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ABSTRACT
Proteomics is a technology-driven discipline and very labor-intensive. Over the last 
couple of years, methods with microfluidic systems have been used to simplify 
analytical procedures via integration of laboratory processes and equipment into 
miniaturized formats to achieve reproducible and high throughput analyses of 
biomolecules.  
In this thesis work, a microfluidic capture device was used in which charged 
biomolecules can be immobilized without chemical binding by application of an 
electric field along a microflow stream. The device was used in combination with either 
matrix assisted laser desorption ionization (MALDI) or electrospray ionization (ESI) 
mass spectrometry. 
In paper I, different applications of the electrocapture technique in preconcentration, 
sample clean-up and separation were presented. In this demonstration initial work of 
the present thesis study were included.  
In paper II, the electrocapture device was used for separation of proteolytic peptides 
and detergent removal. Capture takes place at an initial, high voltage which is then 
gradually reduced. Peptides were found to be released in fractions based on their 
electrophoretic behavior, and their analysis by MALDI-MS was successful. 
The mechanism and principles which form the basis of the electroimmobilization were 
investigated in paper III. A modified device with four electric junctions allowed 
measurements of the electric field values between the junctions. Application of a 
potential, leads to zones of different electric field strengths: low strength upstream (first 
junction) and high strength downstream (fourth junction). These zones occur because 
of ionic rearrangements which are based on the interactions between the channel and 
the electrode chambers via cation-selective membranes. It was shown that charged 
molecules can be immobilized in the channel by a stacking mechanism between the 
zones of different electric field strengths.  
A functional interface between the outlet of the electrocapture cell and an electrospray 
source of an ESI mass spectrometer was established in paper IV. A fused silica 
capillary of appropriate dimensions allowed peptide transfer to the emitter tip and 
successful on-line analysis of peptides.  
In paper V, an enrichment strategy for peptides with the electrocapture device was 
developed. Proteolytic mixtures were first pre-concentrated in the device and then 
released for identification by on-line ESI mass spectrometry. At low concentrations, the 
enrichment step proved to be necessary for successful precursor ion selection and 
identification. Also, improved signal-to-noise-ratios and limit-of-detection values in the 
low femtomolar range were observed – both are crucial factors for the analysis of low 
abundance samples. 
In an ongoing study, the electrocapture technology is used for a membrane protein 
screening project. A shotgun digest of membrane proteins is separated by a novel 2-D 
approach (first dimension electrocapture, second dimension LC).  
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1 BACKGROUND 
The microfluidic electrocapture technique was reported in 2003 by Park and Swerdlow 
[1] as a pre-concentrator device for DNA. During a previous thesis work by Astorga-

Wells [2] at this department, the technique was developed further, with emphasis on 

protein and peptide analysis. An electrocapture device was used for concentration of 

protein samples, desalting, removal of contaminants (buffer exchange) and 

microreactions. Analyses and detections were then performed with capillary 

electrophoresis, UV and MALDI- MS [3-5]. The present thesis study continues this 

development by the introduction of further applications, in particular separations of 

peptides as well as interfacing with ESI-MS. In addition, this work contributed to the 

elucidation of the electrocapture principle. The general scope of the introductory part 

below is to highlight problems of biomolecular sample preparation, and to show how 

microfluidics, in particular the microfluidic electrocapture technique, aims at 

facilitation of preparative dilemmas. Finally the development and importance of mass 

spectrometric detection of biomolecules is described. Although there is a considerable 

degree of overlap between each section, an attempt is made to keep them distinct to 

illustrate their individual significance.   

2 INTRODUCTION 
2.1 PROTEOMICS 
Present data suggest that there are about 22000 unique human genes, producing at least 

300 000 proteins when including also post-translational modifications and splice 

variants. Other speculations suggest that the amount of proteins exceeds the number of 

genes 10- to 200-fold [6-10]. With these numbers, an important task of the post-genome 

era is to study the overall protein content expressed in a given cell or organelle - an 

effort referred to as proteomics. The term “proteomics” for this holistic approach was 

created in 1994 by Mark Wilkins who stated that a “proteome indicates the proteins 

expressed by a genome or tissue” [11, 12]. Now, in the 21st century, the medical sciences 

seem to dominate the field, and proteomics is believed to have a profound impact on 

clinical diagnosis and drug discovery [13, 14]. Altered protein expression in cells or body 

fluids can be detected, and these alterations can reveal novel biomarkers for diagnosis, 

for early detection of disease or for the development of therapies [13, 14]. Consequently, 

proteomics has evolved into a vastly expanding field with different sub-areas such as 

metabolomics, phosphoproteomics, glycoproteomics and serum/plasma proteomics as 
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well as their applications in different life sciences [15-20]. Virtually each group of 

biomolecule has been marked with an –omics label. Proteomic and all other –omic 

advances go hand in hand with preparative and technological endeavors to identify and 

quantify proteins, in order to determine protein functions, structures and protein-protein 

interactions.  

2.2 PROTEOMIC SAMPLE PREPARATION 
Sample preparation is crucial in proteomic research and the outcome of all analytical 

efforts is highly dependent on the starting material and its pre-treatment. A typical 

proteomic workflow often consists of three steps: 1) sample extraction/purification, 2) 

sample separation/fractionation and 3) sample analysis/detection [21]. Depending on the 

starting material, problems can arise already during the first step. After cell or organelle 

homogenization, it is necessary to bring the proteins into solution. This usually involves 

different preparative steps and chemicals which are necessary for denaturation and 

removal of unwanted compounds. The most important reagents are chaotropes (urea 

and thiourea) to unfold proteins and to expose their hydrophobic cores, surfactants 

(Triton X-100 and CHAPS) to solubilize the exposed residues, and reducing agents ( -

mercaptoethanol, DTT) to allow complete unfolding by reduction of disulfide bonds [22-

24]. Once the proteins of interest have been solubilized, a core technology to resolve 

their complexity is two-dimensional gel electrophoresis (2-DE). In the first dimension, 

proteins are separated according to their pI values by isoelectric focusing (IEF). In the 

second dimension they are separated on the basis of their molecular weights in the 

presence of SDS (SDS-PAGE) [25, 26]. Post-gel manipulations include excision of 

relevant spots and trypsin digestion before the samples reach the third step of the 

proteomic workflow, the mass spectrometric analyses. Complementary to 2-DE SDS-

PAGE, liquid chromatography (LC), capillary electrophoresis (CE) and affinity steps 

are used for separations. A more detailed description of the gel-free separation methods 

available is given below. 

2.2.1 Separations 
Separations and sample clean-up methods are of great significance in biomolecular 

research, and multidimensional separation methods are desirable. Two publications of 

this thesis and an on-going research continuation have evolved from separation studies 

with the electrocapture technique. In addition to the traditional 2 DE approach, the 

main gel-free approaches for separation include GC, LC and CE. Especially the latter 
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two are frequently used, because they allow handling of the sample in the liquid phase. 

Although liquid adsorption chromatography was invented in the early 1900s, liquid 

partition chromatography was not invented until 1941 when “a theory of 

chromatography” was published by Martin and Synge [27]. High performance liquid 

chromatography (HPLC) was introduced in the mid-1960s and in combination with 

novel packing and column materials experienced a fundamental growth in the 1990s 
[28].  Today liquid chromatography systems are used especially in combination with 

tandem mass spectrometry for shotgun proteome analyses [29, 30]. A further separation 

method is CE. Open tubular capillaries with small, inner diameters and good separation 

efficiencies were introduced by Stellan Hjertén [31] and further developed by Jorgenson 

et al. in 1981 [32] and provide the background for modern automated systems available 

today. Unlike in LC, no packing material is needed. A unique feature in CE is 

electroosmotic flow: the inner wall of a silica capillary exposes negatively charged 

silanol groups which are in contact with the buffer. Positive ions from the solution 

together with the silanol groups readily form an electrical double layer. Upon 

application of a potential difference, the positive ions migrate towards the cathode, 

dragging the bulk of the liquid with them. Because of this type of driving force, 

electroosmotic flow (EOF) has a planar profile, which in turn has a positive effect on 

the separation efficiency [33]. CE was first used for the analysis of DNA molecules but 

was then extended to proteins and other biopolymers [34]. As for LC systems, sensitive 

detection methods were also desirable for CE, and interfacing with ESI-MS started in 

1987 [35]. Important concepts of electromigration are described later, in association with 

the electrocapture technique. One-dimensional approaches do often not have the 

resolving power needed for complex biological mixtures. Instead, different separation 

mechanisms or modes have to be combined with each other in order to obtain multi-

dimensional separations with higher resolving power.  

