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Introduction 

Analytical chemistry is important in many fields of science including biol-
ogy, pharmacy and medicine. It is important to improve and develop the 
existing techniques in order to meet the demands for better chemical meas-
urements.  

The analytical process can be divided into sampling, sample preparation, 
separation, detection and evaluation of the result, often including multivari-
ate data analysis. Sample preparation is often needed in order to pre-
concentrate the analyte and is often crucial for the outcome of the total 
analysis. When the analyte is known it is valuable to selectively extract and 
concentrate the analyte. One way of doing this is by using solid phase ex-
traction with polymers tailored for the analyte of interest. Such polymers, 
molecular imprinted polymers (MIP), have mainly been used to enrich the 
analyte from an organic solvent. Using molecular imprinted solid phase ex-
traction (MISPE) for extraction of analyte directly from aqueous samples 
would make it possible to speed up the sample preparation step and mini-
mize the use of organic solvents while still having high selectivity for the 
analyte.  

Complex samples often need a separation step in order to be analyzed. 
This can be done for example with liquid chromatography (LC) a method 
first introduced by the Russian botanist Tswett presented in 1903, published 
in 1906 and translated into English in 19671. He described the separation of 
plant pigments by column liquid chromatography. Since then the method has 
been developed further and nowadays it is common to use smaller dimen-
sions of columns and particles and higher pressure of the liquid compare to 
when Tswett did his experiments. 

In the 1980s capillary electrophoresis (CE) was developed initially by 
Jorgenson and Lukacs2-4 based on investigations by Hjertén5 and Mikkers et 
al.6. Fused silica is today the most common material used for separation cap-
illaries. The increased interest in the analysis of peptides and proteins re-
quires new surface modifications in order to minimize adsorption to the cap-
illary surface. Non-covalent modifications of fused silica capillaries have 
become increasingly important since these are easy to prepare and there are 
different types of polymers available.  

By coupling capillary electrophoresis to mass spectrometry (MS) valuable 
additional information can be obtained. These include molecular weight of 
the analyte and sometimes additional structural information. Coupling of 
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coated capillaries to mass spectrometry requires stable coatings that do not 
bleed or cause interferences. 

In this thesis the focus was on improvements of the sample preparation 
and separation steps using tailored polymers. The first part describes the 
development of a protocol for extraction of local anaesthetics from plasma 
samples on a molecular imprinted solid phase material. In the second part the 
development of a novel polyamine coating (PolyE-323) tailored for minimiz-
ing adsorption of proteins to the fused silica wall in capillary electrophoresis 
is described. The coated capillaries were designed for applications with mass 
spectrometric (MS) detection. In the last section of the thesis the protein 
content of aqueous humor samples was investigated. Capillary-LC and CE 
with PolyE-323-coated capillaries were used for the separation. For identifi-
cation of the proteins MS and MS/MS were used.  
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Sample Preparation 

As described in the introduction, sample preparation is often needed in the 
analytical procedure and can be crucial for the following steps and the re-
sults. The aim can be sample clean-up and/or concentration of the analyte. 
Several approaches have been used and different techniques are needed de-
pending on the sample state, such as solid, liquid or gas and the type of ana-
lytes and matrix7-10. Liquid-liquid extraction is still routinely used in many 
laboratories for pre-concentration and clean-up of for example drugs, pesti-
cides, polyaromatic hydrocarbons and food additives11,12. The method is 
rather non-selective since all analytes soluble in the organic phase will be 
more or less extracted. The use of large amounts of organic solvents gener-
ates large volumes of organic waste which is environmental unfriendly and 
costly to dispose. Hence, there has been a need for alternatives and solid 
phase extraction (SPE) is an attractive method. 

In SPE the analyte is trapped onto an immobilized phase, the interfer-
ences are washed away and then the analyte is eluted in a minimal volume of 
solvent. In some cases impurities are trapped instead of the analyte. SPE has 
for example been used in the extraction of drugs and their metabolites from 
body fluids, such as blood and urine.7 The use of disposable cartridges re-
duces the handling of body fluids and thus the biohazard of the operator is 
minimized. Another advantage with SPE is the possibility to automate and 
couple it online with for example liquid chromatography13 or capillary elec-
trophoresis14. The mechanisms for trapping the analyte to the SPE-material 
are often based on polarity, hydrophobicity or ionization. By choosing ap-
propriate trapping material the selectivity can be enhanced compared to liq-
uid-liquid extraction.  

 Recently molecular imprinted polymers (MIP) have been introduced as 
solid phase sorbents11,15-17. The ability to tailor the analyte selectivity makes 
the imprinted polymers attractive as solid phase material. In Paper I the 
focus was on development of a Molecular Imprinted Polymer for Solid 
Phase Extraction (MISPE) tailored for extraction of small analytes in plasma 
samples.  
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Introduction to MIP and MISPE 
Molecular imprinting is a relatively new technique in analytical chemistry 
and its interest has grown almost exponentially the last decade11,16-28. Re-
cently a review with over 1450 references from 1931 to 2003 was published 
describing various aspects of molecular imprinting and the use of the tech-
nique28. Molecular imprinted polymers have been used for example in liquid 
chromatography29,30, capillary electrochromatography and capillary electro-
phoresis31-33, binding assays34-37 and, as presented in this thesis, for 
solid phase extraction15,17,38-45. Imprinted polymers can be used for example 
for pharmaceutical applications26, food analysis46 and in environmental stud-
ies41,47. 

The synthesis of a molecular imprinted polymer involves the polymeriza-
tion of functional and cross-linking monomers in the presence of a template 
molecule. The functional monomers are arranged around the template mole-
cule either by non-covalent interactions such as hydrogen bondings and ionic 
interactions (non-covalent imprinting), or by reversible covalent interactions 
(covalent imprinting). The complexes formed are incorporated in the poly-
mer by polymerization of the functional and cross-linking monomers. After 
removal of the template the polymer structure contains sites specific in shape 
and with functional groups matching the template. In Paper I the non-
covalent approach was used. Figure 1 is a schematic picture of the synthesis 
of the molecularly imprinted polymer. 
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Figure 1. Schematic presentation of the preparation of non-covalent molecular im-
printed polymers: 1. Mixing template molecule and functional monomer gives com-
plexes in solution. 2. Polymerization with cross-linking monomers. 3. Removal of 
template molecule by extraction. 

