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1 Introduction 

In the field of separation science, there is a continuous effort to increase 
efficiency, speed, and sensitivity and to further extend the applicability. 
Developments in response to these challenges are today mainly focused on 
hyphenation1-3, miniaturization4 and/or refinement of sophisticated 
separation techniques combined with advanced detection, such as mass 
spectrometry. 

Capillary electrophoresis (CE), and the different modes thereof, is a 
rapidly developing separation technique. It has found widespread application 
with samples ranging from inorganic ions to large biopolymers5-11. The large 
interest in CE is explained by a number of attractive features of the 
technique such as high efficiency, short analysis time, simple hardware, and 
ease of automation. The high-throughput capacity of CE was clearly 
demonstrated in the Human Genome Project where capillary arrays for 
large-scale DNA sequencing12 enabled the project to be completed in a 
fraction of the time needed when using classic electrophoretic technology. 
The ability of CE to handle minute sample amounts, with nano liter injection 
volumes, makes it attractive in applications that are truly sample limited, 
such as in the analysis of single cells13 and organelles, biofluids14 or lead 
molecules in early phase drug discovery. An attractive aspect of CE as an 
analysis system is the relatively straightforward procedure by which CE 
experiments in capillaries can be transferred to analogous runs in channels of 
chips. There is an increasing interest today in development of prefabricated, 
automated, disposable analytical systems to be used outside the laboratory 
for use in e.g. health-care at home or detection of illicit drug abuse in 
sports15.

Although CE has been successfully applied in a variety of fields, the 
technique is still in many ways in its infancy and its full potential is yet to be 
explored. A challenge for the separation scientist of today is the analysis of 
the human proteome, which is a highly interesting area for CE16, 17. In the 
early applications of CE, the technique was primarily viewed as an extension 
of classic electrophoretic technology for protein separations. The 
implementation into routine protein analysis has, however, been restricted by 
problems with analyte adsorption to the capillary wall. Research focused on 
control of surface properties is therefore important in order to further extend 
the utility of CE. This need for new surface modifications is not only 
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focused on preventing unwanted interactions but also on the important 
development of new phases that can introduce specific separation selectivity. 

The aim of this thesis is to extend the utility of CE by the development of 
novel surface coatings. These are divided into deactivating coatings, 
intermediate layer coatings, and selective coatings. The first part of the thesis 
deals with basic concepts of CE, surface chemistry and coating preparation 
while the second part is focused on the application of coated capillaries in 
protein separation and biopharmaceutical drug characterization. 
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are commonly made of fused-silica, which is a metal free glass material. 
Depending on buffer pH, the fused-silica surface becomes deprotonated, 
resulting in exposure of anionic surface silanol groups (SiO-). These anionic 
surface sites will attract cations from the buffer solution, thereby forming a 
positive charge density that decreases exponentially with distance from the 
wall. When applying an electric field along the capillary, cations in the outer, 
diffuse part of the charge density start to migrate towards the cathode, 
carrying waters of hydration with them. Because of the cohesive nature of 
the hydrogen bonding of the water of hydration to the water molecules in the 
bulk solution, the entire buffer solution is pulled toward the cathode. As will 
be discussed later, both the direction and the magnitude of this flow reflect 
capillary surface chemistry and can be used as a tool in the study of surface 
properties.

CE actually consists of a family of electrophoretic techniques, collectively 
known as capillary electrophoresis. The most basic method is capillary zone 
electrophoresis (CZE)22, described above. Two other modes, based on the 
same electrophoretic principles but differing in choice of electrolyte system 
are capillary isotachophoresis (CITP)23, 24, often utilized for sample 
preconcentration, and capillary isoelectric focusing (CIEF)25, used mainly 
for separation of proteins in a pH gradient according to their isoelectric 
points. By introducing a second separation mechanism, orthogonal to the 
first one, the selectivity of the system can be altered. In capillary gel 
electrophoresis (CGE)26, 27, the capillary is filled with a gel or polymer 
solution enabling separation of analytes regarding size/shape. In order to 
separate non-ionic compounds, micelles28, microemulsions29, or liposomes30-

32 have been added to the background electrolyte to form a pseudostationary 
phase in micellar electrokinetic chromatography (MEKC), micro emulsion 
electrokinetic chromatography (MEEKC), and liposome electrokinetic 
chromatography (LEKC), respectively. Alternatively, non-ionic compounds 
can be separated by electrochromatography (CEC)33 where the stationary 
phase is bonded to the capillary wall or expands the surface of a packed or 
monolithic bed34, 35.

2.2 CE coupled to mass spectrometry 
The combination of fast, high-efficiency CE separations, with sensitive and 
informative mass spectrometric detection provides a powerful 
microanalytical system. The minute sample amounts handled by CE add 
demands upon detection sensitivity, which is provided by the mass 
spectrometer. This powerful detection technique further extends the utility of 
CE by providing information on analyte mass and sometimes also structure. 

CE-MS was first introduced about 15 years ago36, 37. The most commonly 
used ionization technique is electrospray ionization (ESI)38-42 but off-line 
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coupling to matrix-assisted laser desorption/ionization (MALDI) is gaining 
an increased interest43-45. When interfacing CE to ESI-MS, two electrical 
circuits, one running the CE and one feeding the ESI, must be considered. 
Electrical contact must be made with the CE column outlet in order to 
provide two closed circuits in a way that prevents the ESI power supply to 
act as a sink46. Several interfaces have been constructed to meet these 
requirements and the most commonly used ones in ESI-MS are the co-axial 
sheath-flow interface47 (used in Papers II and VI) and the sheathless 
interface48, 49 (used in Paper II), schematically depicted in Figure 2:2.

