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Abstract 

In this thesis the possibilities of using capillary electrophoresis as a separation 

technique for analysis of proteins and microbubbles is presented. 

A complete analytical process consists of five necessary steps of which one is the actual 

analysis step. For this step a suitable analytical technique is needed. Capillary 

electrophoresis (CE) is one of the common analytical separation techniques used for 

analysis of a diversity of analytes, and can be both used in routine analysis and for research 

purposes. The reason for using CE, compared to other liquid-based separation techniques, is 

mainly short analysis time, high resolution, and negligible sample volumes and solvent 

waste. Depending on the characteristics of the analytes, and the sample matrix, different 

modes of CE can be used, where capillary zone electrophoresis (CZE) is the most employed 

one. The basic principle of CZE is separation of the analytes due to differences in total 

mobility, which is dependent on the charge and size of the analytes, and the electroosmotic  

flow (EOF). The EOF can be controlled by several parameters e.g. choice of background 

electrolyte (BGE), and the optimization of the parameters has been discussed throughout the 

thesis. 

To improve the properties of the BGE, an ethylammonium nitrate (EAN) water solution 

was used as BGE for CE analysis in Paper I. The precision of the EOF with this method 

was determined by adjusting the pH of the BGE, the concentration of EAN in the BGE, and 

the electric field. Model proteins were thereafter analysed using the optimal parameters 

yielding a precision sufficient for routine control. 

One example of the applications of CE is separation of novel contrast agents, which consist 

of polyvinyl alcohol microbubbles (PVA-MBs). In Paper II, a method for analysis of PVA-

MBs in biological samples using CE with UV-detection was developed. It was also 

established that intact PVA-MBs could be distinguished from ultrasound degraded PVA-

MBs in the same set-up. 
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Sammanfattning 

I denna avhandling presenteras möjligheterna att använda kapillärelektrofores som 

en separationsteknik för analys av proteiner och mikrobubblor. 

En fullständig analytisk process består av fem nödvändiga steg varav en är själva 

analyssteget. I detta steg behövs en passande analytisk teknik. Kapillärelektrofores (CE) är 

en av de vanliga separationsmetoderna som används vid analys av en mångfald analyter och 

används både vid rutinanalys och för forskningsändamål. Anledningen till att använda CE 

jämfört med andra separationstekniker är huvudsakligen kort analystid, hög upplösning och 

försumbar provvolym och lösningsmedelsavfall. Beroende på egenskaper hos analyterna 

och provmatrisen kan olika typer av CE användas, där kapillärzonelektrofores (CZE) är den 

mest använda. Principen för CZE är separation av analyterna på grund av skillnader i den 

totala mobiliteten, vilken är beroende av laddningen och storleken på analyterna samt det 

elektroosmotiska flödet (EOF). EOF kan styras genom flera parametrar, till exempel valet 

av bakgrundselektrolyt (BGE), och optimeringen av dessa parametrar har diskuterats genom 

hela avhandlingen. 

För att förbättra egenskaperna av backgrundselektrolyten (BGE), ett etylammoniumnitrat 

(EAN)-vattenlösning användes som BGE för CE analys i Artikel I. Precisionen för EOF 

med denna metod bestämdes genom att justera pH-värdet för BGE, koncentrationen av 

EAN i BGE och det elektriska fältet. Modellproteiner analyserades därefter med 

användning av optimala parametrar vilket gav en tillräcklig precision för rutinanalys. 

En av applikationerna för kapillärelektrofores är separation av nya kontrastmedel som 

består av polyvinylalkoholmikrobubblor (PVA-MBs). I Artikel II utvecklades en metod för 

analys av PVA-MB i biologiska prover med användning av kapillärelektrofores och UV-

detektion. Det klargjordes också huruvida intakta PVA-MBs kunde särskiljas från 

ultraljudsnedbrutna MBs i samma uppställning. 
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1 Abbreviations and symbols 

BGE   Background electrolyte 

CA  Contrast agents 

CCD  Charged coupled device 

CE   Capillary electrophoresis 

CGE  Capillary gel electrophoresis 

CIEF  Capillary isoelectric focusing 

CITP  Capillary isotachophoresis 

CMEK  Capillary micellar electrokinetic chromatography 

CZE   Capillary zone electrophoresis 

E   Electric field 

EAN  Ethylammonium nitrate 

EOF   Electroosmotic flow 

ε  Relative permittivity 

η   Viscosity  

Fe   Electric force 

Ff   Frictional force 

Fe-PVA-MBs Polyvinyl alcohol microbubbles with superparamagnetic iron 

oxide nanoparticles imbedded in the shell 

HV High voltage 

IL   Ionic liquid 

MB  Microbubbles 

MRI  Magnetic resonance imaging 

MS  Mass spectrometry 

μe   Electrophoretic mobility 

μeo   Electroosmotic mobility 

OPG  Osteoprotegerin 
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pI  Isoelectric point 

PVA  Polyvinyl alcohol 

PVA-MBs  Polyvinyl alcohol microbubbles 

q   Charge of an ion 

r   Stokes radius 

RSD  Relative standard deviation 

RTIL   Room temperature ionic liquids 

SEM  Scanning electron microscope 

SPIONs  superparamagnetic iron oxide nanoparticle 

TRIS  Trishydroxymethylamino methane 

UV  Ultraviolet light  

v   Velocity 

vEOF  Velocity of the EOF 

VIS  Visible light 

ζ  Zeta potential 
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2 Analytical chemistry 

Analytical chemistry is a branch of chemistry, which seeks to find answers to questions as 

“Is this compound present in the mixture?”, “In what concentration is it present?”, “Does 

the concentration of this compound exceed the regulation limit?” or simply “Is this 

compound pure?” Analytical chemistry is therefore common in most fields of chemistry e.g. 

organic chemistry, physical chemistry, and polymer chemistry.  

