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1 Introduction 

 

1.1 Fundamental concept of enantioselective interaction 

The remarkably chiral selectivity of a living body draws awareness to racemic 

drug intake since the enantiomers can be metabolized in a separate pathway and 

possibly perform different pharmacological effects [1]. The eutomer may result in 

the desired therapeutic activities, while the distomer may be less active, inactive, 

or potentially cause adverse effects [1–3]. For these reasons, chiral drugs can be 

administered as racemates (equimolar mixtures of both R- and S-enantiomer) only 

if there are no obvious consequences on the efficacy or toxicity when the two 

enantiomers coexist [4]. Therefore, analytical methods for quality control of 

enantiomeric drugs are prerequisites in numerous stages of drug development 

and bioanalysis, including pharmacokinetic-pharmacodynamic studies, as well as 

clinical trials [2].   

The preferential interaction phenomenon of a chiral species with one 

enantiomer over its counterpart is specified as enantioselectivity [5]. Even though 

possessing the same chemical formula and physicochemical properties, 

enantiomers differ in their optical activities and spatial arrangement. They behave 

differently when interacting with other chiral species, thereby can be distinguished 

[6]. Thus, enantioseparation of optically active isomers relies on the occurrence of 

enantioselective interaction either in stable or reversible diastereoisomeric 

complexes [7].  

The structure variety of chiral selectors contributes to various mechanisms 

and features in chiral recognition processes. The identical chemical properties of 

enantiomers can be discriminated when a difference in binding affinity between 

complexes of R- and S-enantiomer occurs [8,9]. Very strong intermolecular forces 

of selector-selectand interactions can include hydrogen-bonding and steric 

hindrance. Other typical strong interactions consist of 𝜋 − 𝜋, and ion-dipole, while 

dipole-dipole interactions are of intermediate strength. Weak and very weak 

interactions are mainly contributed by Van der Waals interactions of dipole-induce-

dipole and London dispersion forces, respectively [9,10]. Thus, the success of 

enantioseparation depends on the enantioselective interactions between the chiral 

selector and enantiomers. A concept of enantioselective interactions derives in 
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transient selector-selectand diastereoisomeric complexes and related analytical 

aspects is depicted in Figure  1. 

 
x, y, z  : binding sites 𝐾𝐴 : association constant; 𝐾𝐷: dissociation constant 𝑘𝑎 : association rate constant; 𝑘𝑑: dissociation rate constant 
 

Figure 1. Fundamental concept of enantioselective interactions and their analytical 
aspects. 

As depicted in the figure above, the enantioselective interactions lead to the 

configuration of transient diastereoisomeric complexes along with their 

association rate constant (𝑘𝑎) and dissociation rate constant (𝑘𝑑). Thus, the 

binding affinity parameters of the association constant (𝐾𝐴) and dissociation 

constant (𝐾𝐷) can be evaluated from the ratio of the rate constants. The selector 

interacts with both enantiomers resulting in different binding affinities due to its 

stereoselectivity. Accordingly, enantioseparation can be obtained and parameters 

of enantioresolution (Rs) and enantioselectivity (𝛼) can be measured.  

Investigation on molecular interactions of selector-selectand complexes leads to 

deeper understanding of their enantiorecognition. Enantioselective interaction 

becomes a fundamental concept in most chiral analysis of binding affinity 

determination, enantioseparation, and enantiorecognition studies. 
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1.2 Chiral calcium channel antagonist drugs 

Among pharmaceuticals, calcium channel blockers are commonly used for the 

treatment of hypertension and cardiovascular diseases. They are also known as 

slow channel blockers and calcium antagonists. In general, as a heterogeneous 

class of agents, they are divided into two classes of dihydropyridine and non-

dihydropyridine [11]. The first generation of dihydropyridines such as nifedipine 

and nicardipine have a rapid onset of action and short half-life time. In contrast, 

the second generation is characterized as slow-release and short-acting such as 

benidipine, efonidipine which performs better in reducing adverse effects [12,13]. 

The third generation (e.g., amlodipine, azelnidipine) and the fourth generation 

(e.g., lercanidipine and lacidipine) are highly lipophilic dihydropyridines. 

Furthermore, phenylalkylamines (e.g., verapamil, gallopamil), benzothiazepines 

(e.g., diltiazem), and diaminopropanol ethers (e.g., bepridil) are categorized as 

non-dihydropyridine classes. Most of them, such as amlodipine, felodipine, 

isradipine, nicardipine, nimodipine, nisoldipine, nitredipine [14], verapamil, 

gallopamil, and bepridil are marketed as racemic mixtures [15].  

A 
(S)-(−)-amlodipine (R)-(+)-amlodipine 

 
Mirror plane 

B 

(S)-(−)-verapamil (R)-(+)-verapamil 

 
Mirror plane 

Figure 2. Structures of amlodipine (2A) and verapamil (2B) enantiomers. 
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Amlodipine is a third generation dihydropyridine derivate. It has one chiral 

center, thus possesses (R)-(+)- and (S)-(−)-enantiomer, formulated as amlodipine 

besylsulfonate (besylate). The long half-life of amlodipine and its good tolerability 

make it an effective once-a-day antianginal and antihypertensive agent [16]. A 

number of studies on separation-based techniques are continuously being 

developed to determine individual enantiomers. Numerous chromatographic 

methods for enantioseparation and enantiorecognition are dedicated to 

amlodipine, either with chiral mobile phase additive [17,18] or chiral stationary 

phases [14,19,20]. Furthermore, capillary electrophoresis has performed an 

excellent enantioresolution of amlodipine enantiomers in the presence of 

cyclodextrin as the chiral selector [21–23].  

Verapamil has a large range of approved indications, including all varieties of 

angina, supraventricular tachycardias, and hypertension [16].  With respect to its 

activity as calcium channel inhibitor, (S)-(−)-verapamil is an order of magnitude 

more potent than (R)-(+)-verapamil. Enantiomeric separation of verapamil and its 

metabolite has been performed by chromatography on amylose-based CSP [24]  

and a chiral-AGP column [25] as well as in CE [26] using maltodextrin as the chiral 

selector (CS). 

1.3 Choice of potential chiral selectors  

One of the most critical tasks in molecular recognition of enantiometric pairs 

is the selection of the chiral selector (CS) [27]. In case of direct chiral separation, 

a selector should fulfill several requirements such as stereoselective and form a 

transient diasteromeric complex at list with one of the enantiomers. Moreover, it 

should soluble, chemically stable, should not interfere with the detection, and 

exhibit fast complexation kinetics [28].  

Numerous CSs have been widely used over the years to improve the 

separations of various classes of analytes. The commonly used CSs are classified 

as monomeric/polymeric surfactants, macrocyclic/other antibiotics, chiral crown 

ethers, cyclic/linear polysaccharides, cyclic/linear oligosaccharides, and proteins 

[27]. The boundary of this study focusing on enantioselective interactions involving          

a linear polysaccharide, a linear oligosaccharide, and a protein type chiral selector 

in drug-protein binding determination.  
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1.3.1 Polysaccharides  

Anionic linear polysaccharides, such as heparin, chondroitin sulfates, dextran 

sulfate, and 𝜆-carrageenan, as well as electrically neutral (uncharged) 

polysaccharides, such as dextran, dextrin, laminaran, and pullulan have been 

successfully employed as CSs in CE [10,29]. However, the positively charged 

polysaccharides such as diethylaminoethyl-dextran and cationic cyclodextrin 

derivates are limited to be applied due to their absorbing character onto the 

capillary wall [29,30]. Thus, coated capillaries are selected to prevent wall 

adsorption when employing positively charged chiral selectors [31]. Among ionic 

linear polysaccharides, the negatively charged, particularly heparin, dextran 

sulfate, chondroitin sulfates A and  C [10,32] are the most widely applied CSs in 

chiral CE.  

Chondroitin sulfate A 

In 1996, Nishi et al. reported 

the utilization of chondroitin  

sulfates A and C as selectors in 

chiral CE [32]. Later, chondroitin 

sulfate B was employed in 

enantioseparation of cationic drugs 

by Gotti et al. [33]. Chondroitin 

sulfate A (CSA) is an anionic 

charged glycosaminoglycan [32].  

(B)  

Figure 3. Unit structure chondroitin sulfate A (CSA) as 2-D monomer (3A) [34] and 3-D 
helical representation consisting of three monomer units, extracted from its 
crystal structure entry 4N8W (3B) [35]. 

(A)  

 
 



 

6 

 

CSA contains D-glucoronic acid, N-acetylglactosamine, and sulfate residues 

in equimolar quantities. The sulfate ester is in the C-4 position of 

N- acetylagalactosamine fuctional group. Therefore, this molecule is highly 

negatively charged and hydrophilic. Even though it shows stereoselectivity in CE, 

CSA has not been explored in chiral chromatography, particularly its potency as a 

chiral stationary phase (CSP). 

Maltodextrin (DE 4-7) 

The usage of linear oligosaccharides in chiral CE was first reported in 1992 

by D’Hulst and Verbeke, who employed various maltodextrins (MDs) with low 

degrees of polymerization [36]. They, followed the success of cyclodextrines 

(CDs), which belong to the group of cyclic oligosaccharides, first introduced to CE 

by Snopek et al., in 1988 [37]. MDs as uncharged oligosaccharides have shown 

chiral recognition abilities as potential polysaccharide-based chiral selectors [38].  

MD with low-DE value has proven as a powerful CS for enantioseparation of 

basic racemic drugs [39]. Its chiral helical structure with long chains offer many 

interacting sites for enantiorecognition [8]. Likewise, the existence of 

hydrophobicity inside the helical structure of MDs, which is similar to the internal 

cavity characteristic of cyclodextrins (CDs), offers a hydrophobic site with more 

structure flexibility [10,27]. When molecular interactions occur, the flexible 

structure of MDs allow for conformational changes to adapt to the size of the 

complexing molecule  [40,41]. Furthermore, the enantiorecognition mechanism 

inside the MD helix reveals by 1H-NMR and 2-D ROESY experiments have been 

reported [40]. 

(A) 

 

(B) 

Figure 4. Unit structure maltodextrin as 2-D monomer (4A) and 3-D helical 
representation consisting of three sugar moeties, extracted from its crystal 
structure entry 3MBP (4B) [42]. 
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MDs as well as CDs consist of D-(+)-glucose units, which are connected 

through 𝛼-(1→4) glycosidic linkage. The value of reducing sugar calculated as 

glucose on a dry basis is known as dextrose equivalent (DE) [29]. The 

commercially available MDs are complex malto-oligo and polysaccharide mixtures 

with DE values lower than 20. These types of MDs enable highly efficient chiral 

separations toward a broad range of basic and acidic drugs [10]. MDs with lower 

DE values usually provide better resolutions, without a significant effect on 

migration times, because they have longer oligomeric chains, and consequently 

more binding sites than those with higher DE values [10,38,39]. The utilization of 

maltodextrin DE 4-7 as a chiral selector in CE has been reported [38]. However, 

a systematic optimization analysis of enantioseparation and identification of 

affecting factors in a CE system using MD as a CS has not been designed.  

1.3.2 Proteins 

Proteins are macromolecules with high selectivity. In general, protein 

interactions are important in determining the transport, metabolism, and/or activity 

of many chiral compounds within the body [43].  With regard to their selectivity 

toward specific substances, various types of proteins have been involved in 

enantiomeric studies. Working with biomolecular CSs such as proteins is highly 

applicable for a wide range of chiral drugs due to their native function in biological 

systems [44]. This is the case because proteins are also chiral in nature in terms 

of their primary (e.g., being made of L-amino acids), secondary (e.g., 𝛼-helix), or 

higher order structures. 

 Many proteins such as bovine serum albumin (BSA), 𝛼1-acid glycoprotein (𝛼1-

AGP), and human serum albumin (HSA) have their own ability to discriminate 

between the enantiomers of a chiral compound. Thus, protein-based HPLC 

columns for instance BSA [45], AGP [25] and HSA [46–48] have been successfully 

developed and applied in chiral separation as CSPs. However, extensive uses of 

protein-based CSs as buffer additives in CE offer more advantages and flexibility 

in the separation system adjustment compared to the utilization of CSPs in HPLC. 

In chiral CE, buffer additives can be applied in less concentration, which can also 

be replaced and adjusted. The buffer additive approach leads to a simpler 

application of protein-based chiral CE.  
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BSA is mainly used to separate a wide variety of acidic and neutral 

enantiomers, such as aromatic amino acids and 𝑁-derivatized amino acids [49]. 

In comparison, 𝛼1-AGP becomes the major plasma protein responsible for the 

protein binding of cationic drugs due to the lower isoelectric point (pI) value. 

Typically, AGP is extracted from human plasma at 55% of its mass in combination 

with five heteropolysaccharide units. It contains 181 amino acid residues with pI 

of 2.7 due to 14 residues of sialic acid in the carbohydrate moiety. Its primary 

structural features and the higher-level molecular configuration determine the 

unique properties in the enantiorecognition as a chiral selector [50].  

Human serum albumin 

Serum albumins are the most abundant proteins in human plasma [44]. Their 

structures have been studied in great detail, and offer a wide variety of applications 

in research such as protein interactions [51], binding studies [52], as well as in 

clinical medicine. HSA dominates roughly 60% of total plasma proteins at typical 

concentrations of 30-50 g/L as a single-chain non-glycosylated polypeptide, with 

a molecular mass 66.5 kDa consists of 585 amino acid residues [44,53].  

Figure 5. Human serum 
albumin (HSA) extracted 
from its crystal structure 
entry 4Z69 [54]. The 
illustration shows the 
tertiary structure of HSA 
consist of C- and N-
terminus with three 
domains (I, II, and III), 
each of these domains 
possess two subdomains 
(IA, IB; IIA, IIB; IIIA, IIIB), 
including Sudlow’s site I 
and II (integrated from 
[54–56]) 

The excellent ability of serum albumin is its capacity to bind diverse ligands 

with two principal binding sites (e.g., Sudlow’s site I and site II) as depicted in 

Figure 5. Site I is dominated by strong hydrophobic interactions to many neutral, 

bulky, heterocyclic compounds. Site II mainly forms dipole-dipole, and/or 

hydrogen-bonding interactions with many aromatic carboxylic acids. Sudlow I and 

Sudlow II are also known as drug sites 1 and 2, respectively [55]. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/aromatic-amino-acid
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1.4 Selection of separation-based techniques  

Liquid chromatographic and capillary electrophoretic [9] separation 

techniques allow separations down to low concentrations (e.g., ppb) [57], either 

for analytical [58] or preparative purposes [59]. Direct and indirect methods have 

been established in separation both techniques for resolving enantiomers as 

shown in Figure 6. 

BGE: background electrolyte; CSP: chiral stationary phase; MP: mobile phase 

 

Figure 6. The basic term of formation diastereoisomeric complexes in chiral CE and 
chiral HPLC (integrated from: [10,28,60]). 

The indirect approach involves an optically pure reagent to form 

diastereoisomeric derivatives. As a result, the chemical and physicochemical 

behaviors of both enantiomers are different. Thus enantioseparation in achiral 

(isotropic) environments can be conducted. On the other hand, direct chiral 

separation relies on labile diastereoisomers interactions in anisotropic 

environments by the addition of  a chiral species or a chiral selector (CS) either as 

a chiral additive in free solution or attached into the stationary phase [10,28]. The 

basic term of enantioseparation in chromatographic and electrophoretic 

techniques associated with the type of diastereomeric complexes. 
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Separation selectivity and recognition processes in chromatographic [9,61] 

and electrophoretic techniques [10,43,62,63] are mostly conducted by forming 

transient selector-selectand diastereomeric complexes known as a direct method. 

Chiral CE has perceived advantages in its reduced time of analysis and flexibility 

in applying a wide variety of chiral mobile phase additives. However, CS additives 

in chiral CE techniques might cause different mobilities, thus give a minor 

contribution to the enantioseparation. On the other hand, chiral HPLC offers higher 

sensitivity and reproducibility of enantioseparation. This separation only depends 

on the difference between enantiomers’ binding constants [10]. Additionally, in the 

major chromatographic techniques with stationary chiral selectors, the more 

strongly bound enantiomer will migrate as the second peak. However, in chiral 

additive CE, depending on mobility effects present in the separation system, the 

more strongly bound enantiomer may migrate either as the first or the second peak 

[60].  

1.4.1 Chromatography on chiral stationary phases  

Development of chiral stationary phases (CSPs) has rapidly opened a new 

feature in the field of chiral drug separation techniques. This direct mode facilitates 

simple analysis when the addition of the CS into a mobile phase is restricted in its 

application. There are different chiral selectors available for enantiomeric 

separation of drugs and pharmaceuticals [64]. In order to improve 

enantioselectivity in chiral chromatography, various CSPs have been developed 

by employing 𝛼1-acid glycoprotein (AGP) [25], vancomycin [19], amylose [24] and 

cellulose derivates [20] as selectors. Among them, polysaccharides and their 

derivates such as cellulose- and amylose-based CSs are widely used in CE and 

HPLC.  

Coated and immobilized polysaccharide-based CSPs  

The direct enantioseparation approach using a CSP is the method of choice 

due to its simplicity [65]. Separation on CSPs affords one of the most direct and 

effective approaches for enantioseparation [66], including polysaccharide-based 

CSPs are which present in coated and immobilized chiral selectors. 

Polysaccharides are polymers with glucose units linked via (1⟶4) and (1⟶3) 
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linkage, such as amylose at 𝛼 (1⟶4), cellulose at 𝛽 (1⟶4), and CSA at 𝛽 (1⟶3) 

[67].  

Polysaccharide derivatives that were coated on silica gel were introduced as 

CSPs in the 1980s [66]. The first attempt at coated polysaccharide-based CSPs 

was carried out by Okamoto et al. in 1987 [68]. Since the chiral selectors were 

physically coated onto the surface of the silica gel, solvents that can swell or 

dissolve the derivatives could not be used as mobile phases. Accordingly, a limited 

range of eluents which are mixtures of nonpolar solvents and alcohols were only 

applicable to the coated CSPs in normal phase modes [66]. 

Immobilized phases overcome drawbacks of coated CSPs by extending the 

working range of solvent polarities [65,69–71]. This approach employs silica 

supports functionalized with a chiral selector that is covalently linked or 

immobilized onto the surface [65]. The immobilization technique has been 

successfully applied using various ways to attach polysaccharides such as 

amylose and cellulose derivatives [69,72]. Further designs on immobilized 

polysaccharide CSPs that could be used in a reversed phase mode with solvents 

that are miscible with water and aqueous buffers would be desirable and can 

increase the potential of these CSPs [64,69]. 

Immobilization methods 

Immobilized CSPs have been studied and proven to tolerate a wider range of 

solvents [73] than coated types. Immobilization to modified native silica or epoxy 

silica supports have been developed. Native silica was utilized as the base to 

prepare N-hydroxysuccinimide-activated silica by reacting aminopropyl silica with 

disuccinimidyl suberate prior to the serum albumin immobilization [74–77]. Epoxy 

silica can be employed directly to immobilize proteins, known as the epoxy method 

[78] or the epoxy ring can be opened up to obtain a diol first to allow crosslinking 

techniques such as carbonyldiimidazole (CDI) [78–80] or Schiff-base formation via 

reductive amination [76,78,81].  

The methods mentioned above are especially employed to couple proteins to 

stationary phases. Among of them, Schiff-base method is the most commonly 

applied approach in preparing affinity columns which result in long-term stability 

[82].  The reactions can be conducted both in aqueous and in organic solutions 

which allow for incorporating materials that only dissolve or only can be used in 
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non-aqueous solutions. Accordingly, excess reactive groups such as aldehydes 

and amino groups can further react with other substances to tailor the properties 

of the desired product for diverse applications. Its applicability to covalently 

immobilize polysaccharides onto polymer surface has been reported [83].  

Monolithic CSPs 

The advantages of using monolithic columns were expanded in chiral 

chromatography [84]. A covalent immobilization of polysaccharide on monolithic-

silica support in CE has been reported by Chankvetadze et al. [85]. The 

combination of the high chiral recognition ability of polysaccharide derivatives with 

the favourable kinetic properties of monolithic silica led to the advantages for 

HPLC enantioseparation.  

At present, silica monoliths HPLC columns are commercially available with an 

attached functional group such as amines (−NH2), diols (−OH), and epoxides. 

Nevertheless, chiral recognition is a unique interaction between a CS and the 

enantiomer. Thus, a general CS for broad types of chiral compounds does not 

exist. Generation of immobilized CSPs becomes an alternative approach since 

the suitable CS for a specific target analyte can be employed, which might not be 

commercially available as analytic columns. 

1.4.2 Chiral electromigration techniques  

1.4.2.1 Separation principle in capillary electrophoresis  

CE technique is defined as the transport of electrically charged compounds 

throughout narrow-bore capillary tubes that filled with electrolyte under the 

influence of an electric field [86] upon application of a voltage difference across 

the capillary [87]. The electrodes are immersed in two reservoirs thus allowing the 

application of a voltage to produce an electric field over the electrolyte solution. 

Accordingly, the electrolyte forms a kind of channel between the reservoirs. 

