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Sammanfattning 

För att studera interaktionen mellan β2-glycoprotein I och negativt laddade fosfolipider i 

biologiska membran har tre olika kapillärelektroforetiska metoder undersökts, migration shift 

affinnity capillary electrophoresis, partial filling affinity capillary electrophoresis och frontal 

analysis. Liposomer användes för att efterlikna biologiska membran. För att erhålla liposomer 

med olika sammansättning användes två olika fosfolipider, L-alpha-phosphatidylcholine och L-

alpha-phosphatidylserine. Det har tidigare visats att en förtvätt med syra är nödvändigt för att 

kunna analysera β2-glycoprotein I med kapillärelektrofores, istället för en basisk tvätt som 

vanligtvis används. Förtvätt med syra visade sig fungera mindre bra när migration shift affinity 

capillary electrophoresis användes. Förhållandena som erhölls med en syratvätt gynnade 

beläggning av kapillärväggen med fosfolipider. Ingen antydan till coating kunde observeras vid 

partial filling affinity capillary electrophoresis. Dock var analystiden för kort för att interaktionen 

mellan β2-glycoprotein I och liposomer skulle infinna sig i partial filling affinity capillary 

electrophoresis. Studien fortsatte med frontal analysis capillary electrophoresis. När heparin 

användes som ligand erhölls en separation av vad som antas vara fritt respektive bundet β2-

glycoprotein I. När försöket upprepades med liposomer istället för heparin täpptes kapillären 

igen. Detta gav icke reproducerbara resultat. Trots problemet med igentäppning av kapillären 

verkar frontal analysis capillary electrophoresis vara en metod värd att utreda vidare för att 

studera interaktioner mellan β2-glycoprotein I och negativt laddade fosfolipider. Alternativa 

tvättsteg och/eller andra buffertar bör undersökas för att förhindra igentäppning. 

  



  



Abstract 

In order to study the interactions between β2-glycoprotein I and negatively charged 

phospholipids in biological membranes, three different capillary electrophoresis modes, migration 

shift affinity capillary electrophoresis, partial filling affinity capillary electrophoresis and frontal 

analysis were tested. Liposomes were used to mimic biological membranes. Two different 

phospholipids were used to alter the liposome composition: L-alpha-phosphatidylcholine and L-

alpha-phosphatidylserine. To recover β2-glycoprotein I it has earlier been shown that an acidic 

prewash of the capillary is necessary, as opposed to the usual basic prewash. In migration shift 

affinity CE the acidic prewash promoted capillary coating with phospholipids and this mode was 

found to be unsuitable for this study. No indications of capillary coating with phospholipids were 

observed when partial filling affinity CE mode was used. However, partial filling affinity CE did 

not offer enough time for β2gpI and the liposomes to interact. A clotting problem was suspected 

when β2-glycoprotein I and liposomes were allowed to interact in the frontal analysis capillary 

electrophoresis mode. However, studies with heparin and β2-glycoprotein I showed promising 

results indicating that CE-FA may be used to study the interaction. In order to use CE-FA to 

study interactions between β2-glycoprotein I and negatively charged phospholipids, alternative 

prewash steps and buffer systems must be evaluated. 

  



 

  



Abbrevations 

β2gpI - β2 –glycoprotein I 

aPL – Antiphospholipid antibodies 

APS – Antiphospholipid syndrome 

CE – Capillary electrophoresis 

CE-FA – Frontal analysis capillary electrophoresis 

CZE – Capillary zone electrophoresis 

DLS – Dynamic light scattering 

DMSO – Dimethylsulfoxide 

EOF – Electroosmotic flow 

HEPES - 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 

HPLC – High performance liquid chromatography  

HPPS – High performance particle sizer 

LUV – Large unilamellar vesicles 

MLV – Multilamellar vesicles 

PC - L-alpha-phosphatidylcholine  

PS - L-alpha-phosphatidylserine  

SCR – Short consensus repeat 

SDS-PAGE – Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SUV – Small unilamellar vesicles 
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1. Introduction 
 
Antiphospholipid syndrome (APS) is an autoimmune disease associated with the presence of 

antiphospholipid antibodies (aPL) in patients plasma. Characteristic symptoms in APS are venous 

and/or arterial thrombosis and recurrent fetal loss [1]. It was first believed that the antibodies 

were directed against anionic phospholipids. Later it was understood that the antibodies binds to 

a protein, β2 –glycoprotein I (β2gpI), with affinity for negatively charged phospholipids [2]. The 

physiological function of β2gpI is not fully understood, although functions such as pro- and 

anticoagulant have been proposed [3-4]. It have also been suggested that β2gpI is involved in 

immunological clearance of apoptotic cells [5]. 

 

Characterization of the interactions between β2gpI and biological membranes in both presence 

and absence of antibodies will help in the understanding of the increased thrombosis risk 

associated with circulating autoantibodies towards β2gpI. Capillary electrophoresis is a useful 

method for studying molecular interactions under non-denaturating, close-to physiological 

conditions [6]. 

 

1.1 β2 glycoprotein I 

Human β2 –glycoprotein I (β2gpI) (figure 1) is a phospholipid [7-9]- and heparin-binding [10], 

fish-hook-shaped, single chain, five domain glycoprotein consisting of 326 amino acid residues 

[11-14]. It is a basic protein with an approximate pI of 8 [15]. Due to different glycosylation at 

least five isoforms of the protein are known [15], with reported Mr ranging from about 36-54 

kDa [8, 12, 14]. The protein is present in human plasma at a concentration of approximately 0.2 

mg/mL [9, 16]. It is a member of the complement control family, a family of proteins containing 

domains known as short consensus repeats (SCR) [11, 14, 17]. Domains I – IV contains 60 

amino acids and are structurally similar [12, 14]. Four N-glycosylation sites have been found on 

the protein, three on domain III and one on domain IV [11, 13]. The fifth domain is the site for 

lipid binding [13, 18-19]. The mechanism of lipid binding is thought to be a two-stage interaction, 

both electrostatic and hydrophobic [18]. First an electrostatic interaction between a positively 

charged lysine rich area of the protein and negatively charged phospholipids on the lipid 

membrane occurs [11, 14-15]. Close to this positively charged area is a hydrophobic loop, which 

upon binding is inserted into the hydrophobic part of the membrane [11, 14, 18]. Two main types 

of antibodies directed towards β2gpI have been found. Referred to as type A and type B, type A 

antibodies seem to be the ones that possesses pathogenic properties [20]. Type A antibodies are 
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believed to recognize a cryptic epitope on domain I, revealed after a conformational changed, 

induced by membrane binding of β2gpI [21]. 

 

 

I

II

III

V
IV

Lysine rich area

Hydrophobic loop

Figure 1. 3-dimensional structure of β2gpI, including glycosylation. 
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1.2 Liposomes 

Liposomes, or phospholipid vesicles, resemble natural cell membranes, see figure 2. Therefore, 

they have been used to study interactions between analytes and phospholipid membranes [22-23]. 

The main constituents of biological membranes are phospholipids, with phosphatidylcholine and 

phosphatidylserine being among the most common in eukaryotic cells [23-24]. Phospholipids are 

amphiphatic molecules that spontaneously form lipid bilayers and multilamellar vesicles (MLV) in 

an aqueous solution [25-27]. Hydrophobic interactions are the driving force of this self 

assembling process, but van der Waals interactions of the hydrocarbon tails as well as 

electrostatic and hydrogen-bonding between the polar heads and water molecules also favors the 

assembly. The hydrophobic interactions also make the bilayers close on themselves so that no 

hydrocarbon chains are exposed [25], which causes part of the aqueous solution to become 

entrapped within one or several bilayers. If only one bilayer separates the internal and external 

solution the structures are referred to as small or large  unilamellar vesicles (SUV or LUV), with 

respect to their size [26]. The formation of SUVs and LUVs are not spontaneous like the 

formation of MLVs. A solution containing MLV is processed by either ultrasonication to yield 

SUV [26-27] or by extrusion through a polycarbonate filter yielding LUVs [27]. 

