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ammonium chloride 
TMOS Tetramethoxysilane 
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UV Ultra violet 
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1.  Introduction 

“Let me take you on a trip. Around the world and back, and you won't have 
to move, You just sit still…Let me show you the world in my eyes”          
(Martin L. Gore) 

Walking the same corridors as “The” Svedberg did in the beginning of 1900 
I realize, this is where it all started. He was the first scientist to determine the 
molecular mass of hemoglobin and the purity of a protein separation.1-3 The 
powerful ultracentrifuge he created was one of the first things that impressed 
me when I arrived at Uppsala University and the laboratory, “Kemikum”. 
The history of bioanalyses seems to have its heart here. Just a few labs away 
another great scientist, Arne Tiselius, designed the moving-boundary elec-
trophoresis technique, where protein movement in an electric field was ob-
served and with this method he could assess the protein surface charges.4
Since their outstanding results offered a great step forward on the road of 
proteomics and bioanalyses, they were both rewarded with the Nobel Prize, 
Svedberg 1926 and Tiselius 1948.  

In 1946 biochemistry was established as an independent department by 
Tiselius and in 1950-1952 it obtained a new building, the present “Biomedi-
cal Centre”, BMC. A student of Tiselius, Stellan Hjertén, further developed 
his technique and implemented it into straight quarts capillaries where he 
separated macromolecules in free liquid.5 He also explored the possibilities 
of implementing a chromatographic medium inside these columns for further 
separation and achieved increased resolving power and reduced diffusion.6

During my years at Uppsala University I have moved from Svedbergs 
premises at “Kemikum” to the “Biomedical Center” where I every now and 
then meet Stellan Hjertén in the hallway. It is hard not to be inspired by 
these fabulous minds and in my thesis I have tried to keep walking this fas-
cinating road of bioanalyses, using the combination of capillary format sam-
ple pretreatment and separations coupled to mass spectrometry. Since bio-
logical samples with its complex content present a great challenge for the 
scientists, this thesis deal with the importance of sample pretreatment, deac-
tivation and activation of surfaces used in electrophoretic separations as well 
as miniaturization and medical applications… 



8

2.  Brief Theory and History of CE and CEC 

Electrophoresis is a separation technique developed by the Swedish chemist 
Arne Tiselius in the 1930’s4 and further explored by Stellan Hjertén in the 
50-60’s.5,6 In electrophoresis, separation of analyte ions is due to their differ-
ential migration rates in a background electrolyte under the influence of an 
electric field, and it works particularly well for multi-charged macromole-
cules. The migration time of an ionized molecule is due to its charge and 
size, and thus the separation is based on the difference in charge-to-size ratio 
of the analyte ions present in a solution. The larger this ratio, the faster an 
ion migrates in the electrical field.  

Capillary electrophoresis, CE, is a downscaled version of electrophoresis 
that has been developed during the last three decades. Today, it has become 
an established analytical tool due to its ability of fast generation of highly 
efficient separations. The separation is usually performed inside a fused sil-
ica tubing of typically 10 to 100 µm in internal diameter (i.d.). A general 
setup is shown in Figure 1.  

Figure 1: Schematic picture of a capillary electrophoresis system 
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In capillary electrochromatography (CEC), a chromatographic feature in 
form of a stationary phase is added to the system. This can be done in vari-
ous ways, which will be described in Chapter 4. The chromatographic effect 
facilitates separation of neutral and charged species without selective addi-
tives in the buffer. The first group to demonstrate the high efficiency of CEC 
was Jorgenson and Lukacs7 in 1981 and Knox and Grant8-10 further explored 
its potential in the late 1980’s and early 1990’s.  

2.1  Electroosmotic flow
Applying a high potential across the length of a fused silica capillary, filled 
with electrolyte, causes the generation of an electroosmotic flow (EOF). This 
phenomenon is due to the formation of an electric double layer at the sil-
ica/electrolyte solution interface. At a pH > 3, the wall of the fused silica 
capillary becomes negatively charged due to surface deprotonation of wall-
silanol groups (Si-OH). Positively charged ions in the solution are drawn to 
this negatively charged surface and create an electric double layer. The 
cations closest to the negative wall are stationary, even when a potential is 
applied, due to strong electrostatic interactions, and form the so-called Stern 
or Inner Helmholtz layer. In the outer region, i.e. Outer Helmholtz layer or 
Slipping plane, the cations move towards the negative electrode (the cath-
ode) and draw the bulk solution along with it as seen in Figure 2, thereby 
inducing EOF.11

                                                     
 Figure 2: The electric double layer structure. x is the potential at the distance x 
from the surface and  is the zeta potential.
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The density of cations decreases with the distance from the wall. This means 
that the electrical potential also decreases since it depends on the charge 
density. The potential between the Stern layer and the Slipping plane is 
called the zeta potential, . The decrease of the electrical potential is roughly 
exponential and the distance over which  falls by a factor e (= 2.718) is 
called the thickness of the double layer, . 8 Addition of an electrolyte to the 
bulk solution compresses the double layer. The equation for calculating  is 
shown in Equation 1: 

½

2
0

2CF
RTr (1)

where 0 is the dielectric constant or relative permittivity in vacuum (1 by 
definition) and r in the medium (80 for water at room temperature), R is the 
universal gas constant (8.314 JK-1mol-1), T is the absolute temperature (in 
Kelvin), C is the molar concentration of electrolyte and F is Faradays con-
stant (96.5 103 Cmol-1). The thickness of the double layer is normally a few 
nm.12

The relationship between the zeta potential and the thickness of the dou-
ble layer is shown in Helmholtz equation: 

r0

4
(2)

where  is the charge density of the excess ions in the Slipping plane.13,14

If the flow channels are too narrow when designing a chromatographic phase 
inside the capillary, double layer overlap can occur, resulting in a decrease 
or even stop of EOF-generation15. The electroosmotic mobility, Equation 3, 
depends on  and the viscosity ( ) of the solution which in turn are deter-
mined by the surface charge density, type of electrolyte ion, ionic strength, 
pH and temperature. 

                                          (3) 

At a fixed pH, mobility decreases with increased concentration or ionic 
strength. With increasing pH (using silica material), the mobility increases 
due to a higher grade of silanol dissociation at the wall.  The EOF is also 
dependent of the amount of organic modifier present in the mobile phase. 
Schwer and Kenndler16 showed that the migration velocity linearly decreases 

4
0 r

EOF
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with increased volume of organic modifier in open tubular capillaries, but 
the exact opposite occurred in packed capillaries. 

The EOF generates a flat flow profile compared to the parabolic profile 
from a pressure-driven flow in liquid chromatography14 and this means that 
the EOF does not significantly contribute to peak broadening. Thus, higher 
peak efficiencies should be achieved in electrophoretically driven systems. 

2.2  Important parameters 

Ion Mobility 
As mentioned earlier, the separation of the ions in CE depends on the differ-
ence in size and charge of the ions and is expressed as the apparent ion mo-
bility (µapp)11:

                                          (4)   

where q is the charge of the ion, r the solvated ion radius and  is the vis-
cosity of the solution. The apparent ion mobility is a sum of the analyte and 
electroosmotic mobility.  

The velocity of an analyte is the distance traveled during the time an elec-
tric field is applied: 

                                          (5) 

where E is the applied electric field (voltage/length of the field).  

From these equations it can be seen that the mobility can be increased with 
increasing electric field but then “Joule heating”17 has to be considered to 
avoid zone broadening. 

