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Abstract 
 
Proteins are a highly diversified group of molecules, and for their study, advanced 
analytical tools are required. In particular, a need for high-throughput techniques has 
emerged in order to enable the characterization of large sets of proteins. In this thesis, 
improved techniques for protein separations as well as new tools for the mass 
spectrometric analysis of proteins are described. 
 
In the work, presented in the first part of the thesis, a refined extract containing proteases 
from Antarctic krill (Euphausia superba) was separated and characterized by means of 
capillary electrophoresis (CE) and mass spectrometry (MS). Tailored CE separations of 
the krill extract revealed the presence of approximately 50 components. In addition, a 
detailed CE and MS analysis of fractions, containing individual krill proteases has been 
carried out. Trypsin-like proteases from krill exhibited a 12-fold and a 60-fold higher 
digestion efficiency at 37 °C and 2 °C respectively compared to digests performed with 
bovine trypsin. Furthermore, the cleavage specificity of the trypsin-like proteases was 
studied. 
 
In the last part of the thesis, novel concepts for chip-based nanoelectrospray (nanoESI) 
and matrix-assisted laser desorption/ionization (MALDI) mass spectrometry are 
described. First, a micromachined silicon chip with a two-dimensional matrix of out-of-
plane nanoESI needles for high-throughput analysis was fabricated. A two-fold 
improvement in signal-to-noise reproducibility was obtained. Second, a chip-based target 
for MALDI was developed, which featured pairs of elevated 50×50 µm anchors in close 
proximity. The anchors were individually addressable with sample solution. The 
miniaturized sample preparations at close distance to each other allowed a simultaneous 
ionization of a physically separated sample and standard by one single laser pulse. This 
resulted in a twofold reduction of relative mass errors. Moreover, ion suppression of the 
analyte was significantly reduced. The effective utilization of the sample resulted in a 
detection limit of  ca 200 zeptomole of angiotensin I. 
 
Key words: Proteins, peptides, proteases, Antarctic krill, Euphausia superba, capillary 
electrophoresis, fluorosurfactants, mass spectrometry, nanoelectrospray, ESI, MALDI, 
chip, high-throughput, reproducibility, sensitivity and mass accuracy.      
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2. Introduction 

Proteins are molecules of central importance for all living matter1. Regardless of 
whether bacteria, plants or mammals are considered, the cell or cells that make up 
the organism depend on the action of proteins for their function. In this context, a 
key group of proteins are enzymes. Reactions in a cell would not take place without 
the catalysis controlled by enzymes. The reaction rates are controlled by the cell 
through adjustment of the enzyme concentrations, by covalent modifications of the 
enzymes or by activators or inhibitors influencing the enzyme activity. Other 
important groups of proteins include receptors, hormones, antibodies, proteins 
involved in transportation and protein molecules which are a part of the 
mechanical support in the cell structure1. To obtain some idea of the possible 
number of proteins taking part in this variety of functions, one can consider the 
human genome as an example. It consists of 30 000 – 40 000 genes2,3, and the 
spectrum of expressed proteins is much larger, due to post-translational 
modifications.  
 
In order to elucidate the characteristics and functions of individual proteins, it is 
obvious that sophisticated analytical and separation strategies are required. This 
issue becomes especially important when dealing with closely related proteins, 
which often have only subtle, but important differences in structure, resulting from 
ages of evolutionary fine tuning of the protein set-up of the organism. An example 
of the heterogeneity within a narrow sub-population of proteins is illustrated in the 
first part of the thesis, where a characterization of a protein fraction extracted from 
Antarctic krill (Euphausia superba) with tailored capillary electrophoretic and mass 
spectrometric techniques is described.  
  
Focused studies on single proteins will provide an aid to a better understanding of 
individual microsystems inside the cell. However, for a complete understanding of 
the cellular structure, we need to look not only at separate mechanisms within the 
cell but also at the complete system as a single entity. In this perspective, the 
concept of proteomics has evolved. This is a field where the entire set of proteins 
in a cell, the proteome, and their interactions are studied4. By studying how 
different situations and different stimuli affect the cell in modifying its proteome, it 
is possible to draw conclusions about the mechanisms which involve the different 
proteins. This includes possible malfunctions of the cell and it is possible to 
identify individual proteins which are relevant in connection with different 
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diseases5,6. This strategy is of particular interest for the pharmaceutical industry in 
its search for new drugs. In practice, the proteomes of normal and abnormal cells 
are compared, and up- or down-regulated proteins in the disabled cells are 
identified. Such proteins are likely to be relevant for the disease status, and their 
identification could improve the possibility of finding drug candidates for the 
disorder in question, by searching for substances that interact with these proteins.  
 
The analysis of the proteome, the proteomics concept, first became realistic when 
suitable mass spectrometric techniques for proteins became available. Mass 
spectrometry provided a way to identify proteins on a high-throughput basis7. 
Normally, the protein sample is separated with 2D-gel electrophoresis in a first 
step8. Other strategies, using column separation techniques in series, have also been 
explored9. The proteins of interest are isolated and, for their identification, a set of 
peptides unique for each protein in question is generated through digestion with a 
highly specific proteolytic enzyme. The protein fragments resulting from the digest 
are subjected to a mass spectrometric analysis and the results are converted into a 
peptide mass fingerprint, corresponding to the original protein. If the particular 
protein has earlier been characterized in a similar way, it can often be identified by a 
database search for the comparative peptide mass fingerprint.  
 
For this route to be successful, it is essential that a rigorous isolation and 
purification step precedes the digestion. If other proteins are present as impurities, 
the peptide mass fingerprint becomes distorted and identification of the target 
protein is impaired or impossible. Furthermore, a sensitive and accurate mass 
analysis is necessary in order to obtain a well-defined peptide mass fingerprint 
containing as many peptide fragments stemming from the original protein as 
possible. This increases the probability of obtaining an exclusive match in the 
database search and thereby a reliable identification of the unknown protein. 
Several databases are accessible on the internet (e.g. www.matrixscience.com). At 
present (April 2004), the largest databases contain approximately 1.5 million 
protein sequences. Another key concern, in view of the number of proteins in a cell 
lysate, is the sample throughput of the mass spectrometric technique used. The 
issues of mass accuracy, sensitivity and sample throughput will be discussed in the 
later part of the thesis and ways to improve the performance are presented.  
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3. Capillary Electrophoresis – A Tool for Protein 

Separation 

Capillary electrophoresis, CE, is a well-established separation technique and it is 
particularly suitable for proteins10. Traditionally electrophoresis has been performed 
in slab gels11, but in the early eighties it was adapted to a miniaturized format12. The 
use of narrow-bore capillaries results in a high electrical resistance and low currents, 
and high separation voltages can therefore be applied. This makes it possible to 
carry out rapid separations with reported efficiencies of up to 1 000 000 theoretical 
plates12. The instrumental configuration in which the detection is regularly 
performed on-column with UV absorbance or fluorescence13 is easy to automate. 
In order to achieve structural information of the analytes, capillary electrophoresis 
can also be linked with mass spectrometry14. Since the injected sample volume is in 
the nanoliter-range, capillary electrophoresis is also very suitable for the analysis of 
minute volumes of material.  
 

3.1 General Principle 

Electrically charged matter in a liquid will migrate in an electric field. Positively 
charged components move towards the cathode and negatively charged species 
move towards the anode. This is a process referred to as electrophoretic 
migration15. The electrophoretic velocity, ve, of an ion depends on the applied 
electric field strength, E, and on the electrophoretic mobility of the ion, µe, as 
expressed by the equation15. 
 

Ev ee µ=               (3.1) 
 
In this state, two counteracting forces are experienced by the ion, viz: the electric 
force and a frictional force due to the movement through the medium. 
 
The electric force, FE, is given by15: 
 

qEFE =               (3.2) 
 
where q is the coulombic charge of the ion. 
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If the ion is assumed to be spherical, the frictional force, FF, can be expressed as15: 
 

eF rvF πη6=              (3.3) 
 
where η is the viscosity of the medium and r is the ion radius. 
 
The two forces, FE and FF, have opposite directions and during electrophoresis a 
steady state is obtained, where the forces are balanced. Based on this criterion, the 
following expression for the electrophoretic mobility can be derived from the 
above equations: 
 

r
q

e
πη

µ
6

=                (3.4) 

 
As can be seen in this equation, separation is achieved on the basis of the charge-
to-size ratio of the ions. The same viscosity of the fluid medium is assumed to be 
experienced by all ions.  
 

3.2 Electroosmotic Flow  

The theory of electroosmotic flow, EOF, is to different degrees applicable to all 
kinds of solid material in contact with an aqueous solution. With fused silica, which 
is regularly employed as a material for CE capillaries, EOF is especially noticeable. 
Silanol groups at the surface of the capillary wall are deprotonated when exposed to 
a buffer solution at a pH above approximately 315. The negatively charged surface 
then attracts cations from the buffer to balance the electrical charge. In this way, a 
double layer of hydrated cations is created; one stationary layer close to the wall and 
another more loosely associated layer outside the inner layer. When a voltage is 
applied, the outer layer of cations is pulled towards the cathode and a flow, 
characterized by its flat profile, arises15. This is known as the electroosmotic flow. 
 
By analogy with the electrophoretic velocity, the velocity of the electroosmotic flow 
is given by: 
 

Ev EOFEOF µ=              (3.5)   
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The mobility of the electroosmotic flow, µEOF, is described by the relationship15: 
 

´η
εξµ =EOF               (3.6) 

 
where ε is the dielectric constant of the buffer medium, ξ is the zeta potential of 
the electric double layer and η´ is the viscosity of the electric double layer. 
 
When a separation is performed, the ions exhibit an apparent mobility, µapp, as a 
result of the superimposed electrophoretic and electroosmotic mobilities. 
 

EOFeapp µµµ +=               (3.7) 
 
As a consequence, the time frame for the separation is reduced if the 
electrophoretic and electroosmotic motions are in the same direction. If analytes 
with small differences in mobility are to be separated, it is often a good strategy to 
choose conditions where the electrophoretic and the electroosmotic motions are in 
opposite directions, in order to extend the separation time and resolution.  
 

3.3 Capillary Electrophoretic Techniques 

The most straightforward capillary electrophoresis strategy is to perform the 
separation in a free solution. The technique is termed capillary zone electrophoresis 
and can be applied to small inorganic ions16 as well as to larger molecules such as 
proteins10. In the case of proteins, the selectivity is to a large extent dependent on 
the pH of the buffer employed, since this determines the overall protein charge. A 
further important issue is analyte interaction with the capillary wall. This type of 
interaction should preferably be suppressed, in order to minimize band broadening 
and to obtain a separation based purely on the charge-to-size ratio. Detrimental 
wall interaction is particularly pronounced for proteins, which have several sites for 
interaction in terms of not only positive and negative charges but also hydrophobic 
residues. The risk of interference with the negatively charged silanol groups is 
evident, and to avoid this problem, the capillary wall can be covered with a 
protective coating17. For this purpose, two different methods can be utilized; either 
a permanent polymeric coating is applied to the inner wall of the capillary or a 
substance, creating a dynamic coating, is added to the buffer solution. 
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In capillary gel electrophoresis a sieving gel is utilized as separation medium and a 
separation based exclusively on size is achieved18. A prerequisite for this approach 
is that the analytes have the same charge-to-size ratio. Typical examples of such 
molecules are nucleic acids, but proteins can also exhibit a constant charge-to-size 
ratio if they are treated with sodium dodecyl sulphate19. The most common 
application of capillary gel electrophoresis is however separation of DNA 
fragments for DNA sequencing20. 
 
