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1. Introduction 

The constant demand to better understand and to be able to control functions 
and processes in the nature is the driving force in research. For an analytical 
chemist, this means to develop methods and instrumentation that are able to 
measure molecules in different samples with different concentrations in a 
fast and accurate way. Today, the trends are heading towards complex bio-
logical samples in the sub-µL-volume ranges where the molecules of interest 
are found in nanomolar concentrations or lower. One group of molecules 
that has gained attention during the last few years is neuropeptides. Neu-
ropeptides have been found to be responsible for a wide variety of functions 
in the body. Despite focused research, the area is still much unexplored and 
new neuropeptides are discovered on a regular basis. One reason for this is 
the analytical challenge neuropeptides provide. They are present in low con-
centration in complex biological samples; possessing wide inherent chemical 
diversity with respect to molecular size, charge and hydrophobicity. In order 
to be able to measure neuropeptides, sophisticated sampling, separation and 
detection techniques are required. 

Among sampling techniques for neuropeptides, microdialysis is one of 
the most elegant and versatile techniques available. Microdialysis can be 
conducted in vivo in living animals with temporal resolution. Microdialysis 
also provides protein free samples1. However, microdialysis of neuropep-
tides is difficult to carry out due to the size and concentrations of the neu-
ropeptides. A relative recovery of 25% is considered to be a successful 
yield2. However, this figure is more often less than 5%. With in vivo concen-
trations of neuropeptides in the femtomolar range2 and relative recoveries of 
less than 5%, pre-concentration steps and detectors with low detection limits 
must be used.  

Classical pre-concentration methods include different extraction tech-
niques, for example solid phase extraction (SPE) and separation techniques 
such as capillary electrophoresis (CE) and liquid chromatography (LC). CE 
and LC also provide separation between the neuropeptides, which is impor-
tant for the subsequent detection. Several different detection techniques have 
been implemented3. However, electrospray ionization (ESI) coupled to mass 
spectrometry (MS) is becoming a more important detection technique due to 
its high selectivity, accuracy, speed, low detection limits and its ability to 
perform structural determination. 
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In order to reduce unwanted adsorption, one must control the surface chem-
istry and minimize the areas the sample comes in contact with. One way to 
do this is to strive towards an on-line miniaturized analytical platform, where 
sample pre-treatment, separation and detection can be conducted on one 
single device, i.e. a micro-total analysis system (µ-TAS) or more commonly 
referred to as a microchip.   

Since the concept of µ-TAS was coined in 19904 it has gained much at-
tention and a whole new research field has evolved. Miniaturizing analysis 
methods to a microdevice have some apparent advantages, including reduced 
memory effects, reduced solvent demand, increased separation speed and 
efficiency4, possibilities to mass fabricate inexpensive and disposable de-
vices4. However, intense research and development must be carried out in 
order to benefit from all these features.  

This thesis deals with the possibilities to improve the microdialysis sam-
pling of neuropeptides, and furthermore, with the possibilities to minimize 
the loss of sample by implement sample pre-treatment, advanced sample 
separation and electrospray ionization on a microchip platform.  Different 
chip designs and materials are discussed as well as some future aspects. 
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2. Neuropeptides 

Neuropeptides is the general name for a group of neuroactive peptides that 
are found in almost all tissues in the body but most predominately in the 
central nervous system and the gut. They are stored in the axon terminal of 
the neurons and are released upon an action potential from their respective 
cell body. Depending on the synapse and tissue, the neuropeptides may func-
tion as neurohormones, neuromodulators or neurotransmitters3. Neuropep-
tides are built up by 3-100 amino acid residues resulting in much larger 
molecules compared to classical neurotransmitters, such as amines and 
amino acids5. Consequently, neuropeptides contain more chemical informa-
tion, which results in more recognition sites for the receptors and therefore 
higher binding affinities for neuropeptides compared to the classical neuro-
transmitters. This also allows neuropeptides to be present in lower concen-
trations in order to achieve neurotransmission.  

As presented in Figure 1, neuropeptides are predominantly produced ribo-
somally in the cell body. The peptides are packed into large dense core vesi-
cles and transported into axons and dendrites. The large dense core vesicles, 
which can contain classic transmitters, also contain processing enzymes, 
convertases, which release the bioactive peptides from the precursor. The 
release of peptides can occur from the cell soma, the dendrites and from the 
nerve endings. Neuropeptides are, in general, released outside the synapse 
under burst or high frequency firing compared to classic transmitters that are 
released into the synaptic cleft under low frequency. The classic transmitters 
receptors are found in the synaptic cleft whereas the peptide receptors, which 
are of G-protein-coupled type, are present in the cell soma, dendrites, axons 
and the nerve endings. The classic neurotransmitters also have a reuptake 
mechanism at both the cell and the vesicle membrane leading to transmission 
termination and recycling. Neuropeptides, in its turn, are broken down by 
extracellular peptidase and have to be replaced via axonal transport. Peptides 
are furthermore for slow and long-lasting response in contrast to classic neu-
rotransmitters that have rapid and short lasting response times. This can be 
explained by the lower diffusion rate that the neuropeptides possess due to 
their size and bulkiness. 
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Figure 1.  Neurotransmission. Production of the peptides in the cell body (1). Pack-
ing of the peptides into large dense core vesicles (blue) for further transport to the 
axons (2). Release of neuropeptides (black) from the cell soma (3) dendrites (4) and 
outside of the synapse (5). Release of classic neurotransmitters (green) in the synap-
tic cleft (6). G-protein-coupled type receptors (red), which act as peptide receptors.    

Neuropeptides often have multiple functions, for example substance P, 
which is involved in such functions as pain mediation, immune system acti-
vation and neurogenic inflammation. Decreased levels of substance P are 
found in Parkinson disease patients. The enkephalins that have structural 
similarities to morphine are one of three opiate peptides that play an impor-
tant role in pain regulation. Increased levels of enkephalins may be observed 
at neurogenic pain. Somatostatin is a multifunctional inhibitor that inhibits 
the release and metabolism of many hormones, neuropeptides and neuro-
transmitters by opening the K+ channels to hyperpolarize the cell mem-
branes. Somatostatin is, furthermore, involved in the maintenance of the 
adult and aging brain. Increased level of somatostatin in the blood plasma is 
a sign of endocrine tumors while a decreased level of somatostatin in the 
cerebrospinal fluid (CSF) is observed in patients with depression or demen-
tia disorders. For more detailed information about neuropeptides and their 
biological role a number of reviews5-7 and books3,8 are recommended. 
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3. Microdialysis 

The history of microdialysis goes back to 1966 when Bito et al.9 implanted 
semi permeable membrane sacs in the neck of dogs. They were able to 
measure free amino acids and other electrolytes in the extra cellular fluid of 
the brain and blood plasma. However, the sacs sampled the surrounding area 
by a static equilibrium and were not continuously perfused. In 1972, 
Delgado et al.10 performed the first in vivo microdialysis experiment with a 
primitive microdialysis probe, which they called “dialytrode”. The probe 
permitted infusion and collection of samples from wake rhesus monkeys. 
The dialytrode itself was constructed by gluing two tubings together with 
one tip ending prior the other in a polysulfone bag, which acted as the mem-
brane. The dialytrode was further refined to a microdialysis probe in 1974 by 
Ungerstedt and Pycock11. Since then, microdialysis has been widely applied 
in neuroscience, pharmacokinetics and biotechnology. Today, microdialysis 
is an established technique that is conducted on routine basis in many labora-
tories all over the world. 

3.1 Principles of microdialysis 
The theory of microdialysis is based on the diffusion of molecules over a 
concentration gradient. This gradient is accomplished by implanting a mi-
crodialysis probe into the sampling area of interest, in which the probe then 
mimics the function of a capillary blood vessel. Usually, in vivo microdialy-
sis is carried out in the extra cellular fluid (ECF) space in the tissues1,12. The 
basic microdialysis instrumental setup, which is presented in Figure 2, in-
cludes a syringe pump, a microdialysis probe and a collection and analysis 
part. Through the microdialysis probe, the syringe pump delivers a continu-
ous flow of perfusate, i.e. a liquid that possesses the same properties in pH 
and ionic composition as the sampling area. Due to diffusion in both direc-
tions the system must equilibrate before experiments can be initiated. How-
ever, the membrane, which is permeable to water and small molecules, pre-
vents molecules larger than its pore size from passing through the mem-
brane. The membrane pore size is usually translated to a molecular cut-off, 
which typically is chosen from the 5-30 kDa range. The molecular cut-off 
effectively prevents large proteins and other macromolecules from entering 
the perfusate, resulting in clean and protein free dialysates, which can di-
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rectly be analyzed using CE or LC. It needs to be noted that this does not 
apply to ESI-MS detection. These properties, together with the ability to 
collect samples with temporal resolution and with minimal perturbation to 
the system of study, makes the technique very unique and versatile for many 
applications1,12.

Figure 2. Schematic picture of the instrumental set-up for microdialysis experi-
ments. The enlargement shows the basic principle of microdialysis where large 
molecules are excluded from entering the perfusate.  

3.2 Estimation of the extraction efficiency 
Because the microdialysis probe is infused with a continuous flow of per-
fusate, a non-equilibrium state between the dialyzed sample and the sur-
rounding sampling area will always be present. A difference in concentration 
of the analytes in the microdialysate compared to the sampling area will be 
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the result. This difference in concentration is called extraction efficiency or 
relative recovery and it is one of two common measurements of the effi-
ciency of the microdialysis probe. The other measurement is the absolute 
recovery, which refers to the total amount of removed analytes from the 
perfusion medium instead.  

Determining the extraction efficiency is considered to be a key issue of 
microdialysis, especially when in vivo studies are conducted. The reason for 
this is that the extraction efficiency is used to determine the concentration of 
analytes in the sampling matrix by Equation 113.,

In

InOut
d CC

CC
E     (1) 

where Ed is the extraction efficiency, COut is the concentration of the analytes 
in the dialysate, C  is the analyte concentration in the sampling matrix, and 
CIn denotes the concentration of infused analyte. This parameter equals to 
zero if no analyte has been added to the perfusion fluid. As shown in Table 
1, the extraction efficiency is dependent on many factors.  

Table 1. Parameters that affect the extraction efficiency in microdialysis experi-
ments and some typical experimental settings1,12-15

Parameter Typically experimental settings 

Temperature 20 C –37 C, 37 C is recomended 
Perfusion flow rate 0.5 µL/min – 5.0 µL/min 
Diffusion coefficient  
Membrane area Length: 0.1 – 2.0 mm 

Radius 200 – 500 µm 
Membrane material Polyamide 

Polycarbonate 
Cuprophane
Polyethersulphone 

Membrane cut-off 5 kDa – 30 kDa 
Sample composition / matrix Analytes e.g. peptides, amminoacids, mono-

amines. 
Tissue, e.g. brain, liver, muscle. 

Perfusion medium composition Salt containing buffer e.g. Ringer’s solution or 
artificial CSF. 
pH 7.4 

All the listed parameters are more or less based on the time the perfusate is 
allowed to equilibrate with the sampling area. A decrease in flow rate will 
increase the equilibrium time and hence increase the extraction efficiency. 
However, a low flow rate will affect the temporal resolution due to the in-
herent diffusion process but also since more time must be spent to collect 
sufficiently large sample volumes for further analysis. An increased mem-
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brane surface area will also increase the extraction efficiency; this parameter 
is limited to the sampling matrix area and is therefore dependent on the ap-
plication. The properties of the sample matrix affect the extraction efficiency 
because, before the analytes can diffuse through the membrane they must 
diffuse through the sampling matrix. High matrix tortuosity decreases the 
diffusion coefficient of the molecules. An increase in temperature will in-
crease the diffusion coefficient with 1-2 % per C. Furthermore, the diffu-
sion coefficient is also dependent on the molecular weight of the analyte in 
an inversely proportional relationship, which means that a large molecule 
will exhibit larger resistance than a small molecule, i.e. take longer time to 
be transported into the perfusate. The membrane molecular cut-off value (5-
30 kDa) is determined during equilibrium conditions. Determining the cut-
off value in this way means that the true values, during non-equilibrium con-
ditions, are closer to 1-7 kDa, which in its turn results in difficulties to obtain 
high extraction efficiencies for molecules larger than 1 kDa1,13.

3.3 Enhanced microdialysis  
To increase the extraction efficiency is especially important when the target 
analytes are neuropeptides. Neuropeptides are relatively large and bulky 
molecules with molecular masses ranging from 500 up to >5000 Da. They 
possess different hydrophobic and charged properties and are in vivo, present 
in low femtomolar to micromolar concentrations3. As discussed above, there 
are several ways to increase the extraction efficiency. One way is to increase 
the flux of analytes by increasing the concentration gradient across the 
membrane. This can be achieved through an increase in flow rate. However, 
increased flow rate produces lower extraction efficiency. Another way is to 
introduce mobile carriers with high affinity for the analyte of interest in the 
perfusion fluid16. Facilitated microdialysis or enhanced microdialysis have 
been applied with different carriers including proteins17-20, cyclodextrins21-23,
lipids18,24,25, microbeads26 and particles27. In all cases an increase in extrac-
tion efficiency was reported. Facilitated transport using carriers combines 
diffusion with chemical affinity. Moreover, the carriers prevent unwanted 
adsorption of the analytes to the tubings in the microdialysis system. This 
peculiarity is in particular important for neuropeptides, which often are 
sticky by nature. In Paper I, a method able to transport a perfusate contain-
ing SPE particles through a microdialysis probe, in order to achieve higher 
extraction efficiencies was developed. After the microdialysis sampling, 
which was conducted in vitro, the peptides were eluted from the particles 
and quantified using LC-MS. The use of particles in the perfusion fluid 
compelled certain experimental modifications, so that a reproducible per-
fusate flow could be obtained. A linear microdialysis probe was used to 
avoid clogging of the particles and air bubbles were introduced with con-
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trolled intervals to the perfusion flow in order to move the particles. The 
reason for these modifications depended on the used SPE particles, which 
were irregularly shaped with an average diameter of 100 µm. Notwithstand-
ing initial difficulties, enhanced extraction efficiency were obtained.  

Figure 3. Comparison of in vitro conducted microdialysis experiments of neuropep-
tides. The black bars represent enhanced microdialysis and the gray bars represent 
ordinary microdialysis. The error bars represent the relative standard error of the 
mean based on 6 and 4 measurements of solid supported microdialysis and normal 
microdialysis respectively. 

As illustrated in Figure 3, the enhanced solid supported microdialysis mode 
gave considerably higher extraction efficiencies for most of the peptides. A 
10 times higher extraction efficiency was obtained from the largest and least 
hydrophobic neuropeptide, luteinizing hormone releasing hormone (LHRH). 
The smallest peptide in the study, leucine-enkephalin did not give any sig-
nificant change in extraction efficiency between the two microdialysis 
modes. The increased extraction efficiency is a combination of increased 
flux of analytes through the membrane and a decreased adsorption of ana-
lytes onto the tubings. It is, however, difficult to distinguish which effect 
actually contributed the most. It is clear, however, enhanced microdialysis 
increases the extraction efficiency for neuropeptides. 
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4. Separation Techniques 

4.1 Reversed phase liquid chromatography 
Reversed phase liquid chromatography (RPLC) is one of the most estab-
lished separation techniques. The separation mechanism is based on the par-
titioning of the analytes between the stationary phase and the mobile phase, 
where the mobile phase is more polar compared to the stationary phase. The 
instrumentation used consists of a pump, injector, column and detector. Tra-
ditionally the LC column inner diameter (i.d.) has been 4.6 mm packed with 
3 – 5 µm packing material facilitating flow rates in the mL/min range and µL 
injection volumes28. However, demands of separation systems able to handle 
small sample volumes have led to the development of miniaturized LC sys-
tems with columns having an i.d. of 150 – 500 µm, providing flow rates in 
the 0.5 – 10 µL/min range and injection volumes of high nL28. LC separa-
tions carried out in such columns are referred to as capillary-LC and were 
used in Papers I and III.   

