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ABSTRACT (EN) 

This thesis is focused on the applications of capillary electrophoresis in two 

important areas of life sciences, proteomics and enzyme assays. In the first part, 

Pluronic F-127 copolymer was studied as a sieving matrix for proteomic applications of 

capillary gel electrophoresis. The effect of thermoassociation of Pluronic F-127 on the 

separation selectivity was investigated and no difference in selectivity of the separation 

below, inside and above the thermoassociation temperature region was observed. The 

performance of Pluronic F-127 in capillary gel electrophoresis was compared with 

dextran as a commonly used sieving matrix. The results showed, that Pluronic F-127 

offers superior performance for low-molecular-mass proteins because it provides higher 

separation power than dextran with significantly lower viscosity of the background 

electrolyte. The lower viscosity makes the polymer easier to replace after each analysis, 

which leads to remarkably higher repeatability of the experiments. On the other hand, 

dextran, due to its higher viscosity, was shown to be more convenient for separations of 

protein digests, where extremely high separation efficiency is required.  

The second part focuses on electrophoretic enzyme assays. A new method for the 

separation of N,N',N''-triacetylchitotriose, N,N'-diacetylchitobiose and N-

acetylglucosamine, as a substrate and products of β-N-acetylhexosaminidase enzyme, 

was developed. After the optimization of pH and concentration of the tetraborate-based 

background electrolyte, the developed method was statistically evaluated. The 

repeatability of measurements was determined as well as limits of detection and 

quantification for all three analytes. Afterwards, other possible approaches to the 

separation of saccharides found in the literature were tested and critically compared 

with our method. The method of separation was successfully used for offline monitoring 

of enzymatic hydrolysis of N,N',N''-triacetylchitotriose with  β-N-acetylhexosaminidase. 

Using the same background electrolyte and separation conditions, an online assay of the 

enzyme with N,N'-diacetylchitobiose as a substrate has been developed employing the 

‘Transverse Diffusion of Laminar Flow Profiles’ model in order to predict and optimize 

mixing of the reagents inside the separation capillary. Using this method, the inhibition 

of β-N-acetylhexosaminidase with dimethylformamide could be observed. The enzyme 

assay was applicable also for  N,N',N''-triacetylchitotriose as a substrate after adjusting 

the pH of background electrolyte.  
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ABSTRAKT (CZ) 

Tato práce se zabývá využitím kapilární elektroforézy ve dvou významných 

oblastech „věd o životě“, konkrétně v proteomice a stanovení aktivity enzymů. V první 

části jsou studovány vlastnosti polymeru Pluronic F-127 jako separačního média 

v kapilární gelové elektroforéze. Byl zkoumán vliv termoasociace Pluronicu F-127 na 

selektivitu separace peptidů a aminokyselin, přičemž při teplotách pod, uvnitř a nad 

oblastí termoasociace žádný rozdíl v selektivitě pozorován nebyl. Funkce Pluronicu  

F-127 v kapilární gelové elektroforéze byla porovnána s dextranem, jakožto běžně 

používanou gelovou matricí. Výsledky ukazují, že Pluronic F-127 je výhodnějším 

médiem pro separace nízkomolekulárních bílkovin, protože poskytuje větší separační 

sílu při zachování nižší viskozity základního elektrolytu. Tato nižší viskozita usnadňuje 

výměnu základního elektrolytu po každém měření, což vede k výrazně vyšší 

opakovatelnosti pokusů. Dextran je na druhé straně díky své vyšší viskozitě vhodnější 

pro separace peptidových štěpů bílkovin, při kterých je zásadním parametrem vysoká 

účinnost separace. 

Druhá část práce je zaměřena na elektroforetická stanovení aktivity enzymů. Byla 

vyvinuta nová metoda separace N,N',N''-triacetylchitotriosy, N,N'-diacetylchitobiosy a 

N-acetylglukosaminu, jako substrátu a produktů enzymu β-N-acetylhexosaminidasy. Po 

provedení optimalizace pH a koncentrace tetraboritanového základního elektrolytu byla 

vyvinutá metoda statisticky ohodnocena. Byla stanovena opakovatelnost měření stejně 

tak jako meze detekce a stanovitelnosti pro všechny tři analyty. Následně byly 

otestovány další možné přístupy k separaci sacharidů, které se objevují v odborné 

literatuře, a jejich výsledky byly kriticky srovnány s metodou námi vyvinutou. Vyvinutá 

metoda byla s úspěchem použita ke sledování enzymatické hydrolýzy N,N’,N”-

triacetylchitotriosy β-N-acetylhexosaminidasou v tzv. offline režimu. Stejný základní 

elektrolyt a separační podmínky byly použity k vývoji tzv. online metody stanovení 

enzymové aktivity výše jmenovaného enzymu vůči N,N-diacetylchitobiose jako 

substrátu. Při vývoji online metody byl pro optimalizaci mísení složek reakční směsi 

použit model „Transverse Diffusion of Laminar Flow Profiles“. Použitelnost vyvinuté 

online metody byla prokázána na sledování inhibice β-N-acetylhexosaminidasy 

dimethylformamidem. Metoda byla po úpravě pH základního elektrolytu použitelná 

rovněž pro měření s N,N',N''-triacetylchitotriosou jako substrátem.  
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AIMS OF THE WORK 

The aim of the first part of this thesis was to perform a study exhibiting the 

potential of Pluronic F-127 copolymer as a sieving matrix for the separation of peptides 

and proteins in capillary gel electrophoresis. The aim of the second part was to develop 

easy-to-use methods for enzyme assays of β-N-acetylhexosaminidase in the offline and 

online experimental setup and to evaluate the performance of these methods.  
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1 PREFACE 

In early 1980's, capillary electrophoresis (CE) emerged [1-3] as a new alternative to 

the high-performance liquid chromatography (HPLC). This technique gradually 

attracted considerable scientific interest as it offered the high selectivity of a separation 

method with the separation mechanism entirely different from HPLC techniques. It also 

offered in-principle higher separation efficiency due to the flat velocity profile of the 

electroosmotic flow (EOF) and short analysis times. Due to these features, CE has 

undergone tremendous progress in terms of theory, instrumentation and application 

range during the last 20 years. Nowadays, CE is a well-established method with a 

thorough theory, highly automated commercially available instrumentation and a broad 

portfolio of applications published in the literature [4-6]. While in capillary zone 

electrophoresis (CZE), separation of ions is based on their charge-to-size ratio, other 

separation mechanisms can be involved using other CE modes. Micellar electrokinetic 

chromatography (MEKC) adds hydrophobic interaction into the CE separation toolbox, 

capillary isoelectric focusing (cIEF) offers separations based on differences in 

isoelectric points and capillary gel electrophoresis (CGE) can provide size-dependent 

separations facilitated by the sieving effect. Equipped with this broad range of 

separation mechanisms, CE has become a versatile tool for the rapidly developing field 

of life sciences.  

Probably the most noteworthy contribution of CGE to life sciences so far was the 

separation of DNA fragments. It was CGE employing multi-capillary high-throughput 

CE instruments that shortened the completion of human genome project by several 

years. When the human genome was decoded, the focus has shifted towards the 

expressed genetic information – the proteome. The number of proteins that can be 

expressed in every living organism is in order of thousands. Human genome encodes 

between 30 000 and 40 000 genes, i.e. possible proteins, speaking nothing about the 

posttranslational and other modifications. It is estimated that a typical human cell can 

contain about 20 000 different proteins [7]. Furthermore, proteins are incomparably 

more diverse in their size and physico-chemical properties than DNA fragments. The 

high separation power and performance reachable in CE is thus important for proteomic 

research. Even with the massive use of mass spectrometry (MS), the complexity of 

proteomic samples requires chromatographic or electrophoretic separation preceding the 

MS detection itself. The separation of peptides and proteins using CE is therefore an up-
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to-date research topic in life sciences. The first part of this work concerns a study of the 

properties of Pluronic F-127 copolymer as a separation medium in CGE of peptides and 

proteins. The performance of Pluronic F-127 copolymer was compared with dextran as 

a sieving matrix widely used in CGE. 

Not only identification of proteins contained in a sample is required in life sciences. 

Determination of enzymatic activity of the sample can provide even more valuable 

piece of information. It plays an important role in the research fields of biochemistry, 

molecular biology and pharmacology. Enzyme assays are widely used in medicine as a 

diagnostic tool for many diseases [8-10]. Screening of enzyme inhibitors is, on the other 

hand, performed in search for new drugs because many medicaments work on the basis 

of inhibition of unfavorable enzyme reactions in patient’s body. Enzyme assays are 

typically performed using UV/VIS spectrometry. However, this approach is applicable 

only if substrate and product of enzymatic reaction differ significantly in their UV/VIS 

absorption or fluorescence. In other cases, the enzyme activity can be determined using 

chromo- or fluorogenic substrates, i.e. artificial substrates that are enzymatically 

converted into UV absorbing or fluorescent products. On the other hand, separation 

methods can be utilized to perform enzyme assays with natural substrates even if they 

do not differ in their spectrometric properties from the products. Furthermore, 

separation methods allow for monitoring of subsequent and/or parallel reactions, which 

is not applicable using UV/VIS spectrometry. CE is a technique of great potential in 

enzyme assays because of its flexibility, low sample consumption and short analysis 

times. Although there are many publications dealing with application of CE to enzyme 

assays, this field is still actively developing which is documented by the vivid 

publication activity. Apart from the offline analysis of reaction mixtures, CE enables us 

to perform the enzymatic reaction online – inside the separation capillary, which brings 

further reduction of sample consumption, high degree of automation and enhances 

reproducibility. The second part of the present thesis offers a study comparing different 

electrophoretic approaches and separation modes for enzyme assays of β-N-

acetylhexosaminidase towards N,N'-diacetylchitobiose and N,N',N''-triacetylchitotriose 

as substrates.  
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2 ENTANGLED POLYMERS IN CAPILLARY ELECTROPHORESIS 
OF PEPTIDES AND PROTEINS 

2.1 Introduction 

Analysis of biological samples and determination of peptides and proteins 

contained in them is not a trivial task. Two main hindrances have to be faced. The first 

one is the high complexity of real-life biological matrices that requires robust analytical 

methods and/or an appropriate sample pre-treatment. The second problem is the nature 

of analytes as such. Peptides and proteins possess some unique properties that make 

their determination rather challenging. These analytes represent polyelectrolytes with a 

wide variety of functional groups on their side chains [11]. Due to their multiple 

charges, proteins tend to adsorb to surfaces, especially charged ones, such as the inner 

wall of fused-silica separation capillary. To fulfill their biological functions, proteins 

form specific secondary and tertiary structures that are stabilized by disulfidic bonds 

and non-covalent interactions, such as hydrogen bonding or π−π stacking. Under 

experimental conditions that are not carefully chosen, a single protein can be present in 

several forms with different tertiary structures and thus different electrophoretic 

mobilities.  

In spite of the difficulties named in the previous paragraph, electromigration 

separation methods represent well-established tools for virtually each proteomic 

laboratory. Slab-gel electrophoresis with its high separation power has conquered the 

field of protein identification before the wide-spread use of mass spectrometry (MS). 

Even today, polyacrylamide gel electrophoresis (PAGE) with denaturating buffers 

containing sodium dodecylsulfate (SDS) is routinely used [12]. In this method, proteins 

are denaturated by SDS and thus the presence of various forms of one protein is 

avoided. SDS molecules, attracted to proteins by their hydrophobic side-chains, give all 

proteins approximately equal charge per length unit. Cross-liked polyacrylamide gel is 

then used to create a sieving matrix and proteins are separated by their molecular mass 

while their other properties do not play a significant role in the separation. Using certain 

type of ‘molecular mass calibration’, molecular masses of proteins can be determined 

reliably using this technique [13]. SDS-PAGE analysis is often preceded by separation 

of native proteins in a strip of gel with a pH gradient. This so called isoelectric focusing 

(IEF) is performed as the first step, during which the proteins are separated by their 
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isoelectric points. Subsequently, the proteins are separated in the second dimension by 

their molecular mass. Two-dimensional PAGE provides two highly relevant pieces of 

information about proteins, it allows for determination of their molecular mass and 

isoelectric point, and offers outstanding resolution power enabling, in extreme cases, 

separation of thousands of proteins in a single run [14].  

Miniaturization, as one of the current trends, brings several advantages to the 

instrumental analytical chemistry. In general, the miniaturized techniques require 

minimal amounts of samples and reagents. Another advantage lies in significant 

reduction of analysis times. Miniaturization of slab-gel PAGE into the capillary format 

gave birth to CGE. The first capillaries were filled with poly(acryl amide) or other 

chemically cross-linked polymers [15-19]. These polymers were covalently bound to 

capillary walls; therefore they were exposed to mechanical stress caused by the residual 

electroosmotic flow (EOF) and/or thermal expansion and contraction that can occur 

during the analysis. The damaged cross-linked polymer could not be replaced with a 

fresh one. The whole capillary column had to be replaced instead. These complications 

resulted in very short life-times of such capillaries. Furthermore, difficulties with 

irreproducible polymerization of the gel inside the capillary were often encountered. 

These problems were overcome by the introduction of non-crosslinked entangled 

polymers [20]. These polymers form gels only by mechanical entanglement of their 

chains, not by chemical bonding. That is the reason why they are often referred to as 

physical gels. Physical gels provide lower separation efficiency than chemical ones but, 

on the other hand, their facile replacement after each analysis significantly enhances the 

reproducibility of separations. This setup also offers higher flexibility because 

separation performance can be much more easily tuned simply by replacing the current 

gel with a gel of different concentration or structure. Entangled polymers have been 

very successfully applied in the separation of DNA fragments [21, 22]. During the 

genomic era, a technique capable of automated high-throughput separations of DNA 

fragments was in the center of scientific interest and separation mechanisms in systems 

containing entangled polymers have been studied and reviewed by Sartori et al. [23]. 