In another mode of capillary electrophoresis, capillary isoelectric focusing21, the gel 
is utilized solely to minimize diffusion. Within the gel, a pH gradient is created with 
the aid of a set of ampholytes, which have been chosen in such a way that their 
individual pI and pKa values are similar, and their pKa values together cover the 
whole pH interval of interest. When a high voltage is applied, the ampholytes 
migrate to their respective isoelectric points, where they have no charge and are 
therefore stationary. Since the pI and pKa values of the ampholytes coincide, a pH 
gradient is created during the focusing process. The sample is mixed with the 
ampholytes and gel before the solution is introduced into the capillary. The 
proteins of the sample are simultaneously focused with the ampholytes, and are 
separated in accordance with their respective isoelectric points. For a read-out of 
the separation, the gel is gently guided past the detection window, while the voltage 
is still applied, and the focused proteins are recorded. This type of analysis is most 
commonly performed to determine the isoelectric points of proteins, but it is also 
an essential step in two-dimensional gel electrophoresis. In this thesis (Paper I), 
capillary isoelectric focusing has been utilized as a complement in the 
characterization of proteolytic proteins from Antarctic krill.   
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4. Mass Spectrometric Techniques for 

Macromolecules  

The first mass spectrometric studies were conducted already in the early twentieth 
century. A pioneer in the field was J. J. Thomson, who separated the two neon 
isotopes of mass 20 and 22 with his parabola mass spectrograph in 191322. 
Thomson´s instrument, as well as modern mass spectrometers, took advantage of 
the fact that charged species in a gas phase travelling through an electric or 
magnetic field obtain different speeds or directions depending on their mass and 
charge23. This is the basis of all mass spectrometric analysis and it is utilized to 
generate mass spectra, where ionic species of different mass-to-charge ratio, m/z, 
are separated. A mass spectrometer can be divided into four major components; 1) 
the ion source, where the analytes are ionized and brought into gas phase, 2) the 
mass analyzer, where the analytes are separated according to m/z, 3) the detector 
and 4) the data acquisition system. 
 
It is significant of the early experiments of Thomson that the substances studied 
were gaseous compounds of low mass. Throughout the development of mass 
spectrometry, the ionization of large molecules has been difficult. The energy 
required for the transfer of substances with a high molecular mass into the gas 
phase resulted in an extended decomposition of the molecules. Nowadays, modern 
techniques for large molecules are available, and these are suitable for proteins or 
even larger particles such as viruses24. A discussion on mass spectrometry and 
ionization procedures is further expanded below in the perspective of peptide and 
protein analysis. 
 

4.1 Ion Sources for Macromolecules 

The early ion sources were all gas phase sources, where the analyte either was 
gaseous or was volatilized prior to ionization. In practice, the use of such an ion 
source is restricted to compounds of masses up to approximately 1000 Da with 
boiling points below 500 °C. There are many areas where this kind of ion source is 
appropriate. However, macromolecules were more or less excluded from mass 
spectrometry until the late eighties.  
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The first technique available for ionization of large molecules in solution was field 
desorption25. The sample is applied to a thin tungsten rod with a delicate needle 
structure. When a high positive potential is applied to the rod, the intense electric 
field at the needle tips subtracts electrons from the analyte molecules and the ions 
formed are ejected from the surface. Unfortunately, field desorption suffers from 
having a low sensitivity and the mass range, for routine analysis, is still not beyond 
5 000 Da. 
 
Another, more versatile technique, fast atom bombardment (FAB), appeared in 
198126. This method utilizes a fast moving jet of xenon or argon atoms, which is 
directed towards the sample in a glycerol matrix. High energy collisions with the 
sample molecules create both positive and negative ions, which are desorbed from 
the solution. The fast atom bombardment technique is sufficient to achieve 
ionization of peptides and small proteins, and this permits a rapid peptide analysis, 
which together with data of the molecular masses provides certain structural 
information about the molecules. The first peptide mass fingerprinting was 
demonstrated with FAB MS in 198927. 
 
It was first in the early nineties protein scientists had reliable all-round mass 
spectrometric techniques at hand. Electrospray ionization28,29 and matrix-assisted 
laser desorption/ionization30 revolutionized protein science with their successful 
ionization and desorption of high mass proteins. John B. Fenn and Koichi Tanaka 
were accordingly awarded the Nobel prize in 2002 for their respective discoveries.  
 

4.1.1 MALDI 

In matrix-assisted laser desorption/ionization, MALDI, a photon-absorbing matrix 
is employed to assist in the desorption of the analytes31. The sample is mixed and 
co-crystallized with the matrix on an electrically conducting target, normally a 
stainless steel plate. Energy, in the form of a short laser pulse, is introduced into the 
crystalline material. This energy is absorbed by the matrix molecules and, as a result 
of the rapid heating, a microexplosion is induced. In this process, the analyte is 
brought into the gas phase and is concomitantly ionized.  
 
The mechanism, or rather mechanisms, of MALDI-ionization are not fully 
understood. Several schemes have been proposed and it is probable that a 
combination of different mechanisms gives rise to the ions observed in a mass 
spectrum31. In a standard MALDI analysis, in the positive ion mode, of a peptide 
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sample, both protonated and cationized molecular ions are generally detected. On 
the other hand, in the analysis of species with low ionization potentials, radical 
cations are often observed. Depending on operating parameters, such as the matrix 
utilized, the type of sample and the wavelength of the laser, different paths of 
ionization are apparently valid. Among the suggested routes of ionization are 
photoionization, thermal ionization and excited-state proton transfer as well as the 
case where the analyte is already present in an ionic form. A detailed discussion of 
the various ionization theories of MALDI is somewhat outside the scope of this 
thesis. More detailed information on ion formation in MALDI can be found in 
reference 31.  
 
In the desorption process of a sample containing several substances, there will be a 
discrimination of analytes, which are less susceptible for ionization. This 
phenomenon is referred to as ion suppression32 and can be exemplified by the 
ionization of a mixture of peptides by a protonation mechanism. Under such 
conditions, peptide molecules with low proton affinity will be ionized to a lower 
extent than other peptides and therefore an inferior detection sensitivity is obtained 
for this type of analyte. 
 
In the sample preparation, a matrix is added in abundance compared to the amount 
of analyte. The optimal amount depends on the size of the analyte molecules, but 
for proteins a molar ratio of 1/5 000-10 000 is typically employed. The large molar 
difference is necessary to enable the sample molecules to be separated and to avoid 
the formation of protein aggregates, as well as to provide an efficient sublimation. 
The matrix generally has a double function; absorbing the laser energy and ionizing 
the analyte. If ionic species or substances present as salt adducts are to be analyzed, 
the ionizing function of the matrix is not necessary. For the most common 
application of MALDI, i.e. protein and peptide analysis, the regularly employed 
matrices are all aromatic compounds with carboxyl groups (Fig 1). The aromatic 
group absorbs radiation in the UV-range, which is the type of radiation employed 
in standard MALDI lasers, while the carboxyl functionality facilitates protonation 
of the proteins. Research is also being carried out into the use of IR-lasers33 for 
MALDI, which of course requires other kinds of matrices. 
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Figure 1: Common matrices for UV MALDI. 
 

4.1.2 Electrospray Ionization 

Electrospray is an ionization process carried out at atmospheric pressure, where the 
analyte is initially in solution34. Under the action of an electrical potential, the 
sample is sprayed from a hollow needle. During this process, the analyte is brought 
from the liquid into the gas phase as the solution evaporates. Ionization takes place 
in the liquid state, prior to the gas phase transition.  
 
In the case of peptides and proteins, the ionization is generally achieved by 
protonation, and the sample solution is therefore normally acidified to facilitate the 
protonation. As in MALDI, cation adducts from sodium and potassium are often 
obtained together with the protonated species. The formation of cationized 
analytes should preferably be avoided, since these distort the mass spectra. In the 
case of inherently charged species, protonation is not necessary. Proteins with 
anionic glycogroups, for example, can be observed as negatively charged ions.  
 
An electrospray is driven by a voltage applied between the needle and the analyzer 
entrance.  In the case of a positively charged analyte, a negative potential is applied 
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to the counter electrode at the analyzer side and a positive potential to the 
electrospray needle. This leads to an electrophoretic process in the sample solution, 
where positive ions migrate to the tip of the electrospray needle and negative ions 
to the liquid/metal interface at the contact surface between the needle and the 
sample solution34. As the concentration of cations increases at the meniscus of the 
needle tip, the electrostatic repulsion increases and the liquid, which is pulled out of 
the needle orifice, develops a conical shape referred to as a Taylor cone (Fig 2). The 
electric field strength, Ec, at the Taylor cone is given by the approximate 
relationship34: 
 

)4ln(
2

CC

C
C rdr

VE =             (4.1) 

 
where Vc is the applied voltage, rc is the outer radius of the needle tip and d is the 
distance between the needle tip and the counter electrode. 
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Figure 2: Scheme of the electrospray ionization process. 
 
At a certain electrical field strength, Eon, the electrostatic force exceeds the surface 
tension, γ, and a liquid jet, which breaks up into a spray of fine droplets, is created 
from the apex of the Taylor cone. The onset electric field strength is given by34: 
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where θ is the half angle of the Taylor cone and εo is the permittivity of vacuum. 
For a static Taylor cone, i.e. before the electrospray commences, θ is 49.3°34.   
 
Combination of equations 4.1 and 4.2 yields an expression for the onset voltage, 
Von: 
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The droplets of the spray rapidly decrease in size due to evaporation of the solvent, 
and this causes the charge concentration to increase at the droplet surfaces. The 
cations at the droplet surfaces repel each other and structures similar in shape to 
the Taylor cone are formed. The droplets rupture in a process referred to as droplet 
jet fission and small subdroplets are ejected from the droplet surface34. The process 
continues repeatedly, both from the original droplet and from the smaller 
subdroplets formed and, at a certain stage, droplets containing single ions are 
obtained. After evaporation of the residual solvent, an analyte gas phase ion is 
formed. The electrospray process is described in more detail in reference 34.    
 
In the electrospray process, positive ions are withdrawn from the sample solution 
and to maintain an electrostatic balance, oxidation reactions take place at the 
surface boundary of the sample solution and the electrospray needle35. Possible 
reactions include oxidation of hydroxyl ions, water and the capillary metal, viz: 
 
4OH-(aq) → O2(g) + 2H2O(l) + 4e- 
 
2H2O(l) → O2(g) + 4H+(aq) + 4e- 
 
M(capillary metal) → Mn+ + ne- 

 
The latter reaction, where the capillary metal is oxidized, alter the sample by adding 
metal ions to the solution. Due to their low concentration, these ions do not, to any 
great extent, influence the analysis. 
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Electrospray is normally performed with stainless steel capillary needles with an 
internal diameter of approximately 50 µm. This is suitable for large volume samples 
or for hyphenation with column liquid chromatography. For smaller sample 
volumes, narrow pulled fused silica needles covered with a conducting metal layer 
at the outside are employed. This format of electrospray is referred to as 
nanoelectrospray and can be used for submicroliter sample volumes36. 
 