4.2 Capillary electrophoresis 
Capillary electrophoresis is a separation technique that separates the mole-
cules depending on their electrophoretic mobility, i.e. their charge and size. 
As depicted in Figure 4, the instrumentation of CE consists of two vials, a 
high voltage supply fitted with two electrodes, a detector, a data collection 
and analysis system and finally a fused silica capillary. 

Basically, the fused silica capillary with an i.d. of < 100 µm is filled with 
separation buffer and put into two vials containing the same buffer. A high 
potential 5-60 kV is applied between the two vials, which cause an electric 
field inside the capillary. An electrical double layer will be formed on the 
capillary wall when ions from the buffer solution congregate at the opposite 
charged capillary surface. This double layer is the main foundation in the CE 
methodology, since it is responsible for the electroosmotic flow (EOF). 
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Figure 4. A schematic picture of the instrumental set-up for capillary electrophore-
sis. The enlargement shows the direction of the electrophoretic mobilities of the ions 
and the electroosmotic flow. 

The EOF is constantly flowing towards one end of the capillary, in this case 
the cathodic end. The separation, however, is carried out according to the 
electrophoretic mobility of the analytes. Small and highly charged molecules 
will possess highest mobility and large molecules will possess lowest mobil-
ity. In the case described in Figure 4, negatively charged molecules will mi-
grate towards the anode, while positively charged molecules will migrate 
towards the cathode and neutral molecules will be unaffected. However, the 
EOF, which in most cases is higher than the electrophoretic mobility of the 
molecules, will produce a net-flow towards the detector. The injections of 
sample into the capillary are either performed electrokinetically or hydrody-
namically, where hydrodynamic methods include siphoning or the varying of 
an applied pressure. The injection volume is often in the low nanoliter or 
lower range29,30 .

A CE separation is fast with a high resolution and a very high efficiency. 
Several hundreds of thousands of theoretical plates per meter are routinely 
achieved. The high efficiency is due to the plug like flow profile, which is 
facilitated by the electrical double layer. CE is also a separation technique 
that has interest, due to its qualities in the field of miniaturization and in 
microchip applications. This will be discussed in more detail in Chapter 
6.2.2. 
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4.3 Multidimensional separations 
The term of true multidimensional separations originates from O’Farrell’s 
work on two-dimensional (2D) polyacrylamide electrophoresis (2D PAGE) 
in 197431. This is a well-known 2D separation technique, where the first 
dimension separates by isolelectric focusing and the second dimension sepa-
rates by size. Giddings32 stated two criteria for the definition of true multi-
dimensional separation. First of all, two or more separation mechanisms 
should be orthogonal of each other, i.e. possess different separation mecha-
nisms. For example, the RPLC, which separates based on hydrophobicity, 
and CE, which separates according to the electrophoretic mobility, i.e. size 
and charge. Secondly, whenever two components are resolved in any of the 
separation steps, they should remain resolved during the whole process. 
These statements verify that the individual fractions obtained in the first 
separation have to be continuously fed into the second dimension, which is 
based on a completely different separation mechanism. In order to achieve 
true multidimensional separation, the sampling period of the second dimen-
sions should be considerably shorter than the width of the peaks emerging 
from the first dimensional separation. As a consequence, the second dimen-
sion separation must be significantly faster than the first dimension since the 
time available between the injections is limited. Furthermore, one has to 
have knowledge about the elution profile in the first dimension to be able to 
sample representatively into the second dimension33. Murphy et al.34 sug-
gested that each peak in the first dimension should be sampled at least three 
times by the second dimension in order to achieve optimal resolution. 

The major advantage in using a multidimensional separation system is 
that the peak capacity is largely increased. In an ideal orthogonal multidi-
mensional separation, the peak capacity is approximately the product of the 
peak capacities of both dimensions32. This means for instance that if two 
separation techniques with peak capacity of 100 each were combined, the 2D 
separation system would have a total peak capacity of 10,000. The true peak 
capacity is expected to be lower due to peak broadening in the second di-
mension and due to the natural difficulties experienced when coupling two 
divergent techniques35.

Due to the large number of different kinds of multidimensional separation 
techniques, one may first divide them into 2D separations that separate in 
space, such as 2D gels, which separate analytes over a 2D planar surface, 
and 2D separations that separate over time, for example LC-CE35. The 2D 
separation techniques that separate over time may also be divided in an off-
line and an on-line mode. In the off-line mode, fractions are collected from 
the first dimension and manually injected in the second dimension, whereas 
in the on-line mode, samples are constantly injected into the second dimen-
sion from the first35,36. The following Chapter focuses on on-line 2D LC-CE 
systems.  
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4.3.1 On-line LC-CE 
As mentioned earlier, LC and CE are orthogonal techniques, which are 
suited for on-line coupling. Furthermore, the fast separation process of CE 
makes it ideal as a separation technique for the second dimension. Due to the 
dissimilarities between the techniques, some obvious obstacles when cou-
pling LC to CE arise. When analyzing proteins and peptides it is preferable 
to use as low ion strength as possible in the LC separation in order to achieve 
stacking effects in the CE. However, a slow elution of LC and fast CE en-
ables comprehensiveness without the need to adjust the ion strength. The 
elution volume in conventional LC is by order of magnitudes larger than the 
injection volume in the CE. This difference can be solved by incorporating a 
split in the LC effluent, however a loss in sensitivity and an increased band 
broadening will be the result. Another approach is to reduce the LC flow by 
using micro columns; in such cases on-line sampling solutions are essential. 
Since the CE separation should be as fast as possible, the injection time from 
the LC effluent into the CE dimension must be short and frequent35,37.

The first comprehensive on-line LC-CE system was developed in 1990 by 
Bushey and Jorgensson38. Several interface designs have thereafter been 
developed for coupling pump driven flows to CE, including transverse flow 
gating interfaces39-44, optically gated interface45, sample loop interfaces38,46,
two level cross interfaces47,48. Among these designs, the transverse flow gate 
system has been most utilized. The injection system is based on a cross con-
nection with the CE flow inlet place opposite to the LC flow outlet. In the 
transverse channel a flow of CE electrolyte is flowing to prevent the LC 
effluent to enter the CE channel. Injections are carried out by shutting off the 
CE flow. A modified transverse flow gate system made in insulating elas-
tomer poly(dimethylsiloxane) (PDMS) has been developed and further im-
proved by Samskog and Bergström47,48. The cross connection was made in 
two levels with a small contact area between the LC and CE channels. A 
slight overpressure was applied in the cross to provide fresh CE electrolyte 
to the CE separation and to assure independency of the LC and CE flows. 
This injection cross was further developed in Papers II and III and will be 
described in more detail in Chapter 5.3.1.  
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5. Mass Spectrometry 

A mass spectrometer is a powerful instrument that measures ions in gas 
phase according to their mass-to-charge (m/z) ratio. Figure 5 illustrates a 
typical mass spectrometer instrumentation including sample inlet, ion 
source, vacuum pumps, ion optics, mass analyzer, detector and a data han-
dling system.  

Figure 5. Schematic picture of a typical MS instrumentation, with ion source, ion 
optics, mass analyzer, detector and a data handling system 

There are many variations of ion sources and mass analyzers. In this thesis 
electrospray ionization (ESI) has been used as ion source and time-of-flight 
(TOF), quadrupole, and Fourier transform ion cyclotron resonance (FTICR) 
mass spectrometers have been utilized as mass analyzers. 

5.1 Electrospray ionization  
After the pioneering work by Dole49,50 and Fenn51, ESI has become one of 
the most important ion sources for large biomolecules and polymers. ESI is a 
gentle ionization technique that transfers ions in a liquid to gas phase, which 
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is of high importance when, coupling continuous liquid separation tech-
niques to mass spectrometry. Furthermore, it gives multiply charged ions, 
which are vital for the analysis of large molecules such as proteins51,52.

5.1.1 The mechanism of electrospray 
The mechanism of electrospray has been described in several reviews53-58.
Briefly, it can be divided into three parts, the nebulization of a sample into 
electrically charged droplets, the evaporation of droplets resulting in libera-
tion of ions and finally, the transportation of ions from atmospheric pressure 
into the vacuum of the mass spectrometer. The ESI process, depicted in Fig-
ure 6, is carried out by feeding a sample solution through a capillary tube. At 
the tip of the capillary, a high electrical potential, usually a few kV, is ap-
plied.

Figure 6. Schematic picture of the electrospray process in positive ion mode.  

At a small distance from the tip end a counter plate with a lower potential is 
placed. Assuming positive ion mode, positive charges are pulled towards the 
liquid front and when the electrostatic force and surface tension balance 
perfectly, the liquid front protrudes into a cone known as the Taylor cone. At 
the apex of the Taylor cone the experienced electric field is at its maximum. 
With an additional increase in the electric field, droplets with net positive 
charges are formed since the surface tension in the sample solution become 
too low compared to the repulsion forces in the liquid. The positive charged 
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droplets are ejected towards the counter plate, where they shrink due to sol-
vent evaporation and fission processes. Eventually only droplets containing 
single ions are present. Finally the solvent in the droplets will evaporate 
resulting in a gas phase ion from the sampled compound. This theory is also 
called charge residue model (CRM). In another theory, known as ion evapo-
ration model (IEM) the phase where the ion evaporates into gas occurs di-
rectly from small highly charged droplets. Both theories may be valid simul-
taneously, but for gas phase macro-ions, the CRM theory is most likely to be 
the dominating process59 whereas the IEM theory seems to dominate for 
small surface-active ions60.   

5.2 Mass analyzers 
The main task for a mass analyzer is to separate ions according to their m/z
ratio. There are a number of different mass analyzers able to accomplish this, 
including TOF, quadrupoles, ion traps, FTICR and sector instruments. The 
characteristics of a mass analyzer are usually described based on their re-
solving power, mass accuracy, mass range, linear dynamic range, speed, 
sensitivity, precision and compatibility with ionizer. No single mass analyzer 
is superior to another in all perspectives; instead, the various mass analyzers 
may be used as complements to each other58,61. In this thesis, TOF, triple 
quadrupole and FTICR have been used. 

5.2.1 Time-of-flight
TOF is a mass analyzer that accelerates ions in an electric field and measures 
the time it takes for the individual ions to travel a certain distance. A highly 
charged small ion will travel faster than a large ion. The TOF mass analyzer 
is by nature optimal for pulsed ionization techniques such as matrix assisted 
laser desorption/ionization. In order to couple a continuous ionization tech-
nique such as ESI, orthogonal acceleration TOF62,63, (oaTOF) is used. In 
oaTOF, the ions in the continuous ion beam are pulsated, in a right angle 
towards the detector. The pulse rate is determined by the time it takes for the 
heaviest molecule, after having been sampled, to reach the detector. The 
sampling frequency is in the kHz range, which results in acquisition rates of 
several spectra per seconds. Hence, oaTOFMS is the mass analyzer of choice 
for fast separation techniques such as CE64. Additional advantages with oa-
TOF are the high mass range, the good mass accuracy and the good mass 
resolution61,65. An oaTOFMS was used in Papers II, V-VII.
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5.2.2 Quadrupole
The operation principle of the linear quadrupole mass filter61,66,67 is well 
known and has been and the most widely used mass analyzer for the last 30 
years. A quadrupole mass filter consists of four rods or poles aligned parallel 
to each other. The mass selection is dependent on the ion motion arising 
from electric fields based on a direct current (dc) voltage and a radio fre-
quency (RF). The ratio between RF and dc is used to control which masses 
are able to reach the detector. Ions with the selected m/z ratio will pass 
through the quadrupole and be collected at the detector while the unselected 
ions hit the rods. Single quadrupole instruments are still widely used but the 
main task for the quadrupole has been to act as a first stage in tandem mass 
spectrometers. Triple quadrupoles, quadrupole-TOF and quadrupole-ion 
traps are examples of this. In triple quadrupole, introduced by Yost and Enke 
in 197868, the first quadrupole acts as a mass filter for the precursor ion mass 
selection, the second is an RF-only quadrupole collision cell and the third 
quadrupole acts as mass filter for the product ion mass. Such an instrument 
was used in Papers I and IV. In Paper IV the MS/MS ability was utilized.  

5.2.3 Fourier transform ion cyclotron resonance 
In a FTICR, ions are trapped in an analyzer cell that is placed inside a mag-
net. The analyzer cell is oriented in a magnetic field , which is several Tesla 
strong. In this field two opposing pairs of plates are orthogonal to the direc-
tion of the magnetic field. FTICR separates ions according to their inherent 
cyclotron frequency, which they get when exposed to the magnetic field. The 
cyclotron frequency is inversely proportional to the mass to charge ratio of 
the ion and direct proportional to the magnetic field. Ions with lower m/z
ratio will acquire higher cyclotron frequency compared to ions with higher 
m/z values. However, this motion does not provide a detectable signal. 
Therefore, packets of ions with given m/z need to be excited. This is accom-
plished by applying an oscillating RF electric field. When the RF frequency 
matches the cyclotron frequency of the ion packet, the ion packet will adsorb 
the energy and accelerate into a larger orbit radius without changing the ion 
cyclotron frequency.  When the applied RF frequency is terminated the ion 
packets will continue to gyrate at this radius. Electrodes placed in the ana-
lyzer cell will conduct measurements and return a small alternating current. 
The amplitude of this current is proportional to the amounts of ions in the 
ion packet and the frequency is the cyclotron frequency i.e. m/z ratio. The 
alternating current is further Fourier transformed before a mass spectrum is 
displayed. The apparent advantage is that the packets of ions may be sam-
pled multiple times since the detection system is not destructive. However, 
this requires a tremendously effective vacuum system. Moreover, a sophisti-
cated data system is needed since FTICR provides large amounts of data due 
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to its unbeatable mass resolution and mass accuracy69-71 A 9.4 T; FTICR was 
used as mass analyzer in Paper III.

