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Introduction 

Owing to the different effect of optical isomers, the production of 

enantiopure substances, the separation of enantiomers and studying 

their biological properties is a basic pharmacopeial requirement. 

Besides the most commonly used methods, such as high-performance 

liquid chromatography (HPLC), gas chromatography (GC) or 

supercritical fluid chromatography (SFC), capillary electrophoresis 

(CE) is the technique for the determination of enantiomeric purity 

which offers the broadest variety of possibilities throughout the 

method development. 

Cyclodextrins (CDs) are cyclic, non-reducing oligosaccharides, which 

are composed of D-glucopyranose units, connected via α-(1,4)-

glycosidic bonds. CDs have found significant applications in 

pharmaceutical industry and in analytical chemistry. They are playing 

a crucial role in the field of chiral separations, especially in CE, where 

they are utilized as chiral resolving agents. The unique structure of 

CDs enables these molecules to form complexes with enantiomers 

with different stability, furthermore the large number of hydroxyl 

groups in their structure also allows the preparation of infinite 

numbers of CD-derivatives, which in most of the cases have unique 

and selective enantiorecognition ability. 

Enantioresolution is not an easy task and represents an enormous extra 

cost throughout synthetic operations. A more straightforward 

approach is to develop stereochemicaly driven enantioselective 

synthetic routes. A complete, 100 % enantioselectivity, however, is 

almost never achieved, which returns the problem to the desk of 
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analysts, forcing them to develop adequate pharmacopeia methods for 

the separation of optical isomers. 

With my research presented in this thesis I would like to contribute to 

the current knowledge of cyclodextrin-based chiral separations and to 

understand the basic problems anticipated. 

 

Chiral chromatography 

The most commonly used techniques for chiral chromatographic 

separations are GC, LC, SFC and CE. 

Since the introduction of the first pharmaceutical products containing 

enatiopure substances, the separation of optical isomers and the 

determination of the enantiomeric ratio are very common tasks in 

pharmaceutical industry. In the last two decades enantioselective 

chromatography went through a rapid development and nowadays it 

is still a very attractive field of research. Although, in principles CE is 

not a chromatographic technique, each chiral separation carried out by 

CE, has at least one chromatographic element, since enantioselectivity 

is based on chromatographic phenomenon, while the migration of the 

components is based on the electromigration1,2. 

The eletrophoretic phenomenon itself is not sufficient for the 

separation of enantiomers, it requires a selector as well. The chiral 

                                                 
1 Chankvetadze B, Blaschke GJ, (2001) Enantioseparations in capillary 
electromigration techniques: recent developments and future trends. J Chromatogr A, 
906: 309-363. 
2 Perry JA, Rateike JD, Szczerba TJ. (1987) Eluting trace components before major 
constituents. I. Sensitivity enhancement in analytical determinations of optical purity. 
J Chromatogr A, 389: 57-64 
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selector dissolved in the background electrolyte is sometimes also 

referred to as pseudostationary phase. The most commonly applied 

chiral selectors are the CDs. 

 

Cyclodextrins 

Cyclodextrins are cyclic, non-reducing oligosaccharides, composed of 

D-glucopyranose units, connected via α-(1,4)-glycosidic bonds. Based 

on the number of glucose units present in the molecule, native CDs 

are named as α-, β-, and γ-CDs, consisting of 6, 7 and 8 glucose units, 

respectively. Glucopyranose units form a truncated-cone shaped 

cycle, creating a cavity. This microenvironment is suitable to complex 

different hydrophobic substances, and these interactions can be 

investigated by CE. 

 

Figure 1: Structure and nomenclature of cyclodextrins 
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Analytical chemistry applies CDs because of their enantiorecognition 

abilities, mainly in enantioselective chromatography and in the field 

of chiral electrophoretic techniques. CDs have numerous stereogenic 

centers (5 per glucose unit, e.g. α-CD contains 30, β-CD 35 while γ-

CD have 40 asymmetric carbon atoms), therefore their cavity is a 

chiral microenvironment. The enantiorecognition ability of the CD 

molecule can be increased by introduction of substitutents. CDs 

contain one primary and two secondary hydroxyl groups per glucose 

unit (18, 21 and 24 free OH groups are present in α-CD, in β-CD and 

in γ-CD, respectively), which offers a great possibility to prepare CD 

derivatives with diverse structure. 