The analytical process includes five steps, where the first step is to formulate the general 

questions stipulated above into more specific questions that can be answered through 

chemical measurements. The next step in the progress is to investigate whether there is 

already an existing analytical procedure that fulfils the requirements, or if the analytical 

procedure needs to be developed. In both Paper I and II, the analytical procedure was 

developed and optimized of for the intended purpose.  

The next step is to collect the samples, and how the sampling is performed has a crucial 

role, since poorly selected samples could give meaningless results. The sample should be 

selected so that it is representative and so that it is stable throughout the rest of the analysis. 

In many cases the sample needs to be treated with different preparation techniques so that a 

suitable form of the sample is obtained e.g. dissolution of a powder, pre-concentration of 

the sample, or extraction to the organic or water phase, respectively. [1] In Paper II, the 

samples are collected in vacuum tubes and the analytes are extracted together with blood 

plasma.  

When the samples are prepared it is time to perform the analysis, and for that analytical 

instruments are needed. According to the IUPAC definition, an analytical instrument is “A 

device or a combination of devices used to carry out an analytical process. The analytical 

process is all or part of the analytical procedure that encompasses all steps from the 

introduction of the sample, or the test portion to the production of the result.” [2] There is a 

diversity of analytical instruments depending on the physical and chemical characteristics of 

interest. However, it is important to choose the analytical technique wisely so that high 

precision is achieved, and so that the choice of analytical technique does not bias the result. 

The most common analytical techniques that are used are a variety of electroanalytical 

techniques, spectrophotometry, atomic- and mass spectrometry (MS), several types of 

chromatography, and capillary electrophoresis (CE). In both Paper I and II, CE is used as 

the analytical technique, and the methods are optimized differently to fit the applications.  

The last step in the analytical workflow is the data collection, interpretation, and drawing 

conclusions. It is important to understand the data so that right conclusions can be drawn. 

This is also the step where the specific questions formulated at the beginning are answered, 

and completing the whole analytical process.  

The general aim of the work in the present thesis was to implement the complete analytical 

process suitable for the specific analytical questions presented in Paper I and II. Here, the 

focus is on the principles of CE as the analytical technique, and how to optimize the 

methods depending on the sample. 



5 

 

3 Capillary electrophoresis 

CE is a powerful separation technique, which has gained increased popularity in routine 

analysis, due to the possibility of analysing a large variety of substances from ions to 

complex proteins [3]. CE was first developed by Arne Tiselius in 1937 [4], and he received 

the Nobel Prize 1948 for his work on electrophoresis and adsorption analysis. Tiselius’ 

experiments were performed in free solution, which is limited by convection and thermal 

diffusion, and to evade this obstacle, gels where used instead. Gel electrophoresis has 

mainly been used for separation of biological macromolecules, e.g. proteins and nucleic 

acids [5].  

Another method to avoid the obstacles with free solution electrophoresis was to use open 

tube electrophoresis, which was first initialized in 1967 by Hjertén [6]. This was performed 

in narrow capillaries, which were millimetre-sized at the time. As the dimension of the 

capillaries decreased the popularity of the technique increased. Virtanen was the first to 

demonstrate the advantages of using 200 µm glass capillaries and Mikkers performed the 

electrophoresis in Teflon tubes [7]. It was not until the 1980s, when the fused silica 

capillaries reached an internal diameter of <100 µm, when Jorgenson and Lukacs showed 

that CE could be used for highly efficient separations of amino acids [8]. They also briefly 

described the relationship between electro-osmosis and the mobility of ions. After this 

point, introduction of commercial CE instrument moved the technique from research labs 

into more practical applications. 

Nowadays, there are many advantages obtained with CE, compared to other liquid-based 

separation techniques such as liquid chromatography, mainly short analysis time with high 

resolution, negligible waste, possibility of automatization, and minimal sample  

requirement [9]. One reason for the extensive use of CE is the versatility of the technique, 

where the user can choose between different modes of operation, depending on the 

application. The main modes are:  

∙ capillary zone electrophoresis (CZE), 

∙ capillary isotachophoresis (CITP), 

∙ capillary gel electrophoresis (CGE), 

∙ capillary isoelectric focusing (CIEF), and 

∙ capillary micellar electrokinetic chromatography (CMEK).  
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In both Paper I and II in this thesis, the CE mode CZE is utilized and the basic schematic 

of a CZE system is seen in Figure 1. Components that compose the CZE system in its very 

basic arrangement are a high voltage (HV) supply, buffer reservoirs, capillary, and a 

detector. The electrodes from the HV supply are submerged in the buffer reservoirs, 

together with the buffer filled fused silica capillary, which closes the circuit. The analytes 

are introduced to the capillary by either hydrodynamic or electrokinetic injection, and the 

injections are done by replacing the inlet buffer vial with a sample vial, and applying a 

pressure difference or voltage over the capillary. The separation of the analytes occurs 

inside the capillary, and the analytes are detected when passing the detector. In this thesis 

the detection was mainly performed with a ultraviolet light (UV) -detector, where an 

additional camera (not shown in figure) has been used for tracking of specific analytes. 

 

 

Figure 1 - Schematic illustration of a capillary electrophoretic system with its components; high 

voltage (HV) supply, buffer reservoirs, sample vial, separation capillary, and a UV-detector. 
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4 Theory of electrophoresis 

CZE is the most popular CE mode of the previously mentioned modes. CZE is the 

separation of analytes based on their differences in mobilities in the electrophoretic system. 

There are two forces acting on an ion when an electric field is applied over the system. One 

of the forces is the electric force (Fe), equation 1, and the other one is the frictional  

force (Ff), equation 2, resulting from movement of the ion. [10] 

Fe = Eq    (1) 

Ff = −6πηrv    (2) 

Where E is the applied external electric field, q is the charge of the ion, η is the viscosity of 

the medium, r is the Stokes radius, and v is the velocity of the ion. At steady-state the sum 

of the external forces must be zero, the velocity is therefore given by equation 3. 

v =
q

6πηr
 E     (3) 

An ion´s total velocity in CZE is dependent on the electrophoretic mobility and also the 

applied electric field, described in equation 4.  

vion = μe E    4) 

Hence, the electrophoretic mobility of a charged analyte will be dependent on the charge of 

the ion, viscosity of the buffer and the Stokes radius of the analyte, seen in equation 5. 