5.3 Interfacing separation techniques with ESI-
MS

When interfacing separation techniques to MS via ESI, several important 
issues must be considered in order to achieve a compatible connection. The 
main issues are the flow rate and the solvent properties. It is also important 
to minimize dead volumes between the separation steps and the ESI in order 
to maintain the separation performance72,73. The operational flow rates of CE 
and ESI are both in the µL/min-nL/min-window and do not pose a problem. 
Different solutions have been presented to solve the flow rate incompatibili-
ties that previously existed between LC and ESI. A splitting tee has been 
employed before the ESI74. Bruins et al.75 developed a pneumatically as-
sisted interface i.e. ionspray, able to handle aqueous solutions and higher 
flow rates compared to pure electrospray. Hopfgartner et al.76 further ex-
tended the application of ionspray to handle flow rates up to 2 mL/min by 
adding a liquid shield between the ESI needle and the counter plate of the 
MS. Briefly, the pneumatic nebulizer is responsible for the aerosol formation 
and the electric field charges the droplet. The result of this is that ionspray 
can be operated at lower field strength and without the risk of electrical dis-
charges ruin the ESI process. Furthermore, the degree of freedom in the po-
sitioning of the ESI emitter inside the ion source is larger compared to pure 
electrospray, resulting in an improved robustness. An ionspray interface was 
used in Paper I due to the operational flow rate from the high performance 
liquid chromatography (HPLC) column was 12 µL/min. The most important 
issue of coupling LC to ESI is the development of robust and reliable minia-
turized LC-systems operating in the µl-nL/min flow ranges. 

The solvent composition in ESI resembles of the composition used in 
RPLC and CE. The solvent is water based and has an organic modifier, 
which decreases surface tension and enhances the spraying efficiency. Fur-
thermore, a volatile electrolyte has to be added to both adjust the pH and to 
introduce electrolytes maintaining the spray and making the spray independ-
ent on the analyte concentration. In positive ESI mode, formate or acetate 
ions are often used in low mM concentrations58.

A number of interface designs have been developed for LC-ESI and for 
CE-ESI. In general, two major approaches have been employed, which are 
sheathflow and sheathless interfaces. See Figure 7a and 7b. 
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Figure 7. a) Sheathflow and b) sheathless interfaces, two interfaces commonly used 
to interface liquid separation techniques with ESI-MS. 

The sheathflow interface utilizes a sheath liquid that surrounds the separa-
tion capillary tip in order to stabilize the electrospray. The ESI potential is 
applied onto a stainless steel capillary, which stays in contact with the sheath 
liquid. Sheathflow interfaces have been one of the most used interface de-
signs in CE applications64,72. In CE-ESI, the addition of sheath liquid plays 
an important role since it makes the CE separation more compatible to ESI 
sources, which often operate optimally at flow rates of 1-5 µL/min. Since the 
sheath liquid dictates the spray performance, the buffer solution of the CE is 
negligible. However, increased background noise77, shift in migration orders, 
and sample elution dilution are drawbacks with the sheath liquid design. 
Sheathflow interfaces were also the first interfaces developed for LC-ESI, 
however, the miniaturization of the LC system has led to increased usage of 
sheathless interfaces. 

In the sheathless design74, depicted in Figure 7b, the separation capillary 
is directly coupled to the ESI source. The ESI voltage is usually applied via 
an electrode inserted at the end of the separation capillary79,80 or via a con-
ductive coating81-87 applied at the tip of the separation capillary. This design 
offers many advantages for instance, maximum sensitivity may be reached 
since no dilution effects exist due to added liquids. Therefore the choice of 
separation buffer is limited to be ESI compatible. The use of a conductive 
coating is advantageous since in theory, the separation can be carried out to 
the very end of the separation capillary resulting in no band broadening ef-
fects. The challenge has been to find a durable conducting coating able to 
withstand the harsh electrochemical environment present at the emitter tip. 
Numerous materials, including metals81-83, conducting polymer84 and graph-
ite85-87, have been tested for this purpose. The materials were applied using 
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different methods, such as electroplating, gluing, evaporation and sputtering. 
In Paper III, graphite coated CE capillary86, was used to facilitate sheathless 
ESI. A modification of this durable coating was further conducted and used 
in Papers II, IV-VII, and this will be discussed in more detail in Chapter 
6.2.3.  

5.3.1 On-line LC-CE-ESI-MS 
Although extensive developments of LC-CE interfaces, only two of these 
have been coupled to mass spectrometry40,47. Liquid separations coupled to 
mass spectrometry may be regarded as a multidimensional separation since 
the MS detects ions according to their mass to charge ratio88, and hence pro-
vides an orthogonal separation dimension. LC-CE-MS would therefore be a 
true 3D separation and detection technique. As emphasized earlier, the sec-
ond dimension separation must be much faster than the first one. The sam-
pling rates must be high, at least 3 samplings from each peak in order to not 
lose resolution and be representative. The same criteria are thus valid for the 
third dimension. This requires a lot from the mass spectrometer, which has 
to be able to sample fast, i.e. fast scanning rate.  

In Papers II and III, an LC-CE interface was developed and evaluated. 
The interface was fabricated in PDMS in a two level cross design with a 
small contact area as shown in Figure 8. In the lower level the flow from the 
first dimension was introduced while in the upper level a constant pressure 
driven flow of CE electrolyte was maintained. The CE flow was also pres-
surized in order to avoid leakage from the first dimension effluent into the 
second dimension separation. Injections were carried out by removing the 
applied overpressure. 
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Figure 8. Schematic picture of the LC-CE interface used in Papers II and III. The 
enlarged parts show the liquid flow during default mode and injection mode respec-
tively

The cross design and function were equal in both Papers but the separation 
dimension varied. In Paper II, which will be described in more detail in 
Chapter 6.2, a two-dimensional in-line SPE-CE-ESI microchip was devel-
oped. In Paper III a comprehensive RPLC-CE system coupled on-line to an 
ESI-FTICR-MS was developed. A limit of detection was calculated to be 
approximately 280 nM for studied peptides. The performance of the system 
was further evaluated by analyzing a tryptic digest of bovine serum albumin 
(BSA). Injections were carried out every 30 seconds into the CE from the 
LC flow. In total, 3126 unique peptide masses were detected in the mass 
spectrometer resulting in a sequence covering of 93 % (5 ppm mass meas-
urement error).  
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6. Miniaturization 

The vast developments in the field of microelectronics, where millions of 
electrical devices can be placed on one small microchip, have encouraged 
the miniaturization of microfluidic systems able to carry out advanced ana-
lytical analyses. These microfluidic systems, also known as lab-on-a-chip or 
µ-TAS, should ideally perform a complete, integrated and automated analy-
sis of a target analyte in a complex sample matrix. The components of this 
microchip may include for instance sampling, sample pre-treatment, chemi-
cal manipulations, separations, detection and data analysis, i.e. have the 
functions of a complete analytical laboratory4. The typical dimensions used 
for various steps range from few micrometers to several millimeters in 
length, and 0.1 – 100 µm in depth or height. These dimensions result in a 
microstructure miniaturized onto a few square centimeters89.

While considering miniaturization and the µ-TAS concept, one might ask 
whether it is realistic or even possible to accomplish. The community which 
supports µ-TAS concept often refers to the fact that miniaturization is advan-
tageous since low cost, disposable and advanced analytical devices may be 
constructed. These devices are able to analyze low sample volumes in a fast 
and efficient manner. It is debatable whether or not the µ-TAS concept is the 
ideal solution, but one thing is clear however. The field of µ-TAS will be 
developed as long as it is a need for improved analytical performance within 
miniaturization.

 The first reported microchip was presented in the late seventies90. On this 
silicon microchip, a complete gas chromatograph able to separate simple 
mixture of compounds in a very short time. This pioneering work was ahead 
of its time and only few developments were made in the field of µ-TAS. In 
1990, Manz’s group presented a novel approach, in which an open-tubular 
liquid chromatograph with a conductometric detector was fabricated on one 
singular silicon chip91. This was an important milestone, which led to the 
introduction of the µ-TAS concept4. After these developments the field of µ-
TAS has expanded rapidly and branched into many different areas, for ex-
ample: clinical and forensic analysis92, point-of care testing93, molecular 
diagnostics94, medical diagnostics95 and biological and chemical analysis96.
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6.1 Microfabrication methods and materials 
There are mainly two types of materials, silicon and polymer, used as sub-
strates in microchip devices. These materials have very different properties 
with the result that completely different fabrication methods must be em-
ployed. Silicon based microchips that include glass, silicon and quarts are 
the most commonly used materials in microchip. The reasons for this are 
their optical properties, well-explored surface chemistry and the extensively 
developed fabrication methods, adapted from the microelectronics indus-
try97. One obvious drawback using silica material is the high cost. Polymers 
have gained increased interest because of the, potentially lower production 
expenses compared with silicon material. Polymers consist of large amounts 
of monomers, often more than 1000 monomer units, which results in large 
macromolecules with molecular masses between 10 kDa and 100 kDa. The 
polymerization is initiated by the addition of a substrate or by a change in a 
physical parameter, for instance, temperature or light. The group of polymers 
can be divided into three subcategories based on their interconnection be-
tween the monomers in the polymer chain, which determines their molding 
behavior; duroplastics, thermoplastics and elastomeric polymers98. In this 
thesis, thermoplastics and elastomeric polymers have been used as chip sub-
strates and will therefore be discussed in more detail.   

6.1.1 Thermoplastics
Thermoplastics belong to a large group of polymers that is more commonly 
known as plastics. Examples of thermoplastics are polyamide, also known as 
nylon, polycarbonate (PC), polypropylene, polystyrene, and poly-
methylmethacrylate (PMMA) also known as Plexiglas. Among these, PC 
and PMMA are the most commonly used thermoplastics in microfabrication. 
A common property for all thermoplastics is that they have a glass transition 
temperature Tg, which is the temperature when the hard plastics become 
fluidic, but not melted. This important characteristic is used in the microfab-
rication process. The temperature is increased above the Tg and the solid and 
brittle material become plastic-viscous and can be molded. When the tem-
perature decreases under Tg, the material once again solidifies. Two micro-
fabrication approaches have been developed, direct techniques99,100 where 
each single device is fabricated separately, and molding techniques101 where 
the polymer material is replicated from a master structure. The commercial 
focus has been laid on the molding techniques due to the possibilities to 
mass fabricate large quantities of microstructures. The fabrication procedure, 
depicted in Figure 9, begins with the fabrication of a master structure. There 
are several master fabrication techniques optimized for microfluidic struc-
tures. It is beyond the scope of this thesis to further describe those tech-
niques, but for more information, reviews are recommended102-105. After the 
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fabrication of the master mold, the molding replication is conducted. There 
are mainly two molding techniques, hot embossing and microinjection mold-
ing. In both techniques, the polymer substrate is first heated above its glass 
transition temperature so it becomes liquid. In hot embossing, the structure is 
stamped into the polymer substrate, whereas in the injection molding tech-
nique, a structured mold is filled with the liquid polymer. The temperature is 
then decreased and two-dimensional microstructures are printed on the 
polymer wafer surface. 

Figure 9. Fabrication procedure for thermoplastic microchips used in Paper V. The 
microstructure is etched in silicone, replicated in nickel and injection molded. The 
polymeric structures are then cut and bonded to a coverlid.  

In order to complete the microchip, additional steps like for instance sealing 
the channels, drilling holes, channel surface modifications and metallization 
are usually needed102. Among all steps, the sealing of the microchannels is 
the most difficult one. Surprisingly, this topic is also most often neglected in 
the literature. In Paper V, PMMA and PC microdevices were manufactured 
by injection molding using a nickel master. The devices were further diced 
into smaller pieces sealed with an unstructured PMMA or PC lid. A capillary 
was inserted at one end of the microchannel and an electrospray tip was 
shaped at the other end by milling, either by hand or by using milling 
equipment. Finally the tips were metallized in order to facilitate sheathless 
electrospray. Different emitter tip designs and conducting material were 
evaluated using visual inspections, electrochemical methods and mass spec-
trometry. The outlet of the channel was in many cases difficult to see, even 
when using scanning electron microscope. The reasons for this were that the 
channel dimensions at the end of the tip were tapered probably due to de-
creased rigidity during the tip sharpening. The chip substrate also tended to 
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smear out over the channel opening. However, the tip worked for electros-
pray even if the reproducibility was not optimal. The largest obstacle in this 
study was the sealing step, approximately a 20% success rate for both PC 
and PMMA was achieved. 

6.1.2 Elastomeric polymers 
The most important elastomeric polymer used in microfabrication is 
poly(dimethylsiloxane), (PDMS). PDMS is a silicone-based material, which 
has in qualities, such as being flexible and UV/VIS-transparent. It is also 
biocompatible and therefore suitable for protein and cell analysis. Further-
more, it is stable in the 40 – 95 ºC temperature range, which is the range 
where processes of biological material are conducted. PDMS is also cured at 
a relatively low temperature, approximately at 70 ºC, a feature that may fa-
cilitate the surface coating procedure. However, the most important advan-
tage is the microfabrication simplicity PDMS offers. No clean-room facili-
ties or sophisticated equipment is needed to obtain µm accurate microstruc-
tures. This makes PDMS very appealing for prototyping purposes, but also 
optimal for inexpensive mass production. Hence PDMS renders possibilities 
for many people to work in the area simultaneously, which significantly 
increase the speed of innovation103,106-108. As stated by Quake and Scherer106,
the advances of PDMS microfabrication are analogous to the swift growth in 
software due to the personal computer development.  

There are also some disadvantages with PDMS. Lee et al109, considered 
three aspects of solvent compatibility; swelling properties, solute partitioning 
between the solvent and the PDMS material, and the dissolution of PDMS 
oligomers in a solvent. Among these three parameters, the swelling, due to 
organic solvent exposure, had the greatest influence. However, solvents and 
acids commonly used in LC, CE and ESI such as water, acetonitrile, metha-
nol, formic acid and acetic acid did not swell the PDMS and are therefore 
highly compatible109. Another property of PDMS that sometimes is consid-
ered as a drawback is its hydrophobic surface, which is due to the methyl 
groups on the monomer as depicted in Figure 10. 

Figure 10. Chemical structure of PDMS 
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Different surface modification strategies have been developed. The purposes 
have been to hinder molecules like proteins and peptides to adsorb to the 
PDMS and to make the surface more electrophoretically compatible, i.e. 
increase the amount of charges on the surface. One way to modify the 
PDMS surface is to expose it to energy sources such as UV-light110,111, oxy-
gen plasma112 and corona discharges113. One has shown that the hydrophobic 
surface turns more hydrophilic, probably due to formation of SiOx groups at 
the expense of methyl groups (Si-CH3)111-113. Energy exposed PDMS-
surfaces have larger resistance to adsorption of hydrophobic and negatively 
charged molecules than untreated PDMS surface. One may also modify the 
surface by chemical methods using covalent coatings, PDMS bulk modifica-
tions and dynamic coatings114,115. In the latter, the surface is modified using 
charged surfactants116,117 or polyelectrolyte multilayers118,119. In both cases, 
the modifying molecule contains a hydrophobic part and a charged part. A 
monolayer is created at the PDMS surface since the hydrophobic part of the 
molecule interacts with the hydrophobic PDMS surface. The charged part of 
the molecule thus creates a charge surface. Dynamic coatings are easy to 
apply and may withstand large pH-ranges and are also considerably more 
stable than energy exposed PDMS surfaces120. A dynamic coating was used 
in Papers II, III, VI were a cationic polyamine, PolyE-323121, was used in 
order to facilitate anodal EOF that is suitable for positive ESI, but also to 
minimize the peptide adsorption on the channel walls. 

