers together
with trimethyl-β-cyclodextrin based enantioseparation in
free solution was employed in the binding constant deter-
mination of R-(+)-VER and S-(−)-VER [22]. The reported
KA values of both VER enantiomers have closely agreed
with a previous study using liquid pre-column CE [23].
Although these CE methods were intended to study stere-
oselective interactions of HSA-drug enantiomers, none of
them performed the enantioseparation using HSA as a
CS. Since a racemic mixture contains two enantiomers,
a method for HSA-based enantioseparation and simulta-
neous binding constant determination is challenging to
develop.
Among the established methods of binding studies

[24], ACE is well suited to enantiomeric separations [25]
and simultaneous binding constant determination [26,27].
ACE offers various separation modes in the field of enan-
tioselective investigation [24,27]. Combinations of CEwith
equilibrium dialysis and CE with ultrafiltration have been
used for binding evaluation of AML [28] and fluoxetine
[29], respectively. Different modes of ACE using HSA as
a selector have been developed for assessing noncovalent
binding [27]. HSA can hold positively or negatively net
charges, depending on the pH value of the BGE. The com-
mon approaches rely on measuring alternations of size,
shape, or charge due to the complexation [24,25,27]. In
terms of the protein additive in the BGE for a direct sep-
aration, ACE is also known as mobility shift-affinity CE
(ms-ACE) [30,31]. A baseline enantiomeric separation of
omeprazole using HSA as a CS was achieved by ms-ACE
mode [26].
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The main purpose of chiral separation methods is
to generate a baseline enantioseparation. Along with
it, the affinity constant represents the strength of the
interaction between individual enantiomers with the CS
or the distinction migration of the two enantiomer–CS
complexes [32]. Determining the binding constant is not
only valuable in assessing the strength of the complex
reaction but can also be applied to optimize the chiral
separation, for example, selection of a suitable concentra-
tion of the CS [33,34]. The estimation of binding constants
offers an efficient step of structured analytical research
for an enantioselective interaction study in the method
development, which is challenging.
This study was carried out to evaluate enantioselec-

tive interaction between selected drug enantiomers and
HSA, including enantiomeric separation and simultane-
ous binding constant determination by ms-ACE. In order
to have an accurate mobility determination, the Haarhoff-
van der Linde function was utilized [35]. Electrophoretic
parameters of resolution and effectivemobility were evalu-
ated. Subsequently, association constants were determined
through nonlinear regression of effective mobilities as a
function of total ligand concentration.

2 MATERIALS ANDMETHODS

2.1 Reagents and solutions

Human serum albumin (lyophilized powder ≥ 97%), dis-
odium hydrogen phosphate (Na2HPO4), sodium hydrox-
ide (NaOH), sodium dodecyl sulfate (SDS) ≥ 98.5%,
phosphoric acid (H3PO4) 85%, acetone (CH3COCH3)
≥ 99.9%, (R, S)-amlodipine (as amlodipine besylate),
and (R, S)-verapamil were acquired from Sigma-Aldrich
Chemie (Steinheim, Germany). The S-(−)-amlodipine was
obtained from Biozol Diagnostica Vertrieb (Munich, Ger-
many). The water was purified by Arium R© pro UF/VF-
Sartophore 0.2 μm water purification system from Sarto-
rius Weighing Technology (Gottingen, Germany).
The phosphate buffer was prepared using 20 mM dis-

odium hydrogen phosphate and adjusted by phosphoric
acid 85% (≈0.4 mL) to reach the final pH 7.4 of 1 L buffer
solution. Solutions of 30 mM SDS, 1 M NaOH, and 0.1 M
NaOH were prepared in ultrapure water. All the solutions
were filtered using nylon membrane 0.22 μM pore size
from Rotilabo R©-syringe filter (Karlsruhe, Germany) prior
to the analysis.
A series of background electrolyte was prepared by

spiking HSA at various concentrations of 30–110 μM into
20 mM phosphate buffer solution pH 7.4. Stock solutions
of (R, S)-AMLand S-(−)-AMLwere predissolved in 10% v/v
methanol at 1.0 mg/mL. A fixed aliquot of 300.0 μg/mL of