μe =
q

6πηr
    (5) 

This leads to that those ions that are small and multiply charged will migrate faster in the 

CZE system compared to ions which are larger and singly charged.  
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4.1 Electroosmotic flow 

The previous section only focused on one ion, however in a CZE system during separation 

there will be more than just one ion, and in this section the forces affecting the ions in the 

buffer will be described. Above pH 2-3 of the buffer, the fused silica capillary wall will be 

negatively charged because of deprotonation of silanol groups at the surface, leading to an 

attraction between the wall and positively charged ions. As the pH of the buffer increases 

the dissociation of the silanol groups of the wall increases until the surface is fully 

dissociated. Closest to the wall there will be a tightly bound layer of positively charged 

ions, called the Stern layer, and moving further away from the wall the attraction decreases 

and the ions creates a more diffuse layer, see Figure 2. The differences in charge between 

the capillary surface and the bulk solution will lead to a zeta-potential over the cross section 

of the capillary. [11] 

 

 

Figure 2 – To the left: plug shaped flow profile of the electroosmotic flow. To the right: the 

negatively charged capillary wall attracts positively charged ions. The Stern layer is composed 

of strongly bound ions, while the loosely bound ions create the diffuse layer. 

 

When a voltage is applied over the capillary, the positively charged ions in the diffuse layer 

will migrate towards the electrode. This movement creates a flow of buffer solution from 

the anode to the cathode, called the electroosmotic flow (EOF). The EOF has a plug flow 

shaped profile, see Figure 2, compared to other separation techniques, which contributes to 

the increased separation efficiency of CZE.  

The velocity of the EOF can be calculated using equation 6. 

𝑣𝐸𝑂𝐹 = μ𝑒𝑜𝐸     (6) 

The electroosmotic mobility (µeo) is defined by equation 7, where ε is the relative 

permittivity of the buffer, and ζ is the zeta potential of the capillary wall. 

μ𝑒𝑜 =
𝜀𝜁

𝜂
     (7) 
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4.2 Parameters effecting electroosmotic flow 

It is essential to regulate the EOF in order to achieve good separation between analytes, and 

there is several ways of controlling the EOF by either changing the operational parameters, 

or the background electrolyte (BGE). Operational parameters include changing the electric 

field, temperature, or by coating the capillary wall with either dynamic or permanent 

coatings. The BGE can be adjusted according to the pH of the solution, ionic strength by 

altering the buffer concentration, the chosen buffer-ion pair, and also the amount of added 

organic phase. The parameters of the BGE either change the viscosity of the BGE, the zeta 

potential of the capillary wall or both, which according to equation 7 will affect the EOF.  

With dynamic and permanent coatings of the capillary wall, the EOF can either be reduced 

or reversed. To reverse the EOF, positively charged surfactants or polyamines are 

commonly utilized [11]. The positively charged head of the surfactant or the polyamine will 

attach to the negatively charged silanol surface. For the surfactants, the hydrophobic tail 

interactions will create a second layer, called a double layer, with the positively charged 

surfactant head towards the bulk solution, forming a positively charged surface.  

The previously mentioned parameters are primarily factors, which will affect the EOF 

directly as they are changed. However, there are also secondary factors affecting the EOF, 

e.g. the self-heating of the capillary arising from the applied voltage over the capillary and 

movement of ions inside it [12]. This self-heating, known as Joule heating, could increase 

the temperature of the capillary and change the viscosity of the buffer [10]. If the cooling of 

the capillary is insufficient, a loss in resolution, efficiency and reproducibility of the 

separation, and potentially loss of injected sample can be the result [13]. 

In Paper I, the EOF was controlled with several parameters. To begin with, the chosen 

BGE consisted of the ionic liquid (IL) ethylammonium nitrate (EAN), which was diluted in 

water. EAN interacts with the capillary wall and affects the EOF. Thereafter, the pH, 

concentration of EAN and the electric field was varied, and EOF investigated. The effect of 

ILs on EOF will be discussed in detail in sections 5.2.1 and 5.2.2. 

In Paper II, the EOF was optimized by adjusting the pH of a 12.5 mM phosphate buffer 

between 7 and 12, until separation of polyvinyl alcohol microbubbles (PVA-MBs) was 

achieved. The results of that optimization are shown in section 6.2. 
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5 Background electrolytes used in capillary 

electrophoresis 

As seen in the previous section, the BGE has a profound impact on the EOF, and it is an 

integral part of electrophoresis. The choice of BGE will affect the separation, since the 

separation of the analytes occurs within the BGE inside the capillary. Depending on the 

characteristics and additives added to the BGE the separation can occur according to one of 

the five main CE modes. For CZE separation the BGE is often a buffer salt and can contain 

additives in form of organic solvents. In CITP, the BGE is chosen so that a leading and 

terminating electrolyte is achieved, where the leading electrolyte has anions/cations with 

highest mobility, while the terminating electrolyte has the lowest anion/cation mobility. The 

analytes will be separated, within a sandwich of the two buffer systems, regarding the 

mobility. To separate analytes according to their isoelectric point (pI), a buffer system with 

ampholytes that have pKa values within the desired pH range is used for the CIEF mode. If 

a gel or a polymeric network at low concentration >10% is included in the BGE, a CGE 

separation mode is obtained. To perform CMEK, a surfactant is added to the BGE with a 

concentration above the critical micellar concentration.  