As emphasized earlier, the major advantage with PDMS is the microchip 
fabrication simplicity. The fabrication procedure is similar to the thermo-
plastic fabrication procedure. First, a master is fabricated, this master is 
thereafter used to replicate PDMS microstructures. Finally sealing and sur-
face modifications are carried out to complete the microchip. The master 
fabrication is usually manufactured with the same methods used in the fabri-
cation of masters for thermoplastic microchip. However, rapid prototyping 
methods for master fabrication for PDMS structures have been developed122.
The largest gain when using PDMS is that the replication procedure is easily 
accommodated. A premixture of PDMS is simply cast over the master mold 
and allowed to polymerize, the PDMS wafer is then pealed off and a new 
replications may be conducted from the same mold. The sealing of two 
PDMS structures is also more straightforward. The surface of the two PDMS 
structures is exposed to energy and attached together. This creates an irre-
versible bond since the OH-groups produced from the energy exposure cre-
ates a covalent oxygen bond. The fabrication technique makes it possible to 
fabricate advanced microstructures with nanometer resolution. This tech-
nique was used in Paper VII since a precise grid structure had to be con-
structed. The grid was placed in the channel, which subsequently ended in an 
electrospray tip, which was fabricated directly from the PDMS substrate. In 
order to limit the thickness of the tip, a transparent film was used during the 
fabrication as a cover over the protruding tip.  
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Even if the sealing is more reliable when dealing with PDMS compared to 
thermoplastics, it still introduces a source of uncertainty to the microfabrica-
tion process. Furthermore, the replication process prevents to some extent 
fabrication of 3D structures. Chiou et al.123 presented a microfabrication 
method where wires were used to define the CE channel. In Papers II – IV
and VI a similar microfabrication protocol was developed and utilized.  

Figure 11. A nine-step fabrication procedure developed and utilized in Papers II - 
IV and VI.

The novel fabrication procedure facilitated 3D-constructions without the 
need of sealing in a nine-step procedure as seen in Figure 11. Metal wires 
and fused silica capillaries are inserted in the mold through drilled holes in 
the side modules of the mold. The aim of the wires and the capillaries is to 
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define the final channel pattern of the microchip. The method produces cy-
lindrical channels, which facilitate no-dead volume connections to fused 
silica capillaries. This feature provides precise connection between capillary-
based instrumentation and microchip technology, which is considered to be a 
major problem addressed in a review by Fredrickson et al124. Furthermore, 
no clean room facilities are needed since no master mold has to be fabricated 
which makes the technique very accessible and inexpensive. It is also very 
easy to change and modify the final design of the chip, which makes the 
technique suitable for fast prototyping and evaluation of different interesting 
structures.

The fabrication technique may not produce very advanced chip layouts 
and it may no be suitable for mass fabrications since a somewhat craftsman-
ship is required to produce the microchips. Anyway, this interesting chip 
format fills up a gap between capillary-based technologies and chip-based 
technologies.  

6.2 Incorporated microchip functions 
Certain standard operation are involved in the µ-TAS concept125; sample pre-
treatment126-128, sample injection124,129, reaction130, separation and detec-
tion131,132. These components are extensively developed in the macro scale. 
However in the microchip format these components have only recently 
started to be developed. In this thesis, sample pre-treatment, sample manipu-
lation, separation and detection components have been investigated and will 
therefore be dealt with in more detail. 

6.2.1 Sample pre-treatment on microchip 
Sample pre-treatment is one of the most important steps in the analytical 
procedure. It is also the most overlooked step in chip-based analysis. The 
reason is that the apparent advantages gained when performing chip based 
sample pre-treatment are not as obvious as the benefits associated with other 
steps in the analytical procedure, for instance in separation128. In a review by 
Lichtenberg et al.127 the sample pre-treatment on microchip was divided into 
four subcategories, biochemical sample pre-treatment, sample manipulation, 
separation of sample from sample matrix and sample pre-concentration.  

Solid phase extraction is a well-developed technique for sample cleanup 
and sample pre-concentration. A target molecule is retained on a chroma-
tographic stationary phase, and the unwanted sample matrix and other con-
taminants are removed by a washing solution. Finally, the target molecules 
are eluted in an appropriate solution. In order to be able to pack the microflu-
idic channel, some sort of a frit or a filter must be included in the channel to 
trap the beads. One popular and simple way to produce a frit has been to 



39

restrict the height of the channel as illustrated in Figure 12a, This method 
has been employed to trap polystyrene beads and carry out immunoassays133,
to trap beads for desalting proteomic samples134, and to construct packed 
columns for both SPE and electrochromatography analyses135-137.     

Figure 12. Three different methods of trap beads in a microchip, A) height restrictor, 
B) keystone effect, used in Paper II and C) grid structure, used in Paper VII.

Figure 12b illustrates a fritless approach to trap beads. This approach is 
called the keystone effect138 and was demonstrated by Ceriotti et al.139. The 
packing material is drawn from the larger channel towards the tapered chan-
nel by applying a pressure at the larger channel inlet. At the taper, the parti-
cles aggregate without a physical barrier or frit, due to an increased density. 
This means that particles can have a smaller diameter compared to the ta-
pered channel. The first particles act as a keystone, which blocks the follow-
ing particles and allows the segment to grow longer139. This packing proce-
dure was employed in Paper II for trapping 5 µm hyper cross-linked poly-
styrene beads. The major problem with the keystone approach is its instabil-
ity. When an electric field is applied, the particles may be set in motion and 
travel to both ends of the channel139. This problem was solved by decoupling 
the packed channel from the separation channel, both by designing a two 
level cross layout as described in Figure 8 and by letting the syringe pump, 
delivering the liquids through the SPE column, to be floating on the potential 
induced by the CE. The packing procedure was shown to be very easy to 
accommodate and therefore it is very appropriate for channel geometry 
evaluation purposes. 

In the third approach, Figure 12c, a grid structure is incorporated in the 
channel140-142. This approach was used in Paper VII. The advantages with a 
grid structure are its ability to obtain a small, stable packed column with 
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limited flow resistance140. The grid structure also facilitates a more plug like 
flow compared to the height-restricted frit, which results in decreased disper-
sion effect of the eluted sample141.

There are only a few described packed microstructures with integrated 
ESI emitter138,143. Wang et al.138 used trypsin immobilized onto 40-60 µm 
beads, which were trapped in a microchannel using a height restrictor. At the 
outlet of the microchannel, a 3 cm long spray capillary was inserted to facili-
tate ESI. In another approach described by Yin et al.143, a microchip made in 
polyimide was packed and used for sample enrichment followed by a chro-
matographic separation. At the end of the separation channel an emitter tip 
was shaped directly from the microchip substrate in order to maintain 
sheathless electrospray. The main challenge when integrating a SPE function 
and an ESI on a microchip is the problem to remove the sample matrix from 
the microchip without contaminating the mass spectrometry. In Papers II
and VII, two designs of integrated SPE-ESI microchip were developed and 
evaluated on a TOF-MS. In Paper II, as emphasised earlier, a two level, 
transverse injection layout was used in order to prevent the sample matrix 
from entering the CE channel and thus the MS. In Paper VII, the immediate 
spray onset of the emitter tip was utilized by only have the ESI potential 
switched on during sample elution from the beads. The beads used in both 
Papers II and VII had similar properties as the particles used in the per-
fusate in Paper I. The sample used in Papers II and VII was prepared with 
the aim to mimic a typical microdialysate sample concerning peptide con-
centration and salt content. In both Papers, femtomole levels of the neu-
ropeptides could be detected, which is within the range of the in vivo neu-
ropeptide concentration.

Sample manipulation involves modification of the analytes before or after 
a processing operation, e.g. separation. The sample manipulation is often 
carried out in order to enhance the performance of the detector either by 
improving the detection limit or the selectivity. Up to now the majority of 
the on-chip sample modifications have been done chemically, with the most 
common application being the labeling of molecules to enable fluorescence 
detection127. The manipulation procedure should ideally be fast and exhibit a 
high conversion efficiency. It should also be possible to carry out the proce-
dure with minimal dead volume introduction. In order to fulfill these criteria, 
an efficient mixing between the sample and the derivatizing agent is needed. 
Mixing fluids in microstructures is a difficult assignment since the laminar 
flow profile only allows mixing due to diffusion. A micromixer structure is 
therefore needed130,144. In general, micromixers are divided into passive and 
active mixers. The passive mixer relies solely on diffusion or chaotic advec-
tion without the need of external energy, while active mixers use distur-
bances generated by an external field, e.g. pressure, temperature or electro-
hydrodynamics. The passive micromixers are most frequently utilized be-
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cause of their robustness. However, they also need an advanced channel 
pattern to produce effective mixing, which may introduce dead volumes.  

In Paper IV, an electrochemical sample manipulator coupled directly to 
ESI was integrated on a PDMS microchip. The integration of electrodes 
coiled around the microchannel was possible due to the developed fabrica-
tion procedure. The use of electrodes in microchip devices has previously 
been explored for electrochemical detection purposes132. However, for on-
chip sample manipulation coupled to ESI, only one approach has been de-
veloped previously. In the latter method, mass tags on proteins and peptides 
were generated by utilizing electrochemical reactions at the electrospray 
high voltage electrode. In this way it was possible to tag free cysteine resi-
dues in proteins and peptides with benzoquinones145. In Paper IV, an array 
of electrodes was coiled around the microchannel, where the number of turns 
in the coils was used to vary and select the electrode area. One electrode in 
the array, which was placed 5 mm from the emitter tip, was used to oxidize 
dopamine prior to the detection of the products by ESI-MS. The conversion 
efficiency of the electrochemical cell was calculated to be 30 % at a flow 
rate of 0.5 µL/min. The use of electrochemical reactions prior to ESI-MS has 
many advantages, such as the ability to simulate oxidative metabolism of 
drug candidates146. Electrochemical cells coupled to ESI-MS also yield 
higher electrochemical conversion efficiencies for the ionization of neutral 
compounds compared to electrochemical manipulation based on the inherent 
electrochemical reactions in ESI process147. The electrode array may also be 
used as a sample pre-treatment device for desalting and sample pre-
concentration purposes as demonstrated by Bökman et al.148. Electrochemi-
cal cells may also be used as active micromixers, based on electrohydrody-
namic force149.

6.2.2 CE in microchip 
As mentioned earlier, CE is a very interesting separation technique to minia-
turize for a couple of good reasons. First, it is fairly straightforward to intro-
duce CE-electrodes in microfluidic devices. Basically, two electrodes are 
inserted in two reservoirs separated from each other by a separation channel. 
Along the separation channel, an injection cross and a detection device are 
placed. The difficulties of coupling capillary-based instrumentation, e.g. 
pumps to the microdevice are therefore avoided. Furthermore, the EOF flow 
provides an excellent way of moving fluids in microdevices with low disper-
sion effects and it also minimizes the risk of introducing air bubbles. The 
most important advantage, however, is the possibility to obtain rapid, highly 
efficient and resolved separations. 

Efficiency and speed are proportional to the applied voltage, and there-
fore, an increase in the CE voltage enhances the speed of the separation to-
gether with the efficiency. This is only true in ideal cases when diffusion is 
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the only source of band broadening. In fact, this is seldom the case since 
several other factors limit the efficiency as the voltage is increased, includ-
ing Joule heating, adsorption sample overloading (electromigration disper-
sion), sample injection and detection29,30. The largest benefit when miniatur-
izing a CE channel is achieved by the suppression of Joule heating, since this 
parameter is proportional to the channel cross-area. The longitudinal diffu-
sion is also reduced since the separation in microchip is often very rapid, as 
reports of sub millisecond separations verifies150. However, when decreasing 
the channel size, the surface area-to-volume ratio is increased which in its 
turn increases the chance of adsorption. Therefore, it is of crucial importance 
that the surface chemistry of the microdevice is controlled, especially when 
analyzing neuropeptides, which tend to adsorb onto hydrophobic materials.  

The length of the separation channel on a microchip is limited to the size 
of the chip. This increases the demands on the injection procedure, since the 
injection plug is dependent on the total separation channel length for main-
taining both the efficiency and the resolution. Three injection modes have 
been applied: electrokinetic injection151-155, pressure injection156,157 and pres-
sure in conjunction with electrokinetic injection158. The injection solutions 
are based on tee-intersections151, double tee intersections152 and cross inter-
section153,154.The electrokinetic injection has been most employed due to its 
inherent compatibility with the CE-microchip. However it also exhibits a 
bias towards different analytes and is also very dependent on the surface of 
the channel wall159,160. These biases are decreased when pressure injections 
are carried out since they do not discriminate any molecules due to charge 
and electrophoretic mobility156,157.

Microchip based CE-separations were carried out in Papers II and III. In 
both studies, the channels were dynamically coated with PolyE-323 in order 
to facilitate anodal EOF, as stressed in previous Chapter. In Paper VI a 17 
cm long fused silica capillary-PDMS-microchip hybrid was used. The hybrid 
comprised of an 11.5 cm long capillary inserted in a 5.5 cm long PDMS 
channel ending in an ESI emitter tip. Injections were carried out hydrody-
namically and a separation between 5 neuropeptides was achieved within 1 
minute. In Paper II, a novel, two level cross injection system was used, 
(described in Chapter 5.3.1). The injections into the CE channel were carried 
out by remove an overpressure giving reproducible injections with a RSD of 
2 % for eleven consecutive injections. Which is comparable with hydrody-
namically and electrokinetically injections made on chip where RSD of 0.4% 
for nine injections157 and 1.6 % for 16 injections155 respectively were re-
ported. Complete separation between the six analyzed neuropeptides could 
not be obtained. Anyhow, the device functioned as an effective SPE device, 
which with optimization could be used for comprehensive 2D analyses. 
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6.2.3 ESI from microchip 
Several important issues must be considered when implementing detection 
techniques to a microdevice. The detector must be fast, with low detection 
limits, and if possible, universal to many analytes131,132. The most commonly 
used detection methods for microdevices are laser-induced fluorescence, 
electrochemical detection techniques and mass spectrometry131,161. All these 
three techniques fulfill the demands of a successful detector. Mass spec-
trometry is the most versatile and universal technique due to both its low 
detection limit and its selectivity. Microdevices have in particular been cou-
pled to mass spectrometry via ESI. The reason is that ESI is a continuous 
ionization technique, which is compatible with the low flow rates induced 
from a microchip. Moreover, the electrospray process becomes more effi-
cient using lower flow rates, which results in lower detection limits56,57. The 
coupling of microchip to MS via ESI poses the same and some additional 
challenges as when coupling conventional capillaries to MS via ESI. The 
additional challenges are caused by the microfabrication process, which im-
pedes tree-dimensional structures to be fabricated at the edge of the micro-
devices.

Since the first microfabricated ESI-devices, which were presented by 
Ramsey’s162 and Karger’s163 groups in 1997, the development of different 
emitter designs made in different materials has been intensive. The most 
straightforward approach is to spray directly from the outlet of the micro-
channel162-166. Problems with unstable electrospray due to spreading of the 
spraying liquid at the hydrophilic glass substrate were showed in the early 
studies162,163. A recently presented solution to this problem is the usage of 
more hydrophobic chip substrates164-166. However, spraying directly from the 
edge of the chip is not suitable for CE separation, since the ESI potential 
must be applied upstream in the channel, which results in introduction of 
dead volume.  