 

 
Figure 2. Liposome and phospholipid structures. 
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1.3 Capillary electrophoresis 

In electrophoresis charged molecules are separated in an electrical field. Separation is due to their 

difference in charge and mass. The technique was developed in the 1930s by the Swedish scientist 

Arne Tiselius [28]. During the 50’s and 70’s pioneers such as Hjertén and Mikkers helped 

improve the technique [29-30]. However, it was not until 1981 that Jorgenson and Lukacs 

showed that CE was a practical and effective separation technique by introducing the narrow-

bore capillary [31]. From the birth of CE up until 1988, all work was performed on homemade 

devices. Although functional and easy to use they were inconvenient for routine analysis and too 

inaccurate for quantitative analysis. Today’s modern instruments are automated with computer 

control of all operations, e. g. injections (both pressure and electrokinetic), temperature and heat 

dissipation. This automation is essential for repeatable and precise analysis [32]. 

 

1.3.1 Principles 

The simplest form of capillary electrophoresis (CE) is capillary zone electrophoresis (CZE), 

where analytes are separated by their charge to mass ratio [32]. All CE modes used in this study 

are based on the principles for CZE which are described below and shown in figure 3. Separation 

takes place in a narrow-bore (20-200 µM i.d.) capillary under the influence of an electric field 

applied by a high voltage supply. A detector, usually a UV/VIS is placed at the end of the 

capillary. Samples and buffer are prepared in vials, and are automatically introduced to the 

capillary by applying a pressure or voltage. 

 

 
Figure 3. Schematic of a capillary electrophoresis instrument. 
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Capillaries are made of fused silica, which have ionizable silanol groups covering the inside walls. 

These silanol groups are in contact with the electrophoresis buffer. As pH of the electrophoresis 

buffer increase, the silanol groups with a pKa of approximately 2 become more deprotonated, 

giving the capillary surface a negative charge [32]. This negative charge attracts cations from the 

electrophoresis buffer creating an electric double layer, also called or Stern-layer. A schematic is 

shown in figure 4. The electric double layer consists of immobile negatively charged silanol 

groups and adsorbed cations that partially neutralize the negative charge. The remaining negative 

charge is neutralized by mobile cations in the diffuse part of the double layer near the wall [33], 

see figure 4. 

 

 
Figure 4. Electric double layer (Stern-layer). 

 
When an electric field is applied to the capillary, cations are attracted towards the cathode whilst 

anions are attracted towards the anode, se figure 5. The diffuse part of the electric double layer, 

consisting mainly of cations, will create a net flow of the entire solution towards the cathode. 

This flow is called the electroosmotic flow (EOF). 

 

 

 
Figure 5. Electroosmotic flow. 
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The terminology of capillary electrophoresis is somewhat different from chromatographic 

methods. One fundamental term in chromatography is retention time, but since no analyte is 

retained in CE under ideal conditions it is referred to as migration time. Migration time (ta) is the 

time needed for an analyte to reach the detector. Equation 1 describes the mobility of an ion in 

an electric field, the electrophoretic mobility, µ : 

 

   ⁄
⁄       (1) 

 

where  is the electrophoretic velocity, E the electric field strength,  the length to the 

detector,  the total length of the capillary,  the charge of the analyte,  the viscosity of the 

buffer and  the hydrodynamic radius of the analyte. To calculate the apparent mobility in the 

capillary, the electroosmotic mobility must be taken into account: 

 

  (2) 

 

where  is the zeta potential (electrical potential in the Stern-layer) and  the dielectric constant 

The apparent mobility, , is the sum of electrophoretic mobility of the ion and the 

electroosmotic mobility of the solution, see equation 3: 

 

   (3) 

 

For positively charged analytes, moving in the same direction as EOF, . Usually EOF 

is greater than the electrophoretic velocity of a negatively charge molecule, meaning negatively 

charged analytes will have net velocity towards the cathode [33]. 

 

Systems driven by pressure, for instance high performance liquid chromatography (HPLC) have a 

hydrodynamic or laminar flow profile. This causes uneven velocities across the column, ranging 

from fast in the middle to almost zero in the liquid-solid interface of the column wall [32-33]. As 

a result band broadening is observed. In contrast, EOF yields a uniform flow profile, giving 

sharp peaks [33], see figure 6. 
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Figure 6. Cross-sections of flow profiles. A) Electroosmotic flow, B) Hydrodynamic flow. 

 
Factors that contribute to band broadening in CE are longitudinal diffusion, analyte wall 

adsorption, long injection times and Joule heating. Joule heating is the limiting factor for the field 

strength. The resistance of the buffer generates heat when a current is passed. The generated heat 

will alter the buffer viscosity and may cause the sample to boil [34]. To increase separation 

efficiency factors contribution to band broadening should be minimized. Joule heating can easily 

be avoided by reducing the applied voltage, using low conductivity buffer and by efficient 

thermostatting of the capillary.  Longitudinal diffusion of an analyte is time dependent and can be 

avoided by reducing the analysis time. Analyte wall adsorption is negligible under ideal 

conditions, but methods to avoid adsorption will be briefly described in the end of this section. 

The separation efficiency is given by the plate number, N, and are described in equation 4: 

 

  (4) 

 

where  is peak dispersion and  the length of the capillary. As mentioned above, longitudinal 

diffusion is the only contributor to band broadening under ideal conditions. The number of 

theoretical plates can then be calculated from: 

 

  (5) 
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where  is the diffusion coefficient of the analyte and  is the applied voltage. 



Resolution, , between two peaks is given by equation 6: 

 

  √ ∆
 (6) 

 

where ∆  is the difference in electrophoretic mobility between the analytes and  is the 

average electrophoretic mobility of the analytes [32]. 

 

When analyzing proteins, especially basic proteins, wall adsorption is a common problem. At 

physiological pH the capillary wall is almost fully ionized, giving the wall a relatively high negative 

charge. Strategies such as acrylamide coating, use of surfactants, extremes of pH and high ionic 

strengths have been used to suppress the wall charge and allow protein recovery [35-37]. Another 

approach is to utilize the pH hysteresis effect [38-39]. An acidic prewash of the capillary will 

protonate the silica wall and thereby reduce the negative charge. The deprotonation is a slow 

process [39]. Therefore, the surface remains relatively uncharged, even when running buffers with 

higher pH are used. Utilizing the pH hysteresis effect for protein recovery in capillary 

electrophoresis is fast and simple compared to other suggested methods for suppression of wall 

charge. The pH hysteresis effect is a cheap approach to suppress the capillary surface charge and 

can be applied without any extra laboratory procedures. Therefore, it was used in this study. 

 

1.4 Affinity capillary electrophoresis 

When molecules interact, the formed complex usually has different mobility compared to the free 

molecules. This is due to a change in size, charge, shape or any other parameter affecting the 

electrophoretic mobility. These changes in mobility, even quite small changes, can be detected as 

a shift in migration time. From the acquired migration data it is possible to determine the 

dissociation constant, Kd, of a complex. For affinity studies ligands can be added to the BGE, 

immobilized on the capillary surface or pre-equilibrated together with the analyte. Depending on 

the binding kinetics, ligand properties and sample availability different methods can be used [40]. 

In this study three modes were tested and are described below. 

 

1.4.1 Migration shift affinity capillary electrophoresis 

For relatively fast on and off kinetics migration shift affinity CE can be used.  By adding a ligand 

to the BGE, a shift in migration time is observed for the analyte due to continuous associations 

and dissociations of analyte and ligand. This is illustrated in figure 7. One benefit of this method 
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is that the concentration of the analyte must not be known and the sample must not be pure. 

However, a few criteria need to be met in order for the method to work. First the mobility of free 

and complexed molecules cannot be the same. Second the binding must not be affected by an 

electric field. Third the concentration or composition of the ligand must be known and added in 

excess, approximately 10-500 times higher concentrations than that of the analyte [30, 40]. 

Fourth, the analysis time must be long enough to allow binding to equilibrate. A non-interacting 

marker is added to compensate for run to run fluctuations. 

 

 
Figure 7. A possible outcome in migration shift affinity CE. M is a non interacting internal marker. L is the concentration of the 

added ligand. 

 
The change in the inverse of the migration time, ∆  , can be used as a measurement of the 

change in electrophoretic mobility, if buffer conditions, voltage, and capillary dimensions are 

being kept constant (see equations 1 and 2). To calculate the Kd, ∆  is plotted against the ligand 

concentration and fitted to a binding hyperbola by means of non-linear regression: 

 

 ∆
.