4.2 Mass Analyzers  

A short description of the two mass analyzers employed in the work presented in 
the thesis, a time-of-flight instrument and an ion trap, is given here. For a 
discussion of other types of mass analyzers, such as triple quadrupoles, sector 
instruments and ion cyclotron resonance cells, reference 37 is referred to. 
 

4.2.1 The Ion Trap Mass Analyzer 

An ion trap consists of a ring and two end-cap electrodes38, which together 
constitute an ion storage and mass analyzer device (Fig 3). The ions are directed 
into the ion trap through openings in the center of one of the end caps. When a 
voltage oscillating at radio frequency is applied to the ring electrode, the ions are 
captured in orbits within the cell. At higher frequencies, the heavier ions become 
stable, while the lighter ones are destabilized. By scanning the radio frequency 
voltage, ions are ejected according to mass number through the end cap at the 
detector side. For further information on ion trap mass spectrometers, reference 38 
is recommended.  
 

4.2.2 Time-of-Flight Instruments    

The principle of time-of-flight, TOF, instruments is based on the relation between 
the mass-to-charge ratio of an ion and the velocity it acquires when the ion is 
accelerated in an electric field39. The relationship is given by:  
 

2

2mvzeVEkin ==  ⇒ 2

2/
v
eVzm =         (4.3) 

 
where Ekin is the kinetic energy of an ion, z the number of charges, e the elementary 
charge, V the acceleration voltage, m the ion mass and v the ion velocity.  
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Figure 3: Diagram of an ion trap mass analyzer. 

 
In the ion source, the acceleration voltage, V, is applied, which sends the ions into 
a field-free flight tube. The time of flights through the tube are measured and 
translated into mass-to-charge ratios of the individual ion species.  
 
To obtain sharp peaks in MALDI TOF mass spectrometry, it is necessary to 
employ laser pulses which are orders of magnitude shorter than the ion flight time. 
To further focus the ion packages hitting the detector, it is essential to narrow the 
kinetic energy span of the ions. It is important to accomplish ionization and 
desorption from a planar surface. If ions are desorbed from positions with different 
elevations, the result will be an inherent discrepancy in traveled distance and, in 
addition, different acceleration potentials will be experienced by the ions40,41. Other 
ways of focusing the ions in terms of kinetic energy are by delayed extraction42 and 
ion mirrors43. For a more detailed description of time-of-flight instruments, 
reference 39 is recommended. 
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5. Characterization of Proteases from Antarctic Krill  

Antarctic krill (Euphausia superba) is a cold-adapted crustacean, present in large 
quantities in the oceans of the southern hemisphere. It has a size of 5 to 6 cm and 
lives in swarms, which are the largest animal aggregations known in the marine 
world44. Aggregations covering hundreds of square kilometers with krill densities of 
several hundred individuals per cubic meter have been reported45. These quantities 
of krill actually make it one of the world’s most abundant multicelled animals44,46. 
 
The primary feed of krill is phytoplankton, but zooplankton and algae are also 
consumed47. The plankton supply varies significantly with season and, during the 
winter, krill is believed to semi-hibernate. Laboratory tests have indicated that krill 
is able to survive without food for more than 200 days. It seems that the animal, 
during this period, partly feeds on its own structural proteins and, due to an actual 
reduction of body mass, a lower energy consumption is obtained46,47. For this 
elaborate nutrition assimilation to function, krill has developed an effective 
digestion apparatus. It is based on a set of potent proteases, the activities of which 
efficiently complement each other. The strength of the proteolytic activity is clearly 
seen post mortem, as the krill autolyses due to the action of the proteases48-54.  
 
This autoproteolysis has drawn attention to the proteases in question and many 
studies have been undertaken. In addition to the fundamental interests, two main 
motives have driven the studies; to preserve krill for consumption as food48,50,52,55-63 
and to make use of the proteases for medical applications, such as debridement of 
necrotic ulcerations64-69, removal of dental plaque70,71, disintegration of blood 
clots72, and the reduction of intervertebral discs73. Furthermore, krill proteases have 
been employed for the conservation and authenticity examination of paintings74,75. 
 

5.1 Description of the Antarctic Krill Proteases  

Among the proteases involved in the autoproteolysis are carboxypeptidase A and 
B, aminopeptidase, trypsin-like proteases, chymotrypsin-like protease and cathepsin 
A, B, D, H and L types of enzymes52,59. In the present work, an extract of krill 
proteases, which forms the active part of a pharmaceutical for the debridement of 
ulcers64-69, has been studied. The protease extract was prepared by homogenization 
and defatting of krill and further refinement by size exclusion chromatography, 
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where the 20 to 40 kDa fraction was collected76. From previous work, the extract 
was known to contain two carboxypeptidase A56,66,77-79 and two carboxypeptidase 
B66,77-79 enzymes, three trypsin-like serineproteinases55,56,58,66,78-87 and one 
chymotrypsin-like serineproteinase61,88-93. For simplicity, these enzymes are 
designated CPA I and II, CPB I and II, TL I-III and CL respectively throughout 
this text. 
 
Previous workers have separated and characterized the proteases by means of 
liquid chromatography, gel electrophoresis and immunological techniques as well as 
by enzymatic and inhibitor assays. The TL I enzyme was found to exhibit a broad 
specificity, including both exo- and endopeptidase activities82, whereas TL II and 
TL III have only displayed endopeptidase characteristics82. The CL protease has 
been reported to exhibit a broad specificity91, including a collagenolytic activity89,91. 
In an extensive study by Gudmundsdóttir et al.91-93, this enzyme has been sequenced 
and recombinantly expressed. The CPA and CPB enzymes have been described as 
being pure exopeptidases. The activity optima are at about pH 8 for the TL 
proteases82 and at approximately pH 6 for the CPA, CPB77 and CL enzymes88. For 
digests carried out during 15 min, the optimum temperatures have been found to 
be about 40 °C for CPB77 and CL88, whereas CPA77 and the TL enzymes82 showed 
their highest efficiency at 55-60 °C. Due to thermal inactivation of the enzymes, the 
values for these temperature optima are not valid when incubations are performed 
for an extended period of time.   
  

5.2 Capillary Electrophoresis of Proteases from 
Antarctic Krill 

The refined extract of krill, containing a mixture of proteases, constitutes the active 
part of a pharmaceutical ointment for debridement of ulcerations. In view of the 
biological origin of the extract, a detailed knowledge of its content is mandatory. 
For this purpose, high resolution capillary electrophoresis methods were developed 
for the analysis of the extract (Paper I). This was the first time, where capillary 
electrophoresis was utilized to study krill proteases.  
 

5.2.1 Capillary Zone Electrophoresis  

In capillary zone electrophoretic separations of proteins it is essential to optimize 
the buffer pH, since this parameter determines the over-all charge of the individual 
proteins. The most commonly adopted strategy is to employ a buffer with a pH, 
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which is close to the isoelectric points of the proteins. Such a pH will result in the 
largest relative difference of the charge-to-size ratios of the proteins and therefore 
provide optimal conditions for an efficient separation10. Krill proteases are known 
to be very acidic (pI´s below 3.6, see Chapter 5.2.2) and therefore capillary zone 
electrophoretic separations had to be performed at a low pH. However, since 
proteins are prone to adsorption onto fused silica surfaces, the pH, which 
determines the charge of the fused silica capillary wall (see Chapter 3.2), has also to 
be optimal in terms of suppression of surface adsorption.  
 
In the initial separations, where acidic buffers were employed using bare fused silica 
capillaries, a strong adsorption of the proteases to the silica surface was 
experienced. Subsequently, a number of commercially available capillaries with 
permanent coatings of a neutral and hydrophilic character, having a low affinity for 
proteins, were evaluated. The neutral coating of the capillaries causes a strong 
suppression of the electroosmotic flow. This is favorable for the reproducibility of 
the analyte migration times, since differences in the surface characteristics of bare 
fused silica capillaries can result in non-predictable variations in the rate of the 
electroosmotic flow. In tests, which are more closely described in paper I, a 
capillary coated with polyvinyl alcohol (PVA), was employed. This capillary 
provided rapid and reproducible separations, and yielded the highest resolution 
among the evaluated capillaries (Fig 4). With the PVA-coated capillary, separations 
can be performed at pH 5.5 without any deterioration of the resolution caused by 
surface adsorption of the proteins. However, the separation using the PVA-coated 
capillary only partially resolved the components in the sample, which is shown in 
the electropherogram in figure 4.  
 
In previous work by Emmer et al.94-96, fluorinated surfactant additives have been 
utilized to create a dynamic coating of the walls of the bare fused silica capillary. 
When cationic fluorosurfactants are employed, these associate to the negatively 
charged silanol groups of the surface. At fluorosurfactant concentrations above the 
critical micellar concentration, a bilayer of fluorosurfactants covering the capillary 
inner surface is formed. The surface of the surfactant layer presented to the 
analytes in the running buffer can be modified by addition of neutral or 
zwitterionic fluorosurfactants95.  
 



 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

 

 

21

mAU

60

10

20

30

40

50

0
8 9 10 11 12 13 min

 
Figure 4: Capillary electrophoretic separation of a refined krill extract using a polyvinyl alcohol- 
coated capillary and a 10 mM phosphate buffer of pH 5.5. Detection was performed with UV 
absorbance at 192 nm.   
 
To evaluate the performance in terms of separation of the krill proteases, a buffer 
system containing fluorinated surfactants was tested (Paper I). A mixture of a 
cationic fluorosurfactant and an anionic fluorosurfactant was employed. The 
cationic surfactant binds to the silanol groups of the capillary wall and creates an 
inner layer to which both anionic and cationic fluorosurfactants adhere by means 
of strong hydrophobic interactions. Since the fluorosurfactant mixture was based 
on an excess of anionic fluorosurfactant compared to the amounts of the cationic 
species, a net negative surface charge is obtained. This generates an electroosmotic 
flow towards the cathode, when the high voltage is applied (see Chapter 3.2). Given 
that the buffer pH is above the isoelectric points of the proteases (pI>3.6, Chapter 
5.2.2), the direction of the electroosmotic flow will be in a direction opposite to the 
electrophoretic migration of the krill proteases. This results in a longer overall 
separation time and an improved resolution of the separated components.  
 
The dynamic fluorosurfactant coating reduces protein surface adsorption, since the 
negatively charged fluorosurfactant layer causes an electrostatic repulsion of the 
anionic proteases away from the capillary wall. Moreover, electrostatic interactions 
between the proteins and micelles of anionic fluorosurfactants in free solution are 
believed to further decrease the risk that positively charged protein sites will 
interact with the silanol groups of the capillary wall94. A buffer system of pH 5.5, 
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containing the cationic and anionic fluorosurfactants in a ratio of 1/149 (w/w), 
provided long separation times, which resulted in a high resolution and the 
detection of approximately 50 components in the krill extract (Fig 5). This is a 
significantly larger number than the 34 components previously reported by 
Karlstam et al.85 who performed crossed immunoelectrophoretic separations.  
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Figure 5: Capillary electrophoretic separation of a refined krill extract, performed with a bare 
fused silica capillary using a 50 mM phosphate buffer, pH 5.5, containing 150 µg/mL of two 
fluorosurfactants. The ratio of the anionic FC-128 and cationic FC-134 fluorosurfactants was 
149/1 (w/w). Detection was performed with UV absorbance at 192 nm.     
 