Analytes in the capillary are driven by two forces, the electro-osmotic flow (EOF) 

and the electrophoretic migration. An illustration scheme of a CE system and the 

charge distribution within the capillary is shown in Figure 7. 
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B 

 
BGE: background electrolyte 
 

Figure 7. Illustration scheme of general CE system (7A) and silica ionization within a 
capillary from outer surface prespective (7B). 

Electro-osmotic mobility (𝝁𝒆𝒐𝒇) 

Capillaries are commonly composed of silica, bearing silanol groups (Si−OH)  

that get ionized by deprotonation at pH > 2.0 [88]. Due to their intrinsic properties, 

fused silica capillaries are the most frequently used materials. In an aqueous 

electrolyte, silanol groups of fused silica capillaries are ionized, resulting in excess 

of negative charge (anion) at the inner wall surface. Counter ions (cations) from 

the bulk solution are attracted to the capillary walls forming a fixed layer, where 

the amount of cations is equal to anions [87,88]. Subsequently, a diffuse layer 

develops with more cations than anions, leading to the formation of an electrical 

double layer. Along with the applied electric field, ions in the diffuse layer will start 
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to migrate [87]. Cations in the diffuse layer are solvated, they move toward the 

cathode and drag the liquid along with them. Hence, leading to the bulk movement 

of the solvent through capillaries. This bulk movement is termed electroosmotic 

flow [87,89]. 

 The extent of the migration velocity is determined by the zeta potential. Thus, 

EOF is defined as a resulted flow from the bulk movement of electrolyte solution 

in the capillary due to the zeta potential at the wall as water-interface of capillaries 

[87]. The magnitude of EOF can be expressed by its velocity and mobility as 

shown in Equation 1.1: 

𝜐𝑒𝑜𝑓 = 𝜀Ε𝜁4𝜋𝜂 Equation 1.1 

where (𝜀) represents dielectric constant of the medium in the applied electrical 

field strength (𝐸) and zeta potential of the solid-liquid interface (𝜁) and the viscosity 

of the medium (𝜂). The electroosmotic velocity is characterized by a mobility factor, 

namely the electroosmotic mobility, as depicted by Equation 1.2: 𝜇𝑒𝑜𝑓 = 𝜀𝜁4𝜋𝜂 Equation 1.2 

Controlling the EOF can significantly influence the efficiency and selectivity of a 

separation, because EOF is a main driving force in CE that enables the migration 

of analytes along the capillary. EOF originates close to the wall of the capillary 

with extremely small size (thickness) of the double layer of about 3 to 300 nm. Flat 

profiles in capillaries are favorable to avoid peak dispersion. It leads to narrow 

peaks with a high number of theoretical plates (high separation efficiency) which 

are expected when the radius of the capillary is greater than seven times the 

double layer thickness [90]. The EOF has a flat plug-like flow profile compared to 

the parabolic profile of hydrodynamic flows, as depicted in Figure 8. 
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Figure 8. Flow profiles and the resulted response of (8A) pressure-driven system 
(hydrodynamic-like in HPLC) (8B) electrically-driven system (electroosmotic-
like in CE). 

Electrophoretic mobility (𝝁𝒊) 
Electric field, pH, and ionic strength of the background electrolyte (BGE), 

additives, temperature, and capillary coatings are factors affecting EOF. An 

external electric field influence to charge compounds by inducing an electric force 

(𝐹𝑒𝑙) and Stokes’ frictional force (𝐹𝑠) as depicted in Equation 1.3. 𝐹𝑒𝑙 = 𝑞𝑖𝐸 Equation 1.3 

where 𝑞𝑖 is the charge of the ion and 𝐸 is electric field strength. In the equilibrium 

condition both forces are equal (Equation 1.4). 𝐹𝑒𝑙 = 𝐹𝑠 Equation 1.4 

The viscous medium in CE creates a frictional force against the electric field, and 

this force is proportional to the velocity (𝜐), which can be expressed by Stokes law:  𝐹𝑠 = 6 𝜋 𝜂 𝑟𝑖  𝜐 Equation 1.5 
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where η is the dynamic viscosity of the medium and 𝑟𝑖 is the Stokes radius of the 

ion, which can be envisioned as the radius of a hard sphere that diffuses at the 

same rate as the ion assumes a constant velocity, which can be deduced: 

𝜐𝑖 =  𝑞𝑖 𝐸6𝜋 𝜂 𝑟𝑖 Equation 1.6 

The electric field strength is determined by the applied voltage difference and the 

total length of the capillary as described in the following equation: 𝐸 = 𝑉𝐿  Equation 1.7 

The length of the capillary and the applied voltage are typical for a specific 

system, the migration velocity is a specific characteristic for one system. 

Therefore, it is not possible to make comparisons between runs with different field 

strengths or that were obtained with capillaries of different lengths. For this reason, 

a normalized velocity characteristic is utilized which is called the electrophoretic 

mobility (𝜇𝑖). It shows that the velocity is proportional to the electric field, and the 

ion mobility (𝜇) is defined as the constant of proportionality, which means that the 

mobility is:  𝜇𝑖 = 𝑞𝑖6 𝜋 𝜂 𝑟𝑖 Equation 1.8 

The electrophoretic mobility is the proportionality factor in the linear relationship 

between the migration velocity and the electric field strength: 𝜐𝑖 =  𝜇𝑖  𝐸 Equation 1.9 

The charge of a compound can be adjusted through the degree of dissociation 

(𝛼𝑖) by altering ionization of acidic or basic functional groups. In this way the 

migration velocity is also directly proportional to 𝛼𝑖. The proportionality factor in 

the relationship of the migration velocity and the electric field strength in such a 

case is called the effective electrophoretic mobility (𝜇𝑒𝑓𝑓) and the migration 

velocity the effective migration velocity (𝜐𝑒𝑓𝑓). 𝜐𝑒𝑓𝑓 = 𝛼𝑖  𝜇𝑖  𝐸 = 𝜇𝑒𝑓𝑓  𝐸 Equation 1.10 
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The migration time (𝑡𝑖) of a compound is determined by the migration velocity 

and the distance it has migrated. The migration distance (𝑙) in CE is equal to the 

length of the capillary from the inlet (injection site) to the point of detection and 𝐿 

is the total length of the capillary. The migration time increases with increasing 

capillary length and decreases with increasing mobilities of the compounds and 

applied voltages. 𝑡𝑖 =  𝑙𝜐𝑒𝑓𝑓 = 𝑙𝜇𝑒𝑓𝑓   𝐸 =  𝑙  𝐿𝜇𝑒𝑓𝑓  𝑉 Equation 1.11 

Electrophoretic migration 

The overall migration in CE is determined by the combined effect of the 

effective and the electro-osmotic mobility. The apparent electrophoretic mobility 

(𝜇𝑎𝑝𝑝) is used as the proportionality factor in the relationship between the migration 

velocity and the electric field strength. Similarly, the migration velocity is now 

called the apparent migration velocity (𝜐𝑎𝑝𝑝). Since the 𝜇𝑎𝑝𝑝  is equal to the sum of 𝜇𝑒𝑓𝑓 and 𝜇𝑒𝑜𝑓, the apparent migration velocity is expressed as: 𝜐𝑎𝑝𝑝 = 𝜇𝑎𝑝𝑝 𝐸 = (𝜇𝑒𝑓𝑓 + 𝜇𝑒𝑜𝑓)𝐸 Equation 1.12 

𝑡𝑖 =  𝑙𝜐𝑎𝑝𝑝 = 𝑙(𝜇𝑒𝑓𝑓 + 𝜇𝑒𝑜𝑓) 𝐸 = 𝑙 𝐿(𝜇𝑒𝑓𝑓 + 𝜇𝑒𝑜𝑓) 𝑉 Equation 1.13 

Using the experimentally obtained migration time of the neutral marker (𝑡𝑒𝑜𝑓) the 

velocity of the EOF can be calculated: 𝜐𝑒𝑜𝑓 = 𝑙𝑡𝑒𝑜𝑓 Equation 1.14 

The effective mobility of a compound can now be calculated from the 

experimentally obtained migration time (𝑡𝑚) of that compound and the migration 

time of the neutral marker: 

𝜇𝑒𝑓𝑓 = 𝑙 𝐿𝑉 ( 1𝑡𝑚 − 1𝑡𝑒𝑜𝑓) 
Equation 1.15 

where l equals the length of the capillary from the inlet (injection site) to the point 

of detection and L is the total length of the capillary.  
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Figure 9. Migration order of cations, anions, and neutral compounds in fused silica 
capillary and vector relationship of the ion mobilties 

The EOF, which is also proportional to the electric field applied to the 

electrophoresis, contributes to the movement of the analyte ions. EOF enables 

the simultaneous separation of cations, anions, and neutral compounds. Analytes 

are usually introduced at the anode and are detected at the cathode, and cations 

migrate first with the highest velocities toward the cathode as the electrophoretic 

force and the EOF point to the cathode. With anionic species the electrophoretic 

force points in the opposite direction, the anode, which reduces the velocity toward 

the cathode. Electrically neutral compounds are transported toward the negative 

pole as cations do and migrate with the same velocity of the EOF. The higher the 

voltage, the higher the ion velocity and the higher the efficiency (number of plates) 

resulting in higher resolution. EOF besides the concepts of apparent mobility, 

effective mobility, and the Joule heating are fundamental to understand separation 

mechanisms in CE.  

1.4.2.2 Chiral capillary electrokinetic chromatography (cEKC) 

Similar to chromatographic principle, enantioseparation by CE requires the 

formation of either stable diastereoisomers or reversible diastereoisomeric 

complexes in the presence of a chiral selector. Due to the flexibility of applied CS 
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concentration, chiral additive in the running buffer is mostly used [10,64]. Capillary 

electrophoresis using a chiral selector in the background electrolyte, also termed 

chiral electrokinetic chromatography (cEKC) [91] has found widespread 

acceptance in analytical enantioseparations of drug compounds in 

pharmaceuticals and biological media.  

The true electrophoretic separation relies on different migration velocities 

resulted by different charge densities between the analytes when a strong electric 

field is applied across a separation buffer solution. However, enantioseparation is 

impossible to obtain in a true electrophoretic mode since the charge density 

(charge to mass ratio) does not differ for the enantiomers in the isotropic medium 

[92–95]. Enantiomers in the achiral medium have identical physicochemical 

characteristics and cannot be separated based on their charges [96]. Thus, 

effective mobilities in the applied electric field are not the main principle of the 

separation, but interactions of enantiomers with the chiral selectors are also 

involved. 

In chromatography, chiral environments are mostly performed by utilizing 

CSPs where the selectors are immobilized or attached onto silica surface of the 

columns. However, the selector in chiral CE is mobile since commonly added in 

the background electrolyte. The background electrolyte-containing selector fills 

the entire capillary and establishes a dynamic phase due to its electrokinetic 

mobility, thus called the pseudostationary phase. The separation is based on the 

formation of transient diastereomeric complexes in thermodynamic equilibriums. 

In the overall CE system, stereospecific recognition of enantiomers by a chiral 

selector is identical to the principle of chromatographic separation. Furthermore, 

the transport of the enantiomer and/or the enantiomer–selector complex to the 

detector is accomplished by electrokinetic phenomenas [91]. Since 

enantioseparations by CE are accomplished using a chromatographic mechanism 

and an electrophoretic mechanism, the term cEKC is used [91,96].   

Chiral conditions result in subsequent alterations of effective charge densities 

and thus different electrophoretic mobilities of the analytes can be obtained. In 

order to achieve a separation in CE, a non-zero mobility difference of 

electrophoretic mobility between enantiomers (𝛥𝜇) is determined by equation 1.16: 
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∆𝜇𝑒𝑓𝑓  =  𝜇𝑒𝑓𝑓1 − 𝜇𝑒𝑓𝑓2 =  𝜇𝑓 + 𝜇𝑐1𝐾A1[𝐶]1 + 𝐾A1[𝐶] − 𝜇𝑓 + 𝜇𝑐2𝐾A2[𝐶]1 + 𝐾A2[𝐶]  Equation 1.16 

where 𝜇𝑒𝑓𝑓1 and 𝜇𝑒𝑓𝑓2 are the effective mobilities of the first and the second 

migrated enantiomer, respectively. 𝐾𝐴1 and 𝐾𝐴2 represent binding constants 

(association constants) of the first the second eluted enantiomer, respectively. 

Mobility of the free analyte (𝜇𝑓) and the complexes (𝜇𝑐) as functions of the chiral 

selector concentrations [𝐶], where ∆𝜇𝑒𝑓𝑓 = 𝜇𝑒𝑓𝑓1 − 𝜇𝑒𝑓𝑓2 ≠ 0 [60,92]. 

The chromatographic enantioselective mechanism is resulted from the 

different affinities of the enantiomers toward the chiral selector as reflected by 

differences in the complexation constants 𝐾𝐴1 ≠ 𝐾𝐴2. The electrophoretic 

enantioselective mechanism is based on differences in the effective mobilities of 

the enantiomer–selector complexes, that is, 𝜇𝑒𝑓𝑓1 ≠ 𝜇𝑒𝑓𝑓2.  A remarkable 

difference between enantioseparations in pressure-driven chromatographic 

systems and systems based on electrophoretic phenomena is the fact that 

enantiomers can also be separated in the case of equal binding constants 𝐾𝐴1 =  𝐾𝐴2 solely based on differences in the electrophoretic mobilities of the 

diastereomeric complexes [91,97]. 

Chiral separation in cEKC is influenced by different experimental variables 

such as concentration of CS, BGE pH and applied voltage [98]. BGE pH especially 

influences the charge of the analyte, the degree of ionization of the charged CSs 

and the EOF. A good chiral separation is obtained when the equilibrium of 

complexation is reversible and fast [10]. Enantioseparation is challenging since 

experimental efforts are needed in establishing stereoselective interactions. In 

order to obtain an efficient enantioseparation method, statistical experimental 

designs have been applied for the screening of the factors and to adjust the 

experimental domain under study [99]. 

 A fractional factorial design with six factors of CS concentration, BGE 

strength, pH, system temperature, applied voltage, and injection pressure was 

simulated in 12 runs to identify significant experimental factor for 

enantioseparation of citalopram [100]. DOE has been proven to be a good option 

for rationally limiting the number of experiments required in cEKC. Application 

Box-Behnken DOE on enantioresolution of hexaconazole and penconazole for 
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three factors (background electrolyte pH, separation temperature and highly 

sulfated-β-cyclodextrin concentration) and two responses was reported [99]. The 

application of DOE allows one to perform an efficient experimental method [101]. 

In particular, the statistical experimental design is a way of provide adequate 

results [100] with fewer number of experiments than one factor at a time 

approaches [33]. 

1.5 Enantioselective binding affinity 

The characterization of noncovalent molecular interactions in stoichiometry 

and stability constants is fundamental to understanding chemical and biochemical 

processes. The 1:1 complexation stoichiometry is the state-of-the-art theory of 

electromigration under single and multiple complexation equilibrium. Affinity 

capillary electrophoresis (ACE) represents a separation technique that allows the 

determination of bindings constants and stoichiometries of the biomolecular 

complexes.  

The emergence of mobility shift-affinity capillary electrophoresis (ms-ACE), 

pre-equilibrium capillary zone electrophoresis (CZE), frontal analysis CE (FA-CE) 

have contributed to the versatility of ACE technique. Among them, ms-ACE 

appears to be the most widely used format and being well suited for low-to-

medium affinity systems characterized by fast on-and-off kinetics [102].  An ms-

ACE assay is usually performed by adding one of the interacting partners (ligand) 

to the background electrolyte in various concentrations, followed by the 

introduction of a short sample plug containing the other species such as analyte 

and a non-interacting neutral marker molecule into the capillary, and subsequent 

application of voltage [102,103].  

Determination of the interaction strength (complex stability) in ms-ACE is 

accomplished by measuring the effective mobilities of the analyte as a function of 

ligand concentrations which added to the background electrolyte (BGE). The 

concentration of the analyte does not need to be precisely known, considering the 

determination of the stability constant is based on the analyte's effective mobilities. 

Furthermore, the analyte need not be perfectly pure because the admixtures can 

be separated during performing the ACE experiment.  
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The binding ligands in affinity studies are typicaly biomolecules which also 

have stereoselectivity toward enantiomeric drugs. Since the binding ligands are 

stereoselective, they can also act as a chiral selector. Thus, affinity study by ms-

ACE offers possibilities to perform enantioseparation and simultaneous binding 

determination. The enantiomers are introduced in the sample plug and the chiral 

selector homogenously distributed in the background electrolite. The interaction 

leads the enantiomers exist in two forms, as free and as complexed analyte.  

Likewise, fast equilibrium (1:1) stoichiometry is assumed in the interaction 

between the analyte and the chiral selector, thus the chiral selector also in free 

and complexed forms. The degree of complexation resulted in different effective 

mobilities of enantiomers. Thus binding affinities of the individual enantiomers can 

be determined.  

1.6 In silico docking of enantioselective binding 

Molecular docking is a computational method used to virtually predict the 

interaction of two binding partners generating a complex model [104]. The binding 

partners are typically (bio) macromolecules (e.g., protein, DNA/RNA, peptide) or 

small molecules (e.g., endogenous ligands, drugs) [105]. Specific protein-protein 

docking software programs such as HADDOCK, HDOCK, SwarmDock are 

currently available for diverse macromolecul binding partners [106]. In many 

applications, GOLD, MOE-Dock, GLIDE software programs are utilized to 

compute interaction between a small-molecule and a macromolecule for example 

protein-ligand docking [107,108], while free open-source programs such as of 

AutoDock4 and AutoDock Vina are typically the most utilized in structure-based 

drug design to predict ligand interactions with the target protein or macromolecule 

[104,109,110].  

Molecular docking methods have been proposed as powerful tools to obtain 

information about molecular interactions. There are two main independent stages 

in the docking process known as the pose generation and the scoring [104]. 

Molecular modeling such as Autodock is utilized to investigate the molecular 

interaction involved in separation and to understand the recognition mechanism, 

which reported correlates with the reported experimental results.  

 First, the interaction is determined by means of a molecular docking 

technique, and then the binding free energy is calculated using the Autodock semi-
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empirical binding free energy function [109]. Thus, the chiral recognition 

mechanism and typical interaction can be explained [111] to rationalize the 

experimental results [112] by performing advance studies in molecular dynamics 

and quantum mechanics. Further elucidating chiral recognition regarding the 

interaction energy of selector-selectand complexes has been reported as a 

beneficial approach to gain supporting information for enantiomeric separation 

[111]. 

1.7 Research scope and objectives 

This work proposes analytical methods for enantioselective interaction study 

utilizing chromatographic and electrophoretic techniques in three experimental 

approaches. Enantioseparations on chiral column chromatography, cEKC, and 

ms-ACE mode are appointed. CSA, maltodextrin (DE 4-7), and HSA are selected 

as representative polysaccharide- and protein-based chiral selectors, 

respectively. In the case of utilizing an HSA-based selector in ms-ACE mode, 

enantioseparation and binding affinity determination are feasible to be performed 

simultaneously. Additionally, computational modeling gives insight into the 

enantiorecognition mechanism of the experimental findings is employed. Along 

with this scope, the research objectives are listed as follows:   

(1) Develop a novel CSA-based CSP and evaluate its performance on 

enantioselectivity, 

(2) Develop a systematic optimization of maltodextrin-based cEKC, 

(3) Establish enantioseparation and simultaneous binding constant 

determination by ms-ACE, 

(4) Reveal the molecular interaction of enantiomeric complexes and rationalize 

the reasons for the different migration times between enantiomers utilizing 

computational modeling. 
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2 Development of chondroitin sulfate A-based chiral 

stationary phase  

*part of this chapter has been published (doi.org/10.3390/ph14020098), permission has been attached. 

2.1 Introduction 

The development of polysaccharide-based CSPs is one of the most 

successful chiral HPLC features and shows excellent enantiomeric resolution [70]. 

The asymmetric and long-range helical structures of polysaccharides possess 

recognition capacity and enantioselectivity toward broad types of chiral molecules 

[113]. The enantiorecognition ability of natural polysaccharides such as cellulose 

[114] and amylose [115]  has been reported. Specifically, cyclic oligosaccharides 

(cyclodextrins) [116,117], linear oligosaccharides (maltodextrins) [36] and linear 

polysaccharides (chondroitin sulfates) [32,118,119] have been widely used in CE 

as buffer additives. Currently, amylose-based, cellulose-based, and cyclodextrin-

based HPLC columns are commercially available as coated and immobilized 

chiral stationary phases (CSPs). Even though chondroitin sulfates such as types 

A [32,120], B [33,121], C [32,118], D, and E [119] have shown enantioselectivity 

in CE [32,122], none of them have been employed either as a mobile phase 

additive or a coated/an immobilized CSP in HPLC.  

Coated CSPs typically have low compatibility with polar organic solvents thus 

can only be used in a single mode normal phase (NP) or reversed phase (RP) 

[123,124]. In some cases, separation using diverse solvent polarities are needed 

to enhance enantioselectivity toward different types of chiral compounds. Thus, 

coated [125,126] as well as immobilized CSPs were [124,127] developed to 

expand column compatibility with a wide range of solvent polarity. Further 

development by covalent immobilization of the CS enlarges column compatibility 

toward diverse solvent polarities thus having broader applicability in NP, RP, and 

polar-elution conditions [70,71]. Porous silica rod (monolith) skeleton has been 

reported in an earlier study to perform rapid flow rate RP-HPLC by providing high 

loading capacity [128]. Later, monolithic silica CSPs emerged with higher 

permeability, high selectivity, modifiable pore size, and faster mass transfer [129]. 