In the polymerization process of imprinted molecules the template molecule 
is present in high concentration. Despite extensive washing trace amounts of 



 13

template molecules may remain in the MIP and may later leak during use48-

50. One way to evade problems with template bleeding, which disturbs later 
analysis, is to use a structural analogue as imprint molecule instead of the 
analyte of interest38. This can be done as long as the template can be sepa-
rated from the analyte during analysis. In Paper I pentycaine was used as 
imprint molecule for the analysis of bupivacaine. The structures of the ana-
lyte, template molecule and internal standard used are included in Figure 1.  

Evaluation of MIP and development of MISPE protocol 
When preparing the imprinted polymer the binding sites for the analyte vary 
in strength and selectivity. Different methods have been used to characterize 
these. For detailed discussions see for example Umpleby et al.51 and García-
Calzón and Díaz-García52. Before use, the selectivity of the molecular im-
printed polymers is usually evaluated. This has often been done with either 
chromatography or equilibrium binding experiments23,53. Spivak53 states that 
it is important when comparing binding results to compare data acquired 
with the same technique since the methods do not seem to quantitatively 
correspond to each other.  

In Paper I, equilibrium radioligand binding experiments were used in the 
characterization of the polymers54-56. The use of radioligand binding experi-
ments makes it possible to study the population of binding sites with the 
strongest affinity for the analyte19. Figure 2 is a schematic picture of these 
experiments.  

1 2 3

B/T

MIP conc.

1 2 3

B/T

MIP conc.

B/T

MIP conc.PC50

0.5

 
Figure 2. Schematic presentation of equilibrium radioligand experiments. 1. Equili-
brate MIP with radioligand marked analyte. 2. Centrifugate and measure the activity 
in the supernatant. 3. Plot B/T as a function of polymer concentration where B is the 
amount of radioligand bound to the MIP and T is the total amount added. 

One way to get an estimation of the quality of the imprints is to determine 
the polymer concentration required for binding 50 % of the added radioli-
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gand, the so called PC50-value. The PC50-value is a function of both the af-
finity and the density of imprints probed in the particular experimental con-
ditions used. It can be used as an estimation of the imprinting efficiency. The 
combination of a low PC50-value of the imprinted polymer and a high PC50-
value of the reference polymer indicates a high density of high-affinity bind-
ing sites in the imprinted polymer. The PC50-values can be used to compare 
different imprinting recipes as well as comparing the re-binding efficiency 
between varying incubation conditions. In Paper I the binding isoterms and 
PC50 values were used in order to optimize the conditions for binding and 
elution of the analytes directly from plasma samples to the imprinted poly-
mer in order to develop a MISPE protocol.  

The selectivity of an imprinted polymer is highest in the same solvent as 
the polymer was prepared (often an organic solvent). Furthermore the opti-
mization for selective binding is often easier in organic solvents than in 
aqueous buffers28. Thus, in analyzing aqueous samples many studies have 
included liquid-liquid extraction of the analyte from the aqueous phase to an 
organic phase before MISPE. In Paper I the purpose was to develop a pro-
tocol for extraction of the analytes directly from a plasma sample. Since a 
selective adsorption is harder to get in the aqueous media the development of 
the solution for application of the sample was crucial. In Figure 3 the impor-
tance of optimizing pH of the buffer is shown. The selectivity of the polymer 
(difference between imprinted polymer and the reference polymer) varies 
with pH and the optimal pH to use was 5. After optimization, a combination 
of citrate buffer pH 5 with 5 % ethanol and 0.05 % Tween 20 was found to 
be a good sample application solution.  

 
Figure 3. Binding of radiolabelled bupivacaine to MIP (open squares) and reference 
polymer (filled squares) at different pH. (See Paper I for details.) 



 15

Sample separation 

Separation science plays an important part in many fields, for example in 
organic synthesis for determination of the purity of products. In pharmaceu-
tical science it can be used for measuring the purity and stability of products 
or measuring the metabolites of pharmaceuticals. In biology it is often used 
in the analysis of endogenous compounds such as amino acids, peptides and 
proteins and it is also used for clinical applications57. In food analysis chro-
matography can for example be used to determine of pesticides58. Liquid 
chromatography (LC) has been the most commonly used liquid based tech-
nique59 but the importance of capillary electrophoresis (CE)59,60 has grown 
rapidly to fulfil the growing demands for handling small sample volumes 
with high throughput. In the Human Genome Project (HGP) CE was used for 
the separation and detection of DNA sequences61-63.  

A drawback with capillary electrophoresis in the analysis of proteins and 
peptides may be the non-specific adsorption to the fused silica surface. The 
development of new non-covalent polymer coatings tailored for preventing 
analyte adsorption have increased the potential for CE in the analysis of pro-
teins and peptides. Especially when coupled to mass spectrometry these 
coatings are useful in the evolving field of proteomics64,65. 
The purpose of Paper II and Paper III was to develop a tailored polymer 
coating (PolyE-323) for enhancing CE-separation of basic proteins and im-
proving the possibilities of coupling capillary electrophoresis to mass spec-
trometry (MS). In Paper IV the purpose was to investigate the protein con-
tent of aqueous humor samples with liquid chromatography coupled to ma-
trix-assisted laser desorption/ionization mass spectrometry (MALDI-MS). In 
Paper V both LC and CE were used in the relative quantification of proteins 
in aqueous humor samples. 

Capillary electrophoresis 
In the 1980s the modern era of capillary electrophoresis started with the pub-
lications of Jorgenson and Lukacs.2-4. Their work was based on the investiga-
tions by Hjertén in 19675 and Mikkers et al. in 19796. They described a sim-
ple instrumentation consisting of a fused silica capillary, buffer reservoirs, a 
high voltage power supply with electrodes connected to the buffer reservoirs 
and an optical detector. The simplicity of the instrumental setup, shown in 
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Figure 4, makes it possible to build your own system and in this thesis both 
commercial systems and home-built systems was used. One advantage with 
the in-house made systems is the simplicity and flexibility for example when 
coupling to mass spectrometric detection as described below. The commer-
cial instruments on the other hand offer, among other things, temperature 
control and a better control of sample injection.  

 
Figure 4. Schematic picture of a capillary electrophoresis instrument.  