 (7) 

 

where  is the migration time for the non-interacting marker (M),  the migration time for the 

analyte and refers to the run without ligand addition [30]. For every ligand 

concentration used a value of  ∆  is calculated. 
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1.4.2 Partial filling capillary electrophoresis 

Partial filling affinity CE is based on the same principles as migrations shift affinity CE. However, 

instead of adding the ligand to the BGE it is injected as a separate plug, see figure 8. This method 

is useful when ligands are available in scarce amounts or when the ligand interferes with 

detection. Depending on the mobilities of the ligand and analyte, the plug can be injected before 

or after the analyte. When the analyte migrates through the ligand plug, complexes are formed. 

This leads to a change in mobility and a shift in migration time is seen for the analyte [40]. 

Acquired data is processed in the same manner as for migration shift affinity CE, using equation 

7. 

 

 

 
Figur 8. Schematic of partial filling affinity CE. Here the analyte has a higher apparent mobility than the ligand. 

 

1.4.3 Frontal analysis capillary electrophoresis 

Frontal analysis (CE-FA) is more suitable when strongly interacting molecules are studied, but 

can be used for relatively weak interaction as well. A large volume of pre-incubated sample 

containing ligand and analyte is introduced to the capillary. When an electric field is applied, free 

analyte will be completely or partially separated from analyte-ligand complex. Due to the large 

injection volume, plateaus or plateau peaks will be obtained rather than sharp narrow peaks [40-

41], see figure 9. 
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Figure 9. Frontal analysis. L = ligand, M = analyte-ligand complex, A = analyte.  

 
If the ligand is UV-transparent two plateaus, or two plateau peaks are obtained, representing the 

free and bound analyte fraction in the sample. The sample should be tested for multiple 

incubation times to make sure equilibrium is obtained. When no variation is observed in the 

plateaus corresponding to free and/or complexed analyte, equilibrium has been reached. Multiple 

samples with fixed volume and ligand are pre-incubated with analyte concentration spanning 0.1-

100 times the expected Kd. In this study the ligand (liposomes) composition was altered while 

analyte concentration and volumes were fixed. 

 

To calculate the binding constant, the free analyte concentration, , need to be determined 

[42]: 

 

  (8) 

 

where  is the concentration of pure analyte standard,  the plateau height of the pure 

analyte standard and  the plateau height of the free analyte in the sample. It should be noted 

that  need to be determined in a separate experiment where the analyte concentration  is 

used. When the free analyte concentration is determined, and there is a 1:1 analyte-ligand binding 

equilibrium, the binding or affinity constant  can be calculated from equation 9: 

 

   (9) 
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where , ,  are the concentration of the analyte+ligand complex, free analyte and free 

ligand respectively. When a 1:1 binding equilibrium applies,  where  is the 

bound analyte concentration   [42]. The dissociation constant can be calculated from equation 10: 

 

   (10) 

 

1.5 Dynamic light scattering 

Dynamic light scattering (DLS) was used to determine the size and size distribution of the 

liposomes. When a  monochromatic laser is radiated through a sample the angle, polarization and 

intensity of the scattered light are determined by the size and shape of sample molecules [43]. By 

analyzing the fluctuations in intensity the velocity of the Brownian motion can be acquired. 

Brownian motion is dependent of the particle size, and by using the Stokes-Einstein relationship 

the particle size can be calculated [44]. Modern instruments use non-invasive back-scatter 

technology. This increases the sensitivity, allow a broader concentration range to be measured 

and reduces the effects of dust contamination [44]. 
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2. Aim of study 
 
The aim of this thesis was to develop an affinity CE method that will allow the interactions 

between β2gpI and negatively charged phospholipids to be studied. This protein is involved in the 

blood coagulation cascade and is the antigen for circulating autoantibodies in the autoimmune 

disease APS, which is associated with an increased risk of thrombotic events. The precise 

function of the protein is not fully understood. Therefore, increased knowledge of the binding 

interactions between β2gpI and anionic phospholipids will help in the understanding of the 

molecular mechanisms behind this disease. 
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3. Materials and Methods 

3.1 Chemicals 

L-alpha-phosphatidylserine (PS) and L-alpha-phosphatidylcholine (PC) were purchased from 

Larodan (Malmö, Sweden), β2gpI was kindly supplied by professor Niels Heegaard, Statens 

Serum Institut (Copenhagen, Denmark). Dimethylsulfoxid (DMSO) pro analysis grade was 

obtained from MERCK (Darmstadt, Germany), bovine lung heparin (average molecular mass: 

15 000) was obtained from Calbiochem (Darmstadt, Germany). 4-(2-Hydroxyethyl)piperazine-1-

ethanesulfonic acid (HEPES) was obtained from Sigma-Aldrich (St. Louis, MO, USA). All other 

chemicals were of analytical grade. 

 

3.2 Liposome preparation 

Liposomes were prepared as described by Wiedmer et al. [45]. Total lipid concentration and 

hydration buffer was changed as stated below. Appropriate volumes of stock solutions were 

mixed to obtain desired molar ratio of PC:PS and a total amount of 2 µmol. The samples were 

left over night to evaporate and evacuate any trace amount solvent under reduced pressure (10 

mbar), using a SpeedvacTM 121P concentrator from TechTum (Umeå, Sweden). The dry lipid film 

was hydrated with 500 µL 10 mM phosphate pH 7.4 for 30 min at 60 °C and vortexed vigorously 

every 10 min to yield multilamellar vesicles (MLV). The solution was then processed to large 

unilamellar vesicles (LUV) by extrusion 19 times through Millipore (Billerica, MA, USA) 0.1 µm 

polycarbonate filters using a Lipo so fast-extruder from Avanti Polar Lipids (Alabaster, AL, 

USA). The solutions were stored at 4 °C until used. 

 

The size and monodispersity of the liposome solution were determined by DLS using a high 

performance particle sizer (HPPS) with Non-invasive Back-scatter technology (NIBS) from 

Malvern Instruments (Worcestershire, United Kingdom). Scattered light were measured at an 

angle of 173°, laser at 632 nm, temperature was set to 25 °C and samples were placed in a 

disposable polystyrene cuvette (1mL). 
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3.3 Buffer and sample preparation 

A 0.2 M phosphate buffer, pH 7.4 was prepared by mixing appropriate volumes of 0.2 M 

Na2HPO4 and 0.2 M NaH2PO4. A 10 mM HEPES buffer, pH 7.4, containing 50 mM KCl was 

prepared by dissolving appropriate amounts of HEPES and KCl in Milli-Q water and adjusting 

the pH with NaOH. Buffers were filtered through a Whatman 0.45 µM polypropylene filter 

(Florham Park, NJ, USA) prior to use. 

 

β2gpI was purified from outdated human plasma by perchloric acid precipitation [9] followed by 

heparin-Sepharose affinity chromatography, anion exchange chromatography, and size- exclusion 

chromatography. Purity was ascertained using sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and crossed immunoelectrophoresis as described [46]. Protein 

concentration was determined by the Lowry assay [47] using bovine serum albumin as a standard. 

 

3.4 Experimental 

All CE experiments were performed on a Hewlett Packard 3DCE system (Waldbronn, Germany), 

with air-cooled capillary cartridge and a diode array detector. Capillary cassette temperature was 

set to 22 °C, vial tray temperature was 4 °C with an external water bath (Grant LDT6G, 

Cambridge, UK) to preserve the protein samples. Detection was made with direct UV at 214 nm, 

and UV-spectrum was acquired between 200 and 600 nm. Fused silica capillaries with an internal 

diameter of 50 µm, a total length of 40.5 cm (32 cm to the detector), obtained from Polymicro 

Technologies (Phoenix AZ, USA) were used. New capillaries were treated with 1 M NaOH for 

20 min, 0.1 M NaOH for 20 min and Milli-Q water (Millipore, Molsheim, France) for 10 min. 

Samples were pressure injected at 50 mbar for the time stated in each figure. Between runs the 

capillary was washed for 5 min with 2 M HCl followed by a 2 min wash with BGE, unless 

otherwise stated. 
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4. Results and Discussion 
 
When liposomes are used as pseudostationary phase in CE, LUVs are preferred [27]. MLV’s yield 

electropherograms with very noisy baselines [27], this is due to a broad size range of the 

phospholipid vesicles (100 nm to several µm [26]). SUVs have a smaller size range (20 to 100 nm 

[26]), but they are too small, and lipid packing are difficult in these structures. Therefore, they are 

less stable [27]. The pore diameter on the filters used during extrusion of phospholipids 

determines the size of the liposomes. To ensure that LUVs were properly prepared, their size was 

measured with dynamic light scattering in a high performance particle sizer (HPPS). 