 

Objectives 
The objective of my doctoral work is the analytical characterization of 

substituted CDs with instrumental analytical methods and the 

investigation of their complex forming and enantiorecognition 

properties by CE. One of the main aspects of the presented thesis was 

the study of the enantioselectivity of novel CD derivatives, and reveal 

important information about the separation mechanism. The 

enantioselectivity and the complex forming ability of CDs differing in 

the number and/or in the location of substituents have been studied on 

more than 30 racemic mixtures. 

To support the manufacturing processes of new types of CD 

derivatives, ad-hoc developed analytical methods are needed, which 

are suitable for the reaction monitoring and also for the 

characterization of the synthetic intermediates. For this reason, 
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another objective of my work was the development and adaptation of 

analytical techniques, such as HPLC-ELSD, HPLC-RID, HPLC-UV, 

CE and MALDI-TOF-MS for these purposes. 

A case-study on sulfobutyl-β-CD (SBEBCD) was carried out, clearly 

demonstrating that the degree of substitution (DS) has a great impact 

on the complex forming ability and also on the enantioselectivity of 

CDs.   

Another case-study on selectively substituted methylated CDs was 

conducted with an intention to answer an important question: how the 

location and the number of the functional groups influence the 

enantioselectivity of CDs. 

Furthermore my goal was to develop and validate a capillary 

electrophoretic method for studying pure enantiomers resolved by 

diastereomeric salt formation. 

 
Methods 
Resolution 

Separation of two peaks is characterized by resolution factor (Rs). For 

baseline separation Rs > 1.5 values are necessary if the intensities of 

the two peaks in question are comparable. If the peaks are asymmetric, 

a more effective separation is required (Rs >2.0). In the case of 

enantiomer separations, Rs was determined by the following equation: 

�� =  
2��� − �
�

�� + �


 

 

Where t1 and t2 are the migration times of the enantiomers, while w1 

and w2 are the extrapolated widths of the peaks at the baseline. 
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Determination of the apparent complex stability constant 

If we consider 1:1 stoichiometry during the selectand-CD selector 

complex formation, the effective mobility of the selectand is a 

function of the CD selector concentration, and this dependence can be 

described by the following equation3: 

][1

][cplxfree
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CDK

CDK

+
+

=
µµ

µ  

where µeff is the effective mobility of the selectand at a given CD 

concentration, µ free and µcplx are effective mobilities of the free and 

complexed selectand, K is the apparent complex-stability constant, 

and [CD] is the molar concentration of the CD-type selector. K can be 

determined from the experimentally determined µ free and µeff values at 

various [CD] concentrations by using a graphical method, the x-

reciprocal method, for instance4. 

Furthermore from this equation it can be derived, that: 

)()(
][

)(
freecplxfree

i
eff

free
i
eff µµµµ

µµ
−+−−=

−
KK

CD
 

which implies, that: 
][

)( free
i
eff

CD

µµ −
 vs. )( free

i
eff µµ −   

K is given by the slope of the graph fitted to these points. 

 

 

 

 

                                                 
3 Rundlett, K.L. és Armstrong, D.W. J. Chromatogr. A 1996, 721, 173-186. 
4 Rousseau, A., et al Journal of Chromatography A, 2008. 1204(2): p. 219-225. 
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Instrumental techniques used during my work 

Equipment  Description 

CE Agilent 7100 type capillary 
electrophoresis apparatus equipped with 
a DAD detector 

HPLC1 Agilent 1260 type liquid chromatograph, 
equipped with DAD, ELS and RI 
detectors 

HPLC2 Agilent 1260 type liquid chromatograph 
equipped with DAD and ELS detectors 

HPLC-MS Agilent 1260 type liquid chromatograph 
with Agilent 6400 QQQ detector 

MALDI-TOF-MS Bruker Flextronic LRF  

 

Results 
Three randomly substituted derivatives differing in DS 

(SBEBCD DS3.9, DS6.6, DS10.4) and one single-isomer derivative, 

the 6-persubstituted SBEBCD (6-(SB)7-BCD) have been 

investigated. Their DS distributions were determined by HPLC and by 

MALDI-TOF-MS techniques. Their complex forming ability as a 

function of DS was tested on 12 active pharmaceutical ingredients by 

CE. Based on the obtained results the investigated molecules were 

grouped into 4 categories.   