Different modes of capillary electrophoresis, useful for different purposes, 
have been developed. These include micellar electrokinetic capillary chro-
matography (MEKC) and capillary electrochromatography (CEC) for sepa-
ration of both neutral and charged analytes and capillary isolelectric focusing 
(CIEF) for separation based on difference in isoelectric point. In the human 
genome project capillary gel electrophoresis (CGE) was used for DNA sepa-
rations. In this thesis the focus has been on capillary zone electrophoresis 
abbreviated CZE or CE. In CE the separation is based on the different elec-
trophoretic mobilities of the analytes dependent on their size and charge.  

Capillary coatings 

There are different reasons for modifying the fused silica capillary surface in 
electrophoresis. These include reducing adsorption between analyte and wall 
or controlling the electroosmotic flow. In a bare fused silica column, the 
electroosmotic flow is pH-dependent due to the pH-dependent ionization of 
the silanol groups4, and by modifying the surface a more stable and pH-
independent EOF can be achieved. Other goals may be the reversal of the 
EOF or attaining high enough EOF for coupling the capillaries to a sheath-
less interface for mass spectrometric detection while having an appropriate 
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pH for biological samples. An ideal coating is stable under the conditions 
required for separation and preferable over a wide pH range.  

Modifications of capillaries can be classified as dynamic, where the sur-
face coating agent is added to the running buffer, or permanent coating, 
where the surface has been modified in advance.66-71 Further, the permanent 
coatings can be divided into covalently attached and adsorbed. Covalent 
coating is often based on silanization whereas the non-covalent modification 
is based on ionic interactions and/or hydrogen bonding between the silanol 
groups on the fused silica surface and functional groups on the adsorbed 
polymer. Adsorbed coatings are easy to prepare whereas covalent bonded 
coatings require laborious chemical reactions. Adsorbed coatings can also be 
regenerated by simple rinsing steps.  

Adsorbed polyamine coatings  
By rinsing a fused silica capillary with a cationic polymer solution, such as 
polyamine, electrostatic forces cause the polyelectrolyte to adsorb to the 
oppositely charged surface. The polymer acts like a giant counter-ion to the 
surface.72 If the number of positive charges on the polymer is higher than the 
number of silanoate groups of the silica wall, the surface will be cationic. 
This will give an anodal electroosmotic flow in capillary electrophoresis. 
Especially in the analysis of basic proteins, cationic surfaces are valuable 
since the proteins otherwise would stick to the wall in an uncoated fused 
silica capillary. To date a broad range of cationic polymers such as polydial-
lyldimethylammonium chloride (PDADMAC)73,74, polyethyleneimine 
(PEI)73,75-78, Polybrene (hexadimethrine bromide)73,76,79-81, polyarginine80 and 
chitosan82 have been used for non-covalent coating of fused silica capillaries. 
More recently Q-agarose83, DMA-EPyM84,85, Poly-LA-31386, Lupamine87 
and cationised hydroxyetylcellulose (cat-HEC)88 have been introduced as 
coating polymers. The structures of the polymers are shown in Figure 5. 
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In Paper II a novel cationic polymer, PolyE-323, tailored for non-covalent 
coating of fused silica capillaries for analysis of basic proteins, was synthe-
sized and evaluated. Figure 6 is a schematic picture of the polymer.  
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Figure 6. Schematic structure of PolyE-323. The polymer has a low degree of 
branching, which is not indicated in the picture. The charge of the polymer is de-
pendent on pH.  

PolyE-323 is made by a reaction of a monomer, consisting of a chain with 
amino groups separated by two or three carbon atoms, with epichloro-
hydrine. The distance between the amino groups influences the ability to 
adsorb on the fused silica surface since the charging of the polymer is af-
fected by the neighboring basic groups89. The size of PolyE-323 has been 
estimated by static light scattering experiments and the average molecular 
weight was estimated to 170 000 g/mol (unpublished data). 

Evaluation of PolyE-323 
In 1994 Mazzeo and Krull90 identified four factors that should be considered 
when evaluating coatings in capillary electrophoresis. To these factors Lucy 
et al. added four91 which they discussed in a review from 200871. These eight 
will be considered in the discussion of PolyE-323, see Table 1. 

 
Table 1. Factors to consider in evaluation of capillary coatings for CE. 

Factor  

1a Separation efficiency (in theory this should approach 1-2 million plates/m) 

2a Protein recovery (this should approach 100 %) 
3a Reproducibility of migration time from run-to-run and day-to-day 
4a Maintenance of electroosmotic flow (EOF) 
5b Easy to generate 
6b Inexpensive 
7b Applicable over wide range of buffer conditions 
8b Should not interfere with detection (i.e., should be compatible with both optical 

and mass spectral detection) 
a from Mazzeo and Krull90  
b from Lucy et al.91  
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Figure 7. Separation of �-chymotrypsinogen A, ribonuclease A, cytochrome C and 
lysozyme at pH 7. (See Paper II for details) 

In the evaluation of PolyE-323 basic proteins were used. Figure 7 shows the 
separation of �-chymotrypsinogen A, ribonuclease A, cytochrome C and 
lysozyme. In Paper II the efficiencies were presented as plates but after 
converting to plates per meter, as suggested by Mazzeo and Krull, the num-
bers are as follows 952 000, 1 390 000, 629 000, 960 000 plates/m. This 
gives efficiencies in the range specified by factor 1. As discussed by 
Mazzeo and Krull efficiencies may vary with pH, ionic strength etcetera and 
therefore it is difficult to compare different coatings since different condi-
tions have been used in different studies. In the review by Lucy et al.71 peak 
efficiencies were assumed to reflect reversible adsorption of the proteins to 
the fused silica surface. Factor 2, protein recovery, reflecting irreversible 
adsorption of the protein, is harder to evaluate since it requires the use of 
special instrumental setups. Towns and Regnier77,92 used a setup with two 
detectors on the same capillary and compared the peak area of a protein be-
tween the two detectors. An internal standard was used to compensate for 
response differences between the detectors. With this approach they studied 
the recovery of proteins with different pI on an uncoated fused silica capil-
lary at pH 7. It was concluded that the model proteins used in our studies 
were irreversibly adsorbed on the bare fused silica surface. Therefore they 
can be good candidates for evaluating the ability of a coating to cover the 
silanol groups of the fused silica surface. 