5.1 Buffers 

Commonly, BGEs are buffers used to control the pH in the CE, the generated temperature, 

the charge of the analytes and capillary wall, and effects on detection. The preparation of 

the buffer is extremely important, since the smallest variations in pH affects the EOF, 

analyte charge, and the temperature generated by the changes in current. Those small 

variations in pH could therefore have huge impacts on the CE separation. The buffer 

capacity of a buffer is dependent on the concentration of the buffer salts and the pKa value, 

where a higher concentration yields a higher buffer capacity. The effective buffer capacity 

is considered to be within 1 pH unit of the selected buffers pKa. The most commonly used 

buffers in CZE are phosphate, borate, citrate, acetate and trishydroxymethylamino methane 

(TRIS). [11] A high buffer capacity is desirable, since the amount of acid or base that can 

be added before a change in pH occurs is large. This is especially important due to the 

electrolysis at the electrodes in the CE system. However, a high concentration of the buffer 

could contribute to higher currents in the CE resulting in high joule heating. Therefore, 

there is a trade-off between how high buffer capacity the selected buffer should have contra 

the time required to replenish the buffer vials after a specific number of runs. 
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5.2 Ionic liquids 

A more recent BGE used for CE is ionic liquids (ILs). ILs are defined as salts with a 

melting temperature below 100°C, and consists of most often an organic cation and organic 

or inorganic anion [14, 15]. When the compounds are liquid at or below room temperature 

they belong to a subgroup called room temperature ionic liquids (RTIL). The 

physicochemical properties of an IL could be tuned by the choice of anion and cation, 

which makes the IL a designer solvent. The most common cations and anions used to 

compose ILs are shown in Figure 3. [16] 

 

 

Figure 3 - Structures of main cations and anions of IL used in CE separations. 1. Ammonium, 

2. Phosphonium, 3. Pyrrolidinium, 4. Imidazolium, 5. Pyridinium, 6. Piperidinium, a. Chloride, 

b. Tetrafluoroborate, c. Nitrate, d. Bromide, e. Hexafluorophosphate, f. Triflate,  

g. Bis(trifluoromethylsulfonyl)imide. 

 

Generally, ILs have low vapour-pressure, making them stable in vacuum and also 

minimizing the evaporation, good long-term stability, and high electrical  

conductivity [14, 17]. The first ionic liquids were reported in the late 19th and early 20th 

century, but it was not until the 1980s that the ionic liquids received wider attention 

amongst the scientists [15]. The reason for that was the introduction of ILs with 1-ethyl-3-

methylimidazolium as the cation by Wilkes et al. [18, 19], since those ILs were both water 

and air stable. This opened the field for a number of different analytical applications like 

sample preparation, chromatography, CE and MS [14, 15].  

When using ILs in analytical chemistry, different physical properties are desired depending 

on the application. In sample preparation, the solvating properties of the chosen IL should 

be good, and if the IL also has low vapour pressure it is considered being a green solvent. 

Whereas to use IL as stationary phases in gas chromatography, properties like low 

flammability, polarity and negligible volatility are more appreciated. Moreover, to separate 

analytes with the same behaviour as commercial polar and non-polar stationary phases 

shows, the cation of the IL can be modified by changing the functional groups to either be 
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polar or non-polar. This ability makes ILs extra interesting for chromatographic  

analysis [20, 21]. Except for being used as stationary phases in liquid chromatography, the 

ILs can be used as additives in the mobile phase. At low concentrations of ILs in the mobile 

phase, the silica surface of the carrier particles in a LC column are shielded, leading to 

better peak shapes and less peak broadening [22]. 

In CE, the ILs has either been added to the BGE to improve its properties, or diluted with 

water to a certain concentration and used as BGE without extra addition of buffer salts [22]. 

One reason for choosing ILs before other electrolytes is that the cations in an IL possess 

two functions, where one is to modify the wall and the other is to interact with the  

analytes [23]. The cations of the IL have the ability of binding dynamically to the capillary 

wall, which may change the EOF and shield the negatively charged silanol groups from the 

analytes, preventing them from binding to the capillary wall. This could especially be used 

when analysing proteins, which otherwise are prone to adsorb to the capillary wall and get 

retained or remain in the capillary. [24] One of the advantages of using ILs is that the 

dynamic coating at the capillary wall can easily be removed, and the capillary can be 

regenerated and used further. 

Another reason why ILs has gained popularity in CE is the lower currents obtained when 

using ILs-water mixtures as BGEs compared to traditional buffers. The lower the current in 

the CE system, the lower Joule heating is generated, thereby less peak broadening and more 

reproducible results are obtained [25, 26]. This reduction in current was also observed in 

Paper I, where the IL EAN produced a current of 12 µA at a pH of 10 compared to 21 µA 

when a potassium phosphate buffer was used under the same conditions. 

In Paper I, the electroosmotic mobility (µeo), which is one measurement of the EOF, was 

adjusted with three parameters. The parameters were pH and concentration of IL in the 

BGE (also related to the ionic strength). The electric field was also altered to observe the 

variations in the velocity of the EOF.  

5.2.1 Electroosmotic mobility dependency on the pH 

Generally, the µeo has a sigmoid relationship with pH when using fused silica capillaries 

without coatings [27]. This means that at low pH, the silanol groups are protonated, which 

results in the EOF being almost zero. At high pH, it is the other way around and the silanol 

groups are fully protonated resulting in a high plateau value for the EOF. The largest 

variation in µeo is in the pH range of 4-6 for an uncoated fused silica capillary with an ionic 

strength of 0.01M. [28]  
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To investigate the µeo dependency on the pH for EAN, a 20 mM EAN-water solution was 

used as the BGE in the CE-system, and the pH was adjusted to different selected values 

with sodium hydroxide, seen in Figure 4 (Paper I). The unadjusted EAN solution has a pH 

of roughly 5.6 at 20 °C, which also was the starting point for the analysis. The other 

investigated pH values were 8, 10 and 12. The µeo was evaluated to establish the 

reproducibility with at least 19 runs for each condition, performed at different occasions. 

Here, the plateau value of µeo at alkaline conditions was approximately 6.2 cm2/sV, and at 

pH below 8 the plateau reached a value lower than 1.5 cm2/sV. The results indicate that the 

sigmoid curve has shifted towards higher pH compared to an uncoated fused silica 

capillary. 