Zone broadening 
To get high efficiencies and analyte separation, zone broadening has to be 
minimized. Several sources of variation contributes to the broadening of a 
zone in electrophoresis, Equation 6: 

r
q

app 6

Ev appi
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                                                                 (6) 

where the total variance ( 2
tot) is a combination of the variances of diffu-

sion ( 2
diff), temperature gradient ( 2

T), sample introduction ( 2
int) and capil-

lary wall interactions ( 2
wall). In electrophoresis, longitudinal diffusion (par-

allel to the migration direction) and radial molecular diffusion (perpendicular 
to the migration direction) occurs but compared to the relative high migra-
tion rates, especially for small compounds, these variations are small.11

A more dominating factor is the temperature dependent variance. The 
electric current that is generated from the column resistance produces heat, 
called “Joule heating”. A temperature gradient is developed inside the capil-
lary with the highest temperature in the center. A difference of one degree 
Celsius alters the viscosity of water by 2-3% and that increases the ion mo-
bility with about 2% per C resulting in zone broadening.14,17

Huang et al.18 and Jones et al.19 have investigated the contributions to band 
broadening due to sample introduction and concluded that a sample plug less 
than 3% of the capillary length (to the detection point) does not lead to ex-
cessive broadening. If the sample zone and the surrounding separation solu-
tion differ in conductivity the ions will be migrating differently in the differ-
ent zones and broadening, fronting or tailing can occur.17 However this phe-
nomenon can also be used as a sharpening technique (sample stacking) if the 
difference in conductivity is chosen in the right way.20

Interaction between positively charged analyte ions and the silanols on 
the fused silica inner wall can also contribute to severe band broadening. 
Coating the wall with a protecting layer is an effective solution to this prob-
lem and this will be discussed in Chapter 4.   

Efficiency
The efficiency of a CE separation is referred to as a measurement of theo-
retical plates, N, and plate heights, H. The value of theoretical plates is given 
by: 

                                          (7) 

where ti is the migration time of the analyte ion, w is the peak width (in 
the same time unit as ti) and the factor, f, is 5.54 if w is at half height of the 
peak and 16 when the baseline width is used.11,14

2

w
tfN i

22
int

222
wallTdifftot
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When low band broadening occurs, narrow peaks and thereby high values of 
N are obtained. The relation between N and the plate height (H) is given in 
Equation 8: 

                                          (8) 

where L is the length of the capillary. 

Resolution
The resolution (Rs) is a measurement of how good the separation between 
analyte peaks is. The calculated resolution is given by:  

                                          (9) 

where t is the difference in migration time between the two peaks, w is 
the peak widths and the factor, f, is 1.18 if w is at half height of the peak and 
2 when the baseline width is used 11.

For this reason, narrow peaks and large t is desired to achieve high reso-
lution.

21 ww
tfRs

N
LH
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3.  Sample Pretreatment 

Biological samples are a big challenge since the complex matrices include 
high amounts of species that will complicate the analysis of low abundant 
molecules. If the biological sample investigated is blood (serum/plasma), 
saliva or pleura (lung) fluid, there are high concentrations of albumin, im-
munoglobulins, transferrin and hemoglobin that can mask other species. In 
urine, high concentrations of salts and urea may interfere with the analysis. 
Pretreatment of the samples are therefore routine in order to preconcentrate 
the analyte of interest, remove the matrix or changing the sample solvent.  

3.1  Preconcentration 
Since capillary electrophoresis has a low sample loading capacity due to the 
small dimensions, concentration detection limits are often relatively poor. To 
avoid this limit, a preconcentration technique is often used. Some of the 
most commonly used techniques are electrokinetic focusing, pH junction 
concentration, isotachophoresis (ITP) and micellar electrokinetic capillary 
chromatography (MEKC).21

Electrokinetic focusing is based on the fact that analytes migrate faster in 
high electric fields. When a solution with low conductivity is used, the ana-
lytes experience a higher electric field and migrate with higher velocity. The 
preconcentration occur if the injected sample has lower conductivity than the 
separation solution. This means that the analytes migrate fast in the sample 
plug and when they reach the boundary between the two solvents they will 
rapidly slow down and a highly concentrated band is formed. Monton et al. 
showed more than 3000-fold improvement in signal for bioactive peptides 
with this method.22 Isotachophores is also an ionic boundary preconcentra-
tion technique where a leading solution with higher velocity than the sample 
is injected and a trailing solution with lower velocity is introduced. The ana-
lytes will then migrate into highly defined bands in this “gradient area”.23,24

If the pH of the sample and the separation solution differ, a pH junction is 
formed. Within this junction the analytes focuses into narrow bands accord-
ing to their isoelectric points (pI) and a 1000-fold increase of protein concen-
tration has been reported by Nesbitt et al.25
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In MEKC, micell formations of surfactants are used to sweep the analytes 
into sharp boundaries and Terabe et al. 26 have shown over 100 000-fold 
increase in concentration for positively charged analytes by this technique. 

The major disadvantage with most of these techniques is that they are not 
compatible with mass spectrometric (MS) detection due to ion suppression 
caused by the additives. Another way of inline preconcentration is to have a 
stationary phase inside the fused silica capillary. The first report of this was 
from Kasicka and Prusik who used it in combination with ITP.24 Particles 
used in liquid chromatography have been used,27-32but they often need some 
kind of frits holding them in place. Frits have the disadvantage of giving rise 
to bubble formation in electrophoresis33-36 and therefore alternative solutions 
are desirable. Other ways are to bind the particles together with sol-gel tech-
nology37 or to have a wall coating,38-41 monolithic bed42-45 or a membrane46-49

inside the column. 
Solid-phase preconcentration CE (spPC-CE) with a packed segment pro-

duces quite a lot of back pressure and the CE performance may be compro-
mised.27,28,32 With an open tubular concentrator, the phase ratios are rather 
limiting and the presence of a membrane requires coupling of different seg-
ments.

When using a monolithic bed, the back pressure is much less and the pro-
duction of the extraction bed can be fabricated inside the capillary without 
any couplings or frits. In this thesis (Paper I, II and V), a photo polymerized 
sol-gel (PSG) material developed by Dulay and Quirino42,43,50 has been used 
for inline preconcentration in combination with MS detection. 

3.1.1 Sol-gel technology 
Sol-gel technology is a way of preparing inorganic and organic-inorganic 
composite materials. The rather straightforward chemistry to create, modify, 
and process these materials has made them an excellent material for extrac-
tion42,43,51 and CEC.52

The most commonly used precursors for making silica-based materials 
are alkoxysilanes, such as tetramethoxysilane (TMOS) and tetraethoxysilane 
(TEOS).53 To create a three-dimensional polymer network, the reagents have 
to go through hydrolysation and condensation reactions as shown in Figure 
3. Hydrolysis of the precursor’s alkoxy groups usually occurs stepwise and 
is time dependent. Adding a catalytic amount of acid or base can accelerate 
the rate of hydrolysis.54 The formed silanol groups are more reactive than the 
alkoxy groups and will condense readily with other alkoxysilanes, with each 
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other or with the residual silanol groups on the fused silica wall. When using 
an acidic catalyst the polymer structure becomes linearly branched since the 
hydrolysis of alkoxide precursors proceeds faster than the condensation 
process.55 With a basic catalyst, however, a more condensed particulate 
structure is formed.  
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Figure 3: Reactions involved in sol-gel formation of  alkoxysilanes 

During the gel formation, the viscosity of the solution gradually increases as 
the sol, a collodial suspension of small particles, becomes interconnected to 
form a rigid, porous structure, the sol-gel. Due to the kinetics of equilibrium 
reactions, the gelation can take seconds to months depending on the reaction 
conditions.54

There are several ways to induce the polymerization of the sol-gel inside 
the capillary. The two most common methods are thermal and photo initiated 
polymerization.56 Photo initiated polymerization is a useful method since the 
size of the monolith is equal to the radiated area. Unpolymerized precursors 
can then be flushed out and an open tubular column will be established at the 
unradiated areas. 

