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Improved techniques for CE and MALDI-MS including microfluidic hyphenations for analysis of 
biomolecules  
Johan Jacksén 
KTH, Royal Institute of Technology 
School of Chemical Science and Engineering 
Department of Chemistry, Division of Analytical Chemistry 
 

Abstract 
In this thesis, improved techniques for biomolecule analysis using capillary 
electrophoresis (CE) and matrix-assisted laser desorption/ionization-mass spectrometry 
(MALDI-MS) and hyphenations between those have been presented. 
A pre-concentration method which is possible to apply in both techniques, has also been 
investigated. 
In this work the off-line MS mode has been used either in the form of fractionation 
(Paper I) or by incorporating the MALDI target in the CE separation system (Paper II). 
In Paper I, a protocol for CE-MALDI analysis of cyanogen bromide digested 
bacteriorhodopsin (BR) peptides as model integral membrane protein peptides were 
established. Also, an improved protocol for partially automated manufacturing of a 
concentration MALDI-target plate is presented. The design of the targets was suitable for 
the fractions from the CE. 
A novel technique for the integration of CE to MALDI-MS using a closed-open-closed 
system is presented in Paper II, where the open part is a micro canal functioning as a 
MALDI target window. A protein separation was obtained and detected with  
MALDI-MS analysis in the micro canal. 
A method has been developed for detection of monosaccharides originating from 
hydrolysis of a single wood fiber performed in a micro channel, with an incorporated 
electromigration pre-concentration step preceding CE analysis in Paper III. The pre-
concentration showed to be highly complex due to the fact that several parameters are 
included that affecting each other.  
In Paper IV a protocol using enzymatic digestion, MALDI-TOF-MS and CE with laser 
induced fluorescence (LIF) detection for the investigation of the degree of substitution of 
fluorescein isothiocyanate (FITC) to bovine serum albumin (BSA), as a contact allergen 
model system for protein-hapten binding in the skin, is presented. The intention of a 
further CE-MALDI hyphenation has been considered during the work.  
In Paper V 2,6-dihydroxyacetophenone (DHAP) was investigated, showing promising 
MALDI-MS matrix properties for hydrophobic proteins and peptides.  
2,5-dihydroxybenzoic acid (DHB) was undoubtedly the better matrix for the hydrophilic 
proteins, but its performance for the larger and hydrophobic peptides was not optimal. 
Consequently, DHAP can be used as a compliment matrix for improved analysis of 
hydrophobic analytes.  
 
Keywords: Capillary electrophoresis, Hydrophobic peptides/proteins, Matrix-Assisted Laser 
Desorption Ionization Mass Spectrometry, Prestructured target, Off-line interface, Silicon 
micro canal, Matrix, Peptide-fluorescein isothiocyanate adducts, Bovine serum albumin, 
DHAP, Hyphenations, Hydrophobicity, Single wood fiber analysis, Pre-concentration, 
Concentration platform. 
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Förbättrade tekniker för CE och MALDI-MS innefattande mikrofluidik-kopplingar för analys av 
biomolekyler  
Johan Jacksén 
KTH 
Skolan för Kemivetenskap  
Institutionen för Kemi, Avdelningen för Analytisk kemi 
 
Sammanfattning 
I denna avhandling presenteras förbättrade tekniker för analys av biomolekyler med 
kapillärelektrofores (CE) och matris-assisterad laserdesorptions-joniserings-
masspektrometri (MALDI-MS) och kopplingar mellan dessa två. En koncentrerings-
metod som har möjlighet att användas till båda teknikerna har även undersökts. 
I detta arbete har en off-line MS-koppling använts, antingen i form av fraktionering 
(Artikel I) eller genom att integrera MALDI-detektionsfönstret i CE-separationssystemet 
(Artikel II). I Artikel I, etablerades ett protokoll för CE/MALDI-analys av 
cyanobromid-klyvda bacteriorhodopsin-peptider (BR) som modell för integrala 
membranprotein-peptider. Även ett förbättrat protokoll för en delvis automatiserad 
tillverkningsprocedur för en koncentrerande MALDI-platta presenteras. Utformningen 
av plattans ytstruktur var anpassad för fraktionerna från CE. 
En ny teknik för integreringen av CE till MALDI-MS genom ett slutet-öppet-slutet 
system presenteras i Artikel II, där den öppna delen är en mikrokanal som fungerar som 
ett MALDI-detektionsfönster. En proteinseparation genomfördes och detekterades med 
MALDI-MS-analys i mikrokanalen. 
En metod har utvecklats för detektion av monosackarider, härrörande från hydrolys av 
en enskild träfiber genomförd i mikrokanalen, med en integrerad elektromigrations-
förkoncentrering före CE-analysen (Artikel III). Det visade sig vara mycket komplext 
med anledning av att flera parametrar som påverkar varandra är involverade. 
I Artikel IV används ett protokoll med enzymatisk klyvning, MALDI-TOF-MS och CE 
med laserinducerad fluorescens-detektion (LIF) för undersökning av graden av 
substitution av fluorescein isothiocyanat (FITC) till bovint serumalbumin (BSA), som ett 
kontaktallergi-modellsystem för protein/hapten-bindning i huden. Avsikten med en 
kommande CE-MALDI koppling har tagits hänsyn till i detta arbete. 
I Artikel V undersöktes 2,6-dihydroxiacetofenon (DHAP), som visade lovande  
MALDI-MS-matris egenskaper för hydrofoba proteiner och peptider.  
2,5-dihydroxibensoesyra (DHB) var otvivelaktigt den bättre matrisen för hydrofila 
proteiner, men dess prestationsförmåga för större och hydrofoba peptider var inte 
optimal. Följaktligen kan DHAP användas som en komplement-matris för förbättrad 
analys av hydrofoba analyter. 
 
Nyckelord: Kapillärelektrofores, Hydrofoba peptider/proteiner, Matris-assisterad 
laserdesorptions-joniserings-masspektrometri, Strukturbelagd provplatta, Off-line koppling, 
Mikrokanal i kisel, Matris, Proteinklyvning/-spjälkning, Peptid-fluoresceinisothiocyanat-
addukter, Bovint serumalbumin, DHAP, koppling, Analys av enskild träfiber, 
Förkoncentrering, Koncentreringsplattform. 
©Johan Jacksén, 2010 
ISBN 978-91-7415-808-3 
 
 
 
 



 vi

 
 
 
 
 
 
 
 



 vii

List of publications 
 
This thesis is based on the following papers: 
 

I. Capillary electrophoretic separation and fractionation of hydrophobic peptides 
onto a pre-structured matrix assisted laser desorption/ionization target for 
mass spectrometric analysis  
Jacksén J, Redeby T, Emmer Å 
JOURNAL OF SEPARATION SCIENCE 2006, 29 (2): 288-295  

 
II. Off-line integration of CE and MALDI-MS using a closed-open-closed micro 

channel system  
Jacksén J, Frisk T, Redeby T, Parmar V, van der Wijngaart W, Stemme G, Emmer Å 
ELECTROPHORESIS 2007, 28 (14): 2458-2465  

 
III. CE analysis of single wood cells performing hydrolysis and preconcentration in 

open micro channels  
Jacksén J, Beyer J, Emmer Å 
Manuscript 

 
IV. Capillary electrophoresis separation and matrix-assisted laser 

desorption/ionization mass spectrometry characterization of bovine serum 
albumin fluorescein isothiocyanate conjugates 
Jacksén J, Dahl K, Karlberg AT, Redeby T, Emmer Å 
JOURNAL OF CHROMATOGRAPHY B 2010, 878 (15-16) 1125-1134  

  
V. Evaluation of 2,6-dihydroxyacetophenone as MALDI matrix for analysis of 

hydrophobic proteins and peptides 
Jacksén J, Emmer Å 
Manuscript 

 
 
Reprints are published with kind permission of the journals. 
 
The contributions of the author of this thesis to these papers are: 

I. All the experiments and part of the planning, evaluation of data and part of the 
writing  

II. Major part of the experiments and planning, evaluation of data and part of the 
writing  

III. Part of the experiments and major part of the planning, evaluation of data and part 
of the writing  

IV. Major part of the experiments and planning, evaluation of the data and part of the 
writing 

V. Major part of the experiments and part of the planning, evaluation of the data and 
major part of the writing 

 

 



 viii

The work has been presented orally at the following conferences: 
Fractionation and Mass Spectrometric Analysis Following Capillary Electrophoretic 
Separation of Hydrophobic Peptides  
T. Redeby, J. Jacksén, M. Carlsson, Å. Emmer,  
Presented at 18th International Symposium on Microscale Bioseparations, 2005,  
New Orleans, USA  
 
Capillary electrophoresis and MALDI-MS analysis of peptide-hapten adducts related 
to contact allergy 
K. Dahl, J. Jacksén, AT. Karlberg, T. Redeby, Å. Emmer 
Presented at Analysdagarna 2008, Göteborg, Sweden 
 
Chip based sampling, hydrolysis and preconcentration for capillary electrophoretic 
analysis of single wood cells  
J. Jacksén, J. Beyer, B. Eickenberg, Å. Emmer 
Presented at Analysdagarna 2010, Uppsala, Sweden 
 
The work has been presented as poster at the following conferences: 
Fractionation and Mass Spectrometric Analysis Following Capillary Electrophoretic 
Separation of Hydrophobic Peptides  
T. Redeby, J. Jacksén, M. Carlsson, Å. Emmer 
Presented at 18th International Symposium on Microscale Bioseapartions, 2005,  
New Orleans, USA  
 
Off-line Integration of Capillary Electrophoresis and MALDI-MS using a  
Closed-Open-Closed Micro channel System 
J. Jacksén, T. Frisk, T. Redeby, V. Parmar, W. van der Wijngaart. and Å. Emmer 
Presented at Analysdagarna 2006, Göteborg, Sweden 
 
Capillary electrophoresis and MALDI-MS analysis of BSA-FITC digest samples 
K. Dahl, J. Jacksén, Å. Emmer, AT. Karlberg, T. Redeby  
Presented at 22nd International Symposium on Microscale Bioseparations, 2008,  
Berlin, Germany  
 
Different matrix components for MALDI-MS analysis of a trypsin digested model 
protein-hapten pair related to contact allergy 
J. Jacksén, K. Dahl, Å Emmer, AT. Karlberg, T. Redeby 
Presented at Analysdagarna 2008, Göteborg, Sweden 
 
Miniaturized analysis of single wood cells performed with preconcentration and CE  
J. Jacksén, J. Beyer, B. Eickenberg, Å. Emmer 
Presented at 25th International Symposium on Microscale Bioseparations, 2010,  
Prag, Czech Republic 
 
Chip-based Open Channel Preconcentration for Mass Spectrometry Analysis of 
Biosamples 
J. Jacksén, G. Patin, Å. Emmer 
Poster presented at 58th ASMS Conference on Mass Spectrometry and Allied Topics, 
2010, Salt Lake City, Utah, USA 
and at Analysdagarna 2010, Uppsala, Sweden 



 ix

In addition, the author of this thesis has contributed to the following material: 
 
Electrospray ionization from an adjustable gap between two silicon chips  
Ek P, Schönberg T, Sjödahl J, Jacksén J, Vieider C, Emmer Å, Roeraade J 
JOURNAL OF MASS SPECTROMETRY 2009, 44 (2) 171-181 

 
Poster: 
 
Electrospray Ionization from an Adjustable Gap between two Silicon Chips 
P. Ek, T. Schönberg, J. Sjödahl, J. Jacksén, C. Vieider, Å. Emmer, J. Roeraade 
Presented at 22nd International Symposium on Microscale Bioseparations, 2008,  
Berlin, Germany  
and Analysdagarna 2008, Göteborg, Sweden 



 x 



 xi

Contents 
 
1 INTRODUCTION .............................................................. 1 

2 ELECTROPHORESIS ......................................................... 3 
2.1 General ............................................................................... 3 
2.2 Capillary Electrophoresis ........................................................ 4 
2.3 Wall modification .................................................................. 6 
2.4 The CE instrument ................................................................ 7 

2.4.1 Detection .............................................................................. 8 
3 MASS SPECTROMETRY (MS) ............................................ 9 

3.1 Matrix-assisted laser desorption/ionization (MALDI) .................. 10 
3.1.1 Concentration effect on the MALDI target ................................. 12 

3.2 Time of Flight (TOF) ............................................................. 13 
3.2.1 Reflector ............................................................................. 14 

4 SAMPLE HYDROLYSIS ................................................... 15 

5 CE - MALDI COUPLING .................................................. 17 
5.1 CE separation/MALDI-MS analysis of CNBr-digested BR ............. 18 

5.1.1 Integral membrane proteins ................................................... 18 
5.1.1.1 Bacteriorhodopsin - model protein ....................................... 19 
5.1.1.2 Cyanogen bromide digestion of bacteriorhodopsin .................. 20 

5.1.2 Hydrophobic prestructured MALDI-plate ................................... 21 
5.1.3 CE separation of CNBr-digested BR ......................................... 22 
5.1.4 Fractionation ........................................................................ 24 
5.1.5 MALDI-TOF analysis of the fractions ........................................ 25 
5.1.6 Evaluation of the performance of the prestructured MALDI-plate . 27 

5.2 Integrated off-line CE/MALDI-MS method ................................ 29 
5.2.1 Micro canal Chip ................................................................... 29 
5.2.2 Estimation of electroosmotic flow (EOF) in the canals ................. 30 
5.2.3 CE separation with integrated chip .......................................... 32 
5.2.4 MALDI-MS analysis in the canal .............................................. 33 

6 PRE-CONCENTRATION PLATFORM ................................ 35 
6.1 Electrochemical effects ......................................................... 35 
6.2 Tube setup ......................................................................... 37 
6.3 Capillary setup .................................................................... 40 
6.4 Open micro channel setup .................................................... 41 

7 MINIATURIZED ANALYSIS OF SINGLE WOOD CELLS ..... 43 
7.1 Wood and its constituents ..................................................... 43 

7.1.1 Monosaccharides .................................................................. 44 
7.1.2 Cellulose ............................................................................. 45 
7.1.3 Hemicellulose ....................................................................... 45 

7.2 Pulp ................................................................................... 45 
7.3 Acid hydrolysis .................................................................... 46 
7.4 Open micro channels ............................................................ 46 
7.5 Pre-concentration and injection from the micro channel ............ 47 

7.5.1 Pre-concentration of sample in the micro channel ...................... 48 
7.5.1.1 Evaluation of different pre-concentration parameters ............. 49 

7.6 Hydrolysis of single wood fiber and analysis with CE ................. 53 



 xii 

8 CHARACTERIZATION OF BOVINE SERUM ALBUMIN 
FLUORESCEIN ISOTHIOCYANATE CONJUGATES ........... 55 

8.1 Contact allergy ................................................................... 55 
8.1.1 Incorporation of FITC ............................................................ 55 

8.2 MALDI-TOF-MS analysis ....................................................... 56 
8.2.1 Full-length BSA-FITC ............................................................ 56 
8.2.2 Digested sample .................................................................. 57 

8.3 CE-LIF separation ............................................................... 61 
8.4 Buffer counter ion effect on MALDI-TOF spectra ....................... 63 

9 EVALUATION OF 2,6-DIHYDROXYACETOPHENONE AS 
MALDI MATRIX FOR ANALYSIS OF HYDROPHOBIC 
PROTEINS AND PEPTIDES ............................................ 65 

9.1 Potential for full-length proteins ............................................ 66 
9.2 Investigation of DHAP as matrix for hydrophobic peptides ......... 67 

10 CONCLUSIONS AND FUTURE OUTLOOKS ...................... 71 

11 ABBREVIATIONS .......................................................... 73 

12 SYMBOLS ..................................................................... 75 

13 ACKNOWLEDGEMENT ................................................... 77 

14 REFERENCES ................................................................ 78 
 
Appendices: Paper I-V 
 
 
 
 



 1

1 Introduction 

The fundamental structure of biomolecules is that they are composed of monomers in 
different combinations. Examples are amino acids or monosaccharides forming proteins 
or polysaccharides (e.g. cellulose in wood).  
When the whole human genome was mapped in 20011, 2 as well as the first plant genome 
of the species Arabidopsis thaliana in 20003, what had to be further investigated was which 
gene (DNA code/sequence) that corresponds to a certain protein. The structure and 
amino acid sequence of each protein (the proteome) should also be determined. 
Understanding the function of a protein and its structure can help the development of  
e.g. new drugs and the understanding of the origin/function of diseases that is e.g. induced 
by protein modification either by natural causes or by external influence. 
The knowledge of plant chemistry at the cellular level and the cellular composition has a 
great impact on several scientific and commercial branches, such as wood chemistry, 
biosynthesis, biotechnology, plant physiology, and pulp and paper industry.  
 
New analysis methods are needed to meet the new demands; the encountered problems 
to be solved are high throughput, sensitivity, sample compatibility and hyphenation of 
instruments that can generate both selectivity and informative detection.  
 
In proteomic studies a general method to analyze an isolated protein is to digest the 
protein into peptides with some “cleaving agent” since the peptides that are formed are 
unique for each protein. The digested sample is separated with a separation method  
e.g. capillary electrophoresis (CE) and the separated peptides are analyzed with mass 
spectrometry (MS) to identify the protein (mass finger printing)4-6.  
When studying the composition of wood, a similar procedure is performed as in a 
proteomic study, polysaccharides are degraded into monomers, which are analyzed and 
detected. 
 