  One way of measuring the charge properties of a surface is to measure 
the pH-dependence of electroosmotic flow via surface titration93. The EOF 
of a PolyE-323-coated capillary was measured at different pH and compared 
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with EOF of an uncoated fused silica capillary. The result is shown in Figure 
8. The direction of the electroosmotic flow indicates the sign of the charge 
on the capillary surface. By convention the flow is depicted as positive on a 
negatively charged surface and negative on a positively charged surface. 
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Figure 8. Electroosmotic flow as a function of background electrolyte pH using (�) a 
PolyE-323-coated capillary and (�) a bare fused-silica capillary. The electrolytes 
used were all of 20 mM ionic strength ammonium formate (pH 2-3) or ammonium 
acetate (pH 4-10). (See Paper III for details.)  

As shown in Figure 8 the EOF for the polyamine-coated capillary is less pH-
dependent than for the uncoated fused silica capillary. As pH is increased the 
silanol groups on the fused silica surface will be deprotonated to negatively 
charged silanoate groups. Thus the electroosmotic flow is increased as pH is 
increased93. PolyE-323 is a weak base and similar to other polyamines, such 
as PEI, the charging of the polymer, especially when bound to a surface, can 
not be described by a single pK value. The reason for this is the interactions 
between neighbouring amino groups94,95. Studies of EOF at different pHs for 
polybrene- and PEI-coated capillaries resulted in electroosmotic flows that 
are strongly pH-dependent76. For PolyE-323-coated capillaries on the other 
hand the EOF was high and constant between pH 4 and 8. From Figure 8 it 
can be concluded that PolyE-323 fulfils the requirements of factor 4 and 7 
i.e. maintenance of EOF and applicable over wide range of buffer condi-
tions.  

Factor 3, reproducibility in migration time, reflecting reversible adsorp-
tion of the protein71, was evaluated in Paper III in the study of coating re-
generation. Four model proteins were separated before and after regeneration 
cycles. RSD of EOF was 0.8 % for 24 injections and RSD of electrophoretic 
mobility of the four proteins were in the range 0.7-1.3 %. In Paper II the 
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reproducibility of EOF was investigated in a study of lifetime test of the 
coating. EOF was measured at pH 7 and for the first 60 runs RSD was 0.8 %. 
EOF was also measured in the capillaries 6 months after preparation. The 
performance was the same as when newly prepared.  

Lucy et al.71 emphasized the need for a coating to be (factor 5) easy to 
generate, (factor 6) inexpensive and (factor 8) compatible with both optical 
and mass spectral detection. As can be seen below all these criteria are ful-
filled using PolyE-323.  

For a PolyE-323-coated capillary the cost for the coating is negligible. 
From the ingredients for the polymer synthesis the price was estimated to 
0.06 SEK per coated capillary. The price for the capillary itself is about 70 
SEK/m (or $10/m).  

The PolyE-323-coating is easy to generate, (factor 5), since the coating 
protocol consists of four rinsing steps that can be carried out using the flush-
ing ability in commercial instruments. The performance of the coating was 
evaluated by coating 10 capillaries at different occasions and measuring the 
EOF at pH 5. The RSD for the capillaries was calculated to 1.2 %. 

In Paper II the PolyE-323-coated capillaries was used with UV-detection 
but in Paper III studies with MS-detection was included. In order to be 
compatible with sheathless ESI-MS, that often requires organic modifiers in 
the background electrolyte, it is important that the surface modification tol-
erate organic solvents. In Paper III PolyE-323-coated capillaries were 
evaluated for compatibility with both methanol and acetonitrile, two modifi-
ers often used in CE-ESI-MS. The capillaries showed good stability for both 
modifiers and in contrast to Polybrene coatings that tend to degrade upon 
addition of methanol96, either methanol or acetonitrile can be used.  

Mazzo and Krull90 state: ”The ideal coating for CZE of proteins will con-
sist of a hydrophilic, thick layer that shows minimal interaction with proteins 
and will also sterically hinder proteins from adsorbing to any remaining si-
lanol groups on the capillary wall. It will also maintain some EOF such that 
basic and acidic proteins will be separable in the same run with one detector. 
It will have a wide range of pH stability, i.e., pH 2 to 12, good reproducibil-
ity from run to run and column to column, and a lifetime of at least several 
weeks.” 

This is what one can expect to get with PolyE-323 except maybe a devia-
tion in the applicable pH-range. Since the PolyE-323 is not commercially 
available the limiting step may be the synthesis of the polymer but once pre-
pared it can be stored and used for years without reduction in performance. 
The polymer has also been synthesized and used by other groups with good 
performance showing its applicability97-99. Timischl et al.99 first tried com-
mercially coated capillaries (hexadimethrine bromide) but found that the 
reproducibility of migration times and quantitative measurement was poor 
and therefore they changed to PolyE-323.  
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Liquid chromatography 
Liquid chromatography is a widely used technique for separation of all sorts 
of analytes ranging from small molecules to proteins and peptides in various 
matrices. The separation is based on partitioning of the analytes between the 
stationary and mobile phase.  

Liquid chromatography can be classified based on packing materials with 
different retention mechanisms or from column dimensions used. For ana-
lytical purposes the column dimensions have decreased and nowadays capil-
lary columns, as complement to analytical columns of 4.6 mm, are widely 
used. The nomenclature of the capillary column based LC have not been 
standardized. Vissers et al.100 suggested a nomenclature based on inner di-
ameter where columns with dimensions of 0.5-1.0 mm are called micro-LC, 
100-500 μm capillary-LC and 10-100 μm nanoscale-LC. Chervet et al.101 
classified different modes of liquid chromatography based on the flow rate 
instead, where micro-LC uses a flow of 10-100 μL/min, capillary-LC 1-10 
μL/min and nano-LC 10-1000 nL/min. In Paper IV and V an instrument 
setup with capillary dimension of 180 μm and a flow rate of 2 μL/min was 
used, thus classified as capillary-LC based on both criteria. 

The advantage of using LC columns with smaller dimensions becomes 
clear when analyzing samples with limited volume. Smaller columns require 
a smaller amount of sample and the dilution of the sample will also be less 
significant in a smaller column. This is especially important when working 
with concentration-sensitive detection100. Lower flow rates also make capil-
lary columns easier to couple to ESI-MS detection. Low flow rates on the 
other hand often require instrumentation with special pumps that can handle 
low flow rates.  