Although the separations carried out with bare fused silica capillaries employing 
fluorosurfactant buffer additives resulted in the best resolution, the migration times 
of the analytes were not reproducible. As pointed out before, the migration time 
variations were probably caused by capillary-to-capillary variations in the surface 
characteristics of the fused silica, possibly in combination with a residual surface 
adsorption of the proteins. In an attempt to avoid the influence of the surface 
characteristics, a capillary with a permanently coated layer of fluorocarbon was 
tested, by analogy with an approach explored by Swedberg et al.97. In separations 
performed with this type of capillary, the permanent fluorocarbon coating 
corresponds to the inner layer of the cationic fluorosurfactant in the separations 
with bare fused silica capillaries. Fluorosurfactant buffer additives adhere to the 
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permanent fluorocarbon coating by hydrophobic interactions and form a layer 
which is exposed to the buffer and analytes. This approach resulted in reproducible 
migration times and a resolution almost comparable to the results achieved with the 
PVA-coated capillary. However, the high resolution achieved with untreated fused 
silica capillaries employing a fluorosurfactant buffer system could not be obtained.  
 
In conclusion, the most reproducible separations of the krill extract were obtained 
with the PVA-coated capillary, and this approach is suitable for routine analysis of 
the extract. The applicability for quality assurance of the krill extract, forming the 
active part in the debridement pharmaceutical was also demonstrated in paper I. 
The separations performed with bare fused silica capillaries employing a 
fluorosurfactant buffer provided higher resolutions and this concept can therefore 
be useful for more detailed studies on the krill enzymes. The surface deactivation 
with a mixture of fluorosurfactants is very versatile and can be tailored for 
separations of many other types of complex protein samples. 
 

5.2.2 Capillary Isoelectric Focusing of Krill Proteases 

For further characterization of the krill extract, capillary isoelectric focusing was 
utilized (Paper I). The isoelectric points of the carboxypeptidase A, trypsin-like and 
chymotrypsin-like proteases had earlier been reported to be 3.6, 2.6 and below 2.9 
respectively. A pH gradient of 2.5-5 was chosen for the separation. From the 
results shown in figure 6 it can be concluded that the major portion of the proteins 
have pI’s below 2.75. The carboxypeptidase A enzymes are assumed to be two of 
the peaks with migration times between 10 and 25 min. For an exact pI 
determination of the main components of the sample, a gradient of even lower pH 
than the one utilized would be required. 
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Figure 6: Capillary isoelectric focusing of the krill extract. The lower electropherogram shows α-
lactalbumin, pI 4.8, at 8 min and CCK flanking peptide, pI 2.75 at 25 min.   
  

5.3 Capillary Electrophoresis and Mass Spectrometry 
of Individual Proteases Derived from Antarctic Krill 

Fractions containing the individual TL I, TL II, TL III and CL proteases as well as 
a fraction containing both CPA isozymes, and a fraction containing the two CPB 
isozymes had earlier been prepared by Karlstam et al. with affinity and ion exchange 
chromatography according to protocols by Bucht et al.84 and Osnes et al.77,82. To 
investigate the detailed content of these fractions, capillary electrophoresis and 
MALDI TOF MS were employed (Paper II). Capillary electrophoresis provides 
orthogonal separations with respect to the chromatographic techniques utilized for 
the purification of the enzymes, and it was therefore anticipated that new 
components could possibly be detected in the samples. The TL and CL proteases 
are known to be glycosylated58,88 and the use of MALDI MS can reveal 
microheterogeneities in the glycostructure of proteins98. Furthermore, mass 
spectrometric analyses can provide highly accurate mass determinations. In 
previous work, the masses of the enzymes had been estimated only with SDS-
PAGE and size exclusion chromatography56,58,66,77,79,82,84,88. A further aim of the 
study was to find out whether the TL fractions contained any contaminants that 
might disturb the investigation of the digestion specificity of the TL proteases, 
which is further described in chapter 5.4. 
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The capillary electrophoretic separations of the protease fractions were performed 
using the PVA-coated capillary (Chapter 5.2.1). The results of the separations are 
shown in figure 7. It can be observed that the CPA fraction was quite impure and 
that the TL III fraction contained two main components which displayed similar 
migration times (7.7 min and 7.8 min). Furthermore, during the chromatographic 
purification, a carry-over between the fractions had occurred. For example, one of 
the components of the CPA fraction (migration time 11.2 min) is clearly visible in 
the separation of the TL III fraction (Fig 7).  
 
The protease fractions, which had been prepared with affinity and ion exchange 
chromatography, were further studied with MALDI MS (Paper II). This provided 
new knowledge about the accurate masses of the enzymes as well as further 
information on the composition of the enzyme fractions (Fig 8). The masses of the 
TL and CL proteases were determined to be 25 020 Da (TL I), 25 070 Da (TL II), 
25 060 Da (TL III) and 26 260 Da (CL). The two CPA isozymes had masses of 23 
170 Da and 23 260 Da, whereas the CPB isozymes were determined to have masses 
of 33 730 Da and 33 900 Da. Previous analysis with SDS PAGE and size exclusion 
chromatography have resulted in coarse mass determinations spanning over an area 
of several thousands of Daltons. For example the previously reported SDS PAGE 
separations of the TL enzymes resulted in a mass determination not more exact 
than 24-33 kDa for the TL proteases56,58,66,79,82,84.  
 
The mass spectra of the glycosylated proteases, TL I, TL II, TL III and CL all 
displayed a similar pattern, which included a set of two peaks. The mass difference 
of the two peaks was 210-220 m/z in all of the TL and CL mass spectra (Fig 8). 
The height ratio of the two peaks remained roughly the same, when different laser 
intensities for the MALDI were employed. If the peak with the lower mass number 
had been derived from a fragmentation of a substance of larger mass, the height 
ratio of the two peaks would have varied with the laser intensity. Since this was not 
observed, the origin of the double peaks is not from prompt fragmentation in the 
ion source of one single substance. It is therefore concluded that the two peaks are 
due either to glycovariants of the native proteases or to alterations in the amino 
acid sequence of the enzymes.  
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Figure 7: Electropherograms of the fractionated krill proteases. The separations were performed 
using the PVA-coated capillary and a 10 mM phosphate buffer of pH 5.5. Detection was 
performed at 192 nm.  
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Figure 8: MALDI mass spectra of the krill protease fractions. The inserted sub-views are 
magnifications of individual peaks. 
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The TL I mass spectrum shows a large peak at 22 140 m/z, the origin of which is 
not known (Fig 8). However, the smaller peak at 22 350 m/z (210 m/z higher mass 
number) could be due to the presence of a similar modification as in the TL and 
CL proteases. The component was selectively adsorbed during a C18 sample 
cleanup and can therefore, as in the previous case, not correspond to prompt 
fragmentation in the ion source of TL I. The TL III fraction generated a multiple 
peak with five maxima (Fig 8). This broad peak seems to correspond to the two 
main substances separated by the CE analysis of the TL III fraction (Fig 7). These 
results could indicate the presence of a fourth trypsin-like protease, since the two 
substances have similar masses and exhibit comparable migration times in the CE 
separation.   
 
In summary, the use of capillary electrophoretic and mass spectrometric analysis 
provided new detailed information on the content of the krill protease fractions. 
This is due to the high resolving power exhibited by the optimized CE analysis as 
well as to the capability of MALDI MS to detect microheterogeneities displayed by 
the proteins.  It shows the strength of these two techniques for the assessment of 
sample purity and for quality control, which are issues of major importance in the 
production of pharmaceuticals or in the synthesis of recombinant proteins.  
 

5.4 Efficiency and Specificity of Proteases from 
Antarctic Krill  

To elucidate the enzymatic characteristics of the trypsin-like proteases, digests with 
myoglobin as a model substrate were carried out (Paper II). The study was 
performed with the individual TL fractions, which is  described in chapter 5.3. In a 
first step, the digestion efficiency of the individual TL proteases was compared 
with the enzymatic performance of bovine trypsin at two temperatures, 37 °C and 
2 °C. As a measure of efficiency, the decrease in the amount of intact myoglobin in 
the digest solution was monitored with capillary electrophoresis. The results are 
shown in figures 9 and 10. All TL proteases exhibited a high digestion efficiency 
compared to the bovine trypsin, which displayed approximately 12-fold and 60-fold 
lower activities at 37 °C and 2 °C respectively. The relatively higher activity of the 
TL proteases at a low temperature is not surprising since Antarctic krill is a cold-
adapted species99. The sequencing grade trypsin from pig, which was employed as a 
reference in the tests performed at 37 °C has a still lower activity. This can possibly 
be explained by the fact that this enzyme has been modified by reductive alkylation 
to suppress autodigestion100.   
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Figure 9: Digestion efficiency of myoglobin at 37 °C using TL I, TL II, TL III, bovine trypsin 
and sequencing grade (modified) porcine trypsin. 
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Figure 10: Digestion efficiency of myoglobin at 2 °C using TL I, TL II, TL III and bovine 
trypsin. 
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In earlier work by Osnes et al.82, the liberation of free amino acids from casein by 
the different TL proteases was studied. These authors showed that TL I mainly 
releases basic and non-polar amino acids, while only minor amounts of arginine 
and lysine were detected in TL II and TL III digests. The actual cleavage specificity 
exhibited by the enzymes was not determined in their study. In order to investigate 
this issue in more detail, digests of myoglobin were performed at 37 °C, using the 
individual TL proteases and the resulting fragments were identified with MALDI 
and nanoelectrospray mass spectrometry (Paper II). The myoglobin fragments 
found in the digests are listed in table 1, which shows that most of the fragments 
resulting from tryptic cleavage had been further digested by a protease exhibiting a 
carboxypeptidase activity. The possible presence of tryptic fragments digested from 
the N-terminal was also investigated. However, only a few isolated peaks in the 
mass spectra could possibly correspond to tryptic fragments digested from the N-
terminal.  
 
It was not unexpected that the myoglobin fragments detected in the TL I digest 
corresponded to a combination of tryptic and carboxypeptidase digestion, since TL 
I is known to possess both endo- and exopeptidase activities82. However, it should 
be noted that the CE separations described in chapter 5.3 revealed possible carry-
over of CPA in all the TL fractions. In the case of the TL II fraction, the possible 
CPA contaminant was present in very low concentrations, and the pronounced 
carboxypeptidase digestion observed in the TL II digest was therefore interesting. 
Additions of a carboxypeptidase inhibitor to the TL II digest solution did not alter 
the results. Also TL II digestions performed over a period of only 5 min still 
resulted in tryptic fragments digested from the C-terminal. In summary, all TL 
fractions exhibited clear carboxypeptidase activities, but due to a possible cross 
contamination with CPA it is not possible with absolute certainty to conclude 
whether the observed exopeptidase activity is due to inherent multi-specific 
properties of the TL proteases or to the action of impurities in the samples. This 
issue of impurity of samples clearly shows the importance of using separations with 
high resolving power for the purification of complex protein mixtures. In paper II, 
the purity of the protease fractions is discussed in more detail. 
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Table 1: Protein fragments detected in the myoglobin digests performed with TL I, TL II and TL 
III. The peptides have been assigned with a mass tolerance of 0.1 Da. In fragments indicated with 
†, at least four amino acids have been identified with nanoESI-MS/MS. An * indicates that 
several myoglobin fragments match the observed mass.   
 
TLI, 24 h         
Proposed fragment Comment Observed mass Theoretical mass Mass diff. 