I have proved that this high-throughput technique with 

minute sample needs is suitable for the fast comparison of different 

CD-derivatives. I have also investigated the enantiorecognitive 

abilities of all the above mentioned selectors on different optically 

active compounds and proved that in all cases the resolution factor is 

a function of DS. The enantioselectivity of the entirely novel selector, 

the 6-(SB)7-BCD has been also proven. 
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Carboxymethylated CDs are frequently used as chiral 

selectors in CE. During my PhD work I have studied the 

enantioselectivity of two newly prepared single-isomer derivatives, 

the HDMCM and the ODMCM on various basic substances, using 

background electrolytes at different pH values. These two derivatives 

differ only in cavity size, both of them have carboxymethyl functions 

attached to the position 6, and methyl groups attached to the position 

2 and 3. All together 21 successful enantioseparations were carried out 

using aqueous and non-aqueous CE. 

Sulfated CDs are successfully and widely used members of 

anionic CDs, applied mainly for the separation of basic compounds. 

Thorough study on the synthetic intermediates of sulfated CD 

selectors has never been conducted before: 

Studied CD intermediers: 

- heptakis(2-O-methyl-3,6-dihydroxy)-β-cyclodextrin (HM-β-CD), 

- heptakis(2,3-di-O-acetyl-6-hydroxy)-β-cyclodextrin (HDA-β-CD), 

- heptakis(2,3-di-O-methyl-6-hydroxy)-β-cyclodextrin (HDM-β-CD), 

- heptakis(2-O-methyl-3-O-acetyl-6-hydroxy)-β-cyclodextrin (HMA-

β-CD). 

These derivatives were used for the first time in CE during 

my thesis. Their enantioselectivity was compared with the 

corresponding sulfated analogue in a non-aqueous system due to their 

low aqueous solubility. 

From the four selector candidates, only HMA-β-CD showed 

interesting enantiorecognition properties. 
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Due to their electroneutrality, methylated CDs can be only 

used in CE for the enantioseparation of charged analytes. Novel 

manufacturing technologies enable to prepare selectively substituted 

methylated CDs, which in many cases can help us to understand the 

detailed mechanism of separation. In my doctoral thesis 9 different 

methylated derivatives have been investigated, differing in numbers 

and location of methyl groups. From the newly prepared single-

isomeric derivatives, three derivatives selectively persubstituted at 

one position of the glucose subunits (2-MeBCD, 3-MeBCD, 6-

MeBCD) and two derivatives selectively persubstituted at two 

positions of the glucose subunits (2,3-DIMEB, 2,6-DIMEB) were 

compared with randomly substituted representatives of methylated 

CDs. Their analytical characterization was carried out by HPLC, 

HPLC-MS and MALDI-TOF-MS techniques. With the aid of these 

derivatives the impact of the location and the impact of the number of 

methyl groups on the enantiorecognition could be systematically 

studied. Based on the result database, a selectivity order of these 

derivatives was constructed. 

A new electrophoretic method has been developed tor the 

analysis of samples obtained upon preparative chiral resolution using 

a supercritical carbon-dioxide extraction. This method has been 

validated following ICH requirements then tested on real samples, 

underlying the multifaceted application possibilities of CE.   
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New scientific achievements 

 
1. In the case of sulfobutyl-BCD (SBEBCD) the influence of 

the degree of substitution on the chiral resolution and on the complex 

forming ability was studied and demonstrated for the first time, using 

12 pharmaceuticals as model compounds and capillary electrophoresis 

as analytical method. These results were compiled in a book chapter, 

which since its online publishing in 2015 has been read by 1708 

readers (Oct. 8, 2018) on the ResearchGate website and it became the 

most requested publication of our research group. 

2. Throughout my PhD work I have studied for the first time the 

enantiorecognition properties of 7 different single-isomeric CD 

derivatives in aqueous and non-aqueous capillary electrophoresis. 

3. For the first time, the enantiorecognition properties of the 

neutral synthesis intermediates of sulfated-CDs have been studied in 

non-aqueous capillary electrophoresis. 

4. I have successfully applied the heptakis-(2,3-di-O-methyl-6-

O-carboxymethyl)-BCD (HDMCM) under aqueous and non-aqueous 

electrophoretic conditions, investigating also the effect of selector 

concentration and pH value on the enantioresolution. 

5. I have described for the first time the separation of octopamin 

enantiomers in non-aqueous capillary electrophoresis. 

6. Study carried out on single-isomeric mono- (2-MeBCD, 3-

MeBCD and 6-MeBCD) and dimethylated-CDs (2,3-MeBCD and 

2,6-MeBCD) enabled the systematic investigation of the effect of the 

location and the number of methyl groups on the enantioselectivity. 
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7. On an industrial case study I have demonstrated the 

applicability of capillary electrophoresis for the simultaneous 

quantification of anionic enantiomers (permethric acid enantiomers) 

and cations (phenylethylamine). 