Two ionization processes that have been developed during the late 1980´s are 
electrospray ionization (ESI)7 and matrix-assisted laser desorption/ionization (MALDI)8, 9. 
These techniques have generated a break-through in the possibility for determination of 
large molecules with a low fragmentation degree10.  
MALDI has become a widely used technique in proteomics studies11, due to its good mass 
accuracy, high resolution, sensitive and large throughput capability12, 13.  
A parameter that has been rather neglected for hydrophobic proteins  
e.g. integral membrane proteins (IMP) though, is the matrix influence on the signal, due 
to e.g. co-crystallization and homogeneity of the sample spot. The common matrices are 
usually used for the hydrophobic samples, thus specialized matrices for hydrophobic 
proteins and peptides is one area that is far from completely mapped14. 
 
An advantage using a separation method in advance to the MS analysis is that the risk of 
ion suppression decreases for highly complex samples and therefore a better MS 
sensitivity is gained. Thereby a separation stage is often promoted before the MS 
analysis15.  
To combine CE with MALDI offers an opportunity to separate and identify analytes 
with potential for automation and high throughput, exploiting the benefits from both 
techniques16. 
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Several methods have been developed for the hyphenation between CE and MALDI17, 18, 
where the coupling is either performed in an on-line or off-line mode19, 20. 
 
CE provides low sample volume requirement, fast separation and high resolving power, 
and the opportunity to separate in different separation modes than other typical 
separation methods as e.g. liquid chromatography (LC). Different detection methods are 
available, thus a wide degree of freedom is possible for detections although it is not 
straightforward to connect all detection methods to CE.  
When working with biological samples the case is often that only a small sample volume 
containing a low concentration of the analyte is available, therefore it is necessary to have 
a concentrating step in the analysis procedure and work with smaller dimensions on 
microchips e.g. as sample reservoirs for CE and MALDI targets. 
 
In the work comprised in this thesis two methods for off-line hyphenation between CE 
and MALDI are presented, where one is used with fractionation on a custom made 
concentration MALDI plate and the second have the MALDI target integrated in the CE 
setup. Further, a pre-concentration method/platform that is performed in a micro 
channel, that both can work as MALDI target and for CE analyses is under evaluation. 
The pre-concentration method was used for CE analysis of the monosaccharide content 
in a single wood fiber. An investigation of the degree of conjugation of a small molecule 
(fluorescein isothiocyanate (FITC)) to a large protein (bovine serum albumin (BSA)) was 
also performed, as a contact allergen model system. Analysis with MALDI-MS and CE 
was employed wherein a further hyphenation was in mind. Finally, the performance of 
the MALDI matrix 2,6-dihydroxyacetophenone (DHAP) was evaluated for hydrophobic 
proteins and peptides originating from the IMP protein bacteriorhodopsin (BR). 
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2 Electrophoresis 

Tiselius introduced electrophoresis performed in open tubes as a separation technique in 
1937 and was 1948 awarded the Nobel Prize for that work21.  
Gel electrophoresis was one of the first electrophoretic techniques used, offering a high 
throughput of analytes in parallel analysis. The drawbacks are that it is time-consuming, 
laborious and there are difficulties performing quantification in the gel.  
It was not until the late 20th century that the technique developed into the version 
applying narrow capillaries and that the accompanying theory was defined by Jorgenson 
and Lukacs22.  

2.1 General 

The fundamental principle for general electrophoresis is that charged particles/ions are 
affected by an applied electric field. The two forces that affect the ions are an attractive 
electric force and a counteracting friction force23, 24; see Figure 1 and Equations 1 and 2. 
 
Friction force: 

 ⋅ ⋅⋅= vrηπ6  FF         [Eq. 1] 
 
Electrostatic force: 

 ⋅= E FE q          [Eq. 2] 
 
When those two forces are in equilibrium (steady state), the moment of the ion is given as 
the mobility of the ion, which can be determined from Equation 3. 
 

  
⋅⋅

==
r

q
e ηπ

μ
6

 
 E

v         [Eq. 3] 

 
The mobility ( eμ ) is a constant for a specific ion in a specific medium, and defines the 
ratio between velocity and electric field. 
This means that differently charged substances move with different velocities in an 
electric field. The velocity of the substance is dependent on the electric field (E) and the 
analyte electrophoretic mobility (μe), which in turn is dependent on the charge (q) and 
size (approximated radius for a sphere, r) of the ion and also the viscosity of the  
medium (η ). 
Depending on the sign of the charge, the ion will migrate in opposite direction to the 
applied electric filed. 

 
 
 
 
 

Figure 1. Schematic illustration of a positively charged ion/particle in an electric field, 
with the forces that are involved. 

 
 



 4 

2.2 Capillary Electrophoresis 

In this thesis, Capillary Zone Electrophoresis (CZE) has been used. CZE is the simplest 
mode of CE, where the analytes move through the capillary in distinct zones and the 
analytes separate due to charge and size24, thus the theory that is mentioned below is 
strictly followed for this CE mode.  
 
In capillary electrophoresis (CE)25, 26 the separation is performed in a narrow capillary 
typically made of fused silica24. The property of the buffer, that is, the background 
electrolyte (BGE), is of high importance for the separation performance as e.g. selectivity 
of the separation. Vital parameters of the buffer is pH, buffer capacity and  
ionic strength27. The wall of the capillary will be negatively charged above pH ~2 due to 
the dissociation of the proton from the silanol groups, and the charge density of the wall 
will increase with the increasing pH. This will affect the system through the attraction of 
positive ions (cations) to the surface of the wall creating a double layer near the surface. 
The inner layer called Stern layer, strongly binds to the wall. This layer will be attached 
to the surface and shields parts of the wall charge from the surrounding medium. Due to 
the shielding the second layer of ions does not bind equally strong, thereby creating a 
diffuse layer (Figure 2).  
Due to the accumulation of ions to the wall surface a potential difference between the 
wall and the bulk medium arise, called the zeta potential (ξ). The zeta potential is 
proportional to the charge density on the capillary wall. 
If the ion concentration of the medium/buffer is low the ion coverage of the wall surface 
will be sparse and thereby the diffuse layer increases due to less shielding, causing a larger 
zeta potential. 
When an electric filed is applied over the capillary, the cations in the diffuse layer will 
start to migrate towards the cathodic end of the capillary. Since they are solvated in the 
buffer their moment drags the bulk solution along the capillary. This flow is referred to 
as the electro-osmotic flow (EOF)24. 
The electro-osmotic flow mobility ( EOFμ ) is dependent on the dielectric constant (ε), the 
viscosity (η) of the medium and the zeta potential (ξ).  
 

η
ξεμ ⋅=EOF          [Eq. 4] 

 
The characteristic of the EOF is the flat flow profile, in contrast to the pressure driven 
parabolic flow. EOF has a flat profile because its driving force is uniformly distributed 
along the capillary, which means that no pressure drops are encountered and the flow 
velocity is uniform across the capillary (Figure 2). 
A flat profile of the flow will give a better separation because of less band broadening, 
generating high separation efficiencies. 
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Figure 2. Schematic illustration of an enlarged section of the capillary wall, showing the EOF that is 

created due to that the buffer ions are hydrated and will drag the bulk along, when the diffuse layer are 
attracted to the cathode. It is also illustrated that the zeta potential is a function of the wall distance. 

 
The EOF mobility can be affected by several parameters; one of those is modification of 
the capillary wall, see 2.3 for further information. 
The EOF also affects the mobility of analytes and as a consequence the total mobility ( μ ) 
of the analytes is the sum of the ion mobility and EOF mobility. 
 

EOFe μμμ +=          [Eq. 5]  
 
When the mobility is calculated from experimental data Equation 6 is used, taking into 
account the dependence of the effective length of the capillary (l), the total capillary 
length (L), voltage applied (V) and the migration time (t) for the analyte. 
 

Vt
Ll

⋅
⋅=μ          [Eq. 6] 

 
Due to the total mobility, separation of oppositely charged ions can be achieved and 
migration of neutral molecules is also enabled. Neutral molecules which lack any 
electrophoretic mobility migrate only with the EOF flow (Figure 3).  
 

 
Figure 3. Schematic illustration of the mobility. Left: The individual mobility.  

Right: The mobility added together. 
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2.3 Wall modification 

Two ways to manipulate the capillary wall is to use surfactants or polymers. A division 
between different types of modification is made depending on if the coating is dynamic 
or static28. In a dynamic coating the wall modifier is flushed through the capillary prior to 
the separation and depending of the stability of the wall modification the modifier can 
also be used in the CE buffer during the separation for regeneration of the wall surface. 
Both surfactants and polymers e.g. polybrene, can be used as dynamic modifier, where the 
coating material is in equilibrium with the wall. With a static modification, which usually 
is a polymer that covalently binds to the wall or/and by polymer cross linking, which 
forms a static wall coating. The drawback with a static wall coating is that it is time 
consuming to fabricate and that it can not be regenerated as easily as a dynamic  
coating29, 30. 
Surfactants are common additives in the CE buffer. Numerous types of surfactants such 
as anionic, cationic, zwitterionic or non-ionic can be used in CE29. 
At a concentration below the critical micelle concentration (cmc) surfactants can act as 
solubilization agents for hydrophobic analytes or as a wall modifier. Interactions of the 
monomer surfactant with the solute can occur via two mechanisms, ionic interactions 
with the charged head group and hydrophobic interactions with the tails of the 
surfactants. 
In addition to interactions with the solute, surfactants adsorbs to the capillary wall, thus 
modifying the wall while limiting potential analyte adsorption. Depending on surfactant 
charge, EOF can be manipulated. The EOF can be reversed by using a cationic surfactant 
that adsorbs to the wall surface by ionic interactions. The positive heads orient towards 
the wall and the tails towards the bulk medium. A second surfactant layer is bound by 
hydrophobic interactions with heads pointing outwards, thereby reversing the apparent 
charge of the wall and the direction of the EOF (Figure 4).  
 

 
Figure 4. Schematic illustration of an enlarged section of the capillary wall, where the wall is coated by 

surfactants in a double layer structure. Notable is that the EOF moves in the reversed direction compared 
to the unmodified capillary, due to that the active wall surface is positively charged.  

 

In this thesis the cationic surfactants fluorosurfactant 134 (FC 134) (Paper I), 
didodecyldimethylammonium bromide (DDAB) (Paper II) and  
cetyltrimethylammonium bromide (CTAB) (Paper III) have been used as dynamic 
coatings to reduce the adsorption to the capillary wall and reverse the EOF flow in CE. 
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2.4 The CE instrument 

The typical CE instrumentation includes a capillary, two buffer reservoirs, a sample 
reservoir, a high voltage supply, pressure system for rinsing of the capillary and a  
UV-detector (Figure 5). When mass spectrometry (MS) is used as detector, modification 
of the setup may be needed. Usually the outlet buffer reservoir is excluded and the 
electric contact is resolved by other means e.g. by sheath flow31, 32 or liquid junctions33  
(see Section 5).  
 

 
Figure 5. Schematic illustration of a capillary electrophoresis instrument. The dotted arrow indicates 

injection procedure and D is for detector. 
 
The analysis procedure follow a scheme where the capillary is filled with buffer and an 
injection is initialized by moving the capillary from the buffer reservoir of the inlet side 
to the sample reservoir. Four injection techniques can be used, based on the following 
principles; pressure, vacuum, siphoning or electromigration. The three first are not 
discriminating due to ion mobility but have the drawback to have parabolic flow profiles, 
with the risk of creating broad injection bands. For electrokinetic injection the opposite 
is true; a flat flow profile is accomplished but discrimination due to charge occurs. 
After injection, the capillary is moved back to the buffer reservoir and the voltage is 
applied and the separation takes place according to the principle described earlier, and the 
result is detected. 
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2.4.1 Detection 

The detection modes used in capillary electrophoresis is often based on optical detection 
systems, as absorbance or fluorescence. When an optical detection method is used a 
window is created in the capillary to work as optical path during the separation. 
A limitation with absorbance detection techniques are the short optical path length due 
to the small capillary dimensions and thus low sensitivity34. With direct absorption 
detection, typically the wavelength used is in the UV-VIS spectra (Paper I and Paper II), 
a positive peak relative the baseline is generated. The demand is that the analytes have to 
have a chromophore group that absorbs at the wavelength used. If the analyte lacks a 
chromophore group, as e.g. monosaccharides, one way to solve it is to use indirect 
detection (Paper III). Instead of an absorbing analyte, the background electrolyte is 
absorbing and therefore generating a negative signal relative the base line signal. 
See Figure 6 for comparison between direct and indirect detection.  
 

 
Figure 6. To the left: direct detection, generating a positive peak. To the right: indirect detection, 

generating a negative peak due to that the background electrolyte baseline is diluted by the analyte.  
 

Another optical detection method is laser induced fluorescence (LIF)35, either by native 
fluorescence or by incorporating a fluorescing group to the analytes e.g. fluorescein 
isothiocyanate (FITC), as has been done in Paper IV. This technique uses a wavelength 
obtained from a laser for excitation of the sample and subsequent detection of the 
emission wavelength.  
LIF can also be used instead of indirect detection for samples that lack chromophore 
group (e.g. monosaccharides as discussed above), the drawback is that if the analyte is not 
natively fluorescing an incorporation of the fluorescing group (derivatization36) is needed 
(Paper IV). That demands a reaction step and also may decrease the relative difference 
between the analytes, which complicates the separation. 
The advantage is a higher sensitivity due to that the signal peak is relative to a baseline of 
zero.  
Another type of detection method is mass spectrometry (MS), see Section 3. When 
coupling CE and MS instruments it can be either in an on-line or an off-line mode19, 20. 
The two most common MS instruments used are Electrospray Ionization (ESI), which is 
coupled in on-line mode or Matrix-assisted laser desorption/ionization (MALDI) 
typically coupled in off-line mode for example by fraction collection (Paper I) or in an 
open channel (Paper II). The connection is not straight forward due to that several 
aspects have to be taken into account as e.g. solvents, salts, volatility and how to close the 
electrical CE circuit (see Section 5). If on-line mode is used further consideration have to 
be taken to those demands, due to that individual optimization can not be performed for 
each instrument mode without affecting the other instrument.  
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3 Mass spectrometry (MS) 

Mass spectrometry (MS) is a powerful tool when an unknown sample is to be investigated 
and/or identified. It can also be used as a detector for different separation techniques,  
e.g. capillary electrophoresis as have been done in this thesis (Paper I-II). 
MS is therefore an invaluable tool in analytical chemistry, especially in biological, clinical 
chemistry and proteomic studies, in which protein identification is a major task12, 13, 37. 
The mass spectrometer separates ions due to the mass to charge ratio (m/z) and 
depending on the resolution an accurate value of the mass can be determined. 
It was in the late 19th century that the discoveries were made that lead to the first mass 
spectrometer constructed by J.J Thomson in 191212, 13. He obtained mass spectra of  
O2, N2, CO, CO2 and COCl2 on photo paper, which was the earliest MS detector. 
Further developments were made during the later 20th century to improve all parts of the 
MS; this resulted in several Nobel Prizes38, and is still in progress today.  
All mass spectrometers consist of a combination of an ion source, a mass analyzer and an 
ion detector. The ion source’s task is to ionize the sample; there is a high multitude of ion 
sources that give either high or low fragmentation of the analytes. Two examples of soft 
ionization techniques, which offer low fragmentation are ESI and MALDI, which are 
both suitable for bioanalytes such as proteins and peptides. An advantage of the MALDI 
technique is that compared with other ionization techniques it is relatively insensitive to 
contaminations as e.g. salts, buffers and detergents12. 
The choice of mass analyzer should be based upon the actual application and desired 
performance. Each mass analyzer has specific characteristics and applications and its own 
benefits and limitations. One mass analyzer often used together with MALDI is time-of-
flight (TOF) due to that both techniques are pulse based and suitable for high masses. In 
this thesis a MALDI-TOF setup has been used for peptide and protein analysis in  
Paper I-II and Paper IV-V. 
 
A complete MS instrument consists of five fundamental parts (Figure 7).  

1. The sample inlet system. 
2. The ion source, where the analytes are ionized and brought to gas phase. 
3. The mass analyzer, where the analytes are separated according to their m/z. 
4. The detector. 
5. The software program for data treatment.  

The four first parts often are placed in vacuum, but other setups exist as e.g. ESI where 
part one and two is the same and placed in atmosphere pressure. 
 

 
Figure 7. Schematic illustration of the MS instrument setup. 