Highly efficient enantioseparations were successfully developed on wide-pore 

silica backbones containing a polysaccharide selector [126,130]. Immobilization 

https://doi.org/10.3390/ph14020098
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of polysaccharide derivates such as amylose-based and cellulose-based 

monolithic columns delivers excellent performance on enantioseparation [72,131–

133]. 

A number of methods such as epoxy and Schiff bases are commonly used to 

covalently immobilize the selected selector on monolith support [82,134,135]. The 

in-situ covalent immobilization of cellulose derivate onto native monolithic silica  

HPLC column via epoxide moiety has improved separation efficiency and 

compatibility with various organic solvents [136,137]. Modification on 

epoxy- derivatized monolithic silica has been successfully obtained in a capillary 

liquid chromatography (CLC) [138]. Epoxy and Schiff-base methods have been 

employed for monolithic column immobilization to achieve fast chiral separations 

[47,137,139].  

Protein-based affinity chromatography CSPs have been prepared using the 

Schiff-base reaction, often conducted by taking diol-containing support, oxidizing 

this support to form aldehyde groups, and then allowing these aldehyde groups to 

combine with free amine groups on a protein and in the presence of sodium 

cyanoborohydride as a mild reducing agent [82]. Schiff-base formation is a part of 

reductive amination, refers to the reaction between a class of compounds 

containing aldehydes (or ketones) and amino groups, resulting in imine groups (– HC = N– )  [140]. The Schiff-base bond is a dynamic covalent bond that provides 

extraordinary reversibility with changing pH values and the stability of this bond 

decreases as the pH decreases [141]. Thus, Schiff-base reaction needs mild basic 

conditions and a reductant to obtain stable bonds of amines (– H2C– NH– ) by 

reducing the imine groups. Thus, cleavages of the C−C bond by periodate can 

also be applied to polysaccharides through oxidation of 

(1→4) – 𝛼–glucopyranoside units in equatorial positions of the 2 and 3 results in 

cleavage C2−C3 bond [142].  

As mentioned earlier, chondroitin sulfates are potential chiral selectors in CE, 

which means promising to be explored in chiral chromatography. Among 

chondroitin sulfates, chondroitin sulfate-A (CSA) is commercially available at an 

affordable price. A combination of the broad enantiorecognition ability of CSA, the 

high loading capacity of monolith backbones, and the possibility to covalently 
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immobilize CSA via Schiff-base formation is expected to generate a promising 

new polysaccharide-based CSP.  

In this chapter, a step wise generation method of a polysaccharide-based CSP 

by covalently immobilizing CSA onto silica monolithic epoxy column via Schiff-

base formation is proposed. Enantioselectivity of the immobilized CSA-based 

column is evaluated using calcium channel antagonist drugs from dihydropyridine 

(amlodipine) and non-dihydropyridine (verapamil) classes. Further evaluation is 

carried out by quantification of the active compounds in commercial tablet 

matrices.  

2.2 Materials and instrumentation 

2.2.1 Materials  

Methanol and acetonitrile (gradient grade for liquid chromatography) were 

obtained from Merck KGaA (Darmstadt, Germany). Sulfuric acid (H2SO4, 96%), 

sodium periodate (NaIO4), sodium cyanoborohydride (NaCNBH3), ortho-

phosphoric acid (H3PO4, 85%), ethylenediamine (C2H8N2), disodium hydrogen 

phosphate (Na2HPO4), chondroitin sulfate A sodium salt from bovine trachea, 

(RS)-amlodipine (amlodipine besylate), and (RS)-verapamil (pharmaceutical 

secondary standard) were acquired from Sigma-Aldrich Chemie GmbH 

(Steinheim, Germany). Butyl glycidyl ether (C7H14O2) was purchased from TCI 

Deutschland GmbH (Eschborn, Germany). Water was purified using Arium® pro 

UF/VF-Sartophore 0.22 µm water purification system from Sartorius Weighing 

Technology GmbH (Göttingen, Germany). 

2.2.2 HPLC instrumentation 

HPLC analysis was performed using a VWRTM-Hitachi (VWR International 

GmbH, Darmstadt, Germany) consisting of an L-2455 DAD detector, an L-2130 

pump, and an L-2200 autosampler. System management and data acquisition of 

EZChrom Elite® 3.3.2 SP2 Software with integration parameters of peak area, 

retention time, and resolution were utilized. A Chromolith® Widepore 300 Epoxy 

100-4.6 mm HPLC column was kindly provided by Merck KGaA (Darmstadt, 

Germany). Enantiomer separations were run at ambient column temperature and 

flow rate of 0.8 mL/min with a mobile phase 50 mM Na2HPO4 pH 3.5 (adjusted by 
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the addition of about 4 mL H3PO4 85% in 1L buffer solution). An injection volume 

of 20 µL was set up at detection wavelengths of 230 nm and 240 nm. 

2.3 Immobilization protocol 

A Chromolith® Widepore 300 Epoxy 100-4.6 mm monolithic column was 

utilized as a backbone to generate CSA-based CSP. CSA was covalently 

immobilized onto the monolithic surface by Schiff-base formation in the presence 

of ethylenediamine as a spacer. Epoxy groups of the monolithic column were first 

converted to diols by hydrolyzation using 2% v/v H2SO4 (aq) at a flow rate of            

0.2 mL/min for 24 hours. The process was continued by rinsing the column with 

100 mM NaIO4 in 20% v/v MeOH (aq) at a flow rate of 0.2 mL/min for 15 hours to 

oxidatively cleave the vicinal diol groups to an aldehyde.  

Ethylenediamine (83 mM) in Na2HPO4 (50 mM) containing a mixture of 

(NH4)2SO4 (pH 8.0, 1.9 M) and NaCNBH3 (5 mM) was circulated within the column 

at a flow rate of 0.2 mL/min for 20 hours. The immobilization of the diamine-spacer 

was ended by flushing the column with NaCNBH3 (20 mM) in Na2HPO4 (pH 3.0, 

50 mM) at a flow rate of 0.2 mL/min for 8 hours. Column neutralization using 

Na2HPO4 (pH 7.4, 100 mM) was applied at a flow rate 0.2 mL/min for 5 hours. All 

of the employed solution were prepared in aqueous solvent.  

CSA (1% w/v) was pretreated using 100 mM NaIO4 in 20% v/v MeOH (aq) to 

cleave the C2−C3 of D-glucoronic acid moiety to aldehydes. Immobilization of 

CSA was conducted via Schiff-base formation by introducing the mixture of 

oxidized-CSA and NaCNBH3 (5 mM) containing 1.9 M (NH4)2SO4 pH 8.0 in 

Na2HPO4 (50 mM) at a constant low flow rate of 0.1 mL/min for 20 hours. 

Subsequently, solution containing NaCNBH3 (20 mM) in Na2HPO4 (pH 3.0,            

50 mM) was introduced at a flow rate of 0.2 mL/min for 8 hours. Neutralization was 

conducted by rinsing the immobilized CSA-based column using Na2HPO4 (pH 7.4, 

50 mM) at 0.2 mL/min for 5 hours.  

2.4 HPLC method development   

 Method optimization 

The enantiomeric separation was optimized under acidic conditions at pH 3.5 

(phosphate buffer, 50 mM) to achieve fully ionized basic drug models. Hence, the 
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sulfate group of CSA as an anionic chiral selector was predicted to be the most 

liable for enantiorecognition through electrostatic interactions with cationic 

analytes. In order to build a specific polarity level needed for enantiorecognition 

[143–145], the composition of organic solvents was optimized. Generally, an 

organic solvent can be added in the mobile phase or as a sample diluent. In this 

study, the compositions of methanol (MeOH) and acetonitrile (MeCN) in               

10–100% v/v were optimized and added into the sample solvent instead of using 

them in the mobile phase. 

 Method validation 

The enantioseparation method validation was performed for AML (50–120 

µg/mL) and VER (50–200 µg/mL) at detection wavelengths of 240 nm and 230 

nm, respectively. Phosphate buffer (50 mM) at acidic pH 3.5 was employed as a 

mobile phase at a flow rate of 0.8 mL/min. Intraday and interday precisions of the 

peak area ratio were determined at three concentrations within 50–100 µg/mL. 

2.5 Column evaluation on enantioselectivity 

2.5.1 Bulk matrices 

MeOH (aqueous solution). The bulk samples (30 µg/mL) were freshly 

prepared by diluting each stock solution into various ratios of MeOH as well as 

MeCN as solvents (aqueous solution). 

2.5.2 Tablet matrices 

Commercial tablets of AML (5 mg amlodipine besylate) and VER (80 mg 

verapamil HCl) were selected. Tablets were ground and dissolved individually to 

the concentration of 1000 µg/mL (active substance) in 5% v/v MeOH (aq) by 

ultrasonication for 5 minutes at room temperature. Finally, the samples were 

filtered through a 0.22 µm filter membrane to obtain a clear solution and diluted in          

25% v/v MeCN (aq) to final concentrations of 60–100 µg/mL of the active substance. 

Three samples were prepared for each drug and injected in triplicates. 

2.5.3 Resolution and enantioselectivity factor 

In the equations below, the resolution (Rs) between two enantiomers was 

determined by the full width half maximum (FWHM) of the peaks, where 𝑡1 and 𝑡2 



 

29 

 

represent the retention times of the first and second eluted peaks, respectively, 

while 𝑊1 and 𝑊2 correspond to the FWHM of the peaks. The retention factor 𝑘1 

and 𝑘2 are equivalet to the Δt value of certain enantiomer in comparison to the 𝑡0. 

Rs value and enantioselectivity factor (𝛼) were calculated using equation 2.1 and 

equation 2.2, respectively.  

𝑅𝑆 = 1.18 × (𝑡2 − 𝑡1)(𝑊1 + 𝑊2) Equation 2.1 

𝛼 = 𝑘2𝑘1 =  𝑡2 − 𝑡0𝑡1 − 𝑡0 , where 𝑡2 ≥ 𝑡1 Equation 2.2 

2.6 Synthesis of model compounds 

Chemical reactions within the column during the immobilization were 

simulated using butyl glycidyl ether as the analogous model (starting material). 

Synthesis of model compounds, namely A, B, and C, to mimic the chemical 

reactions during column immobilization such as diol formation, oxidative cleavage, 

and Schiff-base reaction, and reduction. 

2.6.1 Characterization of the starting material 

The starting material of butyl glycidyl ether was characterized by FT-IR 

(4000- 400 cm-1). The identification mainly focused in the peak absorption at 

fingerprint area. 

2.6.2 Mimicking diol formation (compound A) 

Epoxy groups of butyl glycidyl ether (0.141 mL, 1.08 mmol) were converted to 

diols (compound A, 3- butoxypropane-1,2- diol) through hydrolyzation by addition 

of 2% v/v H2SO4 (aq) (3.000 mL, 0.300 M). After 24 hours, the mixture was extracted 

using diethyl ether (3 x 10 mL). The combined organic phase was dried with 

sodium sulfate and the solvent was evaporated using a water bath at 40 oC. The 

dry residue was analyzed by FT-IR, APCI-MS, 1H-NMR,13C-NMR, and DEPT-135. 

2.6.3 Mimicking oxidative cleavage (compound B) 

Solution of butyl glycidyl ether (0.141 mL, 1.08 mmol) and 2% v/v H2SO4 (aq) 

(3.000 mL, 0.300 M) was prepared (similar preparation of compound A). After 24 

hours, 1.0 mL (2 eq) solution of 100 mM NaIO4 [in 20% v/v MeOH (aq)] was added 
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into the mixture to oxidatively cleave the vicinal diol groups to an aldehyde 

(compound B, 2-butoxyacetaldehyde). After 24 hours, liquid-liquid extraction of 

compound B was conducted using diethyl ether (3 x 10 mL). The combined 

organic phase was dried with sodium sulfate and the solvent was evaporated 

using a water bath at 40 oC. The dry residue was dissolved in deuterated 

chloroform (CDCl3) and evaluated by 1H-NMR, 13C-NMR, and DEPT-135 to 

identify the aldehyde formation. 

2.6.4 Mimicking diamine formation (compound C) 

Compound C (N1-(2-butoxyethyl)ethane-1,2-diamine) was prepared in a 

similar way to compound B. The dry residue of compound B was further treated 

with 5 mmol ethylenediamine in 25 mL solution of [Na2HPO4 (50 mM) containing 

a mixture of (NH4)2SO4 (pH 8.0, 1.9 M) and NaCNBH3 (5 mM)]. After 24 hours, a 

liquid-liquid extraction was applied using diethyl ether (3 x 10 mL) and the 

combined organic phase was dried with sodium sulfate and the solvent was 

evaporated using a water bath at 40 oC. The dry residue was then evaluated by 

FT-IR, APCI-MS, 1H-NMR, and 13C-NMR, and DEPT-135 to characterize the 

expected imine formation. The MS analysis was performed using APCI/DI-MS 

(direct injection) in soft mode. The NMR sample was predissolved in CDCl3. 

2.7 Results and discussion 

2.7.1 CSA immobilization  

A stepwise immobilization of certain selectors onto a monolithic epoxy silica 

column via reductive amination has been proposed by Merck company. The 

immobilization method was not only intended for protein-based ligands but also 

feasible to work with polysaccharides, including CSA. Since the CSA structure 

lacks a primary amine, ethylenediamine was selected as a diamine-spacer as 

depicted in Figure 10. 
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10A. Diol formation, oxidative cleavage and reductive amination 

 
(i) 2% aq. H2SO4; (ii) 100 mM NaIO4; (iii) 5 mM NaCNBH3 (pH 8.0); (iv) 100 mM NaCNBH3 (pH 3.0). 

10B. Oxidation of CSA 

 
(ii) 100 mM NaIO4 

10C. Immobilization of the oxidized CSA 

 
(iii) 5 mM NaCNBH3 (pH 8.0); (iv) 100 mM NaCNBH3 (pH 3.0). 

Figure 10. Scheme of column immobilization via Schiff-base formation: (A) hydrolyzation 
of the epoxy to a diol (i), oxidative cleavage of the vicinal diol to an aldehyde 
(ii), diamine linkage through reductive amination (iii), and quenching the 
residual carbonyl groups (iv); (B) oxidative cleavage of the C2−C3 
D- glucoronic acid ring of CSA (ii); (C) immobilization of the oxidized-CSA onto 
the primary amine group through reductive amination (iii), quenching the 
residual carbonyl group (iv), and finalized with column neutralization (modified 
from [34]).*Each reaction in number (i)-(iv) refers to a particular chemical 
reaction which conducted at a certain conditions. 
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The covalent immobilization of CSA onto the monolithic epoxy silica column 

was initialized by opening the epoxy ring through hydrolyzation to a diol          

(Figure 10A. reaction (i)). In order to oxidatively cleave the vicinal diol groups to 

an aldehyde, NaIO4 was utilized as the oxidizing agent in a Malaprade reaction 

(Figure 10A. reaction (ii)). The formation of aldehydes was intended to provide an 

active surface for ethylenediamine. The primary amines of the spacer bind to 

aldehydes by forming a Schiff-base linkage (imine formation) under alkaline 

conditions. Thus, a mildly basic condition of ((NH4)2SO4, 1.9 M) with a reductant 

(NaCNBH3, 5 mM) at pH 8.0 was used to introduce ethylenediamine into the 

column in a continuous flow system (Figure 10A. reaction (iii)).  

The remaining residual aldehydes on the monolithic surface were quenched 

using NaCNBH3 (20 mM, pH 3.0) to drive the immobilization of ethylenediamine 

into completion (Figure 10A. reaction (iv)), followed by column neutralization with 

phosphate buffer (pH 7.4, 50 mM). NaIO4 (100 mM) in 20% v/v MeOH (aq) was 

employed to conduct the oxidative cleavage of CSA prior to introducing it to the 

column (Figure 10B).  

Immobilization of the oxidized-CSA was carried out via Schiff-base formation 

using reductant NaCNBH3 (5 mM) under mild basic conditions ((NH4)2SO4 (1.9 M) 

pH 8.0). A subsequent process of quenching the remaining aldehydes employing 

NaCNBH3 (pH 3.0, 20 mM) and column neutralization using phosphate buffer    

(pH 7.4, 50 mM) led to the completion of CSA immobilization.  

In this protocol, primary amines as a diamine-spacer are expected bind to 

aldehydes via Schiff-base linkage. However, the Schiff-base linkage is susceptible 

to hydrolysis and can revert to the aldehyde and primary amine. Thus, the linkage 

needs to be stabilized by reduction to a secondary amine bond. Therefore, the 

reaction was conducted using reductant NaCNBH3 (5 mM, pH 8.0) to perform an 

in situ reductive amination (Figure 10A reaction (iii) and Figure 10C reaction (iii)).  

The immobilization was generated using a monolithic analytical column to 

provide applicability and simplicity. During the immobilization process, side 

products such as imidazolines might result from the reaction between diamine 

groups and aldehydes. Imidazoles might form as aminal from the diamine or 

diimines from neighboring aldehydes of the stationary phase. Nevertheless, the 
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immobilization of ethylenediamine in this scheme was focused on the formation of 

imines as the main product. 

After overnight immobilization, the measurement of the remaining yield could 

not be performed due to the complexity of the content and the oxidation process. 

Likewise, a characterization of the column surface by taking out the monolith from 

the column housing and a cross-section cutting was not feasible. Due to these 

restrictions, the immobilized CSA-based column was evaluated through its 

performance in enantioseparation. This report proposed a generation of a novel 

CSA-based CSP and performed its initial enantioseparation. 

2.7.2 Eluent screening for enantioseparation 

The enantioselectivity of the immobilized CSA-based CSP was evaluated 

using AML and VER as drug models. Generally, the polarity of the mobile phase 

can be tuned by changing the type and composition of an organic additive. Thus, 

enantiorecognition mechanism can be strongly influenced [143–145]. 

 In order to enhance the enantioresolution of both drug models, organic 

modifier content was utilized at 10–100% v/v MeOH(aq) and 10–100% v/v MeCN 

(aq). An organic additive can be present either as sample diluent or in mobile phase. 

In this study, the addition of an organic modifier in the sample solvent was 

optimized, while the mobile phase composition was kept constant. The increase 

of MeOH concentrations in the sample solvent gradually raised the resolution of 

AML and VER. However, only partial enantioseparation of AML (Rs = 0.8) and 

VER (Rs = 1.1) was reached at the solvent composition of 100% MeOH. On the 

other hand, the addition of MeCN in the composition of 10% v/v to 25% v/v (aq) 

significantly increased the response of the first eluted enantiomer along with the 

decresing peak coalesence. The enantioseparation under these conditions is 

shown in Figure 11. 
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Figure 11. Influence of organic solvents MeOH and MeCN in various concentrations of 
sample diluent toward enantioseparation profiles of amlodipine, AML (A) and 
verapamil, VER (B). Experimental conditions: stationary phase: CSA-based 
column; mobile phase: 50 mM phosphate buffer pH 3.5; flow rate 0.8 mL/min; 
UV detection 240 nm (A) and  230 nm (B) [34]. 

A phenomenon of plateaus and peak coalescence appearances indicates 

competition between chromatographic resolution and on-column stereoisomerism 

[146], known as dynamic interconversion HPLC [147]. The racemization of the 

analyte during passing throughout the column might drives the rise of the baseline 

pattern [148]. In some cases, low temperature conditions in chromatographic 

separations were applied to prevent interconversion by conducting a slow 

exchange system [146,147].  

The basic drugs were expected to be fully ionized when applying acidic 

mobilile phase. Thus, the sulfate group of CSA as an anionic selector was 

predicted to be one of the most important functional groups for the recognition by 

providing electrostatic interactions with the cationic analyte [149].  

The addition of organic solvent in the mobile phase progressively decreased 

the retention time and resulted in poor resolution (data not shown). This typical 

separation behavior commonly appears in an RP system [144]. However, the 

presence of an organic solvent in a small amount was found to be required to 

achieve baseline resolution. Therefore, the mobile phase of 50 mM phosphate 
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buffer pH 3.5 was selected for further study with a small volume addition of organic 

modifier in the sample solvent.  

Interestingly, the resolution of the enantiomers was remarkably improved in 

the presence of MeCN 25% v/v (aq). It might correspond to the polarity of MeCN 

that elevates enantioselectivity with less competition in hydrogen-bonding 

interaction compared to MeOH [150]. The immobilized CSA column performed 

initial enantioseparation on RP mode HPLC. Thus, expansion of the CSA column 

applicability in NP mode separation remains an interesting aspect of future 

research. 

2.7.3 Validation parameters 

Validation of enantioseparation method on the immobilized CSA-based 

column was performed in the different concentration ranges for AML (50–120 

µg/mL) and VER (50–200 µg/mL) at a wavelength of 240 nm and 230 nm, 

respectively. Phosphate buffer 50 mM at acidic pH 3.5 was employed at a flow 

rate 0.8 mL/min.   