Transition from the separation of DNA fragments to the separation of peptides and 

proteins is not straightforward. Methods used for DNA separations are hardly applicable 

to proteins because the later analytes show a strong tendency to adsorb to capillary 

walls and their physico-chemical properties are much less uniform than those of DNA. 

The enormous diversity in properties of different proteins is caused by the great variety 
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of their biological functions. Proteins differ significantly in their size, acid-basic 

properties as well as hydrophilicity/hydrophobicity. Some of them form globular 

objects; others occur in long, unfolded chains. Despite this diversity, a number of CE 

methods employing entangled polymers for separations of peptides and proteins have 

been published and reviewed [24-29]. CGE separations of proteins were also subject to 

studies of separation mechanisms [30]. The first step from chemical to physical gels in 

CGE was obviously the use of non-crosslinked linear poly(acryl amide) (PAA) [31]. 

Unfortunately, this sieving matrix exhibits considerable UV absorption at 214 nm [32], 

which is the wavelength typically used for detection of proteins as it is the wavelength 

of the peptide bond absorption band. Therefore, non-absorbing polymers were searched 

for. Several natural and synthetic polymers have found their application in proteomic 

CGE.  

Among natural polymers, only polysaccharides exhibit very low UV absorption and 

that is the reason why they dominate in this class. Although even some rather ‘exotic’ 

polysaccharides such as pullulan have successfully been applied [33], the most 

noteworthy polysaccharide gel-forming agents are cellulose derivatives [34, 35] and 

dextran [36-39]. Unlike cellulose and its derivatives, dextran is a branched 

polysaccharide, see Figure 1A, which means that it can form dense nets and separate 

proteins on the basis of their molecular mass. Dextran can thus be used to determine the 

molecular mass of analytes [40, 41] in the same way as SDS-PAGE in the slab gel 

format. For these properties and its successful application in proteomic analysis, dextran 

was chosen to be compared with the Pluronic copolymers.  

Although saccharides can be derivatized in order to change their chemical 

properties, synthetic polymers offer much higher variety of functional groups with 

different charge, polarity etc. The structure of polymer and ratios of different monomers 

can be tuned to obtain a sieving matrix of highly specific properties. The most common 

synthetic CGE gels include poly(vinyl alcohol) (PVA) [37, 42, 43] and poly(ethylene 

oxide) (PEO) [36, 42, 44-46]. These materials are also frequently used for coating of 

capillary walls in order to eliminate the adsorption of proteins [47]. Variety of less 

common synthetic gels has been reviewed by Mikšík et al. [48]. Among these, an 

interesting group of so called ‘thermoresponsive polymers’ can be found. 

Thermoresponsive polymers change their structure when certain threshold temperature 

and concentration are reached. Pluronic copolymer family exhibits such behavior [49]. 
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Figure 1. Structures of dextran (A) and Pluronic F-127 (B). 

 

Pluronic polymers consist of three blocks. The terminal blocks are formed by PEO 

while the central block in formed by PPO. The central PPO block is obviously more 

hydrophobic then the terminal PEO blocks. When certain threshold concentration and 

temperature are reached, the Pluronic macromolecules associate and form micelle-like 

clusters with the more hydrophobic PPO blocks inside and the less hydrophobic PEO 

blocks outside the cluster. Individual members of the Pluronic family differ in the 

length of central and terminal polymer blocks. Pluronics appeared in the literature in 

late 1950’s when especially Pluronic F-68 [(PEO)79(PPO)30(PEO)79] was studied for its 

prospective clinical applications [50-53]. Being a non-ionic surfactant, Pluronic F-68 

was considered as a possible agent for regulation of blood coagulation, prevention of 

emboli etc. The second member of the Pluronic family, Pluronic F-127 

[(PEO)106(PPO)70(PEO)106] appeared in the scientific literature in 1972 as a matrix for 

burn-treatment gels [54]. Pluronics have shown interesting behavior in terms of 

capturing and releasing drugs and thus their physicochemical properties became a 

A) 

B) 
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subject to an extensive research [55-59]. These studies have revealed the 

thermoresponsive behavior of Pluronic copolymers. It was found out that above their 

critical concentrations, Pluronic F-68 thermoassociates at 36 °C [57] while Pluronic 

F127 can associate already at 17 °C [58]. Elisseeva et al. [59] concluded in their study 

that association of Pluronic marcomolecules is greatly influenced by the presence and 

type of inorganic salts. In 1994, Pluronic F-127 was used in CE to suppress the 

adsorption of proteins to capillary walls [60]. After that, it was applied as a gel matrix 

for separation of DNA fragments by Wu et al. [61, 62] and other groups [63-67]. 

Pluronics were typically used in concentrations higher than 20 % (m/m) and the 

methodology took advantage of their thermoresponsive properties. The separation 

capillaries were filled with a solution of Pluronic polymer at 5 °C, at which temperature 

it is a freely-flowing liquid. Then, after heating to 25 °C, a gel was formed inside the 

capillary. After the analysis, the gel could easily be replaced by cooling the capillary 

back to 5 °C and washing the Pluronic solution out. Mechanisms of DNA migration and 

separation in Pluronic gels have been investigated by Svingen et al. [68]. The 

application of Pluronic F-127 for analysis of proteins and peptides was attempted by the 

group of Mikšík [69-73]. As the concentrations of Pluronic that were used in the 

separation of DNA are not applicable to the separation of proteins, lower Pluronic 

concentrations up to 10 % (m/m) were used. Under such conditions, Pluronic does not 

form a real gel, for which concentrations higher than 15 % (m/m) are necessary [62]. 

However, even in these lower concentrations, Pluronic F-127 introduced size-based 

discrimination of analytes and enhanced separation of peptides and proteins. The 

authors could obtain more or less successful separations of analytes. To suppress the 

dissociation of silanol groups and the interactions of analytes with the capillary wall, 

they used an acid phosphate buffer as the background electrolyte (BGE). However, the 

analyses were accompanied by fluctuations of electric current as well as UV detector 

signal. The stability of separation system was improved to a certain extent using 

permanently coated capillaries [72].  

In the first part of this work, Pluronic F-68 and F-127 were investigated as sieving 

matrices for peptide and low-molecular-mass protein separations in CGE. Their 

performance was subsequently compared with dextran.  
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2.2 Experimental 

2.2.1 Chemicals and materials 

Dextran from Leuconostoc mesenteroides, Mr = 2 000 000, Pluronic F-68, Pluronic 

F-127, dithiothreitol, 99 %, acetonitrile, for HPLC, gradient grade, L-tryptophan, 

reagent grade, ≥ 98 %, L-tyrosine, reagent grade,  ≥ 98 %, L-phenylalanine, reagent 

grade,  ≥ 98 %, L-histidine, reagent grade, ≥ 98 %, valine-tyrosine-valine (Val-Tyr-

Val), leucine enkephalin (Leu enkephalin), angiotensin I and angiotensin II acetate salts 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Aprotinin from bovine 

lung, cytochrome C from bovine heart, lysozyme from hen egg, trifluoroacetic acid, 

98 %, iodoacetamide, 98 %, ammonium bicarbonate, 99.5 %, and urea, 99.5 %, were 

delivered by Fluka (Buchs, Switzerland). Phosphoric acid, p.a., 85%, and sodium 

hydroxide, p.a., were obtained from Lachema (Brno, Czech Republic). Trypsin from 

pork pancreas was purchased from Merck (NJ, USA). Deionized water produced by a 

Milli-Q system, Millipore (Billerica, USA) was used to prepare all samples and BGEs.  

 

2.2.2 Digestion of proteins 

Tryptic digests of proteins were obtained according to a standard protocol [74]. The 

protein was dissolved in 8 M urea with 0.4 M ammonium bicarbonate to concentration 

of 1 g·L-1. The amount of 250 μL of this solution was mixed with 63 μL of 43 mM 

dithiothreitol to reduce disulfidic bonds. The reduction lasted 15 minutes at 50 °C. 

Reduced thiol groups were alkylated after an addition of 63 μL 100 mM iodoacetamide 

for 15 minutes at the room temperature. The resulting solution of alkylated protein was 

diluted by deionized water to the total volume of 900 μL and 100 μL of aqueous trypsin 

solution (0.1 g·L-1) was added. The mixture was incubated for 24 hours at 37 °C. The 

procedure was designed in such manner that the tryptic digestion took place in 2 M urea 

with 0.1 mM ammonium bicarbonate with the concentration of protein 0.25 g·L-1 and 

the concentration of trypsin 0.01 g·L-1. The digestion was terminated by freezing the 

reaction mixture.  
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2.2.3 Preconcentration and purification of protein digests 

To increase sensitivity and to purify the sample from high concentrations of urea, 

ammonium bicarbonate and other reagents, solid-phase extraction on pipette tips 

ZipTipC18 (Millipore, Billerica, USA) filled with C18 stationary phase was performed. 

Peptides were adsorbed at the stationary phase, washed with 0.1 % (v/v) aqueous 

solution of trifluoroacetic acid and then eluted with 5 μL of 50 % (v/v) acetonitrile with 

0.1 % (v/v) trifluoroacetic acid. The procedure was repeated 3 times and the eluted 

volumes were combined so that 15 μL of the preconcentrated sample was collected in 

total. 

 

2.2.4 Instrumentation  

A CE3D instrument, Agilent Technologies (Waldbronn, Germany) was used to 

perform all CE experiments using a 75 μm i.d. bare silica capillary (Agilent 

Technologies) that was cut to 49.0 cm of total length (40.5 cm to the detection window). 

Prior to the first use, the capillary was flushed 20 min with 1 M sodium hydroxide and 

10 min with water using a pressure of 100 kPa. The capillary cassette was thermostated 

to 25 °C using an air-cooling system unless indicated otherwise. 20 mM phosphate 

buffer, pH 2.5 (adjusted with 10 M sodium hydroxide) was used as the BGE with 

eventual addition of dextran or Pluronic. Separations were carried out using a voltage of 

20 kV. A pressure of 1 or 2 kPa was applied to the inlet buffer vial during the analysis 

when the additive concentrations higher than 5 % (m/m) were used. The electric current 

value was ranging from 41 μA with the pure phosphate buffer, to 31 μA with the buffer 

containing 10 % (m/m) of Pluronic F-127. The UV absorbance detector was operated at 

the 200 nm wavelength. Samples were prepared by dissolving amino acids, peptides and 

proteins in 20 mM phosphate buffer, pH 2.5, and injected hydrodynamically using a 

pressure of 5 kPa for 3 s. (5 or 10 s for gel-containing BGEs). 

 

2.2.5 Viscosity measurement 

The viscosity of Pluronic and dextran solutions was measured using the CE 

instrument. A 75 μm i.d. bare-silica capillary of 33 cm total length (24.5 cm to the 

detection window) was employed. A plug of thiourea aqueous solution (1 g·L-1) was 

injected using a pressure of 2 kPa for 2 s. Consequently, the thiourea zone was 

mobilized applying a pressure of 5 kPa to the inlet buffer vial and the time needed for 
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the thiourea plug to pass through the detection window was measured. All 

measurements were done in duplicates. The pressure-driven flow rate dt
dV

 is indirectly 

proportional to the dynamic viscosity, η, according to the Poiseuille's equation: 
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where p1 and p2 stand for the pressure at the ends of capillary, r for the inner capillary 

radius and l for the capillary length. In our particular case, the following equation can be 

derived from the Poiseuille's equation: 
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where lC is the total capillary length, lD the length from the capillary inlet to the 

detection window and t is the time needed for the thiourea zone to pass through the 

detection window.  

  
2.3 Results and discussion 

2.3.1 Testing conditions 

Properties of Pluronic and dextran sieving matrices in CGE were tested using four 

amino acids (L-histidine, L-tryptophan, L-phenylalanine, L-tyrosine), four peptides, 

(angiotensin I, angiontensin II, Val-Tyr-Val, Leu enkephalin) and three low-molecular-

mass proteins (aprotinin, cytochrome C, lysozyme) as test analytes. In preliminary 

experiments, several background electrolytes that are commonly used in CGE were 

tested (phosphate buffer, pH 2.5; Tris-CHES, pH 8.6; AMPD-CACO, pH 8.8; citrate 

buffer, pH 3.0, with 8 M urea and acetate buffer, pH 4.5). From these buffers, 20 mM 

phosphate buffer, pH 2.5, was chosen for further experiments. The advantage of this 

BGE is the low pH value that assures positive charge of practically all peptides and 

proteins. Low pH also suppresses the dissociation of silanol groups on the inner 

capillary wall. The uncharged capillary wall does not generate EOF, which is an 

advantage in CGE because the gel is not washed out of the capillary. The EOF mobility 

in our experiments was only 2.3·10-9 m2·V-1·s-1 (SD = 1.4·10-9 m2·V-1·s-1, n = 5), which 

is approximately 3 % of the EOF mobility in BGEs of pH 9. The suppressed charge of 

silica wall also reduces the adsorption of analytes, which is a great benefit as it enables 

application of bare silica capillaries so that coated capillaries does not need to be 
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purchased or laboriously prepared. In spite of that, several tests with coated capillaries 

were performed. Commercial CEP and μ-SIL coatings from Agilent Technologies were 

tested as well as home-made coating with poly(ethylene imine) [75], 2,3-epoxypropyl 

methacrylate [76], (3-trimethoxysilyl)propyl methacrylate [77] and polybrene [78]. 

These coatings usually slightly improved peak shapes of proteins in the gel-free BGE. 

On the other hand, the addition of a sieving matrix led to irreproducible adsorption of 

polymer to the walls and clogging of the capillary.  