2.3 MICROFLUIDICS 
2.3.1 Background and definitions 
Microfluidics can briefly be defined as the science of manipulation and analysis of 

fluids in microfluidic channels or other structures at the micro- or nanometer scale and 

has its origin in several different fields. Early microanalytical methods can be traced 

back to the methods mentioned above, i.e. gas chromatography, liquid chromatography 

and capillary electrophoresis, which revolutionized chemical analysis with their 

versatile and compact capillary formats [36, 37]. Other motivations for the miniaturization 
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of bioanalytical procedures were the drug discovery process and the detection of 

chemical and biological warfare agents demanding portable and flexible detection 

systems. Last but not least contributions from engineering such as microelectronics, 

micromechanics and other microtechniques made it possible to drive investigations and 

constructions of miniaturized components [36, 38, 39]. Microfluidic channel dimensions 

usually range from 1 to 100 µm in width and height. Fluid flow can pass in either of 

two regimes: turbulent or laminar, the latter applying to microfluidics. Turbulent flow 

can also be described as “rough” flow in which variously-sized “packages” of liquid 

move randomly in space and time, thereby causing mixing. Laminar flow on the other 

hand is less complex, occurs in parallel layers and can be described as “smooth” with a 

flow velocity which is invariant and without mixing except by diffusion at the 

interphase between the layers. Whether a flow is laminar or turbulent can be 

determined by its Reynolds number. The Reynolds number Re is defined as Re = 

DH/µ where  is the average velocity of the fluid in the channel, µ the viscosity of the 

fluid and DH the hydraulic diameter of the channel. A Reynolds number of 

approximately 2000, indicates the transition between laminar and turbulent flow. Very 

low Reynolds numbers usually indicate laminar flow [40-43]. Taken together, the features 

of flows at the microscale range make it possible to handle samples in a controlled and 

reliable manner and thus microfluidics has become interesting for essentially all 

analytical sciences, including protein analysis. With respect to the microfluidic 

electrocapture technique, the operating flow rates were 0.2 µl/min in all studies, except 

that of paper III, where flow rates between 0.1 and 2.0 µl/min were used.  

2.3.2 Microfluidics in protein research  
Despite the advances of technologies in proteomics which have been extensively 

described and reviewed in the literature, there still is a need for more to be done, since 

even better preparative capacities are soon required. Remaining challenges are formed 

by membrane-associated proteins (hydrophobicity), “extreme” proteins with very high 

or low pI values, posttranslational modifications, extreme molecular weights, isoforms 

and proteins present at very low quantities [44, 45]. In addition microfluidics also implies 

“microvolumes” of sample. This is an important factor since samples from invasive 

procedures in patients or animals are often in need for analysis and the amount of 

biofluid retrieved is then frequently marginal. Besides the “problematic samples” per 

se, other difficulties include preparation and handling which can be time consuming, 

complicated and which requires several laboratory procedures and equipment before 
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analysis. A dream in research would be no sample preparation at all, but direct MS 

analysis. However, even microfluidics cannot provide this yet, although a main purpose 

of miniaturized systems in the context of biological samples is to permit  many sample 

processing steps simultaneously; fast, easy, automated and less costly within one 

platform to allow high-throughput analysis [46, 47, 48]!

The most popular microfluidic structures recently developed for protein analysis are 

chips and/or arrays in combination with mass spectrometry because the small 

dimensions and the low sample volumes associated with microdevices demand very 

sensitive detection methods. Strikingly, a major obstacle in protein analysis still is the 

delivery and presentation of the sample to the mass spectrometer and many 

microfluidic investigations are focused on this particular problem and have recessed 

into a research area of their own -  “microchip-mass spectrometry” [49, 50, 51]. Therefore, 

microchips capable of desalting, digesting, preconcentrating and separating proteins 

prior to the mass spectrometric event have been developed [52-56]. These capacities are 

also applicable to the electrocapture technology in which an electrocapture device 

functions as a mediator between the sample and its final detection by mass 

spectrometry. Ultimately, an even more complex, and more holistic approach than 

genomics and proteomics seems to have evolved as well: “systems biology” aims at 

studying not only genes or proteins or metabolites but literally all elements present in a 

biological system plus their reactions upon environmental stimuli [57, 58]. This niche will 

even further increase the demand for high-throughput analysis and therefore integrated 

microfabricated devices.   

2.3.3 The microfluidic electrocapture technology 
As mentioned above, this technique was first published in 2003 [1] and then developed 

further during a previous thesis work at this department [2]. It involves the use of an 

electrocapture cell integrated into a platform with syringe pump, microinjector and 

power supply for electroimmobilization and manipulation of charged molecules. Today 

a variety of biomolecules can be analyzed. 

2.3.4 Device construction 
The device consists of a microfluidic channel with two electric junctions, one upstream 

and the other downstream. The channel consists of poly(ether-ether-ketone), called 

PEEK tubing (512 µm o.d., 125 µm i.d, Upchurch Scientific, Oak Harbor, WA). The 

junctions are prepared by a half-thickness cut into the upstream tubing and one full-cut 
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downstream at a distance of 2 cm from the first cut. Both cuts are sealed with Nafion 

(510 µm o.d., 360 µm i.d., Permapure, Inc, Toms River, NY). For this process, the 

swelling characteristics of Nafion are advantageous: Nafion pieces of 1 cm length are 

placed into pure ethanol for about 30 min until they are wide enough to be placed over 

the incisions in the PEEK tubing. For the downstream junction, the two pieces of PEEK 

are separated by 1-2 mm and held in place by the Nafion membrane surrounding them. 

After complete evaporation of the ethanol (20-30 min), the membranes are fixed with 

epoxy glue. With a hot needle, holes are drilled into two 500 µl plastic tubes 

(Eppendorf, Hamburg, Germany), allowing the microfluidic channel to be inserted into 

the tubes. The Eppendorf tubes filled with electrolyte solution represent the two 

electrode chambers of the device. The channel and the tubes are held in place such that 

the electric junctions are located approximately in the middle of each electrode 

chamber and fixed with epoxy glue (Figure 1).   

Figure 1. Schematic view of the electrocapture device

2.3.5 Physical and chemical characteristics of the system 
2.3.5.1 Microfluidic channel 

The fluidic channel consists of PEEK tubing, which was first developed in 1977 [59].

The polyether-ether-ketones have repeating monomers of two ether and ketone groups 

(Figure 2). PEEK is a composite or engineered material and its features are mechanical, 

thermal, chemical and electrical resistance [59], the latter of significance for the 

electrocapture device. The lack of ionizable chemical groups prevents EOF in the 

channel which is relevant for the electrocapture process. Its physical and mechanical 

properties have made PEEK suitable for many purposes in biomedical engineering and 

prosthetics.   
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2.3.5.2 Ion-conductive membranes 

The conductive membrane which covers the electric junctions is commercially called 

Nafion® and was first developed by Walther Grot DuPont de Nemours in 1962 [61]. It is 

a synthetic polymer which is highly negatively charged and its generation involves 

copolymerization of perfluorinated vinyl ether side chains terminated with sulfonate 

ionic groups with tetrafluoroethylene (TFE, teflon), (Figure 3). With different methods, 

it has been tried to elucidate the structure of Nafion. One proposal is the “cluster-

channel” or “cluster-network” model [60, 61] which claims an equal distribution of 

sulfonate ion clusters within the fluorocarbon grid. Narrow, negatively charged pores of 

10 Å in diameter interconnect these clusters [60, 61] and are responsible for the 

semipermeable characteristics of the membrane: only small cations can pass through, 

while anions cannot because of charge-to-charge repulsion. High molecular weight 

species are hindered because their diameters exceed those of the pores. Further, the ion-

selectivity means that only small cations are responsible for the transport of charges 

between the fluidic channel and the electrode chambers and vice versa. As a matter of 

fact, the interplay between the electrolyte solution in the channel of the device and the 

electrode chambers is the key to the immobilization of molecules in the system as 

described in a detailed mechanism in paper III. In summary, the characteristics of our 

microfluidic system provide several advantages in the handling of proteomic samples. 