Linearity and range 

Proportional responses of the analyte in triplicate injections of five 

concentrations have shown decent linearity for both drug models in the range of 

above mentioned. 

Limit of detection and limit of quantitation  

In analytical method development, parameter validation of limit of detection 

(LOD) and limit of quantitation (LOQ) are mainly required for trace concentration 

measurement. Since the developed enantioseparation method in this study was 

applied to pharmaceutical dosage form of tablets with relative high strength    

(AML, 5mg; VER 80 mg), both parameters are not prerequisited. However, due to 

the main purpose was to evaluate the column performance after immobilization, 

the LOD and LOQ were reported to clarify the boundary of the applied separation 

system. 

In dynamic systems, such as chromatography, root mean square error 

(RMSE) approach is more reliable and easier to measure than 𝜎0 (standard 

deviation of the blank) [151].  For these reasons, LOD and LOQ were calculated 
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as 3.3 times and 10 times the RMSE divided by the slope of the calibration curve, 

respectively.  

𝑅𝑀𝑆𝐸 = √∑ (𝑌𝑖𝑝 − �̅�)2𝑛𝑖=1𝑛 − 2  Equation 2.3 

𝐿𝑂𝐷 = 3.3 𝑅𝑀𝑆𝐸𝑏  Equation 2.4 

𝐿𝑂𝑄 = 10 𝑅𝑀𝑆𝐸𝑏  Equation 2.5 

where �̅� is the average response, 𝑌𝑖𝑝 is the predicted response, and 𝑏 is the slope. 

Accuracy  

The arithmetic mean value of three independent injections at three different 

levels, 50, 80, 100 µg/mL (AML) and 50, 75, 100 µg/mL (VER) was measured 

separately. Method correctness (% accuracy) was calculated as a deviation of 

mean value measured from the spike amount at three corresponding different 

levels.  

Repeatability 

Intraday and interday precision of the peak area ratio, determined at the above 

mentioned three different levels according to the equation (2.6). 

𝑅𝑆𝐷% = 𝑆𝐷�̅� × 100% Equation 2.6 

Intraday and interday precisions based on peak area ratio were obtained at    

0.5%–1.3% and 1.1%–1.8% RSD, respectively. The RSD values are indicating 

satisfactory precision of the separation method. The accuracy by adding the 

respective amount of the analyte at 50 µg/mL, 80 µg/mL, and 100 µg/mL was 

achieved of 98–102% and 95–104% for AML and VER, respectively. The 

validation parameters are shown in Table 1.   
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Table 1. Validation of the enantioseparation method [34] 

Parameter 
Amlodipine  Verapamil 

Peak 1 Peak 2  Peak 1 Peak 2 

Range (µg/mL) 50-120 50-120  50-200 50-200 

Linearity (R2) 0.9995 0.9985  0.9989 0.9988 

LODa (µg/mL) 2.0 3.4  3.6 5.6 

LOQb (µg/mL) 6.0 10.3  10.9 16.9 

Intraday precision* 1.0-1.3% 1.0-1.3%  0.5-1.2% 0.5-1.2% 

Interday precision** 1.2-1.8% 1.2-1.8%  1.1-1.2% 1.1-1.2% 

Accuracy 99-102% 98-102%  95-102% 98-104% 

abased on 3.3 RMSE/slope, bbased on 10 RMSE/slope; RMSE: root mean square error. 

*repeatability of peak area ratio (n, samples = 9; df, degrees of freedom = 6). 

**repeatability of peak area ratio (days: 3). Peak 1: first eluted enantiomer; peak 2: second eluted enantiomer. 

2.7.4 Column performance on enantioseparation 

The performance of CSA-based column was evaluated using racemic 

mixtures of selected AML and VER, as shown in Table 2. Rs and enantioselectivity 

(𝛼) were calculated using equation (2.1) and equation (2.2), respectively. 

Table 2. Evaluation of the immobilized CSA-based column [34] 

Parameter Amlodipine Verapamil 𝒕𝟏 (min) 2.2 ± 3.3 ×  10−3 2.2 ± 2.0 ×  10−3 𝒕𝟐 (min) 3.2 ± 3.7 ×  10−2 3.6 ± 0.2 

Rs 3.2 ± 8.5 ×  10−2 3.6 ± 8.5 ×  10−3 𝒌𝟏  1.4 ± 3.0 ×  10−3 1.4 ± 3.0 ×  10−3 𝒌𝟐  2.5 ± 7.4 ×  10−2 2.9 ± 0.2 𝜶 1.8 ± 2.8 ×  10−2 2.1 ± 0.1 𝑵𝟏  4532 ± 408 4407 ± 368 𝑵𝟐  1049 ± 92 589 ± 36 

t1: retention time of first eluted enantiomer; 𝑡2: retention time of second eluted enantiomer. Separation 
conditions: mobile phase: phosphate buffer (50 mM, pH 3.5); flow rate 0.8 mL/min; sample solvent: 25% v/v 

MeCN (aq); injection volume: 20 μL; UV detections: 240 nm (AML) and 230 nm (VER). 𝑁1: number of 

theoretical plates of first eluted enantiomer; 𝑁2: number of theoretical plates of second eluted enantiomer. 
 
The modified column also showed its selectivity toward commercial tablets’ 

matrices of A (5 mg AML) and B (80 mg VER). Sample pretreatment through 

ultrasonication was taken to release the analyte from its matrix and followed by 
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filtration. The active substances assay in triplicate independent samples were 

obtained an average of 86% (2.5% RSD, n = 9, df = 6) and 98% (3.0% RSD,            

n = 9, df = 6) for AML and VER, respectively. Separation profile of the enantiomers 

in tablet matrices is given in Figure 12.  

 

Figure 12. Determination of enantiomers in commercial tablet matrices. The 
chromatograms represent amlodipine (AML) 80 µg/mL and verapamil (VER) 
100 µg/mL with their individual reference standards at the correspond 
concentration [34]. 

2.7.5 Control experiment 

In-process evaluation of the chemical reaction within the column during 

immobilization as well as characterization of silica surface was not feasible to be 

conducted. Thus, an additional approach by mimicking feasible chemical reactions 

using an analogous model (butyl glycidyl ether) was taken to draw out the 

chemical process within the column. Butyl glycidyl ether which has a similar 

structure to the functionalized silica surface of the epoxy column, was treated 

similarly with the column to depict the reaction in the applied immobilization 

process.  

Characterization of the starting material was performed by FT-IR and        

APCI-MS prior beginning the synthesis of the model compounds. Three model 

compounds, namely A, B, C, were prepared to represent the formation of diol, 

aldehyde, and imine/amine, respectively.  
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Starting material 

The starting material of butyl glycidyl ether was characterized by FT-IR (4000-400 

cm-1). The identification mainly focused in the peak absorption at fingerprint area. 

(A) Structure of butyl glycidyl ether 

 
 

(B) FT-IR (NaCl-window) 

 

Figure 13. Chemical structure (A) and FT-IR spectra (B) of butyl glycidyl ether as the 
starting material. 

The FT-IR spectra at fingerprint area clearly showed specific vibration 

absorptions of the epoxy rings of butyl glycidyl ether. The curves reveal that the 

main characteristic absorption peaks of epoxy at the absorption peak at 1108 cm−1 

was generated by the stretching vibration of the linear fatty ether structure. The 

peaks at 912, 843, and 761 cm−1 are the vibration absorptions of the epoxy ring. 

Among them, the peak at 912 cm−1 is an end-epoxy type absorption peak. Among 

the three absorption bands, the one at 843 cm−1 has the strongest absorption and 

it is generated by the antisymmetric stretching vibration of the epoxy ring. The 

change in these peaks can be used to determine the extent to which the ring 

opening reaction proceeds. A similar FT-IR characterization of epoxy spectra with 

absorption peak at 913, 844, and 761 cm−1 was reported by Wang et al. [152].  
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Compound A 

(A-1) Synthesis of 3-butoxypropane-1,2-diol 

 

(i) 2% aq. H2SO4 

(A-2) FT-IR (KBr-window)  

 

(A-3) APCI-MS (positive mode)  

Atmospheric solid analysis probe (ASAP)-mode 
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(A-4) 1H-NMR (400 MHz, CDCl3) 

     

 (A-5) 13C-NMR (101 MHz, CDCl3) and DEPT-135 

 

Figure 14. The intended chemical reaction of diol formation (A-1). Characterization of        
3-butoxypropane 1,2-diol spectra by FT-IR (A-2), APCI-MS (ASAP) at 
positive ionization mode (A-3), 1H-NMR spectra (400 MHz, CDCl3) (A-4), 13C-
NMR spectra (101 MHz, CDCl3) (brown) and DEPT-135 (blue: pointing up as 
CH and CH3, pointing down as CH2) (A-5).   

C
D

C
l 3

 



 

42 

 

Compound A was the starting material which treated using 2% H2SO4 (aq) and 

analyzed by FT-IR, APCI-MS, 1H-NMR, 13C-NMR, and DEPT-135. The FT-IR 

spectra showed a typical broad peak of OH absorption at 3399 cm-1 along with the 

disappearance of vibration absorptions of the epoxy rings in the fingerprint area at 

912, 843, and 761 cm−1 (Figure 14A-2). It indicates the epoxy ring has opened 

and transformed to OH groups [152]. Mass spectra analysis of compound A clearly 

showed a signal m/z 149.1 [M+H]+ that can be attributed to 3-butoxypropane-1,2-

diol (Figure 14A-3). The 1H-NMR spectra of 3-butoxypropane-1,2-diol showed 

typical OH chemical shift (δ) at 3.20 ppm (br, s). It was confirmed by the previously 

published report of 1-O-butylglycerol at δ 2.86–2.88 ppm (br, s) [153]. The spectral 

characteristics by 1H-NMR (Figure 14A-4), 13C-NMR, and DEPT-135 (Figure 

14A- 5) revealed the number of H, C atoms and differentiated between CH, CH2 

and CH3 groups which close to the expected structure, respectively. 

Compound B 

(B-1) Synthesis of 2-butoxyacetaldehyde 

 
(i) 2% aq. H2SO4; (ii) 100 mM NaIO4 

(B-2) 1H-NMR (400 MHz, CDCl3) 
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(B-3) 13C-NMR (101 MHz, CDCl3) and DEPT-135 
 

 

Figure 15. The intended chemical reaction of aldehyde formation as 
2- butoxyacetaldehyde by an oxidative cleavage (B-1). The characterization 
showed by 1H-NMR 400 MHz (B-2), 13C-NMR 101 MHz (brown) and       
DEPT-135 (blue: pointing up as CH and CH3, pointing down as CH2) (B-3). 

Compound B represented the oxidative cleavage which resulted in the 

formation of aldehyde groups as 2-butoxyacetaldehyde. Investigation of the 

expected substance was performed by NMR. The 1H-NMR spectra strongly 

showed a specific chemical shift of aldehyde at 9.74 ppm (Figure 15B-2). The 

arrangement of proton chemical shifts closely confirmed the number of H and C 

atoms which closely agreed with the DEPT-135 profile (Figure 15B-3). The 

spectral characterization by 1H-NMR,13C-NMR, and DEPT-135 indicated that the 

synthesis of 2-butoxyacetaldehyde as the intended compound positively worked 

out. A similar characterization result was reported in an earlier study by              

Arndt et al. [154]. 
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Compound C 

(C-1) Synthesis of N1-(2-butoxyethyl)ethane-1,2-diamine 

 
 
(i) 2% aq. H2SO4; (ii) 100 mM NaIO4; (iii) 5 mM NaCNBH3 (pH 8.0). 

(C-2) FT-IR (NaCl-window)  
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(C-3) APCI-MS (positive mode) 

Direct injection (DI) soft-mode 

 
 

 (C-4) 1H-NMR (400 MHz, CDCl3) 
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C-4b: overlay 1H-NMR spectra of aldehyde formation (brown), amine formation (blue), ethylendiamine (green) 
 

(C-5) 13C-NMR (101 MHz, CDCl3) and DEPT-135 
 
 

 

Figure 16. The intended chemical reaction of N1-(2-butoxyethyl)ethane-1,2-diamine     
(16C-1) shown by FT-IR (16C-2), APCI/DI-MS soft-ionization (m/z 161.2 
[M+H]+) (16C-3), 1H-NMR (16C-4a) and overlay 1H-NMR of compound C with 
compound B (aldehyde) and ethylenediamine (16C-4b), 13C-NMR (brown) 
and DEPT-135 (blue: pointing up as CH and CH3, pointing down as CH2) eight 
predicted carbon atoms(16C-5). *rough prediction. 
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Figure 16 depicts the characterization of compound C to indentify the 

formation of N1-2-butoxyethyl-ethene-1,2-diamine by FT-IR, APCI-MS/DI-soft 

mode, 1H-NMR, 13C-NMR, and DEPT-135. The FT-IR spectra shows the 

absorption at 2957 cm-1 that might correspond to the primary amino group 

(reference value: 2927 and 3123 cm-1). It means that one of the amino groups of 

ethylenediamine is free, while the other reduced form might bind to                         

2-butoxyacetaldehyde (see compound B). The IR spectrum of the complex shows 

absorption band at 3314 cm-1 which may be due to the  – NH2 group. The 

absorption band at 1624 cm-1 (reference value: 1621 and 1634 cm-1) indicates the 

formation of Schiff bases to the imine (– HC = N–) exhibiting imino stretching 

vibrations. Likewise, the sharp absorption at 1116 cm-1 of stretching vibrations 

band of the amine (– H2C– NH–) which confirmed by the  reference value of 1077 

and 1145 cm-1 [155]. It seems that the synthesis of compound C resulted in the 

formation of both imine and amine. A further analysis by APCI-MS/DI-soft mode 

confirmed the synthesis of N1-2-butoxyethyl-ethene-1,2-diamine at m/z 161.2 

[M+H]+ as a quansi molecule ion-peak.  

However, due to the low intensity of the chemical shift signals and noise 

interferences, the characterization of 1H-NMR and 13C-NMR spectra was 

challenging to be completed. Only five of eight expected carbon atoms of 

compound C were clearly distinguished by 13C-NMR. Furthermore, the chemical 

shift of imine (– HC = N–) or amine (– H2C– NH–)  was tricky to characterize. Thus, 

the interpretation was assisted by comparing the 1H-NMR spectra of compound C 

with compound B (aldehyde) and the native ethylenediamine. In this way, general 

changes can be assigned at the chemical shift 2.4-2.2 ppm, which might indicate 

that the amine linkage through reductive amination was obtained [156].   

The synthesis approach using analog compounds was conducted in order to 

gain insight into possible chemical reactions that expected to occur in the column. 

The first two steps in spectral characterization of compounds A and B clearly 

confirmed the intended chemical reactions. Further characterization using 

compound C completed the synthesis approach in proving the Schiff-base 

reaction. Some restrictions in performing the stepwise procedure should be 

considered since the experimental process of the column immobilization involving 

complex chemical reactions. It means, noise interferences might occur during the 
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the spectral characterization as shown by compound C. Furthermore, the amount 

of silica epoxide plays important roles in providing sufficient surface of the 

immobilization (Schiff-base reaction).  Since the immobilization was conducted 

using a commercial column, the exact amount of silica epoxide in this study was 

unknown. Thus, it becomes an additional limitation to the synthesis of compound 

C (imine or amine formation) in performing a well-assigned Schiff-base reaction.  

Overall, based on the spectral characterization of the synthesis compounds, 

the oxidative cleavage as proposed in the immobilization protocol was reliable. 

Even though the further step of the reductive amination cannot be clearly 

demonstrated, the distinct proof of aldehyde formation in compound B and the 

specific signal of the secondary amine in compound C, indicating the expected 

Schiff-base reaction within the column should feasible to be accomplished.   

2.8 Summary 

A step-wise generation of a novel polysaccharide-based CSP was proposed 

to perform covalent immobilization of CSA onto a monolithic silica epoxy column 

via Schiff-base formation. Ethylenediamine was employed as a diamine-spacer 

since the native structure of CSA lacks a primary amine. The synthesis approach 

using butyl glycidyl ether as an analogue functionalized silica surface of the epoxy 

column revealed the chemical reactions during column preparation process. The 

immobilized CSA-based column was evaluated on its enantioselectivity toward 

representative drugs from two classes of calcium antagonist, dihydropyridine 

(amlodipine) and non-dihydropyridine (verapamil). Enantioseparation was 

achieved in reversed-phase HPLC mode at an isocratic elution using phosphate 

buffer (50 mM, pH 3.5) with sample dilution, preferably in 25% v/v acetonitrile-

aqueous solution. Baseline enantioresolution (Rs > 3.0) with excellent linearity (R2 

0.999) and an interday repeatability of 1.1% to 1.8% RSD were obtained. Further 

application of the immobilized CSA-based column for quantification of racemic 

compounds in commercial tablets gained a recovery of 86-98% from their 

matrices. Preliminary enantioseparation on RP mode HPLC using the CSA-based 

CSP confirmed the proposed immobilization method via Schiff-base formation 

succeeded. Thus, the CSA column applicability in NP mode separation remains 

an interesting aspect to be explored in future research.  
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3 Systematic optimization of maltodextrin-based cEKC 

utilizing DoE 

 

3.1 Introduction 

Capillary electrophoresis (CE) arises as one of the most widely employed 

separation techniques with rapid and highly efficient performance. In terms of 

direct chiral separation, the selected chiral selector (CS) can be simply dissolved 

in the background electrolyte (BGE) as a buffer additive. When the capillary is 

filled with BGE containing CS and a voltage is applied, the CS performs as a 

pseudostationary phase. The term of pseudostationary phase is used since the 

CS is mobile during the separation. When analyte (enantiomers) interact with the 

selector in the pseudostationary phase, the CE separation system then follows 

chromatography principles. At the same time, the transport of enantiomers to the 

detector is accomplished by electrokinetic phenomena. Thus, the term chiral 

electrokinetic chromatography (cEKC) mode is used as it refers to 

chromatography and electrokinetic principles involve in the separation system 

[96,157,158].  

Oligosaccharides have been utilized as chiral selectors in CE [38,149,159]. 

Particularly, maltodextrin (MD) with low DE (4-7) value has shown as one of the 

most powerful among the others [38,160]. Its high aqueous solubility and low 

absorbance in the UV region allow MD to be employed at relatively high BGE 

concentrations. The helical structure of MD (DE 4-7) has been reported to play a 

role in analytes' complexations due to its flexible entity [41,161]. The inner 

hydrophobic region of the helical structure is similar to the cavity of cyclodextrins. 

The sugar moeties contribute in forming hydrogen bonds, dipole–dipole and CH- 𝜋 

interactions and are expected to be responsible for chiral recognition [38,41], thus 

selectively affect the mobility of the enantiomers.   

Finding a suitable chiral selector, whether immobilized onto a solid-support 

(GC, HPLC) or added into a running buffer (HPLC, CE) is often based on 

experimental trials, which is laborious and time-consuming [64,99]. In fact, 

independent variables in enantioseparation, such as concentration, ionic strength, 

and pH can be varied [99], thus systematic multivariate optimization using design 
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of experiment (DoE) is highly recommended. DoE is able to explore all possible 

combinations of the factors (variables) and their levels [99,162], as well as 

selecting the best location of experimental points and transforming them into a 

design matrix (response surface methodology) [33]. DoE appproch with all 

possible combinations of factors and levels is known as a full factorial design. The 

number of experiments which represents the combinations can be calculated 

using Equation 3.1: 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑠 =  𝑙𝑒𝑣𝑒𝑙𝑠𝑓𝑎𝑐𝑡𝑜𝑟𝑠 Equation 3.1 

However, an optimized DoE known as D-optimal design is advisable instead 

of applying all combinations as a full-factorial design [163]. The D-optimal design 

can be employed to identify the critical factors affecting responses and the 

interaction between variables, in a minimum number of experiments. Thus, it 

shortens the time of analysis and delivers a more efficient experiment. The 

response can be modeled by a multivariate linear equation that accounts for an 

intercept, all single and quadratic effects as well as their interactions. 

This study is intended to establish a systematic and an efficient cEKC 

optimization for the investigation of enantioselective interaction between MD (DE 

4-7) as an uncharged selector and cationic drugs. Separation factors of MD 

concentration, running pH (background electrolyte), and applied voltage are 

combined using a D-optimal experimental design.  

3.2 Materials and instrumentation 

3.2.1 Reagents and solutions   

Maltodextrin (DE 4-7), sodium dihydrogen phosphate (NaH2PO4), sodium 

hydroxide (NaOH), ortho-phosphoric acid (H3PO4, 85%), (RS)-amlodipine 

(amlodipine besylate), (RS)-verapamil were acquired from Sigma-Aldrich Chemie 

GmbH (Steinheim, Germany). Water was purified by Arium® pro UF/VF-Sartopore 

0.2 𝜇m water purification system from Sartorius Weighing Technology GmbH 

(Gӧttingen, Germany). Phosphate buffer was prepared using 100 mM sodium 

dihydrogen phosphate to reach the final pH 2.0-4.0 of 1 L buffer solution. Solutions 

of 1 M NaOH, and 0.1 M NaOH were prepared in ultrapure water. All the solutions 
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were filtered using nylon membrane 0.22 µM pore size from Rotilabo®-syringe 

filter, Carl Roth GmbH (Karlsruhe, Germany) prior the analysis.   