Figure 2:2 Schematic of (A) co-axial sheath-flow interface and (B) sheathless 
interface used for CE-ESI-MS. 

The co-axial sheath-flow interface consists of a concentric series of 
capillaries in which the central CE capillary is commonly surrounded by a 
stainless steel electrospray needle and the latter by a nebulizer sheath. A 
volatile sheath-liquid is introduced in the interspace between the ESI needle 
and the CE capillary, This maintains electrical contact and facilitates the ESI 
process. Because the organic modifier is added postcolumn, where it mixes 
with the capillary eluent, the co-axial sheath-flow interface is advantageous 
to use when organic solvents cannot be added to the separation electrolyte. It 
also enables the coupling of CE-MS in applications where EOF is low, or 
even eliminated, since electrospray formation is not dependent on a flow of 
background electrolyte from the separation capillary. Drawbacks of this 
interface configuration are dilution of the eluent and potential back-



12

migration of ions from the sheath-liquid into the separation capillary, thereby 
forming moving ionic boundaries that may influence pH and disturb the 
separation.

In the sheathless interface configuration, the capillary eluent is sprayed 
directly from the separation capillary. Electric contact is provided by a 
conductive coating at the outlet end of the capillary. Since no dilution of the 
sample occurs, the sheathless interface usually provides higher sensitivity. 
Its versatility is, however, more restricted, since a high electroosmotic flow 
as well as background electrolytes containing organic solvents are needed 
for stable electrospray formation. The possible effect of local depletion of 
ions and pH drift close to the sheathless tip outlet is an area of concern that 
has not yet been investigated in detail. 

Unlike the atmospheric pressure ionization of electropray, MALDI is 
typically performed in the deep vacuum inside the mass spectrometer. This 
significantly restricts the practical implementation of interfacing CE on-line 
with MALDI-MS. By using off-line coupling, commercial instruments can 
be used with independent optimization of the conditions for MS analysis and 
separation. The most commonly used approach for off-line coupling is by 
CE fraction collection to nano-vials, whereafter the sample is deposited onto 
a MALDI target50-52. Alternatively, the eluent can be collected directly onto 
the target, either in a continuous or stepwise manner. In order to provide a 
circuit for the CE current flow during collection, a variety of interface 
configurations have been demonstrated including both sheath-flow 53, 54(used
in Paper III), sheathless 55 and liquid junction56 as well as interfaces where 
contact is provided by a porous glass joint57, a polymer membrane58, or a 
droplet of buffer59.
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3 Capillary coatings 

There are many reasons for chemical modification of the capillary wall in 
CE. These may include alteration/reversal of EOF for rapid separations, 
increased resolution, migration stability or compatibility with MS detection. 
Other goals may be to reduce analyte/wall interactions or to introduce new 
selectivity. As discussed in Chapter 2.1, the fused-silica surface is covered 
by silanol groups. In order to chemically modify the capillary surface, there 
are two main routes to go; either via covalent bonding to the silanols or by 
utilizing them for electrostatic interaction. 

3.1 Deactivating coatings 
Deactivating coatings aim at masking the anionic and hydrophobic nature of 
the fused-silica surface, which has long been known to present a problem in 
e.g. protein analysis. Adsorption of protein, either irreversibly or with slow 
desorption, causes bad reproducibility and impaired efficiencies. Although 
cationic proteins present the greatest problem, due to electrostatic 
analyte/wall interactions, any protein having a region of net positive charge 
or an external hydrophobic domain (i.e. including almost all known proteins) 
can be adsorbed to the silica surface. This has obstructed the implementation 
of CE as a routine protein analysis technique. 

Besides from their use in eliminating analyte/wall interactions, 
deactivating coatings are used for manipulation of EOF, such as reversing, 
eliminating or creating a pH-independent flow. 

3.1.1 Neutral deactivation layers 
In order to mask the anionic sites on the capillary wall, a variety of neutral, 
hydrophilic, capillary coatings have been developed60-62. The most 
commonly used ones are polyacrylamide63 and polyvinylalcohol64. Due to 
shielding of the silanol groups, efficient separations of both acidic and basic 
proteins have been demonstrated65. The non-ionic nature of the neutral-
coated capillary surface, however, suppresses EOF generation. The 
migration of analytes toward the detector is solely based on electrophoretic 
mobility, which prevents separation of both anionic and cationic proteins 
simultaneously in a single run. In some applications, elimination of EOF is 
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desirable, e.g. to produce sharp zones in isoelectric focusing66 and DNA-
separations in sieving media67. Neutral coatings are also used in MECK to 
tailor migration velocity and direction of the micelles68 or in chiral 
separations to avoid introduction of selector into the ion source of the mass 
spectrometer69.

The most commonly used procedure for preparation of neutral capillary 
coatings is covalent attachment of a hydrophilic polymer layer. This is often 
an elaborate and time consuming multi-step process, which may require a 
final cross-linking reaction of the bonded polymer to increase coating 
stability70.