In the development of chromatography not only the dimensions of the 
capillaries have been a research area. Also the dimensions of the packing 
materials have changed over the years. Nowadays columns can be packed 
with small porous particles 2-3 μm, sub-2-μm particles or superficially po-
rous particles, so called Fused-Core particles. Sub-2-μm particles give sepa-
rations with impressive efficiencies in short analysis times but require in-
strumentation that can handle high back pressures. Fused-Core parti-
cles102,103, marketed under the name Halo by MacMod Analytical, Inc 
(Chadds Ford, Pennsylvania) and as Ascentis Express by Supelco (Bellfonte, 
Pennsylvania) on the other hand can be used with ordinary LC pumps. 
Cunliffe and Maloney compared fused-core particle columns with sub-2-μm 
columns. They reported on lower efficiencies for the fused-core particles but 
the lower back pressure made it possible to couple the columns in series to 
increase peak efficiencies.104 
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Detection 

In order to get any information from the liquid separation step a detector is 
needed. It can be used for quantitative and/or qualitative analysis. In this 
thesis three types of detectors have been used. In Paper I a nitrogen phos-
phorus detector (NPD) was used. It is used with gas chromatography for 
analysis of organic compounds and is especially sensitive to analytes con-
taining nitrogen or phosphorous and is often used in the analysis of pesti-
cides and, as in Paper I, for drugs. In Paper II UV detection was used for 
detection of proteins and in Paper III, IV and V mass spectrometric detec-
tion was used in the analysis of proteins and peptides. Since the coupling of 
separation to mass spectrometry is not as straight forward as the coupling to 
an optical detector, the coupling of CE and LC to mass spectrometry will be 
discussed briefly.  

Coupling separation to mass spectrometry 
About twenty years ago capillary electrophoresis was coupled to electros-
pray ionization (ESI) mass spectrometry for the first time, giving a detector 
with high sensitivity and possibilities for easier identification of ana-
lytes.105,106 Since then different interfaces have been developed, constructed 
to transfer the analytes from the capillary to the mass spectrometer while 
maintaining the electrical contact over the capillary. Sheathless interfacing 
of the CE capillary to the electrospray was first proposed by Olivares et al.105 
when they first presented their CE-MS coupling in 1987. Since then it has 
been developed further by other groups. A sheathless interface was used in 
Paper III where the electrical contact was achieved by coating the capillary 
outlet end with graphite – the so called Black Dust Interface107 108. When 
using sheathless interfaces it is important that the electroosmotic flow is high 
enough to maintain the electrospray. Since no dilution of the effluent from 
the capillary occurs the sheathless interface can provide higher sensitivities 
than a sheath-flow interface. However the need for using organic solvents in 
the background electrolyte may be critical to the use of capillary coatings 
since not all coatings can withstand organic modifiers as already discussed.  

When the EOF is not high enough for using a sheathless interface or in 
order to be able to choose background electrolyte more freely a sheath-flow 
interface coupling of the CE capillary to the ESI-MS may be useful. In Pa-
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per III CE-MS was used in the evaluation of the PolyE-323-coating for 
analysis of proteins and body fluids. Since there may be a risk for denatura-
tion of the proteins when organic modifiers are included in the background 
electrolyte a coaxial sheath-flow interface was used for these studies. Then 
the organic modifier, needed to obtain a stable electrospray, could be mixed 
in the sheath liquid instead. Figure 9 is a schematic picture of the two elec-
trospray interfaces used.  

A) 

 

B) 

 

 
Figure 9. Schematic picture of A) co-axial sheath-flow interface and B) sheathless 
interface for CE-ESI-MS. 

Matrix-assisted laser desorption/ionization (MALDI)109 together with ESI110 
are “soft” ionization techniques that revolutionized the mass spectrometric 
analysis of larger biomolecules. The coupling of separation techniques to 
ESI is more straightforward since it is a direct liquid introduction technique. 
MALDI on the other hand requires high vacuum and therefore off-line sys-
tems are more commonly used. In Paper IV an off-line coupling of the cap-
illary-LC system with fractionation directly from the separation column onto 
a pre-spotted MALDI target was used for the analysis of tryptic peptides of 
aqueous humor samples. In Paper V this system was complemented with an 
off-line CE-MALDI separation. Off-line coupling of CE to MALDI is more 
complicated than coupling LC to MALDI. This is due to the need of keeping 
the electrical circuit stable over the CE capillary during the separation and 
collection. Different approaches have been used to solve this including 
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sheathless111, sheath-flow112,113 (used in Paper V) and porous glass joints114. 
There are many reviews of separation coupled to mass spectrometry in the 
literature (see for example 115-122). 

There are some advantages of using MALDI over ESI including higher 
tolerance for impurities and buffer salts. It is also possible to reanalyze a 
sample several times when using MALDI since normally the whole sample 
is not consumed in the first MS run. Thus, the results from the MS run can 
be evaluated before the MS/MS analysis. In this way the MS/MS analysis 
can be planned in order to obtain as much information as possible from the 
sample.  
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Applications 

The last two decades the interest in proteomics, the research focusing on 
studying the total protein content of specific cell types, tissues or body fluids 
at a given time, the proteome, has grown rapidly. For separation of proteins 
two dimensional (2D) gel electrophoresis is often used. The separation in the 
first step is based on differences in pI whereas in the second step it is based 
on differences in molecular size, giving orthogonal separation mecha-
nisms.123,124 2D gel electrophoresis makes it possible to separate a large 
number of proteins but it is also labour intensive and it requires at least two 
days for processing a set of gels. Some steps can be automated but most of 
them require hands-on time125. Limitations to 2D gel electrophoresis include 
its low repeatability and the fixation of the proteins in the gel during staining 
and detection126. It also requires quite large sample volumes, which can be 
problematic for clinical samples.  

LC-MS and CE-MS for analysis of proteins and 
peptides 
As alternatives or complement to 2D gel electrophoresis, liquid-based sepa-
ration techniques, such as LC and CE, coupled to mass spectrometry can be 
used. These techniques are easy to automate and can be used for both protein 
and peptide separation. A limitation to CE may be adsorption to the silica 
surface causing for example non-reproducible electroosmotic flow, band 
broadening and tailing peaks as described earlier. For more detailed discus-
sions of proteomics and mass spectrometry see for example 127-130. 

