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INTRODUCTION 

The development of efficient and sensitive analytical methods for the 
separation, identification and quantification of various analytes of biological 
origin is continuously a topic of high interest for a broad spectrum of sciences. 
Among the many branches of biochemistry no other field except proteomics has 
attracted such numerous technological and financial facilities over the past 
decade. The intense interest in proteins is largely driven by their essential role in 
numerous biological processes and was particularly accelerated by a recent 
success of the human genome project. Meanwhile, any progress in proteomic 
research is rather dependent on the advances in analytical tools. Therefore, the 
challenging tasks of large-scale proteomics have necessitated the designing of 
novel instruments and planning alternative research strategies as well as the 
improving of existing techniques.  

Among the basic requirements for analytical techniques the high efficiency 
and sensitivity in the wide dynamic range of proteomic separations with 
minimal sample consumption are the most important. Traditionally, the two-
dimensional polyacrylamide gel electrophoresis has been a "workhorse" 
technique for protein separation, whose superior resolving power, however, is 
overshadowed by the poor sensitivity and reproducibility of results. Nowadays, 
mass spectrometry (MS) is a fundamentally important analytical tool in 
proteomics that is capable of the identification and quantification of proteins 
and characterization of their modifications. While the direct MS measurements 
of simple mixtures are feasible, the great complexity of natural and biological 
samples stresses the enormous need for using a supplementary separation 
method prior to MS analysis.  

Capillary electrophoresis (CE), especially in combination with a highly 
sensitive MS detection, has become a promising analytical technique in proteins 
study. Currently, hyphenation with MS is still on the development stage in spite 
of the many technical improvements in design proposed in the past years. The 
most challenging point of an on-line coupling is the interface between CE and 
MS. Therefore, alternative off-line approaches by electrophoresis are considered 
convenient for a further study with appropriate stand-alone spectroscopic 
techniques. Generally, the versatility and simplicity of an electrophoretic 
instrument renders the CE technique advantageous over traditional methods. 
Indeed, the diversity of detection modes and availability of new capillary 
materials with different surface properties, unlike fused-silica, enables a 
significant increase of method applications, with protein separation included. 
Moreover, a complete instrument can be miniaturized to a high extent from 
electronics up to detector resulting in relatively compact systems. As a result, a 
variety of innovative instrumental platforms from CE-based portable devices for 
in-field analysis up to multidimensional systems are available nowadays for an 
extensive study of proteins. Furthermore, the potential of CE for an automated, 
fast and high-efficient analysis makes it feasible to be a complement to 
conventional techniques or even a replacement for some labor-intensive assays. 
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Likewise, of special interest has been the application of CE to the 
characterization of interactions between target proteins and numerous 
biologically important molecules. This is attractive for proteomic and 
pharmaceutical researches, where understanding of interactions is essential for 
the control of a large number of processes in biosystems.  

On the whole, proposed initially as a tool for the analysis of small charged 
molecules, CE is nowadays used for the study of proteins, which seems to be 
one of the most impressive fields of application of the technique. Although the 
method is diversely realized, novel approaches may be still further explored. 
Thus, the advanced development of the CE-based analysis with main emphasis 
on the protein research was aimed and investigated in the present work.  
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AIMS OF THE STUDY 

The main goals of the present thesis were to demonstrate the various new 
opportunities that capillary electrophoresis opens for protein analysis. The novel 
approaches were essentially focused on the development and description of 
proposed systems as well as on the demonstration of advanced applications. 

More specifically the aims set were: 

• to investigate the utility of the polyether ether ketone (PEEK) capillary for 
CE separation with contactless conductivity detection  

o to develop simplified CE protocols for the analysis of proteins, 
peptides and other analytes of biological origin 

o to compare the separation performance of the polymer tubing with that 
of a traditional fused-silica capillary on model sample mixtures 

• to present a CE fraction collection system for various stand-alone mass 
spectrometric instruments as a means of compound identification, MS 
profiles simplification and interfering species removal  

o to design and discuss the capillary electrophoresis fraction collection 
system for an off-line MS combination 

o to validate the off-line CE-MALDI-TOF-MS approach to proteins 
analysis 

• to apply capillary electrophoresis frontal analysis (CE-FA) to a 
comprehensive characterization of protein-ligand binding properties  

o to determine binding constants on an example of human serum 
albumin and structurally different flavonoids 

o to consider the possible relationship between the binding capability 
and structural specificities of the compounds under study 

o to propose a new extended application for CE-FA method to identify a 
specific binding site and characterize the predominant intermolecular 
forces in studied complexes 
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1 LITERATURE OVERVIEW 

1.1 Analytical tools for proteomic research 

After realization of the Human Genome Project the main attention of 
bioanalysts was concentrated on the next challenging task as protein analysis. 
Indeed, proteins are complicated biomolecules that are made up of 20 naturally 
occurring amino acids and are folded into a very well-defined form, which 
essentially affects their function and activity. Additional posttranslational 
modifications more amplify the structural complexity. Moreover, like other 
biological macromolecules, proteins are an important part of organisms and 
participate in many processes within the cells: catalyze specific biochemical 
reactions, have structural and transport functions, important for cell signalling 
and immune responses1,2. In contrast to genome, proteome is dynamic over time 
and differs depending on the variety of physiologies and environments. Taking 
into account the diversity of biological systems the study of thousands of 
peptides and proteins at a concentration range of over several orders of 
magnitude represents a significantly more formidable task than the genome 
research.  

All extensive investigations of protein species, particularly their structure 
and biological role, are associated with the term proteomics3,4 (Figure 1). The 
first studies in the field were mainly focused on simple measurements of protein 
content, but advances in the instrumentation and methodologies allowed an 
expansion of the scope of biological studies to the analysis of complex protein 
samples. At present, the discovery and utilization of specific protein biomarkers 
for a quick diagnosis of particular diseases is one of the most promising 
applications of proteomics5-8. Moreover, systematic studies imply the structural 
analysis and ascertainment of the function of each protein, as well as the 
understanding of protein interactions in complex networks and pathways. On 
the whole, the ultimate aim is to completely map the proteome3.  

 

 

Figure 1. Pieces of the proteomics puzzle 

Scientists are evidently faced with a variety of tasks in the proteomic area. 
Nevertheless, a wide scope of techniques from classical analytical chemistry is 
now available for proteome research. The potential of new developments to 
assist in the analysis of proteins is also used. Since a proteomic studies can be 
subdivided into the several disciplines, the role of each technique is clarified 
after the problem setting: 
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· Qualitative and quantitative estimation of proteins 
In the simplest way, the determination of proteins can be performed by 
spectrophotometry owing to the characteristic absorption maximum of the 
peptide bond around λ = 205 nm and the aromatic ring of amino acids 
tryptophan and tyrosine around λ = 280 nm1,9,10. Additionally, the Biuret test, 
Lowry and Bradford assays are traditional colorimetric approaches to measuring 
the total level of protein in a sample. The methods are based on the reaction of 
proteins with specific reagents followed by measurement of colour intensity, 
which is directly proportional to the protein concentration9-11.  

However, the proteomic research often aims at investigating one certain or 
all individual proteins in the sample. Thus, separation techniques are more 
advantageous over the preceding since proteins can be measured directly on-
column during the separation process1,12,13. Among the methods a high-
performance liquid chromatography (HPLC)14, and polyacrylamide gel 
(PAGE)1,15,16  and capillary17,18 electrophoresis are more often used for the 
qualitative and quantitative analysis of mixtures, as well as for sample 
purification. Nevertheless, the most powerful systems for analysis of proteins in 
complicated samples are by far liquid separation techniques coupled to the mass 
spectrometry in the on-line or off-line modes19-21. 

The distinctive feature of some biomolecules to exhibit a molecular 
recognition is successfully exploited in such analytical tools as immunoassays 
and biosensors1, 22,23. These approaches are unique in the ability to perform a 
highly specific and sensitive analysis of the target protein. For instance, the 
enzyme-linked immunosorbent assays (ELISA) involve enzymes to detect an 
antibody or an antigen in samples in immunology24,25 (e.g. food allergens), 
medicine26,27 (e.g. HIV test) and various industries28,29 (e.g. potential toxins, 
herbicides). Moreover, biosensors can be employed when the protein 
concentration in the sample is very low and/or the isolation procedure from a 
complex matrix is a difficultly achieved task. For some practical applications 
the use of such disposable portable biosensors seems to be preferred to 
laboratory-based techniques. The weak point of bioassays is still a limited 
number of applications.  

· Structure determination 
Currently, the major effort in proteomic analyses is tended to the protein 
identification and structure determination. Structural analysis is quite a labour- 
intensive and time-consuming process since it involves a number of reactions 
and analysis steps to be carried out. In general, after a specific degradation of 
protein the small fragments obtained are sequenced and the amino acid 
composition is finally put together1,30.  

The first approaches required an additional chromatographic or 
electrophoretic separation of cleavage fragments for their further individual 
sequencing, predominantly by the Edman degradation. This is a reliable process 
for a relatively short peptide sequencing, which is based on sequentially 
removing the N-terminal amino acid residue in the controlled mode on the fully 
automated instrument1. More recently, proteins were identified by first partially 
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digesting them by an enzyme (e.g. trypsin, pepsin) and then measuring the 
characteristic fragments of the digest by a mass spectrometer. The cleavage 
pattern is identified by comparison against protein sequence database or 
predicted reference peptide masses20,31. The techniques which are particularly 
available for such analyses are the matrix-assisted laser desorption ionisation 
(MALDI) time-of-flight (TOF) mass spectrometry and electrospray ionisation 
mass spectrometry (ESI-MS). Both methods are able to determine molecular 
weights with high accuracy and provide structural information. The amino acid 
sequence for an unknown protein can be determined using a tandem mass 
spectrometer (e.g. ESI-MS/MS)20,31,32.  

The structure of pure proteins can be investigated by nuclear magnetic 
resonance (NMR)33 and infrared spectroscopy (IR)34. Moreover, electron 
microscopy35,36, X-ray crystallographic30,37 and NMR30 measurements with the 
aid of computational approaches propose a three-dimensional structure of 
proteins. 

One of the main challenges in proteomics research is the determination of 
isoforms and posttranslational modifications. These have an effect on the 
molecular mass and net charge of the protein and therefore can be characterized 
using a separation techniques, MS or MS/MS analyses15,32,38.  

· Interactions and functional analysis  
A functional analysis has been mainly focused on the investigation of the 
essential property of proteins to exhibit enzymatic activity. Due to intensive 
studies the range of assays proposed is vast, but all are principally based on the 
measurement of either the consumption of substrate or formation of product 
over time. Traditionally, there are spectrophotometric, fluorometric and 
radiometric assays, calorimetry and separation methods (e.g. CE, HPLC, thin 
layer chromatography)39,40.  

The characterization of binding properties has found a broad application in 
the pharmaceutical science for new drug development and investigation of 
biologically active compounds, because their overall distribution and intensity 
of physiological actions is correlated with affinities towards plasma proteins41. 
Moreover, the study of protein-protein and protein-ligand interactions is 
important for understanding the molecular processes in the cell and is 
particularly critical for describing the signalling pathways and regulation 
mechanisms of biological systems. In this context, several analytical approaches 
have been proposed, including spectroscopic methods (fluorescence, NMR), 
affinity electrophoresis, surface plasmon resonance and equilibrium dialysis 
related techniques42,43. 