The dimensions of the channel demand only small sample volumes which in turn are 

handled at low flow rates, a necessity when working with e.g. low abundance material. 

In addition, the inert nature of the inner walls provides “contactless” sample 

manipulation which reduces handling losses. 

Figure 2. Chemical structure of PEEK 
                (pubchem.ncbi.nlm.nih.gov/).
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Figure 3. The chemical structure of the Nafion membrane (en.wikipedia.org/wiki/Nafion).

2.4 CONCEPTS OF CAPILLARY ELECTROMIGRATION  
In addition to physico-chemical properties of the system, several basic principles and 

definitions of capillary electromigration also apply to the microfluidic electrocapture 

technique and provide the background for the capture and the separation mechanism in 

our system. Upon injection of molecules into the focusing/separation channel a voltage 

is applied. During this process, the electrophoretic velocity ( e, cm/s) of a molecule or 

ion is related to its mobility (µ, cm2V-1s-1) and the applied electric field strength (E, 

V/cm) according to the equation  = µ E [62, 63]. The electrophoretic mobility is specific 

for each ionic species and is based on several different parameters of the ion itself and 

its surroundings. Since each ion/molecule has a specific µ value, focusing and 

separation can be achieved because the electric field value causes differential 

movement of the species along the separation channel of the electrocapture system. 

2.5 MASS SPECTROMETRY 
2.5.1 General Background and History 
Although the microfluidic electrocapture technology is of main concern for this thesis 

work, its progress, as well as other proceedings in biomolecular research are 

unthinkable without the appropriate mass spectrometric possibilities. Notably, in all 

papers, except paper III, the electrocapture technology was used in combination with a 

mass spectrometer. Mass spectrometry is an analytical technique which determines the 

molecular weight of chemical compounds via separation of molecular ions in the gas 

phase according to their mass-to-charge ratios (m/z), [64]. In general, a mass 

spectrometer consists of the following parts: 1) an inlet system with the purpose to 

introduce very small amounts of sample, 2) an ion source which allows conversion of 

sample molecules into ions and transfer of them into the gas phase. The inlet system 

and the ion source are often combined. 3) A mass analyzer for ion separation based on 

their m/z values. 4) Finally, a detection system, often in the form of a transducer which 
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allows conversion of the ion beam into an electrical signal which in turn is used for the 

computational output. 5) Vacuum systems are needed to create low pressures (10-4 to 

10-8 torr) in almost all parts of the mass spectrometer in order to avoid interference with 

atmospheric components [65]. The mass spectrum obtained at the end is an abundance 

plot of the detected ion species present in the sample.  

However, it has been a long way towards the analysis of proteins, peptides and other 

bio-organic molecules. One of the pioneers to first observe gas-phase ions was Joseph 

Thomson who detected positive ray parabolas from excited neon in 1912 with one of 

the first mass spectrometers [66]. Noteworthy is also Francis William Aston who 

discovered isotopes and received the Nobel Price for his work in 1922 [67]. Others 

consider Alfred Otto Carl Nier as the “father of mass spectrometry” and the pioneer 

who introduced mass spectrometry into the mainstream science by the development of 

the sector field instrument [68]. Since then, research and development in mass 

spectrometry led to different ion sources and therefore ionization mechanisms and also 

a variety of different mass analyzers and detectors.  

2.5.2 Gas Phase Ionization 
One of the first ion sources was the electron ionization source. Sample molecules were 

ionized by high-energy electron impact (EI) ionization: first the analyte is brought to 

high temperatures to produce a vapor which is then bombarded with an electron beam 

accelerated by an electric field. Two ionization mechanisms are thus possible: 1) 

positive ion formation in which parts of the kinetic energy from the electrons in the 

electron beam are transferred to the analyte which then looses an electron due to 

electrostatic repulsion. This process is also called electron ejection and easily leads to 

fragmentation of analytes. 2) Negative ion formation is possible by electron capture and 

most effective for analytes with high electron affinity. The relatively high energies and 

therefore high fragmentation rates do not make it useful for biomolecules.  

Chemical ionization (CI) was introduced in 1966 [69]. Ionization is then induced by 

collision of the sample with ions in a reagent gas. This process involves less energy 

than EI. It was for example found that atmospheric pressure chemical ionization 

(APCI) is a good method to ionize lipids [70].

These “early” ionization mechanisms (except APCI) rely on the analyte being in the 

gas phase – a state which is difficult to reach for high molecular weight species because 

of their poor volatilization efficiency. Therefore these ionization mechanisms were 

inappropriate for biomolecular analyses. 
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2.5.3 Desorption Ionization 
The advent of desorption ionization mechanisms paved the road for the analysis of 

biomolecules by mass spectrometry because they do not require the analyte to reach the 

gas phase before ionization. In contrast, desorption ionization allows the sample to be 

analyzed in the condensed state (solid or liquid). Energy for the ionization is received 

by bombarding the sample with high-energy particles [71]. One of the first desorption 

methods appearing in the 1960’s was field desorption (FD). It involves emitter tips with 

carbon whiskers. The sample is first coated onto the emitter and does not need to be 

brought into the gas phase. Ions are formed by desorption in vacuum under application 

of an intense electric field [72].

In the 1970s plasma desorption mass spectrometry was developed, by which ions could 

be produced by bombardment of the deposited sample with californium-252 (252Cf). 

This method allowed analysis of biomolecules and naturally occurring toxins [73].

A possibility for peptide sequence analysis was introduced in 1981. Fast atom 

bombardment (FAB) uses a beam of very energetic atoms (2 – 10 ke V) of argon or 

xenon. Ions are formed from the sample which itself usually is in association with a 

glycerol matrix by a sputtering mechanism [74, 75]. However, this technique was soon to 

be replaced by superior ones which today stand in the center of biomolecular research: 

MALDI-MS and ESI-MS.  

2.5.3.1 Matrix Assisted Desorption Ioinization (MALDI) 

This ionization method was first developed in 1988 by Hillenkamp and Karas [76] and 

Tanaka [77]. Today MALDI is widely used in peptide mass mapping for the 

identification of proteins, but also plays a role in the analysis of other large and 

nonvolatile biomolecules, such as nucleotides and oligosaccharides. In paper II, eluents 

from the electrocapture device were spotted onto a MALDI target for peptide mass 

fingerprinting. An advantage of MALDI over ESI is its relatively high tolerance 

towards contaminants from buffers and salts. In addition, it is sometimes assumed that 

a further advantage is MALDI’s off-line nature which makes the mass spectrometric 

measurement independent of the separation events. Usually the sample is co-

crystallized with an excess amount of matrix on a stainless steel plate in the “dried 

droplet” fashion. Nowadays, a large variety of matrices is available and they are 

sometimes used in combination to improve the ionization yield of peptides [78]. The 

most common ones are 2,5-dihydroxybenzoic acid (DHB) and -cyano-4-

hydroxycinnamic acid (CHCA). The standard lasers in MALDI instruments are 
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nitrogen lasers (  = 337 nm). The outcome of a MALDI experiment therefore depends 

on the successful combination of matrix and laser types. For ionization the metal plate 

is placed into a vacuum chamber where the solid matrix-analyte clusters are subjected 

to laser irradiation. This leads to heating which causes the formation of a MALDI 

plume containing matrix and analyte ions which, from the solid phase rapidly expand 

into the gas phase. The mechanism of ion formation during the MALDI process is not 

exactly understood, but nevertheless fairly well interpreted [79]. An illustration of the 

MALDI process is shown below (Figure 4). The chemical composition of the matrix 

plays a keyrole in the process because it can absorb laser derived energy and can also 

function as a proton donor/acceptor. Once the ions have formed they are transported via 

an extraction grid into the mass analyzer which is in most cases a TOF analyzer.  