 10 

3.1 Matrix-assisted laser desorption/ionization 
(MALDI) 

Matrix-assisted laser desorption/ionization (MALDI) is a soft ionization technique 
utilized for solid phase samples, which can be large analytes such as proteins and peptides. 
The soft ionization can be of an advantage when identifying unknown samples, due to 
that the total mass is often detected12. The analysis procedure is generally simple but has 
to be adapted to the characteristics of the analytes. 
In MALDI, the analytes are mixed with a matrix that supports the ionization process,  
by crystallizing around the analyte (co-crystallization). The properties that are desired for 
a matrix are solubility in the solvent of choice, stability in vacuum, ability to promote 
ionization and strong absorbance at the laser wavelength, e.g. nitrogen laser (λ = 337 nm) 
that has been used in the papers contained in this thesis39.  
Matrices have different optimal mass range for the analyte ionization, therefore it can be 
necessary to use several matrices to cover the whole mass range of a sample, see Figure 8 
for three commonly used matrices; α-cyano-4-hydroxycinnamic acid (HCCA or CHCA), 
2,5-dihydroxybenzoic acid (DHB) and sinapinic acid (SA)12, 37 and Figure 9 for 
photographs of the crystal structure for HCCA and DHB. A few key parameters can be 
identified for predicting the suitability of certain substances to function as matrix. 
Accordingly, aromatic compounds, such as derivates of benzoic acid and cinnamic acid, 
have proven to be good matrices for proteins. Nevertheless, all matrices presently used 
are not carboxylic acids.  
Two examples of matrices with a different functionality are 2,6-dihydroxyacetophenone 
(DHAP) and 2,4,6-trihydroxyacetophenone (THAP). These matrices have shown to be 
suitable for the study of protein quaternary structure and non-covalent protein 
complexes40-42, which generally are difficult to study, due to dissociation of the protein 
complex. 
The role of the MALDI matrix in the analysis of hydrophobic proteins and peptides is a 
rather neglected area and is evaluated in Paper V. Common matrices applied for MALDI 
analysis of hydrophilic analytes as the ones mentioned above (HCCA, DHB) are most 
often also used for analysis of hydrophobic proteins14, 43. The necessity of  
co-crystallization of the analyte and the matrix in a homogeneous sample spot raise 
demands on the compatibility of the matrix with the analyte, though. The solubility in 
the medium and hydrophobicity must e.g. be similar14. Thus, the matrix properties 
should be matched with the analyte. 
A general problem in MALDI is that the homogeneity of the sample spot can interfere 
with the reproducibility, i.e. locations on the surface with local high analyte signal 
(“sweet spot”) can be distinguished, surrounded by areas with low or no signal.  
See Section 3.1.1 for one possible way to decrease the influence of this phenomenon44-46 
and Figure 11 for illustration of a “sweet spot”. 
 

  
Figure 8. a) α-cyano-4-hydroxycinnamic acid (HCCA) is applied for peptides, b) 2,5-dihydroxybenzoic acid 

(DHB) is used for proteins and c) sinapinic acid (SA) for larger proteins. 
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Figure 9. Photos of matrix crystals of a) HCCA b) DHB 

 
The sample is introduced into the instrument’s ion chamber where the analyte/matrix 
co-crystals are radiated with a high energy laser. 
The matrix absorbs the laser energy and transfers it to the analyte and thereby ionizes 
and desorbs the analytes into gas phase. The chemical pathways for this is not fully 
understood47-49. 
 
When the charged ions (ze) are in gas phase an electric pulse (V) accelerates the analytes 
with the mass (mi) so they acquire the same kinetic energy (EK) moving into the mass 
analyzer with the velocity (ν i) (Equation 7).  
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However, when all analytes with the same m/z ratio are ionized their momentum will 
not be identical, due to e.g. dispersion in the direction of moment and differences in 
ionization time. If the acceleration potential would be continuously turned on, such that 
the ions are accelerated instantaneously upon being formed, the ions with the same m/z 
ratio but with different kinetic energy reach the detector at slightly different times, 
resulting in a peak broadening. 
Delayed extraction refers to a delay in the onset of the acceleration potential by a short 
time after the ionization has occurred. The delay time acts as a focusing element, which 
will lead to simultaneous detection of the ions, due to more or less acceleration in the 
ionization chamber38, 50. Delayed extraction is often used in MALDI ion sources, due to 
the focusing effect (Figure 10). 

 

 
Figure 10. Schematic illustration of how the delayed extraction works. The three M are replicates of the 
same analyte. Time 1) is the starting point. Time 2) Laser pulse. Time 3-5) Illustration of the difference in 

length to the extraction grid and thereby the difference in kinetic energy and velocity when the 
acceleration potential is turned on. Time 6) Simultaneous detection of the analytes, due to the delayed 

extraction.  
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3.1.1 Concentration effect on the MALDI target 

When the sample is deposited on the MALDI target, the sample spot spread on a large 
surface due to that organic solvent with low surface tension is often used and the 
concentration of the analyte per unit area will be low. Thereby more time has to be spent 
for “sweet spot” searching (Figure 11) thus increasing the risk that the signal of the 
analyte would be below the limit of detection (LOD)51. 
Such problems are reduced or prevented by using a concentrating plate52, where the same 
sample volume as used without concentration containing the analyte is concentrated 
down to a smaller area, thus increasing the concentration of the analyte per unit area 
(Figure 11). Several methods have been proposed where the sample spots are concentrated 
and focused on a specified position, causing decreased surface heterogeneity.  
These concentration methods can be divided into three different groups, hydrophilic 
spots surrounded by a hydrophobic coating51-55 e.g. Teflon© coated plate, complete coating 
of the MALDI target leading to increased contact angel between the sample droplet and 
target surface56-60 and deposition of nL to pL sample volumes into nanovials61, 62. 
In Section 5.1.2 and in Paper I a semiautomatic fabrication procedure of a hydrophobic 
prestructured MALDI target plate is introduced for increased MALDI signal sensitivity. 
In Section 6.4 a pre-concentration step for enhanced MALDI-MS signal is investigated. 
 

 
Figure 11. Schematic illustration of the signal dependency of the spot area for a sample of the same 

solution concentration. Plot of the correlation between signal and spot area, the color intensity illustrating 
the analyte concentration and magnification demonstrating the amount of analytes in the squares.  

Right upper corner: A square that schematic illustrate a locally high concentration of analytes which is 
marked by a dotted circle, defined as a “sweet spot”, which is surrounded with a lover concentration.  
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3.2 Time of Flight (TOF) 

The time of flight (TOF) mass analyzer has the advantage that it has no upper limit of the 
m/z that can be detected; this makes it very suitable for peptide and protein 
identification12, 37. It is also a fast mass analyzer, due to the fact that no electric or 
magnetic scanning is performed over the mass range that is analyzed. Furthermore it can 
be used in a linear or reflector mode (see Section 3.2.1). 
 
The analyte ions fly in a field-free vacuum in a TOF tube with a defined length (l),  
and the time (ti) to the detector at the end of the flight tube is recorded for every ion.  
From the correlation between time and length the velocity for each ion can be calculated. 
 

i
i t

l=ν          [Eq. 8] 

 
Equation 7 demonstrates that for ions with equal charge, light ions will acquire a higher 
velocity than heavy ions and will thus reach the detector earlier. 
The m/z can then be determined by rearrangement of Equation 7 and insertion of 
Equation 8 to obtain: 
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The full procedure is illustrated in Figure 12. 
 

 
Figure 12. Schematic illustration of the sequence of the MALDI-TOF analysis 1. Ionization with a laser 

irradiation pulse 2. Acceleration with the potential voltage (V) 3. Separation in the TOF in linear (length of 
the flight tube, l) or in reflector mode (X denotes the penetration depth in the reflector) 4. Detection of the 

analyte in linear mode 5. Detection of the analyte in reflector mode. 
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3.2.1 Reflector 

A method to improve the mass resolution in the analyzer is to use an ion mirror, called a 
reflector. The purpose is to focus the ions of same mass to charge ratio that has a spread 
in kinetic energy originating from the ionization chamber. The principle is based on that 
a retarding field is introduced, which sends the ions back through the flight tube  
(Figure 12). Ions with higher energy will penetrate the reflector more, and thereby spend 
longer time there than ions with lower energy of the same mass to charge ratio.  
As a result, increased resolution is obtained due to the fact that the ions of one species 
will reach the detector at the same time38. The drawback is the loss in sensitivity due to 
ion loss in the reflector and limitation in mass range that can be reflected in the reflector. 
Thus, reflector mode is generally used for peptides and linear mode is used for proteins 
due to that the electric field in the reflector is not strong enough to reflect ions with that 
high mass. 
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4 Sample hydrolysis 

One common method for analysis and determination of an unknown protein in 
proteomics studies is peptide mass finger printing with MS4, 63. The general procedure is 
to cleave the protein into peptides at a specified amino acid with a “cleaving agent”.  
Due to the specified cleavage, unique patterns of peptides are generated for each protein 
(mass finger print), which was utilized in Paper IV. Other large biomolecules e.g. natural 
polymers such as cellulose or hemicelluloses can also be cleaved into their monomers by 
different “cleaving agents” for determination of the polymer composition (Paper III).  
The “cleaving agents” can be a chemical, an enzyme or an acid, resulting in chemical 
cleavage, enzymatic digestion or acid hydrolysis.  
For a protein “cleaving agent” to work properly it has to have access to the whole 
protein. One way to solve this is to denature the protein by heat or by using surfactants 
or organic solvents to increase the performance. This is of high importance especially 
when the protein to be hydrolyzed belongs to the integral membrane protein (IMP) 
family. It is essential for the “cleaving agents” to reach both the hydrophilic and 
hydrophobic parts of the protein for the digestion64. This is to avoid discrimination of the 
digestion, generating strictly soluble cleaved domains and intact hydrophobic integral 
regions with low solubility65. One other important aspect in the digestion of 
hydrophobic proteins is to enhance the solubility of the protein in the medium that is 
used either by using surfactants or organic solvents like e.g. hexafluoroisopropanol 
(HFIP) (Paper I and Paper V)66. 
In this work proteins were digested with cyanogen bromide (Paper I and Paper V) for 
Bacteriorhodopsin (BR), and trypsin and chymotrypsin were used as digestion enzymes 
for bovine serum albumin (BSA) (Paper IV). Polysaccharides from wood fibers were 
hydrolyzed with trifluoroacetic acid (TFA) into monosaccharides (Paper III).  
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5 CE - MALDI coupling 

To combine CE with MALDI offers an opportunity to separate and identify analytes 
with potential for automation and high throughput, exploiting the benefits from both 
techniques16. Capillary electrophoresis provides low sample volume requirement, fast 
separation and high resolving power, while the soft ionization with MALDI can handle 
large peptides/proteins with good mass accuracy, good resolution, sensitive and high 
throughput capability for straightforward identification.  
An advantage in using a separation method before the MS analysis is decreased risk of ion 
suppression, which impedes the ion signal and/or brings discrimination of ions, and 
decreased complexity in the MS step resulting in better MS sensitivity. 
Several methods have been developed over the years for the hyphenation between CE 
and MALDI17, 18. When coupling CE and MALDI instruments it can be either in an  
on-line or off-line mode19, 20. 
For on-line interface methods, where the CE BGE and MS matrix is directly injected 
from the CE capillary into the ion chamber of the mass spectrometer, no sample 
handling is needed or possible. Examples of techniques are aerosol spray liquid 
introduction67, continuous flow probe68 and different versions of moving targets in 
vacuum like a tape69, rotating boll70, 71, or quarts well72. The drawback is the necessary 
major rebuilding of the MS instrument. 
The off-line technique simplifies the coupling and is built on the principle of gathering 
the sample directly on a MALDI target plate before introduction into the mass 
spectrometer16, 19. Thereby, the use of an unaltered MS instrument is allowed and more 
flexibility for optimization of each instrument is provided.  
It is necessary to close the electric circuit for the CE during the separation. To do that 
when combining CE with MALDI an electric coupling is needed between the  
CE capillary and the MALDI target. Several ways of achieving electric couplings to the 
CE capillary outlet have been presented in the literature for the off-line techniques. 
Examples are collection of the fractions in prepositioned droplets with matrix on the 
MALDI target73, MALDI plate acting as ground electrode where the sample is continually 
deposited in a groove74 or an electrically connected membrane target75 and sheath flow 
coupling to prestructured crystallized targets31. Other solutions involve simultaneous 
electrical coupling and matrix deposition through a liquid junction to a second deposition 
capillary with the matrix included in the CE running buffer33 and sheath flow for fraction 
collection onto a regular MALDI target plate with the matrix incorporated in the sheath 
flow liquid32. The drawback with sheath flow or other similar setups is that the sample is 
diluted during this procedure, leading to that a larger droplet has to be deposited and 
concentrated, to reach the equal sensitivity as obtained in a non sheath flow system.  
One problem with the fractionation procedure is that the separated peptides are 
recollected in the fractions thereby decreasing the CE resolution prior to the MALDI 
analysis. On the other hand, it is rather easily performed and modifications can be made 
to minimize the problem by decreasing the time for each fraction. Another way to 
connect CE to MALDI is through an open micro canal, where the micro canal functions 
as a MALDI target window in the CE system76. Due to the incorporation of the micro 
canal, an external electric coupling is not needed in this setup.  
In this thesis both fractionation (Paper I) and micro canal techniques (Paper II) have 
been used as CE-MALDI connections.  
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5.1 CE separation/MALDI-MS analysis of CNBr-
digested BR 

5.1.1 Integral membrane proteins  

The integral membrane proteins (IMP) function as cellular gatekeepers, located in the cell 
membrane. The membrane surrounds the cell cytoplasm and is established by lipid 
bilayers. The cell membrane consists of amphiphilic lipids that in turn consist of a 
hydrophobic fatty acid tail and a hydrophilic polar head. The lipids are oriented with 
their tails toward each other forming a double-layer, illustrated in yellow in Figure 13. 
To span through the membrane the amino acid chains of the IMP in the lipid bilayer 
have to be highly hydrophobic. IMP connects the inside of the cell to the surroundings. 
Their roles are vital for the cell functions and life as pumps, receptors and ion channels. 
An example is the photosynthesis in green plants, where light energy is converted to 
chemical energy and oxygen77. Other examples where IMP play a crucial role are the 
eye’s ability for vision78, movement of the cell79, hormone receptors80, sensory systems81 
and ion transport across the membrane in the nervous system82.  
Because of these functions IMP are of interest for the pharmacological and biological 
sciences, to understand the functions of life and the origin of diseases and for the 
development of new drugs65, 80, 82-84.  
Due to the IMP´s hydrophobic nature they give rise to several difficulties concerning 
handling and analysis, which is not the case for the most water soluble proteins.  
New analysis methods have to be developed that solve those problems (Paper I and  
Paper V)83.  
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5.1.1.1 Bacteriorhodopsin - model protein 

Bacteriorhodopsin (BR) is an IMP from the bacteria Halobacterium salinarum. It is a 
light driven proton pump located in the cell membrane85, 86 (Figure 13). To span through 
the cell membrane and keep the in- and outside of the cell in contact, BR has both 
hydrophobic and hydrophilic parts. The hydrophobic nature of BR makes it difficult to 
study due to aggregation, adherence to surfaces and solubility problems83. 
BR consists of 248 amino acids87 (Figure 14 for the complete amino acid sequence) with a 
total mass of 26915 Da88, arranged in seven transmembrane α-helices and with a 
covalently bound prosthetic retinal group, which captures light by isomerization. 
The light energy is used to move protons out of the cell across the membrane. The 
resulting proton gradient is subsequently converted into chemical energy. 
BR is well characterized both chemically and physically and is commercially available, 
which makes it a suitable model protein89. 
 

 
Figure 13. A schematic picture of the BR protein (red) with the prosthetic retinal group (blue). The 

protein span through the double-layer lipid cell membrane shown in yellow. 
 

QAQITGR  PEWIWLALGT ALMGLGTLYF LVKGMGVSDP DAKKFYAITT  

LVPAIAFTMY LSMLLGYGLT MVPFGGEQNP IYWARYADWL FTTPLLLLDL 

ALLVDADQGT ILALVGADGI MIGTGLVGAL TKVYSYRFVW WAISTAAMLY  

ILYVLFFGFT SKAESMRPEV ASTFKVLRNV TVVLWSAYPV VWLIGSEGAG 

IVPLNIETLL FMVLDVSAKV GFGLILLRSR AIFGEAEAPE PSAGDGAAAT SD 

Figure 14. List of the amino acid sequence of BR90. 
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5.1.1.2 Cyanogen bromide digestion of bacteriorhodopsin 

Cyanogen bromide (CNBr) was used to digest BR, with the method used by Dong86, 
(Paper I and Paper V). 
CNBr cleaves after the amino acid methionine91 and BR contains nine of those amino 
acids. Therefore, after the CNBr cleavage the sample should contain ten peptides  
(see Table 1)90. The amino acid sequences in Table 1 that are colored, are the parts that 
belong to the 7 transmembrane α-helices, therefore the peptides will be more or less 
hydrophobic depending on the amino acid sequence. The two larger peptides no. 6 and 9 
have one and a half transmembrane α-helix each contributing to their hydrophobic 
nature. 
The smallest peptide is no. 4, which only consists of hydrophobic amino acids with a 
100% membrane spanning region. Due to that, these three peptides should be poorly 
soluble and a challenge to analyze.  
Peptides no. 2 and 7 have a high membrane spanning per cent, but they are rather small 
compared to no. 6 and 9. 
 