1-8-QVLNVWGK Tryptic fragment Not detected   
1-8-QVLNVWG  1687.860 1687.807 0.053 
1-8-QVLN  1345.638 1345.638 0.000 
1-8-QVL  1231.586 1231.595 -0.009 

     

17-28-LIR Tryptic fragment n.d.   
17-28-LI†  1450.755 1450.754 0.001 

     

32-40-EK Tryptic fragment 1271.656 1271.663 -0.007 
32-40-E†  1143.568 1143.568 0.000 
32-40*  1014.436 1014.525 -0.089 

     

64-69- TALGGILK Tryptic fragment n.d.   
64-69†  625.352 625.367 -0.015 

     

80-89-AQSHATK Tryptic fragment n.d.   
80-89-AQSHAT  1725.798 1725.867 -0.069 

     

99-108-DAIIHVLHSK Tryptic fragment n.d.   

99-108  1222.636 1222.709 -0.073 

     

103-113-VLHSK Tryptic fragment n.d.   
103-113-VLH  1669.894 1669.895 -0.001 
103-113-VL  1532.842 1532.836 0.006 
103-113-V  1419.744 1419.752 -0.008 
103-113†  1320.683 1320.684 -0.001 

     

119-128-GAMTK Tryptic fragment n.d.   
119-128-G†  1071.447 1071.449 -0.002 
119-128*  1014.436 1014.427 0.009 
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TLII, 24 h         
Proposed fragment Comment Observed mass Theoretical mass Mass diff. 

1-8-QVLNVWGK Tryptic fragment Not detected   
1-8-QVLNVWG  1687.836 1687.807 0.029 
1-8-QVLN  1345.635 1345.638 -0.003 
1-8-QV†  1118.508 1118.511 -0.003 

1-8  891.353 891.384 -0.031 

     

17-28-LIR Tryptic fragment n.d.   
17-28-LI  1450.755 1450.754 0.001 
17-28†  1224.578 1224.586 -0.008 

     

32-40-EK Tryptic fragment 1271.658 1271.663 -0.005 
32-40-E†  1143.570 1143.568 0.002 

     

48-60-LK Tryptic fragment n.d.   

48-60  1488.653 1488.700 -0.047 

     

80-89-AQSHATK Tryptic fragment n.d.   

80-89  1130.580 1130.596 -0.016 

     

103-113-VLHSK Tryptic fragment n.d.   
103-113-VLH  1669.886 1669.895 -0.009 
103-113-V  1419.743 1419.752 -0.009 
103-113†  1320.680 1320.684 -0.004 

     

119-128-GAMTK Tryptic fragment n.d.   
119-128-GAMT  1374.572 1374.574 -0.002 
119-128-GAM  1273.514 1273.526 -0.012 

119-128  1014.423 1014.427 -0.004 

     

148-153 Tryptic fragment 650.227 650.314 -0.087 
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TLIII, 24 h         
Proposed fragment Comment Observed mass Theoretical mass Mass diff. 

1-8-QVLNVWGK Tryptic fragment Not detected   
1-8-QVLNVWG  1687.856 1687.807 0.049 
1-8-QVLN  1345.642 1345.638 0.004 
1-8-QVL  1231.581 1231.595 -0.014 
1-8-QV  1118.498 1118.511 -0.013 

     

17-28-LIR Tryptic fragment 1606.849 1606.855 -0.006 
17-28-LI  1450.750 1450.754 -0.004 

     

32-40-EK Tryptic fragment 1271.664 1271.663 0.001 
32-40*  1014.426 1014.525 -0.099 

     

80-89-AQSHATK Tryptic fragment n.d.   

80-89  1130.599 1130.596 0.003 

     

103-113-VLHSK Tryptic fragment n.d.   
103-113-VLH  1669.891 1669.895 -0.004 
103-113-V  1419.752 1419.752 0.000 

103-113  1320.687 1320.684 0.003 

     

119-128-GAMTK Tryptic fragment n.d.   
119-128-GAMT  1374.573 1374.574 -0.001 
119-128-G  1071.472 1071.449 0.023 
119-128*  1014.426 1014.427 -0.001 

     

148-153 Tryptic fragment 650.287 650.314 -0.027 
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In summary, a CE method employing a PVA-coated capillary was developed for 
the routine analysis of refined krill extract, containing proteolytic enzymes. The 
method resulted in reproducible separations, which are suitable for a quality 
assurance of krill extracts, used as the active part of a pharmaceutical for 
debridement of necrotic ulcerations. A capillary electrophoretic method employing 
fluorinated surfactants for surface deactivation was also developed for separation 
of the krill extract. It was revealed that the composition of the extract was 
considerably more complex than had previously been reported. This demonstrates 
the power of microseparations, particularly capillary electrophoresis as a 
complement to liquid chromatography. In the further study on fractions of 
individual krill proteases, capillary electrophoretic separations and MALDI MS 
analysis provided additional information on the sample composition as well as on 
the accurate masses of the proteases. The results also revealed heterogeneities in 
the TL and CL fractions, which could be due to glycovariants of the proteases. 
Moreover, the CE and MALDI analysis indicated the possible presence of a fourth 
trypsin-like protease.  
 
The digestion of myoglobin by the individual TL proteases was monitored with 
capillary electrophoresis. The trypsin-like proteases exhibited a 12-fold and 60-fold 
higher cleavage efficiency at 37 °C and 2 °C respectively than bovine trypsin. In 
further experiments, the utility of MALDI and nanoESI mass spectrometry for 
studies on enzymatic specificity was demonstrated. However, it was not possible to 
determine the specificity of the individual proteases with absolute certainty, due to 
cross contamination of the TL fractions. This again demonstrates the crucial 
importance of high resolution separation procedures, when the characteristics of 
individual enzymes are to be studied.  
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6. Improved Techniques for Mass Spectrometric 
Analysis 

In protein mass spectrometry, the roles of MALDI and ESI have been 
complementary. For high-throughput analyses in proteomics, MALDI is more or 
less exclusively employed, since the analysis is fast and easy to automate. In 
contrast to MALDI, ESI is a continuous ionization process which takes place at 
atmospheric pressure. This makes ESI MS suitable as a detector in connection with 
chromatographic or capillary electrophoretic separations. Furthermore, ESI 
provides a very soft ionization, which facilitates analysis of intact non-covalent 
protein-ligand complexes101. In addition, the distributions of multiply charged ions 
commonly observed in protein ESI mass spectra, allow highly accurate mass 
determinations.  
   

6.1 Novel Out-of-Plane nanoESI Chip 

6.1.1 nanoESI 

Nanoelectrospray is usually performed with narrow-bore glass or fused silica 
needles, with tip openings of 10 µm or smaller. The nano-prefix refers to the flow 
rate, which is in the range of nanoliters per minute. In practice this means that a 
microliter-sized sample can be analyzed for minutes or even hours and this allows 
the performance of a series of MS/MS experiments. The low flow rate results in a 
more efficient ionization of the analytes and a higher sensitivity is therefore 
obtained compared to that of standard electrospray102. It has furthermore been 
shown that nanoESI is less sensitive to salt contaminants102.   
 
The fine Taylor cone obtained with a sharp needle requires only relatively low 
voltages to initiate the electrospray, as described in chapter 4.2.2 (see Equation 4.3). 
The flow rate, which is dependent on the applied voltage36, will therefore be 
reduced when the low voltages employed for nanoelectrospray are applied. An 
additional parameter influencing the flow rate is the internal diameter of the 
nanoESI needle36.  
 
Wilm et al. have elucidated a relation which shows that the droplet size in 
electrospray is proportional to the 2/3 power of the volumetric flow rate103. The 
droplets formed in nanoESI have diameters of less than 200 nm, which means that 
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their volume is 100-1000 times smaller than the volume of a standard ESI 
droplet102. The larger surface-to-volume ratio of the nanoESI droplets makes more 
ions available for desorption and an efficient transition into the gas phase is 
therefore accomplished102. Small droplets require a shorter time for full solvent 
evaporation and consequently the nanoESI needle can be positioned closer to the 
mass analyzer entrance, resulting in a higher degree of ion transmission.  
 

6.1.2 Pulled Capillaries versus Chip-based Approaches 

Nanoelectrospray mass spectrometry is most commonly performed with pulled 
capillary needles. The needles are manufactured by stretching heated fused silica or 
glass capillaries to sharp tips. The external surface of the needles is layered with a 
conductive coating. Fabrication of such needles is fairly simple and 
nanoelectrospray needles with small orifices and exceptionally sharp orifice rims, in 
the range of 50-80 nm36, can be obtained. As discussed in chapter 6.1.1, the sharp 
edge of the needle tip is important to obtain a small, well-defined Taylor cone. The 
pulled capillary needles have been shown to be compatible with sample volumes 
down to 0.2 nL and can sustain continuous flow rates as low as 0.1 nL/min36. 
 
A drawback of the pulled capillary needles is the need for manual sample loading as 
well as the time-consuming optimization of the needle position and the adjustment 
of the voltage for the generation of an electrospray. Furthermore, virgin pulled 
needles are occasionally blocked and have to be opened by breaking the needle tip. 
These laborious operations seriously affect the reproducibility of the results as well 
as throughput in proteomics-related applications. This has encouraged several 
research groups to develop nanoESI microchips104. A chip-based format has two 
main advantages; 1) sample pretreatments such as tryptic digestion of proteins and 
sample cleanup procedures can be carried out in a combined setup with the 
nanoESI analysis105,106 2) arrays of nozzles can be utilized, which enables an 
increase of sample throughput 107-111.  
 
The most straightforward way to create an electrospray from a chip is to spray 
directly from a channel opening on the chip edge. This has been performed from 
chips with a single orifice112 as well as from arrays of individually addressable 
orifices along the chip edge107. To sustain the electrospray from flat channel 
openings, flow rates of 100-200 nL/min have been applied by either electroosmotic 
or hydrodynamic pumping107,112. The disadvantage of a flat channel opening is the 
lack of a structural geometry that confines the Taylor cone. The liquid rapidly 
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spreads over the chip edge surface and large undefined Taylor cones are formed. 
The problem can be reduced by coating the chip edge with a hydrophobic layer 
which confines the liquid to the channel opening. However, such coatings are not 
stable over time107. In one application, where an electrophoretic separation was 
performed on a chip, a pneumatic nebulizer was integrated into the chip to avoid 
post-column band broadening due to the formation of a large Taylor cone113.  
 
In order to improve the situation, microfabricated devices with single nanoESI 
needles or flat arrays of needles have been utilized108,114,115. A significant 
improvement in throughput has been demonstrated with an array of 96 needles108. 
Such an array features the advantages of standard nanoESI needles, but it is rather 
time-consuming and laborious to fabricate. The repeated use of such an array of 
needles also introduces a risk of sample cross-contamination and needle failure due 
to clogging.   
 
For fabrication of disposable chips, micromachining batch processes are preferable, 
since large quantities of well-defined microstructures can be reproducibly 
manufactured at low cost116.  Two different geometries for micromachined 
nanoESI chips have been exploited, in-plane nozzle arrays109 and out-of-plane 
nozzles110,111. The latter allows an arrangement of the needles in a two-dimensional 
matrix. Licklider et al.109 developed a chip with in-plane nozzles, with rectangular 
orifices of 5×10 µm. The performance of these nozzles was reported to be similar 
to the performance of pulled capillary needles, in terms of signal strength and 
stability. However, sample material was reported to accumulate at the blunt nozzle 
surface. Schultz et al.110 have reported the use of two-dimensional matrices of chip-
based out-of-plane nozzles. Their cylindrical nozzles with a 10 µm inner diameter 
orifice also had a blunt cut-off. The work of Schultz et al. shows a clear trend 
towards larger and more compact matrices of nanoESI needles.  
 