3.1.2 Cationic deactivation layers 
An alternative approach for deactivation of the anionic and hydrophobic 
fused-silica surface is to reverse the charge of the capillary wall by the use of 
cationic coatings. Due to the presence of positively charged surface sites, 
these coatings generate a reversed electroosmotic flow, compared to bare 
capillaries. Since the fused-silica surface is protonated to a high degree at 
low pH, cationic coatings are often utilized in sheathless CE-ESI-MS to 
produce a high EOF toward the mass spectrometer under acidic separation 
conditions. One of the most commonly used cationic coatings is 3-
aminopropyltriethoxysilane (APS), which is prepared by covalently binding 
cationic monomers to the capillary surface71. Although highly stable surfaces 
can be prepared by silanization, monomers often fail to provide complete 
coverage of a silica surface, due to steric effects during reaction72. This 
incomplete masking of the silanols may result in a net surface charge 
reversal back to cathodal EOF when increasing pH above approximately 5-
673-75. Furthermore, the Si-O-C bond often shows hydrolytic instability at 
alkaline conditions73.

In contrast, adsorbed cationic polymer wall coatings can easily be 
prepared by fast and simple procedures, resulting in electrostatically bonded 
polymer layers of high surface coverage76-88. The need for deactivating 
coatings to eliminate the detrimental influence of surface groups on the 
separation performance is not restricted to separations in the capillary 
format. Developments in chip technology have increased the interest in 
tailor-made surface coatings. When miniaturizing a separation system, the 
surface-to-volume ratio increases, which emphasizes the importance of 
controlling surface properties. Due to the short lifetime of a disposable chip, 
coatings prepared by fast and simple procedures are desirable, which makes 
development of physically adsorbed coatings particularly interesting. 
Despite the variety of cationic adsorbed coatings existing today, preparation 
of new surfaces contribute to the large smorgasbord of coatings needed, 
since there is no universal coating suitable for all types of applications. 
Coatings differing in properties like hydrophobicity, polarity and EOF 
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separated with efficiencies of up to 170.000 plates m-1 whereas proteins of 
high pI values, such as cytochrome c and trypsin did not elute under the 
conditions used. This behavior indicates an incomplete surface coverage of 
Q-agarose, resulting in a capillary surface that is still influenced by the 
fused-silica silanol groups. 

3.2 Intermediate-layer coatings 
When chemically modifying fused-silica surfaces, an intermediate layer is 
often used for attachment of subsequent layers and/or for increased shielding 
of the silanol groups. The intermediate layer is often the key to overall 
coating stability. Bifunctional silylation reagents, such as -
methacryloxypropyltrimethoxysilane, are commonly used for anchoring of 
top layers. The methoxy group/s react with the silanols on the fused-silica 
surface, whereas the acryl group is left for subsequent reaction with an 
acrylic monomer of e.g. acrylamide, to form a polymeric top layer63. The 
limited stability of the Si-O-C-bond at alkaline conditions has, however, 
promoted the development of alternative intermediate layers. Demonstrated 
examples are dense, cross-linked siloxane resins for effective shielding of 
the silanol groups, with acrylic or vinylic groups exposed for attachment of 
hydrophilic top layers65, 101.

The intermediate layer can also serve as an electroosmotic pump. In a 
multi-layered coating, developed by Smith and El Rassi, a cationic polymer 
of methylated polyethyleneimine hydroxyethylated was utilized as 
intermediate layer for EOF generation. The hydroxyl groups of the polymer 
permitted the attachment of a bulky polyether top layer, which left the 
subcoating accessible to buffer ions for EOF generation while it prevented 
proteins from interacting with the cationic groups.102

Physically adsorbed coatings can be favorably prepared in a sandwich 
fashion103-107, such as the successive multiple ionic-polymer layer (SMIL) 
coating84, 108. By utilizing electrostatic binding, an anionic polymer of 
dextransulphate is used as intermediate layer in between a top and a bottom 
layer of the cationic polymer polybrene. Increased shielding of the silanol 
groups as well as increased chemical and physical coating stability has been 
reported for polyelectrolyte multilayer-coatings, compared to single-layer 
coatings108.

Electrostatic interaction can also be used for attachment of selective top 
layers. In Papers V and VI, Q-agarose was used as an intermediate-layer 
coating to provide an ideal base for immobilization of a top layer of 
liposomes. By coating fused-silica capillaries with Q-agarose, the quaternary 
ammonium groups of the polymer backbone served as a cationic anchor 
between the anionic silica surface and a layer of negatively charged 
liposomes. A schematic of the coating layers is presented in Figure 3:5.
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Figure 3:5 Schematic of electrostatic immobilization of liposomes in CE. 

Immobilization of liposomes directly onto the wall of bare fused-silica 
capillaries has recently been reported109, 110. Although promising, this 
mechanism of immobilization is still not fully understood. In contrast, by 
utilizing a cationic subcoating, a strong, controlled, electrostatic 
immobilization of the liposomes is provided. As discussed further in 
Chapter 3.3, the subcoating is one of the keys to tailor phase ratio and 
partitioning behavior. 

3.3 Selective coatings 
Selectivity is one of the key parameters in separation science. In CE, the 
selectivity is based on differential migration of analytes in an electric field, 
where molecular size and charge are the determining factors. Ideally, the 
charge of an analyte is determined by its pKa-value and the pH of the buffer. 
The selectivity in CE is thus controlled by changing pH. There are, however, 
many reasons for introducing additional selectivity to the system, e.g. to 
enable separation of neutral compounds, isomers, or enantiomers. As an 
alternative to buffer additives, selective coatings can be used.