The sol-gel material used in this thesis, Paper I,II and V, is based on the 3-
(trimethoxysilyl)propyl methacrylate precursor. By mixing it with 0.12 M 
HCl the hydrolysis starts and the reaction is maintained for 30 minutes. To 
get a porous structure the sol solution is mixed with a porogen (80% of the 
total solution), in this case toluene, and finally a photo initiator (Irgacure 
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1800) is added to get the polymerization going. A UV exposure window is 
made on the fused silica column by removing a longitudinal stripe of the 
outside protective polyimide with a razor blade. The capillary is then filled 
with this solution and to make sure that the walls are completely wet ap-
proximately 0.20 mL is flushed through. The capillary ends are plugged with 
parafilm and the column is irradiated with 365 nm UV light for 4.5 minutes. 
Ethanol is finally used to wash the unpolymerized sol-gel out of the column. 
Figure 4 show a cross section of this sol-gel monolith inside a fused silica 
capillary. The preparation conditions of this type of sol-gel was further ex-
plored by Kato et al.57

Figure 4: SEM picture of photo polymerized sol-gel inside a fused silica capillary  

The silica based sol-gel monolith is very simple to derivatize with monomers 
containing siloxanes or chlorosilanes to alter its functionality. Quirino et al. 
have tried several modifications, for example (pentafluorophenylpropyl)tri 
chlorosilane and (3,3,3-trifluoropropyl)trichlorosilane42. These columns have 
shown up to 100-fold preconcentration capabilities of selected analytes.  

3.1.2  Offline cleanup 
Centrifugation, precipitation, solvent extraction, liquid-liquid extraction 
(LLE), solid-phase extraction (SPE) and ultrafiltration are commonly used 
sample cleanup methods.58 The most applied technique is liquid/liquid ex-
traction which utilizes the analytes solubility, partitioning, viscosity and 
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surface tension.59 It is very simple but several extractions are often required 
and the solvents are pooled together. Sometimes several steps have to be 
performed. For example the standard procedure for sample cleanup before 
the detection of antidepressants, in plasma, is liquid-liquid extraction after 
alkalization with potassium borate, sodium carbonate, sodium hydroxide or 
potassium hydroxide60,61. A variety of organic solvents as hexane-
isoamylalcohol, n-butyl chloride, diethyl ether or n-heptane-ethylacetate are 
used. Occasionally, some acidic back extraction is acquired before separa-
tion.

Solid phase extraction is also a often used method where the analytes are 
adsorbed onto a stationary phase and then eluted with another solvent.62 Tra-
ditionally, all these techniques are performed offline which makes it time 
consuming and labourious. The same principle as SPE is utilized in the 
inline method developed for this thesis to obtain rapid and sensitive sample 
pretreatment. A highly improved inline method for antidepressant analysis is 
presented later in this chapter. This method significantly shortened the 
analysis time, reduced solvent use as well as improved the detection limits. 

3.1.3  Inline cleanup 
Online (coupled) and inline (integrated) sample pretreatment has been a 
popular research area in order to minimize the losses of analytes, shorten the 
cleanup time and to reduce the risk of contamination and sample degrada-
tion. The previous described sol-gel bed inside a fused silica capillary is in 
this thesis further developed into a fast and efficient desalting device. The 
biological sample is loaded onto the column consisting of a hydrophobic 
PSG section. The hydrophobic analytes are adsorbed in the front part of the 
PSG and the complex matrix can be washed away with an aqueous washing 
solution. To elute the hydrophobic analytes, a separation solution containing 
an organic modifier is used. The cleanup procedure is schematically shown 
in Figure 5. 
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Figure 5: Cleanup procedure. (A) The column is equilibrated with aqueous washing 
solution. (B) The sample is loaded onto the column by overpressure, 1 bar, and the 
analytes adsorb in the front part of the PSG. (C) The column is flushed with aqueous 
washing solution to wash away the complex matrix while the analytes remain ad-
sorbed in the PSG. (D) The injection end is placed in separation solution containing 
organic modifier and high voltage is applied. The analytes desorb from the PSG 
when the organic separation solution reaches the monolith and they elute in highly 
concentrated bands.   

In Paper I, a C18 modified PSG column was used to extract peptides from a 
urine sample. The C18 moiety was produced by flushing the column with 
octadecyl trimethoxysilane, CH3(CH2)17Si(OCH3)3, for 60 minutes.  
The sample contained high amounts of salt that would tamper the electros-
pray ionization used for mass spectrometric detection. A study showed that 
as low as 10 % urine, i.e a sample diluted ten times but with the same pep-
tide concentration, will eliminate the peptide signal and sample cleanup is 
thus necessary to be able to detect any low abundant species in the sample. 

In Figure 6 the extracted ion chromatograms for 4 different peptides are 
shown as well as the urea that was washed away during the cleanup. The 
narrow analyte peaks clearly shows a preconcentrating effect by the sol-gel 
since the injected sample plug was more than one column volume and the 
calculated preconcentration factor was 70 times for all peptides in this setup. 
Theoretically, the factor could be higher for these types of analytes but since 
other hydrophobic species in the sample compete for the extraction sites, the 
loading capacity for the peptides is lower. The fact that all the peptides reach 
their extraction limit at approximately 0.3 ng clearly indicates that this is the 
case.
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Figure 6: Ion traces of four extracted peptides in urine on a C18 modified PSG 
column. The sample consisting of 0.15 µg peptide mL-1 was injected for 5 minutes, 
which is equivalent to 1.1 columnvolumes or 1.4 µL 
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This system has also been used in quantification of the antidepressant drug 
escitalopram in urine, Paper II. Standard addition of escitalopram was done 
to a urine sample from a female volunteer medicated with Cipralex  (15 
mg/day). The same cleanup procedure as with the peptides was utilized and 
the peak area of escitalopram was evaluated according to the added amount 
of escitalopram. A linear function with a R2 value of 0.9881, Figure 7A, was 
achieved and the calculated amount of escitalopram in the urine was 0.6 0.3
ng/mL. Due to the inline cleanup, the limit of detection (LOD) and limit of 
quantification (LOQ) was drastically decreased. In this setup the calculated 
LOD and LOQ were 10 pg/mL and 34 pg/mL, respectively, compared to 
earlier reports of approximately 0.1-5 ng/mL and 25 ng/mL respec-
tively.60,61,63
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Figure 7: (A) Standard addition curve of escitalopram in urine and (B) extracted ion 
traces of urea during the cleanup process (15 min) and elution of escitalopram in a 
urine sample.   
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4.  CE/CEC columns 

4.1  CE capillaries and coatings 
As described, the fused silica inner wall is naturally negative and that can be 
a significant problem when looking at positively charged analytes. The posi-
tive molecules experience electrostatic attraction to the negative silanols and 
severe band broadening, tailing, memory effects and changes in the EOF can 
occur, resulting in variation of the migration time and separation effi-
ciency.64,65 To handle this, several additives to the separation solution and 
surface coatings have been developed over the years 66. The additives are 
usually ion-pairing agents or high salt concentrations which minimizes the 
adsorption effects.67-70 Deactivating coatings can be neutral or positively 
charged, resulting in a reversed electroosmotic flow. Polymer wall coatings - 
dynamic 71-74 or permanent,73-81 and monomeric coatings - dynamic82-84 or 
permanent,85-89 are frequently used. Additives are normally not compatible 
with mass spectrometric detection, due to the high risk of ion suppression, 
and therefore permanent coatings are preferred for MS analysis. 