Background electrolyte was prepared by spiking MD at various concentrations 

(7.5−10% w/v) into 100 mM phosphate buffer. Stock solutions of (RS)-amlodipine 

and (RS)-verapamil was prepared separately in MeOH at 1 mg/mL. A certain 

volume of the stock solution dissolved in phosphate buffer to the final 

concentration of 300 µg/mL and used as the injected sample. 

3.2.2 CE instrumentation 

The ms-ACE study has been performed with a PrinCE CEC-760 system 

(Prince Technologies, Emmen, Netherlands) 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 capillary from Polymicro 

Technologies (Phoenix, AZ, USA) with 50 μm inner and 360 μm outer diameters, 

45.5 cm total length and 37 cm effective length were used throughout the study. 

The sample rack and capillary oven were set at 25 ºC. 

3.3 cEKC experimental method 

3.3.1 Capillary handling and sample injections 

The new capillary was pre-treated by subsequent rinsing using 1 M NaOH   

(30 min), 0.1 M NaOH (10 min), ultrapure water (10 min). At the beginning and the 

end of the analysis, the capillary was flushed using 0.1 M NaOH and followed with 

ultrapure water for 10 min each. An interval rinsing between injections were 

applied using ultrapure water, 0.1 M NaOH, ultrapure water, and BGE. All the 

rinsing steps were performed using 1500 mbar pressure. Samples were injected 

into the capillary for 6 seconds with a pressure of 50 mbar. A small sample plug 

was introduced into the inlet of CE system, with the cathode at the capillary outlet. 

3.3.2 cEKC setup 

Enantioeparations were performed at various applied voltages in 15−20 kV at 

a temperature of 25 ºC. To conduct the screening on enantioresolution, AML and 

VER were utilized as the representative analytes at a single detection wavelength 

of 240 nm. The enantioseparation by cEKC was carried out in 4 main steps: 

pretreatment, system initializing, analysis, and system-closing. The 
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sequential maltodextrin-based cEKC procedure for the applied chiral analysis is 

listed in Table 3. 

Table 3. Sequential maltodextrin-based cEKC procedure  

   Inlet Outlet 
Pressure 

(mbar) 

Voltage 

(kV) 

Time 

(min) 

1 Pretreatment Rinsing 1 M NaOH* Reservoir 1500 - 30 

2 System-initializing 

Conditioning 

0.1 M NaOH Reservoir 1500 - 10 

Water Reservoir 1500 - 10 

BGE I Reservoir 1500 - 10 

BGE II Reservoir 1500 - 10 

Equilibration BGE I BGE II - 15-20 10 

 BGE II BGE I - 15-20 10 

3 Analysis 

Pre-injection / 
interval rinsing 

Water Reservoir 1500 - 1 

0.1 M NaOH Reservoir 1500 - 1 

Water Reservoir 1500 - 0.5 

BGE I/II** Reservoir 1500 - 2 

Injection 
Sample Reservoir 50 - 0.1 

BGE I/II** Reservoir 50 - 0.1 

Separation BGE I/II** BGE II/I** - 15-20 12-21 

4 System-closing Final rinsing 
Water Reservoir 1500 - 30 

0.1 M NaOH Reservoir 1500 - 15 

*1 M NaOH has only be used for the pretreatment of a new capillary; **BGEs are employed in alternating 
position; the applied voltage and separation time are various. 

3.4 Statistical method 

3.4.1 Coding and screening-phase on enantioseparation factors 

The screening on enantioseparation factors was coducted at the lowest (-1) 

to the highest (+1) levels. Since all factors have different variable spaces, the 

normalization is necessary for direct comparison. The factors consist of the 

applied voltage, MD concentration, and pH value with the codes of U, MD, and 

pH, respectively. From the previous reported study, enantioresolution of AML 

Rs  ≥ 1.45 was obtained at the applied voltage ≥ 15 kV, MD concentration 
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≥  10%  w/v, and pH ≤ 4 [160]. These values were selected as the starting points 

to set up the highest and lowest levels of each factor, as listed in table 4. 

Table 4. Screening on separation factors 

Factors Code 
Levels  

-1 (low) +1 (high) 

Voltage (kV) U 15 20 

MD conc. (% w/v) MD 7.5 10 

pH pH 2.0 4.0 

3.4.2 Design space and method optimization 

The cEKC method optimization was started by applying initial conditions for 

screening factors on enantioseparation of AML and VER. Further optimization was 

conducted using the most promising substance in term of its resolution. The 

D- optimal design of three factors with three levels at maltodextrin concentration 

(7.5% w/v, 8.75% w/v, 10% w/v), applied voltage (15 kV, 17.5 kV, 20 kV), and pH 

(2.0, 3.0, 4.0) was derived by DoE software Cornerstone 7.0, camLine Holding AG 

(Peterhausen, Germany). The model takes into consideration the effect of the 

selected factors on the enantioseparation that possess restraint values for the 

design space, as listed in Table 5. 

Table 5. The experimental domains of the D-optimal design 

Factors Code 
Levels  

-1 (low) 0 (mid) +1 (high) 

Voltage (kV) U 15 17.5 20 

MD conc. (% w/v) MD 7.5 8.75 10 

pH pH 2.0 3.0 4.0 

3.5 Experimental and statistical data evaluation 

The enantiomeric resolution (Rs) was calculated according to the standard 

expression based on the peak full-width at half-maximum by DAx 3D software, as 

depicted in Equation 3.2. 𝑅𝑠 = 1.18 × 𝑡2 − 𝑡1(𝑊1 + 𝑊2) Equation 3.2 

where the migration times of enantiomer 1 and enantiomer 2 are 𝑡1 and 𝑡2 along 

with the full-widths at the half-maximum of 𝑊1 and 𝑊2, respectively [164,165].  
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Cornerstone 7.0, camLine Holding AG (Peterhausen, Germany) was used to 

compute the selected factors and performed statistical analysis of the responses. 

Matlab R2018a, MathWorks (Natick, MA, USA) was employed for depicting the 

response surface diagrams. The effect of the selected factors on 

enantioresolutions was calculated using Equation 3.3: �̂�𝑆= 𝛽0+𝛽1.0 × U + 𝛽2.0 × MD + 𝛽3.0 × pH +𝛽1.2 × U × MD +𝛽1.3 × U × pH +𝛽2.3 × MD × pH + 𝛽1.1 × U2+ 𝛽2.2 × MD2
 +𝛽3.3 × pH2 Equation 3.3 

where 𝛽0: constant, U: applied voltage, MD: maltodextrin concentration, and          𝛽: regression coefficient of each factor, which was computed using the normalized 

values.  

3.6 Results and discussion 

3.6.1 Screening on the enantioseparation 

Screening on the enantioseparation of cationic compounds, AML and VER, 

was set up at the lowest and the highest applied voltage of 15 kV and 20 kV, 

respectively. Similarly, MD addition in the BGE (100 mM phosphate buffer pH 3.0) 

was prepared at 7.5% w/v and 10% w/v. Initial separation of AML and VER is 

shown in Figure 17. 
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Figure 17. Separation profile of AML (17A) and VER (17B) in the presence of MD 
(7.5%  w/v and 10% w/v) as the chiral selector at separation conditions as 
described in the experimental section. 

In the applied separation conditions, AML and VER showed promising 

resolution profiles. This means the selected factors were applicable to optimize 

the enantioseparation (Rs ≥ 1.5) with a reasonable analysis time. From the 

molecular structure point of view, both drug models own aromatic rings which are 

known to play a role in chiral recognition of two enantiomers. Since AML showed 

better resolution compared to VER, the DoE was performed using AML as the 

drug model.  

3.6.2 D-optimal design 

Three enantiseparation factors at three different levels of MD concentration 

(7.5−10% w/v), applied voltage (15−20 kV), and BGE pH (2.0−4.0) were selected 

based on the screening design (preliminary reduced design). A full-factorial design 

of 33 according to Equation 3.3 resulted in 27 combinations. However, the 

D- optimal design generated combinations of 3 factors with 3 levels by optimizing 

them in 15 runs instead of 27 combinations, as listed in Table 6. 
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Table 6. The combination factors arranged by D-optimal design 

Factor 

combinations 

Voltage MD pH 

kV % w/v  

1 20 10 2.0 

2 15 8.75 2.0 

3 15 10 4.0 

4 15 10 2.0 

5 15 10 3.0 

6 17.5 10 2.0 

7 17.5 7.5 3.0 

8 15 7.5 2.0 

9 20 7.5 2.0 

10 20 10 4.0 

11 20 8.75 3.0 

12 17.5 8.75 4.0 

13 20 8.75 2.0 

14 15 7.5 4.0 

15 20 7.5 4.0 

Each combination was injected for six times 
 

The D-optimal algorithm was employed to select the subsequent points, which 

maximized the determinant of the squared average per observation of the Fisher 

information matrix. The number of points was selected according to the number of 

parameters (constant, 3 main effects, 3 quadratic effects, and 3 single 

interactions) and 5 extra points for degrees of freedom (statistical power). 

3.6.3 cEKC performance of the combinations 

The 15 combinations were applied on AML enantioseparation. Since each 

combination was measured for 6 replications of injections, 90 electropherograms 

were obtained. Enantioseparation profiles at various MD concentrations, pH 

values, and applied voltage shown in a group of three responses are depicted in 

Figure 18. 
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Figure 18. Enantioseparation profiles of AML at experimental conditions: (18A) various 
MD concentrations (7.5-10% w/v), constant voltage (15 kV) and pH (2.0); 
(18B) variouse applied voltages (15-20 kV), constant MD (10% w/v) and pH 
(2.0); (18C) various pH values (2.0-4.0), constant MD (10% w/v) and applied 
voltage (15 kV).  

The electropherograms in Figure 18 showed resolution between two 

enantiomers as the main response. According to the separation profile, 

the enantioresolution increases by increasing MD concentration, decreasing the 

applied voltage, and pH value. The average of Rs values from 6 injections in 15 

combinations were used for the further evaluation, as listed in Table 7. 
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Table 7. Resolutions obtained for 3 factors-15 combinations D-optimal design  

Factor 
combinations 

Voltage MD 
pH 

t1 t2 
Rs SD 

kV % w/v min min 

1 20 10 2.0 11.86 12.15 1.73 0.03 

2 15 8.75 2.0 16.02 16.42 1.80 0.02 

3 15 10 4.0 11.15 11.37 1.61 0.05 

4 15 10 2.0 17.37 17.83 2.10 0.06 

5 15 10 3.0 15.65 16.06 1.96 0.08 

6 17.5 10 2.0 14.36 14.73 1.93 0.02 

7 17.5 7.5 3.0 10.27 10.46 1.40 0.03 

8 15 7.5 2.0 15.24 15.58 1.59 0.04 

9 20 7.5 2.0 10.05 10.30 1.31 0.02 

10 20 10 4.0 7.66 7.80 1.50 0.03 

11 20 8.75 3.0 9.98 10.20 1.50 0.02 

12 17.5 8.75 4.0 8.72 8.88 1.49 0.08 

13 20 8.75 2.0 10.07 10.27 1.46 0.01 

14 15 7.5 4.0 8.49 8.62 1.19 0.04 

15 20 7.5 4.0 5.97 6.04 1.07 0.04 

 
The presence of a higher MD provided more capacity to conduct selector-

selectand interactions so thus leading to a higher resolution. Moreover, separation 

might be affected by the slow EOF which typically generates at a lower applied 

voltage of the CE system. Thus, separation at a lower applied voltage gained a 

higher resolution. Since MD is an uncharged compound, the cationic drug was the 

only component affected by the change of pH value. In higher pH, more free-drug 

cations occurred than in the complexed form. Thus, the enantiomers migrated 

faster to the cathode along with a low resolution. 

3.6.4 Statistical data interpretation of the responses 

Statistical data evaluation was employed to gain insight into the effect of the 

selected factors on the resolution at a time. Polynomial regression and Pareto 

chart were used to analyze the main effects. Furthermore, a response surface 

methodology was employed to estimate the resolution values. 
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Regression analysis 

Cornerstone 7.0 software, camLine Holding AG (Peterhausen, Germany) was 

utilized to assess the responses from 15 combinations. Each combination that 

resulted in the response (Rs) was evaluated according to polynomial (quadratic) 

regression model (see Equation 3.3). The design results of 10 coefficients of 15 

combinations with their statistical values are listed in Table 8. 

Table 8.  Regression coefficients of the predicted quadratic polynomial for the 
response variable  

Term Coefficient Standard Error T-Value Significance VIF 

Constant 32.513 23.412 1.389 0.224 0.000 

Voltage (U) -1.875 2.032 -0.923 0.399 34.395 

Conc. (MD) 1.186 3.671 0.323 0.760 29.659 

pH -1.174 2.727 -0.430 0.685 18.261 

MD × U -0.065 0.056 -1.148 0.303 11.075 

pH × U 0.264 0.066 4.002 0.010 8.399 

MD × pH 0.040 0.141 0.283 0.789 8.801 

U2 0.022 0.055 0.400 0.706 32.635 

MD2 0.043 0.197 0.221 0.834 27.865 

pH2 -1.064 0.343 -3.098 0.027 13.754 

Response Count R2 Adj. R2 RMS Error Residual df 

Rs (Mean) 15 0.9882 0.9669 0.053 5 

Rs (SD) 15 0.5346 -0.3031 0.025 5 

 
Statistically, the applied model in this study showed severe multicollinearity. 

In general, multicollinearity values were given by variance inflation factor (VIF) 

[166]. Furthermore, responses of the main factors, the interaction of MD 

concentration vs. voltage, and the interaction of MD concentration vs. pH were 

insignificance with 𝑠𝑖𝑔 > 0.05. Only the interaction of pH vs. voltage gained a 

significant value of 0.01 < 0.05. However, multicollinearity affects the coefficient 

significance values without influencing the predictions and the goodness-of-fit 

[166,167]. Considering the main objective of applying the statistical approach in 

this study which was to make predictions, the high multicollinearity was not 

required to reduce [167]. 
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The goodness-of-fit evaluation in the multiple regression models were used to 

interpret the relationships between variables. The applied regression models 

resulted in  correlation parameters of R2 = 0.9982 and adj. R2 = 0.9669. According 

to performance indicators of R2 and adj. R2, the model fits the experimental results. 

The interaction graphs of the adjusted response and resolution are depicted in 

Figure 19. 

 
A 

 
 
B 

 

Figure 19. The  adjusted response (A) and interaction graph for the resolution (B). 
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Factors affecting enantioresolution  

Further evaluation on factors affecting enantioresolution was showed by a 

Pareto graph, as presented in Figure 20.  The graph clearly showed that factors 

affected the separation of AML in two 

oppositely different correlations. A 

positive correlation with MD 

concentration and negative 

correlations with the other two factors 

(pH and applied voltage) by means of 

resolution value were obtained. 

Among three independent factors, MD 

concentration dominated as the 

strongest factor affecting resolution 

between enantiomers. The second 

and the third affected factors to 

enantioresolution were pH and the 

applied voltage, respectively. 

Figure 20. Main effect plot showing the change of amlodipine enantioresolution when 
each factor of (1) MD, maltodextrin concentration; (2) U, applied voltage; and 
(3) pH, background electrolyte pH was increased from a low to a high level. 

Response surface models 

Separation factors and the predicted Rs values of the cEKC optimization were 

plotted in three-dimensional response surfaces. Response surface methodology 

(RSM) is known as one of the best ways of evaluating the relationships between 

responses, factors, and interactions. The Rs values from 15 experimental 

combinations in this study were grouped in three response surface plots at a 

constant MD concentration (1), constant pH (2), and constant U (3). 

The typical cEKC separation profile at a constant (highest) concentration of 

MD (A) and the predicted Rs in the optimization under the corresponding 

combinations as response surface plots (B) are shown in Figure 21.   
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A 

 
Blue tone: lowest Rs; red tone: highest Rs; black tone: Rs between the lowest and the highest values 

B 
 
 
 
 
 

 

Figure 21. Enantioseparation profiles of AML at a constant MD concentration (10% w/v) 
within various voltage and pH values (21A). Three dimesional response 
surface plots of  the predicted resolution at the highest concentration of MD 
(10% w/v) (21B).   
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The enantoresolution of AML in the presence of 10% w/v MD was performed 

by cEKC in 6 combinations. Two electropherograms represented the lowest and 

the highest resolution. Between these two electropherograms, migration times of 

the other 4 combinations took place. The enantioseparations were shown within 

8.5−19 minutes. In these particular conditions, baseline resolutions with an onset 

of Rs = 1.50 were obtained (Figure 21A). The response surface plots showed 

feasibility to optimize separation in the range of Rs = 1.50−2.10 by tuning the pH 

value and the applied voltage. At a constant concentration of 10% w/v MD, the 

resolution increases with the decreasing applied voltage or pH value. Utilizing both 

factors in combination at lower values will lead to more pronounced resolutions 

(Figure 21B). 

The enantioseparation at the lowest pH 2.0 was performed in 7 combinations 

within various MD concentrations and applied voltage. The separation of AML at 

a constant pH 2.0 (A) and response plots of the predicted Rs values (B) are 

depicted in Figure 22.  

 

A 

 
Blue tone: lowest Rs; red tone: highest Rs; black tone: Rs between the lowest and the highest values 
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B 

 

Figure 22. Enantioseparation profiles of AML at a constant pH (2.0) within various MD 
concentrations and applied voltage (22A). Three dimesional response 
surface plots of the predicted resolutions at the lowest pH 2.0 (22B). 

Two electropherograms were compared to show the lowest and the highest 

resolution in the corresponding combinations. The enantioseparation of the other 

5 combinations appeared between the migration times of these two 

electropherograms. Acceptable resolutions of Rs = 1.31−2.10 were obtained 

within analysis times of 10−19 minutes (Figure 22A). The predicted Rs values at 

a constant pH of 2.0 in various MD concentrations and the applied voltage were 

transformed to the response surface plots. Optimization can be done by tuning the 

factors of MD and U in higher and lower values, respectively. Thus the separation 

onset of about Rs = 1.31 was possible to be improved up to Rs = 2.1 (Figure 22B). 

Moreover, cEKC enantioseparation of AML at the lowest applied voltage 

within various MD concentrations and pH values was performed in 6 

combinations. The separation profiles of AML (A) and response plots of the 

predicted Rs values at a constant applied voltage of 15 kV (B) are depicted in 

Figure 23.  
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A 

 
Blue tone: lowest Rs; red tone: highest Rs; black tone: Rs between the lowest and the highest values 

 

B 

 

Figure 23. Enantioseparation profiles of AML at a constant applied voltage within various 
MD concentrations and pH values (23A). Three dimesional response surface 
plots of  the predicted resolution at the lowest applied voltage (15 kV) (23B).  
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The electropherograms represented the lowest and highest resolution values. 

Enantioresolutions between Rs = 1.19−2.10 were obtained within the analysis 

time of 8.5−19 minutes. Even though a partial resolution with an onset of                 

Rs = 1.19 appeared, baseline separations were obtained from the rest of 5 

combinations (Figure 23A). According to the response surface plots, optimization 

by tuning the factors of MD in a higher concentration and pH in a lower value led 

to a higher resolution (Figure 23B). 

Overall, the resolution increased when the highest MD concentration was kept 

constant while the applied voltage and pH were employed at low values. As a 

result, a higher resolution occurred with a longer migration time. Using DoE, 

multivariate optimization for enantioresolution was possible to be conducted 

systematically. Tuning factors affecting enantioresolution were feasible to conduct 

in a time.  Thus an expected Rs can be obtained at an optimum combination within 

a reasonable analysis time. Utilization of D-optimal design led to a systematic and 

an efficient enantioseparation method optimization. 

3.7 Summary 

A structured enantioseparation study using MD (DE 4−7) as a chiral selector 

was developed in cEKC mode involving D-optimal experimental design to set 

combinations of the experimental conditions. Three enantioseparation factors of 

MD concentration, applied voltage, and pH value were selected as independent 

variables in three different levels. The D-optimal experimental design optimized 

the combinations factors in 15 combinations instead of 27 combinations (full-

factorial design).  

In the applied cEKC conditions, maltodextrin concentration (7.5−10% w/v) 

showed the strongest effect on enantioesolution which was followed by pH (2−4) 

of the background electrolyte, and the applied voltage (15−20 kV).  An increase 

in maltodextrin concentration was found to result in higher resolution values              

(Rs ≥ 1.5). The separation conditions in the proposed method were feasible to 

optimize maltodextrin-based cEKC within the applied range with an acceptable 

resolution. The enantiomers were resolved in the migration order of                            

(S)-(−)-amlodipine before (R)-(+)-amlodipine. Thus (R)-(+)-amlodipine was 

expected to possess stronger interaction toward the selector (MD), which led to a 
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later migration time than (S)-(−)-amlodipine. MD concentration dominated role in 

obtaining higher resolution between enantiomers. It indicated the degree of 

complexation in the applied cEKC system using the uncharged MD as a 

pseudostationary phase followed mostly the chromatographic principle. The 

D- optimal design aided in performing cEKC method optimization systematically 

and efficiently. 
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4 Simultaneous binding constant determination by ms-ACE 

*much of this chapter has been published (doi.org/10.1002/jssc.202000372), permission has been attached. 