Peptide  Amino acids sequence [M+H]+ pI %Membrane 
spanning 

#1 QAQITGRPEWIWLALGTALM 2207.2 6.00 50 

#2 GLGTLYFLV1KGM 1250.7 8.59 75 

#3 GVSDPDAKKFYAITTLVPAIAFTM 2508.3 5.96 54 

#4 YLSM 465.2 5.52 100 

#5 LL2GYGLTM 819.5 5.52 25 

#6 VPFGGEQNPIYWARYADWLFTTPLLLL
D3LALLVDADQGTILALVGADGIM 5397.8 3.61 60 

#7 IGTGLVGAL4TKVYSYRFVWWAISTAA
M 2913.6 9.70 74 

#8 LYILYVLFF5GFTSKAESM 2081.1 6.00 50 

#9 RPEVASTFKVLRNVTVVLWSAYPVVW
LI6 GSEGAGIVPLNI ETLLFM 5036.8 6.23 54 

#10 VLDVSAKVGFGLIL7LRSRAI FGEAEA 
PEPSAGDGAAATSD 3958.5 4.43 35 

Table 1. Peptides from BR after CNBr digestion, numbered after chronological order in the protein. 
Peptide amino acid sequences, mass, pI and % Membrane spanning are listed. The α-helices are colored and 

the lofty number indicates the α-helix and where it ends. (Reprinted from Paper I with modification)  
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5.1.2 Hydrophobic prestructured MALDI-plate 

As discussed in Section 3.1.1 the wider area that the analyte sample is spread over, the less 
MS signal is obtained. Thus it is crucial to have a concentration platform that is easy to 
handle and fabricate, and that is also produced for compatibility with CE-MS coupling 
(see Section 5). The fabrication of a hydrophobic prestructured platform, a stainless steel 
MALDI plate, that is presented here is an improvement of the procedure presented by 
Redeby51. The difference in the fabrication procedure here compared to the one by 
Redeby is the way to apply the glycerol droplets and matrix on the MALDI target plate 
in order to reduce the sample spot size and to partly automate the manufacturing  
(Paper I). 
To be able to partly automate the system, a manually controlled z-axis was used together 
with a deposition capillary for the glycerol and matrix droplets. The MALDI target plate 
was positioned on an x-y control table that was programmed to move the plate step by 
step to the next position for the capillary. 
First, the plate was covered with glycerol droplets in several straight lines. Thereafter a 
hydrophobic layer of silicone PS 255 dissolved in hexane was airbrushed over the 
glycerol droplet prepared area. The glycerol droplets were removed by rinsing with pure 
water, revealing bare steel spots surrounded by a hydrophobic silicone film.  
The last step was to apply matrix to the sample spots. The whole process is illustrated in 
Figure 15.  
When the coating of the plate has been finished it is important to keep the plate in a 
confined area to avoid dust contamination, which easily sticks to the silicone surface.  
The cleaning of the MALDI sample plate after use is straightforward. 
 

 
 

Figure 15. Schematic illustration of the conversion of a stainless steel MALDI plate to a hydrophobic 
prestructured plate. 1. Application of glycerol droplets with a capillary to a regular MALDI target plate  
2. Silicone airbrushed over the area 3. After water rinsing, bare steel spots surrounded by a hydrophobic 
silicone film are revealed 4. Application of matrix with a capillary on the bare steel spots 5. After use, the 

plate is washed and a new coating can be performed. 
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5.1.3 CE separation of CNBr-digested BR 

In Paper I, a capillary electrophoresis separation before MALDI MS detection of 
hydrophobic peptides is presented, with the CNBr digested hydrophobic protein BR as a 
model sample.  
The running buffer used for the CE separation had a pH around 2.5, both to produce 
positive BR peptides and to improve solubilization. To avoid adsorption and 
hydrophobic protein interaction with the wall and reverse the EOF flow,  
a fluorosurfactant (FC) was added to the running buffer creating a dynamic double layer 
coating92. Due to the coating the EOF was reversed and a negative potential had to be 
applied from the injection side of the capillary.  
Three different sample solvents for the BR digest were tested; acetic acid (HAc), 
hexafluoroisopropanol (HFIP) and the CE running buffer, to investigate their solubility 
performance of the BR peptides and their compatibility with the CE system. 
The benefit of the CE running buffer is its compatibility with the CE system, but in 
addition to the peptides the digest salt was also dissolved. Because of this the 
electropherograms of the buffer solubilized sample only showed a large peak originating 
from the salt, and therefore no peptide peaks could be detected. This was not the case 
when using HAc or HFIP as sample solvent for the peptide solubilization, where the 
digestion salt was insoluble and removed by centrifugation of the samples.  
With HAc as sample solvent the resolution of the separation was not optimal due to the 
severe overlapping of the peaks, but still about seven peaks could be observed. The last 
broad peak in the electropherogram is assumed to contain the peptides 6 and 9,  
as confirmed from MS data (Figure 16 A), see Section 5.1.5. The best resolution was 
obtained with HFIP as sample solvent, with 8 visible peaks (Figure 16 B), making this 
solvent the primary choice for the CE separation. The improved result could be due to 
stacking effect for HFIP, related to lower conductivity in HFIP than for the running 
buffer93. 
To evaluate the separation resolution obtained for the digested BR sample during the 
fractionation, two fused silica capillary lengths were used. The first capillary length was 
used for fractionation and, a second longer capillary with an effective length 
approximately the same as the total length of the first capillary was used to examine the 
separation obtained at the time of fraction collection for the first capillary (Figure 16 C). 
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Figure 16. CNBr digested BR 
dissolved in A) HAc; B) HFIP, both 
separated with the shorter capillary, 
C) HAc, separated with the longer 
capillary. Two separate BR digests 
were used, one for A, B analysis and 
another for the C analysis. 
The same BGE was used for all 
electropherograms, composed of 
10 mM phosphate and 5% HAc, 
pH 2.5, with 150 µg/mL FC 134. 
(Reprinted from Paper I) 
 

See Paper I, Figure 3 
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5.1.4 Fractionation 

The equipment that was used during the fraction collection was the same as when the 
prestructured MALDI-plate was fabricated (Figure 17); see Section 5.1.2.  
 

 
 
 

Figure 17. Schematic illustration of the equipment used for the fractionation of the CE separation onto the 
custom made MALDI target. (Reprinted from Paper I) 

 
The time when the fraction collection should begin on the MALDI-plate was calculated 
by velocity measurements from the electropherogram. 
With the prestructured MALDI-plate the fractionation was started simply by turning off 
the voltage and then moving the CE capillary to the start spot. The voltage was switched 
on simultaneously as the positioning program was started, and the whole separated  
BR-digest sample was deposited by this fractionation process. To avoid formation of 
electro spray phenomenon or air bubbles from the outlet of the capillary, the capillary 
needs to be positioned as close to the MALDI-plate as possible without touching it.  
When HFIP was used as sample solvent for the CE fractionation these problems could 
not be avoided, a possible explanation could be that HFIP has low electrical conductivity 
leading to local overheating. That eliminated the use of HFIP for fractionation and MS 
analysis. Fortunately, these problems were not present with HAc as sample solvent. Even 
more, it has been proven that acid can enhance the MS performance, however the 
opposite occurs if the acid concentration is too high and degrading of the MS signal66 can 
then take place.  

See Paper I, Figure 1 
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5.1.5 MALDI-TOF analysis of the fractions 

For MS analysis of the CE fractions containing the BR peptide, a MALDI-TOF-MS 
instrument was used with α-cyano-4-hydroxycinnamic acid (HCCA) as matrix, 
predeposited as described in Section 5.1.2.  
On every CE fraction spot, a number of locations were irradiated by a series of 20 laser 
pulses. Only the series resulting in peptide signal were added to the spectrum, generating 
a sum of 100-240 laser shots from each fraction. When all spots were examined, the signal 
to noise (S/N) for the peptides was evaluated for each fraction. 
Out of the 10 theoretical peptides from BR, 9 could be detected by the MALDI-TOF 
analysis of the CE fractions. The only peptide that could not be detected was peptide  
no. 4 that is the smallest and most hydrophobic peptide. 
Three peptides were only observed in a modified state. Peptide no. 10 is without amino 
acid Aspartic acid (Asp or D) at an m/z to 3845, peptide no. 8 was detected as sodium 
adduct at m/z 2104 and peptide no. 7 was detected at m/z 2950 as doubly oxidized. Those 
modifications of the peptides are commonly detected with higher intensity than the 
nonmodified peptides, when analyzing the nonseparated sample. This can be a result of 
the CNBr digestion procedure and is not unique for the CE-fractionation system66.  
In the CE separation, no systematic succession could be seen according to size, pI; charge 
or hydrophobicity among the fractions of the nine peptides. Another factor that can 
affect the selectivity of the peptides is the FC detergent in the CE separation buffer.  
The use of FC detergent in the CE buffer can influence the MS signal94, but degradation 
of the MALDI-signal of the hydrophobic peptides could not be notably observed.  
Some of the peptides are detected in several fractions. The S/N acquired from one 
peptide in sequential fractions, can be rather irregular. This can be a consequence of 
signal suppression effects, unfavorable crystallization and also the formation of “sweet 
spots”, which are inherent to MALDI44-46.  
The m/z values corresponding to peptides number 1+O, 1+Na and peptide 10-D, where 
detected with a gap in the middle of the fraction sequence (Paper I). The S/N was of 
relatively equal height before and after the gap; thereby contradicting that the analyte 
would be moved with the capillary from spot to spot i.e. being a memory effect.  
This may indicate that the peptide modification can have occurred both prior to and/or 
during the separation. In addition, similar results were acquired by repeating the analysis. 
The compilation of the MALDI spectra with the average S/N (normalized regarding the 
number of shots on each of the targets) from the 48 fractions collected from the CE is 
illustrated in Figure 18 and Figure 19. Only the unmodified peptides m/z are illustrated if 
possible. 
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Figure 18. Normalized signal to noise values for the peptides no. 1 to 6, except for peptide no. 4,  
for each fraction. The symbols on the curves are the detected average S/N value for the fraction. 

 

 
Figure 19. Normalized signal to noise values for the peptides no. 7 to 10, for each fraction.  

Peptide modifications detected were: double oxidation (2ox), sodium adduct formation (+Na)  
and without aspartic acid (-D), only peptide 9 was unmodified. The symbols on the curves are  

the detected average S/N value for the fraction. 
 
The two larger peptides, peptides no. 6 and no. 9, which both contain one and a half 
hydrophobic alpha helices could be detected. Earlier, there have been difficulties to 
establish stable observation of these in the peptide mixture66, however peptides no. 6 and 
no. 9 may benefit from a separation due to ion suppression, low solubility and 
crystallization performance.  
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5.1.6 Evaluation of the performance of the prestructured 
MALDI-plate  

The benefit of this improved hydrophobic prestructured MALDI target plate, compared 
to the manually manufactured plate is the further improved sensitivity accomplished by 
increasing the concentration of the analyte per area unit due to decreased spot size.  
The need for search for the “sweet spots” has been reduced and consequently the time for 
analysis of a sample spot has also been reduced. This is of major interest in situations 
where numerous samples need to be analyzed. Reduction of the spot size compared to the 
manually manufactured MALDI-plate also made the MALDI-plate compatible with the 
CE fractions, in this case 25 nL in each fraction (except the first fraction). The size 
reduction has shown to be necessary to get signal from the fractions, due to the fact that 
manually fabricated target spots cover a too large area. A measurement of the diameter of 
matrix sample spots on the plate showed to be approximately 500 µm with a relative 
standard deviation of 10%, calculated from one row.  
The degree of freedom this custom made concentration MALDI plate with or without 
the automation manufacturing offers is extensive. The compatibility to different 
separation setups such as CE connection is high, compared to standard concentrating 
plates as e.g. Bruker MTP AnchorChip™ var/384 T F where the number of targets, 
arrangement and sizes on the MALDI plate is fixed. Moreover, in contrast to 
prefabricated plates, where the hydrophobic character is degraded with use, the costume 
made plate described here can easily be regenerated and thus have an “unlimited” lifetime. 
By partially automating the fabrication of the hydrophobic coating, more than ten 
parallel rows of each 48 sample spots on one MALDI plate could be manufactured in a 
relatively short time (Figure 20). The difference of the contact angle between the steel 
from an ordinary MALDI target and the silicone on the custom made prestructured 
MALDI plate is seen in Figure 21.  
 

 
 

Figure 20. Left: Photo of the prestructured MALDI-plate, no matrix predeposit. 
Right: Magnification of the spots on the MALDI-plate. 
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Figure 21. Photos of a water droplet. a) on the silicone used for the prestructured MALDI-plate 
b) steel from an on ordinary MALDI plate. 
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5.2 Integrated off-line CE/MALDI-MS method 

As discussed in Section 5, a novel off-line CE-MALDI-MS hyphenation, by combining 
the potentially CE properties of standard fused-silica capillaries with the interfacing 
possibilities offered by open canal microfluidics, was introduced. In this new method the 
open CE micro canal serves as a MALDI detection window that is integrated in the CE 
system. 

5.2.1 Micro canal Chip 

The fabrication of the canals was performed with a single photolithography,  
deep reactive ion etching (DRIE) and oxidation (Paper II). 
The prepared 4-inch, 525-µm thick silicon wafers were cut into chips containing five 
micro canals in parallel. The design of the manufactured micro canals was: canal width of 
50 µm and depth of 43 or 50 µm (before oxidation), the lengths of the canals were 10 or 
30 mm with drop-shaped wells at both ends of the micro canals, see Figure 22 for a photo 
of a chip with five channels. The wells had diameters of 150 µm and a length of 
approximately 650 µm. In Figure 23 the cross-section and dimension of one channel is 
illustrated with capillaries positioned in the wells. 
Before use the chips were cleaned in methanol-water solutions (100:0 to 50:50) in an 
ultrasonic bath. The same procedure was used to clean the chip and the canals after use. 
 

 
Figure 22. Photograph of the chip, with its five micro canals and wells at the ends of each canal. 
 
 

 
Figure 23. Illustration of a canal. Top: Top view of a channel with the dimensions inserted 

Bottom: Cross-sections of the canal with positioned capillaries.  
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5.2.2 Estimation of electroosmotic flow (EOF) in the 
canals 

Maintaining a steady EOF is of high importance, in order to determine correctly the time 
at which the sample reaches the micro canal. An investigation of the EOF created in the 
canals was therefore performed. 
In the first EOF measurements the setup for the CE-chip (50 µm deep micro canal) 
system was a series coupling of two closed fused silica capillaries with the micro canal on 
a silicon chip in the middle (Figure 24). UV-detection was used at the two capillaries.  
The inlet buffer vial was held at high voltage, while the ground was either connected to 
the first capillary outlet/micro canal inlet (U1-U2), to the micro canal outlet/second 
capillary inlet (U1-U3) or to the second capillary outlet (U1-U4). Depending on where the 
ground was set the three systems were termed: closed, closed-open or closed-open-closed 
system, referring to the CE capillary as closed and the canal as open. 

 
 

Figure 24. Schematic instrumental setup, consisting of buffer vials, capillaries and the micro canal at the 
silicon chip. Two UV detectors (Di) could be used in the system. The different high voltage (HV) circuits 
that were used in the micro channel capillary electrophoresis system were closed (U1-2), closed-open (U1-3) 

or closed-open-closed (U1-4). 
 
The peptide Leucine-enkephalin, neutral in the CE running buffer at pH 5.5, was used as 
EOF marker, due to the non volatility of this peptide. 
To evaluate the characteristics of the EOF in the micro canal the migration time in the 
closed and closed-open system was compared. The expected relation is 
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The symbols a  and L, represent the cross-sectional area and the length of capillary (1) 
and micro canal (2). The prefix C stands for closed system, CO for closed-open system 
and O for the micro canal. The equation takes into account the difference in cross 
sectional area, which affects the resistance and thus the voltage division according to 
ohms law; U=RI.  
It must also be considered that there is a difference in length for the systems so that the 
intensity of the electric field in the CO setup is lower than in the C setup, while Leff is 
maintained. The theoretical relative peptide migration time (tC/tCO) was 0.92 for the two 
systems, experimental data generated an interval of 0.79±19%. Consequently, the 
theoretical and experimental values overlap. 
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For improved EOF measurements, the differences in cross-sectional areas were decreased, 
as new micro canal chips with the depth of 43 µm were used. The same buffer system 
employed for the protein separation was used, see below. When differences in effective 
length (Leff) and intensity of the electric field (E) are considered, the expected relation in 
transportation time in this case should be 
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where prefix C stands for closed system and CO for closed-open system. Theoretically 
the value of tc/tco was near to 1 and the experimental data gave an interval of 0.92±20%. 
 
Electrical sparking from the chip to the surroundings was seen for the closed-open system 
and due to that the closed-open-closed system was preferred. Therefore, the band 
broadening due to dispersion was studied in the closed-open-closed system.  
The critical aspect concerning the dispersion is regarded by minimizing the dead volume 
at the capillary connection to the micro canal. Two capillary dimensions were used to 
investigate these critical points. When using a large outer diameter capillary, the dead 
volume formation between the capillary and the micro canal resulted in severe  
peak broadening. The band spreading was substantially reduced, when using a thinner 
capillary diameter.  
To avoid evaporation from the micro canal a water saturated air environment surrounded 
the chip. A cell cultivation dish was primarily used, but to improve the control of the 
environment a custom-built polycarbonate microclimate chamber was fabricated.  
The microclimate chamber minimized the gas volume surrounding the chip and 
contained water reservoirs to increase the humidity. Due to the material and construction 
of the microclimate chamber, increased electrical insulation of the chip from the 
surroundings was also obtained. The custom-built microclimate chamber was used for the 
EOF measurements with the shallower micro canal and for the protein separation.  
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5.2.3 CE separation with integrated chip 

The same instrument setup as for the EOF measurements with the shallower micro 
canals was used, except that an outlet capillary was inserted from the micro canal outlet 
to the vial containing the electrode. 
Both the capillaries and the chip were deactivated with a running buffer containing 
didodecyldimethylammonium bromide (DDAB) surfactant to minimize the risk of 
protein adsorption.  
In the beginning a two-detector setup was used, one detector before the chip for 
calculating the time for the analytes to reach the chip, and one after the chip for 
monitoring the migration of the analytes through the canal on the chip. Later the second 
detector was removed, to reduce the length of the CE system, thus increasing the 
intensity of the electric field. 
The separation of cytochrome c (Cyt C) and lysozyme (L) is shown in Figure 25. The 
voltage was turned off when the proteins were estimated to be in the canal and the buffer 
was evaporated, leaving the proteins dried in the canal. 
 