 

When a 0.1 M phosphate buffer was used to hydrate the lipid film, the extrusion was difficult to 

perform. This was because a high pressure was required to extrude the lipid solution, causing the 

filters to rupture. To address this problem different concentrations (and thereby ionic strengths) 

of the hydration buffer and different polycarbonate filters were tested. It was found that 

concentrations above 50 mM should be avoided, because the pressure needed to perform the 

extrusion under those conditions were too high leading to filter rupture. After personal 

communications with Susanne Wiedmer it was decided to use a concentration of 10 mM in all 

liposome preparations. This reduced the pressure required for extrusion, making the procedure 

both easier and faster. During the extrusion, polycarbonate filters (0.1 µm pores) from three 

different companies; Millipore (Billerica, MA, USA), Avanti Polar Lipids (Alabaster, AL, USA) 

and Whatman (Florham Park, NJ, USA) were tested. Filters from Millipore were less prone to 

burst compared to filters from Avanti Polar Lipids and Whatman and were used in all liposome 

preparations 

 

4.1 Dynamic light scattering 

Dynamic light scattering (DLS) was used to ensure that the liposome preparations contained 

LUVs with a diameter of approximately 100 nm i.e. the pore size of the filters. As seen in figure 

10 A and B, LUVs with a diameter of approximately 110 nm were obtained, regardless of the 

phospholipid composition. The results also indicate that liposome preparations can be diluted to 

approximately 100 µM before the size increase due to disruption of the liposomes. Thus, the 

critical aggregation concentration of the phospholipids in our buffer system was below 100 µM. 

After the measurements the liposome preparations were stored at 4 °C and the measurements 

were repeated after 7 days. Due to sample loss when liposomes in figure 10 A were prepared, 

measurements on the highest concentrations of liposomes could not be repeated after 7 days. 

However, the measurements on the samples stored for 7 days yielded similar sizes as the 
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measurements on freshly prepared samples. This indicates that samples can be stored for at least 

7 days without suffering from disruption. For data see table 1 in the appendix. This finding is 

important due to the fact that one preparation per week is enough. This will decrease the time 

spent preparing the liposomes, as well as reduce the cost due to less phospholipid consumption. 

 

 

 
Figure 10. Z-Average size plot of liposomes with a A) 100:0 PC:PS, B) 80:20 PC:PS composition. 

 
 

 

  

 26 (26) 
 



4.2 Migration shift affinity CE 

Liposomes in the BGE may interfere with the detection. Therefore, it was investigated if there is 

a critical liposomes concentration at which detection no longer was possible due to a noisy 

baseline. Initial migration shift affinity CE measurements were made with DMSO as a sample 

and liposomes in different concentrations as additive in the BGE. At lipid concentrations above 

500 µM electropherograms showed noisy baselines, and could therefore not be used. The DLS 

measurements showed that liposome preparations could be diluted to 100 µM without losing the 

integrity of the liposomes. Therefore, liposomes at a total lipid concentration of 100 µM were 

added to the BGE in the initial migration shift affinity CE experiments of β2gpI. Figure 11 shows 

the resulting electropherogram. 

 

 

 

 
Figure 11. Migration shift affinity CE.  Sample: 0.2 mg/mL β2gpI, 0.01 % (v/v) DMSO. Sample injection: 50 mbar for 5 s, BGE 

10 mbar for 5 s. Conditions: 13 kV, 90 µA. Background electrolyte: 0.1 M phosphate pH 7.4 with 100 µM (0.076 mg/mL) 

liposomes added with PC:PS composition stated in the figure. 

 
The experiments showed no migration shift of the β2gpI peak in the run with a liposome 

composition of 80:20 compared to the run with a liposome composition of 100:0 PC:PS. This 

was confirmed by studying the migration times, see table 2 A in the appendix.  
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The runs from figure 11 were repeated, but this time the applied voltage was lowered to avoid 

Joule heating. Also a higher lipid concentration was used to investigate if the previous lipid 

concentration was too low to induce a migration shift. Electropherograms are shown in figure 12. 

 

 
Figure 12. Migration shift affinity CE.  Sample: 0.2 mg/mL β2gpI, 0.01 % (v/v) DMSO. Sample injection: as described in figure 

10. Conditions: 10 kV, 65 µA. Background electrolyte: 0.1 M phosphate pH 7.4 with 200 µM (0.15 mg/mL) liposomes added with 

PC:PS composition stated in the figure. Preconditioning: 2 M HCl 1 min 5 bar, 2 M HCl 3 min 940 mbar, BGE 2 min 940 mbar. 

 
The electropherograms in figure 12 show that the run containing 100:0 PC:PS liposomes have 

the longest migration time for both the marker and β2gpI. Migration times in general are longer 

in figure 12 compared to migration times in figure 11, which was expected due to a lower 

electrophoresis voltage. Again no obvious migration shift is observed, which was confirmed by 

studying the migration times, see table 2 B in the appendix. In figure 12 a peak between the 

DMSO and β2gpI peaks is observed. This is not seen in the run containing no liposomes in figure 

11. The origin of this peak is uncertain.  It could be a contamination that separates from β2gpI 

when liposomes are added to the BGE. Also degradation of β2gpI could be the cause of this 

peak. When viewing the spectrum of the peak mentioned, it resembles the β2gpI peak. This small 

peak may be due to a β2gpI isoform. The longer migration time in figure 12 might be enough to 

separate two different β2gpI isoforms. Another explanation for the peak between the DMSO and 

β2gpI peak is that the capillary could be partially coated with lipids from the runs in figure 11. 

This coating may allow β2gpI isoforms to separate in the run containing no liposomes in figure 

12 as well. 
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Common in all migration shift runs, was that the higher PS content used in the liposomes, the 

shorter the migration times for both marker and β2gpI became. A possible explanation is that 

capillary becomes partially coated with phospholipids, altering the charge of the capillary wall, 

hence affecting the EOF. 

 

In order explain why the migration times decreased with increasing PS content in the liposomes, 

electrophoresis with liposomes added to the BGE and naphthalene as a sample was made, see 

figure 13. 

 

 

 
Figur 13. Migration shift affinity CE.  Sample: 0.1 mM naphthalene. Sample injection: as in figure 10. Conditions: 13 kV, 90 µA. 
Background electrolyte: 0.1 M phosphate pH 7.4, liposomes A) 100:0 PC:PS and B) 90:10 PC:PS at concentrations stated in the 
figure. 

 
Naphthalene is a neutral compound and migrates at the same velocity as the EOF. In the runs 

without liposomes in the BGE (in figure 13 A and B) naphthalene has quite similar migration 

time. This indicates that same conditions apply at the start of each run, making the results 

comparable. When adding 100:0 PC:PS liposomes to the BGE (figure 13 A) a slightly slower 

EOF is obtained, seen as a longer migration time for naphthalene, and this remains unchanged 

with increasing lipid concentration. However, when liposomes with a PC:PS composition of 

90:10 are added to the BGE in figure 13 B, the migration time of naphthalene decreases with 

increasing lipid concentration, hence, the EOF is faster. The decreased migration time for 

naphthalene in figure 13 B indicates that phospholipids may adsorb to the capillary wall. 

Liposomes with a 90:10 PC:PS composition have a net negative charge, this will increase the 

negative charge of the capillary surface and thereby increase the EOF. This effect is 

concentration dependent until the surface is saturated, which is shown as a stabilization of the 

migration time of naphthalene between 200 and 300 µM added liposomes. In the phospholipid 
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coating procedure described by Wiedmer et al. an acidic prewash followed by a rinse with 

liposome containing solution provides optimal coating conditions [45, 48]. The experimental 

conditions used in this study are similar to those used for coating. Phosphate, which was used as 

BGE in this study, was found to be less effective as a coating buffer [48]. However, there may be 

a partial coating of the capillary surface with phospholipids. The migration time for naphthalene 

(figure 13 A) is increased when liposomes with a 100:0 PC:PS composition is added. The surface 

charge that remained after the acid prewash would be neutralized by PC as it is a neutral 

phospholipid. This would reduce the EOF which will result in longer migration time for 

naphthalene. When liposomes with a 80:20 PC:PS composition was added (figure 13 B) the 

migration time for naphthalene decreased. The capillary surface becomes negatively charged 

when it is coated with PS, which is a negatively charged phospholipid. This will increase the EOF 

and thereby decrease the migration time for naphthalene. 