-Iodoalkylammonium salts have shown to be effective permanent deacti-
vating coatings in fused silica capillaries,87 especially for proteins and pep-
tides.88-90 The monomers link to the fused silica wall by a salt bridge via the 
quaternary nitrogen, a hydrogen bond via the tertiary nitrogen, and finally, a 
covalent link via the terminal iodine in the butyl chain. The way they bind to 
the walls, with what can be seen as two claws and a tail have given them the 
nickname “Skorpios”. 

In Paper III, the monomer 1-(4-iodobutyl)4-aza-1-
azoniabicyclo[2,2,2]octane iodide called M7C4I , Figure 8, was used to de-
activate the fused silica wall and generate a pH independent, stable reversed 
electroosmotic flow. 
The coating procedure is extremely fast (2 minutes of flushing the reagent 
through the column) and that offer the ability to regenerate the surface as 
often as needed, resulting in very good repeatability (less than 2.5% RSD for 
the migration time). The analytes of interest in this study was metabolites 
from the kynurenic pathway in standard solution and cerebrospinal fluid 
(CSF) which never before have been reported to be analyzed by CE-MS. 
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One of the great advantages with CE is that crude samples can be used with-
out clogging and the deactivating surface protects the column from detri-
mental sample adsorption from the complex matrix onto the fused silica 
wall. Figure 9, show the obtained electropherogram for 5 metabolites in 
standard solution, separated within 5 minutes, on the M7C4I coated capil-
lary. The CSF spiked with the same analytes generated an almost identical 
electropherogram which proved that the coated surface protected the fused 
silica and the complex matrix did not effect the separation or detection of the 
analytes. The low RSD’s of the migration times are well in line with results 
reported by Sebastino et al. 87(who used the modified capillaries together 
with UV detection), which show that the system is just as reproducible when 
coupled to MS detection. In future studies, quantification of the natural lev-
els of kynurenic metabolites occurring in CSF will be conducted. 
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Figure 9: Electropherogram of (1) quinolinic acid, (2) picolinic acid, (3) kynurenic 
acid, (4) tryptophan and (5) kynurenine (20 µM each in 50% acetonitrile.) 
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Figure 8: The surface deactivating monomer, 
M7C4I, used for samples with highly complex 
matrices. 
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4.2  Open-tubular CEC columns 
A capillary with a stationary phase immobilized to the wall is regarded an 
open tubular (OT) column. The stationary phase can be a coated polymer91

92-94, bonded molecular ligands,13,95-100 a synthesized porous layer network101-

105 or a nanoparticle phase.106-108 The advantages of this technique are that no 
packing procedure is involved, the columns are easier to flush with different 
solutions, less clogging occur and the modification of the inner wall is usu-
ally much easier than the packing methods reported. A major disadvantage 
though, is the low phase ratio between the solution and the stationary phase 
on the wall, resulting in low sample capacity for open tubular columns.  

The first to report the use of open tubular CEC was Tsuda et al. in 1982.13

They prepared an octadecylsilica modified inner wall of a 30 µm i.d. soda 
glass capillary. Pfeffer and Yeung reported an ion-exchange column made 
with cationic surfactants in 199091 and Mayer et al. created a column for 
chiral separation 1992.109 Matyska et al.110 used chemically bonded liquid 
crystals on etched columns for separation of metabolic components. Etching 
the capillary before modification has shown as much as a 1000-fold increase 
in surface area.111 Polymer coated columns were introduced and prepared by 
thermal polymerization of methacrylate monomers by Tan et al. in 199794

and they have also reported columns for chiral separations with molecular 
imprinting polymers.112

Sol-gel has successively been applied to coat the fused silica inner wall 
for separation by OT-CEC. 38-41,104,105,113,114 By varying the ratio of precursors 
and solvent in the sol-gel solution, the retention characteristics and surface 
area (i.e. porosity) can be controlled. TEOS is usually mixed with another 
precursor, i.e. substituted triethoxysilanes, with a longer alkyl chain, for 
example C8 – TEOS or C18 – TEOS, to achieve higher retention and there-
fore offer separation of neutral compounds.   

In Paper IV, three different monomer coatings for CE/CEC were tailored to 
produce a positive surface with different degree of hydrophobicity. The 
monomers N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride 
(TAC), tetradecyldimethyl(3-trimethoxysilylpropyl) ammonium chloride 
(TeDAC) and octadecyldimethyl(3-trimethoxysilylpropyl) ammonium chlo-
ride (ODAC) consist of a silane with a positively charged amine and alkyl 
chains of various lengths attached to the nitrogen, see Figure 10. 
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Figure 10: The monomers, N-trimethoxysilylpropyl-N,N,N-trimethyl-ammonium 
chloride (TAC), tetradecyldimethyl(3-trimethoxysilylpropyl) ammonium chloride 
(TeDAC) and octadecyldimethyl(3-trimethoxysilyl-propyl) ammonium chloride 
(ODAC), used for OT surface modification. 

The monomers were simply flushed through a capillary (pretreated with 
sodium hydroxide to activate the silanols) for 4 hours, then washed and 
dried. The storage life-time in open air at room temperature has shown to be 
several years (non published data). 

The hydrophobic chains were proven to have different chromatographic 
effects by injecting a sample of three neutral compounds (thiourea, naphtha-
lene and phenantrene). With the TAC coating the three analytes coeluted, 
with TeDAC+TAC they showed some tendency to separate and with 
ODAC+TAC baseline separation was achieved (data not shown). To further 
investigate the chromatographic behavior a five-peptide standard solution 
was injected, Figure 11 shows the three different separations. 
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Figure 11: Separation of a five peptide standard solution on TAC (A), TeDAC (B) 
and ODAC (C) modified capillaries with MS detection. The sample consisting of 
1µg/mL of each peptide, Met-Enk (1), Leu-Enk (2), Ang II (3), Neurotensin (4) and 
LHRH (5), in 20:80 MQ water/acetonitrile.  

The peak resolutions (Rs) and efficiencies (N) were calculated for all the 
peptides and as predicted, they both increased with increasing alkyl chain 
length on the monomer. Finally a tryptic digest of bovin serum albumin 
(BSA) was injected onto a ODAC+TAC column, Figure 12, and 36 peptide 
masses could be identified. Out of these, 26 could be assigned to BSA and a 
Mascot115 search rendered in only significant scores (over 65) for BSA pre-
cursors. The analysis time was less than 5 minutes with sufficient efficien-
cies which make it an excellent method for high through-put analysis of pro-
tein digests.
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Figure 12: A selected ion profile (500-1500 m/z) showing the separation of the BSA 
digest on an ODAC-TAC column. 

4.3  Filled CEC columns 
To get higher phase-ratios, columns with a variety of different packing mate-
rials can be used. The same type of packing material as in high performance 
liquid chromatography, HPLC, can be utilized but then there is the problem 
of frits causing bubble formation.33-36 To some extent, sol-gel technology can 
solve this problem as described in the previous section of sample pretreat-
ment but a more simple solution is using continuous bed (also called mono-
lithical) columns.  

4.3.1  Monolithic columns 
A capillary containing a wall-supported porous continuous bed that is 
formed in situ in the capillary is generally called a monolithic column. The 
preparation of a monolithic column is often a single-step process and the 
ease of fabrication has made it successful. The columns can virtually be of 
any length, due to the inherent low backpressure in these columns, and the 
polymerization mixture can consist of a number of different monomers re-
sulting in a variety of different matrix and surface chemistries. 
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Acrylate-, methacrylate-based116-120, Polystyren-based121-124  and polyacryla-
mide-based125-134 monoliths are the most commonly used polymeric columns.  