 

 

Figure 4 – The electroosmotic mobility in the CE system at 20 kV, with an ethylammonium 

nitrate concentration of 20 mM and varying pH. The chosen pH values were unadjusted EAN 

(approximately 5.6), 8, 10 and 12. The confidence interval is at 95% (n≥19). Samples were 

electrokinetically injected and the capillary had a total length of 80 cm. (Figure 1, Paper I) 

 

5.2.2 Electroosmotic mobility dependency on concentration 

From previous result, the highest precision was achieved when a higher pH was used, and to 

test the µeo dependency on the ionic strength, the experiments where conducted with a pH of 

10 for further studies. The ionic strength was changed by increasing the concentration of the 

EAN in the BGE from 20 to 80 mM. The electric field was also altered by applying 

voltages between 15 and 30 kV to the CE system to check the change in EOF.  
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Changing the ionic strength of a buffer could result in a change in both the viscosity of the 

medium and the zeta potential at the capillary wall. The impact on the zeta potential is 

higher than the viscosity, since the viscosity is relatively constant when working with so 

low concentrations of the EAN, though. According to theory, when increasing the ionic 

strength, more cations will shield the negatively charged capillary wall resulting in a lower 

zeta potential between the wall and the bulk solution. A low zeta potential will lead to lower 

µeo, as can be seen in equation 7. In Figure 5 the µeo is lowered when the concentration is 

changed from 20 to 40 mM of EAN. However, the mobility should thus decrease further 

when going from 40 to 80 mM in concentration, which is not the case. One explanation 

could be that, a large portion of the silanol groups at the surface of the capillary wall are 

already interacting with ethylammonium ions when using 40 mM of EAN in the BGE, and 

additional EAN will not affect the EOF, since the alkyl chain is too short to create a double 

layer [29]. 

 

 

In theory, the µeo is independent on the electric field in the CE system. Still, as shown in 

Figure 5, the µeo was slightly increasing when higher voltages were applied. The increase 

was roughly 2% from 15 to 20 kV, and 5% from 20 to 30 kV. This could be explained by 

generation of joule heating inside the capillary, due to the higher current resulting from the 

higher voltage, where the temperature increase affects both the relative permittivity and the 

viscosity of the buffer as seen in equation 7. The velocity of the EOF on the other hand is 

linearly dependent on the electric field, and with higher voltage the velocity increased. 

Figure 5 – The electroosmotic mobility in the CE system at 15, 20 and 30 kV with an 

ethylammonium nitrate concentration of 20, 40 and 80 mM at pH 10 (n=3). Samples were 

hydrodynamically injected and the capillary had a total length of 98.5 cm. (Figure 2, Paper I) 
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Instead of having roughly 20 min runs for 15 kV, the analysis time got reduced to about  

10 min. 

5.2.3 Separation of proteins using ionic liquids 

The performance of EAN as the BGE was also evaluated by separation of some protein 

samples. One of the major concerns when running proteins in CE is protein absorption to 

the capillary wall, which affects the recovery and separation of the proteins. The chosen 

proteins in Paper I were myoglobin, albumin, and osteoprotegerin (OPG), and they were 

chosen so that a distribution in size and pI was obtained. Myoglobin is a well-studied 

protein [30], and is mainly found in muscle tissue. Albumin is one of the most abundant 

proteins in blood [31], while OPG on the other hand is used as a potential biomarker for 

several pathologic conditions that affect the skeleton and is found in very low 

concentrations [32, 33]. 

For protein analysis, the pH of the EAN-water solution was chosen to 10 to avoid having 

extremely harsh conditions. For this CE conditions the proteins had a negative charge, since 

the pI values of the proteins, see Table 1, were lower than the pH of the buffer, and the 

proteins migrated with a lower velocity than the EOF. The obtained mobilities can be seen 

in Table 1, where both the relative standard deviation (RSD) of the peak height and the peak 

area are shown. 

 

Table 1 - The relative standard deviation (RSD) for peak height, peak area, and mobility for the 

proteins myoglobin, albumin, and osteoprotegerin (n=3). (Table 1, Paper I) 

 Myoglobin Albumin  Osteoprotegerin 

pI 7.23 5.59 6.62 

Molecular weight (kDa) 17 ∼70 20 

RSD (%) 
Height Area Height Area Height Area 

6.59 0.88 0.47 0.18 4.91 0.10 

Averaged apparent 

mobility (×10-4 cm2/sV) 
4.87 3.16 6.11 

RSD of mobility (%) 0.65 1.39 0.39 

 

The low RSD values obtained for both the area, and the migration time, suggest that there 

was low interaction of the proteins to the capillary wall. Having a reliable analytical method 

for identification of proteins with different characteristics and abundance is very desirable. 

The use of EAN as the BGE in the method for separation of proteins is within the allowed 

reproducibility of routine quality control according to FDA [34].  
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6 Applications in capillary electrophoresis 

As mentioned before, CE is used to analyse a large variety of compounds. The different 

separation modes in CE, together with a variety of detectors e.g. UV-Vis absorption 

spectrometric, fluorescence, contactless conductivity, amperometric, and 

electrochemiluminescence detectors, makes CE a very universal technique, which could be 

used for both quantitative and qualitative analysis. [35] CE could be used for analysing 

small cations and anions such as sodium, calcium, chloride, and formate, coupled to e.g. a 

contactless conductivity detector [36], or larger compounds as amino acids [37], 

pharmaceuticals as residues in water samples [38], or nucleic acids [39], which can be 

detected with several of the detectors mentioned before.  

The sections below will cover quite uncommon application for CE. 