 
Figure 25. Electropherogram obtained for lysozyme (L) and cytochrome c (Cyt C),  

detection performed approximately halfway through the closed capillary.  
Buffer: 50 mM H3PO4/NaH2PO4, pH 4 with 0.5 mM DDAB (Reprinted from Paper II) 

See Paper II, Figure 6 
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5.2.4 MALDI-MS analysis in the canal 

The DHB matrix was applied after the CE separation, at a concentration of 90 mg/mL to 
get a sufficient crystallization layer of matrix in the entire micro canal (Figure 26). 
To minimize dispersion of the proteins due to the “re-solubilization” time for the analyte 
during the addition of matrix, ethanol was chosen as matrix solvent due to its fast 
evaporation and spreading in the micro canal. The deposition of the matrix was 
performed by drawing the matrix liquid solution perpendicularly across the channels52. 
Results from the MALDI-MS analysis are presented in Figure 27 and Figure 28.  
 

 
Figure 26. Photo of the micro channel with DHB matrix deposited. 

 
 

 
Figure 27. Signal distribution in the micro canal for lysozyme (L, solid line, ) and cytochrome c  

(Cyt C, dashed line, ). The 0th step is at the inlet of the canal. (Reprinted from Paper II) 
 

The signal distribution for lysozyme and cytochrome c over the length of the canal is 
presented in Figure 27. Shots were added up for each millimeter of the 30 mm micro 
canal, following an electrophoretic separation. 
Lysozyme was detected at the end of the canal (eluted first) and cytochrome c was 
detected at the inlet of the micro canal (eluted last). Figure 28 displays MS spectra 
acquired from the micro canal. 

 

See Paper II, Figure 7 
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Figure 28. Mass spectra from the micro canal of lysozyme (L) and cytochrome c (Cyt C).  

I. Inlet. II. Further into the micro canal. III. The end of the micro canal. (Reprinted from Paper II) 
 

No significant decrease in resolution could be seen between the CE and MALDI results, 
which are in agreement with the band broadening results obtained using the thinner 
capillaries (Paper II). 
  
 
 
 
 
 

See Paper II, Figure 8 
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6 Pre-concentration platform  

As discussed in previous Section 5.1.6, the gain of concentration effect on the MALDI 
target plate due to the prefabricated hydrophobic layer, enhanced the MS signal and can 
be of significance for detection of the analytes. Also, there is a number of concentration 
enhancing methods presented for use in microfluidic systems95, most often stemming 
from methods used for conventional CE96. Other types of solutions also exist  
e.g. as electrocapture systems97-99. However, there is still a large potential for novel  
pre-concentration schemes exploiting the special features of microfluidic platforms.  
The need for improved methods for pre-concentration is enormous in mass spectrometric 
and separation techniques for bioanalysis since poor detectability due to low 
concentrations is one of the main hindrances. Even more, novel simplified techniques 
fully making use of the unique features of microfluidics are highly desirable. The chip-
based open channel concept presented here could be generically used for samples, where 
supply is limited and the interesting substances occur in low concentration. The inherent 
flexibility will allow a wide variety of modifications for adaptation to samples from 
different origins, media and composition. The developed strategy is based on pre-
concentration of the sample with electric field in an open channel, which can be used 
either directly as a MALDI target100, as a sample reservoir for n-ESI101 or as part of a 
separation scheme e.g. capillary electrophoresis (Paper III).  

6.1 Electrochemical effects 

The principle is to pre-concentrate the sample to discreet zones by applying an electric 
field over an open channel with a two-electrode setup, which induces ion migration 
towards either electrode. Higher applied electric field would theoretically enhance the 
speed of the pre-concentration (Section 2.1), limiting factures would be joule heating and 
gas formation (see below). 
Due to the applied field, accumulation of cations occurs at the cathode and respectively 
anions at the anode. In microchips, water electrolysis is one of the main reactions, which 
could bring problems accentuated by the small volume used. Due to the electrolysis of 
the water (E0 = 1.23 V), an increased concentration of protons resulting in a decrease of 
the pH occurs at the anode. At the cathode the pH increases by production of hydroxide 
ions102 (Figure 29). The counteracting force is the accumulation of protons and hydroxide 
ions migrating to respective potential pole and antagonizing the pH effect from the water 
electrolysis. The dominating force have been shown to be the electrolysis of the water in 
smaller volumes, which may affect the pH on the solution if the buffer capacity is 
limited103. The pH changes in the electrode reservoirs depend mainly on the buffering 
capacity, the ionic strength, the duration, the voltage and the volume of the reservoirs103-

105. With time the basic and acidic zones can be extended toward the center of the channel 
and a non-linear pH gradient can be established103. This gradient phenomenon can affect 
where the sample zone will end up during the pre-concentration. As shown in Figure 29, 
the sample can end up in a zone with a pH around the sample isoelectric point (pI), 
where it becomes uncharged and no further migration occurs. Therefore, the  
pre-concentrated sample will not move to the electrode. Another complication caused by 
the water electrolysis is the generation of gases at the electrodes that can affect the electric 
connection. Therefore, the control of pH changes and of gas development are highly 
important for repeatability of electrokinetic experiments102. 
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To continually add sample in buffer to both sides of the micro channel can also be one 
way to counteract the pH gradient. The drawback would be the accumulation of ions 
that would increase the joule heating. However, improved concentration effect may be 
achieved. 
One effect that can occur and has to be taken in consideration is the overall 
displacements of ions; the sample ion accumulation at the oppositely charged electrode, 
the ion formation from the water electrolysis and migration of buffer ions if used, 
which can create a resistance variation in the system. Regions with higher and lower 
electric fields can be created due to the voltage division over the length of the canal96 
(derived from ohms law). 
 
The conclusion is that this is a system that is very complex due to the fact that several 
parameters (water electrolysis, pH change, ion migration) are included and that those also 
affect each other as discussed above. This must be taken into account when designing the 
pre-concentration system. 
 

 
Figure 29. Schematic representation of ion mobility and pH changes in a micro channel due to the 

electrolysis of water when voltage is applied. This represents the case where the pI of the sample is higher 
than the pH of the buffer. Due to water electrolysis at the electrodes, the pH increase at the cathode (-) and 
decreases at the anode (+). The pH gradient that is generated is illustrated by the pH scale with higher pH 

at the cathode side; the pI for a theoretical sample is inserted on the pH scale. 
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6.2 Tube setup 

In a first pilot setup a glass tube (volume: ~200 µl, length: 5 cm, id/od: 1/2 mm) was 
used for evaluation of the performance of the pre-concentration. Both a two electrode 
setup and a three electrode setup were used (Figure 30). The third electrode was inserted 
in the middle of the tube through a drilled hole. The electrodes at the ends of the glass 
tube were set at the same potential and the middle electrode was used as a counter 
electrode (Figure 30 b). The pre-concentration was performed by applying 30-500 V.  
For evaluation, fluorescein and cytochrome c dissolved in water were used. Due to the 
low resistance in tubes of this large dimension, compared to ordinary CE dimensions,  
no buffer salts could be used because of the high current generated.  
In Figure 31 the three electrode setup is shown using fluorescein (pKa = 6.4) as a model 
substance. The pre-concentration was performed during three minutes. For visualization 
a UV-lamp was used at a wavelength of 254 nm. The middle electrode worked as the 
anode, where the enrichment should occur. It is also where the sample appears more 
concentrated, with increased fluorescence as expected (Figure 31 a-e and f-j for 
magnification). With fluorescein, a high sensitivity is obtained, however the fluorescence 
of fluorescein is pH dependent and the fluorescence declines with decreased pH106.  
As described in Section 6.1 the pH will decline at the anode with time, which can explain 
the decreased intensity of the fluorescence of the fluorescein which was observed. 
Nevertheless, this further proves the performance of the pre-concentration due to the fact 
that no fluorescence is seen at any other position in the tube where the fluorescence 
would be favored. 
With the two-electrode setup (Figure 30 a) cytochrome c (pI = 10.5) was concentrated 
during 2h of pre-concentration at 30 V. A color gradient was visible with an intense color 
at the cathodic side. Aliquots were taken from each tube end and analyzed with  
MALDI-MS, which confirmed the color intensity indications, implying increased 
concentration at the cathode and decreased concentration at the anode (Figure 32). Matrix 
used was 20 mg/mL DHB in TFA (0.1% v/v):ACN (1:1). MALDI is not generally 
regarded as a quantitative method though, especially without any internal standard, but 
this is an area of debate107. It shows the trend in relative differences between the sides, 
though. 
  

 
Figure 30. Schematic picture of the experimental setup for a) two electrode tube setup pre-concentration, 

b) three electrode tube setup pre-concentration.  
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Figure 31. Pre-concentration of fluorescein in water at a voltage of 200 V. In pure water the fluorescein is 

negatively charged (pKa= 6.4). a-f) time series during 3 minutes. Middle: anode. Sides: cathode.  
f-j) Magnifications of the anode. 

 

 
Figure 32. MS spectra of cytochrome c ([M+H]+) in water after pre-concentration,  

with the two-electrode setup. a) cathodic side b) anodic side  
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The idea for the pre-concentration platform in the micro channel is to have the 
opportunity to continuously add the sample, balancing the evaporation from the open 
channel, while increasing the amount of pre-concentrated analyte. A simplified setup was 
used to prove that a larger sample volume could be concentrated to one point.  
A two-electrode setup was used with a large sample reservoir at one end of the glass tube 
(length 10 cm) (Figure 33). The sample reservoir was filled (~1.5 ml) with a diluted 
cytochrome c solution in water and the glass tube (id/od: 1/2 mm) with pure water. The 
voltage (200 V) was applied with the cathode at the tube end and the anode in the 
container. In Figure 34, the enrichment is seen, where the final color caused by the 
concentration at the cathode is higher than the original coloration in the bulk reservoir 
without taking into account the difference in light path through the sample (longer in the 
container than in the glass tube). What further can be seen with this simplified closed 
setup is the accumulation of gas bubbles at the cathode. 
 

 
Figure 33. Schematic picture of the experimental setup for pre-concentration from a large sample volume 
with two-electrode tube setup. The cathode is positioned at the end of the glass tube and the anode in the 

bulk reservoir.  
  

 
 

Figure 34. Photo of the cathode during the pre-concentration of cytochrome c with a sample reservoir.  
a) Starting time b) half-time c) stop time. Notable is the formation of air bubbles with time. 
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6.3 Capillary setup 

After the first initial experiments in large scale showing promising results, downscaling to 
the size comparable to the micro channel used in a later stage was performed. A capillary 
with the polyimide coating removed for visible observation was used; the idea was to 
work in approximately the same dimension as the channel, but to minimize the 
parameters that influence in an undesired way during the concentration as e.g. solvent 
evaporation. The dimensions of the capillary used in a two-electrode setup were  
od: 200 µm and id: 100 µm and a length of 3 cm. The capillary was filled with sample and 
platinum electrodes with a diameter of 50 µm were inserted at the ends of the capillary.  
A voltage of 250 V was applied for 5 minutes during the concentration. Studies of the 
applied voltage showed that increased voltage did not affect the concentration 
performance, rather only induced increased gas formation (data not shown).  
Cytochrome c was used as marker substance for the concentration in the capillary, at a 
concentration of 4.1 mg/ml for visible coloration. Cytochrome c will be positively 
charged in water (pH ~7) and thus move toward the cathode side. 
When the pre-concentration was performed in water the concentration zone was 
extended over approximately half the capillary (Figure 35 a), before air bubbles 
interrupted the pre-concentration. When increasing the pH of the sample solution with 
sodium hydroxide to around 9 the pH-gradient effect is more pronounced. This may be 
due to that the pH at the cathode side rises faster to a value above the pI of  
cytochrome c and the zone of higher pH will reach further inside the capillary. 
Consequently, the cytochrome c at the cathode side should be negatively charged and 
move toward the anode. The more pronounced concentration could be due to that the 
concentration forces that are involved work against each other and the concentration 
zone is thinner and more spread over the capillary (Figure 35 b). When the pH is further 
increased with sodium hydroxide to around 11, that is, above the pI of cytochrome c, the 
protein will be negatively charged and moves even closer to the anode side (Figure 35 c).  
 

 
Figure 35. Photo of the Concentration of cytochrome c in a) water at pH~7 b) water at pH~9  

c) water at pH~11. Concentrations performed during 5 minutes at 250 V.  
Left side anode, right side cathode. pH regulated with sodium hydroxide. 

 
Due to the formation of a pH gradient in water, the concentration zone does not end up 
at the electrode. To try to counteract the pH gradient, different buffers were evaluated, 
including zwitterionic buffers. 
For the standard buffer e.g. 20 mM sodium carbonate at pH 9, cytochrome c could not be 
concentrated at the cathode. This could partly be explained by the fact that the negatively 
charged buffer ions also are affected by the electric field and thus migrate towards the 
anode and the buffer effect is lost. 
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The benefit to use zwitterions is that their net charge is zero, thus they will not move in 
an electric field when they are in their zwitterionic form. This will also reduce the 
generated current as well as prevent buffer ions from migrating away from the electrodes. 
Thus, the buffer effect should be maintained for a longer time compared to  
non-zwitterionic buffers. 
The best pre-concentration was achieved for cytochrome c with the zwitterion  
2-[N-Cyclohexylamino]ethanesulfonic acid (CHES) buffer at a concentration of 20 mM 
with pH 8.6 (Figure 36). 
This pH is below but near the buffer pKa 9.3 of CHES, thus promoting CHES 
zwitterionic form. Due to the zwitterion properties of CHES, it will have buffer capacity 
at both electrode sides, thus limiting the pH change in the capillary due to the capability 
to be both protonated and deprotonated. Consequently, the protein could be 
concentrated directly at the cathode. 
 

 
Figure 36. Pre-concentration of cytochrome c performed in 20 mM CHES at pH 8.6, 

250 V after 5 minutes. 

6.4 Open micro channel setup 

The same chip design with integrated channels was used for the pre-concentration as for 
the closed-open-closed micro channel system including a MALDI target in Section 5.2. 
The restricted volume is ~80 nl for the channel with the dimensions 50 µm x 50 µm x  
3 cm including the wells at the ends of the channel. 
The benefit to use an open micro channel is the availability, which gives several 
opportunities and advantages compared to a closed system, such as open access to the 
channel for sample analysis and positioning of external equipment as e.g. electrodes.  
Also, evaporation from an open system can be regarded as favorable if it is controlled. 
Furthermore, the problem with the enclosed bubbles formed due to the electrolysis of 
water may be avoided, due to the open structure.  
The channel was filled with sample and the chip was covered with a fluorocarbon liquid 
to radically reduce sample evaporation. Voltage was applied, typically for some minutes 
by the use of a two-electrode arrangement to gather the sample components in 
predestined areas of the channel, thereby pre-concentrating the sample by focusing in the 
open micro channel (Figure 37).  
 

 
Figure 37. Schematic picture of the experimental setup for chip based pre-concentration. 
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The channel was filled with 1 µM angiotensin I in 0.5% formic acid:49.5% methanol: 
50% water. In this setup, 100 V was applied for one minute. During pre-concentration 
the micro channel was covered with a fluorocarbon liquid to avoid evaporation. 
Afterwards, the FC medium was removed and the sample solvent evaporated.  
The MALDI matrix DHB was then added to the channel in the same manner as in  
Paper II. MALDI-MS analysis was performed in the channel in the same fashion as in  
Section 5.2.4. In Figure 38 it can be seen that the sample has been concentrated towards 
one end of the channel. This end was acting as the cathode and therefore attracted the 
positively charged angiotensin I (pI = 6.92108).  
As was seen using the capillary setup (Section 6.3), the sample solvent influences the 
performance of the pre-concentration. With angiotensin I the sample solvent contains an 
acid with a low pH from the beginning, and therefore the solvent pH is not affected to 
the same degree (relative to the pI of angiotensin I) during the time of the pre-
concentration, as if it would be performed in water. Research to improve the 
understanding of this phenomenon is ongoing in the division.  
 

 
 

Figure 38. MALDI-MS spectra of pre-concentrated angiotensin I in a  
micro channel. Upper trace: Cathodic end of the channel. Middle trace:  

Middle of the channel. Lower trace: anodic end of the channel. 
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7 Miniaturized analysis of single wood cells  

It is important to have the prospect to screen the carbohydrate composition during pulp 
and paper processes due to the fact that carbohydrate constitution of the fibers settles the 
chemical and physical properties of the products. A simple and fast analysis method for 
studying single wood fibers for bioanalytical purposes is also highly desirable. 

7.1 Wood and its constituents 

The major difference between the types of woods lay in the hemicellulose composition, 
see Table 2. Moreover, differences can be seen within one tree between e.g. stem, 
branches, bark and roots109. Wood is divided into two major groups, hard- and softwood, 
also called deciduous trees and coniferous trees110. 
 