6.1.3 The New Tapered Out-of-Plane nanoESI Needle Chip  

The objective of the present study was to develop a chip featuring a two-
dimensional matrix of sharp out-of-plane needles, for high throughput nanoESI 
analysis (Papers III and IV). The idea was to give the chip-based needles the form 
of pulled capillaries, which seems to be the optimal geometry of a nanoESI 
needle109. The characteristic features in geometry of a pulled capillary are the round 
symmetrical orifice and the very sharp rim. Such a shape distinctly confines the 
Taylor cone to a small area and this is the most favorable geometry for the 
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generation of a stable electrospray103. In order to achieve such advantageous 
conditions, nozzles with an external diameter of the apex approaching the size of 
the orifice were manufactured. By means of a deep reactive ion etch process, two 
type of nanoESI needles were fabricated, one consisted of silicon and the other of 
silicon dioxide (Paper III).  
 
The fabrication process was briefly as follows: first, a deep reactive ion etch of a 
silicon wafer generated bottle-shaped silicon spikes of 70 µm height. The structures 
were defined by a silicon nitride and aluminum mask. Subsequently, a silicon 
dioxide layer was grown on top of the silicon structure, except for the masked area 
at the apex of the spikes. The mask was then stripped off. In the process for 
fabrication of the silicon needles, channels were etched down through the whole 
length of the spikes. When the silicon dioxide layer was removed, silicon needles 
with tip openings of 18 µm and very sharp tip edges were obtained (Fig 11). 
 
To fabricate the silicon dioxide needles, the silicon interior of the silicon-dioxide-
covered spikes was etched away. This created 1.5 µm thin silicon dioxide shell 
structures, with 10 µm internal diameter tip openings (Fig 12). With this fabrication 
process, the formation of the orifice does not have to rely on the etching of a high 
aspect ratio channel. For both types of hollow needles, the silicon under the needle 
structures was etched away to facilitate sample delivery from the back of the chip. 
A more detailed description of the fabrication processes can be found in paper III. 
Figure 13 shows a two-dimensional matrix of out-of-plane silicon dioxide nanoESI 
needles on a microchip.  
 
To evaluate the performance of the electrospray, the chips were diced into 1×1 mm 
pieces, resulting in microchips with only one needle in the center. These microchips 
were then mounted with glue onto glass capillaries (ID 530 µm). With this 
assembly, it was possible to test the chip-based needles in a nanoESI setup, 
normally employed with standard pulled capillary needles (Fig 14). To generate an 
electrospray, a negative potential was applied to the analyzer entrance and the 
sample solution in the glass capillary was grounded. 
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Figure 11: Silicon nanoESI needle.    Figure 12: Silicon dioxide nanoESI needle.   
 

 
 

 
 

Figure 13: An out-of-plane silicon dioxide nanoESI needle chip. 
 
 
Initial performance tests of the two micromachined needle types were carried out 
with a sample of insulin (Paper III). The tests revealed that the silicon dioxide 
nanoESI needles provided by far the best and most stable signal of the two types 
of needles. It is believed that the inferior performance of the silicon needles is 
caused by the large tip opening, resulting in an unstable electrospray. The mass 
spectra of the insulin sample obtained with the two types of needle are displayed in 
figure 15, which demonstrates the much higher signal-to-noise ratio obtained with 
the silicon dioxide needle.  
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Figure 14: Schematic of the test setup for evaluation of single chip-based nanoESI needles. The 
enlarged insert shows a photograph of the microchip with the out-of-plane needle. 
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Figure 15: Mass spectra of 10 pmole/µL insulin in acetonitrile/acetic acid (99/1) obtained with 
the micromachined nanoESI needles of silicon dioxide and silicon respectively. When using the 
silicon needle, a back pressure of 1 psi had to be employed to obtain an electrospray.     
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In bench-top experiments with the silicon dioxide needles, the electrospray was 
monitored with a CCD camera (Paper III). A photograph of the electrospray is 
shown in figure 16. It can be seen that the outer rim of the needle apex defines the 
Taylor cone. No wetting of the shaft of the needle or the tapered needle apex is 
visible.  
 
 

           

Electrospray
Taylor cone

SiO2 needle

Tapered needle apex
 

 
          Figure 16: Electrospray from a silicon dioxide needle mounted in a bench-top setup. 
 
The performance of the silicon dioxide needles was compared with that of the best 
commercially available pulled capillary needles (New Objective, Inc.). The specified 
dimension of the orifice of these needles was 10±1 µm. The mass spectrometric 
analyses were carried out with an ion trap instrument and a peptide sample. The 
analyses were performed with the same setup as depicted in figure 14, but with the 
sample solution supplied by a syringe pump at a flow rate of 100 nL/min. In the 
case of the chip-based needles, a voltage of ca 3.8 kV was employed, whereas ca 1.3 
kV was utilized for the pulled capillary needles. A mass spectrum of the peptide 
sample obtained from the analysis performed with one of the micromachined 
needles is shown in figure 17. The micromachined needles and the pulled capillary 
needles provided a similar sensitivity in the analysis of the peptides. The 
reproducibility of the signal-to-noise ratios was calculated for the individual 
peptides in all the mass spectra. In a test series including six needles of each type, 
the relative standard deviation of the signal-to-noise ratio for the peptides was on 
average 22% in the mass spectra obtained with the micromachined silicon dioxide 
needles, compared to 45% for the pulled capillary type. The higher reproducibility 
of the signal obtained with the silicon dioxide needles reflects the more 
reproducible fabrication process of the micromachined nanoESI needles. A better 
signal stability is obtained and it is easier to optimize the electrospray voltage.  
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Figure 17. Mass spectrum of a 10 pmole/µL sample of leucine-enkephalin (L), angiotensin II 
(AII), angiotensin I (AI), substance P (SP) and somatostatin (S) in 50 % acetonitrile with 1 % 
acetic acid acquired with one of the micromachined silicon dioxide needles. Data were collected over 
a period of 5 min.  
 
The voltages needed to initiate an electrospray with the micromachined and pulled 
capillary needles were quite different, 3.8 kV and 1.3 kV respectively. Initially, this 
was a surprising observation. However, computer simulations confirmed that this 
observation was correct (Paper IV). In figure 18, the calculated electric field 
strength along the center axis from the needle tip to the mass analyzer entrance is 
shown for both a micromachined needle and a pulled capillary needle. In the 
diagram, it can be seen that the same electric field strength, approximately 13 
V/µm, is obtained at the needle tips, only when different voltages (3.8 kV resp. 1.3 
kV) are applied. The higher onset voltage required for the micromachined needles 
is due to an influence of the surrounding structure on the electric field.   
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Figure 18: Diagram of the electric field strength along the center axis from the nanoESI needle to 
the counter electrode for a micromachined silicon dioxide nanoESI needle and a pulled capillary 
needle, when 3.8 kV and 1.3 kV respectively are applied.  
 
To further evaluate the practical performance of the silicon dioxide needles, a 
tryptic digest of 1 pmole/µL cytochrome C was analyzed (Paper IV). From the 
results it was possible to identify 18 cytochrome C fragments, which corresponded 
to a 82% sequence coverage of the protein. In the same experiment, the full amino 
acid sequence, TGPNLHGLFGR, of the cytochrome C fragment 28-38 was 
verified with MS/MS (Fig 19). These results demonstrate that an out-of-plane 
nanoESI needle chip is very suitable in applications such as proteomics. This 
approach is particularly attractive due to the problem-free sequence determination 
of protein fragments obtained from the MS/MS experiments performed with the 
ion trap mass spectrometer. Similar MS/MS experiments can be performed equally 
easily with other types of instrumental setups, such as Q-TOF or FT-ICR 
equipment37. 
 
In another experiment, the soft ionization obtained with the micromachined SiO2 
needles was demonstrated with a sample of 20 pmole/µL RNAse A and 40 
pmole/µL cytidine 2´-monophosphate in aqueous 5 mM NH4Ac. In the analysis, 
three different charge states of both free RNAse A and the intact complex of 
RNAse A and cytidine 2´-monophosphate were detected (data presented in paper 
IV). These results show the capability of the chip-based needles to electrospray 
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purely aqueous solutions, and also show the usefulness of the needles in studies of 
non-covalent protein complexes. The latter is highly relevant for drug screening 
procedures in the pharmaceutical industry. 
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Figure 19: MS/MS spectrum of the cytochrome C fragment corresponding to amino acids 28-38. 
The data were collected over a period of 15 s, employing a micromachined silicon dioxide needle.  
 
In conclusion, two-dimensional matrices of monolithic out-of-plane nanoESI silica 
needles have been micromachined on silicon wafers. The matrix of out-of-plane 
nozzles, which is accessible from the back of the chip, can be combined with a 
robotic system for sample transfer117. With such a setup, high-throughput analysis 
can be performed in an automated mode, where the needles of the chip are 
employed in a sequential manner for the analysis of individual samples. This 
eliminates the problem of cross-contamination and, in addition, the risk of needle 
failure due to sample clogging is reduced, since the needles are employed only for 
single analyses. The chip is intended to be used as a low cost disposable, which 
should be realistic, since micromachining of large numbers of chips can be carried 
out in a batch process. 
 
The silicon dioxide needles described in the thesis have an improved tip geometry  
which yielded small, well-defined Taylor cones. The micromachining process is not 
dependent on the etching of a high aspect ratio channel and it would therefore be 
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feasible to fabricate needles with tip openings of reduced size, e.g. 1-2 µm. A 
simultaneous decrease in the needle wall thickness would further reduce the size of 
the Taylor cone and hence decrease the voltage required to initiate the electrospray. 
This, in combination with a reduction of the orifice diameter, would result in a 
lower flow rate and enhance the sensitivity.  
 
It was demonstrated that chips with single out-of-plane needles are very suitable for 
the analysis of protein and peptide samples. Furthermore, such chips were 
successfully employed for MS and MS/MS analysis of a tryptic digest, which shows 
the potential of the nanoESI chip for applications in proteomics. The concept is a 
strong complement to MALDI MS analysis. Due to the different ionization 
mechanisms, the employment of the two types of analysis in parallel would 
improve the possibility to detect a large number of protein digest fragments. In a 
further test, the feasibility of utilizing the out-of-plane needles in the analysis of 
non-covalent protein complexes was demonstrated. Based on the practical results 
obtained, it is concluded that a mass spectrometry system employing the novel 
nanoESI chip provides new possibilities for the high-throughput MS analysis of 
biomolecules.  
 

6.2 Twin-Anchor Chip for MALDI MS 

As pointed out in the introduction to chapter 6, MALDI mass spectrometry is the 
technique of choice for studies of proteomes, thanks to its high throughput 
capacity. A major strategy in proteomics is separation by 2D gel electrophoresis 
followed by identification of the separated proteins8. The proteins are excised from 
the 2D gel and digested with trypsin. The masses of the protein fragments obtained 
from the digests are determined with MALDI MS and are referred to as peptide 
mass fingerprints. Such a fingerprint is used for the identification of a digested 
protein by searching databases containing known protein sequences. To obtain a 
reliable identification it is important to have a peptide mass fingerprint based on a 
large number of protein fragments which have been mass determined with a high 
accuracy.  
 