 

Bohlin et al. have shown that an acidic prewash of the capillary is necessary for the recovery of 

β2gpI in CE [38, 49]. The conditions needed to recover β2gpI promote coating of the capillary 

with liposomes. Therefore, migration shift affinity CE doesn’t meet the demands required to 

perform this study. 

 

4.3 Partial filling affinity CE 

The conditions used during migration shift affinity CE seemed to promote coating, or at least a 

partial coating of the capillary. Therefore, the partial filling technique was investigated, where 

liposomes are introduced into the capillary as a small plug. Thus, the amount of liposomes in the 

capillary is considerably less than in migration shift affinity CE. The liposomes used in this study 

have a net negative charge [50]. Even liposomes composed of solely the zwitterionic 

phospholipid PC, have a net negative charge. In neutral pH the positioning of the lipid head 

hides the positive charge inside the lipid vesicle exposing the negative charge on the surface [51], 

hence the net negative charge of 100:0 PC:PS liposomes. Therefore, liposomes were introduced 

as a plug before the β2gpI sample to ensure contact between the protein and the liposomes. 
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Figur 14. Partial filling affininty CE. Sample: 0.2 mg/mL β2gpI. Liposome plug: 1mM (0.76 mg/mL) PC:PS content stated in the 

figure. Injection: Liposomes 50 mbar for 40 s, sample 50 mbar for 5 s, BGE 10 mbar for 5 s. Conditions: 10 kV, 65 µA. 

Background electrolyte: 0.1 M phosphate pH 7.4. 

 
No obvious migration shift of β2gpI can be seen in figure 14. Studies of the data might indicate a 

minor shift in migration time for β2gpI compared to the non-interaction marker. However this 

shift is very small (table 3 in the appendix) and is seen as a decrease in migration time of β2gpI 

compared to the non-interaction marker in the experiment containing liposomes with a 80:20 

PC:PS composition. Earlier studies have shown that β2gpI only bind to negatively charged 

phospholipids [7-9]. Therefore it would be expected to observe an increase in migration time of 

β2gpI compared to the non-interacting marker in the above mentioned experiment. The data in 

table 3 in the appendix also show that there is almost one minute difference in the migration 

times of both the marker and β2gpI between the runs. Therefore this apparent shift may be due 

to run to run irregularities. More replicates need to be done in order to determine whether this 

shift is due to run to run irregularities, or if it is due to the fact that β2gpI interact stronger with 

liposomes containing 100:0 PC:PS than liposomes containing 80:20 PC:PS. As mentioned earlier, 

β2gpI have been shown to only bind negatively charged phospholipids making the latter 

explanation less likely. Instead the analysis time may be too short for an equilibrium between 

β2gpI and the liposomes to be obtained. A longer liposome plug would allow a longer interaction 
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time, but also phospholipid coating of the capillary wall (c.f. section 4.2). Thus, a longer injection 

time of the liposome plug should be avoided. Lowering the applied voltage would increase the 

analysis time, giving the interaction more time to reach equilibrium. Bohlin et al. (2005) showed 

that the inner capillary surface remain relatively uncharged for at least 10-30 min. Longer analysis 

times should be avoided. Partial filling affinity CE does not offer enough time for equilibrium 

binding to occur. Instead a CE mode such as frontal analysis, which allows the protein to pre-

equilibrate with the liposomes, should be considered. 

 

4.4 Frontal analysis CE 

A control experiment was performed, where the interaction between propranolol and PC:PS 

liposomes was used to establish that interaction between the liposomes and a ligand can be 

detected using frontal analysis CE. This experiment was first performed by Franzen et al. [52]. 

 

 

 
Figure 15. Frontal analysis CE. Control sample: 50 µM propranolol. Sample: 50 µM propranolol and 400 µM (0.27 mg/mL) 

liposomes 80:20 PC:PS. Sample injection: 50 mbar for 20 s, BGE 10 mbar for 5 s. Conditions: 15 kV, 56 µA. Background 

electrolyte: 10 mM HEPES, 50 mM KCl, pH 7.4. Precondition: 2 min 0.1 M NaOH and 2 min BGE. 

 
Figure 15 show electropherograms from the above mentioned experiment. It can be seen that the 

plateau heights decrease when propranolol is incubated with liposomes, compared to the sample 

containing no liposomes, see table 4 in the appendix. The results were similar to those obtained 

by Franzen et al. [52]. This indicates that the interaction between the liposomes and a known 
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ligand can be detected with frontal analysis CE. Therefore, frontal analysis might very well work 

on β2gpI and liposomes. 

  

β2gpI were incubated with liposomes with PC:PS compositions of 100:0 and 80:20. Different 

incubation times were tested; 10, 50 and 90 minutes, to make sure a binding equilibrium were 

obtained in at least one run. The resulting electropherograms are shown in figure 16 A. It appears 

that preincubation for 10 minutes is enough to obtain a binding equilibrium. Also, an experiment 

without liposomes added to the protein sample was performed, but no peaks were recovered. 

 

 

 

Figur 16. Frontal analysis CE. Sample: 0.2 mg/mL β2gpI, liposomes 100 µM (0.076 mg/mL) with PC:PS compositions as stated 

in the figure. Sample injection: 50 mbar for A) 40 s and B) 60 s, BGE 10 mbar for 5 s. Conditions: 10 kV, 65 µA. Background 

electrolyte: 0.1 M phosphate pH 7.4. 

 
It was difficult to interpret whether two plateaus are obtained, or if the peak shape is just 

irregular. Therefore, the impact of liposome composition on the β2gpI-liposome interaction is 

difficult to deduce.  

 

Injection times of the sample were changed to 60 s (figure 16 B) to see if the curve would adopt a 

more plateau like shape. The prolonged injection time yielded a higher and broader curve, but no 

plateau. However, the β2gpI peaks from the runs containing liposomes with a 80:20 PC:PS 

composition are not as high as the β2gpI peaks from the runs containing liposomes with a 100:0 

PC:PS composition (figure 16 B). Seeing that three reproducible runs were made, a possible 

explanation for the reduction of the β2gpI peak height when liposomes with a 80:20 PC:PS 

composition were being used are protein-liposome interaction. Yet again an experiment without 
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liposomes added to the protein sample was performed, but no peaks were recovered. This could 

be due to protein adsorption on the capillary surface. Another explanation is that clogging of the 

capillary prevented the sample from being injected. Even though the same conditions, except 

injection time were used, a big difference in migration time is seen between figure 16 A and B. 

The experiments in figure 16 B were repeated again, but suffered from irreproducible migration 

times and peak shapes (data not shown). 

 

The runs in figure 16 B were repeated with the use of pressure mobilization after electrophoresis 

at times ranging from 1-5 min (data not shown). This was done as an attempt to achieve plateaus 

and to reduce the analysis time. Although no plateaus and no reproducible data were achieved, 

the runs with pressure mobilization confirmed a possible clogging issue. All the runs had identical 

electrophoresis time followed by an applied pressure of 50 mbar. The current and pressure were 

stable in all runs. Broad peaks were obtained, but the migration times varied with several minutes 

between the runs. This confirms that pressure was applied to the vial during injection and after 

the electrophoresis, but due to a possible clog, the volume injected into the capillary varied 

greatly from run to run. This problem first arose when samples containing both liposome and 

β2gpI were introduced to the capillary. In order to investigate what might cause the clogging, a 

test with DMSO incubated in 3 different buffers containing; no liposomes, 100:0 PC:PS 

liposomes and 80:20 PC:PS liposomes was set up. This was done on a capillary previously used 

for electrophoresis of liposomes and β2gpI. 
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Figure 17. Frontal analysis CE. Sample: 0.25 % DMSO with a liposome concentration of 500µM (0.38 mg/mL) A) no liposomes, 

B) 100:0 PC:PS, C) 80:20 PC:PS . Sample injection: 50 mbar for 60 s, BGE 10 mbar for 40 s. Conditions: 3 min 10 kV, 65 µA, 

followed by pressure mobilization at 50 mbar. Background electrolyte: 0.1 M phosphate pH 7.4. 