 
Figure 4. Scheme of the MALDI process. A pulsed laser beam strikes the analyte 

matrix mixture generating a so called MALDI plume. Here, protonation of the analyte 

is shown.  
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2.5.3.2 Electrospray Ionization 

The second, most commonly used desorption ionization technique is ESI. The principle 

was first described by Dole et al. [80, 81] and then in combination with a mass 

spectrometer by Fenn et al. [82]. It is widely recognized that ESI allows analysis of very 

large biomolecules with molecular weights in the Mega Dalton range. It is a very 

“mild” ionization technique which makes it particularly useful for the investigation of 

non-covalent, biomolecular interactions since the energies created during the ionization 

process are not sufficient to destroy the interactions [83, 84, 85]. In ESI, ions are created 

directly from solution under atmospheric pressure. Both, negative or positive ions can 

be formed but the process is dependant on the analyte, and the pH of the solution has to 

be adjusted accordingly.  

The sample is dissolved in a volatile solvent and pumped into a capillary needle at low 

flow rates (1 µl/min – 1 ml/min). Nanoelectrospray sources operate at even lower flow 

rates (nl/min range), thus allowing minute amounts of sample to be analyzed during the 

electrospray process [86, 87]. An electrode which in most cases surrounds the needle is 

maintained at very high voltage (usually several kV) with respect to the 

counterelectrode – the sampling orifice of the mass spectrometer – which is kept at 

ground potential. As a consequence of the electric field (on-set potential), sample 

emerging from the needle is provided with charges and forms a so called Taylor cone, 

from which small, charged droplets are released. At the same time, solvent evaporation 

occurs which reduces the diameter and the volume of released droplets to an extent that 

the amount of charges on the small surface area leads to coulomb fission due to charge 

repulsion. A cascade of fissions continues until an aerosol (spray) is formed (Figure 5) 

and the electric field on a droplet becomes large enough to desorb ions from its surface 

into the ambient gas from which they can be transported into the vacuum of the mass 

spectrometer [65, 82, 88, 89]. Two models evolved around the ion formation during the 

electrospray process: 1) the charge residue model (CRM) and 2) the ion evaporation 

model (IEM). According to CRM the fission and solvent evaporation continues until 

droplets containing only one single ion remain, and it was proposed that this is a 

suitable explanation for the ionization of bigger molecules such as intact proteins [80, 81].

In IEM the surface electric field becomes sufficiently high to lift an ion over the energy 

barrier into the gas phase and is apparently the favored mechanism for small molecules 
[90, 91]. Since ESI handles samples in the liquid phase, electrospray sources have been an 

interesting target for interfaces between the mass spectrometer and other 

instrumentation. An interface between LC and ESI was pioneered by Whitehouse et al. 
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[92]. In papers IV and V, the concept of an interface was picked up for on-line analysis 

of peptides eluted from the electrocapture device. 

 

 
 

Figure 5. ESI ionization (positive mode). Positive ions are drawn towards the liquid 

surface where they form a jetstream and the electrospray. Charged droplets are 

attracted to the counterelectrode at which they enter the mass spectrometer. 

 

2.5.4 Mass Analyzers 
In general, six (or seven if the more recent development of the orbitrap is included [93]) 

common types of mass analyzers are available: quadrupole, magnetic sector, time-of-

flight, time-of-flight reflectron, quadrupole ion trap, orbitrap (being a further 

development of the quadrupole analyzer) and Fourier transform-ion cyclotron 

resonance (FTICR) [64]. The main characteristics of an analyzer are the upper mass 

limit, the transmission and the resolution. The emphasis of the description here will be 

on quadrupole and TOF analyzers since they were used in this thesis work.  

 

2.5.4.1 Quadrupoles 

The quadrupole analyzer is a mass filter which consists of four precisely parallel rods to 

which a direct current (DC) voltage and a superimposed radiofrequency (RF) potential 

is applied [64]. Opposite rods are electrically connected. Ions drifting into the 

quadrupole regions are influenced by the combined DC and oscillating RF fields which 

can be changed/ adjusted to allow m/z values of interest to reach the detector.  
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2.5.4.2 Time-of-flight 

The TOF analyzer is probably the simplest one and consists of a field free drift tube. 

Separation occurs because all ions (which have been accelerated) entering the TOF tube 

have the same kinetic energy but different velocities. The smaller ions reach the 

detector first because of their greater velocity. Heavier ions take a longer time because 

they are passing through the TOF at a lower velocity. Hence, the analyzer is called 

time-of-flight because the m/z ratio is determined from the time of arrival of the ion [64].

A very good overview including schematic drawings of different types of mass 

analyzers is given by Aebersold and Mann [94].

2.5.4.3 Fragmentation of peptides by tandem mass spectrometry (MSn)

Although necessary for biomolecular MS, the soft desorption ionization methods lack 

the ability to generate fragment ions. In tandem mass spectrometry, different types of 

interactions can be used to induce fragmentation in an interaction cell also called 

collision cell which is placed between two mass analyzers. In a tandem setup, ions 

generated, are sent to the first mass analyzer which selects a particular ion (precursor 

ion) and transfers it into the collision cell [65, 95]. Here the precursor can collide/react 

with an inert gas (usually helium, argon or xenon). Upon collision, the precursor 

dissociates or fragments into product ions which are analyzed by the second mass 

analyzer before they reach the detector. The most common dissociative interactions are 

collision activated dissociation (CAD) or collision induced dissociation (CID), electron 

capture dissociation (ECD) – not to confuse with microfluidic electrocapture – and 

electron transfer dissociation (ETC). Depending on the instrument, different tandem 

configurations are possible. In this study, hybrid instruments combining a quadrupole 

and a TOF analyzer were used. The equipment details are described in the Materials 

and Methods part of this thesis. The major application of MS/MS is in peptide sequence 

analysis because collision energies are suitable to cleave the peptide bonds along the 

peptide backbone. The mechanism of peptide fragmentation is well understood and 

reviewed [96], and a tandem mass spectrum represents the amino acid sequence of the 

peptide. Tandem mass spectrometry is an important tool in so called MudPit (multi-

dimensional protein identification technology) approaches, where multi-dimensional 

LC coupled to MS/MS is used for global and automated protein identifications [97, 98]. In 

paper V, I used tandem mass spectrometry for the analysis of enriched peptide samples.  
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2.5.5 Detectors 
Ions are detected by converting their kinetic energies into an electric current. Each part 

of a mass spectrometer nowadays often comes in different variations, and this applies 

also to the detector. The photographic plate and the Faraday cage allow direct 

measurement of charges, whereas electron and/or photon multipliers and array 

detectors increase the sensitivity of the signal.  

2.5.6 Recent developments 
Finally, this chapter would not be complete without mentioning some of the new 

developments in mass spectrometry, and how they might influence proteomics. 

Noteworthy are the MALDI MS imaging technology developed by Caprioli and co-

workers [99, 100] and the desorption electrospray ionization (DESI) and the extractive 

electrospray ionization (EESI) techniques developed in the group of R. Graham Cooks 
[101-103]. Both techniques are progressive and innovative because relatively 

“unmanipulated” samples are introduced into the mass spectrometer – a useful 

approach even for proteomics.  
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3 AIMS OF THIS THESIS 

The overall aim of my thesis was to use the microfluidic electrocapture technology in 

combination with MALDI and ESI mass spectrometry for the analysis of proteomic 

samples, especially peptides and membrane proteins and to elucidate the mechanisms 

behind the electrocapture principle. 