6.2.1 MALDI Sample Preparation 

To improve the mass accuracy and sensitivity in MALDI mass spectrometry, 
numerous techniques for sample preparation have been reported. It is well known 
that the planarity of sample preparations is essential if high mass accuracy is to be 
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achieved40. A difference in physical height between the preparations of the sample 
and the standard will lead to a systematic error in mass determination. One 
technique to obtain a planar crystal layer is to utilize a volatile solvent for the 
matrix solution. A rapid evaporation of the solvent will generate a film of very fine 
crystals, a procedure which is known as thin-layer preparation118,119. The sample is 
applied on top of this matrix layer, and co-crystallized with the matrix molecules on 
the surface. The homogeneous and fine crystal structure gives a reproducible 
analyte response and permits accurate mass measurement. However, conventional 
thin-layer preparations result in large sample spots and the analyte concentration is 
therefore diluted. This is a disadvantage when only very small amounts of material 
are available.  
 
A sample prepared on a small, confined area can be more effectively utilized and 
consequently an improved sensitivity is obtained. One way to achieve this has been 
to deposit the samples into chip vials, which define the area of crystallization120-122. 
In other studies, a hydrophobic sample support material has been employed to 
generate small sample spots123-129. The water-repellant surface results in a small 
contact area between the sample solution and the target surface and the resulting 
sample spot is therefore diminished in size.  
 

6.2.2 Hydrophilic Anchor Targets 

For sample confinement on a hydrophobic sample support, a more sophisticated 
technique is to utilize predefined hydrophilic spots130,131. This concept was first 
presented by Schuerenberg et al. in 2000130. MALDI targets with anchors of 
diameters down to 100 µm were manufactured. The anchor spots were defined by 
gold, sputtered onto a Teflon-coated stainless steel target. Compared to 
conventional sample preparations, a sensitivity increase of 5-10 times was reported 
for peptide and oligonucleotide samples prepared on 200 µm anchors130. With 
discrete anchoring points, the size of the sample preparation is known beforehand 
and, in addition, the positions of the preparations are geometrically defined, which 
is of great advantage for automation of the analysis. In later work, presented by Xu 
et al.131, microcontact printing was employed for the manufacture of the anchor 
spots. Hydrophilic anchor targets have also been employed for fraction collection 
from capillary electrophoretic separations132. During sample elution, the capillary is 
moved across an anchor target and sample fractions are collected on a series of 
anchors.    
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6.2.3 The Twin-Anchor Concept 

As pointed out in the beginning of this chapter, for the successful identification of 
a protein by peptide mass fingerprinting it is often critically important to be able to 
detect a large number of protein fragments and to have accurate information 
relating to the masses of these fragments. The normal procedure to obtain a high 
mass accuracy involves the use of an internal standard, which is mixed and co-
crystallized with the sample and the matrix. This makes possible a simultaneous 
desorption of the sample and standard. With regard to mass accuracy this is 
optimal, since the desorption is performed in the same spatial and time domains. 
However, the simultaneous ionization leads to an ion suppression (Chapter 4.1.1), 
which leads to a selective truncation of the signal. When dealing with digest 
samples, fragments from the autolysis of the protease, usually trypsin, can 
occasionally be observed in the mass spectra. In such cases, the autolysis fragments 
can be utilized for internal calibration. However, the presence of autolytic 
fragments should be avoided, since these fragments also interfere with the 
ionization of the analytes.  
 
In the external calibration procedure, the sample and standard are prepared at 
different geometrical positions on the target and ionization is performed in a 
consecutive manner. In this way, ion suppression due to the presence of an internal 
standard is circumvented. However, a calibration procedure with an external 
standard results in a lower mass accuracy, since inhomogeneities in the electric field 
cause variations in the ion extraction conditions over the target surface133. 
Furthermore, drifts in the high voltage supply of the instrument can cause mass 
errors when consecutive ionization of the sample and standard is performed40.  
 
The goal of the present study was to accomplish a simultaneous ionization of a 
geometrically separated sample and standard (Paper V). The idea was to utilize pairs 
of miniaturized anchors in close proximity, in order to allow a physically separated 
sample and standard to be positioned within the laser spot area. Such a concept 
would allow an internal calibration procedure exploiting an external standard. In 
order to achieve this goal, chips with pairs of closely spaced 50×50 µm anchors 
were fabricated from low resistivity silicon wafers. The anchors were designed as an 
elevated, pillar-like structure in order to achieve a maximum confinement of the 
sample solution by action of the abrupt change of contact angle at the sharp edges 
of the structure. To further enhance the confinement, the anchor surface was made 
extremely wettable by preparation of a thin hydroxylated silicon dioxide layer, while 
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the walls of the pillars were coated with a fluorocarbon. The distinct separation of 
the twin anchors by a 10 µm wide groove made it possible to address the anchors 
individually with sample and standard solutions, without any overflow of liquid to 
the adjacent anchor (Fig 20).  
  
The sample deposition was carried out with a robotic system, including a high 
resolution XY-table for precise positioning of the chip, and a pressurized sample 
container which was connected to a transfer capillary employed for sample delivery. 
The position of the outlet end of the capillary was controlled by a motor-driven Z-
axis. In order to ensure an accurate positioning of the anchors with respect to the 
capillary, two CCD cameras placed at an angle of 90° to each other were utilized to 
monitor the setup. Short pressure pulses, regulated with an electrically controlled 
valve enabled picoliter volumes of sample or standard to be deposited onto the 
anchors. In this procedure, the elevated nature of the anchors proved to be very 
advantageous. Even if, by accident, the capillary was not exactly positioned over the 
center of the anchor, the dispensed solution was pulled to the anchor when the 
liquid contacted the top surface of the pillar, while the adjacent pillar surface was 
not wetted. The instrumental setup for sample deposition is described in further 
detail in paper V. 
 
 
 
 

 
 
Figure 20: Photograph of twin-anchors, 50×50 µm in size. A sample and matrix solution has 
been deposited onto one of the twin-anchors. 
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6.2.4 Mass Accuracy of the Twin-Anchor Method 

The mass accuracy provided by the twin-anchor method was evaluated with a 
tryptic digest of 1 pmole/µL of bovine serum albumin (BSA) and a mass 
calibration standard based on six peptides. The sample/matrix solution was 
deposited onto the anchors drop by drop until most of the anchor surface was 
covered with a crystal layer. The standard was prepared in the same way on the 
anchors which were adjacent to anchors with a sample preparation.  
 
The results of a test series based on 35 twin-anchor preparations was compared 
with the results obtained from an equal number of thin-layer preparations of the 
same digest sample on a conventional stainless steel target. The mass accuracy 
comparison was based on the mass determinations of 10 BSA fragments, which 
were observed in all the mass spectra of both test series (Table 2). No tryptic 
autodigestion fragments were observed in the mass spectra. The calibration 
procedure using the twin-anchor concept yielded on average a relative mass error 
of only half that obtained with the conventional calibration method.  
 
The relative mass errors shown in table 2 are based on the average of the absolute 
values of the individual relative mass errors. In order to detect systematic variations 
in the data, the relative mass errors were plotted versus the masses of the BSA 
fragments (Fig 21). As can be seen in the diagram, there is a systematic mass shift 
away from the theoretical values. This indicates the presence of a physical height 
difference between the samples and standards. Such a height difference is known to 
generate a linear deviation from the true mass values134. This is in fact observed in 
the data in figure 21 as a mass error drift along the mass axis. The height difference 
is believed to be partly due to a slightly tilted positioning of the chip in the ion 
source with respect to the detector plate and partly to differences in the 
morphology of the sample/matrix and the standard/matrix crystals. This suggests 
that it should be possible to obtain still better mass accuracies with the twin-anchor 
chip if a better procedure for the preparation of thin matrix layers on the twin-
anchors can be applied.    
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Table 2: Mass accuracy of BSA fragments observed in the twin-anchor and standard target test 
series. The relative mass errors are presented as absolute values.  
 

BSA-digest fragments Twin-anchor Standard target 
Residue 
number 

m/z Rel. error 
[ppm] 

Conf. int. 
95% 

Rel. error 
[ppm] 

Conf. int. 
95% 

35-44 1249.62 21 8.1 95 15 
360-371 1439.81 13 5.3 85 9.7 
421-433 1479.80 12 4.8 76 10 
347-359 1567.74 17 6.2 68 9.5 
469-482 1724.83 28 7.7 62 7.9 
508-523 1880.92 40 5.7 57 7.2 
529-544 1907.92 39 8.3 62 7.5 
168-183 2045.03 47 6.0 51 7.1 
264-280 2113.88 48 8.1 57 7.4 
118-138 2541.17 49 7.2 63 6.2 
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Figure 21: The mass errors plotted versus the mass number of the BSA fragments observed from 
preparations on the twin-anchor chip and the stainless steel target respectively.  
  

6.2.5 Reduced Ion Suppression and Zeptomole Detection 
Limit 

When several peptides are co-crystallized in a sample preparation, competitive 
ionization processes takes place during a MALDI desorption, as described in 
chapter 4.1.1. To assess the effect of ion suppression, a BSA digest sample and a 
standard were deposited separately on each of the twin-anchors. For comparison, a 
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mixture of the digest sample and the standard was prepared on an anchor pair. The 
mass spectrum obtained from the physically separated digest and standard clearly 
displayed a stronger signal for the BSA fragments than the results obtained from 
the mixed preparations (Fig 22a and 22b). Only 22 BSA fragments were detected in 
the mixed sample/standard, whereas 31 BSA fragments could be detected in the 
separated sample/standard. Thus, using the conventional method for sample 
preparation with an internal standard, information, corresponding to as much as a 
third of the number of BSA fragments is lost, which must be attributed to the 
effect of ion suppression. This shows the distinct advantage of the twin-anchor 
concept and its usefulness for peptide mass fingerprinting.  
 
Since the sample on the twin anchor is confined within the laser spot area it was 
reasonable to believe that a high sensitivity could be obtained, due to the efficient 
utilization of the sample. In order to determine the sensitivity, in terms of the 
absolute sample amount detected, a small volume of sample was deposited onto 
one of the anchors. With the sample volume in the picoliter-range, the effects of 
evaporation becomes substantial and therefore measures had to be taken to avoid 
errors introduced by premature sample concentration. A more detailed description 
of this problem is given in paper V.  
 
In order to eliminate the evaporation problem, the sample deposition was carried 
out with the outlet end of the transfer capillary and the surface of the twin anchor 
chip kept under a volatile fluorocarbon during the whole procedure of sample 
preparation135. A fluid employed as a covering liquid must necessarily be immiscible 
with the sample solution. In principle, an oil could be utilized, but its removal 
without disturbing the analyte preparation is difficult. A volatile liquid, which does 
not leave any foreign material on the chip was therefore used. When the samples 
had been deposited onto the anchors, the bulk of the liquid fluorocarbon was 
removed with a pipette and the remainder of fluorocarbon evaporated. Followed 
by an instant evaporation of the solvent of the sample and a crystallization the 
matrix and analyte. The experiments were performed with a sample/matrix 
solution containing 50 fmole/µL angiotensin I. The deposited sample volume was 
estimated to be ca 30 pL, by visual inspection with a CCD camera. A photograph 
of the droplet is shown in Fig 23. The amount of angiotensin I corresponds to ca 
1.5 attomole, and the deposited material had the morphology of a single crystal in 
the size range of 5 µm.  
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Figure 22a and 22b: Mass spectra of a BSA digest and a standard containing angiotensin II, 
angiotensin I, bombesin, adrenocorticotropic hormone (ACTH) clip 1-17, ACTH clip 18-39 
and somatostatin 28. The mass spectra were obtained from a) preparations of mixed BSA digest 
and standard on a twin-anchor and b) separated preparations of the digest and standard on a 
twin-anchor.  
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Figure 3: A sample droplet deposited onto an anchor under a cover of a volatile fluorocarbon. The 
outer diameter of the transfer capillary is approximately 65 µm. 
 