Softwoods             Hardwoods 
Hemicellulose 15-20% Galactoglucomannan 2-5% Glucomannan 
 5-10% Arabinoglucuronoxylan  15-30% Glucuronoxylan 
Cellulose 33-42% 38-51% 
Lignin 25-33% 20-25% 
Species Norway spruce (Picea abies) Red maple (Acer rubrum) 
 Douglas fir (Pseudotsuga menziesii) Gray alder (Alnus incana) 

Table 2: The main differences in the composition of soft- and hardwoods, as well as exemplar species110. 
Galactoglucomannan, Arabinoglucuronoxylan, Glucomannan and Glucuronoxylan are types of 

hemicelluloses that differs in composition of monsosaccharides and structure. 
 
 

Wood is built by fibers and each fiber is composed of one cell. The main building blocks 
of the complex structure of the cell wall are polysaccharides as cellulose and 
hemicelluloses, the phenolic polymer lignin, pectin as well as proteins, fats and waxes110. 
The wood is up to two third composed of polysaccharides, which is composed of 
monosaccharide chains that are linked together by glycoside bonds, which generates a 
wide diversity of polysaccharides110. 
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7.1.1 Monosaccharides 

Monosaccharides have the general chemical formula Cx(H2O)y where x is the number of 
carbon atoms, ranging from three to nine carbon atoms, and y stands for the degree of 
hydration of the carbon (origination of the name carbohydrates)110. Monosaccharides are 
chiral compounds, which give rise to a number of isomeric structures. Two enantiomeric 
forms of each monosaccharide are possible, denoted as D- or L-form. The main naturally 
appearing monosaccharides are D-glucose, D-mannose, D-galactose, D-xylose and  
L-arabinose110 (see Table 3). Moonosaccharides can also be divided into two main 
fractions depending on if they have an aldehyde (aldose) or ketone (ketose) group within 
the structure110. See Table 3 for the most abundant monosaccharides in wood. They 
behave as weak acids and are only totally ionized in strong alkaline solutions111 (pH≥12), 
see Table 3. 
 

Monosaccharide M 
⎥⎦
⎤

⎢⎣
⎡
mol
g  pKa

 112 Formula
Chemical 
structure 

Arabinose 150.13 12.43 C5H10O5 
 

Xylose 150.13 12.29  C5H10O5 
 

Galactose 
 180.16 12.35 C6H12O6 

 

 Glucose 180.16 12.35 C6H12O6 
 

Mannose 180.16 12.08 C6H12O6 
 

Table 3: Properties and structure of the most abundant monosaccharides in wood. 
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7.1.2 Cellulose 

Wood consists mainly of the most common natural polymer, that is cellulose113. It is a 
linear polymer of β-D-glucopyranose that is linked by 1→4 glycoside bonds with a 
number of hydrogen bonds between the cellulose polymers110. The length of the cellulose 
polymer is between 8000 and 12000 glucose units, which generate a tensile strength and 
high rigidity of the cell wall. Between cellulose molecules there is a high degree of 
hydrogen bounds linking, which leads to the fibrillar structures that the cellulose fibers 
are composed of110. 

7.1.3 Hemicellulose 

Hemicelluloses are the second most abundant natural polysaccharides in wood113.  
The major difference between cellulose and hemicelluloses is that hemicellulose is a 
heterogeneous polysaccharide containing, beside the monosaccharide glucose, xylose, 
mannose, galactose and arabinose, which are both pentoses and hexoses (see Table 3). 
Hemicelluloses are also composed of shorter branched polymers than cellulose with  
200 monosaccharide units for the majority of the hemicellulose polymers110. Thus, the 
major variation when analyzing the ratio of the monosaccharide composition in wood 
originates from the hemicelluloses. 

7.2 Pulp 

Pulp can be manufactured mainly with two different processes, that is, chemical pulping 
and mechanical pulping109. In the mechanical pulping process the wood is degraded by 
physical interaction as grinding, which damages the fibers more than the more gentle 
chemical pulping process110. The difference is in the type and characteristics of the fibers 
that are produced, which in turn are used for different types and grades of paper110.  
It is also possible to combine chemical and mechanical pulping techniques to get the 
requested product. In Paper III thermo mechanical pulp (TMP) from Norwegian Spruce 
manufactured using different parameters during pulping has been used, see Figure 39 for a 
photo of the pulp. The procedure for TMP is that the wood logs are first stripped from 
bark and grinded into chips and further refined into fibers, which are preheated by a 
refining step110. 
 

 
Figure 39. Photography of the TMP pulp. 
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7.3 Acid hydrolysis  

As demonstrated above, monosaccharides are bound together by glycosidic links to form 
polysaccharides. Thus, to obtain released monosaccharides, which can be seen in Table 3, 
the glycosidic bonds have to be cleaved either by using concentrated acids114 or by the use 
of enzymes113. 
The principle for acid hydrolysis is that the polysaccharides is first pretreated by 
protonation of the glycosidic oxygen followed by cleavage by addition of hydroxyl ions 
from the added water110 (Figure 40). In Paper III trifluoroacetic acid (TFA) was used 
since it is a volatile, strong carboxylic acid114. 
 

 
Figure 40. Schematic illustration of the acidic hydrolysis mechanism at the glycosidic linkages 

 with glucose as a model monosaccharide. 
 
The hydrolysis procedure performed in Paper III is described by Jarméus115. It is a two 
step acid hydrolysis, first the wood sample is pre-swollen in concentrated acid followed 
by refluxing at elevated temperature with the addition of water. For more details  
see Paper III. 

7.4 Open micro channels 

The micro channels that were used for the single fiber hydrolysis analysis were fabricated 
in the same manner as those used in the closed-open-closed system in Paper II and 
Section 5.2.1. The fabrication procedure was a single photolithography, deep reactive ion 
etching (DRIE) and oxidation100. The manufactured micro channels had a dimension 
(before oxidation) of 42 µm x 46 µm (depth x width), the length of the channels was  
10 mm with drop-shaped wells at both ends of the micro channels. 
The microchips were cleaned in 50:50 methanol:water in an ultrasonic bath and rinsed 
with water. To acquire appropriate hydrophilic properties of the channels, the chips were 
reoxidized at 800°C over night, if needed.  
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7.5 Pre-concentration and injection from the micro 
channel 

The chip was placed in a glass container; subsequently, a bulk hydrolyzed sample was 
manually applied to the channel by a thin syringe (see Paper III for procedure). In the 
case of processing a single fiber the procedure was as described in Section 7.6. The 
capillary was mounted as tightly as possible to the micro channel end without touching 
the microchip in order to form a liquid bridge between the liquid in the channel and the 
capillary inlet100. The geometry of the micro channel, the drop shaped ends, simplifies the 
positioning of the capillary for injection of the sample. The chip was covered with the 
fluorocarbon medium FC-77 in order to decrease the otherwise fast evaporation of 
sample medium. During the pre-concentration procedure a two-electrode setup was used 
(described in Section 6.4), with the anode and the cathode mounted on the opposite ends 
of the micro channel (Figure 41 a). A voltage was applied to concentrate the 
monosaccharides at the anode. After turning off the pre-concentration voltage,  
the sample was injected to the CE by using the cathode in the micro channel and the CE 
anode (Figure 41 b). Electrokinetic injection was used for 7 or 10 seconds at a voltage  
of -25 kV. Afterwards, the capillary was moved to the conventional CE vial filled with 
the background electrolyte (BGE) consisting of 8 mM 2,6-dimethoxyphenol (DMP) and  
1.5 mM cetyl trimethylammonium bromide (CTAB) at a pH of 11.9 to 12.1 according to 
Jarméus115 and the separation run was initiated at -25 kV. Detection was performed by 
indirect detection at 254 nm as described in Section 2.4.1. 
 

 
Figure 41. Schematic illustration of the electrode setup for a) pre-concentration and b) injection. 

Notable is that the chip was covered by FC-77 during the procedures, which is not illustrated. 
 (Reprinted from Paper III) 

See Paper III, Figure 2 
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7.5.1 Pre-concentration of sample in the micro channel 

In the bulk scale acid hydrolysis the sample supply is sufficient for concentration through 
vacuum centrifugation if the concentrations are too low to be detected.  
By only using contents from one single wood fiber the amounts of monosaccharides is 
too low, though. Therefore, a pre-concentration procedure is needed in order to increase 
the detectability. Due to the limited volume that is available inside the micro channel, 
concentration by evaporation of liquid is not possible due to that an electric connection 
has to be maintained for the possibility for a further electric injection to the CE. Thus, 
the pre-concentration had to be done electrokinetically with a concentration voltage. 
 
In Figure 42, electropherograms of a bulk hydrolyzed wood sample are compared 
involving different procedures: no-concentration, concentration through vacuum 
centrifugation and pre-concentration by voltage. 
Non-concentrated sample injected from the conventional vial resulted in low intensity 
peaks (Figure 42 a). The same sample concentrated five times through vacuum 
centrifugation and injected from a conventional vial resulted in higher peak intensity 
(Figure 42 b), and the same sample pre-concentrated (12 V for 3 minutes) within the 
micro channel and injected directly from the channel resulted in peak intensity higher 
then for the non-concentrated sample (Figure 42 c). 
 

 
 

Figure 42. a) Undiluted/non-concentrated sample, injection from conventional vial; separation voltage was 
-25 kV. b) Sample concentrated 5 times by vacuum centrifugation prior to injection from conventional vial. 
c) Undiluted/non-concentrated sample manually applied to the micro channel and pre-concentrated for 3 

min with 12 V while covered with FC-77. Injection time of 7 s at -25 kV, a BGE with pH 12.00-12.01  
and a separation voltage of -25kV was used. (Reprinted from Paper III) 

See Paper III, Figure 5 
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7.5.1.1 Evaluation of different pre-concentration 
parameters  

To achieve the optimal performance of the pre-concentration of the monosaccharides in 
the micro channel, evaluation of the concentration time was performed.  
The concentration times that were examined were between 1 and 6 minutes (Figure 43) at 
a voltage of 12 V. The sample used for the evaluation was dissolved in water from bulk 
hydrolysis and manually deposited in the channel. By comparing the electropherograms 
in Figures 43 a) to d) it is seen that concentration times down to 2 minutes already 
resulted in an increased sensitivity as compared to the case where no pre-concentration 
was performed (Figure 43 a). It is not clear why the concentration effect was reduced 
with increased time above five minutes (Figure 43 c and d). Thus, the increased 
concentration factor is not linear with the time and due to that the concentration time up 
to 2 minutes was favorable for practical reasons. 
 
The fundamental principle behind the pre-concentration is simple as discussed in  
Section 6. Thus, negatively charged analytes will be attracted to and gathered at the anode 
while positively charged analytes will be concentrated at the cathode. It has also been 
shown that a pH gradient can be developed in the channel by water electrolysis at the 
electrodes and this has to be taken in consideration, since the mobility of the analytes will 
change according to the pH change (Section 6.3). 
Here, a concentration effect of monosaccharides was accomplished (Figures 43 a and  
43 c), although the monosaccharides should not be charged in water because their pKa 
values are around 12111. The full explanation for this behavior is not yet known, although 
the electrolysis of water and the vicinity of the electrodes in regard to the small volume 
resulting in a complicated system including pH gradient, changes in local conductivity 
and oxidation of the monosaccharides to sugar acids (xylonic acid, gluconic acid, 
arabinonic acid, mannonic acid, galacturonic acid) with lower pKa values could 
contribute. It has been confirmed that the pre-concentration effect is similar when 
performed in water and in BGE solutions with a pH above 12 (Figure 44). Due to the 
small volumes in the micro channels it could be implied that the concentration effect is 
caused only by evaporation, despite the use of FC-77 as a liquid lid. That suspicion has 
been determined to not be valid, by comparing the results from sole evaporation from 
the channel with pre-concentration for the same duration of time (Figure 45 a). 
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Figure 43. Electropherograms of samples pre-concentrated within the micro channel during different 
times. a) No concentration of the monosaccharides was performed, b) Pre-concentration was performed for 

2 minutes, c) Pre-concentration was performed for 5 minutes, d) Pre-concentration was performed for 
6 minutes. The same wood sample hydrolyzed in bulk and transferred to the micro channel was used in all 
runs. Injection times were 10 s and injection and separation voltage was -25 kV. (Reprinted from Paper III) 
 
The influence of the voltage that is applied during the pre-concentration and the pH of 
sample medium were also investigated for the monosaccharides (Figure 44 and  
Figure 45 a).  
The composition of the BGE used for the CE was 12 mM riboflavine regulated to pH 
12.6 with sodium hydroxide with indirect detection at 267 nm116. The capillary  
(id/od: 50/375 µm) length used was in total 60 cm and the effective length was 35 cm.  
For a stable baseline only 6 kV could be used for the separation, due to high current 
generating joule heating that disturbed the baseline. The order of elution of the 
monosaccharides (Figure 44) is changed compared to the other buffer used in Paper III. 
This may be due to differences in BGE composition and pH that can affect the 
selectivity.  
The pH of the sample medium was investigated, where a pH of 7 and 12.6 was compared. 
Sample used was 3.3 mM glucose and xylose at an applied voltage of 12 V for the  
pre-concentration during 5 minutes. The sample was manually applied to the  
micro channel. The result shows that the concentration effect is independent of the pH  
(Figure 44). A possible explanation for this behavior for the concentration performed at 
pH 7 could be e.g. that the pH is changed at the electrodes and that the sample therefore 
cannot really be considered to be neutral, see the discussion above. Furthermore, one 
phenomenon that was notable was that the single xylose peak obtained from the neutral 

See Paper III, Figure 6 
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sample is splitting into a double peak when the sample pH is increased. This can indicate 
that some kind of conformation change occurred prior to injection, which led to the 
formation of two slightly different compounds that separated under CE conditions.  
Why this phenomenon occurs is not clear. 
 

 
 

Figure 44. Electroferograms demonstrating the effect of the pH in the sample medium during the pre-
concentration of 3.3 mM glucose and xylose, performed at 30 V during 5 minutes. a) pH 7. b) pH 12.6,  

notable is that xylose generated a double peak pattern at this pH.  
 
As discussed in Section 6.1 electric movement would be dependent of the applied voltage. 
The limiting factors are the joule heating due to created current and the formation of 
gases. 
The influence of the applied voltage during the pre-concentration was investigated with 
3.3 mM glucose and xylose (pH 12.6) at 12 V and 30 V during 5 minutes (Figure 45 a). 
What is seen is that the concentration factor increases with increased applied voltage.  
 
When analyzing the concentration efficiency a pre-concentration at 30 V during  
five minutes was applied. Here, the sample was diluted to a non-detectible level, except 
for a marker substance used as reference for the CE system. The detection limit of the 
sample was 0.25 mM of xylose, glucose, mannose and arabinose with 3 mM galactose as a 
reference marker. In Figure 45 b the electropherograms from non-concentrated and 
concentrated samples are seen. A 390% increase in the glucose peak area was detected and 
all the monosaccharides were observed after pre-concentration. What shall be noted is 
that the change of buffer system, compared to the other buffer used for the 
monosaccharides in the rest of this chapter, may influence the outcome (of the 
parameters value used during the evaluation). One direct effect that was detected in this 
study was that this BGE composition was less sensitive in terms of detection limit of the 
monosaccharides. Thus, a direct comparing of the systems is not possible, but it indicates 
trends for the pre-concentration principle. 
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Figure 45. Electropherograms demonstrating the effect a) of the pre-concentration on the signal intensity 
depending on the voltage applied during 5 minutes, notable is that xylose generated a double peak pattern 
b) pre-concentration effect with 0.25 mM sample of xylose, glucose, mannose and arabinose with (bottom) 

and without (top) pre-concentration. 3 mM galactose was used as a marker. Offset in y-axis. 
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7.6 Hydrolysis of single wood fiber and analysis with 
CE  

A bulk of fibers from a pulp sample was suspended in water. The fiber cluster was let to 
dissolve into individual fibers (length of about 0.5-1 cm) and a single fiber was collected 
and then positioned inside the micro channel on the microchip (Figure 46).  
 

 
Figure 46. Photo of the fiber in the channel. a) The whole fiber b-d) magnifications of the fiber.  

b) and d) the respective ends of fiber c) middle part of the fiber. 
 
The chip was placed in a container that was covered with FC-77 medium to prevent 
evaporation of the solvent. Acid hydrolysis in the micro channel was performed with the 
same protocol as used for the bulk scale hydrolysis (Paper III) except that the reduction 
of lignin with tertiary-butyl methyl ether (MTBE) was excluded and that 95% TFA was 
used instead of 99+%.The hydrolysis procedure was initiated by filling the micro channel 
with 95% TFA that was continually added by a syringe pump. The complete setup was 
placed on a heating plate for temperature regulation. The fiber was first let to pre-swell in 
TFA solution, followed by that the sample was exposed to enhanced temperature. 
Afterwards was FC-77 medium removed and the microchip was connected to the CE 
setup. The micro channel was afterwards refilled with water in order to neutralize the 
sample solvent and resolve the monosacchrides. Pre-concentration and injection from the 
micro channel was performed as described in Section 7.5, by employing a  
pre-concentration time of 1.5 minutes and an injection time of 7 seconds. Figure 47 shows 
an overview of the experimental setup. 
 