Depending on the application focused, a more preferred instrumental platform, 
selective approach or combination of techniques can be employed. Commonly, 
the criteria of choice depend on the level of the sensitivity and accuracy 
required, availability of appropriate equipment and reagents, presence of 
interfering compounds, cost of analysis, ground of convenience, etc. Since 
biologic fluids are mostly very complex, the techniques employed should be 
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robust and provide excellent resolution as well. From a practical point of view, 
assays must be easy to perform, automated and low-priced if laboratories 
process daily a large number of samples. 

Most of the methods used to carry out studies of proteins are not ideal or 
have definite limitations for their analysis. In view of these facts, versatile 
techniques which, in addition to separation performance, can estimate rapidly 
and accurately a number of biological parameters are greatly welcomed. In 
comparison with new opportunities traditional analytical techniques long ago 
proved to be reliable and robust. Moreover, they have constantly undergone 
technical improvements demonstrating potentialities inherent to protein 
analysis. 

In this context, the utility of the CE method is frequently overlooked by 
proteome researchers. Electrophoresis has been gained popularity in the '80s of 
the last century as a high-throughput technique for DNA sequencing. The later 
extensive development of the method was accompanied by a continuous 
concurrence with other techniques and a number of its avowed achievements 
were wrongly overshadowed. Nevertheless, it is apparent that CE has not 
exhausted all its possibilities yet. Nowadays, novel strategies and recent 
developments are opening new opportunities for the application of CE to the 
analysis and characterization of proteins.  

1.2 Capillary electrophoresis 

Among separation techniques, capillary electrophoresis is the most universal 
one and has proved to be suitable for the analysis of both charged and neutral 
species, ranging from small metal ions to large biomolecules. Almost all 
proteomic applications can be accomplished using CE as well. The wide 
prevalence of method follows from the existence of its different modes, which 
have been developed and adapted to certain purposes. Nowadays capillary 
electrophoresis is a well-established technique in analytical laboratories around 
the world and can be a researcher’s first choice owing to highly efficient 
separation within a short analysis time on the instrument of moderate cost with 
minimal reagent and sample consumption. These advantages have led to a tool 
that has excellent capabilities for solving challenging biological problems, 
including protein analysis. 

1.2.1 Basic principles and theory 

The formal definition of electrophoresis describes it as the movement of 
electrically charged species in a conductive media under the influence of an 
electric field1,44. In practical terms, the efficient separation is affected by two 
main factors: the electrophoretic mobility of individual analytes and the 
electroosmotic flow (EOF) of the bulk solution.  

The electrophoretic mobility (μep) is a specific characteristic of a compound 
under the given experimental conditions. It results from the equilibrium 
between the electric force, which is exerted in the electric field acting in favour 
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of the ion motion, and the frictional force resulting from the solution viscosity. 
The electrophoretic mobility is commonly used to describe the migration of ions 
and is expressed as the ratio of the electrophoretic migration velocity (vep) over 
the electric field strength (E):  

ηπ
μ

r

q

E

vep
ep 6

==   (1) 

where q is the net charge of the analyte, r is Stoke's radius and η is the buffer 
viscosity.  

It is evident from the equation that differences in properties such as net 
charge and/or size of molecules result in different electrophoretic mobilities and 
provide the basis of the separation mechanism in CE.  

The second fundamental factor that affects the migration of compounds is 
the electroosmotic flow. This phenomenon describes the bulk movement of the 
electrolyte solution through the capillary and is characterized by the 
electroosmotic mobility (μEOF) as defined by the following: 

πη
εζμ
4

==
E

vEOF
EOF   (2) 

where ε is the dielectric constant of the buffer solution and ζ is the zeta 
potential. Experimentally, the velocity of EOF can be estimated by measuring 
the migration time of a neutral marker (e.g. mesityl oxide, acetone or benzyl 
alcohol) over a fixed distance of the capillary. 

The electroosmotic flow originates from the surface chemistry of the inner 
wall of the capillary. In the fused-silica capillary, numerous silanol groups (Si-
OH) become dissociated to silanate ions (Si-O-) if the pH value of the buffer 
rises above 3. Formed under these conditions the negative surface charges are 
compensated by cations attracted from the buffer solution. These cations are 
arranged into the double layer: the Stern layer is rigid and is accumulated close 
to the negatively charged wall, while the diffuse layer extends into the bulk 
solution and remains slightly mobile. The potential across the layers is called 
the zeta-potential (ζ). When the electric field is applied, the cations forming the 
diffuse layer are attracted towards the cathode and the bulk solution is pulled 
along with them. This leads to a phenomenon called electroosmotic flow1,45. 
Polymeric materials exhibit the EOF resulting probably from the adsorption of 
charged buffer components into the capillary wall46,47.  

According to previous statements, the apparent mobility of each ion could be 
expressed as the sum of the ion’s electrophoretic mobility and the mobility of 
the electroosmotic flow: 

EOFepap μμμ +=   (3) 

As a result, negatively charged analytes move towards positively charged 
anode in the opposite direction to the EOF flow, while positively charged 
analytes advance to the cathode additionally accelerated with the EOF. The 
uncharged analytes move at the same velocity as the electroosmotic flow. Often, 
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the EOF is predominant over the electrophoretic mobilities of analytes allowing 
separation of positive, neutral and negative species in the same run.  

There are certain strategies to achieve resolution and influence the efficiency 
of the CE separation process. Fundamentally, the electrophoretic mobility of 
most compounds is strongly dependent on the pH of the buffer, affecting their 
ionization. On the other hand, the direction and velocity of the electroosmotic 
flow depend on the capillary surface charge and buffer parameters. Thus, simple 
on implementation possibilities to modify EOF are changing the ionic strength 
and pH of the background electrolyte as well as adding organic solvents or 
modifiers (e.g. micelles, cyclodextrines, neutral polymers)44. Furthermore, 
because the surface of the fused-silica capillary is chemically reactive, it can be 
altered using chemical modification or dynamic coating to better control, 
minimize or even reverse surface charge48. Coated capillaries are useful for 
analysis of macromolecules, particularly proteins, which bind readily to the 
negatively charged surface of uncoated fused-silica capillaries49,50. 

1.2.2 CE instrumentation  

The ability of CE method to perform a number of different types of separation 
derives from the simplicity and speed with which basic system elements or 
parameters can be varied. For the simplest part, this implies the altering of the 
background electrolyte composition by addition of various types of surfactants 
in MEKC, ampholites in CIEF or using the sieving matrix for CGE. Though all 
the above modes differ significantly in principle of separation, they can be 
readily performed on the same instrumentation with only minor modification in 
case of specific applications. 

On the whole, the CE system is relatively simple and consists of vials 
containing a buffer and a sample, a capillary, two electrodes connected to the 
high voltage power supply, a detector and a data handling device. To perform 
electrophoretic separation, the capillary is filled with an appropriate background 
electrolyte and dipped into separate buffer vials. In most cases, a defined sample 
volume is introduced either electrokinetically or hydrodynamically by 
temporarily placing the capillary inlet into the sample vial. If the high voltage is 
applied to the system, the analytes start to migrate according to their mobilities. 
The separated zones passed through the detector are plotted as peaks on the 
electropherogram, where the migration time is indicated on the x-axis and the 
signal intensity is on the y-axis1,44. The diversity of available CE instruments is 
primarily dependent on the detector systems exploited, types of capillaries used, 
sample pre- or/and postmanipulations offered and the multiplicity of software 
for automation of sampling and data collection.  

As follows from the method name, the capillary is a key element of the CE 
instrument. Advanced properties of the capillary material include chemical and 
electrical inertness, flexibility and robustness, as well as inexpensiveness. The 
characteristics of the fused-silica capillary satisfy most of these requirements 
and its thoroughly studied properties permit alteration of the EOF in the 
desirable manner. Various polymeric materials, such as a poly(methyl 
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methacrylate) (PMMA)51,52, polyether ether ketone (PEEK)51,53 and 
polytetrafluoroethylene (PTFE)46,54 were also tested as a potential capillary 
material owing to the inertness to a wide range of organic and inorganic 
chemicals, stability at extreme pH and different surface chemistry. However, 
the demonstrated applications were limited by the mechanical softness and lack 
of the optical transparency of polymers54,55. Because most organic polymeric 
capillaries contain UV-absorbing functional groups, they are hardly transparent 
to the UV light below 270 nm. Thus, the complicated construction of the 
detection cell was needed certainly for photometric detection52.  

Detection in CE is commonly carried out using optical means (absorption 
and fluorescence)56-58, which are standard on most commercially available 
systems. Alternatively, electrochemical detectors (conductometric, 
potentiometric and amperometric)57,59,60 are inherently simpler in construction, 
easy to miniaturize and less expensive than optical devices, but have been still 
exploited comparatively little. New attractive features could be found by the use 
of the contactless conductivity detector in CE, which provides a universal 
detection with adequate sensitivity for most applications and enables integration 
into CE-based portable instrument61,62. On the other hand, the coupling of CE 
with a mass spectrometer results in a powerful system for the separation and 
structural characterization of a wide range of compounds. In spite of the low 
sample capacity in CE, the high sensitivity of modern MS instruments makes it 
possible to detect minor species in samples. Unfortunately, the online CE-MS 
combination presents several technical challenges, namely, the placement of the 
CE electrode at the MS interface, and solvent compatibility. Alternatively, the 
application of CE on-line sample preconcentration methods, as stacking, 
sweeping and isotachophoresis, could be used individually or in combination in 
order to enhance detection sensitivity63. 

The simplicity of instrumental design allows constructing home-made 
systems meeting special requirements for experimental conditions. Currently, 
research laboratories are the main leaders in CE instrument development using a 
wide variety of in-house manufactured systems and software. Most of these 
offer the versatility of sampling system integration, variety of detection modes 
and flexibility in coupling to other dimensions, as well as availability for 
postseparation sample treatment or fraction collection. Compared to home-made 
systems, commercially available instruments can be elaborated with enhanced 
facilities such as computer guidance of all operations, multiple injection devices 
and temperature control. From a practical point of view, automation of assays is 
the barest necessity for precise quantitative analysis in both scientific 
laboratories and diagnostic centres dealing with routine analyses. Nowadays the 
advanced CE instrument development is directed to the integration of separation 
in microfluidic devices and improvement of multidimensional strategies that 
enable analysis of compounds on the basis of more than one property.  
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1.2.3 CE of proteins – challenges and achievements in the field 

The increasing number of various strategies and recent developments of 
electrophoretic modes opens new opportunities for the CE application to the 
high- throughput analysis and characterization of proteins. However, compared 
to the analysis of small charged compounds, protein analysis by CE has special 
features and is faced with unique challenges. Above all, proteins are 
polyelectrolytes and zwitterions whose net charge is contributed by the free α-
amino group of the N-terminal residue, the free α-carboxyl group of the C-
terminal residue and R-groups capable of ionization (Figure 2)1,3. Since the pI 
values of most proteins are in the pH range of 3 to 10, they are mainly 
positively charged at pH 3 or below and negatively charged at pH 10 or above. 