 

2.3.2 Pluronic copolymers  

The main focus of this part of the thesis is investigating Pluronics F-68 and F-127 

as BGE additives in CGE and comparing their performance with dextran. As previously 

mentioned, Pluronics are thermoresponsive polymers, which means that they start 

forming micelle-like clusters at a certain temperature that is critical for the given 

concentration. When going to very high concentrations, i.e. above 15 % (m/m), they 

form gels. Before working with such BGE additive that greatly changes its behavior in 

dependence on temperature and concentration, it is necessary to explore the additive’s 

properties in order to set reasonable experimental conditions. This was done by 

measuring the viscosity of solutions containing Pluronic additives directly in the CE 

instrument. It is obvious that these measurements did not provide highly reliable values 

of viscosity, however, for the purpose of this work, i.e. investigating the relative change 

of viscosity with changing temperature and concentration, such comparative approach is 

sufficient. To evaluate the error of the viscosity measurements, the viscosity of 

deionized water was measured in the first experiments. The viscosity was measured at 

10 and 25 °C. Five repetitions of every measurement proved very good repeatability of 

the experiments. The viscosity values obtained were 1.182 ± 0.008 mPa·s for 10 °C and 

0.958 ± 0.003 mPa·s for 25 °C. The deviation from the literature values (1.307 mPa·s 

for 10 °C and 0.891 mPa·s for 25 °C) is 9.6 % and 7.5 %, respectively. This deviation 

can be caused by variations in the capillary inner diameter or inaccuracy in the value of 

the pressure applied to generate the hydrodynamic flow. Temperature plays certain role 

as well because the first 5 cm and the last 10 cm of the capillary are out of the 

thermostated area. Regarding the fact, that the non-thermostated part of the capillary is 

inside the instrument in a space where a relatively stable temperature of approximately 

27 °C is maintained, the present setup is applicable for comparative viscosity 
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measurements. However, the absolute values of viscosity obtained from this method 

must be considered as biased. 

 

2.3.3 Thermoassociation of Pluronic F-68 and Pluronic F-127 

Thermoassociation of Pluronic copolymers has been studied and reported in the 

literature [57-59, 61, 62]. Nevertheless, it was necessary to check the properties in the 

particular system used in this work. Especially the possible influence of BGE ions had 

to be investigated. Viscosity was measured for Pluronic solutions in water and 20 mM 

phosphate buffer, pH 2.5, with 0, 5, 10 and 15 % (m/m) concentrations of Pluronic F-68 

and 0, 5 and 10 % (m/m) concentrations of Pluronic F-127 at temperatures from 10 to 

60 °C. The results are shown in Figure 2. The viscosity of Pluronic solutions in pure 

water did not significantly differ from the viscosity in BGE. The only notable difference 

could be observed at 10 % concentration of Pluronic F-127, where the viscosity in water 

was higher. Therefore, data for lower concentrations of Pluronic F-127 and any 

concentrations of Pluronic F-68 in water are not shown. Even for 10 % Pluronic F-127, 

the temperature dependences exhibit the same shape in water as the BGE which means 

that the presence of sodium and phosphate ions in the acid buffer does not significantly 

influence the temperature of thermoassociation. Table 1 summarizes the values of 

temperature, at which the viscosity of the investigated solution starts to deviate from the 

normal behavior, i.e. the temperature when thermoassociation begins. This temperature 

is commonly referred to as the ‘critical micellar temperature’ (CMT). The values 

obtained for the both Pluronic copolymers in water and phosphate buffer are roughly in 

accordance with CMTs published in the literature (36.3 °C for 5 % F-68 in water [57], 

19.6 °C for 5 % F-127 in water [58]). The values for 5 % concentration of Pluronic F-68 

are missing in the Table 1 because the change in behavior was not significant enough to 

be evaluated. The 15 % concentration of Pluronic F-127, on the other hand, could not be 

measured because the viscosity of this solution was too high for the present method to 

be applied. Based on the results provided in the Table 1, Pluronic F-127 was chosen for 

further experiments because it’s CMT and the temperature region where the 

thermoassociation occurs (20-30 °C) is in the range easily accessible with the 

instrumentation employed. So that experiments below, inside and above this region 

could be performed. 
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Figure 2. Dependence the dynamic viscosity of Pluronic F-68 (A) and Pluronic F-127 (B) solutions on 

temperature. 20 mM phosphate buffer, pH 2.5, with 0 % Pluronic (●), 5 % Pluronic (■), 10 % Pluronic 

(▲), 15 % Pluronic (▼) and 10 % Pluronic in water (∆). Standard deviations did not exceed 0.05 mPa·s 

(error bars not shown). 
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Table 1. Estimated values of critical micellar temperature (CMT) for 5, 10 and 15 % solutions of Pluronic 

F-68 and F-127 in water and in 20 mM phosphate buffer, pH 2.5 (BGE).  

Conc. Pluronic F-68 Pluronic F-127 

[% m/m] CMTwater [°C] CMTBGE [°C] CMTwater [°C] CMTBGE [°C] 

5 - - 22 21 

10 36 35 19 19 

15 32 33 - - 

 

 

2.3.4 Effect of thermoassociation on separation performance 

Thermoassociation significantly changes physical properties of the separation 

medium and thus its possible effect on the selectivity and overall separation 

performance had to be investigated. The idea behind was that the existence of more 

hydrophobic PPO clusters above the thermoassociation temperature could influence the 

separation selectivity if the less hydrophilic parts of the analytes entered these clusters. 

This would cause decrease of their apparent mobility. The experiments were performed 

with 10 % Pluronic F-127 in 20 mM phosphate buffer, pH 2.5, with the capillary 

cassette temperature set to 10, 25, 40 and 60 °C, which means below, inside and above 

the temperature region where thermoassociation occurs. Figure 3 shows the temperature 

dependence of effective mobilities of four amino acids and four peptides that were used 

as the test analytes. The mobilities of all analytes were monotonously increasing with 

increasing temperature. This behavior is expectable in standard buffers because the 

electrophoretic mobility is indirectly proportional to the dynamic viscosity of the 

solution according to the equation (3) 

r
Q
πη

μ
6

=   (3) 

where μ stands for the electrophoretic mobility, Q for the charge of ion, η for the 

dynamic viscosity and r for the hydrated radius of ion. Therefore, increasing 

temperature causes decrease of viscosity and thus increase of electrophoretic mobility.  

Rather unexpectedly, the increase of viscosity at 25 °C (see Figure 2B) did not 

cause corresponding decrease of mobility of the test analytes. No observable change in 

the selectivity of separation also suggests that the less polar parts of analytes do not 
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penetrate into the PPO clusters and their existence does not affect the migration of 

analytes. Our study shows that, in this respect, Pluronic F-127 behaves as any other 

entangled polymer. 
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Figure 3. Temperature dependence of electrophoretic mobilities of amino acids and peptides in 10 % 

Pluronic F-127, 20 mM phosphate buffer, pH 2.5, separation voltage 20 kV. Curve identification:  

■, histidine; ●, angiotensin I; ◊, angiotensin II; ▼, Val-Tyr-Val; ∆, Leu enkephalin; □, tryptophan;  

○, phenylalanine; ▲, tyrosine. Standard deviations did not exceed 0.3·10-9·m2·V-1·s-1 (error bars not 

shown). 

 

2.3.5 Signal and current stability 

Earlier studies concerning Pluronic F-127 [72] mention certain difficulties with the 

instability of conditions during the electrophoretic runs with buffer containing Pluronic 

F-127. The reason for this behavior is not obvious. It is probably connected with some 

inhomogeneity of the BGE properties. Inhomogeneous adsorption/desorption of 

Pluronic additive to capillary walls could remarkably contribute to this effect. 

Adsorption and desorption of Pluronic in the detection window would also explain the 

instability of the UV absorbance signal. Interestingly, the signal fluctuations stopped 

whenever capillary was being flushed with the BGE. Further experiments revealed that 

the application of even a relatively low pressure to the inlet end of the capillary during 
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the run remarkably stabilized the signal of UV detector. A possible explanation is that 

the slow laminar flow caused by the pressure drop applied minimized the 

inhomogeneity of Pluronic adsorption or other processes taking place in the capillary. 

Figure 4 shows the effect of the 1 kPa pressure drop applied over the capillary during 

the separation of peptides and amino acids in 5 % Pluronic F-127, 20 mM phosphate 

buffer, pH 2.5.  
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Figure 4. Separation of peptides and amino acids in 5 % Pluronic F-127, 20 mM phosphate buffer, 

pH 2.5, (A) without, (B) with a pressure drop of 1 kPa applied during the run. Separation voltage 20 kV, 

temperature 25 °C, detection at 200 nm. Peak identification: 1. L-histidine, 2. angiotensin I, 3. angiotensin 

II, 4. Val-Tyr-Val, 5. Leu enkephalin, 6. L-tryptophan, 7. L-phenylalanine, 8. L-tyrosine. Concentration 

of angiotensin I and II 25 mg·L-1, other analytes 50 mg·L-1.  

 

The application of pressure during the analysis obviously stabilizes conditions. On 

the other hand, it induces a flow of the BGE with a laminar velocity profile, which is 

a cause of dispersion of analyte zones. Band broadening caused by the laminar flow can 

diminish one of the greatest advantages of CE – the extremely high separation 

efficiency. To avoid this, the effect of pressure applied on the separation efficiency was 

studied. Experiments were performed with 0, 2.5, 5.0, 7.5 and 10.0 % (m/m) 

concentrations of Pluronic F-127 using a pressure drop of 0, 1, 2, 3, 4 and 5 kPa. 
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Angiotensin II was chosen as a test analyte for this study because it provided a peak of 

good symmetry and relatively short migration time. The results are summarized in 

Figure 5. Figure 5A shows the dependence of separation efficiency on the applied 

pressure and concentration of the Pluronic additive. With increasing pressure, the 

efficiency decreases. This is a result of two different effects. According to equation (4) 

2

2

16
t

mig

w
t

N = , (4) 

where tmig is migration time and wt is the peak width at baseline, the separation 

efficiency expressed as the number of theoretical plates increases with prolonging 

migration time. The applied pressure shortens migration time of all analytes and thus 

decreases the efficiency. The second reason is the already mentioned parabolic profile 

of the pressure-induced flow. With the increasing concentration of additive, the 

separation efficiency increases. This also has two causes. The increased viscosity of 

BGE suppresses diffusion of the analyte's zone and thus increases the separation 

efficiency. Growing viscosity prolongs migration times of analytes and thus increases 

the efficiency even more. In terms of separation efficiency, the best option is the highest 

concentration of Pluronic and the lowest pressure possible.  

If we want to investigate the changes of peak shape as such, separation efficiency is 

not the best measure because of its strong dependence on the migration time. The peak 

width should be considered as a parameter providing information about peak shape 

changes. However, while measuring in BGEs of different viscosity, the injected amount 

of sample varies. That is the reason why the height-to-width ratio was used in Figure 5B 

as a measure of the changing peak shape. From this figure, we can notice that the peak 

shape deteriorates significantly with the growing pressure while the effect of growing 

Pluronic concentration is only moderate. From the above mentioned facts, we can 

deduce that, when working with Pluronic F-127, it is advisable to use as high 

concentration of the additive as is acceptable for the given level of pressure. The white 

line in Figure 5 depicts the lowest pressure that is necessary for obtaining a stable 

detector signal at a given concentration level. In our case it means to use 5 % Pluronic 

F-127 in combination with the 1 kPa pressure drop or 10 % Pluronic F-127 with the 

2 kPa pressure drop.  
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Figure 5. Influence of Pluronic F-127 concentration and pressure applied during the analysis on the 

separation performance expressed as (A) separation efficiency, (B) peak height-to-width ratio. In the area 

under the white line, the applied pressure was insufficient to keep the UV signal stable.  
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2.3.6 Comparison of Pluronic F-127 and dextran as BGE additives 

Pluronic F-127 and dextran proved to be good separation media for analysis of 

peptides and low-molecular-mass proteins. Figure 6 shows the effect of concentration of 

dextran and Pluronic F-127 additives on the electrophoretic mobility of amino acids, 

peptides and proteins. For better clarity, the mobilities were related to the mobility of 

the Val-Tyr-Val peptide. Mutual changes in electrophoretic mobilities of different 

analytes are thus better recognizable. Nearly co-linear curves of amino acids and 

peptides show that the sieving effect does not influence the separation of these 

compounds which is expectable. However, the resolution in CE is indirectly 

proportional to squared root of diffusion coefficient [79] 

)(
.

24
1

2,1
EOFeff

D

D
lE

R
μμ

μ
−

Δ=  (5) 

where R1,2 stands for the resolution of peaks 1 and 2, ∆μ for the difference between 

mobilities of compounds 1 and 2, E the intensity of electric field, lD the length from the 

capillary inlet to the detection window, D diffusion coefficient, effμ  average effective 

mobility of compounds 1 and 2 and EOFμ  for the EOF mobility. Therefore, the 

suppressed diffusion in the matrix with entangled polymer enhances the resolution even 

in the case of small analytes such as amino acids and peptides. On the other hand, a 

considerable sieving effect was observed for low-molecular-mass proteins, aprotinin, 

cytochrome C and lysozyme. In that case, we can also observe a difference in the 

performance of dextran and Pluronic F-127. Pluronic exhibits higher separation power 

because, in contrast with dextran, it enables separation of lysozyme and cytochrome C. 