By coating the capillary wall with hydrophobic residues, chromatographic 
selectivity is introduced, thereby creating a format of CE called open-tubular 
CEC111. Since silanization with hydrophobic monomers cannot give enough 
capacity, due to the small phase ratio, sol-gel chemistry has gained attention 
for production of hydrophobic porous silica surfaces112.

Another area of application for tailor-made selective coatings is in chiral 
separations where, for example, cyclodextrin-coated capillaries have been 
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developed113. The selective coating can also provide specific binding sites, 
such as immobilization of antibodies in affinity capillary electrophoresis 
(ACE)114, 115.

An advanced way of using selective coatings is by simulating a specific 
model system inside the CE capillary. With such a nano format tool, where 
the electroosmotic flow propels analytes through the capillary containing the 
selective phase, interactions can be estimated by on-line detection. In 
Papers V and VI, a model system for the study of solute/membrane 
interactions was created by developing a novel membrane mimetic coating, 
composed of liposomes.  

A liposome is a spherical bilayer aggregate, composed of phospholipids, 
as shown in Figure 3:6.

Figure 3:6 Schematic of palmitoyl-oleyl-sn-glycero phosphatidylcholine (POPC), 
phosphatidylserine (PS), cholesterol, a multilamellar liposome, and unilamellar 
liposomes. 

Due to the phospholipid bilayer structure, liposomes have been used as 
models of biological membranes for several decades. Liposomes are flexible 
cell membrane model systems where membrane properties, such as fluidity 
and charge, can be altered by simply varying liposome composition (lipid 
type, chain length or headgroup). In addition, membrane proteins can be 
incorporated into the liposomes, thereby creating model systems for the 
study of active or facilitated transport116. In this way, the model system can 
be tailored to simulate specific interactions and types of membranes. 

When using liposomes as models for biological membranes, special care 
has to be taken during liposome preparation in order to control lamellarity 
and size. In partition studies, the use of unilamellar vesicles are preferred for 
several reasons. Firstly, unilamellar liposomes mimic to a higher extent 
biological membranes, since they generally are unilamellar. Because lipid 
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bilayers in multilamellar vesicles are not always fully hydrated, the 
conditions at the bilayer/bilayer interface in a multilamellar vesicle are 
different from the bilayer/aqueous interface of a unilamellar vesicle. Thus, 
the equilibration time of solute partitioning between the bilayer and the 
aqueous phase is affected by the lamellarity, and has been shown to be 
shorter in unilamellar vesicles. Secondly, a system with predominantly 
unilamellar vesicles with a homogeneous size distribution is better defined 
than a heterogeneous mixture of multilamellar vesicles. A narrow size 
distribution guarantees reproducible data and indicates that the liposomes 
have not undergone aggregation or fusion. Additionally, in partition studies 
large unilamellar vesicles (LUVs) are preferred in order to avoid curvature 
effects on the distribution of solutes between the two lipid layers. In large 
vesicles, the tension of the membrane is much lower, and steric and 
electrostatic forces are similar in the two leaflets.117

In CE, the use of liposomes as membrane models has mainly been 
focused on using liposomes as a free flowing pseudo stationary 
phase118,119,120, in a fashion analogous to MEKC. Although these dynamic 
systems show high performance, immobilization of the liposomes to the 
capillary wall is of interest in order to enable on-line coupling to mass 
spectrometry, since separation media containing nonvolatile substances, like 
phospholipids, will contaminate the MS inlet and may adversely affect the 
MS response. 

Immobilization of the liposomes to the capillary wall was achieved by 
electrostatic binding of the liposomes to the fused-silica surface, via a 
cationic subcoating of Q-agarose, as described in Chapter 3.2. In contrast to 
e.g. covalent immobilization, or the use of avidin-biotin binding121, no 
reactions or special phospholipids are needed for stable attachment. The only 
requirement is that a fraction of the lipids has to be anionic to ensure a net 
negative charge of the liposomes. This approach allows for minimal effect 
on liposome physical/chemical properties due to the immobilization. The 
liposome net surface charge is dependent on pH of the surrounding medium. 
As shown in Paper VI, the electroosmotic flow generated by the liposome 
coating is decreased with a decrease in pH, resulting in a total loss of EOF at 
pH 5. This point corresponds to the pH at which the liposomes become net 
neutral, whereby the electrostatic binding is lost. Consequently, the coating 
can preferentially be used in combination with buffers of pH > 5, which 
includes working at physiological pH. 

The selectivity of the liposome coating is demonstrated in Figure 3:7 for a 
homologous series of ketones, where the alkyl side-chain is increased by one 
carbon unit.
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4 Protein analysis 

A most challenging analytical project for the separation scientist is in the 
field of proteomics, i.e. the study of all proteins expressed by an organism, 
tissue, or cell at a given time. The task is nontrivial since the proteome of an 
organism is dynamic and defined by a combination of environmental factors 
and the genome122. This dynamism creates a vast number of proteins 
expressed at any time, with a wide dynamic range. The expressed proteins 
have a number of biological functions and are key participants in regulatory 
pathways. Due to the important role of proteins in an organism, there is a 
growing demand in medicine and biology for rapid, sensitive, highly 
efficient separation tools of low sample consumption in qualitative and 
quantitative protein analysis. 

Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) is 
today the primary tool for protein separations, due to its unparallelled 
resolving power. Proteins are separated according to their isoelectric point 
and relative molecular mass in the first and second dimension, respectively. 
The separated bands are then visualized by staining. To enable mass 
spectrometric detection, the spots can also be excised from the gel for 
subsequent mass spectrometric analysis. Limitations of the technique, 
associated with detection, are poor sensitivity and quantitation and a limited 
dynamic range. Other problems are limited solubility of hydrophobic 
proteins, difficulty in focusing highly basic and acidic proteins and difficulty 
to separate large proteins (>100.000 Da) under conditions where smaller 
proteins can be observed.122, 123

The evolving field of proteomics in recent years has increased the interest 
in CE as a protein separation tool. Compared to 2D-PAGE, CE offers small 
sample volumes, fast separations, quantitation ability, and instrumentation 
easy to automate. The possibility for on-line mass spectrometric detection 
provides high sensitivity and, equally important, a tool for protein 
identification and structure elucidation. When CE was first introduced, the 
early applications were in fact focused on the separation of biomolecules, 
such as proteins. The technique was then simply viewed as an extension of 
traditional electrophoresis. Since its introduction, CE has, however, found 
widespread applicability in a vast variety of fields and is today implemented 
as a routine separation technique for e.g. DNA analysis or drug analysis in 
the pharmaceutical industry. In contrast, the use of CE for routine protein 
analysis has been slow, due to problems with protein adsorption to the 
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capillary wall. The development of stable coatings for reduced analyte/wall 
interactions has thus been an area of interest since the early introduction of 
CE.

4.1 Analyte-wall interactions 
In CE, proteins interact with a bare fused-silica capillary surface mainly by 
electrostatic and/or hydrophobic forces. At best, these interactions are 
reversible and observed as peak tailing and irreproducible migration times. 
Unfortunately, it is also common that active sites cause irreversible protein 
adsorption. This will locally influence the surface potential, and thereby the 
electroosmotic flow93. The electrostatic interaction of proteins with the silica 
surface is influenced by pH. When using a separation buffer pH lower than 
the isoelectric point of the protein, it will be net positively charged and 
thereby prone to interact with the capillary surface. In many biological 
applications, a physiological pH of 7.4 is desired, which renders analysis of 
basic proteins (pI > 7.4) problematic. It must, however, be pointed out that 
any protein containing a cationic or hydrophobic domain can interact with a 
silica surface and the use of pH to control analyte/wall interactions is in most 
cases insufficient. A successful strategy in protein separation is to use 
deactivating surface coatings, discussed in Chapter 3.1. As demonstrated in 
Paper I, by using a cationic, hydrophilic, surface modification, analyte/wall 
interactions can be prevented by the electrostatic repulsion between basic 
proteins and the capillary surface. 

The adsorption of a protein to a surface may be dependent on several 
factors, such as protein charge distribution, surface area, or polarity. The 
influence of protein charge and molecular weight on the separation behavior 
of a set of model proteins is shown in Figure 4:1 (unpublished data).
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Figure 4:2, however, optimization of the background electrolyte is needed in 
combination with sample pretreatment, such as desalting. The concentration 
of proteins in biofluids span several orders of magnitude and to enable 
detection of low-abundant proteins, a sample preconcentration step is 
needed. Commonly used preconcentration techniques are solid-phase 
extraction and isotachophoresis7, which can improve the concentration limits 
of detection by up to a factor of 100. 

4.3 Mass spectrometric detection of proteins 
Recent advances in mass spectrometric instrumentation have established MS 
as a powerful tool in proteomic research. The soft ionization of ESI and 
MALDI has revolutionized MS analysis of biomolecules128, 129 and the 
resolving power of Fourier transform mass spectrometers has raised the 
question whether a separation step prior to MS analysis actually is 
necessary130. Due to the complexity of proteomic samples, however, it is 
clear that separations prior to MS analysis is advantageous and will simplify 
identification of the proteins and give more accurate results. 

When interfacing CE to MS detection in protein analysis, there are several 
important aspects to be considered. First of all is the selection of ionization 
technique. Today, ESI is the most commonly used ionization technique in 
CE-MS, but MALDI is gaining an increased attention. One of the main 
advantages of ESI is that it is an atmospheric pressure ionization technique, 
which makes on-line coupling to MS straightforward. Advantages of 
MALDI are spectral simplicity, higher tolerance toward buffer salts, and 
possibility of sample reanalysis. The two techniques are, however, 
complementary and the choice is dependent on type of application. 

An important parameter to consider in CE-MS of proteins is buffer pH. In 
contrast to using UV-detection, both separation and detection will be 
affected by pH of the buffer. This dual effect of pH must be kept in mind 
when selecting background electrolyte. Proteins are polyelectrolytes and 
their charge state is strongly dependent on pH. By using an acidic buffer 
(pH < pI), the protein mass over charge ratio is decreased due to an increase 
in protonation. When using electrospray ionization, acidic buffers also aid in 
the production of multiply charged species. As a consequence, background 
electrolyte pH affects both protein migration velocity during separation and 
protein m/z in the mass spectrum. This feature enables ESI-MS analysis of 
large proteins, e.g. human serum albumin of 66.000 Da, using instruments 
with a narrow mass range, as demonstrated in Paper II. In contrast to ESI, 
MALDI produces predominantly singly charged species. The wide range 
time-of-flight mass analyzers combined with MALDI ion sources, however, 
allow large proteins to be analyzed at acidic, as well as basic pH, as 
demonstrated for lactoferrin in Paper III.
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Another factor to consider in CE-MS analysis of proteins is the inherent 
ability of organic solvents to cause protein denaturation, or even 
precipitation. When using ESI, organic solvents, such as methanol and 
acetonitrile, are needed to enhance electrospray formation and to sustain a 
stable spray. As discussed in Chapter 2, the coaxial sheath-flow interface 
enables the use purely aqueous separation electrolytes, since the organic 
solvent is added postcolumn. This interface configuration thus eliminates the 
risk of protein denaturation/precipitation during separation. 