When studying biological samples not only the identity of the proteins is 
important. There is also an interest in how much of the protein that is present 
and/or the relative difference between two or more physiological states. The 
last decade a number of mass spectrometric approaches have been devel-
oped. These are often based on isotope labelling of the protein or peptide to 
create a specific tag that can be seen in the mass spectrometer and used in 
the quantification. Different approaches to introduce the mass tags can be 
used.131 In stable isotope labelling by amino acids in cell culture (SILAC) the 
isotope is introduced during cell growth and division.132 Other methods such 
as isotope-coded affinity tag (ICAT)133 and isotope tags for relative and ab-
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solute quantification (iTRAQ)134 label the proteins by chemical means.  
iTRAQ, used in Paper V, gives the opportunity to compare the protein lev-
els in up to eight samples in multiplex format. The proteins in the samples 
are digested and the amino groups of the peptides at the N-terminus and 
lysine side chains are labelled with iTRAQ reagents, one for each sample. 
The labelled samples are mixed and separated, for example with liquid 
chromatography, and analyzed with MS and MS/MS. In MS mode the 
iTRAQ-labelled peptides are isobaric giving one strong peak for all samples. 
In MS/MS mode, however, along with the usual fragmentation of the pep-
tide, the isobaric tag cleaves giving reporter ions with specific m/z masses 
113-119 or 121 for each sample. By comparing the areas of these peaks the 
relative amounts of the peptides are determined. The ratios of all iTRAQ 
labelled peptides for a protein are averaged giving the ratio for the protein. 
For detailed reviews on mass spectrometry based quantitative proteomics see 
for example Ong and Mann from 2005 135, MacCoss and Matthews from 
2005 136 and Batnscheff et al. from 2007 131. 

Proteomics in analysis of aqueous humor 

In clinical proteomics the focus is often on comparing healthy versus ill or 
different states of a disease and in n Paper IV and Paper V the focus was 
on studying aqueous humor samples from cataract patient with and without 
pseudoexfoliation syndrome (PEX). Pseudoexfoliation syndrome was first 
described in the eye in 1917 by the Finnish ophthalmologist Johan Lindberg. 
It is an age-related condition where extracellular material is deposited on 
several tissues of the eye for example the iris and the lens137. PEX syndrome 
may lead to several ocular conditions including open-angel glaucoma which 
may lead to serious visual loss138. Since PEX material also results in instabil-
ity of the zonular fibers there is a risk for complications during cataract sur-
gery in eyes with PEX syndrome139,140. Figure 10 shows an eye with PEX 
syndrome.  
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Figure 10. An eye with pseudoexfoliation syndrome. The arrows indicate where the 
exfoliation material can be seen.  

The composition of the PEX material has been difficult to determine since 
the fibrillar material has been hard to solubilize without using harsh condi-
tions. Ovodenko et al.141 used cyanogen bromide/formic acid to solubilize 
the material. In addition to well-known extracellular matrix and membrane 
components such as fibrillin and laminin, they found clusterin and metallo-
proteases. As an alternative to studying the fibrillar material, aqueous humor, 
the extracellular liquid that fills the anterior and posterior chambers in the 
front segment of the eye, can be analyzed. Aqueous humor flows around the 
lens through the pupil and removes metabolic waste products from tissues in 
the eye142,143. Since the PEX material is deposited onto the lens solubilized 
material may be present in the aqueous humor and thus studied. 

Earlier studies of aqueous humor were mainly carried out using gel elec-
trophoresis and immunolabelling techniques where the analysis is restricted 
to already known proteins144-146. In Paper IV and Paper V a proteomic ap-
proach with tryptic digestion of the proteins in the sample, separation with 
capillary liquid chromatography or capillary electrophoresis and MS detec-
tion was used instead. With this approach the protein content was evaluated 
without bias. 

In Paper IV the aim was to see what could be found in aqueous humor 
samples with the capLC-MALDI proteomic approach and generally compare 
two clinical groups, cataract patients with and without pseudoexfoliations. 
Since the sample volume from each patient is limited to about 100 μL the 
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samples from each clinical group were pooled. With this approach it was 
possible to do a protein assay to get the protein concentration in the samples 
and still have sample left for method development and analysis. With the 
proteomic approach used 30 proteins were identified. In Figure 11 a mass 
chromatogram from analysis of the PEX pool is shown. 

 
Figure 11. Mass chromatogram from the analysis of tryptic digest of the PEX pool 
by capLC MALDI-TOF/TOF MS. y-axis = detection time (chromatographic separa-
tion); x-axis = m/z; z-axis = intensity in arbitrary units. (see Paper IV for details) 

In Paper V relative quantitation with iTRAQ-labelling was used for compar-
ing the aqueous humor from the two clinical groups. For the separation of 
the labelled tryptic peptides either capillary liquid chromatography or capil-
lary electrophoresis with PolyE-323-coated capillaries was used. Since the 
separation mechanisms for these techniques differ the hypothesis was that 
they may also give slightly different and thus complementary results. This 
was also confirmed in the study. Even though the number of proteins identi-
fied was larger with LC than with CE, as expected, there were some proteins 
identified with CE that were not found in the LC runs and vice versa. Pro-
teins found included general transport proteins such as albumin and apol-
iprotein A1 but also specific proteins involved in immune response, such as 
complement factors. It was shown that the relative concentrations of �-
crystallins and hemoglobins were increased in the PEX pool while comple-
ment factor B was significantly decreased.  
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MIPs of proteins and in drug delivery 
In the analysis of proteins there is a constant need for finding new strategies. 
The possibility of preparing molecular imprinted polymers of proteins may 
find applications in medicine, diagnostics, proteomics, environmental analy-
sis, sensors and drug delivery.147 However, imprinting of proteins is not easy. 
Proteins are water-soluble and not always compatible with organic solvents 
used in conventional MIP preparation. They also have a high flexibility with 
many functional groups available for interaction with functional monomers 
and the conformation is sensitive to for example temperature changes. Both 
2D (surface imprinting) and 3D imprinting approaches have been used.148 
The 2D strategies have, for example, been used to develop molecule-specific 
sensors. Matsunga and Takeuchi149 prepared imprints of crystallized ly-
sozyme directly on a surface plasmon resonance (SPR) chip. Other groups 
have imprinted beads with bovine serum albumin150 and human serum albu-
min151 respectively. In some recent reviews more about protein imprinting 
can be found.147,148,152 An interesting application of molecular imprinted 
polymers is the use in contact lenses for drug delivery. The purpose is to 
increase the amount of drugs in the lens and to be able to get a release of the 
drug for a longer period. Hiratani et al. reported on the preparation of contact 
lenses with MIPs of timolol, a drug for treatment of glaucoma.153 This dem-
onstrate the potential for molecular imprinted polymers. 
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Conclusion and future aspects 