Silica-based monolithic columns are easier to work with than polymer-
based columns since the behavior of silica is well known in micro-separation 
science and the material show less swelling in solvents that might be used. 
The silica-based monolithic columns can be made by sintering octadecylated 
silica microspheres in fused silica capillaries to form a monolithic bed as 
shown by Asiaie et al.135 but an easier way is to use sol-gel technology.  

Yu, Svec and Fréchet136 produced a photo-initiated silica based mono-
lithic column and showed that higher separation efficiencies can be achieved 
using photo polymerization instead of thermal polymerization. The photo 
polymerized sol-gel of 3-(trimethoxysilyl)propyl methacrylate developed by 
Dulay, Quirino and co-workers42 described in Chapter 3, also offer a chro-
matographic effect. In Paper I this PSG is used for sample pretreatment but 
also for separation. When using the system without any applied voltage, 
separation still occurs due to hydrophobic interactions with the C18 mono-
lith.
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5.  Microfabrication 

The trend today is to miniaturize the analytical tools and have it all incorpo-
rated in a chip based structure. “Lab-on-a-chip” (LOC) or “Micro Total 
Analysis Systems” (µ-TAS) started to really flourish in the mid 1990’s. The 
idea is to integrate functions as mixing, reacting, extraction, separation and 
some times even detection inside a single disposable device. The benefits of 
such integrated systems are ease of use, rapid analysis time, low risks of 
losses and contamination, greater sensitivity, low volume consumption, dis-
posability and portability that allow in situ and real-time analysis. However 
the most beneficial feature is multiplexing, i.e. parallel analyses of many 
samples at one time. Microchip based systems has shown to be very success-
ful in analysis of DNA, proteins, peptides and other biomolecules.137

µ-TAS systems are very well suited for bioanalysis since the samples micro 
liter volumes and trace level concentrations of analytes has to be safely and 
reproducibly handled. On-chip coupled miniaturized sample pretreatment 
and separation is therefore desirable. 

 Incorporation of the previously developed sol-gel bed (Paper I and II) in-
side a poly(dimethoxysilane) (PDMS) chip offers sample cleanup and 
preconcentration inside the chip. PDMS is a polymer-based material which 
is less expensive and less fragile than glass or silicone. A straight channel in 
a PDMS prototype was connected to fused silica capillaries to facilitate the 
flushing procedure. The same protocol as in Paper I and II was utilized and 
the channel was filled with sol-gel solution and irradiated for 1-2 min. Sol-
gel formation could be observed inside the channel but the structure was 
very dense and not continuous, Figure 13. The problem was addressed to the 
PDMS’s intolerance of toluene. Toluene diffuses into the PDMS structure 
and causes it to swell,138 leaving highly concentrated sol-gel solution without 
the porogen in the channel producing high density sections.  
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Figure 13: A non homogenous sol-gel structure inside a PDMS channel 

In order to prevent contact between the toluene in the sol-gel formation 
process and the PDMS, a piece of squared fused silica capillary was used for 
PSG production and then placed inside the chip channel (Paper V). In this 
way, the capillaries can be completely manufactured off-chip and cut into 
correct sizes, making it possible to integrate new functions onto a chip with-
out risking contamination or deterioration of already existing modules or 
chemically pattered areas because of new reagent solutions. 

The reason for using squared capillaries is that the channels in PDMS 
chips usually are squared when using the lithographic production 
method.139,140 The challenging part here is to get a system free from leakage.  
In Figure 14, the small PDMS device used for incorporation tests of the PSG 
column is illustrated. As the figure show, no gaps are formed between the 
capillary and the PDMS since the channel was made somewhat smaller than 
the o.d. of the column and when using pressure (1 bar) for the sample 
cleanup process no leakage was observed.  
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Figure 14: The embedding of a sol-gel filled square capillary into the PDMS chip. 
a) Schematic drawing of the bottom- and lid substrates composed of PDMS polymer. 
b) The cross-section of both substrates. c) Cross-section of a bonded device showing 
complete bonding of the capillary to the channel walls, also at the rounded corners 
of the capillary. d) The device seen from above, showing the interconnection be-
tween the capillary and the microchannel. 

The polymerization procedure of the PSG had to be modified since a larger 
part of the covering polyimide was removed at the square capillary and the 
sol-gel solution was thus exposed to more UV-light, relatively. In the new 
protocol, irradiation of 2 minutes was conducted and the SEM picture, Fig-
ure 15, show that the sol-gel in the square capillary has the same structure as 
the one produced in cylindrical capillaries and it is homogeneously distrib-
uted.

Figure 15: Scanning electron microscopy images of a sol-gel filled square capillary. 
The 300 µm capillary has a polyimide coating that is partly removed (left hand side) 
before photopolymerization of the sol-gel. The 75 µm inner part of the capillary 
contains the homogeneously polymerized sol-gel monolith. 
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The extraction results were similar to earlier presented results described in 
Paper I, with the difference that angiotensin II showed no affinity for the sol-
gel. Neurotensin, LHRH and bradykinin are extracted and eluted with the 
organic solvent. The capillary-embedding process therefore seems to alter 
the sol-gel in a way that at least angiotensin II is not adsorbed. It is well 
known that the properties of sol-gel can become altered by letting the po-
lymerized gel dry or be exposed to heat.141,142 The described embedding 
process includes both heat and dryness and this probably explains the some-
what changed extracting properties of the sol-gel. The true nature of this 
alteration has to be studied in future projects. 
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6.  CE(C)-Mass Spectrometry 

Today mass spectrometry is by far the most used detector combined with 
separation techniques when examining biological samples. MS detection 
offer fast identification of the analytes and the modern instruments yield 
high sensitivity and mass resolution. Since the sample capacity in CE/CEC is 
low, the high sensitivity in MS makes it possible to detect low abundant 
species in samples and the fast scans rates now available is ideal for these 
high efficiency separations. 

The most commonly used ionization method for liquid samples is electros-
pray ionization (ESI),143 where the solution is formed into a spray in an elec-
tric field and the analytes become ionized in a gaseous phase. The phenome-
non was first described by Zeleny in 1914144 and the ESI was implemented 
by Yamashita and Fenn 1984.145 The process gives rise to charged droplets at 
the electrospray tip. The solvent in these droplets evaporate and highly 
charged droplets with high analyte concentration are created. The formation 
of gas phase ions has been debated and described in the literature.146,147 Us-
ing ESI, the buffer ions need to be volatile and a fairly high amount of or-
ganic modifier is preferred. It is a soft ionization technique that has the great 
ability of forming multiply charged molecules and that makes it possible to 
detect large molecules as peptides and intact proteins.148

When CE or CEC columns are coupled to MS there are several aspects that 
need to be considered. For example, the buffers normally used for UV detec-
tion may not be compatible with MS detection given that they are not vola-
tile and will cause ion suppression in the gas phase. Since the separation 
flow is electrophoretically driven it is pH and ionic strength dependent 
which is not always uniform from one measurement to another and has to be 
taken under consideration. 
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6.1  Sheath flow and sheathless ESI 
The most established ESI methods for CE and CEC are sheath flow and 
sheathless electrospray, Figure 16. Sheath flow is mostly used since it offers 
more versatility in buffer composition and a more stable spray, due to almost 
constant flow rate at the tip. If a gradient is used, as in the extraction proce-
dure in Paper I, II and V, the sheath flow liquid stabilizes the spray during 
the gradual change of separation solution. The drawbacks of this method are 
dilution of the analytes and band broadening in the mixing zone.  