 6.1 Particles 

Lately, particles of different size has increased in population in different fields [40]. The 

particles are divided into subgroups depending on the size of the particle, but mainly there 

are two subdivisions. Microparticles are defined according to IUPAC as entities having a 

size range from 100 nm to 100 µm, and nanoparticles are defined as particles with at least 

one dimension in the nanoscale (1-100 nm) [41]. It is only during the last years that 

particles have found their application for CE. Particles in CE can be analysed as the sample, 

used as capillary coatings, or added to the BGE as additives [42-44]. When analysing 

particles with CE, information regarding particle size, the functionality at the surface and 

the size distribution can be obtained. There are particles that have size-dependent 

properties, which require the level of information that could be obtained with CE. 

Characterization of inorganic metal oxide particles [43] and polymeric particles [45], but 

also biological particles as viruses, organelles and cells [46] have all shown that crucial 

information about the particles is obtained using CE.  

6.2 Polyvinyl alcohol microbubbles 

In the second part of this thesis (Paper II) a new type of sample was analysed using CE. In 

Paper II, a method was developed for detection of microbubbles (MBs). The MBs are 

hollow spheres with a hard shell of polyvinyl alcohol (PVA) polymer, which were separated 

from various medium such as water and blood plasma. The polyvinyl alcohol microbubbles 

(PVA-MBs) were developed to be used as contrast agents (CA) for ultrasound [47], since it 

previously was known that micro-sized MBs generally increased the level of detail in the 

ultrasound image [48]. However, the first initial experiment with CA performed in 1968 

showed that the stability of the MBs where only a few seconds and limited their practical 

use [48]. In this early experiment, the CA consisted of free gas MBs, and since then 

researchers have been optimizing CA regarding to the MBs stability and their size 

distribution.  
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There are already approved CA in use for clinical diagnostics. Those CA often have a soft 

shell with lipids or phospholipids and a core filled with perfluoropropane or sulphur 

hexafluoride [49]. Compared to the commercially available CA, the PVA-MBs have several 

advantages. One is that the PVA-MBs have a shelf-life of several months, since the hard 

polymer shell is more resistant to mechanical stress than the soft lipid shells are [47]. 

Another advantage is that the size of the fabricated PVA-MBs can be controlled to some 

extent with the pH and temperature of the solution during polymerization [50]. This yields a 

more homogenous MB production regarding their micro-size, with a narrower distribution 

around the selected size compared with the lipid shell MBs. Keeping the size distribution to 

a minimum is important from an imaging point-of-view, since MBs size distribution will 

affect their efficiency as enhancers of the ultrasound signal. [51] The way PVA-MBs (and 

other CA) works during a scan, is that the characteristics of the MBs enhance the ultrasound 

signal by scattering the ultrasonic wave differently, due to acoustic properties of the PVA-

MBs, compared to the surrounding medium [52]. The PVA-MBs can therefore be injected 

into the blood stream, and be used for facilitating the visualization of microcirculation of 

tumours or the myocardium [48, 53, 54].  

The characterization of the MBs can be performed with different imaging techniques 

depending on the information needed. Techniques which are frequently utilized are 

confocal laser scanning microscopy [47, 55, 56], light scattering [56, 57], scanning 

transmission X-ray microscopy [55, 58], scanning electron microscope (SEM) [55] and 

digital holographic microscopy [59]. The size of the PVA-MBs, seen in Figure 6  

(Paper II), used in Paper II was determined by using ImageJ software on images obtained 

from SEM measurement and a light microscope. The external diameter from five single 

MBs, which were isolated from other MBs in the images and covering the visual size range, 

was calculated to an average of 3.0 ± 1.1µm and 3.7 ± 1.2 µm, respectively. The difference 

in the averaged diameter is most likely due to the characteristics of the two imaging 

techniques [60]. When performing SEM measurements, the sample is in vacuum, compared 

to a water solution during observation with the light microscope. There is a possibility that 

the water evaporates from the shell or that the air escapes from the core through the shell of 

the PVA-MBs during SEM-measurements. This could explain the lower diameter obtained 

with the first technique. However, when utilizing the PVA-MBs in clinical diagnostics, the 

PVA-MBs will be in the blood stream and the diameter obtained from the light microscope 

is a more representative value of the PVA-MBs size. 
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Figure 6 - The size distribution of the PVA-MBs shown with a) SEM measurements and b) 

images of PVA-MBs. The numbers indicate which MBs were used for estimations of the size 

distribution. The concentration of PVA-MBs was 1.3·10
7
 MBs/mL in water  

(Part of Figure 1, Paper II). 

 

With the imaging techniques previously mentioned, the concentration of the MBs is 

obtained by taking an image of the sample with a discrete volume and counting the MBs 

shown in the picture. The disadvantage with this quantification method is that it is time 

consuming and prone for errors. Techniques that are more automatic like flow cytometry 

requires a larger sample volume (µL-mL), and depending on the chosen detector it is 

impossible to detect particles in the range of 1–30 µm due to the narrow beam light [61]. 

In Paper II, the goal was to develop a method where the PVA-MBs could be detected both 

qualitatively and quantitatively. CE was the analytical technique of choice, since it requires 

small sample volumes (nL), and as described before, CE has been already used for 

separation of particles. Although the PVA-MBs are not solid particles, their size resembles 

micro-sized particles.  

When developing the CE-system there where several parameters that had to be investigated. 

First, it is known that the PVA-MBs can be seen in visible light from the light microscope 

experiments, but there is no information regarding their absorbance in the UV region. In 

order to know if the detection should be performed with direct or indirect detection, an 

absorbance spectrum for the PVA-MBs in the UV-region needed to be recorded. Secondly, 

the choice of BGE with respect to pH and type of buffer salt would influence the separation.  
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The maximum absorbance for the PVA-MBs was determined with a spectrophotometer to 

260 nm, which indicated that a direct detection could be conducted. Hence, the buffer did 

not need to have a chromophore. The buffer salt was chosen so that it mimics the 

physiological conditions in human blood. A phosphate buffer was selected, since that is the 

major buffer salt in blood plasma, but also since phosphate has 3 pKa values covering the 

whole pH-range (pKa1: 2.12, pKa2: 7.21, and pKa3: 12.67) [62]. pH 7 and 12 were selected 

for further pH-analysis, and correspond well with the pKa values of phosphate. pH 7 was 

chosen since it is closest to the physiological conditions and pH 12, due to deprotonation of 

alcohol groups on the PVA polymer. The deprotonation affects the charge of the PVA-MBs. 