The specific aims were: 

- to describe and summarize the different functions and applications of the 

microfluidic electrocapture technology for protein and peptide analysis (paper I) 

- to set up a microfluidic separation method for peptides before MALDI-MS 

analysis in order to increase the yield of ionized peptides in a sample (paper II) 

- to describe the electrocapture principle and the mechanisms by which 

molecules are immobilized in the electrocapture device (paper III) 

- to connect the microfluidic electrocapture device to an electrospray source in 

order to perform on-line analysis of peptides by ESI-MS (paper IV) 

- to develop  an enrichment strategy for molecules before ESI-MS/MS analysis 

(paper V) 

- to optimize the microfluidic electrocapture technology to allow analysis of 

membrane proteins (paper II and on-going research) 
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4 MATERIALS AND METHODS 
4.1 SAMPLE PREPARATION 
4.1.1 Preparation of membrane protein samples 
Tissue from rat kidney (paper II) was washed in 500 µl of 12.5 mM NH4HCO3 and 

incubated on ice for 30 min. The sample was then treated by five freeze/thaw cycles in 

liquid nitrogen, sonicated 4 times for 10 sec and centrifuged for 5 min at 2000 g, after 

which the supernatant was discarded. The pellet was resuspended in 500 µl of 12.5 mM 

NH4HCO3 and centrifuged at 6000 g for 10 min. The supernatant was transferred to an 

ultracentrifuge tube and centrifuged at 80000 g for 30 min (Beckman Ti 70.1). The 

supernatant was discarded and the pellet dissolved in 25 mM NH4HCO3. The resulting 

sample was ultracentrifuged at 100000 g for 1 h. The supernatant was discarded and the 

pellet resuspended in 1.5 ml of 100 mM Na2CO3, pH 11.3 and centrifuged at 13000 

rpm at 4 ºC. The pellet was solubilized in 50 mM NH4HCO3, pH 7.9, 1% CHAPS. For 

digestion, 1 µl of trypsin (1 µg/µl in 50 mM acetic acid) was added to 100 µl of sample. 

4.1.2 Preparation of peptide samples 
Protein stock solutions of standard proteins were prepared at concentrations of 1-5 

mg/ml (papers II, IV, V). Protein stock solutions were either used undiluted (papers II 

and IV) or diluted 1:1 with water for the proteolytic digestion (paper V). In paper II, a 

mixture of 10 proteins was digested while in papers IV and V each protein stock 

solution was digested separately.  

Carbamidomethylation of cysteine residues was carried out by incubation of 25 µl of 

protein solution with 5 µl of 45 mM DTT at 50 ºC for 15 min and subsequent 

incubation with 5 µl of 100 mM IAA at room temperature for 15 min. After alkylation, 

reagents were diluted by addition of ammonium bicarbonate (64 µl of 7.5 mM, pH 8), 

and digested overnight at 37 ºC by addition of 1 µl of trypsin (1 µg/µl in 50 mM acetic 

acid). Resulting digests were stored at – 20 ºC.  

4.2 MICROFLUIDIC ELECTROCAPTURE 
The general operation of all electrocapture experiments performed in this thesis work is 

injection, capture at an initial voltage, voltage gradient in case of separations, or release 

of the sample by switching the voltage to 0, and analysis of the effluent by mass 

spectrometry.  
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4.2.1 Electrocapture Device 
The construction of the electrocapture device is described in the introduction (2.3.4 

“Device construction”, page 5 ff) of this thesis. However, depending on the study 

performed, separate variations and solutions were necessary, as described in detail 

below. 

Papers II, IV, V 

The microfluidic device was constructed as described in 2.3.4 “Device construction”, 

page 5 ff. Depending on the experiments, the electrode chambers were filled with 40 

mM Tris, pH 8 (paper II), 100 mM NH4HCOO, pH 5.5 (paper IV) or pH 8. 7 (paper V).  

Paper III 

A modified version of the device was used: three half-thickness cuts at consecutive 

distances of 1 cm and a fourth complete cut of the PEEK tubing, all covered by nafion, 

provided four junctions. They were placed into separate electrode chambers which 

were filled with 100 mM Tris HCl, pH 8, 100 mM NH4Cl, pH 8, or 100 mM 

NH4HCOO, pH 5.5.   

4.2.2 Electrocapture Systems 
Different setups were used corresponding to the state of the art the electrocapture 

technology had at the time of the experimental part of each paper. In general, the 

electrocapture device was connected to a high-voltage power supply, the anode was 

always located upstream and the cathode grounded. The other main components were a 

syringe pump, a gas-tight syringe to provide a hydrodynamic flow-stream and a 

microinjector for sample injection.  

Paper II 

Electrodes of platinum wire were placed into the electrode chambers. The anode was 

connected to a high voltage power supply (Bertan, model ARB 30, Hicksville, NY, 

USA) and the cathode was grounded. A chart recorder connected to the current monitor 

output of the power supply was recording the current. A 100 µl gas-tight syringe 

(Hamilton, Reno, NV, USA) and a syringe pump (Harvard Apparatus, Holliston, MA, 

USA) provided a hydrodynamic flowstream. The syringe pump and the microfluidic 

device were connected to a microfluidic injector with an internal loop (1 µl). Via a T-

connection the loop could be filled with sample. 
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Paper III 

The electrode for the first electric junction was connected to a high-voltage power 

supply (CZE1000PN30, Spellman, Plainview, NY, USA) and the last junction was 

grounded. Voltages applied between the first and last junction were measured using a 

home-made, high-impedance, voltage reducer circuit connected to digital voltmeters. 

The resistance of the circuit was much higher than the one of the device, using only a 

small current to measure the voltage drop between the junctions. In addition, the circuit 

was electrically floating, leaving the device uninfluenced by the measurements. A 500 

µl gas-tight syringe (Hamilton, Reno, NV, USA) and a syringe pump (model 33, 

Harvard Apparatus, Holliston, MA, USA) provided a flow stream.  

Paper IV and V 

The electrocapture device was placed into an electrocapture instrument (Biomotif AB, 

Danderyd, Sweden). The main components were a pump with a 250 µl syringe, a 

microinjector, a power supply and a holder keeping the cell and electrodes of platinum 

wire in place. A software allowed control of the pump and power supply and monitors 

voltage and current during each run. The instrument was operated with the anode 

located at the upstream electric junction. The sample was injected into the system via a 

loop of the microinjector (1.25 µl, paper IV or 6 µl paper V).  

4.3 MASS SPECTROMETRY 
For the work presented in this thesis, samples were analyzed on three different 

instruments. The electrospray experiments were performed on hybrid instruments, i.e. 

quadrupole time-of-flight mass spectrometers.  

4.3.1 MALDI Mass Spectrometry (papers I and II) 
The mass spectra were obtained using a Voyager DE-PRO MALDI-TOF mass 

spectrometer (Applied Biosystems) operated in the positive ion mode. The reflector 

mode was used at 20 kV accelerating voltage, 74.5 % grid voltage, 0.005 % guide wire 

and 200 ns delayed extraction. Calibration was performed with Sequazyme Peptide 

Mass Standard (Applied Biosystems) and the matrix was -cyano-4-hydroxycinamic 

acid (saturated solution in 60% Acetonitrile/0.1% TFA). Aliquots of 0.4 µl sample were 

mixed 1:1 (v/v) with matrix solution, spotted onto the MALDI target and analyzed. 
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4.3.2 ESI Mass Spectrometry (papers IV and V) 
Paper IV 

The effluent from the device was infused into the electrospray source at a flow rate of 

200 nl/min. Mass spectra were acquired using a Q-TOF 1 mass spectrometer 

(Micromass, Waters, Manchester, UK) operated in the positive ion mode. The capillary 

voltage was kept between 1.1 and 2.2 kV.  