 
Figure 47. Schematic picture of the experimental setup for single fiber analysis, where the single fiber 

hydrolysis is performed by continuous addition of TFA from a syringe. The chip was covered with FC-77 
as a liquid lid. The electrodes for concentration and separation of the monosaccharides are shown for the 

different applications together with the CE. (Reprinted from Paper III) 
 

See Paper III, Figure 1 
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In Figure 48 an electropherogram of the monosaccharides derived from the hydrolysis of 
a single wood fiber in the micro channel is shown. The suggested identity of the peaks 
could be seen in the magnification of the monosaccharide peaks. Xylose and mannose 
overlap each other as well as glucose and arabinose, while galactose is separated from the 
other monosaccharides. That separation pattern for the monosaccharides is not unique 
for single fiber analysis, as seen in figure 43. Due to the effect of pre-concentrating the 
sample prior to injection, the monosaccharide peaks were detected despite the low 
concentration of monosaccharides from one single wood fiber. 
 

 
Figure 48. A single wood fiber was hydrolyzed and pre-concentrated in the micro channel and analyzed 

with CE, magnification of the monosaccharide peaks inserted. The pre-concentration time was 1.5 minutes 
and injection was performed for 7 s. pH of the BGE was 12.01. (Reprinted from Paper III) 

 
 
 
 

See Paper III, Figure 7 
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8 Characterization of bovine serum albumin 
fluorescein isothiocyanate conjugates 

8.1 Contact allergy  

Approximately 15-20% of the western world population suffers from contact allergy117, 
thus a large number of people worldwide are influenced by this problem. Contact allergy 
is caused by skin contact with low molecular weight (<1000 Da) chemicals e.g. nickel 
(called haptens in this context), which penetrate the skin and bind to macromolecules like 
proteins in the skin117 either directly or after metabolic modification. The protein-hapten 
complexes are then transformed into antigens, resulting in antigen-specific T-cell 
formation. Thus, the contact allergy is not solitary induced by the hapten that is too 
small to inflict an immunoresponse, rather it is the hapten-protein complex. These T-cells 
form a permanent biochemical memory that will produce antibodies for the protein-
hapten complex when re-exposure to the same hapten occurs, which will result in an 
eczema, that is, expression of a skin inflammation. 
The degree of exposure, both in the content of substituents for a protein and as for the 
whole organism, that is needed for the development of contact allergy is not fully 
understood. Though, each individual have personal threshold values117. 

8.1.1 Incorporation of FITC 

In this work (Paper IV) that was a cooperation with dermatochemistry and skin allergy 
(Department of Chemistry, Dermatochemistry) at University of Gothenburg, bovine 
serum albumin (BSA)118 and fluorescein isothiocyanate (FITC) was used as a model 
protein-hapten pair for studies of the incorporation of an allergen to a protein present in 
the skin.  
The binding of FITC to a protein occurs by a nucleophilic attack by the amino groups at 
lysine or the N-terminal (Figure 49). Consequently, for a protein with n lysine residues, 
the number of potential protein-FITC adducts will be 2n+1-1. This results in a large 
number of possible combinations when a high number of binding sites is available,  
e.g. for BSA where n = 59, there are 1.15×1018 possible versions of BSA-FITC adducts. 
 

 
Figure 49. Schematic illustration of the reaction between fluorescein isothiocyanate  

(FITC) and a protein primary amine group. 
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8.2 MALDI-TOF-MS analysis 

8.2.1 Full-length BSA-FITC 

Initially, intact BSA and BSA with incorporated FITC were compared by MALDI-MS 
analysis. The average mass difference between the two samples was equal to 2 to 3 FITC 
molecules per BSA molecules. The broad MS peak obtained in the MALDI influence the 
precision of the ratio determination of the BSA and BSA-FITC. When comparing the 
MALDI spectra from BSA and BSA-FITC it was shown that conjugation of FITC to BSA 
impairs the sensitivity (Figure 50). This may be due to that the ionization efficiency is 
decreased when the free and most easily protonated lysine residues are exchanged for 
FITC entities and thereby blocked119, 120. 
In later analysis when the BSA-FITC had been digested, specific peptides showed to have 
a higher degree of FITC incorporation, see Section 8.2.2. 
 

 
 

Figure 50. MALDI mass spectrum of Top) non-labeled BSA with both singly and doubly charged ions and 
Bottom) labeled BSA. By comparing the masses an average of 2-3 FITC molecules per BSA molecule was 

estimated. The mass spectra are offset in y-axis. 
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8.2.2 Digested sample 

To gather more details about both which lysine residues in the BSA molecule that 
undergo labeling and the diversity of the formed conjugate molecules, enzymatic 
proteolysis was conducted. That in order to cleave the large BSA molecule into peptides, 
where individual lysine residues could more easily be probed (Figure 51 for principle 
illustration). Separate digestions of BSA-FITC were performed with trypsin or 
chymotrypsin as “cleaving agents”. To identify where in the BSA sequence the 
incorporation of FITC had taken place, the peptide samples resulting from these 
digestions were analyzed by MALDI-TOF-MS. A typical mass spectrum is shown in 
Figure 52 from trypsin digestion and Figure 53 from chymotrypsin digestion. 
 

 
Figure 51. Schematic illustration of the incorporation of FITC to a protein, followed by hydrolysis of the 

protein to peptides. The red strips on the protein symbolize possible binding sites of the hapten that is 
illustrated by spheres. 

 

 
Figure 52. MALDI mass spectrum of trypsin digested BSA-FITC. The inset magnification shows the 

higher mass range of the spectra. 
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Figure 53. MALDI mass spectrum of chymotrypsin digested BSA-FITC. The inset magnification shows 

the higher mass range of the spectra. (Reprinted from Paper III with modification) 
 

The provided sequence coverage and the amount of detected peptides of the BSA protein 
was adequate, when combining tryptic digest (TD) and the chymotryptic digest (CTD), 
to get sufficient and broad representation of the binding of FITC to BSA.  
 
Detected peptides corresponding to theoretical m/z values where one or more FITC are 
bound are illustrated in Figure 54 for the tryptic digestion and in Figure 55 for the 
chymotryptic digestion. 
 
From the data generated by trypsin digestion 44 possibly occupied binding sites could be 
identified out of 60 theoretical binding sites (Figure 54). From those 44 positions 24 
showed to have a FITC bound. The positions are lysine number 12, 20, 51, 106, 159, 173, 
180, 187, 204, 211, 221, 224, 239, 280, 285, 350, 362, 388, 431, 439, 465, 499, 523 and 563. 
The complementary data from the chymotrypsin digestion showed 32 possible binding 
sites for FITC (Figure 55), out of which 6 were additionally defined FITC bound lysine 
at position 41, 93, 136, 242, 322 and 504 (Figure 55). In total by combining TD and CTD 
data 30 defined positions were identified. 
 
In contrast to those results, when examining the peptides that was detected without any 
FITC incorporated (See Paper IV, Table 1 and 2), all of the defined binding sites for 
FITC was also detected without incorporated FITC. Thus, a defined FITC incorporation 
does not mean that the position always is occupied by a FITC molecule in every single 
BSA molecule.  
In addition to the 30 possible binding sites identified, when combining trypsin and 
chymotrypsin digestion, there are further peptides, which originate from peptide peaks 
that correspond to two or more theoretical m/z values (see Paper IV, Table 3 and 4). 
Included in that data was e.g. a chymotryptic digested BSA-FITC peptide that 
corresponded to 4 incorporated FITC (c101-102). Further was trypsin digested BSA-FITC 
peptide no. t68-72 detected with 4 incorporated FITC. 
That illustrates the heterogeneity of the conjugation of the FITC to BSA. The fact that an 
average low binding ratio was seen support this statement. 
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A further conclusion from the combined data was that only two binding sites where no 
FITC was detected at all, no. 76 and 114 were found. Despite the high coverage of the 
BSA protein it was one binding site (no. 116) that was not detected at all, either with or 
without FITC. That leaves that site not clarified, but it is still possible that this could be 
an additional binding site. 
 

 
Figure 54. A schematic representation of the BSA amino acid sequence with the peptides obtained from a 
tryptic BSA-FITC digest indicated. Possible cleavage sites (after arginine, R, and lysine, K) are marked with 
double vertical lines. Lysines are in bold. For clarity amino acid numbering is included for every 10th amino 

acid. Each peptide is labeled with t for tryptic digest and the sequential number. Peptides underlined are 
identified as containing FITC using MALDI-MS. The number of FITC incorporated is given below the 

corresponding peptide. The red lighted K (lysine) mark a defined incorporation of a FITC.  
(Reprinted from Paper III with modification) 
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Figure 55. A schematic representation of the BSA amino acid sequence with the peptides obtained from a 
chymotryptic BSA-FITC digest indicated. Possible cleavage sites (carboxylic side of leucine, L; methionine, 

M; phenylalanine, F; tryptophan, W; tyrosine, Y) are marked with double vertical lines. Lysines are in 
bold. For clarity amino acid numbering is included for every 10th amino acid. Each peptide is labeled with c 
for chymotryptic digest and the sequential number. Peptides underlined are identified as containing FITC 
using MALDI-MS. The number of FITC incorporated is given below the corresponding peptide. The red 
lighted K (lysine) mark a defined incorporation of a FITC. (Reprinted from Paper III with modification) 

 
The full picture of the combined MS data from trypsin and chymotrypsin are 28 possible 
and 30 defined binding sites and 2 non-binding sites. 
In contrast to the binding ratio of 2-3 FITC/BSA from the comparison of full-length BSA 
with or without FITC (Section 8.2.1), it showed that the conjugation is rather incomplete 
and the heterogeneity is very high. Similar phenomena have earlier been seen121-124. 
Consequently, a low discrimination exists for the incorporation of a hapten to a large 
protein as BSA performed in in vitro systems. Thus, no conclusion can be drawn about 
where a pronounced incorporation of FITC would occur.  
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8.3 CE-LIF separation 

For further investigation of the incorporation of FITC to BSA, a CE method was 
developed for separation of tryptsin digested BSA-FITC with laser induced fluorescence 
(LIF) detection. LIF detection demands a fluorescent marker as explained in  
Section 2.4.1, which will lead to that it is only peptides with FITC incorporated that will 
be detected, thus the peaks detected in Figure 56 represent peptides with at least one 
bound FITC unit. LIF detection was chosen as it is both sensitive and selective for 
peptides with bound FITC. A further CE coupling to MALDI-MS has also been regarded 
during this development, considering the salts and pH-values investigated. Thus, both the 
CE performance and the compatibility with MALDI-MS had to be taken into 
consideration during optimization of the separation. Factors such as buffer type, buffer 
concentration, ionic strength, buffer capacity and pH of the BGE should influence both 
selectivity and resolution27. The challenge when comparing different BGEs is what should 
be kept constant, due to the fact that different parameters is affecting each other as  
e.g. buffer capacity, ion strength and concentration of the buffer. For evaluation of buffer 
capacity and reproducibility of the separations see Paper IV.  
Here, the concentration of the CE background electrolytes (BGE) was set to 20 mM with 
a pH of 4.5, 5.5, 6.5 or 7.5. Acetate, citrate and phosphate were used as buffer ions,  
all with sodium as counter ion. By using the same concentration the ionic strength will 
be higher for citrate and phosphate than for the monovalent acetate. 
 
Due to the planned further coupling to MALDI-MS via fractionation as in Paper I,  
a wide range of the pH values were investigated. Electropherograms at three pH values 
can be seen in Figure 56. Due to that fluorescence of FITC is pH dependent the signal 
intensity is decreased with the pH below 7106, as is seen in Figure 56 (see also Section 6.2 
where fluorescein was used). At the lowest pH 4.5 that was investigated for the different 
salts almost no signal was visible at all, and for pH 5.5 (Figure 56 g-i) the fluorescence was 
drastically reduced. Therefore, it is more difficult to evaluate the separation performed at 
lower pH by only using LIF detection.  
 
The number of peaks that was detected for the different salts and pH varied (Figure 56), 
the highest number of peptides was detected using sodium phosphate at pH 7.5 and  
pH 6.5, and sodium citrate at pH 6.5 as BGE, with around 100 peaks each. 
For determination of which of those pH values that will offer optimal conditions for the 
CE, the aim of the separation has to be taken into account. Thus, a lower pH would be 
desired considering the MALDI-MS coupling. Additionally, citrate is preferred referring 
to that this BGE offered a shorter analysis time than phosphate at the same pH. The use 
of sodium acetate at pH 7.5 and pH 6.5 resulted in electropherograms resolving 
considerably fewer peaks than for phosphate and citrate. Acetate is the BGE that has a 
lower ionic strength (see above) than the phosphate and citrate BGE. This property has a 
substantial influence on the selectivity27. 
Even though, it is difficult to determine which BGE salt that is the most promising at  
pH 5.5, acetate was the one that generated the highest number of peaks. Thus, acetate 
would be the most promising BGE salt to advance to CE-MALDI-MS coupling.  
From this data generated from the CE, approximately one hundred fluorescent tryptic 
peptides were revealed for e.g. citrate at pH 6.5 (Figure 56 f), demonstrating that the 
MALDI-MS data that detected a maximum of 53 fluorescent trypsin digested peptides 
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(when combining identified peptide peaks containing FITC from MS data (Figure 54) and 
peptide MS-peaks corresponding to multiple theoretical m/z values (Paper IV,  
Table 3)) did not represented all peptides with bound FITC, see Section 8.2.2.  
This can indicate that signal suppression occurs in the MALDI analysis when unseparated 
sample is analyzed, another possible explanation could be that the CE can separate 
peptides that have the same conjugation ratio of FITC, but in different locations on the 
peptide, due to small differences in conformation (see Section 2.1 for the CE theory) even 
though they have the same mass to charge ratio119.  
The conclusion is that the CE results confirm the complexity and heterogeneity of the 
FITC conjugation to BSA that is also seen in MALDI-MS. 

 
Figure 56. CE-LIF separations of trypsin digested BSA-FITC using three sodium running buffers at  

20 mM: (a, d and g) phosphate, (b, e and h) acetate, and (c, f and i) citrate, at three pH levels: (a-c) pH 7.5, 
(d-f) pH 6.5 and (g-i) 5.5. The voltage was +25 kV. The y-axis units are relative fluorescence units (RFU). 

The number of detected peaks were: (a) 103, (b) 17, (c) 35, (d) 102, (e) 16, (f) 98, (g) 10, (h) 30 and (i) 6. 
(Reprinted from Paper IV) 
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8.4 Buffer counter ion effect on MALDI-TOF spectra  

It is well known that the buffer counter ion plays a central role in MALDI signal 
suppression and cluster formation125, 126, but few extensive studies have been performed on 
this topic. This is of high importance when CE is connected to MALDI as in Paper I and 
Paper II. The BGE composition in CE has influence on several aspects of the system as 
e.g. separation efficiency in the CE, the formation of adducts to the analytes in the MS 
and also the risk of degradation of the MS signal due to the salt126. Therefore, the effects 
of common buffer counter ions (ammonium, sodium and potassium) on the MALDI 
signal was evaluated (Paper IV). 
For the evaluation of effect on the MALDI signal for the different counter ion salts, 
trypsin digested BSA-FITC sample was used. 
Equal proportion of desalted BSA-FITC sample, DHB matrix and the salt solution were 
mixed for this study. The concentration of the salt solutions was 10 or 50 mM 
ammonium, potassium or sodium phosphate, all adjusted with corresponding acid to 
equal pH. 
 
For evaluation five trypsin digested BSA-FITC peptide peaks that covered the mass range 
were selected, m/z 928 (t18), m/z 1480 (t10 or t55), m/z 1568 (t46), m/z 1640 (t57-58) and 
2070 (t41 plus 2 FITC).  
No significant difference could be seen between the three salts at 10 mM, where as the 
S/N of the selected peptides were affected to varying degrees by the presence of different 
salt solutions at the higher concentration of 50 mM (Figure 57).  
Ammonium phosphate followed by sodium phosphate was the salts that hade the least 
effect on the S/N despite the high concentration (50 mM). This was mainly a 
consequence of lower noise levels. 
 