Figure 16: (A) Sheath flow interface and (B) Sheathless interface for electrospray 
ionization 

Another useful aspect with the sheath flow interface is the ability to mix an 
adduct creator into the sheath liquid solution.149 This is an effective way of 
increasing the signal intensity for unpolar species that are hard to ionize, like 
for instance steroids. This method was used in a still unpublished project, 
described in Chapter 7, where 0.5 mM butylamine was added to prevent 
dimer formation and result in one strong adduct peak, Figure 17.  
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Figure 17: Mass spectrum of -estradiol without modification (A) and with 0.5 mM 
butylamine for adduct formation (B)  
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The sheathless interface is much more analyte sensitive since it does not 
dilute the sample. On the other hand the spray is very dependent on the sepa-
ration solution and the EOF flow. In Papers IV and VI, a Black dust150 spray 
emitter was used, which is created by tapering the fused silica outlet end and 
then coated with a conductive layer of polymer embedded graphite. This 
type of emitter has been shown to last for weeks of continuous spraying. 

6.2 MS Instrumentation 
Since CE is a very highly efficient separation technique with narrow peak 
widths, a fast scanning mass spectrometer is desired. Time-of-flight (TOF) 
MS is therefore a great choice since all masses are monitored continuously 
and a wide mass range is available. TOF-MS has been used in Papers I-VI. 
In a time-of-flight instrument, the analytes are analyzed according to their 
flight time in a flight tube, Equation 10. All the ions are pulsed approxi-
mately with the same energy hence the time it takes for them to cross the 
tube is according to their difference in mass and charge.  

          (10) 

where m/z is the mass-to-charge ratio of the ion, E is the pulse potential, s
is the length of flight tube over which E is applied, d is the length of field 
free drift zone, t is the measured time-of-flight of the ion. 

When screening for biomarkers in biological samples which contain lots of 
species, a high resolution instrument is of importance. Fourier transform ion 
cyclotron resonance (FTICR) MS is the best resolving instrument on the 
market today. FTICR-MS is a type of mass analyzer that determines the 
mass-to-charge ratio (m/z) of ions based on the cyclotron frequency of the 
ions in a fixed magnetic field: 

                       (11) 

where m/z is the mass-to-charge ratio of the ion, B the magnetic field 
strength and f the cyclotron frequency. 
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In Paper VI both FTICR- and TOF-MS, with different coated capillaries, 
were used to screen for biomarkers in plasma from patients with various 
forms of appendicitis. The [3-(methacryolylamino)propyl]trimethyl-
ammonium chloride (MAPTAC) surface modification yield slightly lower 
EOF than other positive coatings (as for example 3-aminopropyl-
triethoxysilane (APS)85). In that regard it is an excellent coating to use in 
combination with FTICR-MS that has a fairly slow acquisition rate but ex-
cellent resolution. The ODAC+TAC coating offer chromatographic separa-
tion as well as electrophoretic and the peak efficiencies are shown to in-
crease (Paper VI), so to be sure of not losing any information a TOF-MS 
with higher acquisition rate was used. 
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7.  Applications 

In toxicology and medicine there are great needs for sensitive and accurate 
analytical tools. It is of great importance to monitor levels of pharmaceuti-
cals in patients during a treatment and to be able to understand different 
medical conditions, there might be a need to screen biological samples for 
divergences and to identify biomarkers.  

CE(C)-MS is very well suited for these types of analytical challenges 
since “real” samples often include small sample volumes, high sample com-
plexity and low analyte concentration.  

7.1  Toxicology and drug analysis 
In the late 18th century, Matthiue Joseph Bonaventure Orfila, a Spanish phy-
sician at the University of Paris, demonstrated effects of poisons on specific 
organs by analyzing autopsy materials for these poisons and their associated 
tissue damage. He stated that investigations of death were too important to 
be left to the untrained and emphasized that toxicology should be a separate 
science and chemical analysis must be a part of it.151 Modern toxicology has 
developed into three specialized branches: environmental, clinical and foren-
sic. This thesis will cover the clinical and forensic part. 

When looking for a toxic substance in the body, urine is usually the 
choice since it is easily obtained in relatively large volumes and most drugs 
and their metabolites are excreted in this biofluid. Blood samples might be a 
bit more reliable since its composition is more consistent but it is also a bit 
more laborious to work with. Human plasma is possibly the most informa-
tive sample that can be collected of a person to describe their medical state152

but cerebrospinal fluid (CSF) might be even more valuable when studying 
neurological states.153

Immunoassays for various drugs are frequently occurring in toxicology 
today but cross-reactions with other drugs can easily lead to misdiagno-
sis.154,155 The free drug concentration in biofluids are directly correlated to 
the clinical response and therefore of interest for the physician in therapeutic 
drug monitoring (TDM). This is especially important for patients with hy-
peroalbumerinemic renal failure or in cases of drug-drug interactions (In 
Paper I, peptides which might be excreted in urine due to e.g. renal failure, 
are analyzed). Pharmacodynamics (PD) can be viewed as study of the bio-
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chemical and physiological effects of drugs and their mechanisms of action. 
For example the assessment of a patient’s mental status in the case of treat-
ment with antidepressant or the measurement of glucose levels in a diabetic 
patient.156 Antidepressants have also been involved in several intoxication 
cases.157,158 In Paper II, extraction and quantification of the antidepressant 
drug escitalopram in urine was conducted.  

7.2  Medical applications 
Screening for biomarkers are useful when looking for biological divergences 
that might cause a medical condition. A comparison between samples from 
patients and controls might show a difference in analyte pattern and one or 
several disease markers can be identified. Biomarkers have changed the 
manner in which we diagnose disease, monitor the effect of therapy, classify 
disease, detect toxicity and perform new drug development. For example 
pregnancy (cholesterol levels), cancer (carcinoembryonic antigen),159 diabe-
tes (Hemoglobin –Alc)160 and autoimmune disease (Rheumatoid Factor)160

are medical conditions that can be monitored with the identified biomarkers. 
Steroids are species known to be involved in many biological functions in 
the body, such as stress,161 cushing’s syndrome,162 hirsutism,163 congenital 
steroid enzyme deficiency,164 hypertension165 and many more. The medical 
role and characteristics of different types of steroids can be read in a review 
by Nozaki.166

Kynurenic pathway metabolites are known to be involved in the pathogene-
sis of several neurologic disorders such as Alzheimer´s diseas,167 Parkinson´s 
disease,168,169 schizophrenia,170 multiple sclerosis171 and epilepsy.172  L-
Tryptophan is one of 10 essential amino acids and is involved in protein 
synthesis as well as a precursor of many biologically active substances. 
Tryptophan is predominantly metabolised in the kynurenic pathway in 
mammalian tissues,173,174 Thus, monitoring the activities of this pathway is 
extremely important for the knowledge of understanding the upcoming and 
developing treatment for these diseases. In Paper III, separation and detec-
tion of quinolinic acid, picolinic acid, kynurenic acid, tryptophan and 
kynureninein in cerebrospinal fluid was performed on capillaries deactivated 
with the M7C4I monomer described in Chapter 4. The CE-MS setup offered 
a rapid, reproducible, efficient and sensitive method with a calculated LOD 
of 900 attomole, which is 300 times lower than earlier reported with MS 
detection.
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7.2.1 Screening for biomarkers 

Appendicitis
One of the most common acute surgical conditions today is appendicitis. 
Since the diagnostic error is as high as 12-23% for men and 24-42% for 
women175 there is a need for fast and accurate diagnosis to minimize the 
injury, risk of rupture, and prevent morbidity. Few laboratory tests are being 
used routinely for this diagnosis and the most frequently used, analysis of C-
reactive protein and white blood cells, has been debated.176-178 The inflam-
mation of the appendix can be categorized into two forms, gangraenous and 
phlegmonous, where the phlegmonous form is milder and could possibly be 
treated with antibiotics.179 In Paper VI a screening study of plasma from 
appendicitis patients (pre and post surgery) were performed on CE (MAP-
TAC) and OT-CEC (ODAC+TAC) columns coupled to mass spectrometry 
in the search for biomarkers differentiating the two forms. 
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Figure 18: (A) Image plot of a typical sample run on the MAPTAC capillary with 
FTICR-MS. (B) PCA plots of PC3 and PC7 for the gangraenous group (o) and the 
phlegmonous group ( ), from data achieved by CE-FTICR-MS, showing structural 
differences.  