A question at issue in CE-MS analysis of proteins is, actually, whether the 
intact protein should be analyzed or not. In protein analysis there are two 
main routes to go; analysis of the intact protein131 or enzymatic processing of 
the protein to produce peptides, which are analyzed by CE-MS132. One of the 
major advantages of the latter approach is that peptides are less complex 
molecules, compared to proteins. As a consequence, peptides are not as 
adversely affected by analyte/wall interactions and also display higher 
resistance towards organic solvents, which render peptide analysis more 
straightforward, compared to protein analysis. The two routes are 
demonstrated in Paper II by the CE-ESI-MS analysis of intact HSA in 
human plasma and a tryptic digest of bovine serum albumin (BSA), using 
cationic-coated capillaries. High resolution and efficiency was obtained for 
the digested protein and the sequence coverage was determined to 46 %. Due 
to the complexity of proteomic samples, however, application of both routes 
on the same sample would be beneficial regarding protein identification as 
well as obtaining structural information. As demonstrated in Paper III, this 
combined approach was enabled by using CE-MALDI-MS. Intact proteins 
were first separated by CE and deposited onto the target. Thereafter, the 
fractionated proteins were subjected to on-target enzymatic processing, with 
subsequent MALDIMS peptide analysis. 
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5 Biopharmaceutical drug screening 

5.1 Drug absorption 
The majority of drugs developed are designed for oral administration. Drugs 
given orally are more convenient for the patient compared to e.g. intravenous 
injection. For the oral route, the quantity of drug reaching the systemic 
circulation, and subsequently its site of action, depends on the quantity 
absorbed by the intestinal epithelium. Intestinal permeability and solubility 
are thus two of the most important factors determining drug absorption. 
Several transport mechanisms have been identified in the intestinal 
epithelium, but the four main mechanisms are passive diffusion, carrier-
mediated transport, paracellular transport, and endocytosis, illustrated in 
Figure 5:1.

Figure 5:1 Schematic of transport mechanisms in the intestinal epithelium. A: 
passive transport, B: carrier mediated transport, C: paracellular transport, and D: 
endocytocis.

Passive diffusion is most likely to be used by low molecular weight, 
lipophilic drugs that penetrate the apical membrane, diffuses through the 
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cytoplasm and finally exits through the basolateral membrane. Carrier-
mediated transport involves specific interaction between the drug and a 
transporter or carrier incorporated in the membrane and is mainly utilized by 
small and hydrophilic molecules. Alternatively, small, hydrophilic molecules 
can cross the tight-junctions and pass via water-filled pores between the cells 
in a paracellular route. These junctions constitute approximately 0.01-0.1% 
of the total intestinal surface area. Thus, this pathway is unlikely to 
contribute significantly to the overall transport of most drugs in vivo.133

Endocytosis is used mainly by large biomolecules and is generally a slow 
uptake mechanism. A decade ago it was assumed that most drugs were 
passively transported across the intestinal epithelium. A growing number of 
transport mechanisms is being discovered. However, the passive 
transcellular route seems still to be the dominating route for in vivo drug 
permeation.134

5.2 Drug screening 
Favorable pharmacokinetic properties of a candidate drug, such as high 
bioavailability after oral administration, are crucial for a high success rate in 
clinical development. Tools for prediction of bipharmaceutical properties are 
important in order to identify poor candidate drugs as soon as possible. Thus, 
profiling of drug membrane permeability properties is of high relevance 
during drug discovery and development. Today, intestinal mucosa or cell 
culture models, such as Caco-2, are commonly used for in vitro drug 
screening. Caco-2 is an intestinal model where cells, obtained from an 
immortal cell line derived from human colon carcinoma, are grown in 
monolayers. By using a donor- and a receiver chamber filled with buffer, the 
transport of molecules across the tissue or cell layer can be measured. In the 
pharmaceutical industry, there is, however, an interest in developing fast, 
automated membrane permeability screening systems of low sample 
consumption, since the use of combinatorial chemistry and automated 
synthesis systems has dramatically increased the number of candidate drugs 
synthesized. At the same time, this has also substantially decreased the 
amount available of each compound. An attractive approach is to use 
chromatographic techniques for screening purposes, since these are easy to 
automate and enable separation of the drug compound from impurities, 
originating from the synthesis. By using a stationary phase mimicking the 
lipid bilayer of cell membranes, the drug/membrane permeability can be 
modeled135, 136. Demonstrated examples are immobilized artificial membrane 
(IAM) chromatography137 and immobilized liposome chromatography 
(ILC)138-140.