This thesis describes the synthesis and use of two polymers for bioanalytical 
applications. In the first part a molecular imprinted polymer, tailored for the 
enrichment of a local anaesthetic, was synthesized and evaluated for the use 
as solid phase extraction material. Molecular imprinted polymers have 
mainly been used with extraction of analytes from organic solvents but in 
Paper I a method for direct extraction of the analyte from plasma samples 
was developed. When using the polymers in aqueous samples the mecha-
nisms for interaction between the polymer and analyte differ and therefore 
the optimization strategy has to be adjusted compared to organic solvents. 
Solid phase extraction of plasma samples, without the time consuming step 
of liquid-liquid extraction to organic phase, is a valuable tool in sample 
preparation not only to increase the throughput but also to minimize the use 
of organic solvents. SPE is also possible to automate and may be coupled 
on-line to a separation step. 

The interest in molecular imprinted polymers and especially in MISPE 
has grown rapidly during the last decade. The polymers can be tailored for 
specific analytes or groups of analytes. They are rather easy to prepare and 
can be stored for years. Today the availability has increased since imprinted 
polymers can be bought from companies such as MIP technologies (Lund, 
Sweden), PolyIntell (Rouen, France) and Semorex (North Brunswick, NJ, 
USA). Molecular imprinting of biomolecules, for example proteins, has been 
more difficult. Different approaches have been used and reviewed in several 
articles the last years.147,148,152,154,155  

In the second part of the thesis a novel polyamine (PolyE-323) was intro-
duced for use in coating fused silica capillaries for CE applications. The 
polymer was tailored for minimizing adsorption of proteins to the wall when 
analyzing biological samples. Some of the advantages using PolyE-323 are 
the fast coating procedure that can be done in the instrument and the possi-
bility of using mass spectrometry for detection. 

In the last section of the thesis the protein content of aqueous humor sam-
ples was evaluated. The PolyE-323-coated capillaries were used in the 
iTRAQ-analysis as a complement to the LC-MALDI analysis. For proteomic 
approaches the development of alternatives to 2D gel electrophoresis is of 
interest but in order to get even better separation of the peptides 2D systems 
such as LC-LC or CE-LC may be needed. Future projects for analysis of the 
aqueous humor samples could include a step of depletion of the most abun-
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dant proteins. This would give the possibility to see more of the low abun-
dant proteins in the samples. In this study, though, it was not possible since 
the sample volumes were limited and the depletion kits available today are 
developed mainly for plasma samples. The protein content in plasma is 
about 300 times larger than in aqueous humor (60 mg/mL compared to 0.2 
mg/mL).  

As a complement to the immunobased depletion kits available today stud-
ies have been done on preparation of molecular imprinted polymers for trap-
ping proteins. In a preliminary study by Bonini et al.151 HSA imprinted beads 
were tested for the depletion of HSA in human serum. Although an interest-
ing development and application, the full usability of this approach needs an 
improvement of the binding capacity. A coupling of a pre-column with pro-
tein-imprinted beads for depletion of high abundant proteins to a PolyE-323-
coated CE capillary would potentially be useful. Then, the low abundant 
proteins, not bound to the imprinted polymer, can be separated with CE cou-
pled to MS for detection. The full advantage of using capillary electrophore-
sis separation with PolyE-323-modifed capillaries will be more obvious once 
whole proteins can be separated and identified using mass spectrometry in 
very complex biological samples.   
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Summary in Swedish 

Utveckling av vätskebaserade separationsmetoder med 
hjälp av skräddarsydda ytor för analys av biologiska 
prover  
Inom analytisk kemi är målet att ta reda på vad ett prov innehåller. Ibland är 
man endast intresserad av att veta vad som finns i provet (kvalitativ analys) 
och i andra fall vill man även veta hur mycket av varje ämne som finns i 
provet (kvantitativ analys).   

Utveckling av extraktionsmetod med molekylavtryck 

För att kunna analysera ett prov på bästa sätt behöver man ofta behandla 
provet på olika sätt innan själva analysen kan genomföras. Det kan handla 
om att mäta och justera pH-värdet, ta bort ämnen som förstör kommande 
analys eller att få upp koncentrationen/halten av ett ämne för att man senare 
ska kunna studera det. Artikel I handlar om en provupparbetningsmetod 
med hjälp av molekylavtryck (MIP). MIPar är polymerer där man gjort ett 
avtryck av en specifik analyt för att man senare ska kunna ”fånga” den ana-
lyten, alltså en form av konstgjord antikropp. Tanken är att göra en handske 
(avtrycket) där handen (analyten) passar. Med hjälp av dessa avtryck kan 
man fånga analyten och tvätta bort övriga komponenter i provet se Figur 1. 
Metoden kallas fastfasextraktion (SPE) och när molekylavtryck används 
förkortas den MISPE. 
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1 2 3 41 2 3 4
 

Figur 1.  Bild som visar hur extraktion med hjälp av MIPar kan gå till. 1. Applice-
ring av provet till polymeren; 2. Inbindning av analyten till avtrycken; 3. Tvätt av 
polymeren så att andra ämnen än analyten försvinner; 4. Eluering av analyten. 

Utveckling av MIPar görs ofta i organiska lösningsmedel, till exempel toluen 
och vid analys av vattenbaserade prover har det varit vanligt att föra över 
analyterna till en organisk fas innan extraktionen med MISPE. För att mins-
ka analystiden och användandet av lösningsmedel var målet med Artikel I 
att ta fram en metod att binda in analyten direkt från vattenbaserat prov, i det 
här fallet plasma. Genom att arbeta med tillsatser av olika ämnen till provet 
kunde analyten bindas in ordentligt till ytan och ett protokoll togs fram för 
extraktion direkt från vattenfasen.  