4.1 Introduction  

In the blood circulatory system, endogenous and exogenous ligands are 

bound in plasma by transport proteins (carriers) in various extents [168]. The 

tendency of a biomolecule to interact with its binding partner at a certain degree 

is known as binding affinity. The interaction is a rapid equilibrium stage between 

bound (complexed) and the free molecules. The strength of binding affinity is 

characterized by an equilibrium association constant (KA) or dissociation constant 

(KD)  [169]. Molecular interactions in plasma proteins are mostly related to the 

availability of human serum albumin (HSA), which exhibits high affinity toward 

various types of endogenous and exogenous compounds (e.g., drugs) [170–172]. 

Since only the free-drug can reach tissues and initiate the desired pharmacologic 

action, the degree of drug-protein binding becomes a key in pharmacokinetic [173] 

and pharmacodynamic [174] effects.  

Being an abundant transport protein in plasma, HSA also intrinsically exhibits 

high stereoselectivity [170]. Thus, HSA is an ideal protein model to study 

enantioselective interactions toward racemic drugs. Highly protein-bound calcium 

antagonist drugs such as AML and VER are commercially available in racemic 

mixtures, which are therapeutically used as a treatment of choice for hypertension 

and coronary artery disease. The asymmetric carbon atoms in their structures lead 

to the formation of the (R)-(+)- and (S)-(−)-enantiomer, along with differences in 

potency. (S)-(−)-amlodipine approximately shows 1000 times stronger 

antihypertensive effect than the (R)-(+)-enantiomer  [175] and is therefore 

considered to be more important enantiomer (eutomer) for the pharmacodynamic 

action as a calcium antagonist [176]. Likewise, (S)-(−)-verapamil is 

pharmacologically 10-20 times more active compared to its enantiomer. Both AML 

and VER are highly bound to proteins, with binding values greater than 99% and 

84%−93%, respectively [177]. Molecular interactions for predicting 

stereoselective plasma protein binding are extensively studied [178] as they are 

required to evaluate pharmacokinetics properties and are part of the drug 

development process.  
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Affinity capillary electrophoresis (ACE) is a well-suited separation method to 

investigate ligand-receptor interactions [179], including the stereoselective ones 

[7,180,181]. Among the established methods for binding studies [182–185], CE 

has been employed to assess binding affinity toward HSA [186–188]. Chiral CE 

offers possibilities to immobilize the selector onto the inner surface of fused silica 

capillaries [189,190] as well as to operate in a free solution that does not require 

the immobilization of the chiral selector. Different modes of ACE in 

enantioselective investigation have been developed using HSA for assessing non-

covalent binding [181,182]. 

A direct chiral CE was successfully employed to determine binding constants 

of VER toward HSA involving trimethyl-β-cyclodextrin (TM-β-CD) as a chiral 

additive in CE frontal analysis (CE/FA) mode [191]. A flow injection-capillary 

electrophoresis coupled with frontal analysis (FI-CE/FA) was utilized to study the 

binding affinity of AML to HSA using hydroxypropyl-β-CD (HP-β-CD) chiral 

selector [192]. Though these CE modes were intended to study stereoselective 

interactions of drug-HSA binding, none of them concurrently conducted separation 

using HSA as a chiral selector.  

The common ACE approaches rely on measuring alternations in size, shape, 

or charge upon complexation resulting in different mobilities of the enantiomers 

[179,181,182]. The ms-ACE mode offers a possibility to perform 

enantioseparation and measure the mobility shifts of the resolved enantiomers in 

a series of selector concentrations. Thus, by employing ms-ACE the binding 

constants of both enantiomers can be determined simultaneously. The binding 

constant represents the strength of the interactions between the individual 

enantiomers with the chiral selector (CS) or the distinction migration of the two 

enantiomer-CS complexes [193]. A sufficient stereoselective interaction between 

enantiomers and the CS is a basic prerequisite to perform enantiomers 

separation. The determination of the binding constants is therefore valuable for 

assessing the strength of the complexes and can also be used for optimizing the 

enantioseparation, e.g., for selecting a suitable concentration of the selector 

[194,195].  

HSA as a protein-based selector possibly holds a positive or a negative net 

charge, depending on the applied pH. At a physiological pH 7.4, HSA and the 
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drug-HSA complex hold negative net charge of -17 [196]. Thus, utilizing cationic 

(positively charged) analytes and HSA as a selector at physiological pH in ms-

ACE mode will generate high mobility shifts. In order to obtain an accurate mobility 

determination, the Haarhoff-Van der Linde (HVL) function is recommended to be 

applied [103]. An efficient step of a structured enantioselective interactions study 

in challenging method development is feasible to obtain through binding constant 

determination. A schematic illustration of an ms-ACE setup is given in Figure 24. 

 

Figure 24. Schematic illustration of enantioselective interactions in the applied ms-ACE 
system at a normal polarity mode (modified from [197]). The representative 
free drug is drawn having 2 enantiomers as enantiomer 1 (𝑒1) and enantiomer 
2 (𝑒2).  Enantiomer 2 interacts stronger with HSA and possesses a higher 
association constant (𝐾𝐴2) than enantiomer 1 (𝐾𝐴1). Thus, the effective 
mobility of enantiomer 2 (µ𝐴2) is lower than its corresponding partner, 
enantiomer 1 (µ𝐴1). The mobilities of the complexes are assumed to be equal 
for both enantiomers (µ𝑐1 = µ𝑐1) as well as the mobilities of the free 
enantiomers (µ𝑓1 = µ𝑓2). 

In the general scheme of ms-ACE, the entire capillary and the running BGE 

vials are filled with BGE containing HSA as the CS at various concentrations from 

zero to a certain level. The other binding partner (the enantiomeric drug) is injected 

as a small sample plug into the capillary at the anodic site. Subsequently, when a 

high voltage is applied in normal polarity mode, the free enantiomers will be 

separated with the complexes according to their effective electrophoretic 
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mobilities. Due to different degrees of complexation, the enantiomers will hold 

different apparent mobilities depending on the CS (ligand) concentrations 

[193,198]. The change of effective mobilities as a function of the ligand 

concentrations is used to calculate the apparent binding properties in ms-ACE 

[199]. This proposes ms-ACE mode enclose with enantioseparation, which means 

the apparent binding properties of both enantiomers are feasible to be determined 

simultaneously.  

This study established enantioseparation and simultaneous binding constant 

determination by ms-ACE to investigate enantioselective interactions between 

selected drug enantiomers and HSA. The electrophoretic parameters of resolution 

and effective mobility were evaluated by implementing the Haarhoff-Van der Linde 

(HVL) function. Association constants were determined through nonlinear 

regression of effective mobilities as a function of total ligand concentration. 

4.2 Materials and instrumentation 

4.2.1 Reagents and solutions 

Disodium hydrogen phosphate (Na2HPO4), sodium hydroxide (NaOH), 

sodium dodecyl sulfate (SDS), phosphoric acid, acetone, (RS)-amlodipine 

(amlodipine besylate), (RS)-verapamil, and human serum albumin (lyophilized 

powder ≥ 97%) were acquired from Sigma-Aldrich Chemie GmbH (Steinheim, 

Germany). The (S)-(−)-amlodipine was obtained from Biozol Diagnostica Vertrieb 

GmbH (Munich, Germany). The water was purified by Arium® pro UF/VF-

Sartopore 0.2 µm water purification system from Sartorius Weighing Technology 

GmbH (Gӧttingen, Germany).  

Phosphate buffer was prepared using 20 mM disodium hydrogen phosphate 

and adjusted by phosphoric acid 85% (≈0.4 mL) to reach the final pH 7.4 of 1L 

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®-syringe filter, Carl Roth GmbH (Karlsruhe, 

Germany) prior to the analysis.  

A series of background electrolyte was prepared by addition of HSA 30-110 

µM to phosphate buffer (pH 7.4, 20 mM). Stock solutions of (RS)-amlodipine and 

enantiopure (S)-(−)-amlodipine were pre-dissolved in 10% v/v methanol at 
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1.0  mg/mL. A fixed aliquot of 300 µg/mL of each stock solution was diluted with 

phosphate buffer (pH 7.4, 20 mM). Stock solution of (RS)-verapamil was prepared 

in 60% v/v MeOH (aqueous solution) at 1.0 mg/mL and subsequently dissolved in 

20 mM phosphate buffer pH 7.4 to the final concentration of 600 µg/mL. Working 

solutions of each drug were prepared by diluting the stock solution at a certain 

concentration and addition of 2% v/v acetone. Samples containing the individual 

drugs were injected six times (n = 6) for each separation condition. 

4.2.2 CE instrumentation 

The ms-ACE study has been performed with a PrinCE CEC-760 system 

(Prince Technologies, Emmen, Netherlands) 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 capillary from Polymicro 

Technologies (Phoenix, AZ, USA) of 50 μm inner and 360 μm outer diameters; 

53.5 cm total length and 45 cm effective length were used throughout the study. 

The sample rack and capillary oven were set at 25 ºC.  

4.3 Stepwise ms-ACE experiment 

4.3.1 Capillary handling and sample injections 

The new capillary was pre-treated using 1 M NaOH (30 min), 0.1 M NaOH   

(10 min), ultrapure water (10 min). At the beginning and the end of the analysis, 

the capillary was flushed using 0.1 M NaOH and followed 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 (1 min), ultrapure 

water (0.5 min), 0.1 M NaOH (1 min), ultrapure water (0.5 min), and BGE (2 min). 

Finally, samples were injected into the capillary for 6 seconds with a pressure of 

50 mbar. All separations were conducted at 25 ºC using 15 kV applied voltage 

with the cathode at the capillary outlet.  

4.3.2 ms-ACE setup 

The enantioselective interactions in ms-ACE was investigated using HSA as 

a buffer additive at concentrations of 0, 30, 40, 50, 70, 90, and 110 μM. The chiral 

selector-free BGE is a solution of disodium hydrogen phosphate (20 mM, pH 7.4). 

The step by step ms-ACE procedure are listed in Table 9. 
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Table 9. Stepwise ms-ACE procedure 

  Inlet Outlet 
Pressure 

(mbar) 

Voltage 

(kV) 

Time 

(min) 

1 Pretreatment Rinsing 1 M NaOH* Reservoir 1500 - 30 

2 System-initializing 

Conditioning 

0.1 M NaOH Reservoir 1500 - 10 

Water Reservoir 1500 - 10 

BGE I Reservoir 1500 - 10 

BGE II Reservoir 1500 - 10 

Equilibration 
BGE I BGE II - 15 10 

BGE II BGE I - 15 10 

3 Analysis 

Pre-injection / 
interval injection 

Water Reservoir 1500 - 10 

0.1 M NaOH Reservoir 1500 - 1 

Water Reservoir 1500 - 0.5 

30 mM SDS Reservoir 1500 - 1 

Water Reservoir 1500 - 0.5 

BGE I/II** Reservoir 1500 - 2 

Injection 
Sample Reservoir 50 - 0.1 

BGE I/II** Reservoir 50 - 0.1 

Separation BGE I/II** BGE II/I** - 15 16-22 

4 System-closing Final rinsing 
Water Reservoir 1500 - 30 

0.1 M NaOH Reservoir 1500 - 15 

*1 M NaOH has only be used for the pretreatment of a new capillary; **BGEs are employed in alternating 
position; SDS, sodium dodecyl sulfate. 

 

The enantiomers were traced by UV detection at 𝜆 250 nm (AML) and 240 nm 

(VER). In order to avoid ligand and/or buffer depletion of the separation system, 

the position of both ends (inlet and outlet) of the capillary were immersed into the 

BGE vials alternatingly.  

4.4 Data evaluation 

Data was collected and organized using Microsoft excel 2010 (Microsoft, 

Redmond, WA, USA). The measurement in the applied ms-ACE was based on 

the determination of the effective mobility of enantiomers by evaluating the 𝑎1 

parameter of the HVL function. CEVal (Capillary Electrophoresis Evaluator at 

https://enchmet.natur.cuni.cz/software/ceval) and Origin 2018 64 Bit (©OriginLab 

Corporation, Northampton, Massachusetts, USA) were employed to calculate 𝜇, 𝜇𝑐 and 𝐾A values, respectively.      

https://enchmet.natur.cuni.cz/software/ceval
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 Enantioresolution 

Enantiomers resolution (Rs) was calculated based on the difference in the 

migration times and the width of the peaks at full-width half-height by DAx 3D 

software (Equation 4.1). 𝑅𝑠 = 1.18 × 𝑡2 − 𝑡1(𝑊1 + 𝑊2) Equation 4.1 

 Binding constant determination  

The degree of binding is not directly measurable by applying ms-ACE 

technique. Thus, the specific chemical responses of ms-ACE system are 

determined as surogates [200]. 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 variable, 𝐶𝑖). The model function is described by Equation 4.2, where (𝜇𝑓) is the effective 

mobility of the analyte in the BGE free of the selector (HSA) and (𝜇𝑐) is the ionic 

mobility of the analyte-selector complex. 

𝜇𝑖 =  𝜇𝑓 +  (𝜇𝑐 − 𝜇𝑓) × 𝐾𝐴 × 𝐶𝑖1 + (𝐾𝐴 × 𝐶𝑖)   Equation 4.2 

4.5 Results and discussion 

4.5.1 Selection of the UV detection 

In the applied ms-ACE conditions, the UV detection needs to be carefully 

selected due to the aceton and HSA contents. The detection wavelengths of 230 

nm (VER) and 240 nm (AML) used in the previous chapter cannot be applied in 

the HSA drug binding study with ms-ACE.  

At the wavelength of 230 nm, the absorbance of aceton (EOF marker) splited 

into positive and negative peaks, which was dificult to integrate. This case can be 

overcome by working at a UV detection higher than 230 nm, such as 240 nm. 

However, UV detection at 240 nm was only possible to analyze VER, not for AML. 

The higher HSA concentration (70 µM) led (S)-(−)-amlodipine to be more 

negatively charged. Consequently, the migration of (S)-(−)-amlodipine shifted and 

the peak order switched across the EOF marker as depicted in Figure 25. 
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*EOF marker: 2% v/v acetone 

Figure 25. Electropherograms of AML containing: 2% v/v acetone, 30 µM HSA (25A) and 
2% v/v acetone, 70 µM HSA (25B) 

However, since the peaks of acetone and (S)-(−)-amlodipine were very close, the 

peak integration became more challenging at UV detection of 240 nm. For this 

reason, UV detection of AML was selected at 250 nm, where the absorbance of 

aceton was lower and the (S)-(−)-enantiomer was not much affected. Thus, both 

peaks clearly to be distinguished and integrated. According to this screening, UV 

detections at 250 and 240 nm were selected for analysis AML and VER, 

respectively. The wavelengths were expected to be in a suitable detection range 

to perform the binding study with less interference from HSA absorbance with 

acceptable analyte responses. 

4.5.2 Enantiomeric separation 

A direct separation method using chiral additive in the BGE is commonly 

utilized in CE [165,201,202] since the optimal concentration can be simply 

adjusted [202,203]. A protein-based buffer additive opens possibilities for 

performing enantioseparation and affinity studies on both enantiomers. Having an 

isoelectric point (pI) of 4.7 makes HSA present as a negatively charged molecule 

at physiological pH. On the other hand, basic drugs such as AML (pKa 8.6) and 

VER (pKa 8.9) are positively charged. In the applied ms-ACE system, analytes 

and HSA possess different electrophoretic mobilities. At the selected physiological 
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pH 7.4, enantiomers as positively charged analytes were expected to be 

electrophoretically separable from their complexes form [203] and potentially 

perform high mobility shifts.  

However, electrophoretic mobility is not inherently enantioselective since the 

separation mechanism of enantiomers in chiral CE is based on a chromatographic 

principle and only possesses the migration principle of electrophoresis. The 

prerequisite for enantioseparation in CE is the stereoselective interaction of 

enantiomers with a chiral selector. The interaction is analogous to the differential 

partition of analytes between stationary and mobile phases in chromatographic 

techniques [96]. Thus, the enantiomers of both racemic drugs were unresolved in 

the absence of HSA.  

As depicted in Figure 26, in the presence of 30 µM HSA, the enantiomers 

showed stereoselective interactions which led to a partial separation of AML 

(Rs  =  1.1) and VER (Rs = 1.0). A higher concentration of chiral additive up to      

40 µM HSA, slightly improved the initial separation. Baseline separation (Rs > 1.5) 

was obtained started at 50 μM HSA for both drug models. In the applied ms-ACE 

system, the presence of HSA at a certain level built stereoselectivity of AML and 

VER with gradual increase in enantioresolutions. 

 A significant resolution of AML at 70 μM HSA was shown with switched 

effective mobility phenomenon of (S)-(−)-amlodipine to be more negatively 

charged, which led to its appearance after the EOF marker. The presence of HSA 

in higher concentration significantly influenced the (S)-(−)-amlodipine, resulting in 

higher mobility and consequently possessing longer migration time. It shows that 

the migration of enantiomers in the applied separation system depends on the 

mobility effects [96]. Noncovalent binding in the molecular interactions builds the 

formation of reversible diastereomeric complexes between enantiomers and HSA. 

An increase in HSA concentrations results in a higher 𝛼 as well as in overall 

reduction of cathodic migration up to a certain point [202]. Higher HSA 

concentration built stronger interactions with enantiomers and contributes to the 

enhancement of enantioresolution and a longer migration time [187].  
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Figure 26. Effect of HSA concentrations on the degree of complexation of amlodipine 
(AML, 26A) and verapamil (VER, 26B) revealed by enantioresolutions and 
mobility shifts. The electropherograms show five of seven enantioseparations 
at the applied ms-ACE conditions, as described in the experimental section 
[197]. 
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Further increase in HSA concentration led to peak broadening, as seen in 

Figure 26A 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 unmodified fused-

silica capillaries. The extent of adsorption might increase in the presence of more 

amino groups and an overall more positive charge on proteins. In order to remove 

the adsorbed HSA on the capillary wall and ensure the intended response 

repeatability [180,204], a sufficient rinsing between runs using SDS was applied 

in this proposed ACE method. The effectiveness of SDS in washing the capillary 

wall by the combination of denaturation proteins and micellar effect has been 

reported [180]. The utilization of SDS in the washing step was aimed to minimize 

HSA adsorption onto the capillary wall and prevent the separation 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 [187,205], the effect of slow binding equilibrium kinetics gets more 

pronounced [205]. This assumption was far reasonable behind the peak 

broadening [205]. 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. [187] reported that the concentration of HSA dissolved in the 

running buffer mainly controls the efficiency of enantioseparation rather than the 

HSA adsorbed to the capillary wall. For these reasons, the reliable 

enantioseparation was conducted in an optimum HSA content in the BGE from    

30 µM to 110 µM. 

In the overall enantioseparation 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. The presence of 50 µM HSA as buffer additive was 

considered to be the optimal concentration in giving enantioseparations with         

Rs = 1.68 and Rs = 1.56 for AML and VER, respectively.  

The difference in binding status between enantiomers resulted in 

enantioresolution with different migration times. (S)-(−)-amlodipine and (R)-(+)-

verapamil possessed a higher binding affinity toward HSA, compared to their 
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antipodes. Subsequently, (R)-(+)-amlodipine and (S)-(−)-verapamil migrated 

faster than their enantiomers and were indentified as the first eluted peak. 

4.5.3 Binding constant determination 

Mobility shifts of the enantiomers as a function of HSA concentrations were 

evaluated simultaneously. Even though HSA is known to potentially interfere with 

detection sensitivity at UV wavelengths, the earlier studies by Haginaka et al. [204] 

and Tanaka et al. [206] reported insignificant effects on the repeatabilities of 

migration times and peak areas. Moreover, the measurement in ms-ACE was 

based on the determination of the effective mobility by evaluating the 𝑎1 parameter 

of the HVL function, which allows the compensation of the peak distorsion due to 

electromigration dispersion [103,207]. This approach gives more reliable 

estimates of the true effective mobility ms-ACE system than estimates using the 

migration time at peak apex. 

The effective mobility of AML and VER in the absence of HSA was found to 

be 13.7 x 10-9 and 11.8 x 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 x 10-9 to 2.20 x 10-9 and from 11.1 x 10-9 to 9.2 x 10-9 m2 V-1 s-1, 

respectively. The respective electrophoretic mobilities are listed in Table 10. 

Table 10. Effect of HSA concentrations on the enantioseparations [197]  

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 efficient chiral discrimination of the tested basic compounds. The opposite 

HSA  Amlodipine  Verapamil 

[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 
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charges of HSA and the analytes support the enantioseparation, due to the optimal 

difference between the effective mobilities of the CS-enantiomer complexes and 

the free enantiomers [199,208]. Effective mobilities of both enantiomers were 

analyzed simultaneously, as depicted in Figure 27. 