To overcome this problem, either a spray capillary or a needle has been 
attached at the exit of the microchannel for transferring the sample into the 
ESI source123,137,167-173. This approach has proven to be robust and microchip 
CE separations have been carried out167,168. Another approach to perform 
microchip CE before the ESI has been to connect the microchip to a spraying 
needle via a liquid junction174. Despite the high sensitivity and robustness of 
these techniques, the drawback of these chips will always be the increased 
dead volume and subsequently, the decrease in usefulness for separation 
applications. Furthermore, this technique is not compatible with high density 
electrospray microchips, i.e. with multi-system fabrication on a single de-
vice175.

Another method has been to shape an emitter tip directly from the micro-
chip substrate. This has been done in PC176, PMMA177,178, polyimide143,179,
parylene180, PDMS181-184 and the photoresist SU-8175. Among these chips, 



44

many designs have been developed, including open electrospray tip175,177,183,
planar two dimensional chip1176,177,179,181 and three-dimensional emitter tips 
shaped either manually178, by laser ablations143 or by casting182. The fluid 
movement has mainly been electro driven175-177,179,182, although  pump driven 
flows have been reported143,178,180,183. Multiple ESI emitters have been re-
ported180,184 on the same microchip and incorporated functions like desalt-
ing185,186, chromatographic separation143 and isoelectric focusing assisted by 
a sheath gas and liquid electrospray176 have been implemented.   

Notwithstanding one exception143, the ESI potential has been applied via 
an electrode placed upstream in the microchannel and apart from one publi-
cation176, no electrophoretic separation has been carried out prior to the ESI 
tip. As emphasized earlier, emitter tips with conductive coating eliminate the 
band broadening since it facilitate separation to the exit of the channel. 
However, in order to obtain efficient electrospray, the coating on the emitter 
tip must be sustainable. In Papers V-VII different conductive coated emitter 
tips directly shaped from the microchip substrate were developed and evalu-
ated. As elucidated in Table 2 all evaluated emitter tips showed good stabil-
ity and robustness. This is important in order to facilitate reliable EOF when 
CE is performed prior to the tip. The conducting layer durability can be 
compared to similar coating made on fused silica capillaries187. The emitter 
tips evaluated in Paper V, were made in thermoplastics, which made the tip 
fabrication laborious. However, the thermoplastics gave less background 
signal compared to PDMS, even if the signal was largely suppressed when 
the PDMS microchips were allowed to cure for 48 h instead of 2 h. The 
emitter tip design used in Paper II, IV and VI was easiest to fabricate with 
an approximately yield of 95 %. It also facilitated implementation of analyti-
cal functions to the chip. The tip evaluated in Paper VII allows advanced 
chip designs to be fabricated prior to the tip, which is interesting for further 
µ-TAS developments. 
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Table 2. Comparison of the three different microchip ESI emitters developed in 
Papers V-VII.
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7. Conclusions and future aspects 

The thesis describes strategies for sampling, sample preparation, separation 
and detection of neuropeptides on a micro scale basis. I have chosen to 
summarize the thesis in Figure 13: 

Figure 13.  A concluding picture of the presented Papers in the thesis.   

Figure 13 illustrates a microchip coupled to microdialysis sampling. The 
functions on the chip include sample pre-treatment, injection, separation, 
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manipulation and finally ESI-MS detection. Different microchip materials 
were also evaluated and a fabrication procedure for fast prototyping of 
PDMS chip was developed. Common in all Papers are that ESI-MS have 
been used as detector and apart from Paper IV, neuropeptides were used as 
model analytes. It should be noted that the developed techniques is not dedi-
cated to the analysis of neuropeptides. Similar principles can be used to ana-
lyze other compounds for example protein. As seen in Figure 13, individual 
parts have been developed and tested. As a future study, a complete inte-
grated chip with all functions is desirable. In order to reach that goal, devel-
opments in the solid supported microdialysis method and the CE separation 
is needed together with some general optimizations and developments.  

The development of integrating instrumentations onto a chip has been in-
tense. Micropumps188, high voltage supplies189 and even mass spectrome-
ters190 are under constant development. One day, maybe you will be able to 
get a complete integrated microchip including pumps, high voltage supplies 
and a mass spectrometer fitted onto a couple of square centimeters.  
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9. Summary in Swedish 

9.1 Mikroskaliga verktyg för provpreparering, 
separation och detektion av neuropeptider 

Att ständigt utveckla och förbättra nya tekniker som kan användas för att 
mäta molekyler förekommande i låga koncentrationer och i komplicerade 
provmatriser är den drivande kraften inom analytisk kemi. Neuropeptider, 
som denna avhandling fokuserar på, är ett exempel på sådana molekyler. 
Neuropeptider är en grupp av kroppsegna molekyler som finns distribuerade 
i hela kroppen. De är alla uppbyggda utav 3-100 aminosyror sammanlänkade 
i otaliga kombinationer. Individuellt är de mycket olika både kemiskt och 
funktionsmässigt i kroppen. Kemiskt så skiljer de sig markant åt i molekyl-
vikt från några hundra Daltons upp till flera tusen Daltons. De är också, in-
dividuellt, olikt laddade och dessutom kan de skilja sig mycket i grad av 
hydrofobisitet. Tilläggas bör också att de bara förekommer i mycket låga 
koncentrationer i kroppen och detta under en begränsad tid. Dess biologiska 
roll är om omöjligt ännu mer skiftande, då neuropeptider reglerar allt från 
blodtryck och smärta  till inlärning och immunförsvar. Alla olika funktioner 
av neuropeptider är ännu inte kartlagda. Faktum är att det ständigt upptäcks 
nya neuropeptider så stora vita fläckar existerar fortfarande på neuropeptid-
kartan. Därför är det av särskilt intresse att studera och utöka kunskapen om 
dessa molekyler.  

För att kunna mäta neuropeptider behövs det en effektiv och pålitlig prov-
tagningsmetod. Efter provtagningen måste störande komponenter i provet 
avlägsnas. Därefter så behöver man separera neuropeptiderna från varandra 
för att kvantitativt och kvalitativt slutligen kunna detektera dem. Under dessa 
stegen måste extra vaksamhet och noggrannhet iaktagas så att neuropepti-
derna förblir så intakta som möjligt både mängdmässigt och strukturmässigt.

En mycket elegant provtagningsteknik är mikrodialys. Detta är en teknik 
som utnyttjar dialysfenomenet för att sampla upp prover ur en komplicerad 
provmatris. Huvudkomponenten i denna teknik är ett semipermeabelt, tubu-
lärt membran som förses med ett inlopp och ett utlopp. Genom detta mem-
bran låter man en vätska flöda med en låg hastighet. Denna vätska, även 
kallad perfusat, har liknande kemisk sammansättning som provmatrisen. Den 
membranförsedda kanylliknande strukturen placeras i området där provtag-
ningen skall ske, vilket kan vara in vivo eller in vitro, och molekyler som 
uppfyller vissa krav kan fritt passera igenom membranet och föras med av 
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flödet till ett uppsamlingskärl. Kravet på molekylerna är att de skall vara 
mindre än membranets s.k. cut-off, vilket motsvarar storleken på membra-
nets porer. Det mikrodialyserade provet kommer således att vara relativ rent 
och fritt från större molekyler, som tillexempelvis proteiner. Dessutom 
kommer provet att vara tidsupplöst, vilket är en mycket attraktiv egenskap 
när man vill undersöka stimulans- och responsfrågeställningar i kroppen. 
Mikrodialys är en populär teknik som används inom allehanda tillämpningar 
inklusive provtagning av neuropeptider. Problemet med neuropeptider är att 
det relativa utbytet är mycket lågt, oftast bara någon enstaka procent, dessut-
om skiljer sig utbytet åt individuellt mellan de olika neuropeptiderna. Detta 
beror delvis på tekniken som sådan men även på neuropeptidernas varieran-
de kemiska egenskaper.   

I artikel I utvecklades därför en metod vars syfte var att utöka det relativa 
utbytet för neuropeptider. I perfusatlösningen tillsattes partiklar med hög 
affinitet för neuropeptider. Dessa partiklar hade hade som uppgift att fungera 
som uppsamlare av neuropeptiderna under provtagningen så att koncentra-
tionsgradienten över membranet skulle vara så stor som möjligt och därför 
maximal flux av neuropeptider skulle kunna ske. Dessutom skulle partiklar-
na agera transportörer så förlusten av neuropeptider som binder till andra 
ytor de kommer i kontakt med innan detektion skulle minimeras. De upp-
samlade mikrodialysproverna avsaltades innan de analyserades med hjälp av 
vätskekromatografi som sedan kopplades till masspektrometri. En jämförelse 
mellan den nya mikrodialysmetoden och den konventionella gjordes. Gene-
rellt så påvisades ett ökat utbyte för samtliga analyserade peptider, se Figur 
3, med den nya metoden. I ett fall så var utbytet hela 10 gånger högre. Studi-
en visade också att, trots användandet av partiklar gick mycket material för-
lorat i de, efter mikrodialysen, följande stegen. Tilläggas bör också att prov-
volymerna man erhåller från mikrodialysprovtagning är små, några µL. Där-
för kommer de fortsatta artiklarna behandla metoder för provupparbetning, 
separation och detektion av mikrodialysatet. 

I artiklarna II-VI lades fokus på att utveckla ett mikrochip som skulle 
kunna kopplas direkt till mikrodialysprovtagningen. Detta chip skulle idealt 
kunna utföra avsaltningen av provet, separation, eventuell manipulering av 
neuropeptiderna innan dessa skulle detekteras. Ett så kallat mikro-total- ana-
lytiskt-system (µ-TAS) började utvecklas. Med ett sådant system skulle man 
visionärt kunna minimera neuropeptidernas oönskade adsorbtion till olika 
ytor, man skulle kunna hantera de små provvolymerna på ett optimalt sätt. 
Dessutom skulle man kunna bibehålla tidsupplösningen från mikrodialys-
provtagningen på grund av att avsaltning, separation och detektion skulle 
kunna utföras på kort tid.  

I artikel II och III så  tillverkades ett hybridchip där chipdelen bestod 
utav det elastiska silikonbaserade materialet poly(dimetylsiloxane) (PDMS). 
Till dessa hade glaskapillärer fästs på ett sätt så att ingen bandbreddning 
introducerades i övergången. Syftet med enheten var att skapa ett två-
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dimensionellt separationssystem kopplat till mass spektrometri (MS) via 
elektrospray (ESI). Koppling mellan de tvåseparationsdimensionaerna var 
konstruerad i en två nivåers korsdesign där de båda separationskanalerna 
stod i kontakt med varandra via ett litet hål. I artikel II utfördes den två-
dimensionella separationen på ett 6 2 0.5 cm (längd, bredd, höjd) stort mik-
rochip. I den första dimensionen koncentrerades och tvättades en neuropep-
tidlösning innehållande fysiologiska saltkoncentrationer. Efter avsaltningen 
så injicerades provet direkt till en kapillärelektrofores (CE) kanal där en 
snabb separation utfördes innan det slutligen analyserades på en time-of-
flight masspektrometer (TOF-MS). Enheten fungerade tillfredställande. 
Trots att inte fullständig separation kunde erhållas så kunde man ändå mäta 
femtomolmängder av neuropeptider. I artikel III så bestod den första sepa-
rationsdimensionen av en vätskekromatografi (LC) och den andra av en CE. 
Dessa separationskolonner var externa från chippet och således kunde dessa 
hållas längre för att på så sätt maximera separationseffektiviterna. Utloppet 
på CE kanalen kopplades via ESI mot en Fourier transform ion cyklotron 
resonance masspektrometer (FTICR-MS). Prover av varierande komplexitet 
analyserades från enkla neuropeptidstandarder till tryptiskt fragmenterade 
digerat av humant cerebrospinalvätska och bovin serum albumin (BSA). 
Sekvenstäckningen för BSA beräknades till 93% med en feltolerans på 5 
ppm. 

I artikel IV så utvecklades ett mikrochip, även detta i PDMS, med ett 
mikroelektrodsystem som stod i kontakt med chipkanalen. Kanalen mynnade 
ut i en elektrosprayspets. Mikrochippet konstruerades med en metod som 
utvecklades i artikel VI. Denna metoden gör det möjligt att konstruera tre-
dimensionella chipstrukturer i ett och samma steg. Således kunde guldelek-
troder fästas direkt i chippet genom att de tvinnades runt flödeskanalen. 
Elektrodarean kunde regleras genom antalet tvinnade varv. Syftet med detta 
arbetet var att utvärdera möjligheten att elektrokemiskt manipulera provet 
innan det analyserades i masspektrometern. I studien användes dopamin som 
modellsubstans och den analyserades i naturligt och oxiderat tillstånd genom 
att ändra potentialen på guldelektroderna.  

I de sista tre artiklarna V-VII behandlas olika designer på elektrospray-
spetsar tillverkade med olika metoder och material direkt ifrån kanten på 
mikrochippet.  I artikel V, så testades spetsar från chip gjorda i termoplas-
terna poly(methylmetacrylate) (PMMA) och polycarbonat (PC). Olika de-
signer på spetsarna testades liksom olika tekniker att tillverka dessa spetsar 
på. Eftersom elektrosprayspänningen applicerades på ett strömledande skikt 
på elektrosprayspetsarna så utvärderades även olika sådana strömledande 
material med avseende på dess mekaniska och kemiska hållbarhet. 

I artikel VI så utvecklades, som nämnt ovan, en helt ny teknik för att fab-
ricera tredimensionella mikrochip i ett steg. Kortfattat så använder man sig 
av en gjutform. I denna form kan man placera olika funktioner som det slut-
giltiga chippet skall ha. Tunna metalltrådar sätts in, och kommer i det färdiga 



53

chippet ha definierat kanalerna. Borrade hål i formen kommer att yttra sig 
som externa strukturer. Ohärdad PDMS tillsätts sedan i formen och den till-
låts att härda i låg temperatur under ett antal timmar. Därefter avlägsnas 
gjutformen, metalltrådarna dras ut och ett färdigt mikrochip är resultatet. 
Fördelarna med denna tekniken är att man undkommer problemet med att 
sammanfoga två chipskivor (den mönstrade bottenskivan och ett lock) som 
annars är fallet vid konventionell chiptillverkning. Dessutom så erhålls cy-
lindriska kanaler som gör det möjligt att koppla glaskapillärer till chippet 
utan någon påtaglig dödvolym. Detta är av extra betydelse, då det medför att 
kapillärbaserade instrument kan sammankopplas med mikrochipteknologi på 
ett robust och reproducerbart sätt. De tillverkade chippen har vidare en kanal 
som mynnar ut i en elektrosprayspets. På denna spetsen limmades ett tunt 
lager av grafit för att möjliggöra en elektrisk kontakt mot ESI. Spetsens och 
dess grafitlager utvärderades med avseende på stabilitet och hållbarhet med 
de klassiska elektrokemiska mätmetoderna; cyklisk voltametri och chrono-
amperometri.  Detta arbete låg sedan till grund för artiklarna II-IV.