This thesis describes the development of a microanalytical drug screening 
system of high throughput and sensitivity. By coupling CE on-line to MS 
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detection, using liposome-coated capillaries (described in Chapter 3.3), an 
electrochromatographic screening tool, characterized by fast separations, 
high efficiency, and minute sample consumption is created, as demonstrated 
in Paper VI. In contrast to using liposomes as a free flowing 
pseudostationary phase, immobilization of the liposomes to the capillary 
wall enabled direct coupling of the separation system to MS. By using mass 
spectrometric detection, both sensitivity and sample throughput of the 
system was increased, compared to using UV detection. Furthermore, due to 
the selectivity of MS, the need for complete chromatographic resolution was 
decreased, which enabled multi compound screening in a single experiment, 
demonstrated in Figure 5:2.

Figure 5:2 Simultaneous screening of 17 -adrenoceptor blocking drugs using a 
liposome-coated capillary coupled on-line to ESI-MS. (See Paper VI for details.) 

The liposome-coated capillaries constitute a flexible model system where the 
membrane composition can be tailored to mimic specific biological 
membranes, since these differ in both type of phospholipids and amount of 
cholesterol. This enables simulation of specific interactions in a controlled 
way. This flexibility is demonstrated in Table 5:1, showing the effect of 
cholesterol on the drug/membrane interaction for a selected set of -
adrenoceptor blocking drugs. 
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Table 5:1. Retention of -adrenoceptor blocking drugs on a liposome-coated 
capillary using different liposome compositions. 

Drug
log k 

POPC/PS
Liposome coating 

log k 
POPC/PS/Cholestrol

Liposome coating 
Acebutolol 0.14 0.02 
Metorptolol 0.27 0.07 
Levobunolol 0.79 0.23 
Betaxolol 1.91 0.56 
Propranolol - 3.51 

The drugs selected represent a wide range of lipophilicity and the more 
lipophilic the drug is, the higher is the retention factor. When incorporating 
cholesterol into the liposomes, the phospholipid bilayer becomes more rigid, 
which is seen as a decrease in drug/membrane partitioning. As demonstrated 
in Table 5:1, all drugs show the same behavior. However, the most 
hydrophobic drugs, like propranolol, interacted so strongly with the 
membrane mimetic phase they did not elute as a detectable peak without the 
addition of cholesterol. 

An in vitro screening system, developed for use in early phase drug 
discovery, must have good predictivity for human intestinal absorption. As 
shown in Paper VI, liposome-coated capillaries in CE-MS have a predictive 
value in the same order of magnitude as drug screening techniques 
commonly used to model passive absorption, such as Caco-2 cells. The 
strength of the developed CE-MS system is, however, the capillary format 
with a flexible membrane mimetic phase in combination with sensitive and 
selective detection for high throughput. 
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6 Conclusions 

This thesis emphasizes and demonstrates the importance of controlling 
surface properties in CE. Proper design of capillary wall coatings enhance 
CE performance in a wide range of application areas and, as importantly, 
break new ground to extend the utility of CE to new fields of application. 
The coatings developed in this thesis can be divided into deactivating 
coatings, intermediate layer coatings, and selective coatings. 

Stable deactivation layers could be produced by electrostatically binding 
cationic polymers to the capillary surface, using fast and simple rinsing 
procedures. These deactivating coatings improved the separation 
performance of proteins as well as generated a less pH dependent EOF, 
compared to bare fused-silica capillaries. By synthesizing and exploring 
cationic polymers of different structure and properties, this thesis contributes 
to the understanding on how to design polymers for optimal deactivation. 

This thesis also demonstrates the role of intermediate layer coatings as a 
key to immobilize top layers in a controlled way. By utilizing electrostatic 
binding, sublayer charge density could be used to tailor the phase ratio of the 
top layer. 

Finally, it was demonstrated how electrostatically adsorbed coatings 
could be used to introduce selectivity in the system. By immobilizing 
liposomes to the capillary wall, the utility of CE was extended by creating a 
model system inside the capillary for estimation of passive intestinal 
absorption of drugs. 
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8 Summary in Swedish 

Skräddarsydda ytor för utökad applicerbarhet av CE 

Genom att koppla kapillärelektrofores (CE) till masspektrometri (MS) 
skapas ett kraftfullt mikroanalyssystem, vilket har ett brett 
användningsområde inom biologi, medicin och kemi. Den här avhandlingen 
fokuserar på den roll ytbeläggningar i CE spelar för att öka användbarheten 
av CE-MS som ett separationsverktyg. 

8.1 Kapillärelektrofores kopplat till masspektrometri 
CE är en teknik som separerar analyter med avseende på massa och 
laddning, genom att låta analyterna migrera genom ett elektriskt fält. 
Instrumenteringen är enkel och består av högspänningsaggregat, behållare 
för elektrolytlösning, separationskapillären samt en detektor, enligt 
Figur 8:1. 
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Figur 8:1 Schematisk bild av ett CE-system med (A) UV-detektion och (B) 
masspektrometrisk detektion. 

Karakteristiskt för CE är kort analystid, hög separationseffektivitet, små 
injektionsvolymer samt enkel instrumentering som lätt kan automatiseras. 
Detta gör CE till en snabb och attraktiv separationsteknik för applikationer 
där provmängden är starkt begränsad, t.ex. vid analys av biologiska prover 
såsom tårvätska. 

Den vanligast använda detektorn för CE är UV-detektorn. Den 
begränsade provkapaciteten hos CE, i kombination med den korta 
vägsträckan med vilken ljuset går genom kapillären, medför dock att 
känsligheten är ganska låg vid UV-detektion. Genom att koppla CE till den 
känsliga och selektiva MS-detektorn ökar känsligheten avsevärt. Dessutom 
bidrar MS till att öka informationsmängden i analyssystemet genom att ge 
information om analyternas identitet och struktur. Detta gör kombinationen 
av CE-MS till ett kraftfullt mikroanalyssystem. 