For the MALDI MS analysis, data were collected until the entire sample was 
ablated, which required ca 200 laser pulses. The combined signals obtained from 
one of the sample preparations resulted in a mass spectrum shown in figure 24. On 
average, the signal-to-noise ratio of the angiotensin I signal was 22 (±12) :1 , which 
corresponds roughly to a detection limit of 200 zeptomole (S/N 1:3). In attempts 
to analyze smaller quantities of angiotensin I, the signal was practically lost. It is 
therefore concluded that the detection limit in the present setup is greatly 
dependent on the adsorption of the peptide to the sample vial, the walls of the 
transfer capillary or possibly to the liquid-liquid interface of the sample solution 
and the fluorocarbon. In view of these issues, and the fact that no effort has yet 
been made to optimize the system in terms of sensitivity, a detection limit of 200 
zeptomole must be considered to be an excellent result. Keller et al.136 have 
previously reported the detection of 42 zeptomole of substance P with MALDI 
TOF MS.  However, it should be pointed out that these authors carefully optimized 
their sample preparation by means of a two-layer matrix preparation, which results 
in a fine crystal matrix layer and an optimal distribution of analyte in the crystals. It 
is well known that this is an important issue for obtaining enhanced sensitivity. 
Also, in order to improve the signal-to-noise ratio of the final result, only mass 
spectra which showed an analyte signal were selected to be combined.  
 
This discussion indicates that there are several ways to improve the sensitivity in 
the MALDI analysis, using miniaturized anchors. First, the ratio of sample and 
matrix amounts can be further optimized. A certain amount of matrix is required to 
obtain an efficient ionization, while an excess of matrix only adds more chemical 
noise to the mass spectrum. With the current sample deposition procedure used for 
the twin-anchor chip, where the sample and the matrix are premixed, such an 
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optimization of the matrix amount deposited together with the analyte is facilitated. 
A further important issue is the morphology of the matrix/sample crystals. It is 
well known that fine crystals, with a large surface-to-volume ratio, result in a more 
efficient desorption and ionization of the analyte118. It would therefore be beneficial 
if a suitable method for the preparation of thin matrix layers on the twin-anchors 
could be developed.  
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Figure 24: A mass spectrum of 1.5 attomole of angiotensin I, with a signal-to-noise ratio of 20, 
obtained from a sample prepared on a twin-anchor chip.   
 
In summary, a chip with hydrophilic anchors for the preparation of small sample 
spots in close proximity to each other was developed. The chip design with 
miniaturized anchors, distinctly defined by both geometry and surface 
characteristics allowed a sample deposition onto individual, closely spaced anchors. 
No cross-contamination between adjacent anchors was observed, either by visual 
inspection or by MALDI, performed from separate anchor spots.  
 
The close positioning of the anchors made possible the simultaneous ionization of 
a physically separated sample and standard with a single laser pulse. Simultaneous 
ionization of a separated BSA digest sample and a peptide standard reduced the 
relative mass error by a factor of 2, compared with that of a conventional 
procedure for external calibration. Furthermore, it was shown that the number of 
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BSA fragments, which were detected was increased by 40%. This clearly 
demonstrated the detrimental effect of ion suppression and the usefulness of the 
twin-anchor concept. 
 
The small size of the twin-anchors facilitated an efficient utilization of the 
deposited sample amount and, although the sample preparation procedure had not 
been optimized, a detection limit in the zeptomole range was demonstrated. With 
improved sample preparation methods combined with selective data acquisition, it 
is anticipated that a detection limit in the low zeptomole range can be achieved. 
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7. Conclusions and Future Outlooks 

Since the sequence of the human genome was reported in 2001137, the focus in 
bioanalysis has shifted to proteins and proteomes138. With the vast amount of data, 
which are available on many genomes, the challenge now is to characterize the 
expressed proteins. This is a gigantic task, since a proteome, in contrast to a 
genome, is dynamically changing due to the regulated expression of the proteins 
and post-translational modifications. These modifications generate an 
extraordinarily diversified population of molecules. For example, the number of 
expressed proteins in man has been estimated to be between 500 000 and 1 000 
000139. The concentration range of the individual proteins can span over 7 or 8 
orders of magnitude140. This puts exceptional demands on the techniques,  
employed for their analysis. Primarily, a high sample throughput of the analysis and 
a large dynamic range of the detection are required. The generally employed 
peptide mass fingerprinting routine for protein identification, including 2D gel 
electrophoresis and MALDI mass spectrometry, provides currently a sample 
throughput of approximately 200 proteins per day140. With a conventional silver-
staining procedure of the 2D gel, a detection limit in the low femtomole range can 
be achieved141.  
 
Thus, an extremely challenging task in proteomics today is to further increase the 
throughput in the analysis, without losing sensitivity and leaving the low abundant 
proteins undetected142. In order to accomplish this, novel sample handling 
procedures as well as improved analytical techniques are required. A major issue 
when working with a low abundant protein is to obtain adequate separation from 
the bulk proteins in the sample. Even a minimal cross-contamination can seriously 
deteriorate or ruin the analysis of the low abundant protein. A further concern 
when handling minute amounts of proteins is the loss of analyte due to surface 
adsorption130. It is therefore imperative to work with small sample volumes in order 
to minimize the surface area exposed to the proteins. With this in mind, 
miniaturized techniques for protein analysis are of crucial importance. Also for 
sample throughput, a miniaturization is necessary in order to enable a handling of 
large numbers of samples in parallel.  
 
The work presented in the thesis has led to improvements on microseparations of a 
complex biological sample, and the development of new miniaturized tools for an 
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improved performance in protein mass spectrometry is reported. The results and 
ideas presented also point towards new possibilities for the further improvement of 
these techniques.  
 
For the investigation of the composition of an extract containing proteases 
originating from Antarctic krill (Euphausia superba) a capillary electrophoretic 
method was developed, which exhibited a high resolving power of the sample 
components (Paper I). The improvement of the separation was based on the use of 
an optimized mixture of fluorosurfactant buffer additives, which provided a surface 
deactivation of the capillary as well as an EOF with a flow in the reversed direction 
of the electrophoretic migration of the analytes. However, the dynamic coating did 
not lead to reproducible migration times. This shows the need for further 
improvements of surface deactivation, without compromising high resolution.  
 
Analysis of fractions containing individual krill proteases with CE and MALDI MS 
revealed impurities as well as heterogeneities, which could be due to variations in 
the glycostructure of the proteins (Paper II). In additional studies with MALDI and 
nanoESI mass spectrometry, a detailed study on the specificity of the proteases was 
carried out. No absolute certainty could be obtained, due to fraction overlaps.  In 
future studies of the krill enzymes, this problem could be addressed by using tools 
like hyphenated CE/ MS system or preparative CE.  
 
The chip-based out of plane electrospray needles yielded a high reproducibility of 
the analyte signal-to-noise ratio and a stable electrospray. (Paper III and IV). The 
uniform shape and size of the needles eliminates the need for time consuming 
optimization of the electrospray voltage. This is an issue of central importance in 
automated analysis.  
 
In fact, the design of the chip, which features out-of-plane needles in a two-
dimensional matrix is ideal for use in an automated setup. A simple XY robotics 
system (such robotics are already commercially available) could be employed which 
would open up many high-throughput applications for the nanoESI chip, including 
proteomics117, screening of combinatorial libraries for new lead compounds in drug 
discovery, and possibly also in certain areas of clinical diagnostics.  
 
Many further developments of the nanoESI chip can be envisioned. Due to the 
inherent precision of our fabrication process, it is rather straightforward to reduce 
the inner diameter of the needle, while maintaining a high degree of dimensional 
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reproducibility. A possible “picospray” needle would be very attractive both from 
the perspective of a reduced sample consumption as well as an increased sensitivity. 
For the latter objective, several closely spaced nanoESI needles could be used in 
parallel to create a multiple electrospray. The feasibility of this approach has already 
been demonstrated by Tang et al.143.  
 
Finally, it should be fairly easy to increase the number of needles/chip, and/or 
employ whole silicon wafers covered with out-of-plane needles. This would 
maximize the benefit/cost factor, which is one of the decisive issues in high-
throughput applications.  
   
The twin-anchor approach provided an improved mass accuracy in work with 
external calibration, which is attributed to the simultaneous ionization of separated 
preparations of sample and standard (Paper V). Moreover, analyte sensitivity was 
greatly improved when compared with sensitivities obtained from mixed 
preparations for internal calibration. This improvement is attributed to reduced ion 
suppression. Furthermore, the miniaturized anchor size permitted an efficient 
utilization of the deposited sample, and a detection limit of ca 200 zeptomole was 
obtained. A further improvement of sensitivity should be possible by an 
optimization of the sample preparation in terms of homogeneity and morphology 
of the layer of matrix crystals. One possible way to achieve this could be by 
creating a nanostructured anchor surface, which mimics a crystal seed layer such as 
described by Önnerfjord et al.144. 
 
Thus, it is clear that the concept has far more potential. With simple modifications 
of the chip-layout, it is possible to prepare a large number of anchors (>10.000) on 
a single chip. Automated sample preparation on such chips, using robotics is fairly 
straightforward, and this also includes combinations with preparative microcolumn 
separations. The twin-anchor chip could therefore be a very attractive sample 
platform for a next generation of high-throughput MALDI MS. 
 
Ultimately, an increase of sensitivity of MALDI MS into the yoctomole area is an 
extremely attractive goal. This would make it possible to carry out detailed studies 
of the proteome from single cells, which would provide entirely new inputs in basic 
mechanisms of biology. Currently, one of the fundamental limitations, preventing 
an increased sensitivity seems to be caused by analyte adsorption onto surfaces. It is 
obvious that new ideas for sample handling are required. This is a fascinating 
research area with some great challenges. I hope that the work presented in this 
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thesis will be of help and inspire others to continue with further developments of 
new tools for protein analysis. 
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9. List of Abbreviations 

2D    Two-dimensional 

BSA    Bovine serum albumin 

CCD   Charged coupled device 

CE    Capillary electrophoresis 

CL    Chymotrypsin-like protease 

CPA    Carboxypeptidase A 

CPB    Carboxypeptidase B 

EOF    Electroosmotic flow 

ESI    Electrospray ionization 

FAB    Fast atom bombardment 

FT-ICR   Fourier transform-ion cyclotron resonance 

HCCA   4-Hydroxy-α-cyanocinnamic acid 

ID     Internal diameter 

IR    Infrared 

MALDI   Matrix-assisted laser desorption/ionization 

MS    Mass spectrometry 

PVA    Polyvinyl alcohol 

Q    Quadrupole 

SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

TOF    Time of flight 

TL    Trypsin-like protease 

UV    Ultraviolet 
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