I artikel VII så tillverkades ett mikrochip i PDMS men med konventionel 
chipteknik, innebärande fotolitografi av en master, gjutning av chipplattor 
och sammanfogning utav två plattor till ett slutgiltligt mikrochip. Även den-
na chipdesign mynnade ut i en elektrosprayspets vars yta var täckt med ett 
lager av grafit. Strax innan spetsen placerades en gallerstruktur som hade till 
uppgift att fungera som ett stopp för de avsaltningspartiklar som chippet 
packades med. Dessa partiklar var av samma sort som de partiklarna som 
användes i artikel I. En saltinnehållande neuropeptidlösning avsaltades ef-
fektivt innan neuropeptiderna eluerades från avsaltnings-partiklarna och 
analyserades i en TOF-MS. 

Sammanfattningsvis kan man säga att de individuella delarna i det ideala 
µ-TAS som tidigare nämndes har testats. Däremot så återstår det att koppla 
samman dessa delar till ett helt fungerande automatiskt mikrochip.  

Trenden går emot mer integrerade miniaturiserade plattformar. Det skall 
tilläggas att mikrochippen ofta utgör en mycket liten del av hela analyssy-
stemet. I dagsläget används ofta externa pumpar, högs-pänningsaggregat, 
detektorer och annan kringutrustning. Även om utvecklingen går mot att 
även integrera dessa i ett mikrochipformat så återstår det mycket arbete in-
nan detta är ett faktum. 



54

10. References 

1 Chaurasia, C. S.; In vivo microdialysis sampling: Theory and applications, Biomed. 
Chromatogr., 1999, 13, 317-332. 

2 Kendrick, K. M.; Microdialysis measurement of in vivo neuropeptide release, J. Neuro-
sci. Methods, 1990, 34, 35-46. 

3 Strand, F. L.; Neuropeptides, regulators of physiological processes, 1998, ”A Bradford 
book”, ISBN 0-262-19407-4. 

4 Manz, A.; Graber, N.; Widmer, H. M.; Miniaturized total chemical analysis system: a 
novel concept for chemical sensing, Sens. Actuators, 1990, B1, 244-248. 

5 Hökfelt, T.; Bartfai, T.; Bloom, F.; Neuropeptides, opportunities for drug discovey,
Lancet Neurol., 2003, 2, 463-472.  

6 Kovacs, G. L.; Sarnyai, Z.; Szabo, G.; Oxytocin and addiction: A review, Psychoneuro-
endocrinology, 1998, 23, 945-962. 

7 Merighi, A.; Costorage and coexistence of neuropeptides in the mammalian CNS,
Prog. Neurobiol., 2002, 66, 161-190. 

8  Bear, M. F.; Connors, B. W.; Paradiso, M. A.; Neuroscience exploring the brain, 2nd

ed. Lippincott Williams & Wilkins, 2001.
9 Bito, L.; Davson, H.; Levin, E.; Murray, M.; Snider, N.; The concentrations of free 

amino acids and other electrolytes in cerebrospinal fluid, in vivo dialysate of brain, 
and blood plasma of the dog, J. Neurochem., 1966, 13, 1057-1067. 

10 Delgado, J. M. R.; DeFeudis, F. V.; Roth, R. H.; Ryugo, D. K.; Mitruka, B. M.; Dialy-
trode for long term intracerebral perfusion in awake monkeys, Arch. Int. Pharmaco-
dyn., 1972, 198, 9-21.   

11 Ungerstedt, U.; Pycock, C.; Functional correlates of dopamine transmission, Bull. Schweiz. 
Akad. Med. Wiss., 1974, 1278, 1-13. 

12 Benveniste, H.; Brain microdialysis, J. Neurochem., 1989, 52, 1667-1679. 
13 Stenken, J. A.; Lunte, C. E.; Southard, M. Z.; Ståle, L.; Factors that influence microdi-

alysis recovery. Comparison of experimental and theoretical microdialysis recoveries 
in rat liver.,J. Pharm. Sci., 1997, 86, 958-966. 

14 Stenken, J. A.; Methods and issues in microdialysis calibration, Anal. Chim. Acta., 
1999, 379, 337-358. 

15 Kehr, J.; A survey on quantitative microdialysis: theoretical models and practical 
implications, J. Neurosci. Meth. 1993, 48, 251-261. 

16 Stenken, J. A.; Chen, R.; Yuan, X.; Influence of geometry and equilibrium chemistry on 
relative recovery during enhanced microdialysis, Anal. Chim. Acta, 2001, 436, 21-29. 

17 Müller, M.; Schmid, R.; Wagner, O.; v. Osten, B.; Shayganfar, H.; Eichler, H. G.; In
vivo characterization of transdermal drug transport by microdialysis, J. Controlled Re-
lease, 1995, 37, 49-57. 

18 Carneheim, C.; Ståhle, L.; Microdialysis of lipophilic compounds: A methodological 
study, Pharmacol. Toxicol., 1991, 69, 378-380. 

19 Mogopodi, D.; Torto, N.; Enhancing microdialysis recovery of metal ions by incorpo-
rating poly-L-aspartic acid and poly-L-histidine in the perfusion fluid, Anal. Chim. 
Acta, 2003, 482, 91-97. 

20 Trickler, W. J.; Miller, D. W.; Use of osmotic agents in microdialysis studies to im-
prove the recovery of macromolecules, J. Pharm. Sci., 2003, 92, 1419-1427. 



55

21 Ao, X.; Stenken, J. A.; Water-soluble cyclodextrin polymers for enhanced relative 
recovery of hydrophobic analytes during microdialysis sampling, Analyst, 2003, 128, 
1143-1149.

22 Khramov, A. N.; Stenken, J. A.; Enhanced microdialysis recovery of some tricyclic 
antidepressants and structurally related drugs by cyclodextrin-mediated transport,
Analyst, 1999, 124, 1027-1033. 

23 Khramov, A. N.; Stenken, J. A.; Enhanced microdialysis extraction efficiency of ibu-
profen in vitro by facilitated transport with -cyclodextrin,  Anal. Chem., 1999, 71, 
1257-1264.

24 Ward, K. W.; Medina, S. J.; Portelli, S. T.; Mahar Doan, K. M.; Spengler, M. D.; Ben, 
M. M.; Lundberg, D.; Levy, M. A.; Chen, E. P.; Enhancement of in vitro and in vivo 
microdialysis recovery of SB-265123 using Intralipid  and Encapsin  ar perfusates,
Biopharm. Drug Dispos., 2003, 24, 17-25. 

25 Kurosaki, Y.; Nakamura, S.; Shiojiri, Y.; Kawasaki, H.; Lipo-microdialysis: A new 
microdialysis method for studying the pharmacokinetics of lipophilic substances, Biol. 
Pharm. Bull., 1998, 21, 194-196.   

26 Xiaoping, A.; Timothy, J. S.; Stenken, J. A.; Enhanced microdialysis relative recovery 
of inflammatory cytokines using antibody-coated microspheres analyzed by flow cy-
tometry, Anal. Chem. 2004, 76, 3777-3784. 

27 Pettersson, A.; Markides, K.; Bergquist, J.; Enhanced microdialysis of neuropeptides,
Acta Biochim. Pol., 2001, 48, 1117-1120. 

28 Abian, J.; Oosterkamp, A. J.; Gelpi, E.; Comparison of conventional, narrow-bore and 
capillary liquid chromatography/mass spectrometry for electrospray ionization mass 
spectrometry: Practical considerations, J. Mass Spectrom., 1999, 34, 244-254. 

29 Kennedy, R. T.; German, I.; Thompson, J. E.; Witowski, S. R.; Fast analytical-scale 
separations by capillary electrophoresis and liquid chromatography, Chem. Rev., 
1999, 99, 3081-3131. 

30 Kenndler, E.; Khaledi, M. G. Ed.; Theory of capillary zone electrophoresis, chapter 2 
in High performance capillary electrophoresis: Theory, techniques, and applications,
1998, John Wiley & Sons, Inc., 25-77.  

31 O’Farrell, P. H.; High resolution two-dimensional electrophoresis of proteins, J. Biol. 
Chem., 1975, 10, 4007-4021. 

32 Giddings, J. C.; Concepts and comparisons in multidimensional separation, J High 
Resol. Chromatogr. Chromatogr. Commun., 1987, 10, 319-323. 

33 Seeley, J. V.; Theoretical study of incomplete sampling of the first dimension in com-
prehensive two-dimensional chromatography, J Chromatogr. A, 2002, 962, 21-27. 

34 Murphy, R. E.; Schure, M. R.; Foley, J. P.; Effect of sampling rate resolution in com-
prehensive two-dimensional liquid chromatography, Anal. Chem., 1998, 70, 1585-
1594.

35 Evans, C. R.; Jorgenson, J. W.; Multidimesional LC-LC and LC-CE for high-resolution 
separations of biological molecules, Anal Bioanal Chem, 2004, 378, 1952-1961 

36 Issaq, H. J.; Chan, K. C.; Janini, G. M.; Conrads, T. P.; Veenstra, T. D.; Multidimen-
sional separation of peptides for effective proteomic analysis, J. Chromatogr. B, 2005,
817, 35-47. 

37 Stroink, T.; Ortiz, M. C.; Bult, A. Lingeman, H.; de Jong, G. J.; Underberg, W. J. M.; 
On-line multidimensional liquid chromatography and capillary electrophoresis systems 
for peptides and proteins, J. Chromatogr. B, 2005, 817, 49-66. 

38 Bushey, M. M.; Jorgenson, J. W.; Automated instrumentation for comprehensive two-
dimensional high-performance liquid chromatography / capillary zone electrophoresis,
Anal. Chem., 1990, 62, 978-984. 

39 Lemmo, A. V.; Jorgenson, J. W.; Transverse flow gateing interface for the coupling of 
microcolumn LC with CZE in a comprehensive two-dimensional system, Anal. Chem., 
1993, 65, 1576-1581. 

40 Lewis, K. C.; Opiteck, G. J.; Jorgenson, J. W.; Comprehensive on-line RPLC-CZE-MS 
of peptides, J. Am. Soc. Mass. Spectrom., 1997, 8, 495-500. 



56

41 Hooker, T. F.; Jorgenson, J. W.; A transparent flow gating interface for the coupling of 
microcolumn LC with CZE in a comprehensive two-dimensional system, Anal. Chem. 
1997, 69, 4134-4142. 

42 German, I.; Kennedy, R. T.; Reversed-phase capillary liquid chromatography coupled 
on-line to capillary electrophoresis immunoassays, Anal. Chem., 2000, 72, 5365-5372. 

43 German, I.; Roper, M. G.; Kalra, S. P.; Rhinehart, E.; Kennedy, R. T.; Capillary liquid 
chromatography of multiple peptides with on-line capillary electrophoresis immunoas-
say detection, Electrophoresis, 2001, 22, 3659-3667. 

44 Bowser, M. T.; Kennedy, R. T.; In vivo monitoring of amine neurotransmitters using 
microdialysis with on-line capillary electrophoresis, Electrophoresis, 2001, 22, 3668-
3676.

45 Moore, A. W.; Jorgenson, J. W.; Rapid comprehensive two-dimensional separations of 
peptides via RPLC-optically gated capillary zone electrophoresis, Anal. Chem., 1995,
67, 3448-3455. 

46 Lemmo, A. V.; Jorgenson, J. W.; Two-dimensional protein separation by microcolumn 
size-exclusion chromatography-capillary zone electrophoresis, J. Chromatogr. 1993,
633, 213-220. 

47 Bergström, S. K.; Samskog, J.; Markides, K. E.; Development of a 
poly(dimethylsiloxane) interface for on-line capillary column liquid chromatography – 
capillary electrophoresis coupled to sheathless electrospray ionization time-of-flight 
mass spectrometry, Anal. Chem., 2003, 75, 5461-5467. 

48 Samskog, J.; Bergström, S. K.; Jönsson, M.; Klett, O.; Wetterhall, M.; Markides, K. E.; 
On-column polymer imbedded graphite inlet electrode for capillary electrophoresis 
coupled on-line with flow injection analysis in a poly(dimethylsiloxane) interface, Elec-
trophoresis, 2003, 24, 1723-1729. 

49 Dole, M.; Mack, L. L.; Hines, R. L.; Molecular beams of macroions, J. Chem. Phys., 
1968, 49, 2240-2249. 

50 Dole, M.; Cox Jr, H. L.; Gieniec, J.; Electrospray mass spectroscopy, Polymer Pre-
prints (American Chemical Society, Division of Polymer Chemistry), 1971, 12, 790-
793.

51 Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. M.; Electrospray 
ionization for mass spectrometry of large biomolecules, Science, 1989, 246, 64-71. 

52 Wong, S. F.; Meng, C. K.; Fenn, J. B.; Multiple charging in electrospray ionization of 
poly(ethylene glycols), J. Phys. Chem., 1988, 92, 546-550. 

53 Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. M.; Electrospray 
ionization – principles and practice, Mass Spectrom. Rev. 1990, 9, 37-70. 

54 Bruins, A. P.; Mechanistic aspect of electrospray ionization, J. Chromatogr. A, 1998,
794, 345-357. 

55 Rohner, T. C.; Lion, N.; Girault, H. H.; Electrochemical and theoretical aspects of 
electrospray ionisation, Phys. Chem. Chem. Phys., 2004, 6, 3056-3068. 

56 Kebarle, P.; A brief overview of the present status of the mechanisms involved in elec-
trospray mass spectrometry, J. Mass Spectrom.; 2000, 35, 804-817. 

57 Gaskell, S. J.; Electrospray: Principles and Practice, J Mass Spectrom., 1999, 32, 677-
688.

58 Cole, R.B., Electrospray ionization mass spectrometry: fundamentals, instrumentation 
and applications, John Wiley & Sons, Inc. 1997. ISBN. 0-471-14564-5. 

59 De la Mora, F.; Electrospray ionization of large multiply charged species proceeds via 
Dole’s charge residue mechanism, Anal. Chim. Acta, 2000, 406, 93-104. 

60 Kebarle, P.; Peschke, M.; On the mechanisms by which the charged droplet produced 
by electrospray lead to gas phase ions, Anal. Chim. Acta, 2000, 406, 11-35.  

61 McLuckey, S. A.; Wells, J. M.; Mass analysis in the advent of the 21st century, Chem. 
Rev., 2001, 101, 571-606. 

62 Coles, J.; Guilhaus, M.; Orthogonal acceleration – a new direction for time-of-flight 
mass spectrometry: fast sensitive mass analysis for continuous ion sources, Trends 
Anal. Chem., 1993, 12, 203-213. 

63 Guilhaus, M.; Selby, D.; Mlynski, V.; Orthogonal acceleration time-of-flight mass 
spectrometry, Mass Spectrom. Rev., 2000, 19, 65-107. 



57

64 Schmitt-Kopplin, P.; Frommberger, M.; Capillary electrophoresis – mass spectrome-
try: 15 years of developments and applications, Electrophoresis, 2003, 24, 3837-3867. 

65 Mamyrin, B. A.; Time-of-flight mass spectrometry (concepts, achievements, and pros-
pects), Int. Mass Spectrom., 2001, 206, 251-266. 

66 Dawson, P. H., Ed.; Quadrupole mass spectrometry and its applications, Elsevier, 
Amsterdam, 1976.

67 Burlingame, A. L.; Boyd, R. K.; Gaskell, S. J.; Mass spectrometry, Anal. Chem., 1998,
70, 647R-716R 

68 Yost, R. A:; Enke, C. G.; Selected ion fragmentation with a tandem quadropole mass 
spectrometer, J. Am. Chem. Soc., 1978, 100, 2274-2275. 