The consecutively improving separation of proteins with the increasing concentration of 

Pluronic F-127 in the BGE is shown in Figure 7. Major advantage of Pluronic over 

dextran is the lower viscosity of its solution. The viscosity of 5 % Pluronic F-127 in 

20 mM phosphate buffer, pH 2.5, was estimated by our measurements to 2.7 mPa·s 

(RSD = 0.26 %) while the viscosity of 5 % dextran in the same buffer was estimated to 

18.5 mPa·s (RSD = 0.99 %). The lower viscosity with even higher separation power 

makes Pluronic F-127 superior candidate for the BGE additive. Apart from more 

convenient manipulation, lower viscosity brings also more efficient injection of sample, 

which is illustrated by Figure 8. Using the same injection pressure and time, Pluronic 

provides 10-fold higher peak areas than dextran at the same concentration.  
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Figure 6. Effect of dextran (A) and Pluronic F-127 (B) concentration on mobility of the test analytes. 

Mobilities are related to the mobility of Val-Tyr-Val peptide. 20 mM phosphate buffer, pH 2.5, separation 

voltage 20 kV, temperature 25 °C. Standard deviations did not exceed 0.05 (error bars not shown). 
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Figure 7. Effect of increasing concentration of Pluronic F-127 on the separation of aprotinin (1), 

cytochrome C (2) and lysozyme (3). A) No additive, B) 5 % (m/m) Pluronic with the pressure drop of 

1 kPa, C) 10 % (m/m) Pluronic with the pressure drop of 2 kPa. 20 mM phosphate buffer, pH 2.5, 

separation voltage 20 kV, detection at 200 nm. 
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Figure 8. Separation of amino acids and peptides in (A) 5 % Pluronic F-127 and (B) 5 % dextran. 20 mM 

phosphate buffer, pH 2.5, using the pressure drop of 1 kPa, separation voltage 20 kV, temperature 25 °C, 

detection at 200 nm. For peak identification see Figure 4. Concentration of analytes: 0.2 g·L-1.  
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The lower viscosity of Pluronic solutions brings another advantage compared to 

dextran. Pluronic can more easily be washed out of the capillary which means that a 

very good repeatability of migration times could be achieved using only a short washing 

procedure between individual runs. Only 10-minute washing with water sufficed to 

keep RSDs of most of the analytes below 0.5 % as can be seen in Table 2. On the other 

hand, dextran was found to be very hard to replace properly after the measurement. The 

washing procedure involved 20-minute flush with 1 M sodium hydroxide, 10 minutes 

with 2.5 M hydrochloric acid and 10 minutes with water. Even with this time-

consuming procedure, RDSs of migration times ranged from 1 to 5 %.  

 
 

 

Table 2. RSDs of migration times of the test analytes (n = 5). 5 % dextran and Pluronic F-127 in 20 mM 

sodium phosphate, pH 2.5, separation voltage 20 kV, temperature 25 °C.  

Analyte 
RSD [%] 

dextran Pluronic F-127 

L-Histidine 1.88 0.43 

Angiotensin I 2.83 0.24 

Angiotensin II 2.43 0.11 

Val-Tyr-Val 3.29 1.14 

Leu enkephalin 3.82 0.74 

L-Tryptophan 4.59 0.33 

L-Phenylalanine 2.95 0.37 

L-Tyrosine 5.06 0.34 

Aprotinin 1.35 0.14 

Cytochrome C 1.35 0.14 

Lysozyme 1.35 0.19 
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2.3.7 Separation of protein digests 

Proteomic ‘bottom-up’ approach is based on the digestion of protein samples with 

an appropriate proteolytic enzyme. For this purpose, trypsin is the most commonly used 

enzyme because it provides a relatively specific cleavage. Trypsin cleaves peptide 

bonds after basic amino acid residues lysine and arginine unless they are followed by 

proline. Regarding the average abundance of these amino acids in proteins (5-6 %), the 

resulting peptides have in average nine amino acid residues [74], which corresponds 

with our test analytes angiotensin I (10 amino acids) and angiotensin II (8 amino acids). 

A ‘fingerprint’ of a protein given by the identity and the relative quantity of individual 

peptides can be compared with protein libraries and proteins contained in the sample 

can be identified. Although MS is typically used for this identification, CE 

electropherogram contains the fingerprint information as well. CZE with its high 

resolution is a suitable technique for separation of these complex peptide mixtures. 

However, addition of a gel into the BGE can further improve the number of separated 

peptides. As was discussed in the previous section, Pluronic F-127 offers higher 

separation power for small proteins due to the sieving effect involved. However, the 

effect on separation of amino acids and peptides is based on the increased viscosity and 

thus reduced diffusion of the analytes. In this case, dextran proved to be a better option 

due to its higher viscosity. Figure 9 shows enhanced separation of tryptic digest of 

myoglobin in 20 mM phosphate buffer, pH 2.5, when 5 % dextran is used as the buffer 

additive. Peaks 1, 2 and 3 that are present in the electropherogram obtained without 

dextran (Figure 9A) are separated into seven peaks in 5 % dextran (Figure 9B).  The 

dramatic increase in efficiency of separation is illustrated also by the values presented in 

Table 3. The above described effect was not observed with the Pluronic F-127 

copolymer of the same concentration.  
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Figure 9. Separation of tryptic digest of myoglobin in 20 mM phosphate buffer, pH 2.5, with  

(A) no additive and (B) 5 % (m/m) dextran. Separation voltage 20 kV, temperature 25 °C, detection at 

200 nm. Signal (B) is 2-times magnified. 

 

 

 

 

Table 3. Separation efficiency for selected peptides from the myoglobin tryptic digest expressed as 

plates·m-1 in CZE and CGE with 5 % dextran. The peak numbers correspond with the Figure 9. 

Separation efficiency [m-1] CZE CGE 

Peak #1 41 600 
158 000 

300 000 

Peak #2 28 600 
340 000 

240 000 

Peak #3 22 000 
260 000 

280 000 

Peak #4 26 000 186 000 
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2.4 Conclusion 

Two thermoassociating polymers from the Pluronic family, Pluronic F-68 and 

Pluronic F-127 were studied. Measurements of viscosity performed in the CE 

instrument revealed that properties of Pluronic solutions are not significantly influenced 

by the presence of the acid phosphate buffer that was used throughout all this study. The 

lower CMT suggested that Pluronic F-127 is the more appropriate candidate for further 

testing. Performance of this polymer in separation of amino acids, peptides and low-

molecular-mass proteins was tested and compared with the performance of dextran 

under identical experimental conditions. Results indicate that Pluronic F-127 provides 

higher separation power for low-molecular-mass proteins with a significantly lower 

viscosity of BGE, which brings the advantages of more efficient sample injection and 

enhanced repeatability of measurements. In conclusion, Pluronic F-127 is preferable 

sieving matrix for separation of low-molecular-mass proteins. In respect to the 

separation of amino acids and peptides, both polymers showed similar effect on 

mobility of the analytes. Mobilities were decreased due to higher viscosity but 

selectivity towards amino acids and peptides of different size remained similar as 

without any BGE additive. Resolution of these small analytes could nevertheless be 

dramatically improved due to the increased viscosity of dextran-containing BGE. As 

was shown on the separation of protein digests, dextran is favorable in this case because 

of its high viscosity and its usage can remarkably enhance the specificity of a protein 

digest fingerprint. Such effect was not observed with Pluronic F-127.  
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3 CAPILLARY ELECTROPHORESIS ENZYME ASSAYS 

3.1 Introduction 

3.1.1 CE enzyme assays 

Enzymes catalyze almost all chemical reactions in the living nature with extremely 

high efficiency and selectivity [80]. Reactions in such complex systems as living 

organisms must be finely regulated so that all individual parts contribute to the overall 

process in the right time, place and extent. Organisms employ a number of regulation 

mechanisms [81]; the most straightforward examples are the regulation of enzymatic 

activity with changing concentration of substrate and the regulation with competitive 

inhibition by product of the reaction. Determination and monitoring of enzymatic 

activity provide essential information for basic and applied research in the fields of 

biochemistry and molecular biology. Moreover, enzyme assays play an important role 

in medical diagnosis. An imbalance in activities of enzymes can be cause or 

consequence of many diseases. Therefore, monitoring of an abnormal enzymatic 

activity can be used for early diagnosis of several serious diseases. For example, a 

typical symptom of cancer is a very high activity of telomerases. Yoshida et al. [8] 

published a methodology that enables monitoring of telomerase activity in patient's 

urine, which can be used to diagnose bladder cancer. The authors employed the 

telomeric repeat amplification protocol to prolong telomers of substrate DNA 

fragments. These prolonged telomers were subsequently separated and detected using 

PAGE. Similar approach was employed by Uehara et al. [9] for diagnosis of pancreas 

cancer by enzyme assays performed in pancreatic juices. In both cases, significant 

differences between results obtained from healthy volunteers and cancer patients have 

confirmed the great clinical potential of these tests. Gaucher disease is another example 

of diagnostic application of enzyme assays. This disease is caused by the lack of activity 

of β-glucocerebrosidase enzyme, which is responsible for the degradation of 

glucocerebroside. Glucocerebroside is an intermediate of glycolipid metabolism and its 

accumulation in different tissues causes severe health problems. Charrow et al. [10] 

published a review article of diagnostic methods for Gaucher’s disease among which 

enzyme assays of β-glucocerebrosidase with fluorogenic substrates are one of the most 

frequented approaches.  

To determine the enzymatic activity in both, research and diagnosis, absorption or 

fluorescence spectrometry is routinely utilized. The advantage of spectrometric methods 
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lies mainly in their robustness and the high throughput that can be achieved using 

standard commercial plate readers with 96 to 1536-well microtiter plates. However, this 

approach is applicable only in such cases when the substrate and product of enzymatic 

reaction differ significantly in their spectrometric properties. If the substrate is a dimer 

and the product is a monomer with practically identical UV/VIS spectra, which is the 

case of this work, UV/VIS absorbance or fluorescence spectrometry is unable to 

distinguish between them. So called chromo- and fluorogenic substrates can be used to 

overcome this problem. These substrates can simulate the chemical bond that is cleaved 

by the enzyme in the real substrate but, unlike with the real substrate, one of the 

products arising from cleavage of chromo- or fluorogenic substrate exhibit strong 

UV/VIS absorbance or fluorescence. Nevertheless, the fact that the activity of enzyme 

is determined using an unnatural substrate must be taken into account. In order to work 

with natural substrates, electrochemical sensors can be employed in case of 

electrochemically active compounds [82]. Amperometric detection of hydrogen 

peroxide arising from the oxidation of glucose by glucose oxidase [83] can be given as 

an example of a wide-spread electrochemical enzyme assay. Potentiometric detection of 

changes in pH or concentration of oxygen caused by an enzymatic reaction is also 

frequently used [84]. However, substrate and product possess similar spectrometric and 

electrochemical properties in many cases and thus separation preceding the 

spectrometric or electrochemical detection is inevitable.  

Enzyme assays employing separation methods are usually divided into two groups, 

offline and online assays. In the first case, the enzymatic reaction is performed outside 

the analytical system, for example in a sample vial, and the reaction is terminated by 

addition of an appropriate terminating agent, heat shock of by the injection to analysis. 

In offline assays, the analytical system serves only for the separation and determination 

of compounds present in the reaction mixture after the reaction. On the contrary, in 

online assays, the enzymatic reaction is performed inside the instrument. The reaction 

can take place in a special reactor that is online connected to the separation column or it 

can occur directly in the column which is typical for CE applications. The enzyme can 

be injected as a separate zone that is subsequently mixed with the zone of substrate. 

Other possibility is to work with an enzyme that is physically or chemically bound to 

the stationary phase or walls of separation column. Conventional HPLC was the first 

separation method used for online enzyme assays using pre- or post-column 

‘immobilized enzyme reactors’ (IMER) [85, 86]. Regarding the fact that enzymes 
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and/or substrates are often rather expensive or precious materials, miniaturized 

separation methods with their minimal sample consumption have shown much higher 

potential in the field of enzyme assays. Among other capillary separation methods, CE 

is the most wide-spread and routinely used. This, together with the enormous flexibility 

of its experimental design, was the reason why the first microscale enzyme assay 

employing a separation method was performed with CZE. In 1991, first reports on 

offline CZE enzyme assays have been published [87, 88], followed by many others. 

Offline enzyme assays have thoroughly been reviewed in the recent years [89-92]. 

Online electrophoretic methods were introduced only one year later by Bao et al. [93]. 

For this group of methods, the term ‘electrophoretically mediated microanalysis’ 

(EMMA) is commonly used. The great scientific interest in EMMA is manifested by 

numerous reviews on the topic published recently [94-99].  

 

3.1.2 CE separations of saccharides 

The second part of this thesis is focused on CE methods for assays of β-N-

acetylhexosaminidase (Hex, EC 3.2.1.52). This enzyme hydrolyzes terminal β-linked N-

acetyl-D-glucosamine and N-acetyl-D-galactosamine residues of oligosaccharides and 

glycoconjugates [100]. Hex is wide-spread in nature, it has been extensively studied in 

bacteria and plants, where it serves as a part of binary chitinolytic systems that 

contribute to the regeneration of cell walls and also have certain defensive functions. 

Apart from bacteria and plants, Hex is also present in higher vertebrates. Human Hex 

takes part in degradation processes in lysozomes. Allelic variations in Hex A and Hex B 

genes can cause fatal inborn metabolic errors known as Tay-Sachs and Sandhoff disease 

[101].  

Methods developed in this study were aimed at Hex produced by filamentous fungi, 

namely Aspergillus oryzae. In filamentous fungi, Hex contributes, apart from the cell 

wall regeneration, to the formation of hyphae [102]. Hex enzymes from filamentous 

fungi are characteristic by their extraordinary robustness. They are stable and active 

even in oxidative extracellular environment [103, 104]. This stability is interesting from 

biotechnology’s point of view as it might enable industrial application of Hex. The Hex 

enzyme possesses exochitinase activity. Chitin is first cleaved by endochitinases to 

shorter chito-oligosaccharides and these oligosaccharides are subsequently processed by 

Hex, which hydrolyzes individual monosaccharides from the N-terminus. The properties 
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of Hex can be studied using N,N’-diacetylchitobiose (chitobiose) and N,N’,N’’-

triacetylchitotriose (chitotriose) as substrates. The structures of chitobiose, chitotriose 

and N-acetylglucosamine (GlcNAc) as the final product of enzymatic reaction are 

shown in Figure 10. Chitobiose can be used as a substrate in order to determine the Hex 

activity and to study the general properties of Hex enzyme. On the other hand, 

chitotriose can be used to study subsequent reactions that take place in hydrolysis of 

chito-oligomers in real samples. 