 

 

Figure 7 – Electropherograms for PVA-MB with a concentration of 8.2∙10
7
 MB/mL. Sodium 

phosphate buffer was utilized with a a) pH of 7.07 at 20.1°C, and b) pH of 11.95 at 20.5°C. The 

voltage was 20 kV. 

 

The electropherograms of PVA-MBs diluted in water, seen in Figure 7, does not consist of 

one single peak, rather of a high number of peaks, where each peak represents a set of MBs 

with similar mobility. From the CE separation, the size distribution of the PVA-MBs can be 

obtained. For the neutral pH, Figure 7 a, the migration time was approximately 11 min, with 

a spread of the peaks for almost 2 min. However, when pH 12 was utilized, the migration 

time was faster (roughly 10 min), and the range for the peaks was narrower (around 1 min). 

For further experiments the higher pH was chosen, to minimize the risk of comigration of 

PVA-MBs with blood constituents, which would have a slower migration time at that pH.  
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For the pH-analysis step, sodium phosphate was used. However, the baseline was noisy and 

unstable and the baseline was more stable when potassium was used as the counter-ion 

instead. Thus, potassium phosphate was used as the BGE in further experiments.  

6.2.1 Ultrasonicated polyvinyl alcohol microbubbles 

In this case, it is not enough to have a method that only has a response for the sample, but 

rather should give a response for the degradation products as well. The PVA-MBs run the 

risk of degrading inside the body when used as ultrasound enhancers, if the PVA-MBs are 

exposed to a too high insonating power of the ultrasonic wave [63]. The degradation could 

therefore lead to a misleading result and wrong conclusion regarding the concentration of 

the MBs. To investigate whether the peaks detected in the previous CE analysis originate 

from intact PVA-MBs, instead of PVA-MB degradation products, PVA-MBs were 

degraded with high intensity ultrasound. The power of the ultrasound probe was 137 W, and 

should have been sufficient to degrade the MBs. As a comparison, the range for the acoustic 

power used in clinical ultrasound diagnostic varies between 0.3 and 440 mW depending on 

the mode and the tissue investigated [64]. Before CE analysis, the degraded sample was 

analysed with SEM, seen in Figure 8 (Paper II). Comparing Figure 8a with b there is few 

to almost no MBs left and only degradation products are seen. 

 

 

Figure 8 - Difference between a) the intact PVA-MBs solution with a magnification of 500, and 

b) the ultrasonicated PVA-MBs solution with a magnification of 600 illustrated with scanning 

electron microscope images. (Figure S2, Paper II) 
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Running the ultrasonicated MBs in CE, and comparing it to the electropherograms of PVA-

MBs and water, seen in Figure 9 (Paper II), shows several differences between the three 

samples. The striking dissimilarity between the intact MBs and the degraded MBs  

(Fig. 9a and b) are the group of individual peaks that has been replaced by a single wide 

peak after the negative water peak. One explanation for having a wide peak is that the 

degraded pieces are smaller in size and have a smaller size distribution than intact MBs. 

However, the migration time of the wide peak is similar to the intact MBs, which could be 

explained by the identical functional group on both analytes [43]. With the CE method, it is 

possible to distinguish intact MBs from degraded MBs. 

 

 

Figure 9 – Electropherograms from (A) a sample of intact PVAMBs, (B) a sample of degraded 

PVA-MBs, and (C) water as a reference. In all cases a potassium phosphate buffer was utilized 

as BGE with a pH of 11.93 at 21.3C, and the voltage was 20 kV. The concentration of PVA-

MBs was 3.2 × 10
8
 MBs/mL. (Figure 2, Paper II) 

 

  



22 

 

6.2.2 Polyvinyl alcohol microbubbles in human blood 

In clinical use, the PVA-MBs will be circulating in the blood stream, and the easiest way of 

determining the MB concentration in the blood would be through a blood test. To simulate 

that procedure, the samples were collected in vacuum tubes, and the human blood was 

spiked with PVA-MBs. The vacuum tubes were treated according to clinical procedures to 

achieve either blood plasma or blood serum. The size of the MBs would suggest that the 

PVA-MBs would be found in the lower layers of the centrifuged blood. However, the PVA-

MBs have high buoyancy due to the air-filled core, which make them arise to the surface, 

where they could simply be separated from other blood components with the supernatant, 

seen in Figure 10a and d (Paper II). To confirm that the white line above the supernatant, 

see Figure 10a and d, are MBs and not foam, the supernatant where observed under light 

microscope and compared to plasma and serum without PVA-MBs, Figure 10 b-c, and e-f.  

 

 

Figure 10 – Centrifuged samples of human blood spiked with PVA-MBs in vacuum tubes; (A)–

(B) with K2EDTA (generating a plasma) and (D)–(F) with a gel containing coagulation 

activators (generating a serum). Light microscope images of plasma (B) with MBs and (C) 

without, and serum (E) with MBs and (F) without. (Figure 3, Paper II) 
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After confirming the presence of MBs in plasma, the plasma samples were analysed in CE, 

see Figure 11 (Paper II). In Figure 11a, the plasma sample without PVA-MBs is shown, 

where the negative peak with a migration time of roughly 10 min belongs to water. The 

other peaks seen in the electropherogram are related to unidentified blood components, 

which are highly abundant e.g. albumin. The PVA-MBs in plasma showed a difference 

compared to previous electropherogram, which is enlarged in Figure 11c. The number of 

peaks with migration times between 10 and 13 min corresponds to the PVA-MBs, and that 

time range has increased compared to when the PVA-MBs where only diluted in water. The 

longer migration times suggest that the mobility of the PVA-MBs has altered. From 

equation 5, it is evident that either the size of the MBs are increased, the charge of them is 

decreased, or both. This could be explained by protein adsorption to the surface of the MBs, 

and the absorbed proteins could create a corona around the PVA-MBs [65] resulting in an 

altered radius, as well as a change in surface charge [50]. However, the majority of PVA-

MBs remains within the same migration time range, which suggests that most of the 

proteins are desorbed from the MBs surfaces when entering the CE system. This protein 

desorption could occur due to changes in pH, diffusion into the buffer or caused by the 

applied voltage [66]. 