Paper V 

The electrocapture cell was connected to a Q-TOF Ultima API mass spectrometer 

(Waters, Milford, MA). The effluent was electrosprayed with a flow rate of 200 nl/min. 

The instrument was operated in positive ion mode at a resolution of 10 000 (full width, 

half maximum, FWHM). The capillary voltage was 1.9-2.5 kV and the cone and RF 

lens voltages were 100 and 45.1 V. The collision energy was automatically alternated 

between 25 and 45 eV depending on the mass and charge states of the analytes and the 

collision gas was argon with an analysis pressure of 5.5x10-5. Data Dependent 

Acquisition (DDA) was used over a mass range of 300-1000 m/z with 1 scan/s and 0.1 

s interscan time. Upon detection of relevant peptides, it was switched from MS to 

MS/MS. The m/z range of the MS/MS mode was 400-2000. The analysis and databank 

searches were performed using MassLynx 4.0 and ProteinLynx Global SERVER 

Version 2.2.5 (PLGS 2.2.5) software (Waters). 

4.3.3 Liquid Chromatography coupled to ESI (paper V) 
LC-ESI-MS experiments were performed using a Waters CapLC system connected to 

the Q-TOF Ultima mass spectrometer. Peptides were trapped on a LC-Packings Nano-

Precolumn Cartridge (300 µm ID x 1 mm, 5 % acetonitrile/0.1 % formic acid, 20 

µl/min) and then released for separation to an analytical column (Atlantis, dC18, 3 µm, 

100 Å, 75 µm ID x 15 cm). The solvent system used was 0.1 % formic acid; 20 µl/min 

(solvent 1) and 95 % acetonitrile/0.1 % formic acid (solvent 2). The peptides were 

eluted with a linear gradient (5-50 % solvent for 30 min at 200 nl/min) and then 

analyzed by MS mode.  
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5 RESULTS AND DISCUSSION 
5.1 MICROFLUIDIC SYSTEMS AND PROTEOMICS: APPLICATIONS OF 

THE ELECTROCAPTURE TECHNOLOGY TO PROTEIN AND 
PEPTIDE ANALYSIS (PAPER I) 

Important sample preparation strategies with the microfluidic electrocapture are 

presented in this report, including pre-concentration, sample purification, 

microreactions and separations.  

5.1.1 Pre-concentration of proteins 
For preconcentration studies, the electrocapture device was coupled to a CE instrument. 

In a first step, proteins (BSA, -lactalbumin, -lactoglobulin A, and -lactoglobulin B) 

were pre-concentrated in the electrocapture device. In a second step, the separation 

capillary was positioned at the outlet of the device and the sample injected 

hydrodynamically. After injection, the capillary was disconnected and placed into an 

anode buffer reservoir and the electrophoretic voltage was applied. Sample detection 

was performed with an UV detection system. After pre-concentration and separation, 

the detection limit for proteins was improved from the micromolar to the nanomolar 

range.  

5.1.2 Sample Purification 
A further application included sample-cleanup and solvent exchange before MALDI-

MS since mass spectrometric techniques in general are sensitive to contaminants, 

especially salts. Proteolytic peptides from BSA were injected into the device and 

captured. While the peptides were immobilized, the original solution of phosphate 

buffer, NaCl and CHAPS or SDS was exchanged and the salt and detergents partly 

removed which resulted in improved signal intensities and a larger number of peptide 

peaks.  

5.1.3 Microreactions 
The capture zone of the device could also be used as a microreactor. Proteins were 

captured and reagents for a proteolytic digestion (DTT, IAA, and trypsin) were 

subsequently injected. Instead of being co-captured the compounds passed the captured 

analyte, reacted with it and were then transported out of the system. Successful in-line 

digestion and subsequent MALDI-MS analysis was demonstrated for -lactoglobulin 

and BSA. 
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5.1.4 Separations 
Separation studies were initiated for proteolytic peptides and a shotgun digest of a 

membrane protein sample. This study is described in paper II.  

 

5.2 MICROFLUIDIC ELECTROCAPTURE FOR SEPARATION OF 
PEPTIDES (PAPER II) 

Separations are needed to reduce the complexity of a biological sample. Liquid 

chromatography separations are of importance because they have higher compatibility 

with MS analysis than other separation methods [104-106]. The potential of the 

electrocapture device as a separation tool for peptides before MALDI-TOF-MS 

analysis was investigated. The separation process with the electrocapture device is 

shown in Figure 6. Oligopeptides from a digest of 10 different proteins (1µl) were 

injected into the system at a flow rate of 0.2 µl/min, while applying an electric field of 

139 V/cm. After 45 min, the initial electric field was reduced stepwise and each 

fraction analyzed by MALDI-TOF-MS.  

 

 
Figure 6. Electrocapture based separation scheme. 

 

For each voltage, different peptide profiles were obtained indicating successful 

fractionation of the polypeptides from the mixture. Positively charged peptides with pI 

values between 9.8 and 11.8 were eluted early, at high electric field strength, those with 

low pI values from 3.8 to 7.8 were eluted later at low electric field strengths (Figure 7 

and Table 1). Overall, the separation capacity was sufficient to allow improved 

ionization of peptides compared to a non-fractionated sample. Another aspect was 

sample cleanup and subsequent separation of a protein extract containing detergent. 

Peptide samples obtained by shotgun digestion of a membrane-protein-extract from rat 

kidney were captured with a simultaneous buffer exchange for a solution containing 
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acetonitrile. The presence of acetonitrile was critical for the removal of CHAPS, a 

detergent used to keep membrane proteins soluble. Unprocessed membrane proteins 

can not be analyzed by MALDI-TOF-MS because the detergent interferes with the 

ionization process. After sample cleanup and separation with the electrocapture device, 

the disturbance by detergent molecules was minimized and different peak profiles were 

obtained. Two important sample preparation methods were established: 1) Peptide 

separations and 2) in-line sample cleanup for a complex biological sample. Both 

applications demonstrate the usefulness of the microfluidic technique for preparation of 

proteomic samples.  

Figure 7. MALDI MS spectra of a proteolytic digest of 10 proteins separated by 

electrocapture. Arrows indicate peptide signals which were not detected in the 

unprocessed sample.
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Electric 

field (V/cm) 

sequence m/z pI 

130 TGPNLHGLFGR 1168.62 11.8 

92 AVPYPQR 830.45 9.8 

 SHHWGGYGK 1013.00 9.8 

 KTGQAPGFTYTDANK 1598.76 9.8 

 SISIVGSYVGNR 1251.67 9.8 

 HNGPEHWHK 1141.53 8.0 

67 DYYFALAHTVR 1355.63 7.8 

 HGLDNYR 874.40 7.8 

 IVSDGNGMNAWVAWR 1675.80 6.7 

 FESNFNTQATNR 1428.65 6.9 

 DGPLTGTYR 979.48 6.8 

 GTDVQAWIR 1045.54 6.7 

 LHVDPENFR 1126.50 5.1 

62 SIGGEVFIDFTK 1312.68 4.0 

 EALDFFAR 968.50 4.0 

 VEADIAGHGQEVLIR 1606.85 4.3 

39 VNVDEVGGEALER 1368.44 3.8 

Table 1. Moleuclar properties of identified peptides separated by electrocapture and 

analyzed by MALDI-MS.

5.3 FORMATION OF STABLE STACKING ZONES IN A FLOW STREAM 
FOR SAMPLE IMMOBILIZATION IN MICROFLUIDIC SYSTEMS 
(PAPER III) 

5.3.1 Observation of zones with different electric field strengths 
In the microfluidic device, molecules can be immobilized by counterbalancing electric 

and hydrodynamic forces. The mechanism underlying the electrocapture principle was 

studied. Regions of different electric field strengths are generated in the device, with a 

zone of low electric field strength upstream of a zone with high electric field strength. 