Vidareutveckling av separationsmetod 

Ett område inom naturvetenskapen som har fått stort utrymme de senaste 
åren är analys av biologiska prover som till exempel blod och plasma. Efter-
som ett blodprov innehåller många olika ämnen, alltifrån små joner till stora 
proteiner, behöver man kunna dela upp (separera) provets beståndsdelar för 
att kunna titta på det som är intressant. Olika ämnen har olika egenskaper 
och det kan man dra nytta av när man väljer lämpliga metoder för att separe-
ra provet. I Artikel II beskrivs en utveckling av en separationsmetod, kapil-
lärelektrofores (CE). I CE separeras ämnena genom att de rör sig olika fort i 
ett elektriskt fält. Små molekyler med många laddningar rör sig fortare än 
stora med få laddningar och man får därmed en separation av dem. Proteiner 
är stora molekyler som har en tendens att fastna på ytor speciellt om de har 
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motsatt laddning. Kapillärer i CE har normalt en negativ yta och fokus i  
Artikel II var att ta fram en yta som positiva proteiner inte fastnar på när 
man separerar dem med CE. För att få en positivt laddad yta gjordes en po-
lymer (PolyE-323) som har många positiva laddningar. Det är en polymer 
som, till skillnad från polymererna som används till MIP-ar, är flexibel och 
vattenlöslig. Denna polymer fick fästa på ytan i kapillären genom joninterak-
tioner och med hjälp av dessa kapillärer kunde positiva proteiner effektivt 
separeras se Figur 2.  

 
Figur 2. Exempel på hur en separation av proteiner ser ut när PolyE-323 används. 

En viktig del i den analytiska kedjan är att detektera det som separerats. Det-
ta kan göras med olika sorters detektorer. Vissa visar enbart att det passerar 
något genom detektorn vid en viss tid. Andra detektorer kan ge information 
om vad som passerar detektorn. En sådan typ av detektor är masspektrome-
tern (MS). Den ger information om hur mycket ämnet väger och till viss del 
hur ämnet ser ut och därmed kan man få information om vilket ämne som 
passerade detektorn. Att koppla en separationsteknik till en masspektrometer 
är inte alltid lätt. Det krävs bland annat att det som kommer ut ur separa-
tionskolonnen kommer med rätt hastighet och har rätt laddning. Dessutom 
gäller det när man har kapillärer som är belagda med en polymer att denna 
inte läcker ut. I Artikel III kopplades PolyE-323-belagda kapillärer ihop 
med en masspektrometer och olika typer av prover separerades med dessa 
kapillärer. PolyE-323 visade sig sitta kvar bra på ytan och vara en bra poly-
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mer för flera typer av biologiska prover. PolyE-323 ha senare syntetiserats 
och använts av andra grupper i världen vilket ytterligare visar på dess styrka.  

Proteinanalys av kammarvatten 

De senaste åren har intresset för att hitta biomarkörer, ämnen som visar på 
en specifik sjukdom, varit stort. Det rör sig ofta om proteiner och utveck-
lingen går mot att titta på flera olika proteiner samtidigt. I Artikel IV och V 
undersöktes proteininnehållet i kammarvattenprover. Kammarvatten är en 
vätska som finns i ögats främre del och vid gråstarrsoperationer kan man ta 
ett prov från främre kammaren. Två typer av prover analyserades samtliga 
från patienter med grå starr med och utan pseudoexfoliationer (PEX). Pseu-
doexfoliationsmaterial är det fibrill-liknande material som kan sitta på linsen 
och vars innehåll inte är helt klarlagt. Figur 3. är en bild  på ett öga med 
PEX. Ögon med pseudoexfoliationer är svårare att operera eftersom linsen 
blir mindre stabil. Den sitter lösare och har ofta mindre pupill vilket gör att 
det operationstekniskt är mer komplicerat att operera grå starren. PEX leder 
dessutom till en ökad risk för att få kronisk öppenvinkelglaukom som är en 
vanlig sjukdom som leder till allvarlig synnedsättning.  

 
Figur 3. Bild på ett öga med pseudoexfoliationer. 

 
Eftersom pseudoexfoliationsmaterialets innehåll inte är helt utrett, finns ett 
intresse av att ta reda på mer om detta tillstånd. PEX materialet i sig är svår-
lösligt och istället kan man analysera det kammarvatten som har kontakt med 
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linsen för att få information om proteiner som kan vara involverade. De stu-
dier som tidigare gjorts på kammarvatten har främst använt 2D gelelektrofo-
res. Identifieringen av proteinerna har då gjorts med antikroppar mot redan 
förbestämda proteiner. I Artikel IV användes vätskekromatografi (LC) kop-
plat till masspektrometri för att titta på vilka proteiner som finns i kammar-
vatten. Syftet var att visa en komplementär icke gelbaserad metod till 2D 
geler där man inte behöver bestämma i förväg vilka proteiner som ska stude-
ras.  

Utöver att ta reda på vad ett prov innehåller är det många gånger intres-
sant att få reda på hur mycket av olika ämnen som finns i provet. I Artikel V 
vidareutvecklades konceptet med LC-MS på kammarvatten till en studie av 
koncentrationsförhållandet mellan proteinerna i de två provgrupperna. Både 
CE-MS med PolyE-323-belagda kapillärer och LC-MS användes. Med den 
valda strategin hittades 54 proteiner varav många tidigare inte rapporterats i 
kammarvatten. En fortsättning på projektet med kammarvatten skulle kunna 
innehålla studier där man tagit bort de proteiner med högst koncentration. På 
så sätt kan man lättare se dem som finns i lägre halt. Men för att kunna göra 
den typen av studier behöver de metoder som finns idag vidareutvecklas till 
att klara mindre provvolymer eftersom provvolymen av kammarvatten är så 
begränsad (ca 100μl).  

I framtiden kan kanske MIPar vara användbara för den typen av studier. 
Utvecklingen av avtryck på proteiner, som är svåra att göra, har gått framåt 
och det finns numera studier där man använt MIPar av humant serum albu-
min för att ta bort det från plasmaprover. Men för att bli riktigt användbara 
krävs att dessa polymerer vidareutvecklas. En koppling mellan protein-
MIPar och PolyE-323-belagda kapillärer skulle vara användbara för att ta 
bort proteiner i hög koncentration, separera de i lägre koncentration och se-
nare identifiera dem med masspektrometri. På så sätt skulle fördelarna med 
CE för analys av proteiner komma till sin fulla rätt. 
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