     

(A) Amlodipine Enantiomer KA (M⁻1) ± SE 𝝁c (10-9 m2 V⁻1 s⁻1) ± SE R2 

 

 R-(+)-amlodipinea 22620 ± 861 -2.10 ± 0.24 0.9967 

 S-(–)-amlodipinea 25074 ± 958 -10.88 ± 0.36 0.9967 

 S-(–)-amlodipineb 25102 ± 1172 -9.99 ± 0.41 0.9951 

 

aRacemic mixture 
bEnantiopure 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

(B) Verapamil Enantiomer KA (M⁻1) ± SE 𝝁c (10-9 m2 V⁻1 s⁻1) ± SE R2 

  R-(+)-verapamila* 1845 ± 167 -25.30 ± 2.91 0.9983 

  S-(–)-verapamila** 7 ± 456 -3271 ± 2E5 0.9885 

 

aRacemic mixture 
*Low accuracy 

**Very low accuracy 

Figure 27. Binding curves of amlodipine (AML, 27A) and verapamil (VER, 27B) as a 

racemic mixture and pure enantiomer in the presence of 0–110 μM HSA [197]. 
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Association constants of (R)-(+)-amlodipine (KA 22620 M-1) and                         

(S)-(−)-amlodipine (KA 25074 M-1) in the racemic mixture were obtained. 

Enantiopure (S)-(−)-amlodipine (KA 25102 M-1) showed in close agreement KA 

value with (S)-(−)-enantiomer in the racemic mixture, indicated low measurement 

uncertainty of the applied determination method (Figure 27A). Furthermore, the 

identical association constants of (S)-(−)-amlodipine in the racemic mixture and 

pure enantiomer confirmed a clinical study by Luksa et al. [209]. A comparable 

pharmacokinetic parameters of the individual enantiomers after administration of 

racemic AML and enantiopure AML to healthy subjects was reported [209]. The 

KA value of (S)-(−)-amlodipine was obtained higher than (R)-(+)-amlodipine, 

which was also found in the previous study by Liu et al. using FI-CE/FA [192]. 

Concerning its KA value, (S)-(−)-amlodipine binds stronger to HSA than 

(R)- (+)- amlodipine.   

However, a reliable binding curve could not be obtained for VER with HSA 

concentrations in the applied range of 30−110 µM. Due to the weak interaction 

between VER enantiomers and HSA in the applied ligand range of the CE system, 

the binding curves are too straight to be evaluated quantitatively (Figure 27B). The 

predicted association constant of (R)-(+)-verapamil was about KA 1845 M-1 and 

S- (−)- verapamil (KA 7 M-1) in the racemic mixture were determined. Insufficient 

description of the binding curve leads to the unavoidable low accuracy of the 

binding constant prediction [199]. 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 calculated KA value of (R)-(+)-verapamil in the racemic mixture 

showed nearly the same value as that obtained in the earlier studies of racemic 

VER (KA 1100-1790 M-1) [210] and (KA 1100 M-1) [211].  

4.5.4 Control experiment 

As previously mentioned, the difference in binding constants is the only 

principle behind the elution order of the enantiomers in chiral chromatography. In 

comparison, in chiral CE, different mobilitities might have a minor effect on the 

enantioseparation. In this study, an HSA-based column was employed in HPLC 

as a control experiment for the applied ms-ACE to further investigate behind 

enantioseparation of AML, as depicted in Figure 28. 
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Figure 28. HSA-based enantioseparation profile which was conducted using HPLC 
Waters® Alliance 2695e, UV detector 2489 at the experimental coditions of:  
stationary phase: CHIRALPAK® HSA 50 x 4.0 mm 5 µm analytical column; 
mobile phase: 20 mM,  pH 7.4 phosphate buffer : MeCN (92:8); a flow rate 
0.6 mL/min, λ 230 nm; injection volume 20 μL and sample concentration 25 
ppm. 

The enantioseparation of AML by RP-HPLC resulted in an elution order with 

(R)-(+)-enantiomer followed by (S)-(−)-enantiomer. Since enantioseparation in 

chromatography is only based on the difference in binding constants, the elution 

order depicted in Figure 28 confirms that (S)-(−)-amlodipine binds more strongly 

to HSA than its enantiomer. This indicates that the enantioselective interaction of 

AML toward HSA with effective mobilities 𝜇𝑖𝑅 ≠  𝜇𝑖𝑆 (𝜇𝑖𝑅  >  𝜇𝑖𝑆) and binding 

constants 𝐾𝐴𝑅 ≠ 𝐾𝐴𝑆 (𝐾𝐴𝑆 > 𝐾𝐴𝑅) follows mostly the chromatographic principle. 

4.6 Summary 

Enantioselective interactions study of enantiomeric drug-protein was 

established through enantioseparation and simultaneous binding constant 

determination by ms-ACE using HSA as the chiral selector. Positively charged 

analytes of AML and VER were selected as drug models to perform high mobility 

shifts since drug-serum albumin complexes hold a negative net charge at the 

applied physiological condition of BGE (20 mM phosphate buffer, pH 7.4). The 

different charges between the complexes form and the free analyte were expected 
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to result in diverse degrees of apparent mobilities, thus led to the optimal 

separation. In comparison, different degrees of complexation of two enantiomers 

toward HSA emerged in the enantioseparation.  

In this study, enantioseparation and simultaneous binding constant 

determination were feasible to conduct by ms-ACE. In order to obtain accurate 

effective mobilities, the Haarhoff-Van der Linde function was utilized. Hence, the 

association constant was determined by nonlinear regression analysis of the 

dependence of effective mobilities on the total protein concentration. Since 

enantioseparation involved in the applied ms-ACE, the nonlinear function of 

mobility shifts and HSA concentrations allows the determination of the binding 

affinity of both enantiomers simultaneously. 

 Differences in the apparent binding status between the enantiomers led to 

mobility shifts of different extents (𝛼) which resulted in resolution of                        

Rs = 1.05–3.63.  When applying racemic mixtures, the binding affinity of                 

(R)-(+)-verapamil was found to be KA 1845 M-1 while (S)-(−)-verapamil was not 

evaluable. In contrast, (S)-(−)-amlodipine (KA 25074 M-1) possessed slightly 

higher strength than (R)-(+)-amlodipine (KA 22620 M-1). Association constants of 

enantiopure (S)-(−)-amlodipine (KA 25102 M-1) showed a close agreement with      

(S)-(−)-amlodipine in the racemic mixture, which also indicated low measurement 

uncertainty of the applied determination method.  
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5 Docking models in elucidation of enantioselective 

interactions  

 

5.1 Introduction 

Proteins and sugars are fundamental biomolecules in the biological processes 

of the human body. The interactions between endogenous substances and drug 

compounds can help to explain pharmacological potencies or even adverse 

effects. Human serum albumin (HSA) is one of the major proteins involved in drug 

distribution. It is a globular protein that forms a heart-shaped molecule and 

contains 585 amino acid residues. HSA has three specific domains (I, II, and III), 

which typically own high-affinity binding toward various drugs. Thus, its main 

function is a transporter protein for drugs and endogenous compounds. 

Crystallographic studies have been applied to identify several binding pockets on 

HSA. These pockets, namely sites 1 and 2, at  the subdomains IIA and IIIA (see 

Figure 5), are the primary drug binding sites [212–214].  

Furthermore, the determination of the amlodipine-HSA complexed as a co-

crystal structure has been reported [212]. Since the binding of drugs to albumin 

determines their pharmacokinetics, distribution, and toxicity, the HSA-drug 

interaction study is fundamentally important [212,214]. Understanding drug 

interactions with potential biological targets, including enzymes, proteins [212], 

and sugars (e.g., polysaccharides) [215], reveals their molecular mechanisms.  

Interestingly, proteins and sugars are chiral compounds, which are also 

enantioselective. They potentially interact with enantiomers of drugs differently. 

The enantioselective interactions might lead to different pharmacological effects 

between both enantiomers. Thus, analysis methods to investigate molecular 

recognition of racemic drugs (equimolar enantiomers) have been established 

through experimental and computational approaches. In vitro analysis utilizing 

optical techniques (e.g., fluorescence spectroscopy, circular dichroism, surface 

plasmon resonance, nuclear magnetic resonance) [216], equilibrium dialysis, 

capillary electrophoresis (e.g., CE/FA, ms-ACE), and chromatography [174] have 

been developed to study the interactions between drugs and targeted 

macromolecules. Apart from instrumental methods, the computational molecular 
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modeling offers an in silico structure-based method in predicting ligand-target 

interactions at a molecular level. The application of computational method leads 

to a deeper understanding of molecular recognition mechanisms between small 

and large molecules [217]. 

Computational docking is a well-established in silico technique to estimate the 

binding affinity and the interactions of a small molecule (ligand) with the targeted 

macromolecule (receptor) [218]. Commonly, the process begins with a 

crystallographic structure or a homology model of the macromolecule of interest. 

The ligand can be docked in a specific binding site of the selected macromolecule 

as the receptor. Docking is then used to predict the binding conformation in the 

most stable complex formation and the binding free energy given in the ranking  

[219,220]. Thus, computational docking is considered as a simple approach to 

have a deeper insight into the molecular interactions including the possibility of 

investigating chiral recognition mechanisms [221–224].  

Molecular docking studies are often performed in a vacuum condition without 

considering the effects of the medium in the actual separation. Thus, differences 

in the predicted energy by molecular modeling might occur. Despite that fact, 

docking approaches deliver a close qualitative estimation regarding the nature of 

intermolecular forces responsible for the complexes. Although molecular docking 

does not account for the actual separation conditions, strong correlations of 

binding affinity scores with chromatography elution orders have been reported 

[45,46]. A comprehensive docking study on the factors affecting enantioseparation 

such as solvent effects and other achiral influences have been reported in more 

complex interaction models. Currently, many different docking programs are 

available, such as Autodock and Autodock Vina, that offer several approaches to 

generate the proposed interactions [225]. Furthermore, computational modeling 

succeeded in explaining chromatograpic enantioseparation on cyclodextrin-, 

macrocyclic glycopeptide-, dichlorophenylcarbamate cellulose-based CSPs [224].  

The aim of this study is to perform molecular docking analysis in chiral 

separation by assessing the predicted interactions of drug enantiomers toward 

their binding partners (protein and polysaccharide-based chiral selectors) to 

underline the experimental results. Computational docking on selected drug 

enantiomers (amlodipine, AML and verapamil, VER) toward protein-based 
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(human serum albumin, HSA) and polysaccharide-based chiral selectors 

(chondroitin sulfate A, CSA; and maltodextrin, MD) were performed. The 

molecular interactions which might correspond to the enantiorecognition 

mechanisms of the most stable complexed forms at the lowest binding energies 

were evaluated as to explain the reported experimental findings. 

5.2 Methods and software 

This study was performed using three selected macromolecules of HSA, CSA, 

and MD as the chiral selector models. The crystal structure of each 

macromolecule was taken from the Protein Data Bank (PDB) server (rscb.org). 

HSA was extracted from the crystal structure of HSA entry 4Z69 (complexed with 

diclofenac, pentadecanoate and palmitate) [54]. An oligomer of CSA with three 

monomer units was extracted from its crystal structure entry 4N8W (cathepsin K-

chondroitin sulfate complex) [35]. The crystal structure of MD was taken from entry 

3MBP (maltodextrin-binding protein with bound maltotriose [42]. Two enantiomeric 

drugs of AML and VER were selected both in their R and S forms. Three-

dimensional structures of AML (CID 9801597, (R)-(+)-amlodipine and CID 

9822750, (S)-(−)-amlodipine); VER (CID 65808, (R)-(+)-verapamil and CID 92305 

(S)-(−)-verapamil), were taken from PubChem. The structures of the enantiomers 

were stabilized through MMFF94 geometry optimization prior the docked process 

using Avogadro version 1.2.0 software and saved in mol2 format.  

The chiral selectors were docked toward AML and VER using AutoDock 4.2.6 

software (The Scripps Research Institute, La Jolla, CA, USA) with docking 

calculations of the Lamarckian Genetic algorithm. In order to involve the charges 

of drug-related structures, the Gasteiger–Hückel calculation was utilized. A grid 

box size of 30 × 30 × 30 Å was applied to the docking of both drug models toward 

CSA and HSA. A grid box size of 40 × 40 × 40 Å was applied to the docking of 

both drug models toward MD. All the applied grid sizes were set up with a spacing 

of 0.375 Å. Each final structure of complexes was obtained from 250 independent 

docking runs. The lowest binding energy was assumed as the most stable analyte-

selector complex. LigandScout 4.4.7 (Ligand GmbH, Vienna, Austria) was utilized 

to visualize structure‐based pharmacophores of the complexes. In the applied 

docking procedure, HSA, CSA, and MD were treated as rigid macromolecules. 
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Subdomain IIIA 

Subdomain IIA 

Replaced by  
AML and VER 

 

Crystal structure of HSA entry 4Z69 was selected to dwell the evaluated ligands 

at the subdomains IIA and IIIA. HSA subdomain IIA was complexed with 

diclofenac, while subdomain IIIA was complexed with pentadecanoate, as 

depicted in Figure 29.  The crystal structures of CSA and MD are depicted in 

Figure 3 and Figure 4, respectively (see Chapter 1).  

 

 

 

 

 

 

 

 

 

Figure 29. Docking position to the subdomains IIA and IIIA of HSA. 

The selected drug enantiomers represented small-molecule ligands. The 

ligand was employed as the flexible molecule. The docking procedure was applied 

by replacing the native ligand with the evaluated ligands at the target binding site. 

The work path of the applied molecular docking by AutoDock is depicted in a flow 

chart in Figure 30. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Stepwise docking procedure 
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5.3 Results and discussion 

5.3.1 HSA-ligand docking 

All the interactions of HSA-enantiomers were obtained from the most stable 

complex of the individual enantiomers in subdomains IIA and IIIA, based on the 

lowest binding energy (∆𝐺) computed using Autodock 4.2.6. This approach 

revealed the typical binding forces in the molecular interactions, which might 

contribute to the complexation (strength of affinity) and enantiorecognition. The 

interactions were first selected from the complexes with the lowest binding 

energies and further evaluated in a qualitative manner. 

The binding energies in each subdomain were identical for both enantiomers 

of the drug models. (R)-(+)-verapamil showed the lowest binding energy ∆𝐺 −9.31 

kcal/mol (IIA) and ∆𝐺 −9.06 kcal/mol (IIIA), while (S)-(−)-verapamil showed ∆𝐺 −8.44 kcal/mol (IIA) and ∆𝐺 −8.70 kcal/mol (IIIA). (R)-(+)-amlodipine showed the 

lowest binding energy ∆𝐺 −6.76 kcal/mol (IIA) and ∆𝐺 −6.36 kcal/mol (IIIA); while 

(S)-(−)-amlodipine showed ∆𝐺 −6.92 kcal/mol (IIA) and ∆𝐺 −6.93 kcal/mol (IIIA). 

AML complexes showed binding energies from −6.36 to −6.93 kcal/mol. These 

values were in the range of the reported value (−6.49 to −9.88 kcal/mol) by Liu et 

al., whose research was performed using a similar docking approach [226]. 

Additionally, the molecular interactions of the most stable complexes were 

evaluated as described below. 

5.3.1.1 HSA subdomain IIA 

Interactions of HSA toward (R)-(+)-amlodipine and (S)-(−)-amlodipine 

showed ten (10) and twelve (12) binding forces, respectively. Overall, both 

enantiomers interacted with the same eight amino acid residues (ARG218, 

ALA219, LEU219, PHE223, LEU 238, ILE264, SER287, ILE290). The pose of 

(R)- (+)-enantiomer of AML showed two hydrogen bonds (ARG218 and SER287) 

and the (S)-(−)-enantiomer showed an additional third hydrogen bond to 

(LYS199). Interestingly, (R)-(+)-amlodipine interacted with LEU234 and LEU260, 

which was not the case for (S)-(−)-amlodipine. In contrast, (S)-(−)-amlodipine 

interacted to TRP214, and ALA215, and indicated an aromatic ring interaction 

which was not present in (R)-(+)- amlodipine. HSA−(R)-(+)-amlodipine and 

HSA−(S)-(−)-amlodipine complexes with subdomain IIA are depicted in Figure 31. 



 

89 

 

(A) HSA−(R)-(+)-amlodipine complex formation 

 

 

 

 

 

 

 

 

 

 

 

 

(B)  HSA−(S)-(−)-amlodipine complex formation 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31. Prediction of the most stable complex formation of HSA-(R)-(+)-amlodipine 
(31A) and HSA-(S)-(−)-amlodipine (31B), in subdomain IIA. HSA is drawn in 
the tertiary form; enantiomer is illustrated in the ball-stick form. The area of 
ligand binding pocket shows hydrophobicity and the typical interactions of the 
enantiomer with the amino acids at the binding site.  



 

90 

 

As shown in Figure 32 below, the interactions of HSA toward (R)-(+)-

verapamil and (S)-(−)-verapamil resulted in twelve (12) and eleven (11) binding 

forces, respectively. Both enantiomers interacted with eight of the same amino 

acids residues (ARG218, VAL214, LEU238, ARG257, LEU260, ILE264, ALA291, 

ILE290). Some differences between the two enantiomer complexes were noticed. 

(R)-(+)-verapamil showed in total six hydrogen binding interactions toward three 

amino acid residues (ARG218, ARG257, and ILE290), whereby all four methoxy 

groups were involved in hydrogen bonding to arginines (ARG218, ARG257) and 

the quarternary ammonium cation was involved in hydrogen bonding to ILE290 

showed three, two and one hydrogen binding forces, respectively (see the 3-D in 

Figure 32A). The pose of (S)-(−)-verapamil indicated only four hydrogen binding 

interactions toward amino acid residues LYS199, ARG218, ARG257, and ILE290. 

(R)-(+)-verapamil interacted with ALA216 which was not the case for (S)-(−)-

amlodipine. On the other hand, (S)-(−)-verapamil interacted with LYS 199, 

LEU219, and TRP214, which was not shown by (R)-(+)-verapamil.  

(A) HSA−(R)-(+)-verapamil complex formation 
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(B) HSA−(S)-(−)-verapamil complex formation 

 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 32. Prediction of the most stable complex formation of HSA-(R)-(+)-verapamil 
(32A) and HSA-(S)-(−)-verapamil (32B), in subdomain IIA. HSA is drawn in 
the tertiary form; enantiomer is illustrated in the ball-stick form. The area of 
ligand binding pocket shows hydrophobicity and the typical interactions of the 
enantiomer with the amino acids at the binding site. 

5.3.1.2 HSA subdomain IIIA 

As depicted in Figure 33, interactions of HSA toward (R)-(+)-amlodipine and 

(S)-(−)-amlodipine showed six (6) and seven (7) binding forces, respectively. Both 

enantiomers interacted with five of the same amino acid residues (ILE388, 

LEU430, VAL433, ALA449, and LEU453). The (S)-(−)-enantiomer showed one 

hydrogen bond (CYS392) among hydrophobic interactions, while the interactions 

of  the (R)-(+)-enantiomer were dominated by hydrophobic interactions. 

Interestingly, (R)-(+)-amlodipine interacted with LEU387, which was not the case 

for (S)-(−)-amlodipine. Likewise, (S)-(−)-amlodipine interacted with CYS392 and 

LEU457 which was not shown by (R)-(+)-amlodipine.  
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(A) HSA−(R)-(+)-amlodipine complex formation 

 

 

 

 

 

 

 

 

 
 
 
(B) HSA−(S)-(−)-amlodipine complex formation 

 

 

 

 

 

 

 

 

 
 

 
 

 

 

Figure 33. Prediction of the most stable complex formation of HSA-(R)-(+)-amlodipine 
(33A) and HSA-(S)-(−)-amlodipine (33B), in subdomain IIIA. HSA is drawn in 
the tertiary form; enantiomer is illustrated in the ball-stick form. The area of 
ligand binding pocket shows hydrophobicity and the typical interactions of the 
enantiomer with the amino acids at the binding site.  

As shown in Figure 34 below, the interactions of HSA toward (R)-(+)-

verapamil and (S)-(−)-verapamil resulted in seven (7) and eight (8) binding forces, 

respectively. Both enantiomers interacted with four of the same amino acids 

residues (VAL344, LEU430, LEU453, and ALA449). Some differences between 

the two enantiomer complexes were shown. Hydrogen binding interactions in 

(R)- (+)-verapamil was indicated to PRO384 and CYS392, whereas in 
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(S)- (−)- verapamil one methoxy group interacted with ARG384 and ARG485 that 

was absent in the other enantiomer. (R)-(+)-verapamil interacted with PRO384, 

ILE388, CYS392 which was not the case for (S)-(−)-verapamil. On the other hand, 

(S)-(−)-amlodipine interacted with LEU407, VAL433, ARG485, and ARG348, 

which was not shown by (R)-(+)-verapamil.  

(A) HSA−(R)(+)-verapamil complex formation 

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(B) HSA−(S)-(−)-verapamil complex formation 

 

 

 

 

 

 

 

Figure 34. Prediction of the most stable complex formation of HSA-(R)-(+)-verapamil 
(34A) and HSA-(S)-(−)-verapamil (34B), in subdomain IIIA. HSA is drawn in 
the tertiary form; enantiomer is illustrated in the ball-stick form. The area of 
ligand binding pocket shows hydrophobicity and the typical interactions of the 
enantiomer with the amino acids at the binding site.  
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All the above enantiomers of both drug models in subdomain IIA showed 

interactions with LYS 199 and/or ARG218. It indicated that LYS 199 and ARG218 

were important amino acid residues in binding site subdomain IIA to interact with 

drug substances, which was also shown by the interaction between HSA and the 

native ligand (diclofenac) [54]. At least one of the enantiomers of both drug models 

in subdomain IIIA showed interactions with ILE388, VAL433, and ALA449. It 

indicated that ILE388, VAL433, and ALA449 were important amino acid residues 

in binding sites subdomain IIIA to interact with drug substances, which was also 

shown by the interaction between HSA and the native ligand (pentadecanoate) 

[54]. 