 
Figure 2. The effect of pH on the ionization of amino acids: a positive charge at a 
low pH, a zwitterion at a neutral pH and a negative charge at a high pH.  

On the whole, the resolution and efficiency of protein and peptide separations 
can be varied simply by adjusting the pH of the separation medium. If CZE is 
performed in the fused-silica capillary, the low pH is more preferable because 
essentially all proteins are positively charged and migrate towards the cathode 
under the reduced EOF. In comparison, using higher pH buffers contributes to 
the strong protein adsorption onto the capillary wall. Generally, protein 
interactions with the charged fused-silica surface are the main limitation on the 
protein analysis by CE, which are caused by the presence of numerous charges 
and hydrophobic moieties on protein molecules. The adsorption of proteins 
severely degrades capillary electrophoretic performance appeared as a peak 
broadening, low separation efficiency, loss of resolution, poor reproducibility of 
peak areas and migration times49,64. 

In order to avoid these negative effects and to achieve high efficient and 
repeatable separation the undesirable interactions must be suppressed and the 
EOF controlled. Thereby capillaries with dynamic or permanent coatings have 
been developed over the years for a more precise analysis. Among the 
numerous coating materials presented, polymers, including poly(vinyl alcohol), 
poly(ethylene oxide), polyacrylamides and polybrene, exhibited the best 
performance48-50,65,66. Furthermore, an attractive strategy is using surfactants as 
wall coatings or buffer additives50,67. The applications of the modified silica 
surface to minimize the adsorption of proteins was demonstrated on numerous 
analyses of test mixtures and complicated real samples (tryptic digests, human 
body fluids, foodstuffs)68-70. Nevertheless, both the time-consuming and 
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complicated multistep derivatization procedure and the high cost of 
commercially available coated capillaries cannot be satisfactory for routine 
high-throughput analyses. Thus, while the most comprehensive separation has 
been achieved with coated capillaries, other approaches to minimizing protein 
adsorption propose the use of the extreme pH of BGE solutions, high salt 
concentrations, buffer additives and the proper conditioning of the capillary 
between the runs51,67. The improved results could be achieved by combining 
some strategies.  

The main CE approaches that are presently applied to protein analysis 
include capillary zone electrophoresis (CZE), capillary gel electrophoresis 
(CGE), micellar electrokinetic chromatography (MEKC) and capillary 
isoelectric focusing (CIEF)17,18,71. These modes exploit for separation various 
protein properties like charge, molecular weight, hydrophobicity and isoelectric 
point (Table 1).  

Table 1. The commonly used CE modes for protein analysis with explanations of 
their separation principles 

CE mode Principle Separation medium 

Capillary Zone 
Electrophoresis 

CZE Charge-to-size ratio 
Background electrolyte with 
appropriate pH and ionic 
strength 

Micellar Electrokinetic 
Chromatography 

MEKC 
Charge-to-size ratio 
and hydrophobicity 

Background electrolyte with 
surfactant micelles 

Capillary Isoelectric 
Focusing 

CIEF Isoelectric point 
Ampholyte mixture 
developing pH gradient 

Capillary Gel 
Electrophoresis 

CGE 
Size (MW) and 
charge 

Cross-linked and linear gels 

Among the proposed modes of capillary electrophoresis, CZE is coupled with 
mass spectrometry most conveniently. Thus, the electrophoretically separated 
proteins can be identified using various mass spectroscopic techniques21,71. In 
addition to diverse range of applications in analytical scale using CE as a 
preparative approach to sample simplification or cleanup is also offered72,73. In 
that case, the off-line CE–MS is considered as a reasonable approach owing to 
its flexibility towards the optimization of both systems, possibility of additional 
intermediate manipulations and opportunity to use different types of ion sources 
for MS. The coupling of CE to MALDI is a promising tool for the protein 
analysis that favoured the development of new automatic fraction collection 
systems. The interfaces demonstrated have mainly differed in the way the CE 
effluent deposition on the MALDI plate, although the sheath-flow fraction 
collection set-up has proven to be the simplest74-76. In that case, a droplet of the 
CE effluent is mixed with the matrix solution at the capillary tip and can be 
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deposited directly on the target or collected into the individual vials with the 
subsequent treatment of fractions by chemical or biological means prior to 
transference into the mass spectrometer. The approach has been successfully 
applied to the analysis of model proteins68,77,78 and real samples79-81. Also, 
multidimensional separation platforms have been used in combination with ESI-
MS for the analysis of intact proteins82,83. Recently, fraction collection systems 
for the microchip CE have been demonstrated 73,84. 

Besides the separation and quantification of complicated samples, 
biochemists are interested in parameters that cannot be estimated by most 
classical assays. The individual biochemical applications can be certainly 
performed by capillary electrophoresis owing to the method versatility. CE is 
ideally suited for enzyme-related analysis and has been widely utilized for the 
determination of enzyme activity and kinetics, as well as substrate and inhibitor 
screening85-88. Moreover, specially designed samplers approved on-line 
monitoring of the enzymatic conversion without disturbing the reaction progress 
and inconvenient manual procedures89,90. Striving for a further downscaling of 
the enzyme assay allowed integrate inside the capillary all the numerous 
operations of the enzymatic process from the mixing of reagents up to the final 
quantification of the reaction products. This electrophoretically mediated 
microanalysis (EMMA) proved to be highly valuable, particularly owing to the 
nanoliter consumption of enzyme and substrate, which is an essential 
characteristic in case of limited sample amount40,91,92. 

Much research was undertaken in the field of characterization of specific 
noncovalent protein interactions with other biomolecules with the aid of CE43,93. 
During the last decade, affinity capillary electrophoresis (ACE) has been 
successfully used to determine the binding constants for formed complexes, 
including protein-ligands, protein-metals, protein-peptides and protein-
drugs94,95,96. The appearance of CE in the format of frontal analysis (CE-FA) 
facilitated the use of capillary electrophoresis for investigating of binding 
processes97,98,99. Guided by the separation principles of capillary zone 
electrophoresis and using ordinary commercial CE instrumentation, this 
approach affords an accurate determination of binding parameters. The key 
advantages of these techniques are the near-physiological conditions and 
rapidity of analysis, small sample volumes, ease of automatization and 
robustness, which are all extremely useful for the accurate and rapid 
characterization of binding processes.  
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2 EXPERIMENTAL 

2.1 Instrumentation 

2.1.1 Capillary electrophoresis 

CE experiments were carried out using both a commercial instrument and 
specially designed home-made systems employing different types of capillaries 
and various detection modes. 

The main part of electrophoretic measurements was made using in-house 
constructed electrophoretic equipments, which meet special requirements for 
application. These instruments were equipped with a high-voltage power supply 
(Spellman High-Voltage Electronics, Plainview, NY) providing the voltage of 
up to 20 kV. The security system cuts off the high voltage power supply if the 
box is opened. The experiments with home-made systems were performed at 
ambient temperature without temperature control. The samples were introduced 
either hydrodynamically (∆h) or electrokinetically using various injection times.  

A bare fused-silica (Polymicro Technologies, USA) and polyether ether 
ketone (Upchurch, Oak Harbor, WA, USA) capillaries with an internal diameter 
of 75 µm and various total lengths were employed. The mixture of model 
proteins was separated in a poly(vinyl alcohol) coated silica capillary (Agilent 
Technologies, Waldbronn, Germany) of 52 cm (39 cm to the detector) in length 
and 50 μm i.d. × 365 μm o.d. dimensions. 

The contactless conductivity detection was performed with a TraceDec® 
C4D (Innovative Sensor Technologies, Strasshof, Austria) working with the 
TraceDec Monitor software. The CE platform for fraction collection was 
equipped with a UV absorbance detector using 210 nm for measurements. The 
detector signal was transferred to a personal computer via a self-made 16-bit 
analogue-to-digital-converter in a LabView (National Instruments, Austin, TX, 
USA) environment. All the data obtained were further processed by MATLAB 
Version 6.0 Release 12 (MathWorks Inc., Natick, MA, USA).  

The CE-FA experiments were performed on a commercial Agilent CE 
apparatus (Agilent Technologies, Waldbronn, Germany) equipped with a diode-
array UV/Vis detector. The 50 μm i.d. fused silica capillaries (Agilent 
Technologies) were used and the temperature of the capillary in the cartridge 
was maintained by a thermostatic system. Prior to analysis the samples were 
thermostated at an appropriate temperature using a Techne DB-3A heater 
(Bibby Scientific Ltd, UK), and then were automatically injected using a 
hydrodynamic mode (pressure 50 mbar) at the anode. The ChemStation 
software (Agilent Technologies) was used for instrument control, data 
acquisition and data handling.  

The pH was measured by using a 744 pH Meter (Metrohm, Herisau, 
Switzerland). A Milli-Q water purification system (Millipore S.A., Molsheim, 
France) (Millipore, Milford, USA) was used for producing the deionized water 
of high purity (18.2 MΩ/cm). 
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2.1.2 Fraction collection platform on the basis of CE 

The design of the fraction collector is schematically presented in Figure 3. The 
cathode end of the capillary was housed inside a stainless steel needle using a 
coaxial liquid-sheath-flow configuration. A vessel with the sheath liquid was 
elevated relative to the stainless steel needle endpoint by approximately 10 cm 
providing a movement of the liquid by gravity with a flow rate of 2.5 μl/s. The 
resolved analytes in the CE capillary were sequentially fractionated into 
droplets (12 μl) that were collected into individual 250 μl PCR tubes located in 
the wells on a moving xy-stage on a microtiter plate. The CE separation and 
fractionation were completed in less than 10 min. 

Compared to similar systems for fraction collection a new element in design 
was a droplet counter. The droplets were counted by a light detector with a 
built-in light emitting diode (LED) driver circuit (Optoswitch S4282-51, 
Hamamatsu). This only responds to the luminous flux of the connected LED, 
because the flux to the LED is modulated and a signal processor synchronizes 
the sensitivity of the light detector to the modulation. The unit can tolerate high 
background light levels. The output level is TTL/CMOS-compatible and 
readable using a parallel computer interface. 

 
Figure 3. A schematic of the fraction collection system 
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2.1.3 MALDI-TOF 

An Autoflex III MALDI-TOF mass spectrometer (Brucker Daltonics, 
MA,USA) equipped with a nitrogen laser (337 nm) and operated in the linear 
mode applying the accelerating voltage of 20 kV was used. The laser power was 
kept constant, and the other parameters were adapted automatically by the 
instrument’s software. The spectrum were obtained by accumulating 500 laser 
shots in the positive mode of operation. Sample preparations were performed on 
a stainless steel plate using a dried-droplet technique. 

2.2 Reagents 

All chemicals were obtained at an analytical reagent grade and were used 
without additional purification.  