 
Publications of the author discussing the subject of 

the present thesis 

 
Malanga, M., Fejős, I., Varga, E., Benkovics, G., Darcsi, A., Szemán, 

J., Béni, Sz., (2017): Synthesis, analytical characterization and 

capillary electrophoretic use of the single isomer heptakis-(6-O-

sulfobutyl)-beta-cyclodextrin. Journal of Chromatography A, 1514, 

127–133.  

 

Fejős, I., Varga, E., Benkovics, G., Malanga, M., Sohajda, T., 

Szemán, J., (2017): Characterization of a single isomer 

carboxymethyl-beta-cyclodextrin in chiral capillary electrophoresis. 

Electrophoresis 38(15), 1869–1877. 

 

Benkovics, G., Fejős, I., Darcsi, A., Varga, E., Malanga, M., 

Fenyvesi, É., Sohajda, T., Szente, L., Béni, Sz., Szemán, J., (2016): 

Single-isomer carboxymethyl-β-cyclodextrin as chiral resolving agent 

for capillary electrophoresis. Journal of Chromatography A, 1467, 

445–453. 

 

Fejős, I., Varga, E., Benkovics, G., Darcsi, A., Malanga, M., 

Fenyvesi, É., Sohajda, T., Szente, L., Béni Sz., (2016): Comparative 



13 
 

evaluation of the chiral recognition potential of single-isomer 

sulfated-beta-cyclodextrin synthesis intermediates in non-aqueous 

capillary electrophoresis. Journal of Chromatography A.;1467, 454–

462. 

 

Varga E., Sohajda T., Juvancz Z., Bodáné-Kendrovics R., Székely E., 

Bánsághi Gy., (2015): Development of electrophoretic methods for 

simultaneous determination of enantiomeric ratio and composition of 

diastereomeric salt mixtures. Chromatographia 78, 881–888. 

 

Puskás, I; Varga, E; Tuza, K; Szemán, J; Fenyvesi, É; Sohajda, T; 

Szente, L.: Sulfobuthylether-cyclodextrins: Structure, degree of 

substitution and functional performance. Chapter 10. In: Ramirez, 

F.G. (ed.) Cyclodextrins: Synthesis, Chemical Applications and Role 

in Drug Delivery , Nova., (2015), pp.1–28. 

 

Other publications of the author 

 
Agócs, T.Z., Puskás, I., Varga, E., Molnár, M., Fenyvesi, É., (2016): 

Stabilization of nanosized titanium dioxide by cyclodextrin polymers 

and its photocatalytic effect on the degradation of wastewater 

pollutants. Beilstein Journal of Organic Chemistry, 12, 2873–2882. 

 

Németh, K-, Tárkányi, G., Varga, E., Imre, T., Mizsei, R., Iványi, R., 

Visy, J., Szemán, J., Jicsinszky, L., Szente, L., Simonyi, M., (2011): 

Enantiomeric separation of antimalarial drugs by capillary 



14 
 

electrophoresis using neutral and negatively charged cyclodextrins. 

Journal of Pharmaceutical and Biomedical Analysis, 54(3), 475-481. 

 

Sohajda, T., Varga, E., Iványi, R., Fejős, I, Szente, L, Noszál, B, Béni, 

S., (2010): Separation of vinca alkaloid enantiomers by capillary 

electrophoresis applying cyclodextrin derivatives and characterization 

of cyclodextrin complexes by nuclear magnetic resonance 

spectroscopy 

Journal of Pharmaceutical and Biomedical Analysis, 53(5), 1258–

1266. 

 

Németh, K., Varga, E., Iványi, R., Szemán, J., Visy, J., Jicsinszky, L., 

Szente, L., Forró, E., Fulop, F., Peter, A., Simonyi, M., (2010): 

Separation of cis-beta-lactam enantiomers by capillary electrophoresis 

using cyclodextrin derivatives. Journal of Pharmaceutical and 

Biomedical Analysis, 53(3), 382–388. 

 

Sohajda, T., Béni, S., Varga, E., Iványi, R., Rácz, Á., Szente, L., 

Noszál, B., (2009): Characterization of aspartame-cyclodextrin 

complexation. Journal of Pharmaceutical and Biomedical Analysis, 50 

(5), 737-745. 

 