5.3.2 Polysaccharide-ligand docking 

In this applied polysaccharide-ligand docking, MD and CSA were set up as 

rigid macromolecule, while drug enantiomers as flexible ligands. The most stable 

complexes result in binding energies (𝛥𝐺) that do not take solvation effects into 

account. Even though these limitations might lead to the differences between the 

calculated binding energies and experimental results [29], the applied method 

offers preliminary insights into enantiomer-specific interactions of the study-

related structures [45].  

The molecular interactions between MD and drug enantiomers were 

evaluated using the selected complexes of amlodipine ∆𝐺 −3.70 kcal/mol (R) and ∆𝐺 −3.55 kcal/mol (S), as well as verapamil ∆𝐺 −2.65 kcal/mol (R) and ∆𝐺 −2.36 

kcal/mol (S), at their lowest binding energies. The molecular interactions of MD 

toward amlodipine and verapamil enantiomers in the most stable complexes are 

depicted in Figure 35.  

Similarly, the molecular interactions between CSA and drug enantiomers were 

evaluated using the selected complexes of amlodipine ∆𝐺 −4.48 kcal/mol (R) and ∆𝐺 −4.38 kcal/mol (S), as well as verapamil ∆𝐺 −4.73 kcal/mol (R) and ∆𝐺 −4.40 

kcal/mol (S), at their lowest binding energies. The molecular interactions of CSA 

toward amlodipine and verapamil enantiomers in the most stable complexes are 

depicted in Figure 36.  
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5.3.2.1 Maltodextrin (MD) 

(A) MD-amlodipine complexes 

MD−(R)-(+)-amlodipine 

  
 

MD−(S)-(−)-amlodipine 
 

(B) MD-verapamil complexes 

  

MD−(R)-(+)-verapamil 
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MD−(S)-(−)-verapamil 
 

 
 
GLC1B-GLC2B-GLC3B: maltodextrin glucose units 

Figure 35. Prediction of the most stable complexes between MD and the enantiomers of 
amlodipine (35A) and verapamil (35B). The interactions are depicted in 3-D 
and 2-D. MD is drawn in the wire form and enantiomers are illustrated in the 
ball-stick form. Green and red dotted lines represent hydrogen bond donor 
and acceptor, respectively.   

The interactions between MD and the enantiomers were described from the 

drug molecule point of view. (R)-(+)-amlodipine and (S)-(−)-amlodipine showed 

five and three hydrogen bond interactions, respectively. The amines of both 

enantiomers acted as the hydrogen bond donors. However, only the (R)-(+)-

enantiomer possessed two hydrogen bond acceptors from its ether and ester 

group. The individual enantiomers of verapamil showed five hydrogen bond 

interactions. The amine group played a role as a hydrogen bond donor, while the 

ether group of dimethoxy benzene rings played a role as a hydrogen bond 

acceptor. Among the interactions, only the nitrile group of (S)-(−)-verapamil acted 

as a hydrogen bond acceptor, which was not the case with its enantiomer.  

5.3.2.2 Chondroitin sulfate A (CSA) 

As mentioned earlier in the first chapter, a unit molecule of CSA contains D-

glucoronic acid and N-acetylgalactosamine with a sulfate residue. LigandScout 

uses codes to define both rings of CSA as BDP (𝛽-D-glucopyranuronic acid) and 

ASG (acetamido-2-deoxy 4-O-sulfo-𝛽-galactopyrane). Similar to MD, the 
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interactions of CSA toward selected drug enantiomers are described from the drug 

molecule point of view, as depicted in Figure 36. 

(A) CSA-amlodipine complexes 

 
 
 
 
 
 
 
 
 
 
 
 
 

CSA−(R)-(+)-amlodipine 

 
 
 
 
 

 
 
 
 
 
 
 
 
  
 

CSA−(S)-(−)-amlodipine 

 

(B) CSA-verapamil complexes 

 

 
 

CSA−(R)-(+)-verapamil 
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CSA−(S)-(−)-verapamil 

  

 

 

Figure 36. Prediction of the most stable complexes between CSA and the enantiomers 
of amlodipine (36A) and verapamil (36B). The interactions are depicted in     
3-D and 2-D. MD is drawn in the wire form and enantiomers are illustrated in 
the ball-stick form. Green and red dotted lines represent hydrogen bond donor 
and acceptor, respectively.  

The interactions between CSA and the enantiomers were dominated by 

hydrogen bonding forces toward ASG groups. The individual enantiomers of 

amlodipine showed three hydrogen bonding interactions. The amines and the 

ester group of (R)-(+)-amlodipine acted as hydrogen bond donors and acceptor, 

respectively. The amines of (S)-(−)-amlodipine interacted with ASG resulted 

hydrogen bond interactions and ionizable areas. The differences between two 

enantiomer were seen through their binding sites where the (R)-(+)-enantiomer 

interacted with ASG and BDP, while the (S)-(−)-enantiomer only interacted with 

ASG. 

Verapamil enantiomers showed clear difference with five (R) and two (S) 

hydrogen bonding interactions. Similarly to AML enantiomers, (R)-(+)-verapamil  

interacted with ASG and BDP, while its (S)-(−)-enantiomer only interacted with 

ASG. The amine group of (R)-(+)-verapamil  showed two interactions toward ASG 

and BDP. The other three interactions were shown by the nitrile group with BDP 

and ether groups with ASG. The amine group (donor) and ether group (acceptor) 

of (S)-(−)-verapamil showed hydrogen bond interactions toward ASG. 
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Herein, the ASG binding site with the sulfate group was found to play an 

important role in the interaction with the enantiomers of drug models. It showed a 

close agreement with the previous study by Nishi et al. using capillary 

electrophoresis [17]. The differences in the binding forces are considered to play 

a part in the chiral recognition, which might lead to the resolution of the 

enantiomers.  

5.3.3 Docking agreement to the experimental results 

In this study, enantioseparations using protein-based and polysaccharide-

based selectors were experimentally performed by HPLC and CE. In general, the 

selector-selectand interactions play an important role to obtain baseline 

enantioseparation. The interactions resulted in certain degree of complexation 

known as binding affinities which lead to the migration/elution order of 

enantiomers. Thus, investigating their molecular interactions by molecular docking 

was employed to gain a deeper understanding of enantiorecognition.  

Experimentally, the HSA-based enantioseparations were performed by CE 

and HPLC. The interactions between HSA and AML enantiomers led to 

enantioseparation in both methods (Rs > 1.5) with the same migration order of 

(R)- (+)-enantiomer followed by (S)-(−)-enantiomer. The determination of binding 

constant by ms-ACE showed the affinities of both AML enantiomers, with 𝐾𝐴 S 

being higher than 𝐾𝐴 R. Thus, (S)-(−)-amlodipine with the higher binding constant 

migrated later and appeared as the second peak. These findings are in line with 

the theoretical background that different binding constants of diastereoisomeric 

complexes can lead to enantioseparation either in electrophoretic or 

chromatographic techniques [10,28,60]. In addition to AML enantioseparation, 

VER enantiomers also showed based line separation in ms-ACE. (R)-(+)-

verapamil was identified as the second migrated peak with a relative higher affinity 

profile than its enantiomer. Molecular docking was then employed to reveal the 

molecular interactions behind the resolved enantiomers as depicted in Section 

5.3.1. 

Molecular docking showed the interactions AML and VER with specific amino 

acid residues of LYS199 and ARG218 (subdomain IIA) as well as ILE388, 

VAL433, and ALA449 (subdomain IIIA). Among the hydrophobic interactions, the 

(S)-(−)-amlodipine complex showed more hydrogen bonding forces compared to 
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its enantiomer. Possessing more molecular interactions with HSA could be the 

reason for the higher 𝐾𝐴 value and later migration order of (S)-(−)- amlodipine in 

CE as well as in HPLC. Additionally, (R)-(+)-verapamil showed more hydrogen 

binding forces in subdomain IIA compared to its enantiomer, which possibly lead 

to higher affinity. The binding study of VER enantiomers by ms-ACE showed the 

affinity profile of (R)-(+)-verapamil relatively higher than its enantiomer. Thus, the 

(R)-(+)-verapamil with the relatively higher binding constant migrated later and 

appeared as the second peak. 

In comparison, enantioseparation using polysaccharide-based selector in CE 

showed the interactions between MD and AML enantiomers led to 

enantioseparation with the migration order of (S)-(−)-enantiomer followed by 

(R)- (+)- enantiomer. It indicated that AML enantiomers interacted differently 

toward HSA and MD. Thus, AML enantiomers showed a reversed migration order 

when employing MD as the chiral selector. Investigation of the molecular 

interactions between MD and AML revealed that (R)-(+)-amlodipine exhibited 

more hydrogen boding forces than its enantiomer. It might be related to the binding 

affinity which led the (R)-(+)-enantiomer appearing as the second migrated peak. 

The investigation on the molecular interactions behind diastereoisomeric 

complex formations became interesting to complement the experimental findings. 

Even posssed some limitations, the applied docking approach has a close 

agreement in qualitative manner with the experiment results. Thus, it was also 

employed to predict the molecular interactions of AML and VER enantioseparation 

using CSA-based column. Enantioseparation profiles of the drug models in the 

presence of HSA, MD, CSA are depicted in Figure 36. The enantioseparation 

results from the experiment and molecular docking were compared and listed in 

table 11. 
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Table 11. The experimental and docking determination of the enantiomers  

Selector Enantiomer 

 
Experimental  

Computational 
docking 

 
Migration order 

 Binding affinity 
(ms-ACE) 

 
Binding energy 

 
LC CE 

 
KA  Strength 

 𝜟𝑮 Strength 

HSA 

(R)-(+)-amlodipine 
 

R---S a R---S b 

 
22620 

S > R e 

 
-6.76 IIA 

-6.36 IIIA 
S > R g 

(S)-(−)-amlodipine 
  

25074  
-6.92 IIA 

-6.93 IIIA 

(R)-(+)-verapamil 
 

- S---R c 

 
1845 

R > S f 

 
-9.31 IIA 
-9.06 IIIA 

R > S h 

(S)-(−)-verapamil 
  

7  
-8.44 IIA 
-8.70 IIIA 

MD 

(R)-(+)-amlodipine  

- S---R d  - - 
 -3.70 

R > S i 
(S)-(−)-amlodipine   -3.55 

(R)-(+)-verapamil  

- 
n.i.  

- - 
 -2.65 

R > S j 
(S)-(−)-verapamil  n.i.  -2.46 

CSA 

(R)-(+)-amlodipine  n.i. -  
 - - 

 -4.84 
R > S k 

(S)-(−)-amlodipine  n.i. -  -4.38 

(R)-(+)-verapamil  n.i. -  
- - 

 -4.73 
R > S l   

(S)-(−)-verapamil  n.i. -   -4.40 

 aFigure 28; 
b
Figure 26A; 

c
Figure 26A; 

d
Figure 18B; 

e
Figure 27A; 

f
Figure 27B; 

g
Figure 31/33;

 h
Figure 32/34, 

i
Figure 35A, 

j
Figure 35B; 

k
Figure 36A; lFigure 36B; n.i. not identified; KA (M-1); ∆𝐺 (kcal/mol). 

 

Table 11 listed the binding affinity from the experimental findings as well as 

the prediction of binding energy by docking. Considering the limitations nature of 

docking, the listed binding energies were used to the selection of the most stable 

complexes to visualize the molecular interactions. The experimental findings that 

result from the applied docking method showed accordance in the separation 

profile. However, it should be mentioned in the present molecular docking study, 

the identical structures of enantiomers led to similar calculated binding energies 

with only small differences. The docking techniques with the Gibbs free energy 

(𝛥𝐺) was applied as an complementary approach to provide an early hint in 

molecular interaction studies of racemic drugs toward their binding partners. 
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5.4 Summary 

Molecular docking was employed as a complementary approach to gain 

insight into the selector-selectand interactions of AML and VER as racemic drug 

models in the most stable complex formations.  Protein- and polysaccharide-

based selectors of HSA, MD, and CSA were employed as the binding partners. 

The enantiomers were represented as flexible small-molecule ligands, while the 

chiral selectors were treated as rigid macromolecules.  

HSA was selected as a protein-based selector to dwell the individual 

enantiomers of drug models at Sudlow’s site 1 (subdomain IIA) and Sudlow’s site 

2 (subdomain IIIA). The interactions of AML and VER with specific amino acid 

residues of LYS199 and ARG218 (subdomain IIA) as well as ILE388, VAL433, 

and ALA449 (subdomain IIIA) were shown. Hydrophobic interactions dominated 

the molecular interactions between enantiomers and HSA. Apart from the 

hydrophobic interactions, (S)-amlodipine and (R)-verapamil possessed more 

hydrogen binding forces compared to their enantiomers, which might correspond 

to their higher affinities and the migration order shown in the experimental findings. 

In contrast, the interactions of polysaccharide-based selectors (MD and CSA) 

toward the drug models were dominated by hydrogen bond forces. The interaction 

of (R)-(+)-amlodipine toward MD showed more hydrogen bonds from amine, ether 

and ester groups compared to its enantiomer. This could be one of the reasons 

why it resolved and migrated as the second peak, as shown in the CE experiment. 

Additionally, the interactions between CSA and the enantiomers were dominated 

by hydrogen bonding forces toward ASG groups. It showed the importance of 

sulfate groups of ASG for molecular interactions. (R)-(+)-amlodipine and 

(R)- (+)- verapamil interacted with ASG and BDP, whereas their (S)-(−)-

enantiomers only interacted with ASG. This difference might contribute to the 

enantioseparation which performed using CSA-based HPLC column.  

Molecular modeling visualized molecular interactions of selectand-selector 

complexes as an early hint for enantiorecognition in a qualitative manner. The 

difference between two enantiomers could be shown through comparing the 

feasible interactions in their binding sites. This approach complemented the 

experimental findings by revealing the relevant molecular interactions between 

racemic drugs and their binding partners.  
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6 Conclusions  

 
This study covers the investigation of enantioselective interactions for 

enantioseparation and binding affinity determination in the presence of 

polysaccharide-based and protein-based chiral selectors by chromatographic and 

electrophoretic techniques. Calcium channel antagonist drugs from the 

dihydropyridine (amlodipine, AML) and non-dihydropyridine (verapamil, VER) 

classes were selected as racemic drug models. Chondroitin sulfate A (CSA), 

maltodextrin, and human serum albumin (HSA) were utilized as chiral selectors.  

In-house generation of CSA-based chiral stationary phase (CSP) in liquid 

chromatography was performed and its enantioselectivity was evaluated for the 

first time. CSA is one of the linear polysaccharides with promising selectivity on a 

wide range of chiral drugs. It was covalently immobilized onto a monolithic silica 

surface via reductive amination to provide a CSP with high loading capacity and 

compatibility toward a wide range of solvent polarities. Preliminary 

enantioseparation using the CSA-based column and a control experiment 

confirmed the applicability of the proposed immobilization method. 

Enantioseparation was performed in RP-HPLC mode at an isocratic elution with 

sample dilution, preferably in MeCN (aq). Baseline enantioresolution with excellent 

linearity, satisfactory repeatability, and acceptable recovery was obtained. 

Separation of enantiomers of the selected racemic drugs as pure compounds as 

well as from tablet matrices was successfully carried out. The application of the 

CSA-based column in NP-HPLC mode remains an interesting aspect to be 

explored in future research.  

Systematic optimization of maltodextrin-based cEKC utilizing DoE with a 

minimal number of experiments through the application of D-optimal design clearly 

revealed factors affecting enantioseparation of AML. The selected three factors 

(maltodextrin concentration, applied voltage, pH) and three levels were optimized 

by D-optimal design resulted in a total 15 combinations. The concentration of 

maltodextrin as the chiral selector was the most important separation factor, 

followed by pH and voltage. This means that a higher Rs value can be obtained at 

a higher concentration of maltodextrin with a lower pH and a lower voltage. 
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D- optimal design enabled a strategy to obtain the desired resolution of AML 

enantiomers by identifying the most important separation factors. 

The chiral recognition ability of HSA was successfully utilized in the 

enantioselective interaction study toward the selected basic drugs to perform 

enantiomeric separation and simultaneous binding constant determination by ms-

ACE. The addition of HSA into the BGE solution at a physiological pH led to a 

charge difference between the complexed form and the free drug. Positively 

charged enantiomeric drugs were selected to perform high mobility shifts since 

the drug-protein complexes possessed a negative net charge. A charge difference 

between the complexes and the free drug resulted in different apparent mobilities 

of the enantiomers, thus led to their optimal separation. The effective mobility was 

determined by evaluating the 𝑎1 parameter of the Haarhoff-Van der Linde function, 

which allows the compensation of peak distorsion and gives more reliable 

estimates of the true effective mobility ms-ACE system. 

Association constants of the enantiomers were determined simultaneously 

through nonlinear regression of effective mobilities as a function of total ligand 

concentrations. This approach was applicable in determining association 

constants of amlodipine in the racemic mixture and pure enantiomer. Association 

constants of (S)-(−)-amlodipine as enantiopure compound and in the racemic 

mixture were identical, indicating a low measurement uncertainty of the applied 

determination method. A sufficient curvature in the binding model was required to 

perform a reliable determination of binding affinities.  

Investigation of enantioselective interactions employing chiral additives or 

chiral stationary phases combined with computational modeling allows an 

integrated chiral analysis. Molecular docking complemented the experimental 

findings and assisted in a deeper understanding of enantiorecognition by revealing 

relevant molecular interactions. They could be related to the difference in binding 

affinities between two enantiomers which might correspond to their separation. 

Molecular docking was performed under vacuum conditions with rigid 

macromolecules (chiral selectors) and flexible ligands (enantiomers). The 

resulting selector-selectand complexes with the lowest binding energies were 

visualized in a qualitative manner. Revealing the molecular interaction of 

enantiomeric complexes helps rationalize the reasons for the different migration 
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times between enantiomers. The docking approach gave an early hint to relevant 

molecular interactions of chiral drugs with the chiral selectors.  

Thus, the combination of experimental and theoretical approaches might help 

in achieving fast and efficient method development for enantioseparations in the 

future for a wide variety of drugs. 
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Appendix 

(A-4) 1H-NMR (400 MHz, CDCl3) 

1H NMR (400 MHz, CDCl3) δ 3.93 – 3.79 (m, 1H), 3.69 (dd, J = 11.5, 3.7 Hz, 2H), 3.60 (dd, J = 11.5, 5.9 

Hz, 2H), 3.54 – 3.41 (m, 2H), 3.20 (br, s), 1.63 – 1.50 (m, 2H), 1.36 (m, 2H), 0.92 (t, J = 7.4 Hz, 3H). 

             

   

   
 

δ 3.93 – 3.79 (m, 1H, CH) 
 

δ 3.68 (dd, 2H, J = 11.5, 3.7 Hz, CH2) 
 

δ 3.62 (dd, 2H, J = 11.5, 5.9 Hz, CH2) 

   

   
δ 3.54 – 3.41 (m, 2H, CH2) 3.20 (br, 1H, OH) δ 1.63 – 1.50 (m, 2H, CH2) 

                                  

  

  

δ 1.36 (m, 2H, CH2) δ 0.97 (t, 3H, J = 7.4 Hz, CH3) 

 

(A-5) 13C-NMR (101 MHz, CDCl3)  

 
 

13C NMR (101 MHz, CDCl3) δ 72.4 (s), 71.6 (s), 70.8 (s), 64.4 (s), 31.7 (s), 19.3 (s), 14.0 (s). 
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(B-2) 1H-NMR (400 MHz, CDCl3) 
 

1H NMR (400 MHz, CDCl3) δ 9.74 (t, J = 0.9 Hz, 1H), 4.07 (d, J = 0.9 Hz, 2H), 3.55 (t, J = 6.6 Hz, 
2H), 1.68 – 1.57 (m, 2H), 1.41 (m, 2H), 0.94 (t, J = 7.4 Hz, 3H). 

   

   

δ 9.74 (t, 1H, J = 0.9 Hz, CH) δ 4.07 (d, 2H, J = 0.9 Hz, CH2) δ 3.55 (t, 2H, J = 6.6 Hz, CH2) 
 

   

   

δ 1.68 – 1.57 (m, 2H, CH2) δ 1.41 (m, 2H, CH2) δ 0.94 (t, 3H, J = 7.4 Hz, CH3) 
 
(B-3) 13C-NMR (101 MHz, CDCl3)  

 
 
 13C NMR (101 MHz, CDCl3) δ 201.3 (s), 76.4 (s), 72.0 (s), 31.6 (s), 19.2 (s), 13.9 (s). 

 

(C-5) 13C-NMR (101 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) δ 71.2 (s), 69.2 (s), 54.5, 54.2 (s), 53.7 (s), 31.8 (s), 19.4 (s), 14.0 (s). 
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