Proteins - trypsinogen, lysozyme, cytochrome c, myoglobin, β-lactoglobulin 
(A+B), human hemoglobin and albumin from human serum (HSA, essentially 
fatty acid free) were purchased from Sigma-Aldrich (Steinheim, Germany), 
while ribonuclease A and α-lactalbumin were obtained from Fluka (Buchs, 
Switzerland). The HPLC peptide standard mixture was received from Fluka. 
Dicarboxylic acids (malonic, succinic, glutaric, phthalic, adipic and pimelic), 
rutin hydrate, quercitrin hydrate, flavone, warfarin, ibuprofen were also 
supplied by Sigma-Aldrich. Mesityl oxide used as an EOF marker was from 
Fluka. 

The components of background electrolytes - 2-(N-
morpholino)ethanesulfonic acid (MES), L-histidine (His), benzoic acid, acetic 
acid and sodium dihydrogen phosphate dehydrates were supplied by both 
Sigma-Aldrich and Fluka. The other reagents and solvents used in this work, as 
sodium hydroxide (NaOH), sodium dodecyl sulfate (SDS), sinapic acid, 
trifluoroacetic acid (TFA) and acetonitrile, were obtained from Sigma-Aldrich. 
Methanol was purchased from Rathburn Chemicals Ltd (Walkerburn, Scotland).  

2.3 Material and methods 

2.3.1 Preparation of solutions  

The stock solutions of analytes at various concentrations were prepared from 
the corresponding compounds in the Milli-Q water and stored in the 
refrigerator. Except the working solution of human serum albumin prepared in 
the phosphate buffer for CE-FA measurements, proteins were also dissolved in 
the deionized water, stored at –20 °C and adjusted to room temperature prior to 
use. The stock solutions of flavonoids, warfarin and ibuprofen were dissolved in 
methanol and stored at +4 °C in the dark. All multicomponent solutions and 
mixtures were daily prepared from the corresponding stock solutions by 
dissolving them in the separation buffer in order to avoid system peak 
appearance and to prevent disequilibrium changes in the reaction mixture during 
the electrophoretic analysis. 
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The MES/His solution at a concentration of 15 mM (pH 6.1), a 250 mM 
acetic acid (pH 3) and a 20 mM benzoic acid (pH 3.1) were used as background 
electrolytes for electrophoretic separations. To improve its solubility benzoic 
acid was heated in the water bath at 65 ºC for 10 minutes. Fresh buffer solutions 
were mixed daily and were used at their natural pH values. The phosphate 
buffer solution at a concentration 67 mM was prepared from the sodium 
dihydrogen phosphate dehydrate in Milli-Q water adjusting the pH to 7.4 by the 
addition of a 1M NaOH. Prior to use, all the electrolytes and rinsing solutions 
were filtered through 0.45 µm nitrocellulose Millipore filters. 

2.3.2 Capillary conditioning  

Each new capillary was activated by rinsing with a 1 M sodium hydroxide 
solution for 20 min, then with a 0.1 M sodium hydroxide for 20 min and finally 
with the Milli-Q water for 20 min. For conditioning, at the beginning of each 
day and between the runs the capillary was flushed with a 0.1 M NaOH, the 
deionized water and the separation buffer for 3 min for each solution. In order 
to improve the reproducibility of CE frontal analysis the capillary was 
additionally washed with a 14 mg/ml SDS solution. This standard procedure 
was used for all fused silica and PEEK capillaries. The PVA capillary was 
preconditioned with a 10 mM phosphoric acid, the Milli-Q water and the buffer 
solution for three minutes each. 

2.3.3 Procedures 

In the fraction collection study a mixture of proteins (10 μM of each) was 
injected electrokinetically (at +20 kV for 8 s); the high voltage of +20 kV was 
applied. The 250 mM acetic acid was used both as the separation electrolyte and 
sheath liquid in order to match the ionic strength. Each collected fraction (12 μl) 
and matrix solution (2 μl) were mixed and briefly vortexed. Then 1.5 μl of the 
solution was spotted directly into the MALDI plate and allowed to air-dry at 
room temperature. A 10mg/ml solution of sinapic acid in a 0.1% (v/v) 
TFA/50% (v/v) acetonitrile/water was used as the matrix for the mass-spectral 
analysis of proteins. In order to improve the sensitivity of detection the 
procedure of sample deposition into the MALDI plate was repeated three times: 
the second sample layer was deposited on the top of the first layer, allowed to 
dry and then the procedure was repeated again. 

For CE-FA analysis, a series of mixtures were prepared where the HSA 
concentration was kept constant (40 µM) and rutin, quercitrin or flavone 
solutions were added in different amounts to reach concentrations in the range 
of from 50 to 500 μM. The samples were thoroughly mixed and equilibrated for 
30 min at 36.5 or 25 ºC. During the electrophoretic experiments the capillary 
was thermostated at an appropriate temperature as well. The hydrodynamic 
injection at 50 mbar at the anodic end of the capillary was used to introduce the 
sample and the high voltage of +8 kV was applied for separation. For 
displacement experiments the flavonoid and HSA solutions were thoroughly 
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mixed at a 1:1 ratio and then the site marker was added to the mixture at a 
concentration of 100 μM. Each flavonoid-HSA mixture was prepared and 
measured at least three times to ensure the reproducibility of the results. 

2.3.4 Data processing and calculations in CE-FA experiments 

The flavonoid-HSA binding as well as any ligand-protein interaction is 
described as an equilibrium process and can thus be mathematically expressed 
by the association constant (Ka): 

[F] + [P] ↔ [FP] 
[ ]

[ ] [ ]PF

FP
Ka =

   

(4) 

where F is the flavonoid (ligand), P is the protein and FP is the formed 
complex, whose binding constant is equal to Ka.  

Assuming that the number of the same and independent binding sites in the 
protein is n, suppose that the equivalent concentration of the protein is n[P] and 
the equivalent concentration of the complex is n[FP]. The indexes "t", "f" and 
"b" mean total, free and bound species in the solution. Then: 

[ ]
[ ] [ ] ff PnF

FPn
K =

  

(5) 

In that case [P]t = [P]f + [FP] and [F]t = [F]f + n[FP]. Following the 
calculations, the amount of the bound flavonoid n[FP] (further denoted by [F]b) 
can be determined as the difference between the total [F]t and free [F]f 
flavonoid concentration: 

[F]b = [F]t - [F]f  (6) 

For this purpose, a series of diluted solutions of rutin, quercitrin and flavone 
in the working concentration range were prepared and analyzed under the same 
conditions as were the HSA-flavonoid mixtures. The concentration of the 
flavonoid, which remained unbound after incubation with HSA, was found 
experimentally by measuring the height of the corresponding plateau peak on 
the electropherogram. 

Further, substitutions of n[FP] = [F]b and [P]f = [P]t - [FP] = [P]t - [F]b/n in 
Equation (5) and rearrangements will result in Equation (7): 
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The binding curves for each flavonoid-HSA system were constructed by 
plotting the number of bound ligand molecules per protein molecule (r) against 
the free flavonoid concentration. Finally, the binding constant (K) and the 
number of sites (n) were determined by adjusting the data obtained to Equation 
7 using a nonlinear regression. The KyPlot software package (version 2.0 beta 
15; KyPlot, Tokyo, Japan) was used for this purpose, while the corresponding 
values were verified by the Solver algorithm. 

The binding percentage of flavonoids to HSA was evaluated using the 
equation below: 

[ ]
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b

F

F
B =

  

(8) 

The thermodynamic parameters dependent on temperature were calculated 
according to the following equations: 
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STHKTRG Δ−Δ=−=Δ ln
  (10) 

where K1 and K2 are the binding constants at the corresponding temperatures T1 
and T2, R is the gas constant, (∆H) is the enthalpy, (∆G) is the free energy and 
(∆S) is the entropy changes on binding. 

The logP values were estimated using the miLogP software version 2.2. 
(Molinspiration Chemoinformatics, Slovakia)100. 
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3 RESULTS AND DISCUSSION 

3.1 CE-C4D with the polyether ether ketone capillary 

Various organic polymers, like poly(tetrafluoroethene) (PTFE)46,54, poly(methyl 
methacrylate) (PMMA)51,52, ethylene vinyl acetate (EVA)47, have been studied 
as materials for CE capillaries since they exhibit different surface properties. 
Schneider et al. used polyether ether ketone and PMMA capillaries with an 
inserted detection window made of a fused-silica capillary for photometric 
detection, but the complicated construction of the detection cell had an 
unfavourable influence on peak efficiency52. In the present study, the potential 
of the PEEK capillary for the CE separation was examined. The application of 
the contactless conductivity detector eliminated any need for the detection 
window and is suitable for the detection of optically inactive compounds. This 
promising combination of CE–C4D with the PEEK capillary was employed for 
the development of a simplified protocol for the analysis of proteins, peptides 
and other analytes of biological origin. In order to verify the utility of polymer 
columns, the results were compared with those obtained using bare fused-silica 
capillaries. An attempt was made to demonstrate the performance of CE–C4D 
with PEEK capillaries to be more favourable for distinct applications because of 
simple experimental conditions without any modification of the capillary 
surface or use of a complicated buffer composition. 

3.1.1 Characterization of the PEEK capillary 

To characterize the properties of the capillary surface, the direction and 
magnitude of the electroosmotic flow are used as principal parameters. 
Polyether ether ketone polymer is composed of repeating monomers of ketone 
and two ether groups. Unlike fused-silica, the PEEK material is inherently 
neutral and possesses no charged surface groups, considering a chemical 
structure (Figure 4)55. Nevertheless, experimental results demonstrated the 
presence of a relatively slow electroosmotic flow. Accordingly, a negative 
surface charge was supposed to exist in case of the PEEK capillary due to a 
cathodic direction of the EOF. The observed electroosmosis could be expected 
from the adsorption of buffer ions into the capillary surface or/and the presence 
of trace compounds in the column material46,47. 

 

Figure 4. The chemical structure of polyether ether ketone polymer 
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The magnitudes of the EOF in the PEEK and fused-silica capillaries were 
compared by estimating the electrophoretic mobility of the neutral marker under 
the same experimental conditions. Using mesityloxide, the respective mobility 
was 2.65±0.04 ×10-8 m2/Vs for the PEEK capillary (i.d. 75 μm; 7.5 mM 
MES/His buffer, pH 6.1). The value obtained well coincided with literature data 
2.6×10-8 m2/Vs (10 mM MES/His buffer, pH 6)53. In comparison, the EOF in 
the fused-silica capillary was considerably stronger, being 6.42×10-8 m2/Vs. At 
the same time, the stability of the EOF on the PEEK column was examined. 
This was found to be highly reproducible relating to the run-to-run RSD for the 
EOF mobility of 1.4% (n=8).  

In the present study, using PEEK capillaries in combination with the 
contactless conductivity detector allowed analysis without any need for the 
detection window. Thus, the lack of optical transparency was no hindrance 
henceforward. The only noted drawback was the mechanical softness of the 
PEEK material which caused some technical problems, particularly during the 
installation of the capillary into the detection cell. 