 

 

Figure 11 – Electropherograms of (A) a sample of human blood plasma, and (B) human blood 

plasma mixed with PVA-MBs at a concentration of 4.4 × 10
7
 MBs/mL. (C) Is an enlargement of 

(B) at the migration time 9.5–11.5 min. A potassium phosphate buffer with a pH of 11.92 at 

20.2°C was used. The applied voltage was 20 kV. (Figure 4, Paper II) 
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6.2.3 Modified polyvinyl alcohol microbubbles 

In the previous sections, the PVA-MBs used had neither modification to the surface, nor to 

the shell of the MBs. However, over the recent years researchers have experimented with 

the PVA-MBs as potential drug delivery systems by modifying the surface of the MBs with 

target specific groups [56]. The MBs shell structure could also be modified by incorporating 

nanoparticles, resulting in a multimodal imaging CA. One of the nanoparticles that are 

added to the PVA mixture during MB fabrication is superparamagnetic nanoparticles of 

iron oxide (SPIONs) [54]. The PVA-MBs with SPIONs imbedded in the shell (Fe-PVA-

MBs) can be used in diagnostics, both for ultrasound imaging and magnetic resonance 

imaging (MRI). The basic principal of MRI is the relaxation time of the protons after 

excitation of the nuclear spin due to a pulse of radio waves in a magnetic field. The contrast 

within the image can be varied by changing the pulse sequence, or the relaxation properties 

of the protons in the medium. Fe-PVA-MBs enhance the MRI due to the stronger spin–spin 

relaxation time effect of the protons due to the magnetic properties of the SPIONs. The 

clinical market is dominated by gadolinium chelated complexes as CA for MRI [67, 68], 

but compared to those complexes, SPIONs are more biocompatible and can easily be 

degraded using the cells’ normal iron metabolism [69]. Generally, CA in MRI facilitates the 

detection of cardiovascular diseases, organ/lesion perfusion, and renal disease among 

others. [67] 

Running the Fe-PVA-MBs both diluted in water and in human blood plasma, with the same 

CE conditions as for the plain PVA-MBs, resulted in electropherograms similar to those 

obtained for PVA-MBs, seen in Figure 12. The only distinguishable difference is the higher 

intensity of the MB peaks for the Fe-PVA-MBs. This increased intensity is likely due to the 

higher optical density of the Fe-PVA-MBs compared to the PVA-MBs, since the 

concentration of MBs where in the same order of magnitude.  
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Figure 12 - Electropherogram for Fe-PVA-MBs a) diluted in water, and b) diluted in human 

blood plasma. The peak marked with a star have higher absorbance then shown here. Potassium 

phosphate buffer was utilized as BGE with a pH of 11.9 at 20°C, and the voltage was 20 kV. 

The current was 15-18 µA and the concentration of Fe-PVA-MBs was 3.2 · 10
8
 MBs/ml. 

(Figure S1 and S3, Paper II) 

 

This confirms that the CE method can be used for different types of PVA-MBs. 

  

a) b) 
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6.2.4 Camera detection 

While the UV-detection used in the electropherograms above worked well, modification of 

the MBs resulted in altered signals. To obtain more universal results, a new type of 

detection is under development. Since the PVA-MBs are visible under a regular 

microscope, an initial study has been performed where an analogue charged coupled device 

(CCD) camera is used as a complement to the existing UV-detector.  

The CCD-camera was started simultaneously with the CE run and recorded the progress. 

The flow of the PVA-MBs can be seen in Figure 13, where three MBs are tracked. Initial 

experiments have been conducted where the footage has been processed through a 

MATLAB program, where this program converted the film into an electropherogram. 

However, the resolution of the CCD-camera was rather low, which makes the smallest and 

dizziest features in the film not accountable by the program. This leads to a lower count of 

MBs than injected. By an upgrade of the camera to a digital camera, the frequency of the 

streamed video can be increased, which could allow the operator to determine the speed of 

the microbubbles in the capillary. The increased resolution of a digital camera compared to 

an analogue one, enables determination of the size of the microbubbles, and microparticles 

in general, with higher precision compared to the setup used hitherto. 

 

 

 

Figure 13 – Camera images of the capillary during analysis of PVA-MBs at a) t=0, b) t=t1, and 

c) t=t2. The same three PVA-MBs are marked in each image. 
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7 Conclusions and future perspectives 

The aims of the work in the thesis have been fulfilled by the development of the complete 

analytical processes used for separation of proteins and MBs using CE as an analytical 

technique. The advantages and possibilities that could be achieved with CZE are stated, but 

also how CZE methods could be optimized by adjusting the EOF using several parameters 

as buffer concentration, pH of the BGE, and electric field.  

Using EAN as the BGE, the precision of the µeo and the precision for protein mobility could 

be increased to values acceptable in routine control analysis, since EAN-water solution 

contributes to lower currents and has an adequate buffer capacity. 

CZE can be used for size characterization and concentration of particles, here exemplified 

by PVA-MBs. The intact PVA-MBs could easily be separated from ultrasound degraded 

MBs and proteins existing in human blood plasma. 

With an analogue camera, the PVA-MBs can be monitored optically inside the capillary. A 

new digital camera detector would increase the versatility and sensitivity of the capillary 

electrophoresis instrumentation when analysing microparticles, since more accurate 

information regarding the concentration, size and speed would be achieved.   
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