 
The electropherograms in figure 17 A-C were collected in one sequence. The migration times as 

well as peak shapes in figure 17 A and the 3 first runs in figure 17 B suffer from poor 

reproducibility. After the third run in figure 17 B the reproducibility of the migration time of 

DMSO improves. At this time the capillary has been washed several times (during the prewash in 

A and B). The following runs show better reproducibility. Thus, the wash step between runs 

might not completely clear the capillary surface of adsorbed sample. It seems that after several 

wash steps most of the adsorbed samples are removed from the capillary surface. Also, because 

the runs become more stable in time and that liposomes together with DMSO were injected as a 

sample, one might conclude that the liposomes are not the sole cause of the clogging. The 

problem with irreproducible migration times first appeared when CE-FA of β2gpI and liposomes 

were performed. Also, electrophoresis of β2gpI alone (no liposomes added in BGE or sample) 

offered good reproducibility (data not shown). Poor reproducibility only occurs when β2gpI and 

liposomes are analysed together. A possible explanation is that aggregations of β2gpI and 

liposomes cause the clogging of the capillary. 

 

The CE-FA experiments with β2gpI and liposomes proved to be difficult and yielded 

irreproducible results. Also, a broad peak was obtained in the electropherogram instead of the 
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expected plateau which is usually observed in CE-FA [53]. In order to investigate how β2gpI 

behave in CE-FA heparin, which is known to bind to β2gpI [10], was used instead of liposomes. 

If a successful CE-FA method for binding studies with heparin as ligand can be obtained, then 

the same method may be applied with liposomes as ligand. 

 

Samples of β2gpI were incubated with different concentrations of heparin. In order to reduce the 

migration times a new method was tested. A voltage of 10 kV was applied for 5 min followed by 

pressure mobilization until the peaks were recovered. Although both current and pressure were 

stable during all runs, the experiment suffered from peak recovery problems. What caused these 

problems is not known, but since a new capillary was used in this experiment clogging is not the 

cause of the recovery problem. However, the obtained results indicated that increased heparin 

concentration yields lower β2gpI peaks. Still no apparent plateaus could be observed in the 

electropherograms. Another CE-FA method was tested to investigate if plateaus could be 

achieved. This method had an applied voltage during the entire analysis, electropherograms are 

shown in figure 18. 

 

 
Figure 18. Frontal analysis CE. Sample: 0.2 mg/mL β2gpI, 5 mg/mL heparin. Sample injection: 50 mbar for 40 s, BGE 10 mbar 

for 5 s. Conditions: 13 kV, 90 µA. Background electrolyte: 0.1 M phosphate pH 7.4.  

 
The CE-FA experiment in figure 18 did not yield an obvious plateau or plateaus, which would be 

expected since β2gpI is known to bind heparin [10]. A single plateau would have represented the 

unbound fraction of β2gpI, whereas two plateaus would have shown the bound and unbound 

fractions β2gpI in the sample, depending on the migration time for the heparin-β2gpI complex. 

Although not obvious, the shape of the curve indicates that two plateaus may be present. These 
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two plateaus could represent the bound and unbound β2gpI fraction in the sample or different 

isoforms of β2gpI. The isoforms may have different migration times due to size variations. 

 

The applied voltage was changed to 10 kV to increase the run time in order to try to separate 

unbound and heparin bound β2gpI in the sample. No separation was achieved and the runs 

yielded a broad peak similar to the runs in figure 18. Still no apparent plateau can be seen. The 

applied voltage was lowered even further to investigate if a separation of what could be two 

plateaus could at all be achieved. 

 

 

 
Figure 19. Frontal analysis CE, same conditions as in figure 17, an applied voltage of 7 kV (42 µA). 

 
When the applied voltage was lowered to 7 kV two peaks appeared in the electropherogram, see 

figure 19. When inspecting the spectrum both peaks resemble that of β2gpI. Given the high 

concentration of heparin, the migration time for the second peak and the fact that heparin is UV-

transparent, offers a possible explanation that the peaks represent unbound and heparin bound 

β2gpI in the sample. Another explanation is that the peaks could be from two isoforms of the 

protein. Because only one run was performed at 7 kV it is not known whether the results are 

reproducible or not. Even so, this is an interesting result and the CE-FA mode should definitely 

be further investigated as a method to determine the binding between β2gpI and liposomes. 

 

Although the peaks were separated, the analysis time was too long. As stated earlier analysis times 

longer than 30 min should be avoided.  More runs should be made, to see if the result is 

reproducible. In CE-FA complete separation of the plateaus is not necessary since the 

concentration is calculated from the height of the plateau [41]. Therefore, more voltages between 
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7 and 10 kV should be tested to reduce the analysis time. Other buffer systems with lower 

conductivity should also be considered, for instance HEPES. Using buffers with lower 

conductivity means that a higher voltage can be applied. That would decrease the analysis time, 

but still allow the free and complexed β2gpI to be separated. However, when using other buffers 

the capillary conditions will not resemble physiological conditions as far as composition is 

concerned. Therefore, it should also be investigated what impact the buffer system has on the 

binding between β2gpI and phospholipids. 
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5. Conclusions 
 
In order to study the interactions between β2gpI and negatively charged phospholipids in 

biomembranes three affinity CE methods were investigated; migration shift affinity CE, partial 

filling affinity CE and CE-FA. 

 

Migration shift affinity CE proved to be unsuitable for this purpose. The conditions necessary for 

protein recovery also seemed to promote partial coating of the capillary wall with phospholipids. 

Also no shift in migration time of the β2gpI peak was observed. To avoid phospholipid coating 

of the capillary wall, partial filling affinity CE was tested. Partial filling affinity CE seemed to 

prevent coating, but no shift in migration time of the β2gpI peak was observed. The explanation 

may be that the analysis time was too short for equilibrium binding between β2gpI and liposomes 

to occur. 

 

Frontal analysis studies with β2gpI and heparin indicated that the bound and unbound fraction 

β2gpI in the sample can be separated under optimized conditions. Also the decrease in β2gpI 

peak height when 80:20 PC:PS liposomes were used compared to 100:0 PC:PS liposomes 

indicates that a successful CE-FA method can be obtained. However, when preincubated 

samples containing β2gpI and liposomes were introduced to the capillary a clogging problem 

arose, yielding irreproducible results. Even so, CE-FA looked very promising and should be 

further investigated. 

 

Future studies should involve more CE-FA studies, starting with a further investigation of 

different electrophoresis voltages. Other buffers, with lower conductivity, should also be 

investigated, for instance the lower conductivity HEPES buffer. In order to address the clogging 

problem when liposomes are used as ligand, alternative washing steps should be investigated, 

including NaOH and SDS. 

  

 40 (40) 
 



 

  

 41 (41) 
 



6. Acknowledgements 

I would like to thank: 
 
Maria Bohlin for sharing her knowledge, for all the help, advice, all encouragement and for 
proofreading. Also for the warm welcome when I first started.  
 
Marcus Öhman for believing in me, for proofreading and for the warm welcome. Also for 
introducing “quick and dirty”. 
 
Lars Renman for making analytical chemistry interesting. 
 
Professor Niels Heegard at Statens Serum Institute in Copenhagen, for providing me with β2gpI. 
 
Professor Lars Blomberg for support and guidance. 
 
Emma Gustavsson for a great support during my time at the University. 
 
Rozbeh Jafari for providing fun company on long afternoons. 
 
Mikael Andersén for lending his expertise on dynamic light scattering. 
 
Gunilla Carlsson for letting me use the HPPS. 
 
Last but not least I would like to thank my wonderful girlfriend Emma Melin and my family for 
the support in this project and life in general. 
  

 42 (42) 
 



 
  

 43 (43) 
 



7. References 
 
[1] Wilson, W.A., Gharavi, A.E., Koike, T., Lockshin, M.D., Branch, D.W., Piette, J.-C., 

Brey, R., Derksen, R., Harris, E.N., Hughes, G.R.V., Triplett, D.A., and Khamashta, 
M.A., International consensus statement on preliminary classification criteria for definite antiphospholipid 
syndrome: Report of an International workshop. Arthritis & Rheumatism, 1999. 42(7): p. 1309-
1311. 

[2] McNeil, H.P., Simpson, R.J., Chesterman, C.N., and Krilis, S.A., Anti-phospholipid antibodies 
are directed against a complex antigen that includes a lipid-binding inhibitor of coagulation: beta 2-
glycoprotein I (apolipoprotein H). Proceedings of the National Academy of Sciences of the 
United States of America, 1990. 87(11): p. 4120-4124. 