3.1.2 Fields of application 

Peptides and proteins are one of the biological compounds whose analysis is the 
most essential but difficult to accomplish by CE. In practice, the manipulation 
of the pH of the buffer is the simplest tool used to vary the charge of a 
compound and, hence, to control the resolution between the analytes in the 
mixture. At high pH, peptides and proteins are mainly negatively charged and, 
furthermore, the possible adsorption will be minimized as a result of the charge 
repulsion effect. The 20 mM Tris (pH=8.9) and 100 mM ammoniun hydroxide 
(pH=9.8) were tested as separation buffers due to their compatibility with the 
C4D detector. However, based on poor experimental results, it was assumed that 
the EOF in the PEEK capillary is too weak to enable the negatively charged 
high-molecular analytes to be pushed to the cathode direction. Further, the 
possibility of separation performance in the PEEK capillary at low pH was 
examined. Then the pH of the buffer is well below pI, all the proteins and 
peptides readily migrate to the cathode having a positive charge. After a series 
of experiments, the 20 mM benzoic acid as a background electrolyte (pH 3.1) 
and the separation voltage of +19 kV with electrokinetic injection proved to be 
optimal conditions for peptide and protein separation. 

First, the analysis of a peptide mixture (Gly-Tyr, Val-Tyr-Val, Met-
enkephalin, Leu-enkephalin, angiotensin II) was carried out in the PEEK 
capillary using the experimental conditions found. Figure 5A illustrates the 
successful CE separation of peptides within 12 minutes according to an increase 
in their molecular weight. A minimum resolution was achieved between Met-
enkephalin and Leu-enkephalin, which differ in only one amino acid residue. 
The electropherogram of the standard peptide mixture obtained in the fused-
silica capillary at the same conditions is also shown in Figure 5B. The analysis 
of all compounds was achieved even in a shorter time. Furthermore, the 
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electropherograms observed show that the two separation patterns are markedly 
different. Moreover, even peptides without one of the three amino acids 
absorbing the UV light (Phe, Trp, Tyr) can now be directly measured by the 
C4D detector. 

 
Figure 5. The electrophoretic separation of the peptides mixture in (A) PEEK and 
(B) fused-silica capillaries. Experimental conditions: capillary 75 μm i.d. × 64 cm × 44 
cm, 20 mM benzoic acid (pH 3.1), separation voltage +19 kV, electrokinetic injection 5 
s at +19 kV, concentration of each peptide 0.25 mg/mL. Peak identification: 1 - Gly-
Tyr, 2 - Val-Tyr-Val, 3 - Met-enkephalin, 4 - Leu-enkephalin, 5 - angiotensin II. 

Then, the analysis of a model mixture consisting of anionic and cationic 
proteins (cytochrome c, myoglobin, ribonuclease A, β-lactoglobulin A+B, α-
lactalbumin) with different pIs (4.5-10.6) and molecular weights (12.4-24 kDa) 
was carried out in a single run without any modification of the buffer 
composition or capillary wall. The electropherogram of the resolution achieved 
between all the tested proteins in the PEEK capillary is presented in Figure 6. 
The analysis was fast (around 9 min) and the results were obtained at a 
concentration of proteins of 0.5 mg/mL. As the pH of the buffer is well below 
the pI values of basic proteins, the latter are migrated prior to acidic proteins 
because of the higher positive charge. The results obtained using the fused-silica 
capillary at the same experimental conditions were unsatisfactory and, 
therefore, are not shown. 
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Figure 6. The electrophoretic separation of proteins in the PEEK capillary. 
Experimental conditions: PEEK capillary 75 μm i.d. × 55 cm× 30 cm, 20 mM benzoic 
acid buffer pH 3.1, separation voltage +19 kV, electrokinetic injection 10 s at +19 kV, 
concentration of proteins in the sample 0.5 mg/mL. Peak identification: 1 - cytochrome 
c, 2 - myoglobin, 3 - ribonuclease A, 4 - β-lactoglobulin A/B, 5 - α-lactalbumin. 

As demonstrated above, the naturally low electroosmotic flow in the PEEK 
capillary had a limitation in the analysis of high-molecular biomolecules at high 
pH. However, this special feature could potentially have an advantage in the 
separation of small ions having more than one negatively charged group, for 
example, dicarboxylic acids. Since the pKa1 of the acids is in the range of from 
2.8 to 4.3 and the pKa2 of the second carboxyl group is from 5.4 to 5.7, both 
carboxyl groups are deprotonated at the neutral pH of the buffer. Owing to the 
high negative electrophoretic mobility of analytes the application of the 
reversed polarity with anodic detection is more preferable. As a rule, cationic 
surfactants are then used to reduce or even reverse the direction of the EOF and 
to achieve separation. Furthermore, as mentioned above, using the conductivity 
detection served well when the analytes of interest do not contain UV-active 
groups. This is the case with dicarboxylic acids which usually need previous 
derivatization or indirect UV detection. Using the combination of CE–C4D with 
the PEEK capillary these complicated manipulations are no longer necessary. 

The separation of the mixture of dicarboxylic acids (namely malonic, 
succinic, glutaric, phthalic, adipic and pimelic acids) was easily performed in 
the PEEK capillary without any prior surface coating (Figure 7A). The 
separation was rather fast as the experiment was accomplished in less than 8 
min. The baseline resolution was achieved using a 15 mM MES/His buffer (pH 
6.1), an applied voltage of +19 kV and sample electrokinetic injection from the 
cathodic side with a further anodic C4D detection.  
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Figure 7. The separation of dicarboxylic acids in PEEK (A) and fused-silica (B) 
capillaries. Experimental conditions: capillary 75 μm i.d.×46 cm×26 cm, 15 mM 
MES/His buffer pH 6.1, separation voltage +19 kV, electrokinetic injection of 50 μM 
standards for 3 s at +19 kV from the cathodic side. Peak identification: 1 - malonic acid, 
2 - succinic acid, 3 - glutaric acid, 4 - phthalic acid, 5 - adipic acid, 6 - pimelic acid 

In comparison, the electropherogram of the separation of dicarboxylic acids in 
the fused-silica capillary performed at the same electrophoretic conditions is 
demonstrated in Figure 7B. As seen, the time of analysis is twice longer and the 
peak shapes are broadened. The explanation for this phenomenon could be the 
difference in EOF velocity between the capillaries. Having two negatively 
charged groups, dicarboxylic acids can easily overcome the slow EOF in the 
PEEK capillary, but the movement of sample zones in the fused-silica capillary 
suffers from the strong counteractive electroosmotic flow.  

3.1.3 Reproducibility and efficiency 

The performance of the PEEK capillary appeared to be different from that of the 
fused-silica, because of a polymeric nature of the surface. The ability of the 
polyether ether ketone material to limit protein adsorption was estimated by 
monitoring separation efficiencies and the repeatability of the migration time 
and peak areas. These important parameters were also calculated for the other 
compounds under study and are summarized in Table 2. On the whole, the 
results indicate that the PEEK capillaries demonstrated a moderate 
reproducibility and efficiency.  
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Table 2. The performance criteria of the C4D-PEEK capillary system 

Analyte 
RSD (%)a) 

Efficiency 
(plate/m)b) 

LOD 
(μM)c) Migration 

time 
Peak area 

Cytochrome c 5.8 7.4 9084 9.0 

Ribonuclease A 6.1 6.7 13 693 8.2 

Myoglobin 6.8 7.0 11 907 8.6 

α-Lactalbumin 7.3 10.3 7840 12.5 

β-Lactoglobulin A/B 7.5 10.4 10 929 12.6 

Gly-Tyr 5.5 3.6 20 236 11.4 

Val-Tyr-Val 5.8 5.9 28 116 18.7 

Met-enkephalin 5.5 4.9 45 182 15.4 

Leu-enkephalin 6.0 3.3 75 427 10.3 

Angiotensin II 5.5 3.1 55 995 9.7 

Malonic acid 5.7 4.1 9013 6.2 

Succinic acid 5.5 6.4 10 155 9.6 

Glutaric acid 6.3 4.6 13 624 6.9 

Phthalic acid 7.1 5.1 20 183 7.7 

Adipic acid 7.7 3.9 15 783 5.9 

Pimelic acid 7.4 4.7 18 410 7.1 

a) The values were obtained as an average of at least of three independent runs 
b) The number of theoretical plates was calculated as N=5.54[ti/(areai/peak heighti)]

2 
and recalculated to the effective length of the capillary 

c) The limits of detection were calculated as a triple ratio of the mean peak area to 
the standard deviation of areas 

The highest separation efficiency was achieved in case of using the PEEK 
capillary for the peptide analysis. The number of theoretical plates obtained 
amounted to 75 000 plates/m. Furthermore, the RSD values of the migration 
time and peak area did not display any marked trend for extreme pH conditions, 
supposing the chemical stability of the PEEK capillary at various buffer 
systems. On the other hand, the calculated N values indicated a rather low 
effectiveness (7840-13 693 plates/m) of protein separation if the PEEK capillary 
was applied. Moreover, the relative standard deviations of the migration time 
and peak area were close to 7 and 10%, respectively.  
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The shifts in the migration time and low efficiency indicate that the 
adsorption of proteins onto the PEEK capillary wall was not completely 
avoided. Theoretically, the electrostatic interactions and adsorption-desorption 
processes can affect the band width of the protein zone as migration occurs. 
Especially at extreme pH, the hydrophobic areas of protein could be exposed, 
resulting in the hydrophobic adsorption. Taking into account the hydrophobicity 
of the PEEK material, an undesirable interaction between the capillary wall and 
protein may take place, leading to the broadened peaks. The variation of the 
electrolyte pH was evidently insufficient for efficient separation, and so 
strategies to control the adsorption of protein samples onto the polymer material 
needs to be further developed.  

In the case of the dicarboxylic acids separation, the RSD of the migration 
time and peak area was estimated to be from 5.5 to 7.7 % and from 4.1 to 6.4 %, 
respectively. The movement against the EOF could explain the variation in 
migration time, broadening of the sample zone and distortion of the peak shape 
resulting in the decrease in the separation efficiency. The N values for the PEEK 
capillary are in the range of from 9013 to 20 183 plates/m. In comparison, the 
electroosmotic flow in the fused-silica capillary offers a more stronger 
resistance to the movement of sample zones leading to a three-fold increase in 
the analysis time and a dramatic reduction in the efficiency (N = 2824-13107 
plates/m).  

The limited reproducibility can also result from the precisely unclear nature 
of the EOF and the use of electrolytes with a low buffering capacity due to the 
exploitation of the conductivity detector. The proper selection of background 
electrolytes is really important for the success of any CE separation, but this 
choice is particularly critical in case of a combination of capillary 
electrophoresis with the C4D detection. With the aim to obtain high separation 
efficiencies, matching the buffer ion mobility with analyte mobility is necessary 
for minimizing peak shape distortions. But, in order to maximize sensitivity, it 
is necessary to achieve the highest possible difference in mobility between the 
analyte ion and the BGE co-ion. As a consequence, finding a suitable 
background electrolyte is a compromise between separation efficiency and 
detection sensitivity, which is difficult to accomplish for CE-C4D systems at the 
same time. Furthermore, the availability of BGEs with appropriate pH is 
especially limited in case of a need to affect a solute charge.  