both stock solutions was diluted with 20 mM phosphate
buffer pH 7.4. The stock solution of (R, S)-VER was pre-
pared in 60% v/vmethanol at 1.0 mg/mL and subsequently
dissolved in 20 mM phosphate buffer pH 7.4 to the final
concentration of 600.0 μg/mL. The working solution of
each drug was prepared by spiking 2% v/v acetone into a
certain volume of the diluted stock solution. Samples con-
taining the individual drugs were injected six times (n= 6)
for each BGE condition.

2.2 Instrumentation

The chiral study has been performed with a PrinCE CEC-
760 system (Prince Technologies, Emmen, the Nether-
lands) using a diode array UV-Vis detector (190–600 nm).
The DAx 3D software was used for instrumental control,
data acquisition, and data analysis. Bare fused-silica cap-
illary from Polymicro Technologies (Phoenix, AZ, USA)
with a dimension of 50 μm inner and 360 μm outer diam-
eters, 53.5 cm total length, and 45 cm effective length was
used throughout the study. The sample rack and capillary
oven were set at 25◦C.

2.3 Software

Datawere evaluated usingMicrosoft excel 2010 (Microsoft,
Redmont, WA, USA). The 𝐾A and μ𝑐 values were cal-
culated using Origin 2018 64 Bit (©OriginLab Corpora-
tion, Northampton, MA, USA) and CEVal [35] (Capillary
Electrophoresis Evaluator at https://enchmet.natur.cuni.
cz/software/ceval), respectively.

2.4 Mobility shift-affinity CE procedure

In the general scheme of ms-ACE, the entire capillary and
the running BGE vials are filled with BGE containing the
CS at various concentrations from zero to a certain level.
The other binding partner is injected as a small sample
plug in the capillary. Subsequently, when high voltage is
applied, the enantiomers will be separated according to
their individual effective electrophoreticmobilities. Due to
different degrees of complexation, the enantiomeric ana-
lytes will hold different apparent mobilities depending on
the CS levels [32,36]. The change of effective mobilities
as a function of the ligand concentrations is used to cal-
culate the apparent binding properties in ms-ACE [37].
A schematic illustration of the ms-ACE setup is given in
Figure 1.
The new capillary was pretreated using 1 M NaOH

(30 min), 0.1 M NaOH (10 min) and ultrapure water
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RATIH et al. 3963

F IGURE 1 Schematic illustration of enantioselectivity in the applied ms-ACE system

(10 min). At the beginning and the end of the analy-
sis, the capillary was flushed using 0.1 M NaOH and fol-
lowed by ultrapure water for 10 min. All rinsing steps
were performed using 1500 mbar pressure. An interval
rinsing between each injection was applied using 30 mM
SDS (1500 mbar, 1 min), ultrapure water (1500 mbar,
0.5 min), 0.1 M NaOH (1500 mbar, 1 min), ultrapure water
(1500 mbar, 0.5 min), and BGE (1500 mbar, 2 min). Finally,
samples were injected into the capillary for 6 s with a pres-
sure of 50 mbar. All separations were conducted at 25◦C
using 15 kV applied voltage with the cathode at the capil-
lary outlet.
The enantioselective interactions were investigated

using HSA at concentrations of 0, 30, 40, 50, 70, 90,
and 110 μM. The pure BGE contains 20 mM disodium
hydrogen phosphate at pH 7.4. Selected drugs of AML
and VER were traced by UV detection at λ 250 nm and
240 nm. Even though HSA interferes with detection sen-
sitivity at the selected UV wavelengths, the earlier stud-
ies by Tanaka et al. and Haginaka et al. reported the
repeatabilities of migration times and peak areas were
insignificantly affected [30,38]. Moreover, the measure-
ment in ms-ACE was based on the determination of
the effective mobility by evaluating the 𝑎1 parameter of

the Haarhoff–van der Linde function, which is robust
toward background absorption [35]. This approach could
minimize the detection sensitivity issue, thus having less
effect on the applied full-filling technique of the ms-ACE
system. In order to avoid ligand and/or buffer depletion
of the separation system, the position of both ends (inlet
and outlet) capillary were immersed into the BGE vials,
alternatively.