[3] Miyakis, S., Robertson, S.A., and Krilis, S.A., Beta-2 glycoprotein I and its role in 
antiphospholipid syndrome--lessons from knockout mice. Clinical Immunology, 2004. 112(2): p. 
136-143. 

[4] Schousboe, I., beta 2-Glycoprotein I: a plasma inhibitor of the contact activation of the intrinsic blood 
coagulation pathway. Blood, 1985. 66(5): p. 1086-1091. 

[5] Balasubramanian, K., Chandra, J., and Schroit, A.J., Immune Clearance of Phosphatidylserine-
expressing Cells by Phagocytes. Journal of Biological Chemistry, 1997. 272(49): p. 31113-
31117. 

[6] Heegaard, N.H.H., Applications of affinity interactions in capillary electrophoresis. Electrophoresis, 
2003. 24(22-23): p. 3879-3891. 

[7] Galli, M., Barbui, T., Comfurius, P., Maassen, C., Hemker, H.C., Zwaal, R.F.A., Bevers, 
E.M., de Baets, M.H., and van Breda-Vriesman, P.J.C., Anticardiolipin antibodies (ACA) 
directed not to cardiolipin but to a plasma protein cofactor. The Lancet, 1990. 335(8705): p. 1544-
1547. 

[8] Willems, G.M., Janssen, M.P., Pelsers, M.M.A.L., Comfurius, P., Galli, M., Zwaal, R.F.A., 
and Bevers, E.M., Role of Divalency in the High-Affinity Binding of Anticardiolipin Antibody−β2-
Glycoprotein I Complexes to Lipid Membranes. Biochemistry, 1996. 35(43): p. 13833-13842. 

[9] Polz, E. and Kostner, G.M., The binding of [beta]2-glycoprotein-I to human serum lipoproteins: 
Distribution among density fractions. FEBS Letters, 1979. 102(1): p. 183-186. 

[10] Guerin, J., Sheng, Y., Reddel, S., Iverson, G.M., Chapman, M.G., and Krilis, S.A., Heparin 
Inhibits the Binding of β2-glycoprotein I to Phospholipids and Promotes the Plasmin-mediated 
Inactivation of This Blood Protein. Journal of Biological Chemistry, 2002. 277(4): p. 2644-
2649. 

[11] Schwarzenbacher, R., Zeth, K., Diederichs, K., Gries, A., Kostner, G.M., Laggner, P., and 
Prassl, R., Crystal structure of human [beta]2-glycoprotein I: implications for phospholipid binding and 
the antiphospholipid syndrome. EMBO J, 1999. 18(22): p. 6228-6239. 

 44 (44) 
 



[12] Lozier, J., Takahashi, N., and Putnam, F.W., Complete amino acid sequence of human plasma 
beta 2-glycoprotein I. Proc Natl Acad Sci U S A, 1984. 81(12): p. 3640-3644. 

[13] Steinkasserer, A., Estaller, C., Weiss, E.H., Sim, R.B., and Day, A.J., Complete nucleotide and 
deduced amino acid sequence of human beta 2-glycoprotein I. Biochem J, 1991. 277 ( Pt 2): p. 387-
391. 

[14] Bouma, B., de Groot, P.G., van den Elsen, J.M.H., Ravelli, R.B.G., Schouten, A., 
Simmelink, M.J.A., Derksen, R.H.W.M., Kroon, J., and Gros, P., Adhesion mechanism of 
human [beta]2-glycoprotein I to phospholipids based on its crystal structure. EMBO J, 1999. 18(19): 
p. 5166-5174. 

[15] Gries, A., Nimpf, J., Wurm, H., Kostner, G.M., and Kenner, T., Characterization of isoelectric 
subspecies of asialo-beta 2-glycoprotein I. Biochem J, 1989. 260(2): p. 531-534. 

[16] Mehdi, H., Aston, C.E., Sanghera, D.K., Hamman, R.F., and Kamboh, M.I., Genetic 
variation in the apolipoprotein H (beta 2-glycoprotein I) gene affects plasma apolipoprotein H 
concentrations. Human Genetics, 1999. 105(1-2): p. 63-71. 

[17] Steinkasser, A., Barlow, P.N., Willis, A.C., Kertesz, Z., Campbell, I.D., Sim, R.B., and 
Norman, D.G., Activity, disulphate mapping and structural modelling of the fifth domain of human 
[beta]2-glycoprotein I. FEBS Letters, 1992. 313(2): p. 193-197. 

[18] Hong, D.-P., Hagihara, Y., Kato, H., and Goto, Y., Flexible Loop of β2-Glycoprotein I Domain 
V Specifically Interacts with Hydrophobic Ligands†. Biochemistry, 2001. 40(27): p. 8092-8100. 

[19] de Groot, P.G., Bouma, B., Lutters, B.C.H., Simmelink, M.J.A., Derksen, R.H.W.M., and 
Gros, P., Structure-Function Studies on [beta]2-glycoprotein I. Journal of Autoimmunity, 2000. 
15(2): p. 87-89. 

[20] de Laat, B., Derksen, R.H.W.M., Urbanus, R.T., and de Groot, P.G., IgG antibodies that 
recognize epitope Gly40-Arg43 in domain I of {beta}2-glycoprotein I cause LAC, and their presence 
correlates strongly with thrombosis. Blood, 2005. 105(4): p. 1540-1545. 

[21] de Laat, B., Derksen, R.H.W.M., van Lummel, M., Pennings, M.T.T., and de Groot, P.G., 
Pathogenic anti-beta2-glycoprotein I antibodies recognize domain I of beta2-glycoprotein I only after a 
conformational change. Blood, 2006. 107(5): p. 1916-1924. 

[22] Varjo, S.J.O., Hautala, J.T., Wiedmer, S.K., and Riekkola, M.-L., Small diamines as modifiers 
for phosphatidylcholine/phosphatidylserine coatings in capillary electrochromatography. Journal of 
Chromatography A, 2005. 1081(1): p. 92-98. 

[23] Wiedmer, S.K., Jussila, M.S., and Riekkola, M.L., Phospholipids and liposomes in liquid 
chromatographic and capillary electromigration techniques. Trac-Trends in Analytical Chemistry, 
2004. 23(8): p. 562-582. 

[24] Stryer, L., Biochemistry 6ed. 2006, New York: W.H. Freeman and Company. 

 45 (45) 
 



[25] Jeremy M. Berg, J.L.T., Lubert Stryer, Biochemistry 6ed. 2006, New York: W.H Freeman 
and Company. 

[26] Lasic, D.D., The mechanism of vesicle formation. Biochem. J., 1988. 256(1): p. 1-11. 

[27] Wiedmer, S.K., Holopainen, J.M., Mustakangas, P., Kinnunen, P.K.J., and Riekkola, M.L., 
Liposomes as carriers in electrokinetic capillary chromatography. Electrophoresis, 2000. 21(15): p. 
3191-3198. 

[28] Renman, L., Instrumentella Separationsmetoder - Kromatografi och kapillärelektrofores. 1999: 
Institutionen för kemi, Karlstads universitet  

[29] Mikkers, F.E.P., Everaerts, F.M., and Verheggen, T.P.E.M., High-performance zone 
electrophoresis. Journal of Chromatography A, 1979. 169: p. 11-20. 

[30] Heegaard, N.H.H., Chapter 7: Capillary electrophoresis, in Protein-Ligand Interactions: 
Hydrodynamics and Calorimetry, S.E. Harding and B.Z. Chowdry, Editors. 2001, Oxford 
University Press: Oxford. p. 171-195. 

[31] Jorgenson, J.W. and Lukacs, K.D., Zone electrophoresis in open-tubular glass capillaries. 
Analytical Chemistry, 1981. 53(8): p. 1298-1302. 

[32] Inc., B.I., Introduction to Capillary Electrophoresis. Vol. 1. 1994. 

[33] Harris, D.C., Quantitative Chemical Analysis. 7 ed. 2007, New York: W.H. Freeman and 
Company. 

[34] Evenhuis, C.J. and Haddad, P.R., Joule heating effects and the experimental determination of 
temperature during CE. Electrophoresis, 2009. 30(5): p. 897-909. 

[35] Compton, B.J. and O'Grady, E.A., Role of charge suppression and ionic strength in free zone 
electrophoresis of proteins. Analytical Chemistry, 1991. 63(22): p. 2597-2602. 