The quantitative response of CE-C4D in the PEEK capillary to analytes was 
also investigated. The limits of detection were determined as concentrations 
giving the ratio of mean peak area (Amean) to areas standard deviation (sA) equal 
to three (i.e. S/N=3*Amean/sA). For non-stacking sample injection the LOD 
values are relatively high, being in the micromolar range. Sensitivity could be 
further increased in case of the method development for a definite application.  

Overall, the results obtained proved that the untreated PEEK capillary is 
improper for a precise analysis of complex protein mixtures and may be used 
only as a preliminary express test or preparative step prior to identification. On 
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the other hand, PEEK capillaries are considered as an attractive alternative to 
the traditional fused-silica capillaries for distinct applications, especially for the 
analysis of small molecules as peptides, and are demonstrated to be a promising 
potential for developing portable, point-of-care devices for in situ analysis. 
Further applications of PEEK capillary to the analysis of macromolecules with a 
view to obtain accurate quantitative results are needed for preliminary 
consideration taking into account the hydrophobic nature of the polymeric 
material. A more precise analysis of individual analytes in real samples, which 
is complicated due to peak overlapping, as well as the identification of unknown 
species requires a particular approach considering the sensitivity and selectivity 
of mass spectrometric instruments. To reduce sample complexity prior to mass 
spectrometry, fraction collection is one of the effective approaches carried out 
prior to protein analysis. 

3.2 Fraction collection system for the CE-MALDI-TOF-MS analysis of 
proteins 

3.2.1 The design features of the CE fraction collection platform 

The CE system presented for fraction collection provides improved 
performance due to the introduction of new aspects. In the present work, CE is 
completely autonomous and the collection of fractions in the form of droplets 
enables all problems related to the electrical coupling between CE and MS to be 
avoided. Unlike several other fraction collectors, no interruption of the 
separation voltage during the experiment is needed. 

Furthermore, it is well known that the most widely used background 
electrolytes required for CE separation are not suitable if capillary 
electrophoresis is coupled to MS in an on-line mode. In case of the off-line 
mode this obstacle was easily overcome by using instead of an outlet buffer 
reservoir continuously following droplets of the sheath liquid, which is 
compatible with MS. Furthermore, the migration speed of sheath-liquid ions 
must be smaller than the velocity of the electroosmotic flow on the anionic side 
in order to prevent intervention with the separation process in the capillary. The 
experimental mobilities of the EOF (25 mM sodium tetraborate buffer, pH 9.3) 
and an acetic acid ion were 6.4×10-8 m2/Vs and −2.6×10−8 m2/Vs, respectively, 
meaning that sheath-liquid ions would probably not migrate into the CE 
capillary. Acetic acid was used both as a sheath liquid and background 
electrolyte in protein analysis for the purpose of preventing disturbance of the 
CE separation in the PVA capillary with the suppressed EOF and approval for 
MS experiments.  

The time of falling of a droplet was precisely correlated with the migration 
time of the peak observed at the UV detector. Assuming that the mobility of the 
analyte is constant during electrophoresis, the time at which the analyte band 
reaches the capillary outlet (to) is calculated from the migration time 
corresponding to the top of the analyte peak as its zone passes through the 
detector window (td). The calculation is performed as follows: to = (lo/ld)td, 
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where lo is the full length of the capillary and ld is the effective length of the 
capillary to the detector. The negligible increase in time interval between the 
droplets falls-off could be observed if the sheath liquid is delivered by gravity 
owing to a gradual decrease of the level of the liquid in the vessel. However, the 
proposed solution in the form of a droplet counter allowed avoiding the 
presumable drawback. 

3.2.2 Validation of the system with a model mixture of proteins  

The proposed off-line coupling of CE to MALDI-TOF could certainly be useful 
for the analysis of complex proteomic samples due to the possibility of prior 
fractionation for simplification of MS profiles, as well as for removal of species 
which interfere with the MALDI analysis. The fraction collection system 
developed was evaluated on a model mixture of proteins consisting of 
cytochrome c, lysozyme, ribonuclease A, trypsinogen, α-lactalbumin, human 
hemoglobin and human serum albumin. As already demonstrated, the separation 
of proteins is not easily performed by CE. Reliable strategies use electrolyte 
solutions at extreme pH values and/or capillaries with a coated inner surface. 
On the assumption of this, protein separation was performed in the PVA coated 
silica capillary using a 250 mM acetic acid (pH 3) as a background electrolyte. 
The electropherogram of the above-mentioned mixture with good resolution is 
demonstrated in Figure 8A. Additionally, the droplet counter signal and 
numbering of fractions through one are shown at the bottom of the 
electropherogram. The time interval between two consecutive droplets falls-off 
corresponds to the time during which a droplet is formed.  

 
Figure 8. The CE-MALDI-TOF analysis of protein standards: (A) 
electropherogram with an electrical impulse, (B) mass spectra of the collected 
fractions. Experimental conditions: PVA capillary 50 μm i.d.×52 cm×39 cm, 250 mM 
acetic acid as a background electrolyte and sheath liquid, separation voltage +20 kV, 
electrokinetic injection 8 s at +20 kV, each protein concentration 10 μM, UV detection 
at 210 nm. Peak identification: a – cytochrome c, b – lysozyme, c – human serum 
albumin, d – ribonuclease A, e – trypsinogen, f – α-lactalbumin, g – human hemoglobin. 
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Figure 8. (Continued) 
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The procedure of sample collection into vials is simple and allows a variety of 
subsequent specific tests to be performed on individual fractions in order to gain 
the required chemical characteristics. Moreover, the size of the collected 
droplets is ergonomically compatible with human operator capabilities, which 
enables further manual manipulations of the fractions. In this case, mixing with 
the matrix solution and deposition on the stainless steel plate was performed for 
a MALDI-TOF analysis, but a variety of other possibilities (fraction 
concentrating, tryptic digestion, etc.) obviously exists. A further system 
development will allow collecting fractions by a robotic spotter, while the MS 
analysis is possible using an autosampler. 

The corresponding mass spectra of the collected fractions are shown in 
Figure 8B, with the exception of those fractions that appeared to be empty or 
whose amount of protein was negligible. In the spectrum recorded, the main ion 
peaks [M + H]+ were detected. In general, the major peaks observed in each 
mass spectrum correspond to the proteins expected according to the CE signal 
in Figure A. The mass spectrum of fraction #1 contains only a single peak of 
cytochrome c. In fraction #3 the signal from lysozyme is observed. The next 
two mass spectra are indicative of the presence of human serum albumin in 
fractions #4 and #5, respectively. A peak in the mass spectrum of fraction #6 is 
identified as ribonuclease A. In fraction #7 negligible quantities of ribonuclease 
A and trypsinogen are observed, but the main signal of trypsinogen is detected 
in the subsequent fraction #8. The mass spectrum of fraction #10 contains a 
peak of α-lactalbumin. Hemoglobin is identified in fractions #11 and #12 
containing two neighbouring peaks. This fact could be explained by a tetrameric 
structure of hemoglobin, consisting of two α and two β subunits which are 
bound non-covalently and dissociate during the ionization step. A variation in 
signal intensity was also observed between different fractions: the mass 
spectrum of low molecular weight proteins results in a higher signal intensity 
probably due to the different ionization efficiency. 

The data on the reproducibility of the electrophoretic separation of proteins 
with subsequent MALDI-TOF-MS measurements are presented in Table 3. The 
obtained RSD values of up to 3.5 % correspond to the prevented adsorption of 
proteins in CE runs owing to the high precision of the PVA coated capillary and 
guarantee an accurate distribution of analytes between the predicted fractions. 
The results of MALDI-TOF measurements also demonstrated an excellent 
stability, because from run to run the RSD of the experimental molecular weight 
was less than 0.3 %. 
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Table 3. Reproducibility statistics on CE-MALDI-TOF measurements 

Protein 
RSD (%)a)  Molecular weight (Da) 

Migration 
time 

Peak 
area 

 Literatureb) Experimentala) SDa) 

Cytochrome c 1.8 2.5  12300 12225.75 35.38 

Lysozyme 2.3 3.0  14300 14301.60 44.07 

Human serum albumin 1.6 3.3  66500 66616.99 157.85 

Ribonuclease A 2.5 1.4  13700 13695.88 12.11 

Trypsinogen 1.9 3.2  24000 23985.63 66.91 

α-Lactalbumin 1.4 2.5  14200 14179.32 34.34 

Human hemoglobin 1.9 3.5  64000 15142.14 15.23 

     15884.89 12.15 

a) RSD, SD and experimental average are based on 5 independent replicate 
measurements 

b) An approximate molecular weight from the reagents producer’s datasheets 

The reduced sensitivity is a well-known drawback of using a CE instrument as a 
fraction collector because of sample dilution by the flow of an auxiliary liquid. 
A dilution factor estimated here is about three orders. This is partially 
compensated for by the high sensitivity of the MS detection. The 10 µM protein 
mixture introduced into the capillary for fraction collection was found to be 
optimal for the CE-MALDI-TOF-MS combination. The necessity of decreasing 
detection limits can lead to an increase in the amount of the injected sample, 
which predictably leads to the loss of resolution on the electropherogram. If the 
identification of a peak is an issue, the scarifying separation quality for 
increasing the detection limit could be certainly justified. On the other hand, in 
the proposed approach it can also be minimized by using a preconcentration 
step for collected fractions or repeating the deposition of the sample on the 
MALDI plate.  

In general, the type of the fraction collection developed in the present work 
could be envisioned as supporting a project concerning the study of a high 
number of samples with similar composition, like the profiling of bioactive 
compounds and biomarker discovery, for example. Although current 
experiments demonstrated the use of the MALDI-TOF as a detector in the 
second dimension for protein analysis, the fraction collection system developed 
was applied to other stand-alone MS instruments as well. The proposed off-line 
approach was successfully used to investigate real plant extracts by a micro-
column RP-HPLC-ESI-Q-TOF-MS and ICP-MS as reported in Paper II. 
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3.3 Study of protein interactions with bioactive compounds 

In addition to the demonstrated applications of CE to protein analysis, capillary 
electrophoresis was proposed as an attractive technique for the investigation of 
the binding processes of protein with biologically important compounds. The 
application was focused on the characterization of interactions between human 
serum albumin and naturally occurring flavonoids, namely, flavone, quercitrin 
and rutin. Flavonoids have received meticulous attention due to the numerous 
evidences of their beneficial effects on human health, wide-ranging biological 
activities and potential use as natural drugs. Thus, the study can contribute to a 
better understanding of their transportation mechanism, as well as prediction of 
their physiological behaviour based on structural specificities.  

The capillary electrophoresis frontal analysis (CE-FA) is one of the 
numerous modes of CE, which is used to characterize the protein interaction 
behaviour at near-physiological conditions. The enormous studies of 
interactions between ligands and biomolecules have been principally limited to 
the estimation of binding constants, but the present work attempted to 
demonstrate the possibility of carrying out a more comprehensive assay using 
the CE-FA technique. 