In order to experimentally prove this, a modified device was constructed, which 

allowed direct measurements of local electric fields along the microfluidic channel 

(Figure 8). 
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Figure 8. Modified electrocapture device with four junctions which allowed 

measurements of electric field strengths between adjacent junctions. 

 

After validation of the modified device, electric field strengths were measured at 

different voltages and flow rates. It was found that the maximum flow rate to generate 

zones of different electric fields was proportional to the applied voltage (0.3 µl/min for 

200 V, 0.5 µl/min for 300 V and 0.7 µl/min for 400 V). This was true up to a certain 

flow rate. Higher flow rates resulted in homogenous electric field strengths. This was 

tested with Tris-HCl, NH4Cl and NH4HCOO. 

Zones of different electric field strengths are created by segments of different ionic 

strengths which form when a voltage is applied. This phenomenon is also observed in 

isotachophoresis/electrokinetic stacking using discontinuous electrolyte systems where 

ions with different electrophoretic mobilities are used to concentrate charged 

molecules. A fast-mobility leading anion is used at the anode buffer and a low-mobility 

terminating anion at the cathode buffer. The leading ions create a zone of low electric 

field while the terminating ions create a zone of high electric field. Target molecules 

are stacked at the interface between these zones where the leading ions slow the 

molecules down and the terminating ions are pushing them towards the leading zone. 
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5.3.2 Stacking of target molecules 
The stacking of target molecules is shown with a mixture of Coomassie brilliant blue 

and myoglobin. Both molecules were immobilized at the downstream gap where the 

Coomassie band preceded the myoglobin band. This band arrangement is derived from 

the different electrophoretic mobilities (µ) of the two molecules. Both are traveling 

with the same velocity ( h) – the velocity of the hydrodynamic flow stream. In order to 

reach a steady state, the electrophoretic velocity ( e) of the target molecules must be 

equal or higher (and of opposite direction) than the one of the flowstream ( h). The 

electrophoretic velocity of an ion in an electrolyte solution is given by e = µE where e

is the electrophoretic velocity (cm/s), µ the electrophoretic mobility (cm2V-1s-1) and E 

the electric field strength (V/cm). Since all molecules are traveling at the same velocity 

they have constant h/µ ratios implying that they are “standing still” in the system at an 

E given by their µ values. Indeed, the myoglobin band was released earlier, i. e. at a 

higher E value than coomassie blue. The minimum electrophoretic mobilities under 

different conditions of flowrate and voltage molecules must have in order to be 

captured are calculated in Table 2. 

Flow 
rate 

Linear
velocit

y

    
Applied voltage 

    

 L/min cm/s 200 V 300 V 400 V 
 min  min  min  min  min  min 
up down up down up down 

   x 10-4  

cm2V-1s-1

x 10-4  

cm2V-1s-1

x 10-4  

cm2V-1s-1

x 10-4  

cm2V-1s-1

x 10-4  

cm2V-1s-1

x 10-4  

cm2V-1s-1

0.1 0.013 10.0 0.8 8.7 0,5 7.6 0.3 
0.2 0.026 7.6 2.1 7.6 1.2 8.1 0.8 
0.3 0.039 8.1 3.9 8.0 2.0 7.2 1.4 
0.4 0.052 n.a. n.a. 7.5 3.2 7.8 2.0 
0.5 0.065 n.a. n.a. 8.7 4.8 8.2 2.7 
0.6 0.078 n.a. n.a. n.a. n.a. 8.2 3.8 
0.7 0.091 n.a. n.a. n.a. n.a. 8.2 7.0 

Table 2. Minimum electrophoretic mobilities µmin under different conditions of flow 

rated and voltage. Each value corresponds to the ratio between flow velocity and 

electric field; n.a. means not applicable (zones of different electric field were not 

observed).
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5.3.3 Ionic re-arrangements are responsible for the formation of zones 
with different electric field strengths 

How are then zones of different electric field created in a device filled with a 

continuous electrolyte? In the microfluidic channel, the zones of different ionic 

strengths occur because of interactions between the fluidic channel and the electrode 

chambers via the cation-selective membrane that separates the two. Since the fluidic 

channel does not allow anions to leave the system because of the membrane, chloride 

ions tend to accumulate towards the upstream electric junction. The minimum 

electrophoretic mobility (µ) calculated for chloride is 7.91 x 10-4 cm2 V-1 s-1 which is in 

the range of the µ values a molecule must have in order to be captured (Table 2). 

Indeed, similar E upstream values were obtained for the experiments with Tris-HCl and 

NH4Cl suggesting that chloride ions must be responsible for these values. When 

chloride was replaced by an anion with lower electrophoretic mobility, higher E 

upstream values were obtained which was shown with experiments employing 

NH4HCOO. In these experiments the formate ions which are slower than chloride ions 

were responsible for the electric field at the upstream junction.  

Anions are accumulating at the upstream electric junction - at the same time a depletion 

zone at the downstream electric junction is created, since anions from the electrode 

chamber can not “refill” the system and replace the anions which travelled to the 

upstream junction. Therefore a zone of higher electric field strength is established at the 

downstream junction. The electric field of the downstream region is sufficiently high to 

allow charged molecules such as DNA, proteins and peptides to be immobilized. 

Significant advantages of the system are that continuous electrolyte solutions rather 

than discontinuous ones can be used and molecules are trapped at the interface between 

the two zones. This also implies that the sample does not need to be chemically bonded 

to other surface structures, which is of significance for especially low abundance 

samples.  

5.4 MICROFLUIDIC ELECTROCAPTURE INTERFACED WITH 
ELECTROSPRAY MASS SPECTROMETRY (PAPER IV) 

Over the past twenty years successful interface designs between CE and electrospray 

mass spectrometry have been presented [35, 107-110]. In this study successful interfacing of 

a microfluidic electrocapture cell with an electrospray source for on-line analysis of 

peptides was shown. Compared to previous studies, where MALDI-TOF-MS was the 

method of choice, this interface represents automation instead of manual eluent spotting 
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onto MALDI targets and prevention from unwanted matrix interference. The setup is 

shown in Figure 9.  

5.4.1 Interface construction and optimization 
Initially, the interface combining the outlet of the electrocapture cell with the emitter tip 

was difficult to construct for both, spatial and electrical reasons. Initially, a fused silica 

capillary of 1 m, 50 µm i. d. was selected to avoid electric interferences between the 

two units. Different electrolyte solutions were tested and 5 mM ammonium formate, 30 

% acetonitrile was found to be compatible with both the electrocapture setup and the 

electrospray process. The system was then optimized, and the final length of the 

capillary could be reduced to 27 cm giving less surface contacts and diffusional spread 

of the sample.  

Figure 9. Electrocapture cell and interface with electrospray ion source. 

5.4.2 Peptide Separation and on-line analysis 
Protein digests of hemoglobin and of a mixture of proteins containing myoglobin, BSA 

and cytochrome c were analyzed. First, the sample was injected at a flow rate of 0.2 

µl/min and captured at an initial voltage (ca 180 V) for 30 - 40 min to ensure that the 

entire sample had focused inside the capture zone of the device. Second, a stepwise 

voltage reduction was applied, releasing fractions of peptides which were analyzed on-

Electrocapture setup

Capillary

Ion source
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line by ESI-MS. For both the hemoglobin peptides and the peptide mixture, different 

peak patterns were obtained and peptides were released according to their 

electrophoretic mobilities (falling pI values). Separation of peptides is useful because it 

diminishes the competition of peptides during the ionization process in the mass 

spectrometric analysis. In this paper, we demonstrated that it is possible to have a 

successful combination of the prefractionation and the on-line mass spectrometric 

analysis in an automated fashion compared to MALDI-MS.  

5.5 PEPTIDE ENRICHMENT BY MICROFLUIDIC ELECTROCAPTURE 
FOR ON-LINE ANALYSIS BY ELECTROSPRAY MASS 
SPECTROMETRY (PAPER V) 

Peptides from complex biological mixtures are present at a wide concentration range 

and have different ionization efficiencies during analysis by mass spectrometry [111].