2.4.1 Enantiomeric resolution

The resolution (Rs) values of two enantiomers were calcu-
lated based on the difference in themigration times and the
width of the peaks at the half-height by DAx 3D software,
according to the following equation:

𝑅s = 1.177 ×
(𝑡2 − 𝑡1)(

𝑊ℎℎ1
+𝑊ℎℎ2

) (1)

where t1 and t2 are the migration times of the individual
enantiomers 1 and 2, correspondingly. Similarly,𝑊ℎℎ1

and
𝑊ℎℎ2

are the widths at the half-height of peaks 1 and 2,
respectively [39,40].
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2.4.2 Association constant
determination

Specific chemical responses of the ms-ACE system are
determined as surrogates since the degree of binding is not
directly measurable [41]. The association constant (𝐾𝐴) is
obtained by nonlinear regression analysis via fitting the
analyte’s effective mobility (dependent variable, μ𝑖) to the
corresponding selector concentration (independent vari-
able, 𝐶𝑖). The model function is described by Equation (2),
where μ𝑓 is the effective mobility of the analyte in the BGE
free of the selector (HSA) and μ𝑐 is the ionicmobility of the
analyte–selector complex.

μ𝑖 = μ𝑓 +

(
μ𝑐 − μ𝑓

)
× 𝐾𝐴 × 𝐶𝑖

1 + (𝐾𝐴 × 𝐶𝑖)

[
m2 V−1 s−1

]
(2)

3 RESULTS AND DISCUSSION

3.1 Enantiomeric separation

Due to its simplicity, a direct separation approach by
adding a CS into the BGE solution is the most commonly
utilized in chiral CE [29, 40, 42]. The employed CS can
be easily adjusted to the optimal concentration [42,43].
Hence, having an isoelectric point of 4.7 makes HSA a
negatively charged molecule at the applied physiological
pH 7.4, while basic drugs such as AML (pKa 8.6) and
VER (pKa 8.9) are positively charged. Thus, all molecules
will have electrophoretic mobilities. Therefore, the enan-
tiomers of both drugs were electrophoretically separa-
ble in the presence of HSA at the selected physiological
pH [43].
An initial resolution of enantiomerswithRs= 1.1 (AML)

and Rs = 1.0 (VER) was obtained in the addition of 30 μM
HSA. The increment of HSA up to 40 μM steadily led to
a partial separation, while at a 50 μM, an improvement
in baseline separation was achieved. Likewise, starting at
70 μM HSA, the resolution of AML raised dramatically,
whereas VER increased gradually. From the molecular
point of view, noncovalent binding results in the formation
of diastereomeric complexes. An increase in the concen-
tration of HSA results in a higher α, and thus, in an overall
reduction of cathodicmigration [42]. Throughout the elon-
gation of themigration times, HSA has a strong interaction
with enantiomers and contributes to the enhancement of
enantioresolution [16].
An interesting separation phenomenon emerged at

70 μM HSA when the effective mobility of S-(−)-AML

switched to bemore negatively charged and appeared after
the EOF marker (Figure 2A). The presence of HSA sig-
nificantly influenced the S-(−)-AML enantiomer, result-
ing in higher mobility and consequently possessing longer
migration time. It shows that themigration of enantiomers
depends on the mobility effects in the applied separation
system [44].
Further increase in HSA concentration led to peak