[36] Wan, H., Öhman, M., and Blomberg, L.G., Bonded dimethylacrylamide as a permanent coating for 
capillary electrophoresis. Journal of Chromatography A, 2001. 924(1-2): p. 59-70. 

[37] Yeung, K.K.C. and Lucy, C.A., Suppression of Electroosmotic Flow and Prevention of Wall 
Adsorption in Capillary Zone Electrophoresis Using Zwitterionic Surfactants. Analytical Chemistry, 
1997. 69(17): p. 3435-3441. 

[38] Bohlin, M.E., Blomberg, L.G., and Heegaard, N.H.H., Utilizing the pH hysteresis effect for 
versatile and simple electrophoretic analysis of proteins in bare fused-silica capillaries. Electrophoresis, 
2005. 26(21): p. 4043-4049. 

[39] Lambert, W.J. and Middleton, D.L., pH hysteresis effect with silica capillaries in capillary zone 
electrophoresis. Analytical Chemistry, 1990. 62(15): p. 1585-1587. 

 46 (46) 
 



[40] Heegaard, N.H.H. and Kennedy, R.T., Identification, quantitation, and characterization of 
biomolecules by capillary electrophoretic analysis of binding interactions. Electrophoresis, 1999. 
20(15-16): p. 3122-3133. 

[41] Østergaard, J. and Heegaard, N.H.H., Bioanalytical interaction studies executed by preincubation 
affinity capillary electrophoresis. Electrophoresis, 2006. 27(13): p. 2590-2608. 

[42] Jia, Z., Ramstad, T., and Zhong, M., Determination of protein-drug binding constants by pressure-
assisted capillary electrophoresis (PACE)/frontal analysis (FA). Journal of Pharmaceutical and 
Biomedical Analysis, 2002. 30(3): p. 405-413. 

[43] Berne, B.J. and Pecora, R., Dynamic Light Scattering. 1976, New York: Dover Publications 
Inc. 

[44] Malvern Instruments 2010  [cited 2010 -06-05]; Available from: 
http://www.malvern.com/http://www.malvern.com/LabEng/technology/dynamic_ligh
t_scattering/dynamic_light_scattering.htm. 

[45] Wiedmer, S.K., Jussila, M.S., Holopainen, J.M., Alakoskela, J.-M., Kinnunen, P.K.J., and 
Riekkola, M.-L., Cholesterol-containing phosphatidylcholine liposomes: Characterization and use as 
dispersed phase in electrokinetic capillary chromatography. Journal of Separation Science, 2002. 
25(7): p. 427-437. 

[46] Voss, A., Jacobsen, S., and Heegaard, N.H., Association of b2-glycoprotein I IgG and IgM 
antibodies with thrombosis and thrombocytopenia. Lupus, 2001. 10(8): p. 533-538. 

[47] Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, R.J., PROTEIN 
MEASUREMENT WITH THE FOLIN PHENOL REAGENT. Journal of Biological 
Chemistry, 1951. 193(1): p. 265-275. 

[48] Hautala, J.T., Lindén, M.V., Wiedmer, S.K., Ryhänen, S.J., Säily, M.J., Kinnunen, P.K.J., 
and Riekkola, M.-L., Simple coating of capillaries with anionic liposomes in capillary electrophoresis. 
Journal of Chromatography A, 2003. 1004(1-2): p. 81-90. 

[49] Bohlin, M.E., Kogutowska, E., Blomberg, L.G., and Heegaard, N.H.H., Capillary 
electrophoresis-based analysis of phospholipid and glycosaminoglycan binding by human beta(2)-
glycoprotein. Journal of Chromatography A, 2004. 1059(1-2): p. 215-222. 

[50] Wiedmer, S.K., Hautala, J., Holopainen, J.M., Kinnunen, P.K.J., and Riekkola, M.-L., 
Study on liposomes by capillary electrophoresis. Electrophoresis, 2001. 22(7): p. 1305-1313. 

[51] Makino, K., Yamada, T., Kimura, M., Oka, T., Ohshima, H., and Kondo, T., Temperature- 
and ionic strength-induced conformational changes in the lipid head group region of liposomes as suggested 
by zeta potential data. Biophysical Chemistry, 1991. 41(2): p. 175-183. 

[52] Franzen, U., Jorgensen, L., Larsen, C., Heegaard, N.H.H., and Ostergaard, J., 
Determination of liposome-buffer distribution coefficients of charged drugs by capillary electrophoresis 
frontal analysis. Electrophoresis, 2009. 30(15): p. 2711-2719. 

 47 (47) 
 

http://www.malvern.com/http://www.malvern.com/LabEng/technology/dynamic_light_scattering/dynamic_light_scattering.htm
http://www.malvern.com/http://www.malvern.com/LabEng/technology/dynamic_light_scattering/dynamic_light_scattering.htm


[53] Østergaard, J. and Heegaard, N.H.H., Capillary electrophoresis frontal analysis: Principles and 
applications for the study of drug-plasma protein binding. Electrophoresis, 2003. 24(17): p. 2903-
2913. 

 
  

 48 (48) 
 



  

 49 (49) 
 



Appendix - Data tables 
 
Table 1. Data from DLS measurements. Liposome composition as stated in the table. 

A) 100:0 PC:PS B) 80:20 PC:PS
Conc. (µM) Z-Average size (nm) Conc. (µM) Z-Average size (nm)

1000 110,9  1000 112,7
500 108,7  500 110,5
100 106,9  100 111,1
50 126,8  50 113,4
10 118,6  10 146,1

C) 100:0 PC:PS (stored 7 days) D) 80:20 PC:PS  (stored 7 days) 
Conc. (µM) Z-Average size (nm) Conc. (µM) Z-Average size (nm)

300 114,6  1000 111
100 109  500 110,4
50 112  100 113,6
10 196  50 152,1

10 171,9
 
 

 

Table 2. Migration shift affinity CE. Samples contain 0.2 mg/mL β2gpI, total lipid concentration A) 100 µM (0.076 mg/mL), B) 
200 µM (0.15 mg/mL) with composition stated in the tables. 

 
A) 

Sample tM (min) tβ2 (min) 1/tM - 1/tβ2 1/tM - 1/tβ2 (average) ∆1/t 

No liposomes - -    
No liposomes 8,16 11,04 0,0320   
100:0 PC:PS 9,00 12,12 0,0286 0,0273  
100:0 PC:PS 9,44 12,50 0,0259   
80:20 PC:PS 8,54 11,11 0,0270 0,0270 -0,0003 
80:20 PC:PS 8,35 10,77 0,0270   

B) 
Sample tM (min) tβ2 (min) 1/tM - 1/tβ2 1/tM - 1/tβ2 (average) ∆1/t 

No liposomes 13,22 16,88 0,0164 0,0164  
No liposomes 13,44 17,20 0,0163   
No liposomes 13,59 17,48 0,0164   
100:0 PC:PS 15,40 20,80 0,0168 0,0158  
100:0 PC:PS 15,58 20,54 0,0155   
100:0 PC:PS 15,87 20,90 0,0152   
80:20 PC:PS 12,63 16,07 0,0169 0,0166 0,0007 
80:20 PC:PS 12,38 15,51 0,0163   
80:20 PC:PS 12,21 15,30 0,0165   
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Table 3. Partial filling affinity CE. Samples contain 0.2 mg/mL β2gpI, total lipid concentration 1 mM (0.76 mg/mL) with 
compositions stated in the table. 

Sample tM tβ2 1/tM - 1/tβ2 1/TM - 1/Tβ2 (average) ∆1/t 

No liposomes 14,05 18,89 0,0182 0,0184   
No liposomes 14,18 19,26 0,0186    
100:0 PC:PS 11,70 15,72 0,0219 0,0211   
100:0 PC:PS 12,40 16,60 0,0204    
80:20 PC:PS 13,63 18,29 0,0187 0,0185 -0,0026 
80:20 PC:PS 13,82 18,53 0,0184    
 
 
 

Table 4. CE-FA. Samples contain 50 µM propranolol and 400 µM (0.27 mg/mL) liposomes 80:20 PC:PS. 

Sample Plateau height (mAU)

No liposomes 11,6
No liposomes 10,6
No liposomes 10,5
80:20 PC:PS 7,6
80:20 PC:PS 9,2
80:20 PC:PS 8,2
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