 

 
Figure 10. Structures of N,N’,N’’-triacetylchitotriose (A), N,N’-diacetylchitobiose (B) and N-acetyl-

glucosamine (C).  

 

To perform an offline enzyme assay of Hex with these substrates, separation and 

determination of chitotriose, chitobiose and GlcNAc is necessary. Determination of 

saccharides is, generally speaking, rather complicated topic due to their weak UV/VIS 

absorption and also due to the similarity of chemistry and structure of different 

saccharides. Most methods published in the literature employ time-consuming 

derivatization steps. For determination of various saccharides, the literature offers 

mostly papers dealing with separation methods [105]. Applications of GC [106, 107], 

LC [108] and MS [109-111] can be found. Hyphenation of separation techniques with 

MS is also frequently utilized [112, 113]. Last but not least, CE is another well-

established technique for the determination of saccharides [114, 115]. However, the 

electrophoretic separation of saccharides is not a trivial task because the only ionizable 

groups contained in neutral saccharides, hydroxyl groups, require very high pH for their 

dissociation. However, the high-pH BGEs possess high conductivity, which brings 

problems with excessive Joule heating. Another difficulty is the low UV absorbance of 

saccharides that causes the low sensitivity of most commonly used UV detection. For 

these reasons, saccharides are often derivatized by aromatic charged molecules. The 

derivatized saccharides possess both, electric charge and strong UV absorbance, and 
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thus can easily be electrophoreticaly separated and detected using UV absorption  

[116-118] or fluorescence [119-121] detection. Disadvantage of this approach is the 

laborious and time-consuming process of derivatization during which the sample can 

accidentally be contaminated or partially lost. Another disadvantage is the complicated 

automation of the procedure that includes derivatization step. Apart from derivatization 

and high pH, saccharides can be ionized utilizing their complexation with borate anion 

[122, 123]. This complexation gives saccharides a negative charge so that they can be 

separated in CZE. The most effective complexation occurs in the pH range 8-10 and it 

is dependent on the relative position of hydroxyl groups in the saccharide molecule. 

Borate buffer of pH 9-10 generates relatively fast EOF; therefore, saccharides can be 

separated quickly even though they migrate in the counter-EOF direction. Indirect UV 

detection using a BGE that contains some UV absorbing ion is another possible 

approach [124, 125]. Drawback of this methodology is usually lower detection 

sensitivity. Reports on the direct UV detection of saccharides without derivatization are 

rather rare. Rovio et al. [126, 127] reported on an interesting approach using a high-pH 

BGE. They utilized the fact that one of intermediates in the aldose-ketose isomerization 

contains an aromatic-like structure called ‘enediolate’ that exhibits UV absorption at 

270 nm. However, the high conductivity of BGE causes excessive Joule heating so that, 

in order to keep the separation efficient, the separation capillary had to be cooled to 

15 °C and the voltage applied had to be rather low. Therefore, analysis times were 

inconveniently long. Other authors utilized contactless conductivity detection for non-

derivatized saccharides in high-pH BGEs [128, 129].  

Methods for separation of chitotriose, chitobiose and GlcNAc in particular have 

been published very rarely, the electrophoretic behavior of these analytes is thus not 

known very well. Wolff et al. [130] used derivatization of chitobiose, chitotriose and 

chitotetraose with 7-aminonaphthalene-1,3-disulfonic acid (ANDSA) and separated 

derivatized oligosaccharides in an acid phosphate buffer using laser-induced 

fluorescence (LIF) detection. GlcNAc and other N-acetylamino monosaccharides were 

studied in the comparative derivatization study by Rustighi et al. [131]. Blanes et al. 

[132] applied disodium hydrogenphosphate electrolyte with hexadecyltrimethyl-

ammonium bromide (CTAB) and contactless conductivity detection to separate GlcNAc 

and its di- to hexamers. This method was applied to an offline study of chitinase from 

Tenebrio molitor.  
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In the second part of this thesis, an offline method with a borate-based BGE has 

been optimized and evaluated. In the case of GlcNAc, chitobiose and chitotriose, direct 

UV detection at the 200 nm wavelength was possible because the structures of analytes 

contained amide bond in the acetylamino group. Parameters of this method were 

compared with the results obtained using other approaches, namely methods using a 

high-pH BGE, CTAB-containing BGE and derivatization of analytes.  

 

3.1.3 Online CE enzyme assays 

Online enzyme assays are based on performing the enzymatic reaction directly in 

the separation capillary. There are several possibilities how to design an online 

experiment. Injection of enzyme to capillary filled with substrate or injection of 

substrate into capillary filled with enzyme is one option [93]. However, the 

electropherograms obtained using this ‘long contact mode’ are not easy to evaluate as 

the enzymatic reaction runs during the migration of enzyme or substrate through the 

capillary. Product of the reaction is, therefore, formed in different parts of the separation 

capillary and does not migrate in one clearly separated zone. For this reason, so called 

‘short contact mode’ has attracted considerably higher attention. Here the substrate and 

enzyme are injected as separate zones. When the electrophoretic mobilities of enzyme 

and substrate are known, the more slowly migrating component of the reaction mixture 

is injected first followed by the faster migrating one. Then voltage is applied for a 

calculated period of time [133] that is needed for the substrate and enzyme zones to 

merge. The reaction can proceed and after the given reaction time, separation voltage is 

applied. Enzyme, substrate and product are separated and detected as individual zones 

that can easily be quantified. Major drawback of this ‘electrophoretic mixing’ of zones 

is the necessity of knowing the electrophoretic mobilities. This is a problem especially 

in the case of enzyme because enzymes are often used in very low concentrations, so 

that they cannot be detected in CE. Furthermore, migration of enzyme is influenced by 

various effects such as their adsorption to capillary walls. Hence it is not easy to 

measure electrophoretic mobility of an enzyme. That is the reason why so called ‘at 

inlet reaction’ method is often used. It was originally introduced by Taga and Honda 

[134] for derivatization of amino acids. The first application using this approach in 

enzyme assays was published by van Dyck et al. [135]. Here the substrate and enzyme 

are injected as two neighboring zones that are not separated by any other plug. 
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Figure 11. Electrophoretic and diffusion mixing of zones in online CZE enzyme assays.  

Electrophoretic mixing: 1. Enzyme and substrate are injected as zones separated by a plug of BGE.  

2. Voltage is applied to merge zones of substrate and enzyme. 3. Voltage is switched off and enzymatic 

reaction runs. 4. Reaction is terminated by application of separation voltage; components of reaction 

mixture are separated and detected.  

Diffusion mixing: 1. Enzyme and substrate are injected as neighboring zones. 2. and 3. Enzyme and 

substrate zones overlap by diffusion. 4. Reaction is terminated by application of separation voltage; 

components of reaction mixture are separated and detected. 
 

They are let to diffuse for a specified period of time so that their zones can overlap. 

After the given reaction time, separation voltage is applied and the substrate and 

product are separated and detected. This approach is very effective for comparative 

measurements of enzymatic activity. A typical example of such application is 

comparison of activity in two samples in medical diagnosis or screening for enzyme 

inhibitors in the search for new drugs. Simply, when conditions are kept constant, 

comparison can be made. Figure 11 illustrates the electrophoretic and diffusion mixing 

of enzyme and substrate zones.  

However, while using the diffusion mixing, we do not know concentrations of the 

reagents in the reaction mixture because they are changing during the reaction as the 

diffusion progresses. Moreover, in different parts of the reaction zone, concentrations of 

substrate and enzyme differ as well. Krylov's group has recently introduced a 

methodology called ‘Transverse Diffusion of Laminar Flow Profiles’ (TDLFP) [136-

138]. It is based on a mathematical model that enables estimation of concentrations of 

the reagents mixed by diffusion in the capillary. This model can be used to predict the 

optimal injection order and length of plugs. The TDLFP model is based on two 
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presumptions. The first one is that the pressure used for injection causes parabolic 

profiles of the injected zones. The second presumption is that, thanks to the dimensions 

of the capillary, transverse diffusion in the capillary is much faster than the longitudal 

one. In practice it means, that after injection of a parabolic zone, concentrations of all 

components in the transverse direction are very quickly (before injection of the 

following zone) unified by diffusion while the concentration profile of zone in 

longitudal direction remains practically unchanged. The authors have shown that if an 

appropriate injection sequence is applied, a reaction zone of relatively homogeneous 

concentration profiles of substrate and enzyme can be obtained. An online assay of Hex 

was developed in the last part of this study using the TDLFP model to pre-optimize the 

conditions and estimate the concentrations of reagents at the beginning of enzymatic 

reaction. 

 

3.2 Experimental 

3.2.1 Chemicals and materials 

β-N-acetylhexosaminidase from Aspergillus oryzae was graciously donated by Doc. 

Helena Ryšlavá (Charles University in Prague, Faculty of Science, Department of 

Biochemistry). The enzymes were isolated following the procedure described in cit. 

[139]. Sodium tetraborate decahydrate, p.a., citric acid, p.a., sodium hydroxide, p.a., 

acetic acid, 98% p.a. and phosphoric acid, 85% p.a., were purchased from Lachema 

(Brno, Czech Republic). N,N',N''-triacetylchitotriose, ≥ 95 %, N,N'-diacetylchitobiose,  

≥ 96 %, N-acetyl-D-glucosamine, ≥ 99 %, hexadecyltrimethyl-ammonium bromide 

(CTAB), ≥ 98 %, sodium dodecylsulfate (SDS), ≥ 99 %,  

7-aminonaphthalene-1,3-disulfonic acid monopotassium salt monohydrate (ANDSA), 

≥ 98 %, sodium cyanoborohydride, reagent grade, 95 %, were delivered by Sigma (St. 

Louis, MO, USA). N,N’-Dimethylformamide (DMF), p.a., and disodium 

monohydrogenphosphate, p.a., were purchased from Merck (NJ, USA). Deionized 

water produced by a Milli-Q system, Millipore (Billerica, USA) was used for 

preparation of all samples and BGEs. Enzymatic reactions were performed in 50 mM 

citrate buffer, pH 4.5, that was prepared by dissolving an appropriate amount of citric 

acid in deionized water. The pH value was adjusted using 10 M sodium hydroxide 

solution. This reaction buffer also represented the matrix of all samples except for those 

after derivatization.  
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3.2.2 Derivatization of analytes 

Chitotriose, chitobiose and GlcNAc were derivatized following the procedure 

described by Wolff et al. [130]. The amounts of 0.50 mg of GlcNAc, 0.85 mg of 

chitobiose and 1.25 mg of chitotriose were dissolved in 500 μL of 15 % acetic acid with 

80 mM ANDSA (20-fold molar excess). This mixture was incubated in an eppendorf 

test tube at the laboratory temperature for 2 hours. Afterwards, 500 μL of 1 M sodium 

cyanoboro-hydride was added and the reduction was performed at 45 °C for 16 hours. 

The obtained derivatized saccharides were kept refrigerated.  

 

3.2.3 Instrumentation 

All CE experiments with UV detection were performed on a CE3D instrument 

(Agilent Technologies, Waldbronn, Germany). A fused-silica capillary, 75 μm i.d. 

(CACO, Bratislava, Slovakia) was cut to the 65.0 cm length (56.5 cm to the detection 

window). Prior to the first use, capillary was flushed 20 min with 1 M sodium 

hydroxide and 10 min with water using a pressure of 100 kPa. Between consecutive 

runs, capillary was flushed 2 min with the BGE. Temperature inside the capillary 

cassette was maintained at 25 °C using an air-cooling system. UV detector was operated 

at the 200 nm wavelength. ChemStation software (Agilent Technologies, Waldbronn, 

Germany) was used for data acquisition and evaluation.  

Method with borate-based BGE – 25 mM tetraborate buffer, pH 10.0 (adjusted with 

sodium hydroxide) was used as the BGE in the optimized method. A voltage of 12 kV 

was applied inducing the electric current of around 73 μA. Samples were injected 

electrokinetically using a voltage of 5 kV for 5 s. 

Method with high-pH BGE – 10 mM phosphate buffer, pH 12.5 (adjusted with sodium 

hydroxide) was used as the BGE. A voltage of 8 kV was applied, the value of electric 

current in the capillary was approximately 96 μA. Samples were injected using a 

pressure of 5 kPa for 3s. UV detector was operated at the 200 and 270 nm wavelengths.  

Method with CTAB-containing BGE – 4.5 mM disodium monohydrogenphosphate 

with 10 mM sodium hydroxide and 200 μM CTAB was modified by 10 % (v/v) of 

acetonitrile and used as the BGE. A voltage of -15 kV was applied resulting in current 

values ranging around 42 μA. Samples were injected using a voltage of -5 kV for 5 s.  
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Method with derivatized analytes – 20 mM phosphate buffer, pH 3.5, that was used as 

the BGE was prepared by diluting an appropriate amount of phosphoric acid in 

deionized water. The pH value was adjusted using 10 M sodium hydroxide. A voltage 

of -30 kV (current ~ 43 μA) was applied for the separation. Samples were injected using 

a pressure of 5 kPa for 5 s. UV detector was operated at the 200 and 246 nm 

wavelengths.  