broadening, as seen in Figure 2 at 90 μM HSA. In some
cases of using protein-based CS, this occurrence is likely
due to protein adsorption onto the wall of the unmodi-
fied fused-silica capillaries. The extent of adsorptionmight
increase in the presence of more amino groups and an
overall more positive charge on proteins. In this study,
sufficient rinsing between runs using SDS was applied to
remove the adsorbed HSA and ensure the repeatability
[26,30]. SDS has shown effectiveness in washing a capil-
lary wall by the combination of denaturation proteins and
micellar effect [26]. Accordingly, HSA adsorption onto the
capillary wall was minimized, which prevented the sep-
aration system from severe peak broadening. Indeed, the
repeatability of Rs values and migration times was less
than 3% RSD in the range of 30–110 μM HSA as a CS. Due
to the enantiomers interacting more strongly with the CS
at higher concentrations [16,45], the effect of slow bind-
ing equilibrium kinetics gets more pronounced [45]. This
assumption was far reasonable behind the peak broad-
ening [45]. Strong protein–drug interaction as a result of
slow kinetics binding equilibrium was shown by AML
enantiomers with its broad peaks. In addition, Zhu et al.
reported that the concentration of HSA dissolved in the
running buffer mainly controls the efficiency of enan-
tioseparation rather than theHSAadsorbed to the capillary
wall [16]. For these reasons, the reliable enantioseparation
was conducted in an optimum HSA content in the BGE
from 30 to 110 μM.
Overall, within the concentration range of 30–110 μM

HSA, AML showed excellent resolution with broad peaks
width, while VER displayed satisfactory resolution and
sharp peaks. Repeatabilities of the migration times and
the Rs values were found to be less than 1.85% RSD
and 3.80% RSD for all tested analytes. HSA concentra-
tion of 50 μM was considered to be optimal as CS for
AML and VER enantioseparations with a resolution of
Rs = 1.68 and Rs = 1.56, respectively. The difference in
binding status between enantiomers initiates the resolu-
tion, which carries out the migration of R-(+)-AML and
S-(−)-VER as the first eluted peak. S-(−)-AML and R-
(+)-VER possess a higher binding affinity toward HSA,
compared to their antipodes. The enantioseparation pro-
files of AML and VER are shown in Figure 2A and B,
respectively.
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RATIH et al. 3965

F IGURE 2 Effect of HSA concentrations on the degree of interactions toward amlodipine (AML, 2A) and verapamil (VER, 2B), which
results in enantioresolutions and mobility shifts. The electropherograms show five of seven enantioseparations at the applied ms-ACE condi-
tions, as described in the experimental section

3.2 Binding constant determination

Further investigation of enantioselective interactions
between HSA and drug models was achieved by ms-ACE
using a pH and buffer composition close to the physiolog-
ically relevant conditions. Mobility shifts of the individual
enantiomers as a function of HSA concentrations were

evaluated simultaneously. The effective mobility of AML
and VER in the absence of HSAwas found to be 13.7× 10−9
and 11.8 × 10−9 m2 V−1 s−1, respectively. In the presence
of 30–110 μM HSA, the first eluting enantiomer of AML
and VER shifted its effective mobility from 7.00 × 10−9 to
2.20 × 10−9 and from 11.1 × 10−9 to 9.2 × 10−9 m2 V−1 s−1,
respectively.
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TABLE 1 Effect of HSA concentrations on the enantioseparation parameters of amlodipine (AML) and verapamil (VER)

HSA AML VER
[10(6 M] 𝛍𝒊𝑹 𝛍𝒊𝑺 𝚫𝛍𝒊 Rs 𝛍𝒊𝑺 𝛍𝒊𝑹 𝚫𝛍𝒊 Rs
0 13.7 13.7 0.0 0 11.8 11.8 0.0 0
30 7.0 2.6 4.4 1.1 11.1 9.9 1.3 1.0
40 6.3 1.6 4.7 1.4 10.9 9.2 1.8 1.3
50 5.4 0.5 4.9 1.7 10.8 8.6 2.2 1.6
70 4.2 −2.0 6.2 2.8 10.3 7.5 2.8 2.1
90 3.2 −3.4 6.6 3.0 9.9 6.5 3.4 2.3
110 2.2 −4.5 6.7 3.6 9.2 5.5 3.7 2.7

μ𝑖 ∶10
−9 m2 V−1 s−1.