The MAPTAC coated capillaries showed negligible degradation during the 
time of the project. Some decrease in the electroosmotic flow was observed 
but that could be corrected during the data evaluation process. An image plot 
of a typical CE-MS run on the MAPTAC coated capillary is shown in Figure 
18A. By using principal component analysis, PCA, each sample run can be 
transformed into scores that will be used for comparison between the differ-
ent samples.  
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When using the scores from the gained principal components (PC) for all the 
samples in the study, there are structural differences showing, both in regard 
of pre and post surgery and between the two forms of appendicitis. To find 
where the biggest difference is, an analysis of variation (ANOVA) of the 10 
first principal components was performed. Figure 18B shows the pattern 
formed when PC3 (p=0.004) and PC7 (p=0.016) is illustrated together. 

The sample separation in the OT-CEC (ODAC+TAC) columns is very fast 
and an image plot of a typical run is shown in Figure 19A. As mentioned 
earlier the ODAC+TAC column offers a chromatographic separation of the 
sample but that also result in deposition of sample species onto the capillary 
walls. The column condition will thus be altered and there is a need for re-
placing the column. In this study three different columns were used and 
when observing the results, one of the most dominant differences was the 
change of columns. Three dominant groups are clearly shown. The first col-
umn used is divided into two groups according to time (early vs. late runs), 
the second column form one group of its own and the runs performed on the 
third column is placed together with the early runs of the first column. This 
structural difference is mostly showing in the score plot of the first principal 
component so by using higher PCs the column difference is greatly reduced. 
The generated scores of these analyses made with the CEC column showed 
better p-values and even though the columns appeared to be changing over 
time, the two replicates made of each sample was very similar. Figure 19B 
illustrates the score plot of PC4 and PC5 forming two significant groups 
(both with p-values below 0.001) of gangraenous and phlegmonous samples. 
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Figure 19: (A) Image plot of a typical sample run on the ODAC+TAC column with 
TOF-MS. (B) PCA plots of PC4 (p=<0.001) and PC5 (p=<0.001) for the gan-
graenous group (o) and the phlegmonous group ( ), from data achieved by CEC-
TOF-MS, showing a significant difference.  
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To further search for possible biomarkers, lists of differences in m/z-time 
bins were extracted from both setups. The m/z values gained from samples 
collected pre and post surgery of both types of appendicitis were compared 
and a list of m/z more intense pre and less post surgery were produced (both 
for CE and CEC experiments) as well as peaks differentiating between the 
two inflammation types, se Paper VI. These identified m/z values are of 
great interest since they might be the key to a more accurate diagnosis 
method and further identification of these peaks have to be conducted in 
future projects using MS/MS detection. 

Polycystic ovary syndrome 
In a still non published project, screening for divergent metabolomic patterns 
(including steroids) in follicle fluid from women with polycystic ovary syn-
drome (PCOS) was performed. During the menstrual cycle several follicles 
start to develop in the ovary and increase in size, in humans normally one 
follicle takes the lead and finally ovulate. In PCOS, the follicles stagnate at 
approximately 7-8 mm and no follicle develops into the dominant stage and 
thereby no ovulation occurs. The estradiol concentration in the follicle fluids 
is changing dramatically during the menstrual cycle and that triggers the 
luteinizing hormone (LH) surge that precedes and induces ovulation.180

There are theories that a disturbance of the follicle fluid content arrests the 
follicle growth and as a result no ovulation occurs.181

The goal of this study was to avoid using any sample pretreatment offline, 
thus to remove salts and other hydrophilic species, the PSG cleanup column 
described earlier in, Paper I and II, was used. The adsorption affinity towards 
the C18 modified PSG was examined for 9 different steroids (5 -androstan-
3-17-dione, 5 -androstan-17 -ol-3-one, 4-androstene-3-17-dione, dehydroi-
soandrosterone, androstene, androstendiol, –estradiol, epiandrosterone and 
etiocholan-2 -ol-17-one). All of them had good extraction possibilities and 
their retention times differed to some degree from each other.  

The follicle fluid is highly viscous so to prevent column clogging the sam-
ples were diluted ten times with deionized water and then loaded onto the 
monolithic column. The same cleanup procedure is as described earlier but 
the MS interface was modified to handle the unpolar steroids as described in 
Chapter 6.

No distinct steroid peaks could be detected in the diluted follicle sample so 
regarding the fact that a large fraction of the steroids are protein bound,182 a 
follicle sample was treated with acetonitrile (4  sample volume) in order to 
deconjugate the steroids.  
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Another possibility to check the protein affinity was to spike the follicle 
fluid with steroids (Dehydroisoandrosterone, Androstendiol,  –Estradiol 
and 4-Androstene-3-17-dione (4 µg/mL)) and incubate the vial at 37 C for 1 
h. However, the inline extraction of these samples did not show any useful 
results when studied with TOF-MS.  

In a last attempt the collected follicle fluid samples from women with PCOS 
and controls were used in a preliminary screening study to examine if any 
divergences could be found even though the expected steroid m/z’s were 
missing. The C18 modified PSG column was used and a PCA analysis of the 
data showed a small structural trend differentiating between PCOS patients 
and controls, but the significance was not that impressive, see Figure 20.   
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Figure 20: Score plot of PC2 (p=0.044) and PC8 (p=0.025) for the PCOS patients 
( ) and the control group (o) 

The potential difference could be traced back to m/z 411.5 and 332.2 occur-
ring in higher amount in PCOS patients than controls and m/z 269.1 present 
in lower amount in PCOS patients than controls. The identity of these 
masses should be further identified by MS/MS to elucidate any relations to 
PCOS.
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8.  Concluding remarks 

This thesis covers a broad aspect of the analytical areas that are of great im-
portance for achieving fast, accurate and sensitive bioanalyses. The signifi-
cantly time reduced and automated system for sample cleanup (Paper I and 
II) will greatly simplify the pretreatment process of samples and can success-
fully be combined with other separation techniques to achieve improved 
separation. When a chip based platform is used the desalt-
ing/preconcentrating monolith has great possibilities to be part of a multidi-
mensional separation system (Paper V). The reduced risk of sample loss 
leads to improved detection limits, which are usually one the most challeng-
ing parts when working with bioanalyses. In the area of separation, the pre-
sented monomer surface with tailored hydrophobicity (Paper IV) offer a 
reasonable production time of the columns and rapid high efficient separa-
tions of complex mixtures. Within five minutes a tryptic digest of a protein 
could be separated and then identified by a Mascot search. 

The applications addressed have been focused on medical conditions which 
are of highest interest of both physicians and patients. The high throughput 
analysis of kynurenine metabolites by CE-MS presented in Paper III, offers a 
new method to rapidly examine samples from patients with for example 
neurological disorders and a future quantification method will be developed.  

The results given in Paper VI, have presented several possible biomarkers 
for the two different types of appendicitis, gangraenous and phlegmonous. 
These biomarkers could possibly result in a more accurate diagnosis which 
would save a lot of money and discomfort for both hospitals and patients. 
The preliminary study of PCOS described in this thesis, but not published, 
have also offered some valuable results for future investigations of this area.