CE-LIF experiments were performed in the laboratory of RNDr. Václav Kašička 

(Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech 

Republic) on a home-made CE instrument equipped with a high-voltage module 

CZE2000 (Spellman, New York, USA), excitation laser DPSS, 2 mW, (Nanolase, 

Meylan, France) and detector Zetalif, LIF-SA-03, Picometrics (Ramonville, France). 

Clarity software was used for the data acquisition and evaluation (Dataapex, Prague, 

Czech Republic). A fused-silica capillary 75 μm i.d. was cut to 41.5 cm of total length 

(31.0 cm to the detection window). With the 20 mM phosphate buffer, pH 3.5, a voltage 

of -16.4 kV was applied resulting in a current of 35 μΑ. A voltage of 15.3 kV was 

applied with 12 mM sodium tetraborate, pH 9.2, with 30 mM SDS. Under the latter 

conditions, a current of 70 μA was observed. The wavelength of excitation laser was 

488 nm; the 520 nm wavelength was detected. Samples were injected using a pressure 

of 1 kPa for 15 s.  

 

3.2.4 Online enzyme assay 

The online assay was performed on the CE3D instrument using the same capillary as 

for the offline assay. For the optimization of injection sequence, TDLFP model was 

used employing a program developed by Krylov's group and available at their website 

[139]. Viscosity of 1 mPa·s and diffusion coefficients of enzyme and substrate  

4·10-7 cm2·s-1 and 5·10-7 cm2·s-1, respectively, were used as the input data for the 

calculations in addition to the parameters of capillary and the instrumental settings 

described previously. In the optimized method, all the zones were injected using a 

pressure of 5 kPa in the following order: reaction buffer was injected for 3 s, enzyme for 

3 s, substrate for 3 s, enzyme for 3 s and finally reaction buffer for 9 s. The matrix of all 

injected zones was formed by the reaction buffer, 50 mM citrate buffer, pH 4.5. After 

the injection sequence, the mixture was let to react for 10 min, after which the 

separation voltage of 12 kV was applied. 
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3.3 Results and discussion 

3.3.1 Offline method development 

To develop the offline method, tetraborate buffer was used utilizing the borate-

saccharide complexation mentioned in the chapter 3.1.2. Amide bonds contained in the 

acetylamino groups of all three analytes enabled direct UV detection at the 200 nm 

wavelength without any need for derivatization. Simple 20 mM sodium tetraborate, pH 

9.2, provided baseline separation of GlcNAc and chitobiose, however, chitobiose did 

not completely separate from chitotriose in this BGE. Therefore, the separation 

conditions had to be optimized. As the analytes contained ionizable groups and they 

were a subject to pH-dependent complexation equilibrium too, the pH value was 

supposed to have the highest influence on the mobilities of analytes. The second 

parameter to be optimized was the concentration of BGE that could influence the 

separation efficiency. The pH range of 9.2 to 11.0 was studied. Figure 12 shows the 

effect of pH on the electrophoretic mobility of analytes in 20 mM tetraborate buffer. 

Analytes gain an electric charge and electrophoretic mobility by the complexation of 

their hydroxyl groups with borate. Vicinal pairs of hydroxyl groups provide the most  
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Figure 12. Effect of pH on effective mobility of chitotriose (♦), chitobiose (▲) and GlcNAc (■) in 20 mM 

tetraborate buffer. Separation voltage 12 kV, temperature 25 °C. Standard deviations did not exceed the 

value 0.15·10-9·m2·V-1·s-1 (error bars not shown). 
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efficient complexation. As can be seen from the Figure 10, the molecule of GlcNAc 

contains 4, molecule of chitobiose 6 and molecule of chitotriose 8 hydroxyl groups. In 

the same time, all the analytes contain only one pair of vicinal hydroxyl groups. Based 

on this, the observed order of mobilities GlcNAc >> chitobiose > chitotriose is in 

accordance with theory. With growing pH, electrophoretic mobilities of all analytes 

were growing due to the strengthening borate-saccharide complexation and/or growing 

degree of dissociation of hydroxyl groups. With the growing pH value, mobilities of 

chitobiose and chitotriose, which were initially very close to each other, started to 

differ. Figure 13 shows the dependence of resolution between chitobiose and chitotriose 

peaks on the pH of BGE at three different concentrations, 15, 20 and 25 mmol·L-1. It is 

obvious that the resolution increases with increasing pH of BGE which is most likely 

caused by the increasing strength of complexation and starting dissociation of hydroxyl 

groups. The resolution increases with the increasing concentration of BGE too. This 

effect is in accordance with the general trend of increasing separation efficiency with 

increasing ionic strength of BGE regarding the fact that the resolution is directly 

proportional to the squared root of separation efficiency as can be seen from the 

equation (6): 

μ
μΔ

=
42,1
NR  (6) 

where R1,2 stands for the resolution between peaks of analytes 1 and 2, N for the 

separation efficiency, Δμ for the difference in mobility of analytes 1 and 2 and μ  for 

the average mobility of analytes 1 and 2. Figure 13 indicates that the 1.5 value of 

resolution, which is considered as the baseline resolution, was passed at pH 10.0 for the 

25 mM concentration of BGE and at 10.5 for the 20 mM BGE.  

Figure 14 shows the dependence of separation efficiency for chitobiose on pH and 

concentration of BGE. Data for the other two analytes are not shown because they 

exhibited a similar behavior. As was previously mentioned, the higher concentration, the 

higher efficiency of separation. With increasing pH value, efficiency decreases because 

of the increasing conductivity of the BGE and thus increasing electric current and Joule 

heating.  
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Figure 13. Dependence of resolution between chitobiose and chitotriose peaks on pH of BGE for three 

different concentrations of tetraborate in the BGE: (■) 15 mM, (♦) 20 mM, (▲) 25 mM. Separation 

voltage 12 kV, temperature 25 °C. 
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Figure 14. Dependence of the separation efficiency for chitobiose on pH for three different concentrations 

of the BGE: (■) 15 mM, (♦) 20 mM, (▲) 25 mM. Separation voltage 12 kV, temperature 25 °C.  
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Based on observations overviewed in Figures 13 and 14, a compromise between the 

improving resolution and deteriorating separation efficiency had to be found. The 

25 mM tetraborate buffer, pH 10.0, was chosen as the optimal BGE because the 

resolution of chitobiose and chitotriose in this BGE was safely above the 1.5 value and 

the efficiency was still satisfactorily high, i.e. 482 000 plates·m-1 for chitotriose, 

424 000 plates·m-1 for chitobiose and 76 000 plates·m-1 for GlcNAc. A typical 

electropherogram of the separation of all three analytes using this optimized BGE 

composition is shown in Figure 15.  
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Figure 15. Separation of chitotriose (1), chitobiose (2) and GlcNAc (3) using the optimized BGE, 25 mM 

tetraborate buffer, pH 10.0. Separation voltage 12 kV, current 73 μA, detection at 200 nm, temperature 

25 °C. Concentration of analytes 1 mmol·L-1.  

 

3.3.2 Parameters of developed method 

To assess the parameters of the optimized method, calibration curves were 

measured using standard mixtures of all three analytes in 50 mM citrate buffer, pH 4.5.  

Quantification was based on peak areas and linear regression was performed using the 

least squares method. Table 4 on page 52 shows the calibration parameters in the range 

from 0.05 to 3.00 mmol·L-1. Interestingly, the slope of calibration line is significantly 

higher for chitotriose and GlcNAc than for chitobiose. The higher sensitivity to 
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chitotriose is caused by the higher amount of UV-absorbing groups in the molecule. The 

higher sensitivity to GlcNAc can be caused by the lower apparent mobility of this 

analyte and thus slower passage of the analyte's zone through the detection window, 

which increases the area of the resulting peak. The intercepts of regression functions 

were tested using the Student's T-test. The test values for none of the analytes exceeded 

the critical value 2.07 (α = 0.05, n-2 = 22), intercepts of the all three calibration 

functions are thus statistically insignificant at the significance level of 0.05. The detector 

response can generally be described by the equation (7): 

A = a·ci + b  (7) 

where A is the peak area, c is the concentration of analyte, a and b are the slope and 

intercept of calibration curve and i is the coefficient of linearity. If the coefficient of 

linearity is equal to one, the dependence of detector response on the concentration of 

analyte is linear. Ideally, the value of the intercept is statistically insignificant and the 

equation (7) can thus be expressed in the logarithmic format: 

log A = log a + i·log c  (8) 

To confirm the linearity of detector response, the decadic logarithm of peak area was 

plotted against the decadic logarithm of concentration. Linear regression using the least 

squares method was applied and the linearity coefficient was obtained as the slope of 

regression function. Linearity coefficients did not deviate from one by more than 5 %, 

as can be seen in Table 4. Therefore, calibration functions can be considered as linear in 

all the investigated range. Higher concentrations were not studied regarding the 

relatively high price of chitobiose and chitotriose and unnecessity of quantification in 

such high concentration levels in real samples. Determination coefficients, R2, were 

higher than 0.997 which indicates that more than 99.7 % of the variability of 

measurements was explained by the calibration lines.  
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Table 4. Calibration parameters of the developed method. Calibration range 0.05 – 3.0 mmol·L-1, n = 24, 

t0.05, 22 = 2.07. 

 GlcNAc Chitobiose Chitotriose 

Slope [mAU·s·L·mmol-1] 78.1 (1.9) 46.0 (0.9) 71.5 (0.7) 

Intercept [mAU·s] -0.21 (1.05) -0.34 (0.54) 1.86 (0.98) 

R2 0.9971 0.9980 0.9978 

T-test 0.84 1.29 1.90 

Linearity coefficient 1.04 0.99 0.99 

LOD [mol·L-1] 5.0·10-5 3.4·10-5 2.2·10-5 

LOQ [mol·L-1] 1.7·10-4 1.1·10-4 7.2·10-5 

 

 

Peak height corresponding to the limit of detection (LOD) and the limit of 

quantification (LOQ) for each individual analyte was calculated as three times and ten 

times the height of baseline noise. From these LOD and LOQ peak heights, limits were 

calculated using calibration lines based on peak heights. Table 4 shows that LODs of all 

analytes were in the order of 10-5 mol·L-1, reliable quantification is possible from 0.17, 

0.11 and 0.07 mmol·L-1 for GlcNAc, chitobiose and chitotriose, respectively. 

Run-to-run repeatability of migration times and peak areas has been investigated by 

repeated injections of a mixture of all three analytes in the concentration of 1 mmol·L-1. 

Column-to-column repeatability was tested using one capillary produced by CACO 

(Bratislava, Slovakia) and one capillary produced by Supelco (Bellefonte, USA). The 

results expressed as the relative standard deviation (RSD) are shown in Table 5. Most 

RSDs of migration times were close to 1 % which is typical repeatability in CZE. Only 

in the case of GlcNAc, the column-to-column RSD value was over 2 %. The peak area 

repeatability was good in run-to-run measurements as it ranged from 2.3 to 2.8 %. On 

the other hand, the column-to-column repeatability of peak areas was between 4.5 and 

6.3 % suggesting that recalibration is advisable whenever a new capillary is used.  
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Table 5. Repeatability of migration time and peak area (n = 7) under the optimized conditions. 25 mM 

tetraborate buffer, pH 10.0, separation voltage 12 kV, current 73 μA, temperature 25 °C, detection at 

200 nm. 

 GlcNAc Chitobiose Chitotriose 

Run-to-run    

RSDtime [%] 1.04 0.94 0.95 

RSDarea [%] 2.35 2.76 2.50 

Column-to-column    

RSDtime [%] 2.16 0.86 0.85 

RSDarea [%] 5.32 6.27 4.60 

 

 

3.3.3 Comparison with other CE methods 

The method developed in this work was compared with other possible approaches 

to the electrophoretic separation of analytes in question. Namely, methods employing 

highly alkaline BGE [126, 127], BGE containing cationic surfactant CTAB [132] and 

the method using derivatization with subsequent separation of derivatized analytes in 

acid BGE [130] using either direct UV or LIF detection have been tested.  

 

3.3.3.1 Method with highly alkaline BGE 

Rovio et al. [126, 127] used a highly alkaline BGE for the separation and detection 

of saccharides in CZE; they worked with monosaccharides and some disaccharides such 

as sucrose and cellobiose. The authors applied BGE of a relatively high ionic strength 

resulting in very high values of current (140 μA) and thus cooling the capillary to 15 °C 

was necessary in order to keep the separation reproducible. In this work, we applied 

10 mM phosphate buffer, pH 12.5, which resulted in a current of 96 μA when only an 

8 kV voltage was applied. Under such conditions, the saccharides gained a negative 

charge due to dissociation of their hydroxyl groups and migrated against the EOF. The 

separation of chitotriose, chitobiose and GlcNAc using this method took not much less 

than 30 minutes. Figure 16 shows an electropherogram of this separation. The migration 

order is identical with the tetraborate-based BGE as the saccharides are migrating in the 
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counter-EOF direction. In accordance with findings of Rovio et al., all three analytes 

exhibited an absorption at 270 nm caused by the presence of enediolate as an 

intermediate of isomerization reaction that takes place in alkaline solutions. However, 

the sensitivity of detection at 270 nm was comparable to that obtained at 200 nm due to 

the presence of amide bonds in the structure of the studied analytes. To sum up, alkaline 

BGE did not offer any advantage over the tetraborate-based BGE in the case of N-

acetylamino saccharides. The analysis was considerably longer and the sensitivity was 

not significantly different. Moreover, peak shapes were rather distorted, especially at 

the baseline, which would complicate quantification.  
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Figure 16. Separation of chitotriose (1), chitobiose (2) and GlcNAc (3) using a highly alkaline BGE. 

Concentration of analytes 1 mmol·L-1. 10 mM phosphate buffer, pH 12.5, separation voltage 8 kV, 

current 96 μA, temperature 25 °C, detection at 270 nm. 