The interaction between the negatively charged
HSA molecules and the positively charged basic chiral
molecules was considered to be the main reason for effi-
cient chiral discrimination of the tested basic compounds.
The opposite charges of HSA and the analytes support the
enantioseparation due to the optimal difference between
the effective mobilities of the CS–enantiomer com-
plexes and the free enantiomers [37,46]. The respective
electrophoretic mobilities are listed in Table 1.
Association constants (KA) were determined by ana-

lyzing the effective mobilities of enantiomers at various
HSA concentrations. Binding curves for AML and VER are
displayed in Figure 3A and B, respectively. KA values of
22 620 M−1 for R-(+)-AML and 25 073 M−1 for S-(−)-AML
were obtained when applying in the racemic mixture. This
result showed the close agreement of enantiopure S-(−)-
AML with KA 25 101 M−1. A clinical study by Luksa et al.
has reported comparable pharmacokinetic parameters of
the individual enantiomers after administration of racemic
AML and enantiopure AML to healthy subjects. The close
finding of S-(-)-AML KA values in our study match up to
the reported comparable pharmacokinetic parameters of
AML in the racemic mixture and enantiopure [47]. More-
over, the KA value of S-(−)-AML was obtained higher than
R-(+)-AML, which was also found in a previous study by
Liu et al. using FI-CE/FA [18].
Furthermore, R-(+)-VER (KA 1844 M−1) proved to bind

stronger to HSA compared to S-(−)-VER (KA 6.6 M−1).
However, a reliable binding curve could not be obtained for
VER with HSA concentrations in the applied range of 30–
110 μM. This is due to the weak interaction between VER
enantiomers and HSA in the applied system, and bind-
ing curves are too straight to be evaluated quantitatively.
Insufficient description of the binding curve leads to the
unavoidable low accuracy of the binding constant predic-
tion [37]. Indeed, the KA values of VER enantiomers at
certain CE conditions correspond to the relative measures
of the complexes strength instead of apparent association
constants. Despite the feasibility of the binding curves, the

F IGURE 3 Binding curves of amlodipine (AML, 3A) and ver-
apamil (VER, 3B) as a racemic mixture and pure enantiomer in the
presence of 0–110 μM HSA

calculated KA value of R-(+)-VER in the racemic mixture
showed nearly the same value as that obtained in the ear-
lier studies of racemic VER (KA 1100–1790 M−1) [19] and
(KA 1100 M−1) [48].
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4 CONCLUDING REMARKS

HSA chiral recognition ability has been successfully uti-
lized in enantioselective interaction study toward selected
basic drugs for enantiomeric separation and simultaneous
binding constant determination by ms-ACE. The addition
of HSA into the BGE solution at a physiological pH
established an optimum difference in charges between
the complexed form and the free drug, which resulted in
different degrees of apparent mobilities. The nonlinear
function of mobility shifts and HSA concentrations allows
the determination of the binding affinity of the individual
enantiomers, simultaneously. The binding constants of
R-(+)-VER and S-(−)-AML were found to be higher than
their antipodes when applying the racemic mixture. In
addition, the KA value of S-(−)-AML as pure enantiomer
closely agrees with the KA value of the S-(−)-enantiomer
thatmeasured in the racemicmixture. The binding affinity
study proved that S-(−)-AMLandR-(+)-VERbind stronger
to human serum albumin compared to their counterparts.

Article Related Symbols

α, degree of the complexation; a1, a position of Gaussian
component; Ci, total concentration of the selector; Δμi,
the effectivemobility difference between two enantiomers;
KA, association constant; Rs, resolution; t1/2, elimination
half-life; t1, migration time of the first enantiomer; t2,
migration time of the second enantiomer;Whh, peakwidth
at half height; μc, fully saturated complex mobility; μf, free
analytemobility;μi, effectivemobility,μ𝒊𝑹 , effectivemobil-
ity of R-(+)-enantiomer; μ𝒊𝑺 , effective mobility of S-(−)-
enantiomer.
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��Nu�



��������������	
 ��
�����������������������������������������

������������������������� �
�����!��������"����!#����!��$�����%&%���%������������ ��'
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