3.3.1 Optimization of CE-FA conditions 

The capillary electrophoresis frontal analysis is based on injecting a larger 
amount of sample into the capillary than needed for separation. As a result, the 
peaks of the analytes have a trapezoidal form with a definite plateau on the top. 
Therefore, the quantities of bound and free ligands needed for the construction 
of building curves and calculation of binding constants can be estimated using 
the corresponding heights of the plateau on the electropherograms. Furthermore, 
the CE-FA required a difference in electrophoretic mobility of the free ligand 
from the protein and the protein-ligand complex for a precise estimation of the 
plateau height. The compliance with these requirements was studied at first. 

Under conditions close to physiological quercitrin and rutin are slightly 
negatively charged due to the presence of partly dissociated phenolic -OH 
groups with a pKa in the range of from 6.74 to 11.65101. Flavone, having a zero 
electrophoretic mobility, migrated with the electroosmotic flow under these 
conditions. Human serum albumin (pI=4.7) is mostly negatively charged in the 
physiological pH range and due to its high molecular mass HSA tended to 
migrate slowly towards the anode. Furthermore, it was suggested that the 
flavonoid-HSA complex and HSA migrated as a single zone because a bound 
flavonoid does not notably change the electrophoretic mobility of protein. On 
the electropherogram, flavonoid and the flavonoid-HSA complex (co-migrated 
with a free protein) were observed as completely separated ordinary CE peaks 
when the injection time was short. In order to investigate plateau formation, 
different injection times from 5 up to 60 s were examined (Figure 9).  
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Figure 9. The effect of the injection time on plateau formation. Experimental 
conditions: 67 mM phosphate buffer (pH 7.4), capillary 50 μm i.d. × 37 cm × 45 cm, 
applied voltage +8 kV, hydrodynamic injection at 50 mbar, UV detection at 210 nm; 
sample: 150 µM rutin (•) and 40 µM HSA (○).  

As seen in Figure 9, the plateau region of the free flavonoid started to appear 
with the 20 s injection, but a more evident plateau was observed when the 
sample injection time was about 40 s. Moreover, with increasing injection time, 
the peaks became broadened and equilibrium was maintained in the overlapping 
zone. Thus, the injection time of 40 s at a pressure of 50 mbar was chosen as an 
optimal injection time for all further experiments.  

3.3.2 Estimation of binding constants of flavonoids to human serum albumin  

The interactions between human serum albumin and flavone, rutin and 
quercitrin were studied according to the above-mentioned procedure under the 
optimized experimental parameters and at near-physiological conditions (67 
mM phosphate buffer, pH 7.4; temperature at 36.5°C). The binding of a ligand 
to a protein can be described by an equilibrium process, when one part of the 
ligand is presented in the free form and the other part is in a complex with 
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protein. Typical CE-FA electropherograms on an example of a standard flavone 
and the flavone-HSA mixture are illustrated in Figure 10. As can be observed, 
the height of the plateau corresponding to the flavone decreased in the presence 
of human serum albumin, thereby proving the formation of the complex.  

 

Figure 10. The electropherograms of flavone (---) and flavone/HSA mixture (—). 
Experimental conditions as in Figure 10, hydrodynamic injection at 50 mbar for 40 s; 
samples: 300 μM flavone and 300 μM flavone + 40 μM HSA. 

By repeating the analysis at various protein/ligand ratios, the free ligand 
concentration was determined from the height of the unbound ligand plateau. 
The difference between the total and free ligand concentrations corresponds to 
the amount of the ligand present in the complex (Eq. 6). Following the 
calculation, the number of bound ligands per protein (r = [F]b/[P]t) was 
estimated for each protein-ligand system (Eq. 7). Finally, based on the 
experimental data and calculations performed, the binding curves were plotted 
as r parameter versus free flavonoid concentration as shown in Figure 11.  
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Figure 11. The binding curves of the flavonoids inverstigated: (a) flavone, (b) 
quercitrin and (c) rutin 
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Fitting the experimental data to the Equation 7 using nonlinear regression, the 
binding constants (K) and the number of binding sites per protein molecule with 
the same affinity (n) were determined for the investigated flavonoids and are 
summarized in Table 4. As follows from the results, the studied flavonoids 
exhibited moderate binding properties towards HSA with essential differences 
in the binding constants. Based on the obtained K values, the binding order 
could be presented as follows: flavone (21.39×103 M-1) > quercitrin (6.64×103 
M-1) > rutin (4.13×103 M-1). 

Table 4. The binding parameters obtained by the CE-FA method (36.5 °C) and the 
lipophilicity (logP) values of the flavonoids under study 

Compound K ± SD (×103 M-1) n ± SD log P a) 

Flavone 21.39 ± 0.55 2.26 ± 0.02 3.737 

Quercitrin 6.64 ± 0.10 2.91 ± 0.02 0.644 

Rutin 4.13 ± 0.16 2.32 ± 0.04 -1.063 

a) Calculated by the miLogP software version 2.2. available as freeware 

The available data obtained using conventional methods were consistent with 
the results of the present study, despite the different measurement principles. 
The reported binding constants for rutin measured by the fluorescence 
spectroscopic technique varied from 4.1×103 M-1 up to 105×103 M-1 depending 
on the experimental conditions and the calculation procedure used102,103. The 
results showed better agreement when the same technique and similar 
conditions were used. For example, Lu et al. reported a binding constant for the 
rutin-HSA complex equal to 1.57×103 M-1 measured by the CE-FA method104. 
Diniz et al. presented the binding constants for rutin (6.9×103 M-1) and flavone 
(33×103 M-1) obtained by capillary electrophoresis, which were very close to the 
values presented in the current study105.  

Additionally, on the example of rutin, the binding capability to HSA was 
estimated by quenching the intrinsic fluorescence of the protein under similar 
experimental conditions as used with the CE-FA method. The calculated 
binding constant of rutin to HSA was (6.4 ± 0.8)×103 M-1, which was well 
compatible with the results obtained by the CE-FA. This confirms the suitability 
of method for estimation of ligand-protein binding constants. Variations in 
results probably arise from differences in experimental conditions and selected 
methods, as well as from the data processing that follows. 
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3.3.3 Relationship between the structural specificities and the binding constants 

The results obtained were discussed based on the structural specificities of the 
flavonoids under study (Figure 11). As shown in Table 4, flavone had the 
highest value of the binding constant, which presents the basic structure of 
flavonoids. In comparison, quercitrin and rutin contain monoglycoside 
rhamnose and diglycoside rutinose (rhamnose + glucose) at the C(3) position, 
respectively. This fact was reflected on the binding constant, whose value was 
about three times lower in the case of quercitrin and approximately five times 
lower in the case of rutin than that of flavone. The differences in affinity could 
be explained by an increased molecular size and, as a consequence, less flexible 
and bulky structures of glycosides. This could result in a less favourable 
placement within the binding site, so that the binding capacity of either 
quercitrin or rutin is lower than that of flavone. Besides, the additional polar 
groups of sugar moieties render these molecules less hydrophobic which could 
thus effect their orientation in relation to the hydrophobic environment of the 
HSA. Consequently, it was concluded that the presence of sugar moieties, as 
well as the number of saccharides, had a marked effect on the binding properties 
of flavonoids to human serum albumin. On the whole, the glycosylation of 
flavonoids decreased their affinities for protein. 

Furthermore, Table 4 presents the logP values of flavone, quercitrin and 
rutin, whose magnitudes were predicted on the basis of individual group 
contributions to the total lipophilicity. Referred to as a measure of lipophilicity, 
the logP value is an important criterion for the prediction and understanding of 
drug behaviour in the human body in early pharmacological studies. It can be 
concluded from the data obtained that the lipophilicity (logP) of the tested 
flavonoids was intermediate and decreased after glycosylation. Moreover, the 
logP values of flavonoids were correlated well with their binding constant 
values. The more hydrophobic flavone (logP = 3.737) had a high binding 
constant and could be found in the plasma mainly bound to the HSA, improving 
its solubility and prolonging half-life. In addition, a marked decrease in 
lipophilic characteristics as well as in the binding properties was demonstrated 
by two glycosides: quercitrin (logP = 0.644) and rutin (logP = -1.063). The 
results obtained evidently show that the hydrophobicity of the flavonoids under 
study has a significant effect on their binding to human serum albumin.  

3.3.4 Determination of the binding site and interaction forces between 
flavonoids and HSA 

Beside the determination of binding constants, a specific binding site on the 
protein molecule was identified based on competitive experiments with site-
specific markers. The thermodynamic parameters were also calculated and the 
main acting forces were further characterized for the complexes investigated.  

The binding and transport functions of human serum albumin are largely due 
to the presence of two major hydrophobic binding sites commonly named as 
Sudlow’s site I and II. The determination of specific binding sites is usually 
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based on a competitive binding, in case of which the ligand under study and the 
site marker compete for the same binding site on a protein molecule. Thus, 
compounds with a high binding affinity and selectivity towards definite binding 
regions on the protein molecule were used for further experiments as the site 
markers: viz. warfarin (K = 1.2-7.1 ×105 M-1 to site I on HSA) and ibuprofen (K 
= 7.1-35.6 ×105 M-1 to site II on HSA)98. The effect of displacement was 
evaluated by comparing the percentage of binding (Eq. 8) of ligand to protein 
before and after the addition of the site marker.  
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Figure 12. The representation of a competitive binding between flavonoids and 
warfarin  flavonoid + HSA;   flavonoid + HSA + warfarin.  

As demonstrated in Figure 12, the addition of the site I specific compound to 
the flavonoid-HSA complex resulted in a remarkable reduction in the binding 
percentage for all of the flavonoids. The decrease was significantly greater 
(from 41.8 to 23.4 %) for rutin than for quercitrin, which demonstrated a 
reduction in the binding percentage from 72.1 to 58.8 %, and for flavones, from 
90.4 to 80.7 %. This implied that there was a competition between flavonoids 
and warfarin when both existed in the human serum albumin solution at the 
same time. Further, ibuprofen was tested as the site II marker, but no marked 
changes in the binding properties were observed. Experiments demonstrated 
that ibuprofen did not share the same binding site with flavonoids and 
independently bound to site II under the conditions studied. Based on these 
results, it was suggested that studied flavonoids bind to HSA at site I. 
Moreover, it was noted that the glycosylation of flavonoids had no influence on 
the binding position. 

The binding competition between two ligands typically reduces their 
affinityies towards protein due to a partial displacement and/or alteration of the 
protein structure. Under real physiological conditions, the binding of flavonoid 
to protein could be affected by the presence of a variety of metabolites or drugs 
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having a similar or higher affinity towards the same binding site on protein. For 
example, some widely used drugs such as phenylbutazone, salicylamid, p-
nitrophenol and quinidine had high K values in the range of from 104 to 105 M-1 
to the HSA binding site I 98. Thus, a competitive binding could be supposed and 
it could alter the binding of flavonoids to proteins, so the real amount of the 
active fraction of flavonoids in the plasma may be different from that expected.  

In order to evaluate the predominant interaction forces between the tested 
flavonoids and HSA, the binding constants were estimated at two different 
temperatures (25 and 36.5 °C) and the thermodynamic parameters dependent on 
temperature were calculated according to Equations (9) and (10). The data 
obtained is summarized in Table 5.  