 

3.3.3.2 Method with BGE containing cationic surfactant 

The problem of long analysis times of saccharides migrating against the EOF can 

be solved by an addition of cationic surfactant into the BGE. The cationic surfactant 

reverses the direction of EOF, which results in the reversed migration order of analytes 

and shorter analysis times. Blanes et al. [132] used this approach in combination with 
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contactless conductivity detection. Separation was performed in a BGE composed of 

4.5 mM disodium hydrogenphosphate with addition of 10 mM sodium hydroxide, 

0.2 mM CTAB and 10 % (v/v) acetonitrile. The separation of chitotriose, chitobiose and 

GlcNAc in this BGE is shown in Figure 17. Migration times were slightly shorter than 

in the case of tetraborate buffer. As the detection was based on the UV absorption of 

amide groups, the sensitivity of detection was also similar to the tetraborate buffer 

method, as can be seen in Table 6 on page 60. On the other hand, an addition of 

acetonitrile was used to improve repeatability of migration times and peak areas. Even 

though, the repeatability of separation in the tetraborate buffer was higher. The rather 

complicated composition of BGE is another drawback. As the enzymatic reaction was 

to be carried out in a sample vial and prospectively directly in the capillary, the 

presence of acetonitrile and CTAB could cause problems such as inhibition of the 

enzymatic reaction. For these reasons, the tetraborate buffer seemed to be better option 

for enzyme assays even though the analysis times were slightly longer.  

 

9 10 11 12 13
-2

0

2

4

6

8

10

1

3

2
 

 

A.
10

3

tmig [min]

 

Figure 17. Separation of chitotriose (1), chitobiose (2) and GlcNAc (3), concentration of analytes 

1 mmol·L-1, 4.5 mM disodium hydrogenphosphate with 10 mM sodium hydroxide, 0.2 mM CTAB and 

10 % (v/v) acetonitrile. Separation voltage -15 kV, current 42 μA, detection at 200 nm, temperature 

25 °C.  
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3.3.3.3 Method with derivatization of analytes 

Derivatization of analytes brings significant improvement in the detection 

sensitivity at the expense of a time-consuming and elaborate derivatization procedure 

preceding every analysis. Another drawback is the lack of standards for less common 

derivatized analytes. The derivatization procedure and separation conditions published 

by Wolff et al. [130] were employed in this study. Saccharides were derivatized with 

ANDSA. The reaction scheme summarizing this two-step procedure can be seen in 

Figure 18. The derivatization agent incorporates the naphthalene structure moiety and 

two negatively charged sulfonate groups into the molecule of saccharide. Although 

originally developed for LIF detection, derivatization with ANDSA can significantly 

improve sensitivity of direct UV detection too because the aromatic system contained in 

the derivatized analytes exhibit remarkably higher UV absorption than amide groups of 

the original analytes.  

 

 

Figure 18. Derivatization of GlcNAc with ANDSA. 

 

Separation conditions reported in the cit. [130] were used, i.e. 20 mM phosphate 

buffer, pH 3.5, served as the BGE. This acid BGE suppresses the EOF in the capillary 

and derivatized analytes are separated using reversed-polarity mode (cathode at the 

injection end of capillary). As can be seen in Figure 19 A, these conditions provided a 

highly efficient separation. Obviously, the resolution was unnecessarily high and thus so 

called short-end injection mode was tested. Using this setup, the sample was injected at 

the detector side of capillary and the separation was performed on the 8.5 cm long part 

of the capillary from the outlet end to the detection window. Using this method, the 

separation of all four components of the sample mixture could be done in only 1 minute, 

see Figure 19 B.  
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Figure 19. Separation of ANDSA-derivatized saccharides chitotriose (1), chitobiose (2), GlcNAc (3) and 

derivatization agent ANDSA (4). Concentration of analytes 1.7·10-5 mol·L-1. 20 mM phosphate buffer, 

pH 3.5, separation voltage -30 kV, current 43 μA, temperature 25 °C, detection at 246 nm. A) Standard 

setup. B) Short-end injection setup. 
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CZE of derivatized saccharides using UV detection provided approximately one 

order of magnitude lower LODs and LOQs than the methods using UV absorption of 

underivatized analytes, as can be seen in Table 6. The sample was diluted during the 

derivatization procedure and the increase in detection sensitivity was not high enough to 

cover this dilution. Regarding this fact, the derivatization approach is meaningful only 

in combination with the LIF detection. When the acid phosphate buffer used by Wolff et 

al. [130] was employed using the LIF detection, LODs were approximately two orders 

of magnitude lower than with the direct UV detection, which means that LODs got into 

tens of nmol·L-1 values. However, our experiments showed that under alkalic conditions 

using 12 mM sodium tetraborate, pH 9.2, sensitivity of detection was even higher, as 

can be seen in Figure 20B. The electropherogram reveals impurities in the sample that 

might arise from the derivatization process. These impurities were not found with the 

acid BGE, which can be caused by their different ionization in acid and alkalic 

conditions. Unfortunately, in the tetraborate BGE, impurities do not separate from 

GlcNAc. An addition of sodium dodecylsulfate (SDS) into the tetraborate BGE helped 

to overcome this problem. The presence of micelles can increase separation efficiency 

and modulate selectivity and it can also enhance the intensity of fluorescence. These 

two effects of the addition of 30 mM SDS to 12 mM sodium tetraborate are evident in 

Figure 20 C. Notice that the range of y-axis is identical for all three electropherograms 

while the concentration of analytes in Figure 20 C was 5-times lower. Obviously, the 

derivatization of analytes and separation in the SDS-containing tetraborate-based BGE 

followed by LIF detection provided the most sensitive measurements. The LODs of all 

three saccharides were lower than 5 nmol·L-1. Without any doubt, this approach is the 

method of choice when extremely diluted samples are to be analyzed. On the other 

hand, for the purposes such as determination of pH optimum of the enzyme or 

comparing activity of enzyme in two different samples, such a low LODs are 

unnecessary and the disadvantage of the laborious derivatization makes this approach 

rather inconvenient. The repeatability of peak areas in Table 6 shows higher RDSs for 

peak areas with LIF detection, which can be caused not only by the detection but also 

by the different injection system used in the CE-LIF instrument.  
 



 

 

59

0 1 2 3 4 5 6 7

0

100

200

300

400
4

3
2

1

 

 

si
gn

al
 [m

V
]

tmig [min]

0 1 2 3 4 5 6 7

0

100

200

300

400
4

3

2

1  

 

si
gn

al
 [m

V
]

tmig [min]

0 1 2 3 4 5 6 7

0

100

200

300

400
4

321

 

 

si
gn

al
 [m

V
]

tmig [min]

 
Figure 20. Separation of ANDSA-derivatized chitotriose (1), chitobiose (2), GlcNAc (3) and ANDSA (4) 

in A) 20 mM phosphate buffer, pH 3.5; B) 12 mM sodium tetraborate, pH 9.2 and C) 12 mM sodium 

tetraborate, pH 9.2 with 30 mM SDS. Concentration of analytes in A) and B) 10-3 mol·L-1,  

in C) 2·10-4 mol·L-1.  
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Table 6. Comparison of different methods for separation and detection of chitotriose, chitobiose and 

GlcNAc. 

 GlcNAc Chitobiose Chitotriose 
25 mM tetraborate, pH 10.0 

Migration order 3 2 1 

RSDtime [%] 1.04 0.94 0.95 

RSDarea [%] 2.35 2.76 2.50 

LOD [mol·L-1] 5.0·10-5 3.4·10-5 2.2·10-5 

LOQ [mol·L-1] 1.7·10-4 1.1·10-4 7.2·10-5 
4.5 mM phosphate, pH 11.7 + 0.2 mM CTAB + 10 % acetonitrile 

Migration order 1 2 3 

RSDtime [%] 2.05 1.99 1.92 

RSDarea [%] 3.68 4.02 3.96 

LOD [mol·L-1] 5.1·10-5 3.5·10-5 3.4·10-5 

LOQ [mol·L-1] 1.7·10-4 1.2·10-4 1.1·10-4 
Derivatization → 20 mM phosphate, pH 3.5, UV detection 

Migration order 1 2 3 

RSDtime [%] 0.74 0.61 0.75 

RSDarea [%] 2.49 2.89 3.19 

LOD [mol·L-1] 9.6·10-7 9.1·10-7 2.2·10-6 

LOQ [mol·L-1] 3.2·10-6 2.9·10-6 4.0·10-6 
Derivatization → 20 mM phosphate, pH 3.5, LIF detection* 
Migration order 1 2 3 

RSDtime [%] 1.23 0.96 1.15 

RSDarea [%] 5.43 4.64 4.42 

LOD [mol·L-1] 7.6·10-8 7.7·10-8 1.1·10-7 

LOQ [mol·L-1] 1.3·10-7 1.5·10-7 3.2·10-7 
Derivatization → 12 mM tetraborate, pH 9.2, LIF detection* 
Migration order 3 2 1 

RSDtime [%] 0.97 0.51 0.58 

RSDarea [%] 3.54 4.94 4.44 

LOD [mol·L-1] 4.0·10-9 3.6·10-9 3.7·10-9 

LOQ [mol·L-1] 1.4·10-8 1.2·10-8 1.2·10-8 
 

*Methods with LIF detection were performed on a different instrument, which could influence the values 

of peak area repeatability. 
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3.3.4 Offline enzyme assay 

Based on the results and observations described in the Chapter 3.3.3, the method 

employing 25 mM tetraborate buffer, pH 10.0, development of which was described in 

the Chapter 3.3.1, was chosen for performing the offline and online enzyme assays. The 

method employing highly alkaline BGE was found inconvenient because of long 

analysis times and distorted peak shapes. The method using addition of CTAB into the 

BGE offered comparable results as the tetraborate method, shorter analysis time but 

worse repeatability. The main reason why not to use this method was the presence of 

CTAB and acetonitrile in the BGE, which could cause difficulties in online enzyme 

assays. Derivatization of analytes brought a meaningful improvement of detection 

sensitivity only in combination with the LIF detection. Nevertheless, the low 

repeatability of peak area and the necessity of derivatization overweighed the extremely 

low LODs that were not entirely necessary for the purpose of our study. 

The method for separation of chitotriose, chitobiose and GlcNAc in the 25 mM 

tetraborate buffer, pH 10.0, was used for the monitoring of enzymatic cleavage of 

chitotriose with Hex. The advantage of this method was that the enzymatic reaction was 

performed in a sample vial in a total volume of 40 μL. The reaction was terminated by 

injection of the sample to analysis, which means that an addition of terminating agents, 

which would complicate the sample matrix, was avoided. Furthermore, the rest of the 

reaction mixture in the vial could continue in reaction and thus progress of the reaction 

could be monitored in different times using only one reaction mixture. The separation 

took 15 minutes which was definitely shorter than separation using for example slab gel 

electrophoresis but it still allowed performing of 4 measurements per hour only. Time 

needed for one measurement was significantly shortened to 6 minutes when the 

separation was interrupted every 5 minutes and a new sample was injected into the 

capillary. Using this method, ten separations in 60 minutes could be completed as is 

shown in the Figure 21A. Using a standard electrophoretic instrument, this monitoring 

could be done completely automatically. 
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Figure 21. Automated monitoring of enzymatic cleavage of chitotriose with Hex using repeated injections 

of the reaction mixture into the running analysis. A) Electropherogram. B) Concentrations of chitotriose 

(♦), chitobiose (■) and GlcNAc (▲) during the enzymatic reaction. 25 mM tetraborate buffer, pH 10.0, 

separation voltage 12 kV, current 73 μA, detection at 200 nm, temperature 25 °C. Initial concentration of 

chitotriose 1 mmol·L-1.  
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The offline assay was also utilized to determine the pH dependence of Hex activity. 

A series of reaction mixtures was prepared in 50 mM citrate buffer of pH ranging from 

2.5 to 6.5. Components of the reaction mixture were mixed in a sample vial, so that the 

initial concentration of chitobiose was 1 mmol·L-1, and the mixture was let to react for 

10 minutes. Afterwards, the reaction mixture was injected to analysis and the calibration 

data from Table 4 on page 52 were used to calculate the concentration of GlcNAc arisen 

from the cleavage of chitobiose by Hex. The reaction rate was then directly proportional 

to this concentration of GlcNAc. Figure 22 exhibits the pH dependence of Hex activity 

for chitobiose as a substrate. The measurement of pH dependence could be influenced 

by a possible effect of the sample matrix pH on efficiency of injection and separation. 