However, many of them have biological/medical significance and their identification is 

crucial. Therefore, enrichment and pre-concentration methods are necessary to elevate 

especially low abundance and low intensity peptides to the ionization threshold of a 

mass spectrometer.  

5.5.1 Pre-concentration and identification of peptides via ESI-MS/MS 
In this study, the microfluidic electrocapture cell was interfaced with an electrospray 

source for on-line analysis of the eluent. Peptide mixtures of tryptic digests from 

myoglobin, hemoglobin, BSA and cytochrome c were injected into the microfluidic 

device and pre-concentrated for 1 h at 210 V. The concentration-voltage was then set to 

zero, and the enrichment effect was monitored via the total ion current with an ESI 

mass spectrometer. These settings were also used for automated fragmentation, 

sequence analysis and identification. For comparisons between concentrated and non-

concentrated samples, a conventional hydrodynamic pump was connected to the 

electrospray emitter for direct infusion. MS/MS analysis and identification in the range 

of 6.4 – 17.6 fmol/µl was successful after the enrichment (Figure 10). At these levels 

the identification would not have been possible without pre-concentration because the 

peptide signals were weak and difficult to detect and would not have reached the 

intensity threshold required for computer initiated fragmentation (Figure 11).  
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Figure 10. ESI-MS spectra displaying the mass ranges 570-810 m/z. The peptide 

mixture analyzed contained 106 fmol cytochrome c, 77 fmol BSA, 39 fmol myoglobin 

and 38 fmol hemoglobin. A: non-concentrated sample, B: pre-concentrated sample. 

Figure 11. ESI MS spectra of a sample containing 77 fmol BSA, 39 fmol myoglobin, 

106 fmol cytochrome c and 38 fmol hemoglobin. The spectra were normalized against 

cytochrome c (A) with, (B) without pre-concentration and hemoglobin (C) with and (D) 

without pre-concentration.
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5.5.2 The limit of detection with the electrocapture device  
The detection sensitivity of the microfluidic system in combination with a Q-TOF 

Ultima mass spectrometer was assessed by determination of the limit of detection 

(LOD) for each of the proteins. The LOD values are based on the most intense peptide 

peak after the enrichment. For the concentrated sample, LOD values were 11.4 fmol for 

BSA, 6.0 fmol for hemoglobin, 3.6 fmol for myoglobin and 37.2 fmol for cytochrome 

c. The LOD values obtained by conventional injection without concentration were 67.8 

fmol for BSA, 36.6 fmol for hemoglobin, 6.6 fmol for myoglobin and 618 fmol for 

cytochrome c. Pre-concentration factors between 1.8 and 16 were obtained (Table 3).   

Table 3. LOD values with the electrocapture system with and without on-line pre-

concentration. The LOD values were determined after selecting the most intense 

peptide peak of each protein after analysis of the pre-concentrated mixture.

5.5.3 The electrocapture technique and LC-MS 
In order to compare the capacity of the electrocapture system to a conventional and 

well established method (LC), LC-MS runs were performed with the peptide mixture at 

concentration levels similar to the ones used for the LOD determinations. Analysis of 

mass spectra obtained from the LC- and the electrocapture experiments showed that 

two peptide peaks could be detected with each system, pointing out that the sensitivity 

of the microfluidic device is comparable to the one of an LC system. 

5.6 ON-GOING RESEARCH 
It is estimated that approximately 30 % of any genome is encoding for intrinsic 

transmembrane proteins and integral membrane proteins [112-114]. Further, roughly 70 % 

Conventional 
injection 

    

Protein BSA hemoglobin myoglobin cytochrome c 
LOD (S/N=3) 67.8 fmol  33.6 fmol  6.6 fmol 618 fmol  

     
On-line 
concentration 

    

Protein BSA hemoglobin myoglobin cytochrome c 
LOD (S/N=3) 11.4 fmol 6.0 fmol  3.6 fmol  37.2 fmol 

Amplification 
factor 

5.9 5.6 1.8 16.6 
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of known drug targets are membrane proteins [115] which should motivate a strong 

research interest towards their identification. Challenges however, are the insolubility 

and the low abundance of membrane proteins making it often difficult to identify them 

by 2 DE and MS. In an on-going study, we are developing a new two-dimensional gel-

free approach for separation and identification of membrane proteins. The method 

includes shotgun digestion of membrane protein samples and 2-D separation (the first 

dimension is carried out by electrocapture, the second dimension by LC), followed by 

analysis with ESI-MS. In addition the digest is analyzed solely by LC-MS. Data mining 

of both the electrocapture-LC-MS and the LC-MS approach allows a comparison of 

peptide yields, and of successfully identified peptides in both separation strategies. 

Preliminary data suggest an increased number of identified peptides with the 

electrocapture-LC-MS approach than with the LC-MS approach. Elucidation of the 

number of peptides which originate from membrane proteins and of the overall peptide 

yield with this new 2-D separation is currently under investigation. If successful, this 

method could facilitate preparation and analysis in membrane proteomics.  
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6  CONCLUSIONS AND OUTLOOK 
Proteomic research will be important for a long time ahead. Demands from the medical 

sector include the use of mass spectrometry for drug discovery and the development of 

therapies. In addition, there is a growing need for methods in preventive and 

personalized medicine [116-119]. This will drive research towards identification of 

analytes and towards the establishment of screening methods and correlating networks. 

With regards to proteins and biomarkers, true high performance methods are missing 
[119, 120]. Thus, the proteomic challenge remains, and linked to it, the need for novel and 

sensitive sample preparation techniques, high-throughput strategies and detection 

methods. In addition, the miniaturized format of these new approaches is of importance 

because it is necessary to analyze many samples in parallel, in a cost-and- time 

effective manner [121]. Further, datamining, bioninformatics and statistics play an ever 

more important role as they provide constant pitfalls during automated data acquisition 

and identification [122, 123].

One attempt towards the goal of miniaturization and integrated sample preparation has 

been made by the present thesis work which constitutes a natural follow-up of a 

previous thesis. The electrocapture technology is still young. Over the last 4-5 years it 

has been shown that its concept of capturing molecules in a hydrodynamic flowstream 

under application of an electric field is useful for the manipulation and preparation of 

biomolecules. Several important applications have now been shown in this thesis work, 

such as sample clean-up (paper I), separations (paper II and IV) and enrichment (paper 

V), all substantial for successful proteome analyses. Further, the combination with ESI-

MS (paper IV and V) allows for an automated workflow compared to previous 

detection methods with UV and MALDI-MS. In addition, it offers the advantage of 

fragmentation. Structural information can be obtained via the interface with an 

electrospray source, a necessity for the identification of analytes.  

A main goal for the future will be to standardize these basic applications with the 

electrocapture device, and to show that this technique is suitable for the preparation of 

complex, biological mixtures. One such attempt is currently made in our laboratory by 

the application of a shotgun digest of membrane protein samples. Besides 

experimenting with biological samples, it is very important to be aware of new 

strategies in e.g. mass spectrometry and to continue the combination of the 
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electrocapture technique with further sensitive ionization methods. A possible 

combination could be with Fourier Transform Ion Cyclotron Resonance (FTICR) mass 

spectrometry because it would offer the sensitivity, the high mass accuracy and the high 

resolution desirable for the analysis of complex mixtures which is unmatched by other 

MS approaches [124-126]. Other improvements/optimizations regarding the analysis time 

and the design of the electrocapture setup are also worth to consider, with respect to the 

high throughput analyses which will be necessary in proteome research.  

At this point, the electrocapture technique can certainly be useful for the preparation of 

well-defined samples such as simple protein and peptide mixtures, phosphopeptides 

and estradiols. However, it remains to be seen whether it will meet the demands of a 

“lab on a chip” format on which multiple experiments can be performed 

simultaneously, in a completely integrated manner. 
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