 
Figure 57. MALDI-MS S/N values as a function of the three different counter ions: Na+, K+ and NH4

+. 
The salt concentration for the ions was 50 mM, the anion was phosphate, pH was 3.4 and 16 spots were 
analyzed for each salt. Five m/z values were selected to cover the mass range. The standard deviation is 

shown for each m/z value and counter ion. The sample was trypsin digested BSA-FITC. 
(Reprinted from Paper IV) 
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No difference could be seen for the comparison of sodium phosphate and sodium acetate 
on the MALDI-signal, which shows that the counter ion has a more crucial role effecting 
on the MALDI analysis.  
Even though, the low concentration (10 mM) did not show any influence on the  
MS-signal it should be kept in mind that a concentration is performed of the salts when a 
larger sample volume is concentrated down to a small area on the MALDI target during 
e.g. CE fractionation (Paper I). Furthermore, the MALDI matrix is central for a 
successful analysis and consequently the choice of matrix is critical, and thus a vital 
parameter for the coupling between CE and MALDI-MS, see Section 9 and Paper V for 
further information regarding hydrophobic proteins. 
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9 Evaluation of 2,6-dihydroxyacetophenone as 
MALDI matrix for analysis of hydrophobic 
proteins and peptides 

In Paper I, where peptides from CNBr digested BR was analyzed, HCCA was chosen as 
matrix by the rather common manner to choose MALDI matrix, which is after the size 
of the analyte as discussed in Section 3.1. Thus, commonly HCCA is applied for peptides, 
while DHB is used for proteins regardless of the sample hydrophobicity.  
It would be preferable to use a matrix with increased compatibility for hydrophobic 
proteins and peptides, which would discriminate the hydrophobic proteins to a lesser 
extent in the ionization process.  
As discussed in the part in Section 3.1 explaining MALDI, one of the functions of the 
matrix is to support the ionization process of the analytes. Therefore co-crystallization of 
the analyte and the matrix in a homogeneous sample spot is a necessity, which raises 
demands on the compatibility of the matrix with the analyte. The solubility in the 
medium and hydrophobicity must be similar39.  
The role of the MALDI matrix in the analysis of hydrophobic proteins and peptides is a 
rather neglected area. Therefore it is preferable to find a specific matrix for  
e.g. hydrophobic proteins and peptides that are difficult to analyze, as was the aim of 
Paper V.  
One matrix that has more hydrophobic character than most commercially available 
matrices as e.g. DHB, is 2,6-dihydroxyacetophenone (DHAP). The idea was that this 
substance could work as a matrix for hydrophobic proteins and larger peptides with 
beneficial effects due to the matching in hydrophobicity between analyte and matrix,  
thus promoting co-crystallization. DHAP has earlier been shown to be suitable for the 
study of protein quaternary structure and non-covalent protein complexes40, 42, 127. 
Recently, it has also been introduced as matrix for lipids in MALDI-MS imaging128 and for 
low molecular weight proteins and peptides in automated MALDI-MS profiling129. 
As test substance for the evaluation of DHAP the hydrophobic membrane protein 
bacteriorhodopsin (BR) was used both as full-length protein and CNBr digested, with 
DHB as reference matrix (Paper V).  
During the evaluation a stainless steel MALDI target plate (Bruker) was converted to a 
hydrophobic prestructured plate with silicone, according to Section 5.1.2 and Paper I.  
The difference in crystal pattern between the two matrices on the MALDI plate and the 
chemical structure of DHAP can be seen in Figure 58. The typical long DHB crystals 
grow from the rim of the spot towards the center, compared to the DHAP matrix that 
forms crystals that are rather similar to snowflakes, which are more evenly spread over 
the spot. 
 
 

 

 

 
Figure 58. Photos of the two matrices used for the evaluation with BR a) DHB b) DHAP. 

Chemical structure of c) DHB and d) DHAP. 
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9.1 Potential for full-length proteins 

For the evaluation of full-length BR protein, BR was due to the hydrophobic nature 
suspended in HFIP66 at a concentration of 2 µM. Both DHAP and DHB matrices was 
dissolved saturated in ACN/20 mM ammonium acetate 1:3 as is one solution used for 
analysis of quaternary structure and non-covalent protein complexes with DHAP40, 127. 
However, the same result was seen when using 0.1% TFA:ACN solution that is more 
generally used for DHB. This is also demonstrated in Section 9.2. 
The idea that the more hydrophobic DHAP matrix would promote the ionization of 
hydrophobic proteins is demonstrated in Figure 59, where the comparison between 
DHAP and DHB showed a better efficiency for DHAP to enable detection of BR. 
Notable is that the mass spectra for DHB is composed of the double amount of laser 
shots as for the DHAP mass spectra. These results support the assumption that the 
MALDI analysis benefits from matching the polarity of the matrix with the polarity of 
the analytes. The double peak pattern for BR for both matrices indicates BR with and 
without its retinal prosthetic group, with a mass of 267 Da130. Though DHB was the 
better matrix for the hydrophilic proteins (data not shown), concluding that DHAP is 
not the overall better matrix but should be seen as a compliment matrix for special aims 
such as for hydrophobic analytes.  
 

 
 

Figure 59. Mass spectra of full-length BR dissolved in HFIP. Upper trace: DHAP used as matrix. 20 shots 
giving a sum of 200. Lower trace: DHB used as matrix. 40 shots giving as sum of 400. Spectra were acquired 

by sweet spot searching and are offset on the y-axis. The double peak pattern indicates BR with and 
without its retinal prosthetic group. (Reprinted from Paper V) 

See Paper V, Figure 1 
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9.2 Investigation of DHAP as matrix for hydrophobic 
peptides 

DHAP had a beneficial effect on MALDI signal demonstrated for intact BR, and some 
prior results suggested that DHAP could possibly be a better matrix for large 
hydrophobic peptides. To evaluate that, CNBr digested BR (as described in 5.1.1.2 and in 
Paper I and Paper V) was used. Solvent change from HFIP was also performed to  
0.1% TFA or 10% HAc with vacuum centrifugation in an attempt to improve the MS 
efficiency. The concentration of the matrices were for both DHAP and DHB 10 mg/mL 
dissolved in ACN and 0.1% TFA in the ratio of 1:1 (v/v), which is one of the standard 
protocols for DHB solution. For optimal results sweet spot searching was used,  
where 3 to 6 sets (each 20 shots) were summed, depending on quality of the matrix 
crystallization. 
 
This CNBr digestion yielded ten theoretical peptides, of which two (sequentially peptide 
no. 6 and no. 9) have earlier proven difficult to detect being of hydrophobic nature and 
the largest of the peptides66 (Paper I and Section 5.1.5). Therefore, they serve as indicator 
peptides for the efficiency of DHAP as matrix for larger hydrophobic peptides.  
 
The best signal intensity was obtained when the CNBr-digested BR sample was dissolved 
in HFIP for the MS analysis with DHAP as the MALDI matrix, see Table 4 for detected 
peptides and sequence coverage (sc). All but the smallest and most hydrophobic peptide 
(no. 4) could be detected (Table 1), generating a sc of maximum 98%. The absence of 
peptide no. 4 can be due to difficulties in distinguishing such low m/z ions (m/z 465) 
from the noise131 that is generated e.g. from cluster formation of the matrix126, 131, 132.  
 

Matrix DHAP DHB 
Solvent HFIP 0.1% TFA 10% HAc HFIP 0.1% TFA 10% HAc
  1 2 1 1 1 1 
  2 5 2 2 2 2 
  3 8 3 3 3 3 
  5 9 5 5 5 5 
  6 10 7 7 6 6 
  7  8 10 10 7 
  8  10 8 
  9  9 
  10  10 
No. Peptides 9 5 7 6 6 9 
Sc (%) 98 59 60 53 73 98 

Table 4. Detected CNBr digested BR peptides and sc in different sample solvents with DHAP and DHB. 
Peptide number is in chronological order of the BR peptides, see Table 1. 

 
More of value is that both of the two largest hydrophobic peptides (no. 6 and no. 9) were 
detected. This increase in the signal for the large and hydrophobic peptides may be,  
as discussed in Section 9, due to the higher hydrophobicity of DHAP compared to DHB, 
therefore promoting co-crystallization with the hydrophobic peptides14. Due to that, 
lower discrimination for larger and highly hydrophobic peptides thus occurs.  
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Comparing with DHB under the same conditions, generated a sc 53% and also more 
importantly the signal from peptide no. 6 and no. 9 was lost, the result is seen in  
Figure 60 and in Table 4. The equidistant mass shift between the peaks seen in the inset 
in Figure 60 may indicate oxidation of tryptophan in peptides no. 6 and 9133, 134. 
 

 
Figure 60. Mass spectra of CNBr cleaved BR. Solvent was exchanged to HFIP before MS analysis.  

Upper trace: DHB was used as matrix. Lower trace: DHAP was used as matrix. Each mass spectrum 
consists of a sum of 120 shots. Offset on the y-axis. Inserted is a magnification of the parts of the spectra 

showing peptides no. 9 and 6. (Reprinted from Paper V) 
 
When acid (0.1% TFA or 10% HAc) was used as the MS medium in an attempt to 
improve the MS efficiency with DHAP as matrix, the sc was instead decreased and also 
more important, the signals for peptides no. 6 and 9 were lost (Table 4). This may imply 
that that the DHAP matrix is not favored by an acid environment for analysis of larger 
and hydrophobic peptides.  
The opposite trend was observed for DHB concerning the use of 10% HAc since all 
peptides except peptide no. 4 were detected (Table 4) although the signal intensity was 
lower than with DHAP for peptides no. 6 and 9 in HFIP (Figure 61). This is in 
agreement with earlier work, where acidic matrix media was shown to give positive 
effects considering the signal intensity when using the conventional matrices DHB66 and 
HCCA135. 
The difference in performance for the two matrices in acid environment, could be related 
to the different functionality as keton vs acid, Figure 58 c) and d), and polarity of the two 
matrices. The ionization may possibly be influenced in dissimilar manners. 
 

 

See Paper V, Figure 2 
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Figure 61. Mass spectra of CNBr cleaved BR. Upper trace: DHB was used as matrix where solvent was 
exchanged to 10% HAc before MS analysis. Lower trace: DHAP was used as matrix where solvent was 

exchanged to HFIP before MS analysis (same spectra as in Figure 60). Each mass spectrum consists of a sum 
of 120 shots. Offset on the y-axis. Inserted is a magnification of the parts of the spectra showing  

peptides no. 9 and 6. 
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10 Conclusions and future outlooks 

In this thesis, improved techniques for biomolecule analysis have been presented using 
CE and MALDI and hyphenations between those.  
To get a high-quality CE-MS analysis method, several different stages have to be 
optimized, from the separation, sample transfer, ionization and last detection in the MS.  
In this thesis the off-line MS mode has been used in the form of fractionation or by 
incorporating the MALDI target in the CE separation system. 
An improved protocol for partially automated manufacturing of a concentration 
MALDI-target was established. The design of the target was suitable for the fractions 
from the CE, and was used to separate the IMP BR peptides. A future development of the 
fabrication would preferably be to further decrease the sample spots and size distribution 
of those with a totally automated system, which may promote a general increase in S/N 
and a more even signal over the spot surface and between the fractions.  
CE separation of the CNBr BR peptides was performed and fractionation on the custom 
made MALDI plate was employed. The MALDI-MS analysis of the fraction detected  
9 of 10 CNBr digested Br peptides, generating a sc of 98%. The FC surfactant used in the 
CE did not observably interfere with the MALDI signal.  
A novel technique for the off-line integration of CE and MALDI was presented with a 
closed-open-closed system, where the open part was a micro canal functioning as a 
MALDI target window. By incorporating the MALDI target in the CE system the 
electric coupling and sample handling are avoided and the separation resolution is in 
principle maintained in the micro canal in contrast to when collecting fractions. 
Control of the evaporation from the open micro canal proved to be critical for the 
function of the system. Therefore, a custom-built polycarbonate microclimate chamber 
was fabricated which also had the property to insulate the chip. A further development 
could be to use FC-medium that was used in Paper III to decrease the evaporation. 
Investigation of the EOF and band broadening properties of the micro canal was 
performed, showing that a properly designed coupling between the capillary and chip is 
essential for minimizing the band broadening. Further was MALDI-MS detection 
performed in the micro canal after CE separation of two proteins. 
One general problem for all microsystems is connections, that always can be improved 
and this paper is no exception. Therefore, to further decrease the band spreading and 
consequently improve the resolution a new design of the chip may be needed as well as 
optimization of the handling/positioning of the capillaries. A longer canal would also be 
preferable due to the enhanced number of samples could be contained, however the 
evaporation would critical parameter. Some improvement could also be necessary for the 
matrix deposition through use of different solvents in some cases.  
 
A method has been developed for single fiber hydrolysis of a wood sample, with an 
incorporated electromigration pre-concentration step preceding CE analysis. Direct 
injection from the micro channel and pre-concentration in the micro channel proved to 
work with an optimal time of up to 2 minutes. Detection of the monosaccharides from a 
single fiber was possible, however complete separation was not achieved, which is not 
unique for single fiber analysis. The small volume in the micro channel inflicted that 
control of the evaporation was demanded, which was solved by the use of FC-medium. 
The small volume issue with integrated electrodes in the system rendered also a pH 
gradient, which may be beneficial or be of advantage if used in the correct way. 
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Similar procedures may be possible to use for other biomolecules, both in the contents of 
sample hydrolysis and as a pre-concentration setup. 
The pre-concentration method that proved to work, that was used in Paper III is under 
further development for full understanding. It showed to be highly complex due to the 
fact that several parameters are included that affect each other. The concentration method 
showed to be possible to downscale to a dimension that was suitable both as MALDI 
target and for pre-concentration for CE. 
 
A large amount of information was gained about the incorporation of FITC and the 
degree of substitution (2-3 FITC per BSA molecule on average) from the MALDI data 
generated from digested BSA-FITC. For example, 2 non-binding, 30 defined, 28 possible 
binding sites were detected. Three different BGE salts were investigated for a CE-LIF 
separation of trypsin digested BSA-FITC. The highest number of peptides that was 
detected by CE-LIF was seen with phosphate at pH 7.5 (103 peaks) and pH 6.5  
(102 peaks), and citrate at pH 6.5 (98 peaks) as BGE, which shows that the conjugation is 
rather incomplete and the heterogeneity is very high, when comparing the CE and 
MALDI data. 
More detailed information may be provided by coupling of the CE separation to 
MALDI, as in Paper I, which has the opportunity to further determine the FITC 
binding sites. That has been considered during this work for the further aim to perform 
the hyphenation. Therefore, lower pH of the BGE was included in the investigation 
despite that the fluorescence of FITC is pH dependent. Acetate at pH 5.5 showed to be 
the most promising BGE salt to advance to CE-MALDI-MS coupling, with ammonium as 
counter ion in the BGE for the best MALDI analysis performance. However, the 
coupling is not straightforward, therefore a further investigation is needed when MS is 
available for detection. 
One additional way for determination of FITC binding sites could be to combine 
different “cleaving agents” during the hydrolysis of the protein for more specific peptides 
and information of possible FITC incorporation. That information would also be 
provided without further enzymatic cleavage if MS/MS mode would be used, though that 
demands another MALDI-MS configuration setup than used in this thesis. 
 
An evaluation of the matrix DHAP was made for hydrophobic peptides and proteins, 
due to that DHAP is of more hydrophobic character than most commercially available 
matrices as e.g. DHB. DHAP showed to have promising matrix properties for 
hydrophobic proteins and peptides. DHB was undoubtedly the better matrix for the 
hydrophilic proteins, but its performance for the larger and hydrophobic peptides was 
not optimal. Consequently, DHAP can be used as a compliment matrix for improved 
analysis of this hydrophobic analytes.  
Another conclusion is that DHAP could also be suitable when analyzing samples in 
MALDI when a higher pH is demanded, due to that its performance is adequate in 
20 mM ammonium acetate which is more basic condition than usual for ordinary 
matrices, which can be needed when CE-MALDI-MS coupling would be performed  
e.g. Paper I and Paper II. This could be a possibility for the case in Paper IV when the 
fluorescence of FITC is promoted by an increased pH and thus the further  
CE-MALDI-MS coupling (e.g. as according to Paper I), could be performed with 
increased pH of the buffer without of losing ionization efficiency by using DHAP as 
matrix.  

 



 73

11 Abbreviations 

Asp  Aspartic acid  

BSA   Bovine serum albumin 

BGE  Background electrolyte 

BR  Bacteriorhodopsin  

C   Closed system  

CE  Capillary electrophoresis  

CHES  2-[N-Cyclohexylamino]ethanesulfonic acid 

cmc  Critical micelle concentration  

CNBr  Cyanogen bromide  

CO  Closed-open system.  

C-O-C  Closed-open-closed system 

CTAB  Cetyl trimethylammonium bromide 

CytC  Cytochrome c  

CZE  Capillary Zone Electrophoresis   

D  Aspartic acid  

Da  Daltons 

DHAP  2,6-dihydroxyacetophenone 

DDAB  Didodecyldimethylammonium bromide  

DHB  2,5-dihydroxybenzoic acid 

DMP  2,6-dimethoxyphenol  

DRIE  Deep reactive ion etching 

EOF  Electro-osmotic flow  

ESI  Electrospray Ionization 

FC  Floursurfactant (as in FC 134) 

FC  Fluorocarbon (as in FC-77) 

FITC  Fluorescein isothiocyanate 

HAc  Acetic acid  

HCCA α-cyano-4-hydroxycinnamic acid 

CHCA  α-cyano-4-hydroxycinnamic acid 

HFIP  Hexafluoroisopropanol  

id   Inner diameter 
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IMP  Integral membrane protein 

L  Lysozyme  

LIF  Laser induced fluorescence 

LOD  Limit of detection 

MALDI Matrix-assisted laser desorption/ionization  

MS  Mass spectrometry 

MTBE  Tertiary-butyl methyl ether  

m/z  Mass to charge ratio  

O  Open system (The micro canal) 

od  Outer diameter 

pI   Isoelectric point 

SA  Sinapinic acid 

sc  Sequence coverage  

S/N   Signal to noise ratio 

TFA  Trifluoroacetic acid  

THAP  2,4,6-trihydroxyacetophenone 

TMP  Thermo mechanical pulp 

TOF  Time-of-flight 
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12 Symbols 

a  Cross-sectional area 

ε  Dielectric constant  

e   Electron charge 

E   Electric field 

EK   Kinetic energy  

FF  Friction force 

FE  Electrostatic force 

l   Effective capillary length  

l   Length of the flight tube  

L   Total capillary length  

L1  Length of capillary (Section 5.2.2) 

L2  length of micro canal (Section 5.2.2) 

mi   Ion mass 

q   Ion charge 

r   Ion radius  

t   Migration time  

tC  Migration time for the closed system 

tCO   Migration time for the closed-open system 

ti  Time of flight in the tube  

v   Velocity  

ν i   Ion velocity  

V   Voltage  

X  Penetration depth in the reflector 

z   Number of ion charges  

η   Solution viscosity 

μ   Total mobility 

μe  Electrophoretic mobility  

μEOF   EOF mobility  

ζ  Zeta potentials 
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