Therefore, a series of measurements with 0.5 mM standard solution of GlcNAc in 

matrices of pH 2.5 – 6.5 was performed. The RSD of peak areas in this series of 

measurements was 3.34 % with no observable trend. This indicated that the method can 

be relied on for the determination of pH dependence of enzymatic activity in the 

investigated pH range.  
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Figure 22. Dependence of enzymatic activity of Hex on pH of the reaction mixture for chitobiose as a 

substrate. Reaction time 10 min. 
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3.3.5 Online assay development 

Online enzyme assay was initially developed for chitobiose as a substrate. The 25 mM 

tetraborate buffer, pH 10.0, was used as the BGE. The enzymatic reaction was 

performed in the inlet part of capillary. The TDLFP model was used to optimize the 

injection sequence of zones with substrate, enzyme and pure reaction buffer. In order to 

obtain a properly mixed reaction zone with uniform concentration profiles of reagents, 

the order of injected zones and their length had to be optimized. The optimization was 

done using a program available at the website of the Krylov's research group [140]. This 

program enables prediction of concentration distributions of individual components in 

the reaction mixture. As the input data, parameters of capillary and injection pressure 

were inserted. The viscosity of buffers was approximated to 1 mPa·s. As the diffusion 

coefficients of chitobiose and Hex were not available in the literature, the value  

5·10-6 cm2·s-1 was used for chitobiose. This approximation was made on the basis of 

diffusion coefficient values reported for sucrose 5.216·10-6 cm2·s-1 (25 °C) [141] and 

cellobiose 5.16·10-6 cm2·s-1 (25 °C) [142]. The value 4·10-7 cm2·s-1 was used for 

diffusion coefficient of Hex (Mr = 160 000 [143]) based on diffusion coefficients of  

γ-globulin monomer (Mr = 162 000, D = 4.0·10-7 cm2·s-1 [144]) and aldolase  

(Mr = 160 000, D = 4.8·10-7 cm2·s-1 [145]). The first problem to be solved was the order 

of injected zones. In our case, the reaction buffer (citrate, pH 4.5) significantly differed 

from the separation buffer (tetraborate, pH 10.0). For this reason, the first plug injected 

in the injection sequence was always a plug of pure citrate buffer. This plug separated 

the reaction zone from the separation buffer and thus minimized the risk of 

contamination of the reaction zone with the separation buffer, which would lead to 

increase of pH and inhibition of enzymatic reaction. According to the TDLFP model 

predictions, the highest efficiency of mixing and the highest uniformity of the resulting 

reaction zone are obtained when one reagent is injected in two zones that are separated 

by a zone of the second reagent. Therefore, the substrate and enzyme could be injected 

either in the order enzyme-substrate-enzyme or substrate-enzyme-substrate. To assure 

proper mixing, another zone of the reaction buffer should be injected after all the 

reagent zones. This last zone is ideally three times longer than all the previously 

injected zones. As can be seen in Figure 23A, the TDLFP model predicts a zone of 

substrate with two peaks of concentration for the injection order substrate-enzyme-

substrate, which was also confirmed by a real electrophoretic measurement shown in 
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Figure 23C. On the other hand, the lower diffusion coefficient of enzyme causes 

relatively symmetric concentration profiles of both reagents when the enzyme-substrate-

enzyme order is used, see Figure 23B. This prediction was confirmed by the 

electrophoretic measurement in Figure 23 D. Another parameter to be optimized was 

the length of the injected plugs. The injection pressure was 5 kPa in all cases because it 

was the highest reproducible pressure available in the instrument. The highest pressure 

was used in order to assure the parabolic profiles of injected zones. The length of plugs 

could be manipulated by changes in the injection time. Injections for 2, 3 and 5 s have 

been tested. Injection time of 3 s was found to be optimal because the 5 s injection led 

to deteriorated peak shapes. These were caused by incomplete mixing of the reagent 

zones that became too long. The injection time of 2 s, on the other hand, provided 

smaller peaks and thus higher LODs and LOQs. Optimal injection time was tested by 

both, the TDLFP model and an electrophoretic experiment whose results were in 

agreement (data not shown). The optimized injection sequence that was used for all the 

following experiments was thus 3 s reaction buffer, 3 s enzyme, 3 s substrate, 3 s 

enzyme and 9 s reaction buffer, using a pressure of 5 kPa. Using this sequence with 

25 mM tetraborate buffer, pH 10.0, the enzyme assay with chitobiose as a substrate 

could successfully be performed. After mixing all the zones, reaction mixture was let to 

react inside the capillary. The reaction was terminated by application of the separation 

voltage that led to the separation of enzyme, substrate and product(s). Figure 24 shows 

electropherograms obtained with 0, 5 and 10 min reaction time, i.e. period of time 

between the end of the injection sequence and the application of separation voltage. The 

increasing area of GlcNAc peak with the prolonging reaction time indicates proper 

function of the system. The enzymatic reaction is evidently running after the mixing of 

zones. No or small increase in the peak area of GlcNAc would indicate that the 

separation buffer contaminates the reaction zone and terminates the reaction during or 

shortly after the mixing procedure. That would mean that the reaction runs in a reaction 

zone with concentration profiles different from those predicted by the TDLFP model. 

The fact that the peak area increases significantly assures us that the most of the 

reaction takes place after the mixing, in the reaction zone of composition predicted by 

the model. 
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Figure 23. Optimization of the injection sequence for the online enzyme assay. Prediction of 

concentration profiles of substrate (solid line) and enzyme (dashed line) with A) reaction buffer-

substrate-enzyme-substrate-reaction buffer injection sequence and B) reaction buffer-enzyme-

substrate-enzyme-reaction buffer injection sequence and the corresponding electropherograms C) and 

D). Peak identification: 1) chitobiose, 2) GlcNAc. 25 mM tetraborate buffer, pH 10.0, separation voltage 

12 kV, current 73 μA, temperature 25 °C, detection at 200 nm, reaction buffer 50 mM citrate, pH 4.5, 

initial concentration of chitobiose 2 mmol·L-1.  

 

 

According to the TDLFP model, 2 mM chitobiose is during the mixing process 

diluted to 1.4 mM concentration. This knowledge allows us to calculate absolute 

reaction rate of the enzymatic reaction. The value of reaction rate is not reliable as much 

as the values obtained from the experiments where reagents are mixed together in a vial, 

however, the TDLFP model enables us to estimate the reaction rate contrary to other 

online enzyme assays where mixing is directed by diffusion. 
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To verify the applicability of the online assay, calibration curves for chitobiose and 

GlcNAc were measured. The calibration range was 0.05 – 2.00 mmol·L-1 for 

concentrations in the substrate vial which corresponds to the range 0.035 – 

1.40 mmol·L-1 in the reaction zone after mixing. The measurement was performed using 

the optimized injection sequence. A mixture of chitobiose and GlcNAc of an 

appropriate concentration was injected as the substrate zone; pure reaction buffer was 

injected instead of the enzyme zone. The ten-minute reaction time was kept in these 

measurements too. Table 7 shows the calibration parameters, LODs, LOQs and 

repeatability of migration times and peak areas. The close-to-one values of 

determination coefficient, R2, indicate a good description of variability by the regression 

line. The linearity coefficients for GlcNAc and chitobiose were 0.94 and 1.03, 

respectively. LOD and LOQ values were calculated for both, the concentration in the 

vial and concentration in the reaction zone after mixing. In both cases, LODs were 

between 10 and 25 μmol.L-1. Repeatability of migration times and peak areas was 

comparable with the offline method. 

 

Table 7. Calibration parameters of the online method. Calibration range 0.05 – 2.0 mmol·L-1, n = 12,  

t0.05, 10 = 2.23. 

 Vial concentration After-mixing concentration 

 GlcNAc Chitobiose GlcNAc Chitobiose 

Slope [mAU·s·L·mmol-1] 237.0 (4.4) 155.4 (2.5) 338.6 (6.3) 222.0 (3.6) 

Intercept [mAU·s] 1.5 (4.1) -2.6 (2.4) 1.5 (4.1) -2.6 (2.4) 

R2 0.9966 0.9973 0.9966 0.9973 

T-test 0.36 1.11 0.36 1.11 

Linearity coefficient 0.94 1.03 0.94 1.03 

LOD [mol·L-1] 1.8·10-5 2.3·10-5 1.3·10-5 1.7·10-5 

LOQ [mol·L-1] 6.0·10-5 7.9·10-5 4.2·10-5 5.5·10-5 

RSDtime [%] 0.98 0.88 0.98 0.88 

RSDarea [%] 1.25 2.40 1.25 2.40 
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Figure 24. Electropherograms obtained using the online assay with 0, 5 and 10-minute reaction time. Peak 

identification: chitobiose (1), GlcNAc (2). 25 mM tetraborate buffer, pH 10.0, separation voltage 12 kV, 

current 73 μA, temperature 25 °C, detection at 200 nm, initial concentration of chitobiose 2 mmol·L-1.  

 

Determination of the absolute value of reaction rate is not necessary for performing 

successful enzyme assays. Comparison of activities in two different samples is often 

sufficient for comparative measurements. Medical diagnosis can be an example of such 

application, where the sample obtained from the examined patient is compared with the 

results obtained for healthy volunteers and patients with the disease that is to be 

diagnosed. Screening for inhibitors of enzymes in search for new drugs is another 

noteworthy application of comparative enzyme assays. Figure 25 shows the results of 

investigation of DMF inhibition effect on Hex [146] with chitobiose as a substrate. 

DMF was added in different concentrations into the substrate vial. The graph shows the 

clearly decreasing activity of enzyme with the increasing concentration of inhibitor in 

the reaction mixture that was manifested by the decreasing concentration of GlcNAc 

arisen from the reaction after 10-minute reaction time. In Figure 25, enzymatic activity 

of Hex is expressed as the percentage of the reaction rate without inhibitor.  
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Figure 25. Percentage of original Hex enzymatic activity with 0, 0.1, 0.2 and 0.5 % (v/v) of DMF in the 

substrate vial determined using the online enzyme assay.  

 

 

Due to diffusion of zones during the zone-mixing process and during the reaction 

period, the separations were less efficient than in the case of the offline assay. For this 

reason, chitotriose did not separate from chitobiose in the tetraborate buffer, pH 10.0. 

These two analytes migrated together and did not show even partial separation of their 

peaks in electropherograms. To achieve a baseline separation of chitotriose and 

chitobiose, the composition of BGE had to be changed. Based on the observations 

summarized in Figure 13 on page 49, the pH value was elevated. The baseline 

separation of chitotriose, chitobiose and GlcNAc was restored in BGE of pH 11.7, as 

can be seen in Figure 26. Using this BGE, enzyme assays using chitotriose as a 

substrate were possible to perform and thus monitoring of subsequent hydrolysis of 

chitotriose could be examined using the online CZE enzyme assay.  
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Figure 26. Separation of chitotriose (1), chitobiose (2) and GlcNAc (3) in the online enzyme assay with 

chitotriose as a substrate. 25 mM tetraborate buffer, pH 11.7, separation voltage 12 kV, current 110 μA, 

temperature 25 °C, detection at 200 nm. Concentration of analytes 0.5 mmol·L-1 in the substrate vial, 

0.35 mmol·L-1 in the reaction zone after the online mixing.  
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3.4 Conclusion 

Offline and online enzyme assays of Hex were successfully developed and 

performed. A new method for separation of chitotriose, chitobiose and GlcNAc has been 

developed for the offline enzyme assay. The electrophoretic migration of analytes was 

induced by the tetraborate-saccharide complexation and the UV absorption of amide 

groups was utilized for direct UV detection at the 200 nm wavelength. After 

investigating the dependence of separation performance on pH and BGE concentration, 

the 25 mM tetraborate buffer, pH 10.0, was selected as the optimal BGE. The method 

using this electrolyte was evaluated in terms of repeatability, linearity of detector 

response, LOD and LOQ. RSDs of migration times for all three analytes were around 

1 %, RSDs of peak area were approximately 2.5 %. The detector response was found to 

be linear in the investigated concentration range. Limits of detection were ranging from 

2.2 to 5.5·10-5 mol·L-1. This method was compared with other electrophoretical 

approaches to the separation of saccharides, namely measurements in a highly alkaline 

BGE, BGE with addition of a cationic surfactant and a method using derivatization of 

analytes with UV and LIF detection. For common enzyme assays, our method with the 

tetraborate BGE was found to be the most suitable due to the simplicity of BGE, 

absence of additives such as acetonitrile or CTAB, which could interfere with the 

enzymatic reaction, and the good repeatability. In cases where extremely low detection 

and quantification limits would be necessary, derivatization of analytes followed by 

CZE-LIF analysis would be the approach of choice. A method adopted from literature 

was modified to obtain LODs as low as 4·10-9 mol·L-1. Nevertheless, the tetraborate 

method was used to perform offline enzyme assays that enabled automatic monitoring 

of cleavage of chitotriose to chitobiose and subsequently to GlcNAc. The method was 

also successfully applied to study the pH dependence of enzymatic activity.  

In the offline method, the consumption of substrate and enzyme solutions was in 

the order of microliters per one reaction mixture. An online enzyme assay for Hex was 

developed using the BGE employed for the offline assay, which reduced the 

consumption of reagents to tens of nanoliters per run. The automated in-capillary 

mixing also minimized the risk of sample loss or contamination. Substrate and enzyme 

were injected into the separation capillary, mixed by diffusion and, after a specified 

reaction time, the resulting reaction mixture was separated and its components were 

detected. The TDLFP model was used to facilitate the optimization of injection 



 

 

72

sequence in order to achieve the most effective mixing possible. The online enzyme 

assay with chitobiose as a substrate showed the repeatability and detection limits 

comparable with the offline method. Applicability of the online assay has been 

demonstrated on the monitoring of inhibition effect of DMF on the Hex activity. When 

pH of the BGE was increased to 11.7, method was also applicable to enzyme assays 

with chitotriose as a substrate. 
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4 CONCLUDING SUMMARY 

Capillary electrophoresis has a strong position among other analytical techniques 

utilized in life sciences. Short analysis times and feasible automation enable high-

throughput processing of large sample series. The versatility of experimental design 

with the great variety of separation modes available makes capillary electrophoresis an 

ideal candidate for tailor-made applications. This thesis has shown the great potential of 

this technique in proteomics and enzyme assays. Using non-crosslinked entangled 

polymers, high separation power and enhanced separation efficiency can be reached. 

Replacement of polymer between consecutive runs helps to keep very good 

repeatability of experiments. The fact that capillary electrophoresis works with 

separation columns not filled with any stationary phase and the fact that different zones 

can be mobilized by pressure or voltage and mixed in a predictable way allows for 

usage of the separation capillary as an online reactor. Such reactors can be utilized for 

performing and studying enzymatic reactions as was demonstrated by the second part of 

this thesis. Capillary electrophoresis will undoubtedly keep its credit in life sciences and 

the vivid research in this area will continue and bring new applications as well as deeper 

insights into theory. 
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