69 Marshall, A. G.; Milestones in Fourier transform ion cyclotron resonance mass spec-
trometry technique development, Int. Mass Spectrom., 2000, 200, 331-356. 

70 Hendrickson, C. L.; Emmett, M. R.; Electrospray ionization Fourier transform ion 
cyclotron resonance mass spectrometry, Annu. Rev. Phys. Chem., 1999, 50, 517-536. 

71 Marshall, A. G.; Hendrickson, C. L.; Jackson, G. S.; Fourier transform ion cyclotron 
resonance mass spectrometry: A primer, Mass Spectrom. Rev., 1998, 17, 1-35. 

72 Tomer, K. B.; Separations combined with mass spectrometry, Chem. Rev., 2001, 101, 
297-328.

73 Wood, T. D.; Moy, M. A.; Dolan, A. R.; Bigwarfe Jr, P. M.; White, T. P.; Smith, D. R.; 
Higbee, D. J.; Miniaturization of electrospray ionization mass spectrometry, Appl. 
Spec. Rev. 2003, 38(2), 187-244. 

74 Gatlin, C. L.; Eng, J. K.; Cross, S. T.; Detter, J. C.; Yates III, J. R.; Automated identifi-
cation of amino acid sequence variations in proteins by HPLC/microspray tandem 
mass spectrometry, Anal. Chem., 2000, 72, 757-763. 

75 Bruins, A. P.; Covey, T. R.; Henion, J. D.; Ion spray interface for combined liquid 
chromatography7atmospheric pressure ionization mass spectrometry, Anal. Chem., 
1987, 59, 2642-2646. 

76 Hopfgartner, G.; Wachs, T.; Bean. K.; Henion, J. D.; High-flow ion spray liquid chro-
matography/mass spectrometry, Anal. Chem., 1993, 65, 439-446. 

77 Foret, F.; Thompson, T. J.; Vouros, P.; Karger, B. L.; Liquid sheath effects on the 
separation of proteins in capillary electrophoresis/electrospray mass spectrometry,
Anal. Chem., 1994, 66. 4450-4458. 

78 Issaq, H. J.; Janini, G. M.; Chan, K. C.; Veenstra, T. D.; Sheathless electrospray ioni-
zation for capillary electrophoresis – mass spectrometric detection Advantages and 
limitations, J. Chromatogr. A, 2004, 1053, 37-42. 

79 Kelleher, N. L.; Senko, M. W.; Siegel, M. M.; McLafferty, F. W.; Unit resolution mass 
spectra of 111 kDa molecules with 3 Da accuracy, J. Am. Soc. Mass Spectrom., 1997,
8, 380-383. 

80 Cao, P.; Moini, M.; A novel sheathless interface for capillary electrophore-
sis/electrospray mass spectrometry using an in-capillary electrode, J. Am. Soc. Mass 
Spectrom., 1997, 8, 561-564. 

81 Valaskovic, G. A.; McLafferty, F. W.; Long-lived metallized tips for nanoliter elec-
trospray mass spectrometry, J. Am. Soc. Mass Spectrom., 1996, 7, 1270-1272. 

82 Wahl, J. H.; Gale, D. C.; Smith, R. D.; Sheathless capillary electrophoresis-
electrospray ionization mass spectrometry using 10 µm I.D. capillaries: analyses of 
tryptic digests of cytochrome c, J. Chromatogr. A, 1994, 659, 217-222. 

83 Barnidge, D. R.; Nilsson, S.; Markides, K. E. A design for low-flow sheathless elec-
trospray emitters, Anal. Chem. 1999, 71, 4115-4118. 

84 Maziarz III, P.; Lorenz, S. A.; White, T. P.; Wood, T. D.; Polyaniline: A conductive 
polymer coating for durable nanospray emitters, J. Am. Soc. Mass Spectrom., 2000,
11, 659-663. 

85 Chang, V. Z.; Chen, Y. R.; Her, G. R.; Sheathless capillary electrophore-
sis/electrospray mass spectrometry using a carbon-coated tapered fused-silica capil-
lary with a bevelled edge, Anal. Chem, 2001, 73, 5083-5087. 

86 S. Nilsson, M. Wetterhall, J. Bergquist, L. Nyholm, K. E.  Markides, A simple and 
robust conductive graphite coating for sheathless electrospray emitters used in capil-



58

lary electrophoresis/mass spectrometry, Rapid Commun. Mass Spectrom., 2001, 15, 
1997-2000.

87 M. Wetterhall, S. Nilsson, K. E. Markides, J. Bergquist, A conductive polymeric mate-
rial used for nanospray needle and low-flow sheathless electrospray ionization appli-
cations, Anal. Chem., 2002, 74, 239-245. 

88 Guttman, A.; Varoglu, M.; Khandurina, J.; Multidimensional separations in the phar-
maceutical arena, Drug discovery today, 2004, 9, 136-144. 

89 Qin, D.; Xia, Y.; Rogers, J. A.; Jackman, R. J.; Zha, X. M.; Whitesides, G. M.; Manz, 
A. Ed; Becker, H. Ed; Topics in current chemistry, Vol 194, Springer, Berlin, 1997.

90 Terry, S. C.; Jerman, J. H.; Angell, J. B.; A gas chromatograph air analyzer on a sili-
con wafer, IEEE Trans. Electron. Dev., 1979, 26, 1880-1884. 

91 Manz, A.; Miyahara, Y; Miura, J.; Watanabe, H.; Miyagi, H.; Sato, K.; Design of an 
open-tubular column liquid chromatograph using silicon chip technology, Sens. Actua-
tors, 1990, B1, 249-255. 

92 Verpoorte, E.; Microfluidic chips for clinical and forensic analysis, Electrophoresis, 
2002, 23, 677-712. 

93 St-Louis, P.; Status of point-of-care testing: Promise, realities, and possibilities, Clin. 
Biochem., 2000, 33, 427-440.

94 Huang, Y.; Mather, E. L.; Bell, J. L.; Madou, M.; MEMS-based sample preparation for 
molecular diagnostics, Anal. Bioanal. Chem., 2002, 372, 49-65. 

95 Vo-Dinh, T.; Cullum, B.; Biosensors and biochips: advances in biological and medical 
diagnostics, Fresenius J. Anal. Chem., 2000, 366, 540-551. 

96 Chován, T.; Guttman, A.; Microfabricated devices in biotechnology and biochemical 
processing, TRENDS in Biotech., 2002, 20, 116-122  

97 Dolnik, V.; Liu, S.; Jovanovich, S.; Capillary electrophoresis on microchip, Electro-
phoresis, 2000, 21, 41-54. 

98 Becker, H.; Locascio, L. E.; Polymer microfluidic devices, Talanta, 2002, 56, 267-287.  
99 Pethig, R.; Burt, J. P. H.; Parton, A.; Rizvi, N.; Talary, M. S.; Tame, J. A.; Develop-

ment of biofactory-on-a-chip technology using excimer laser micromachining, J. Mi-
cromech. Microeng., 1998, 8, 57-63. 

100 Roberts, M. A.; Rossier, J. S.; Bercier, P.; Girault, H.; UV laser machined polymer 
substrates for the development of microdiagnostic systems, Anal. Chem. 1997, 69, 
2035-2042.

101 Heckele, M.; Schomburg, W. K.; Review on micro molding of thermoplastic polymers,
J. Micromech. Microeng., 2004, 14, R1-R14. 

102 Rötting, O.; Röpke, W.; Becker, H.; Gärtner, C.; Polymer microfabrication technolo-
gies, Microsyst. Tech., 2002, 8, 32-36. 

103 Gates, B. D.; Xu, Q.; Love, C.; Wolfe, D. B.; Whitesides, G. M.; Unconventional
nanofabrication, Annu. Rev. Mater. Res.; 2004, 34, 339-372. 

104 Xia, Y.; Whitesides, G. M.; Soft Lithography, Angew. Chem. Int. Ed., 1998, 37, 550-
575.

105 Reyes, D. R.; Iossifidis, D.; Auroux, P-A.; Manz, A.; Micro total analysis systems. 1. 
Introduction, theory, and technology, Anal. Chem., 2002, 74, 2623-2636. 

106 Quake, S. R.; Scherer, A.; From micro- to nanofabrication with soft materials, Science, 
2000, 290, 1536-1540. 

107 McDonald, J. C.; Duffy, D. C.; Anderson, J. R.; Chiu, D. T.; Wu, H.; Schueller, O. J. 
A.; Whitesides, G. M.; Fabrication of microfluidic systems in poly(dimethylsiloxane),
Electrophoresis, 2000, 21, 27-40. 

108 Ng, J. M. K.; Gitlin, I.; Stroock, A. D.; Whitesides, G. M.; Components for integrated 
poly(dimethylsiloxane) microfluidic systems, Electrophoresis, 2002, 23, 3461-3473. 

109 Lee, N. J.; Park, C.; Whitesides, G. M.; Solvent compatibility of 
poly(dimethylsiloxane)-based microfluidic devices, Anal. Chem. 2003, 75, 6544-6554. 

110 Efimenko, K.; Wallace, W. E.; Genzer, J.; Surface modification of Sylgard-184 poly-
(dimethylsiloxane) networks by ultraviolet/ozone treatment, J. Colloid. Interface Sci., 
2002, 254, 306-315. 



59

111 Hillborg, H.; Tomczak, N.; Olàh, A.; Schönherr, H.; Vansco, G. J.; Nanoscale hydro-
phobic recovery: A chemical force microscopy study of UV/ozone-treated cross-linked 
poly(dimethylsiloxane), Langmuir, 2004, 20, 785-794. 

112 Morra, M.; Occhiello, E.; Marola, R.; Garbassi, F.; Humphrey, P.; Johnson, D.; On the 
aging of oxygen plasma- treated polydimethylsiloxane surfaces, J. Colloid. Interface 
Sci., 1990, 137, 11-24. 

113 Hillborg, H.; Gedde, U. W.; Hydrophobicity recovery of  polydimethylsiloxane after 
exposure to corona discharges, Polymer, 1998, 39, 1991-1998. 

114 Makamba, H.; Kim, J. H.; Lim, K.; Park, N.; Hahn, J. H.; Surface modification of 
poly(dimethylsiloxane) microchannels, Electrophoresis, 2003, 24, 3607-3619. 

115 Abbasi, F.; Mirzadeh, H.; Katbab, A-A.; Modification of polysiloxane polymers for 
biomedical applications: a review, Polymer Int., 2001, 50, 1279-1287. 

116 Dou, Y-H.; Bao, N.; Xu, J-J.; Chen, H-Y.; A dynamically modified microfluidic 
poly(dimethylsiloxane) chip with electrochemical detection for biological analysis,
Electrophoresis, 2002, 23, 3558-3566. 

117 Ocvirk, G.; Munroe, M.; Tang, T.; Oleschuk, R.; Westra, K.; Harrison, D.J.; Electroki-
netic control of fluid flow in native poly(dimethylsiloxane) capillary electrophoresis 
devises, Electrophoresis, 2000, 21, 107-115. 

118 Liu, Y.; Fanguy, J. C.; Bledsoe, J. M.; Henry, C. S.; Dynamic coating using polyelec-
trolyte multilayers for chemical control of electroosmotic flow in capillary electropho-
resis microchips, Anal. Chem., 2000, 72, 5939-5944. 

119 Ro, K. W.; Chang, W-J.; Kim, H.; Koo, Y-M.; Hahn, J. M.; Capillary electrochroma-
tography and preconcentration of neutral compounds on poly(dimethylsiloxane) mi-
crochips, Electrophoresis, 2003, 24, 3253-3259. 

120 Katayama, H.; Ishihama, Y.; Asakawa, N.; Stable cationic coating with successive 
multiple ion polymer layers for capillary electrophoresis, Anal. Chem., 1998, 70, 
5272-5277.

121 Bergström, S. K.; Edenwall, N.; Lavén, M.; Velikyan, I.; Långström, B.; Markides, K. 
E.; Polyamine deactivation of integrated poly(dimethylsiloxane) structures investigated 
by radionucleide imaging and capillary electrophoresis experiments, Anal. Chem., 
2005, 77, 938-942. 

122 Duffy, D. C.; McDonald, J. C.; Schueller, O. J. A.; Whitesides, G. M.; Rapid prototyp-
ing of microfluidic systems in poly(dimethylsiloxane), Anal. Chem. 1998, 70, 4974-
4984.

123 Chiou, C. H.; Lee, G. B.; Hsu, H. T.; Chen, P. W.; Liao, P. C.; Micro devices inte-
grated with microchannels and electrospray nozzles using PDMS casting techniques,
Sens. Actuators B, 2002, 86, 280-286. 

124 Fredrickson, C. K.; Fan, Z. H.; Macro-to-micro interfaces for microfluidic devices, Lab 
Chip, 2004, 4, 526-533. 

125 Auroux, P. A.; Iossifidis, D.; Reyes, D. R.;  Manz, A.; Micro total analysis systems. 2. 
Analytical standard operations and applications, Anal. Chem, 2002, 74, 2637-2652. 

126 Peterson, D. S.; Solid supports for micro analytical systems, Lab Chip, 2005, 5, 132-
139.

127 Lichtenberg, J.; deRooij, N. F.; Verpoorte, E.; Sample pretreatment on microfabricated 
devices, Talanta, 2002, 56, 233-266. 

128 DeMello, A. J.; Beard, N.; Dealing with ‘real’ samples: sample pre-treatment in micro-
fluidic systems, Lab Chip, 2003, 3, 11N-19N. 

129 Roddy, E. S.; Xu, H.; Ewing, A. G.; Sample introduction techniques for microfabri-
cated separation devices, Electrophoresis, 2004, 25, 229-242. 

130 Doku, G. N.; Verboom, W.; Reinhoundt, D. R.; van den Berg, A.; On-microchip multi-
phase chemistry – a review of microreactor design principles and reagent contacting 
modes, Tetrahedron, 2005, 61, 2733-2742. 

131 Uchiyama, K.; Nakajima, H.; Hobo, T.; Detection methods for micropchip separations,
Anal. Bioanal. Chem., 2004, 379, 375-382. 

132 Vandaveer IV, W. R.; Pasas-Farmer, S. A.; Fischer, D. J.; Frankenfeld, C. N.; Lunte, 
S.; Recent devolpments in electrochemical detection for microchip capillary electro-
phoresis, Electrophoresis, 2004, 25, 3528-3549. 



60

133 Sato, K.; Tokeshi, M.; Odake, T.; Kimura, H.; Ooi, T.; Nakao, M.; Kitamori, T.; Inte-
gration of an immunosorbent assay system: Analysis of secretory human immunoglobu-
lin A on polystyrene beads in a microchip, Anal. Chem. 2000, 72, 1144-1147. 

134 Ekström, S.; Malmström, J.; Wallman, L.; Löfgren, M.; Nilsson, J.; Laurell, T.; Marko-
Varga, G.; On-chip microextraction for proteomic sample preparation of in-gel digests,
Proteomics, 2002, 2, 413-421. 

135 Jemere, A. B.; Oleschuk, R. D.; Ouchen, F.; Fajuyigbe, F.; Harrison, D. J.; An inte-
grated solid-phase extraction system for sub-picomolar detection, Electrophoresis, 
2002, 23, 3537-3544. 