Table 5. The binding constants measured at various temperatures and 
thermodynamic parameters for flavonoid-HSA complexes 

Compound T (K) K (×103 M-1) 
ΔG 

(kJ mol-1) 
ΔH 

(kJ mol-1) 
ΔS 

(J mol-1K-1) 

Flavone 
298 26.88 ± 1.26 -25.3 

-15.3 33.6 
309.5 21.39 ± 0.55 -25.7 

Quercitrin 
298 7.96 ± 0.18 -22.3 

-12.1 34.1 
309.5 6.64 ± 0.10 -22.6 

Rutin 
298 5.02 ± 0.14 -21.1 

-13.0 27.2 
309.5 4.13 ± 0.16 -21.4 

According to the data presented in Table 5, the flavonoid-HSA complex 
formation was an exothermic reaction (∆H<0). The negative value of the free 
energy (ΔG) indicated the spontaneity of interaction processes, which increased 
with increasing temperature.  

The main acting forces between small molecules and proteins are the 
hydrogen bonding, van der Waals forces, and electrostatic and hydrophobic 
interactions. Ross with Subramanian106 and Leckband107 characterized the sign 
and magnitude of the thermodynamic parameters related to various protein 
associations. Thus, the positive entropy change ΔS is used as an evidence of 
hydrophobic interactions. Moreover, the dependence of binding constants on the 
lipophilic characteristics of the compounds under study has been previously 
demonstrated. Rhamnose contains a non-polar methyl group, as can be seen 
from its structure (Figure 11), and can contribute to the hydrophobic 
interactions between glycosides and HSA as well. On the other hand, specific 
electrostatic interactions are characterized by positive ∆S and negative ∆H 



 50

values. The electrostatic interactions could be expected for rutin and quercitrin 
due to the presence of partially dissociated hydroxyl groups under the 
conditions used. Consequently, it could be assumed that, besides hydrophobic 
forces, electrostatic interactions play a considerable role in the formation and 
maintenance of the stability of the complex between HSA and the flavonoids 
under study. 

The above results confirmed that the CE-FA method is appropriate for the study 
of ligand-protein interactions. It could be successfully applied to the 
pharmacokinetic studies of not only new drugs but also naturally occurring 
bioactive compounds. Taking into account the simple and rapid procedure, 
which requires small sample volumes and has the potential for automatization, 
the CE-FA was established to be a valuable support or even an alternative to 
traditional techniques. Moreover, providing a lot of useful parameters for 
comprehensive characterization of interactions can considerably extend the 
utility of the CE-FA method.  
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4 CONCLUSIONS 

The studies performed within the present thesis highlight the potential of 
capillary electrophoresis for the analysis of proteins. To prove the method’s 
appropriateness and versatility the new column material for separation and 
fractionation approach to the identification of proteins was demonstrated. Also, 
the protein-ligand binding were thoroughly characterized by means of the CE 
frontal analysis.  

The results of the present study can be summarized as follows: 

• The investigations confirmed the possibility of application of polyether ether 
ketone as an alternative capillary material to the conventional fused-silica for 
the CE analysis. Due to the utility of the contactless conductivity detector, 
the main limitations of the PEEK capillary as the lack of optical 
transparency and the barest necessity in construction of complicated 
detection cell were overcome. At the same time, the ability to measure UV-
inactive compounds was realized. The negligible technical drawback was 
exposed during the installation of the capillary into the detection cell because 
of the mechanical softness of the material. 

• The naturally low electroosmotic flow and stability at an extreme pH of the 
PEEK capillary enabled the use of significantly simplified CE protocols for 
the analysis of proteins, peptides and other analytes of biological origin. A 
comparison between the fused-silica and polymer capillaries used for the 
analysis of model mixtures demonstrated the efficiency and reproducibility 
of the latter to be better in case of distinct applications, while the separation 
of proteins was compromised probably by the hydrophobicity of the PEEK 
material. Summarizing all the positive aspects, the combination of CE–C4D 
with the PEEK capillary is considered as a potential candidate for CE-based 
portable, point-of-care devices to analyze in situ samples of biological 
interest.  

• The simple and efficient CE-based fraction collection system for the off-line 
coupling with a mass spectrometer was developed, whose performance is not 
tailored to a specific MS instrument. It was demonstrated that the known 
problems with an off-line CE–MS analysis could be tolerated in addition to 
the more flexible optimization of the experimental conditions for both 
systems and the free choice of appropriate stand-alone MS instruments for 
the study of collected fractions.  

• The off-line coupling of the genetic fraction collector with the MALDI-TOF 
mass spectrometer was verified for the analysis of the proteins mixture. The 
excellent performance of CE separation and implementation of a droplet 
counter for a more precise correlation of the fraction composition with the 
detector signal event resulted in an efficient methodology for peak 
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identification via MS analysis. The results obtained confirmed the 
functionality of the proposed set-up design.  

• The capillary electrophoresis frontal analysis proved to be a persuasive 
technique for the investigation of protein-ligand interactions under near- 
physiological conditions. The binding constants obtained by CE-FA were in 
conformity with the results of fundamental methods despite the difference in 
measurement principles. The applicability of the method was focused on the 
investigation of the binding properties of structurally different bioactive 
compounds to human serum albumin. A special discussion of the 
relationship between the structural specificities and binding properties could 
afterwards facilitate a better understanding of the transportation mechanism 
and predict the physiological behaviour of ligands guided by the structural 
features of the latter.  

• The approach tested enables the identification of binding sites on a protein 
molecule based on displacement experiments and, furthermore, the 
determination of the thermodynamic parameters of binding processes 
providing information about the main acting forces for the complexes under 
study. In view of these facts, the study significantly contributed to the 
potential of CE-FA for an extensive evaluation and characterization of a 
variety of binding parameters.  
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ABSTRACT 

Nowadays, the utility of capillary electrophoresis has been vastly expanded to 
various research fields. In order to make CE more attractive for proteomic 
applications a diversity of CE systems and operation modes are currently 
suggested, which exploited different physicochemical protein properties for 
their analysis and vice versa. Nevertheless, novel applications may still 
contribute to the area of proteomics. The main goals of the present work were 
related to the CE-based method development describing novel separation 
approaches and elaborating advanced instrumental design. Furthermore, the 
utility of the proposed systems was demonstrated placing main emphasis on the 
analysis of proteins. 

This study explored the possibility of application of a polymeric PEEK 
capillary to the CE separation. The main drawback as the lack of optical 
transparency was eliminated owing to the use of the C4D detector. The 
enhanced performance of the PEEK capillary, in comparison with fused-silica, 
was achieved for selected applications, whereas the reproducibility of the results 
was detrimental to the protein and therefore had to be discussed. Furthermore, 
in view of the low electroosmotic flow the fast biological anions were analyzed 
applying opposite end injections without compromising separation and using 
simple experimental conditions. Thus, the combination of CE–C4D with the 
PEEK capillary could be preferable to in situ analysis on portable instrument. 
Another approach developed here employs CE for fraction collection with a 
subsequent MS-based analysis. An important strive to realize identification tool 
competitive to an on-line CE-MS involved the design of a robust CE 
fractionation system based on the sheath liquid flow configuration and 
development of a precise protocol. Besides, the results of an effective 
application of capillary electrophoresis in conjunction with the MALDI-TOF-
MS to the analysis of the proteins mixture were presented. Accordingly, the 
proposed off-line CE-MS approach enabled a protein to be purified from an 
extremely complex biological environment, in addition to the availability of 
various intermediate manipulations and proper choice of stand-alone MS 
techniques. 

In the last section, the application of CE in the format of frontal analysis was 
utilized for one of the most addressed issues in proteomics - the characterization 
of interactions between proteins and bioactive compounds. The binding 
constants obtained by CE-FA were comparable with literature data and 
demonstrated their evident dependence on the structural pattern of ligand. In 
view of the fact that the majority of conventional techniques are limited to the 
determination of binding constants, this study illustrated that the 
characterization of acting forces and determination of the binding site can be 
accurately accomplished by using the same approach to a more thorough 
investigation of binding properties.  
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KOKKUVÕTE 

Tänapäeval on kapillaarelektroforeesi (CE) kasutamine laienenud paljudele 
erinevatele uurimisaladele. Et muuta CE meetodit atraktiivsemaks ka 
proteoomika rakendustes, on selles dissertatsioonis välja pakutud mitmeid 
erinevaid uusi lahendusi valkude kapillaarelektroforeetiliseks lahutamiseks ja 
uurimiseks. 

Tehtud uuringud olid seotud polümeerse PEEK kapillaari võimaliku 
rakendusega kapillaarelektroforeetilisel lahutamisel. Töös tõestati, et nende 
peamisel puudusel – optilisel läbipaistmatusel – ei ole enam tähtsust pärast 
kontaktita juhtivusdetektori kasutusele võtmist. PEEK kapillaari tõhusus 
võrreldes kvartskapillaariga saavutati peptiidide ja dikarboksüülhapete jaoks, 
samal ajal kui valkude puhul oli tulemuste korratavus ebapiisav ja seepärast 
vajab PEEK kapillaari kasulikkus veel uurimist. Peale selle olid nõrga 
elektroosmootse voo tõttu kiired bioloogilised anioonid efektiivselt 
analüüsitavad, kasutades vastassuunalist sisestamist ja lihtsaid 
eksperimentaalseid tingimusi. Seega, kapillaarelektroforeesi ja juhtivusdetektori 
kombinatsioon PEEK kapillaariga võib olla eelistatav in situ analüüsil 
portatiivse instrumendiga. Teine väljatöötatud valkude analüüsi meetod kasutab 
kapillaarelektroforeesi fraktsioonide kogumist, millele järgneb nende edasine 
mass-spektromeetriline analüüs. Püüe luua identifitseerimise vahend, mis oleks 
konkurentsivõimeline on-line CE-MS-ga, realiseerus antud töös lihtsa 
fraktioneerimise süsteemi kavandamisega ja täpse protokolli väljatöötamisega. 
Töös on esitatud ka selle süsteemi efektiivne rakendus valkude segu analüüsiks. 
Seega võimaldab pakutud off-line CE-MS lähenemisviis esiteks puhastada valke 
keerulistest bioloogilisest maatriksitest, teiseks kasutada erinevaid vahepealseid 
manipulatsioone kogutud fraktsioonidega ja lõpuks valida sobiv mass-
spektromeeter komponentide identifitseerimiseks.  

Töö viimases osas kasutati kapillaarelektroforeesi frontaalset analüüsi (CE-
FA) valkude ja bioaktiivsete ühendite vaheliste vastastikmõjude 
iseloomustamiseks, mis on üks enim uuritav proteoomika valdkond. CE-FA 
meetodiga saadud sidumiskonstandid olid sarnased kirjanduse andmetega ning 
demonstreerisid silmnähtavat sõltuvust ligandi struktuurist. Peale selle 
võimaldab nimetatud meetod iseloomustada toimivaid molekulidevahelisi 
interaktsioone ja teha kindlaks sidumiskohta. Pidades silmas, et enamik 
traditsiooniliselt kasutatavatest meetoditest on piiritletud vaid 
sidumiskonstantide määramisega, näitas see töö, et CE-FA sobib hästi 
sidumisomaduste mitmekülgseks analüüsiks 
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