With this said, I hope I have made a small step forward of Uppsala Univer-
sity’s contribution to improve bioanalyses…  
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10.  Swedish summary 

Kolonnutveckling inom Kapillärelektrofores och Electrok-
romatografi för Bioanalytiska Applikationer 

Ett stort behov av biologiska analyser inom toxikologi och medicin har gjort 
att forskning inom detta område ständigt är aktuell. Genom att kombinera 
tekniker som kapillärelektrofores (CE), kapillär elektrokromatografi (CEC) 
och masspektrometri (MS) har ett framgångsrikt system med snabb separa-
tion, hög effektivitet och känslig detektion skapats. För att optimera systemet 
krävs bra provupparbetning, effektiv separation samt känslig detektion. I 
denna avhandling har samtliga nämnda moment bearbetats för en så effektiv 
och korrekt analys som möjligt. 

Elektrofores är en separationsteknik där laddade molekyler vandrar i ett 
elektriskt fält och metoden utvecklades under första halvan av 1900-talet. 
Den därefter mer miniatyriserade varianten, kapillärelektrofores (CE), består 
av en silikakapillär fylld med en elektrolyt som kopplas till någon typ av 
detektor, se Figur 21. En högspänning på vanligtvis 10-30 kV appliceras 
över kapillären för att generera ett elektriskt fält där laddade joner kan sepa-
reras beroende av deras storlek och laddning. 

Figur 21: Schematisk bild av ett elektroforessystem kopplat till en masspektrometer 
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Kapillärelektrokromatografi (CEC) är en modifierad variant av CE där man i 
kapillären inkorporerat en kromatografisk stationärfas som har en förmåga 
att separera även neutrala molekyler. I Papper IV har en positiv yta skapats 
på kapillärens insida genom att kovalent binda in positiva monomerer (N-
trimetoxysilylpropyl-N,N,N-trimetyl-ammonium klorid (TAC), tetradecyl-
dimetyl(3-trimetoxysilylpropyl) ammonium klorid (TeDAC) och octadecyl-
dimetyl(3-trimetoxysilylpropyl) ammonium klorid (ODAC)) med varierande 
hydrofobicitet så att positiva analyter hindras från att interagera med den 
negativa silikaytan samt att mindre hydrofila molekyler, i detta fallet pepti-
der, adsorberas och därmed erfar ytterligare separation. Ökad upplösning 
mellan peptidtoppar kunde påvisas samt separation av tre neutrala moleky-
ler. Även en snabb separation (inom 5 minuter) av ett kyvet protein illustre-
ras med positiv identifiering av det samma.  

För att få bättre fasförhållande mellan prov och stationärfas kan man pro-
ducera en fas som fyller hela eller viss del av kapillären, en så kallad monoli-
tisk eller kontinuerlig bädd. Ett silikabaserat nätverk (Figur 22), tillverkat 
med hjälp av så kallad sol-gel teknologi används i Papper I, II och V, för att 
ge en ökad separation samt möjlighet till provupparbetning ”inline”. 

Figure 22: SEM-bild av monolitisk stationärfas i en silikakapillär 

Biologiska analyser är i regel komplicerade att jobba med eftersom proven är 
mycket komplexa och det är viktigt att avlägsna så mycker som möjligt av 
av icke intressanta substanser som annars stör detektionen. Masspektrometri 
(MS) är idag den mest kraftfulla detektionsmetoden som ger information om 
både massa och struktur för analyten. I kombinationen CE(C)-MS måste 
analyterna förflyttas från vätske- till gasfas, och då en hög koncentration 
joner befinner sig i denna lösning sker ofta jonsuppresion som medför att 
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endast vissa molekyler joniseras och kan anta gasform. En uppreningsmetod 
krävs då för att öka detektionsmöjligheterna. 

I Papper I, II och V användes den tidigare nämnda sol-gelfasen som en 
extraktionsbädd för avsaltning och uppkoncentrering. Peptider i urin extrahe-
ras ur provet via adsorbtion till den hydrofoba monoliten, den komplexa 
matrixen sköljs bort och slutligen elueras peptiderna i smala effektiva band 
som joniseras med hjälp av elektrospray (ESI), se Papper I. Även läkemedel, 
som den antidepressiva substansen escitalopram i urin från en patient medi-
cinerad med Cipralex , har extraherats och kvantifierats (Papper II). Den 
framtagna metoden är mycket förenklad och har visat en detektionsnivå som 
är 10 gånger lägre än tidigare rapporter.  

Att miniatyrisera ett system kan vidare ge många fördelar. Om hela den ana-
lytiska kedjan kan inkorporeras på ett chip erhålls ett användarvänligt system 
där många snabba, parallella analyser kan utföras samtidigt där man undvi-
ker risker av förluster och kontamination samtidigt som små volymer prov 
och lösningar förbrukas. I Papper V har extraktionskolonnen med sol-gel 
placerats i ett chip av polydimetylsiloxan (PDMS). För att undvika att lös-
ningsmedel under sol-geltillverkningen angriper PDMS-strukturen tillverkas 
extraktionsmaterialet i en fyrkantig silikakapillär som kapas i passande stor-
lek och inkorporeras i chipkanalen med en ny utvecklad läckagefri metod. 
Uppkoncentreringen fungerar på liknande sätt som tidigare och inget läckage 
kunde observeras under försöken. 

Bioanalyser har ett stort användningsområde. Inom sjukvården är det av stor 
vikt att hålla koncentrationen av läkemedel i kroppen under uppsikt (Papper 
II) och för att kunna ställa rätt diagnoser eller finna orsaken till medicinska 
problem behövs effektiva bioanalyser. Kynureniner är metaboliter förknip-
pade med sjukdomstillstånd som Alzheimers, Parkinson, schizofreni, multi-
pel skleros och epilepsi. För första gången kan en snabb och känslig CE-MS 
metod för separation av dessa analyter i cerebrospinal vätska presenteras, 
Papper III. Detektionsnivån kunde där nå ner till 900 attomole vilket är 300 
gånger lägre än tidigare rapporterat med MS detektion. 

I Papper VI presenteras en ”screening”-studie gjord på plasmaprover från 
patienter med blindtarmsinflammation, för att utreda om specifika biomarkö-
rer kan identifieras som skiljer de två inflammationstyperna, flagmeneus och 
gangrenous, åt. I studien används två typer av system, ett med en kapillär-
modifiering som hindrar avlagring av prov på kapillärens innerväggar ihop 
med en högupplösande masspektrometer (FTICR-MS) och ett system med 
den tidigare beskriva ytan ODAC+TAC som genererar toppar med hög ef-
fektivitet och därför kombinerats med en snabbscannande TOF-MS. Struktu-
rella skillnader kunde påvisas mellan prover tagna före och efter operation 
samt mellan de två typerna av inflamation. För möjlig identifiering av bio-
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markörer kunde specifika analyttoppar plockas ut som skilde de olika typer-
na av inflamation åt. Dessa ska i framtida projekt identifieras med MS/MS. 

I ytterligate en studie av biomarkörer (ännu ej publiserad) analyserades 
follikelvätska från kvinnor lidande av polycystiskt ovariesyndrom för att 
undersöka möjlig förekommer av onormala steroidnivåer hos dessa kvinnor. 
Den samlade follikelvätskan renades och uppkoncentrerades på monolitko-
lonner enligt tidigare beskrivning, och den stora mängd data som genererats 
analyserades med hjälp av kemometriska verktyg för att försöka identifiera 
avvikelser mellan grupperna. En svag gruppering mellan patienter och kon-
troller kunde påvisas samt några misstänkta toppar identifieras. Studien var 
bara en förundersökning och ytterligare analyser måste utföras för påvisande 
av skillnader i follikelvätsakans sammansättning. 
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