136 Jemere, A. B.; Oleschuk, R. D.; Harrison, D. J.; Microchip-based capillary electro-
chromatography using packed beds, Electrophoresis, 2003, 24, 3018-3025. 

137 Wang, C.; Oleschuk, R.; Ouchen, F.; Li, J.; Thibault, P.; Harrisson, J. D.; Integration of 
immobilized trypsin bead beds for protein digestion within a microfluidic chip incorpo-
rating capillary electrophoresis separations and an electrospray mass spectrometry in-
terface, Rapid Commun. Mass Spectrom., 2000, 14, 1377-1383. 

138 Lord, G. A.; Gordon, D. B.; Myers, P.; King, B. W.; Tapers and restrictors for capil-
lary electrochromatography and capillary electrochromatography – mass spectrome-
try, J. Chromatogr. A, 1997, 768, 9-16. 

139 Ceriotti, L.; deRooij, N. F.; Verpoorte, E.; An integrated fritless column for on-chip 
capillary electrochromatography with conventional stationary phases, Anal. Chem., 
2002, 74, 639-647. 

140 Andersson, H.; van der Wijngaart, W.; Enoksson, P.; Stemme, G.; Micromachined 
flow-through filter-chamber for chemical reactions on beads, Sens. Actuators B, 2000,
67, 203-208. 

141 Bergkvist, J.; Ekström, S.; Wallman, L.; Löfgren. M.; Marko-Varga, G.; Nilsson. J,; 
Laurell, T.; Improved chipdesign for integrated solid-phase microextraction in on-line 
proteomic sample preparation, Proteomics, 2002, 2, 422-429. 

142 Ro, K. W.; Chang, W-J.; Kim, H.; Koo, Y-M.; Hahn, J. H.; Capillary electrochroma-
tography and preconcentration of neutral compounds on poly(dimethylsiloxane) mi-
crochips, Electrophoresis, 2003, 24, 3253-3259. 

143 Yin, H.; Killeen, K.; Brennen, R.; Sobek, D.; Werlich, M.; Van de Goor, T.; Microflu-
idic chip for peptide analysis with an integrated HPLC column, sample enrichment 
column and nanoelectrospray tip, Anal. Chem., 2005, 77, 527-533. 

144 Nguyen, N-.T.; Wu, Z.; Micromixers – a review, J. Micromech. Microeng., 2005, 15, 
R1-R16.

145 Roussel, C.; Dayon, L.; Lion, N.; Rohner, T.; Josserand, J.; Rossier, S. S.; Jensen, H.; 
Girault, H. H.; Generation of mass tags by inherent electrochemistry of electrospray 
for protein mass spectrometry, J. Am. Soc. Mass Spectrom., 2004, 15, 1767-1779. 

146 Karst, U.; Electrochemistry/mass spectrometry (EC/MS) – A new tool to study drug 
metabolism and reaction mechanisms, Angew. Chem. Int. Ed.; 2004, 43, 2476-2478. 

147 Diehl, G.; Karst, U.; On-line electrochemistry – MS and related techniques, Annal. 
Bioannal. Chem., 2002, 373, 390-398. 

148 Bökman; C. F.; Zettersten, C.; Sjöberg, P. J. R.; Nyholm, L.; A setup for coupling of 
thin-layer electrochemical flow cell to electrospray mass spectrometry, Anal. Chem., 
2004, 76, 2017-2024. 

149 El Moctar, A. O.; Aubry, N.; Batton, J.; Electro-hydrodynamic micro-fluidic mixer,
Lab Chip, 2003, 3, 273-280.  

150 Jacobson, S. C.; Culbertson, C. T.; Daler, J. E.; Ramsey, J. M.; Microchip structures 
for submillisecond electrophoresis, Anal. Chem., 1998, 70, 3476-3480. 

151 Haddison, D. J.; Manz, A.; Fan, Z.; Ludi, H.; Widmer, M.; Capillary electrophoresis 
and sample injection systems integrated on a planar glass chip, Anal. Chem., 1992, 64, 
1926-1932.

152 Effenhauser, C. S.; Manz, A.; Widmer, M.; Glass chips for high-speed capillary elec-
trophoresis separations with submicrometer plate heights, Anal. Chem., 1993, 65, 
2637-2642.



61

153 Jacobson, S. C.; Hergenröder, R.; Koutny, L. B.; Warmack, R. J.; Ramsey, J. M.; Ef-
fects of injection schemes and column geometry on the performance of microchip elec-
trophoresis devices, Anal. Chem., 1994, 66, 1107-1113. 

154 Jacobson, S. C.; Hergenröder, R.; Moore Jr, A. W.; Ramsey, J. M.; Precolumn reac-
tions with electrophoretic analysis integrated on a microchip, Anal. Chem., 1994, 66, 
4127-4132.

155 Thomas, C. D.; Jacobson, S. C.; Ramsey, J. M.; Strategy for repetitive pinched injec-
tions on a microfluidic device, Anal. Chem., 2004, 76, 6053-6057. 

156 Backofen, U.; Matysik, F-. M.; Lunte, C. E.; A chip-based electrophoretic system with 
electrochemical detection and hydrodynamic injection, Anal. Chem., 2002, 74, 4054-
4059.

157 Solignac, D.; Gijs, M. A. M.; Pressure pulse injection: a powerful alternative to elec-
trokinetic sample loading in electrophoresis microchips, Anal. Chem., 2003, 75, 1652-
1657.

158 Gai, H.; Yu, L.; Dai, Z.; Ma, Y.; Lin, B.; Injection by hydrostatic pressure in conjunc-
tion with electrokinetic force on a microfluidic chip, Electrophoresis, 2004, 25, 1888, 
1894.

159 Slentz, B. E.; Penner, N. A.; Regnier, F.; Sampling BIAS at channel junctions in gated 
flow injection on chips, Anal. Chem., 2002, 74, 4835-4840. 

160 Alarie, J. P.; Jacobson, S. C.; Ramsey, J. M.; Electrophoretic injection bias in a micro-
chip valving scheme, Electrophoresis, 2001, 22, 312-317. 

161 Mogensen, K. B.; Klank, H.; Kutter, J. P.; Recent developments in detection for micro-
fluidic systems, Electrophoresis, 2004, 25, 3498-3512. 

162 Ramsey, R. S.; Ramsey J. M.; Generating electrospray from microchip devices using 
electroosmotic pumping,  Anal. Chem. 1997, 69, 1174-1178. 

163 Xue, Q.; Foret, F.; Dunayevskiy, Y. M.; Zavracky, P. M.; McGruer, N. E.; Karger, B. 
L.; Multichannel microchip electrospray mass spectrometry, Anal. Chem. 1997, 69, 
426-430.

164 Huikko, K.; Östman, P.; Grigoras, K.; Tuomikoski, S.; Tiainen, V. –M.; Soininen, A.; 
Puolanne, K.; Manz, A.; Franssila, S.; Kostiainen, R.; Kotiaho, T.; 
Poly(dimethylsiloxane) electrospray devices fabricated with diamond-like-carbon-
poly(dimethylsiloxane) coated SU-8 masters, Lab Chip, 2003, 3, 67-72. 

165 Wang, Y-. X.; Cooper, J. W.; Lee, C. S.; DeVoe, D. L.; Efficient electrospray ioniza-
tion from polymer microchannels using integrated hydrophobic membranes, Lab Chip, 
2004, 4, 363-367. 

166 Rohner, T.C.; Rossier, J.S.; Girault, H. H.; Polymer microspray with an integrated 
thick-film microelectrode,  Anal. Chem. 2001, 73, 5353-5357. 

167 Lazar, I. M.; Ramsey, R. S.; Sundberg, S.; Ramsey, J. M.; Subattomole-sensitivity 
microchip nanoelectrospray source wuth time-of-flight mass spectrometry detection,
Anal. Chem., 1999, 71, 3627-3631. 

168 Vrouwe, E. X.; Gysler, J.; Tjaden, U.R.; Van der Greef,  J.; Chip-based capillary elec-
trophoresis with an electrodeless nanospray interface, Rapid Commun. Mass Spec-
trom. 2000, 14, 1682-1688. 

169 Meng, Z.; Qi, S.; Soper, S. A.; Limbach, P. A.; Interfacing a polymer-based micro-
machined device to a nanoelectrospray ionisation fourier transform ion cyclotron 
resonance mass spectrometer, Anal. Chem. 2001, 73, 1286-1291. 

170 Gao, J.; Xu, J.; Locascio, L. E.; Lee, C. S.; Integrated microfluidic systems enabling 
protein digestion, peptide separation, and protein identification, Anal. Chem. 2001, 73, 
2648-2655.

171 Jiang, Y.; Wang, P. C.; Locascio, L. E.; Lee, C. S.; Integrated plastic microfluidic 
devices with ESI.MS for drug screening and residue analysis, Anal. Chem. 2001, 73, 
2048-2053.

172 Xu, N.; Lin, Y.; Hofstadler, S. A.; Matson, D.; Call, C. J.; Smith, R. D.; A microfabri-
cated dialysis device for sample cleanup in electrospray ionization mass spectrometry,
Anal. Chem. 1998, 70, 3553-3556. 

173 Chen, S. H.; Sung, W. C.; Lee, G. B.; Lin, Z. Y.; Chen,P. W.; Liao, P. C.; A disposable 
poly(methylmethacrylate)-based microfluidic module for protein identification by 



62

nanoelectrospray ionization – tandem mass spectrometry, Electrophoresis, 2001, 22, 
3972-3977.

174 Kameoka, J.; Craighead, H.G.; Zhang,H.; Henion, J.; A polymeric microfluidic chip for 
CE/MS determination of small molecules, Anal. Chem. 2001. 73, 1935-1941. 

175 Arscott, S.; LeGac, S.; Druon, C.; Tobourier, P.; Rolando, C.; A planar on-chip micro-
nib interface for nanoESI-MS microfluidic applications, J. Micromech. Microeng., 
2004, 14, 310-316. 

176 Wen, J.; Lin Y.; Xiang, F.; Matson, D. W.; Udseth, H. R.; Smith, R. D.; Microfabri-
cated isoelectric focusing device for direct electrospray ionization-mass spectrometry,
Electrophoresis, 2000, 21, 191-197. 

177 Yuan, C -H.; Shiea, J.; Sequential electrospray analysis using sharp-tip channels fabri-
cated on a plastic chip, Anal. Chem. 2001, 73, 1080-1083. 

178 Muck, A.; Stavos, A.; Atmospheric molded poly(dimethylmethacrylate) microchip 
emitters for sheathless electrospray, Rapis Commun. Mass Spectrom., 2004, 18, 1459-
1464.

179 Gobry, V.; Van Oostrum J.; Martinelli, M.; Rohner, T. C.; Reymond, F.; Rossier J. S.; 
Girault, H. H.; Microfabricated polymer injector for direct mass spectrometry cou-
pling, Proteomics, 2002, 2, 405-412. 

180 Kameoka, J.; Orth, R.; Ilic, B.; Czaplewski, D.; Wachs, T.; Craighead, H. G.; An elec-
trospray ionization source for integration with microfluidics, Anal. Chem. 2002, 74, 
5897-5901.

181 Kim, J. S.; Knapp D. R.; Microfabricated PDMS multichannel emitter for electrospray 
ionization mass spectrometry, J. Am. Soc. Mass. Spectrom., 2001,12,  463-469. 

182 Kim, J. S.; Knapp D. R.; Microfabrication of polydimethylsiloxane electrospray ioniza-
tion emitters,  J. Chromatogr. A, 2001, 924, 137-145. 

183 Svedberg, M.; Veszelei, M.; Axelsson, J.; Vangbo, M.; Nikolajeff, F.; 
Poly(dimethylsiloxane) microchip: microchannel with integrated open electrospray tip,
Lab Chip, 2004, 4, 322-327.  

184 Kim, J. S.; Knapp. D. R.; Miniaturized multichannel electrospray ionization emitters 
on poly(dimethylsiloxane) microfluidic devices, Electrophoresis, 2001, 22, 3993-3999. 

185 Lion, N.; Gobry, V.; Jensen, H.; Rossier, J. S.; Girault, H. H.; Integration of a mem-
brane-based desalting step in a microfabricated disposable polymer injector for mass 
spectrometric protein analysis, Electrophoresis, 2002, 23, 3583-3588. 

186 Lion, N.; Gellon, J. –O.; Jensen, H.; Girault, H. H.; On-chip protein sample desalting 
and preparation for direct coupling with electrospray ionisation mass spectrometry, J. 
Chromatogr. A., 2003, 1003, 11-19. 

187 Wetterhall, M.; Klett, O.; Markides, K. E.; Nyholm, L.; Bergquist, J.; A comparison of 
the electrochemical stabilities of metal, polymer and graphite coated nanospray emit-
ters, Analyst, 2003, 128, 728-733. 

188 Laser, D. J.; Santiago, J. G.; A review of micropumps, J. Micromech. Microengineer-
ing, 2004, 14, R35-R64. 

189 Collins, G. E.; Wu, P.; Lu, Q.; Ramsey, J.; Bromund, R. H.; Compact, high voltage 
power supply for the lab-on-a-chip, Lab Chip, 2004, 4, 408-411. 

190 Badman, E. R.; Cooks, G.; Miniature mass analyzers, J. Mass Spectrom. 2000, 35, 
659-671.





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 64

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and 
Technology, Uppsala University, is usually a summary of a 
number of papers. A few copies of the complete dissertation 
are kept at major Swedish research libraries, while the 
summary alone is distributed internationally through the series 
Digital Comprehensive Summaries of Uppsala Dissertations 
from the Faculty of Science and Technology. (Prior to January, 
2005, the series was published under the title "Comprehensive 
Summaries of Uppsala Dissertations from the Faculty of 
Science and Technology".)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-5838

ACTA
UNIVERSITATIS 

UPSALIENSIS
UPPSALA

2005


	Abstract
	List of Papers
	Contents
	Abbreviations
	1. Introduction
	2. Neuropeptides
	3. Microdialysis
	3.1 Principles of microdialysis
	3.2 Estimation of the extraction efficiency
	3.3 Enhanced microdialysis

	4. Separation Techniques
	4.1 Reversed phase liquid chromatography
	4.2 Capillary electrophoresis
	4.3 Multidimensional separations
	4.3.1 On-line LC-CE


	5. Mass Spectrometry
	5.1 Electrospray ionization
	5.1.1 The mechanism of electrospray

	5.2 Mass analyzers
	5.2.1 Time-of-flight
	5.2.2 Quadrupole
	5.2.3 Fourier transform ion cyclotron resonance

	5.3 Interfacing separation techniques with ESI-MS
	5.3.1 On-line LC-CE-ESI-MS


	6. Miniaturization
	6.1 Microfabrication methods and materials
	6.1.1 Thermoplastics
	6.1.2 Elastomeric polymers

	6.2 Incorporated microchip functions
	6.2.1 Sample pre-treatment on microchip
	6.2.2 CE in microchip
	6.2.3 ESI from microchip


	7. Conclusions and future aspects
	8. Acknowledgements
	9. Summary in Swedish
	9.1 Mikroskaliga verktyg för provpreparering, separation och detektion av neuropeptider

	10. References