8.2 Ytbeläggningar för separation av proteiner 
Det ökande intresset av att kartlägga och karakterisera det mänskliga 
proteomet har ökat behovet av snabba proteinseparationer. Att använda sig 
av CE för att separera proteiner är dock inte helt okomplicerat, eftersom 
adsorption av protein till kapillärväggen ofta orsakar problem som t.ex. låg 
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reproducerbarhet eller svansande toppar. Genom att utveckla två nya, fysiskt 
adsorberade, katjoniska polymerytbeläggningar, kallade PolyE-323 
(Artikel I) och Q-agaros (Artikel IV), visar denna avhandling att de 
förödande analyt/vägg-interaktionerna kan reduceras. 

Kapillärerna som används vid CE-separationer är vanligtvis gjorda av 
silika, vilket är ett metallfritt glasmaterial uppbyggt av kisel och syre. Vid 
värden över pH  2 kommer ytan på kapillären att exponera anjoniska 
silanolgrupper (SiO-). Detta medför att katjoniska proteiner, eller proteiner 
innehållande katjoniska domäner, kommer att interagera med ytan via 
elektrostatiska krafter under separationen. Genom att belägga silikaytan med 
en katjonisk polymer erhålls en positivt laddad kapillärvägg, vilken 
repellerar katjoniska proteiner. Denna avhandling visar att polykatjoniska 
polymerbeläggningar med olika egenskaper kan skapas med hög 
reproducerbarhet via snabba och enkla sköljprocedurer. Dessa innefattar tre 
olika steg: 1) aktivering av silikaytan med en bas, 2) elektrostatisk 
adsorption av polymeren och 3) konditionering av kapillären med buffert. 
Egenskaperna hos den skapade ytan är beroende av polymerens struktur men 
även av betingelserna vid adsorptionen, t.ex. koncentration av polymeren. 

Vid utvecklandet av ytmodifieringar kompatibla med CE-MS tillkommer 
faktorer utöver deaktiveringseffektivitet med avseende på 
analyt/vägginteraktioner. Ett grundläggande krav, för att undvika blödning in 
i masspektrometern, är hög kemisk och fysisk stabilitet. Vidare måste ytan 
även generera ett högt EOF samt tåla organiska modifierare för att vara 
kompatibel med sheathless electrospray interface. Artikel II visar att 
kapillärer belagda med den katjoniska polymeren PolyE-323 uppvisar en 
robust yta, kompatibel med ESI-MS. Systemet användes för snabb on-line 
CE-MS proteinanalys av mänsklig plasma. 

I Artikel III användes kapillärer belagda med PolyE-323 för CE-
separation av tårvätska med efterföljande off-line MALDI-MS analys. De 
separerade proteinerna fraktionerades ner på MALDI-plattan, varefter 
enzymatisk klyvning utfördes direkt på plattan med efterföljande analys av 
de genererade peptiderna. 

8.3 Ytbeläggning för biofarmaceutisk karakterisering av 
läkemedel 
Inom läkemedelsindustrin stoppas utvecklingen av många nya läkemedel 
under den kliniska utvecklingsfasen på grund av att läkemedelskandidaten 
inte har fördelaktiga farmakokinetiska egenskaper, t.ex. hög biotillgänglighet 
efter oralt intag. Detta är både kostsamt och tidsödande varför det är viktigt 
att ha tillgång till verktyg för att på ett tidigt stadium kunna utesluta 
kandidater med ofördelaktiga absorptionsegenskaper. 
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Användningen av kromatografiska tekniker för snabb screening av 
läkemedel är attraktiv, då dessa tekniker kan separera bort orenheter från 
huvudprodukten. Dessa system är även lätta att automatisera. Genom att 
använda sig av membranlika stationärfaser kan interaktionen mellan 
läkemedel och boimembran modelleras. 

Liposomer har sedan flera årtionden tillbaka använts som modeller för att 
studera analyt/membraninteraktioner. Dessa utgör ett flexibelt modellsystem 
där membranegenskaperna lätt kan modifieras genom att ändra 
fosfolipidsammansättningen eller inkorporera kolesterol och 
membranproteiner. Artikel V visar att liposomer kan immobiliseras på 
väggen inuti separationskapillären så att en stabil yta bildas, vilken kan 
användas för att modellera interaktioner mellan läkemedel och cellmembran. 
Liposomerna binds till kapillärväggen via elektrostatisk interaktion genom 
att Q-agaros används som ett katjoniskt ankare mellan den anjoniska 
silikaytan och negativt laddade liposomer. 

Under den tidiga fasen av läkemedelsutveckling syntetiseras ett stort antal 
nya substanser. Användningen av automatiserade syntessystem i 
kombination med kombinatoriell kemi har dramatiskt ökat detta antal men 
även minskat mängden av varje substans. Detta skapar ett behov av ett 
biofarmacevtiskt screeningsystem med hög genomströmning som klarar av 
att hantera små provvolymer. I Artikel VI kopplades liposombelagda CE-
kapillärer till MS-detektion. Tack vare MS karakteristiska selektivitet och 
känslighet möjliggjordes simultan analys av upp till 17 substanser med en 
känslighet 100 gånger högre, jämfört med UV-detektion. 
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