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New methods for sensitive analysis with nanoelectrospray ionization mass spectrometry  
Patrik Ek 
KTH, Royal Institute of Technology 
School of Chemical Science and Engineering 
Department of Chemistry, Division of Analytical Chemistry 

ABSTRACT  
In this thesis, new methods that address some current limitations in 
nanoelectrospray mass spectrometry (nESI-MS) analysis are presented. One of 
the major objectives is the potential gain in sensitivity that can be obtained 
when employing the proposed techniques.  
 

In the first part of this thesis, a new emitter, based on the generation of 
electrospray from a spray orifice with variable size, is presented. Electrospray is 
generated from an open gap between the edges of two individually mounted, 
pointed tips. The fabrication and evaluation of two different types of such emitters 
is presented; an ESI emitter fabricated from polyethylene terephtalate (Paper I), 
and a high-precision silicon device (Paper II). Both emitters were surface-treated in 
a selective way for an improved wetting of the gap and to confine the sample 
solution into the gap.  
 

In the second part of this thesis, different methods for improved sensitivity of  
nESI-MS analysis have been developed. In Paper III, a method for nESI-MS 
analysis from discrete sample volumes down to 1.5 nL is presented, using 
commercially available nESI needles. When analyzing attomole amounts of analyte 
in such a small volume of sample, an increased sensitivity was obtained, compared 
to when analyzing equal amounts in conventional nESI-MS analysis. To be able to 
analyze smaller sample volumes, needles with a narrower orifice and a higher flow 
resistance were needed. This triggered the development of a new method for 
fabrication of fused silica nESI needles (Paper IV). The fabrication is based on 
melting of a fused silica capillary by means of a rotating plasma, prior to pulling the 
capillary into a fine tip. Using the described technique, needles with  
sub-micrometer orifices could be fabricated. Such needles enabled the analysis of 
sample volumes down to 275 pL, and a further improvement of the sensitivity was 
obtained. In a final project (Paper V), nESI-MS was used to study the aggregation 
behavior of Aβ peptides, related to Alzheimer’s disease. An immunoprecipitation 
followed by nESI-MS was employed. This technique was also utilized to study the 
selectivity of the antibodies utilized.  
Keywords: mass spectrometry; electrospray ionization; nanoelectrospray ionization; adjustable 
gap; emitter; miniaturization; improved sensitivity; nanoliter/picoliter sample volumes; 
Alzheimer’s disease; amyloid-beta (Aβ) 
© Patrik Ek, 2010 
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Nya metoder för analys med nanoelectrospray masspektrometri med hög känslighet 
Patrik Ek 
KTH 
Skolan för Kemivetenskap 
Institutionen för Kemi, Avdelningen för Analytisk kemi 

SAMMANFATTNING  
I denna avhandling presenteras metoder som behandlar ett antal rådande 
begränsningar inom analys med nanoelektrospray masspektrometri. Ett av 
huvudmålen är att undersöka vilka möjliga förbättringar i känslighet som de 
föreslagna teknikerna kan erbjuda.  
 

I den första delen av denna avhandling presenteras en ny elektrospraykälla där 
elektrospray genereras från en mynning vars storlek kan varieras. Elektrospray 
genereras från utloppet av en öppen spalt mellan två individuellt monterade spetsar. 
Tillverkning och utvärdering av två typer av spetsar presenteras; en tillverkad av 
polyetylentereftalat (Artikel I) och en precisionstillverkad av kisel (Artikel II). 
Båda typerna av spetsar ytbehandlades selektivt för att uppnå en ökad vätning av 
kanalen samt en minimerad vätning av ytor som angränsar till kanalen.  
 

I den andra delen av denna avhandling presenteras metoder för att uppnå ökad 
känslighet inom området för nanoelektrospray masspektrometrianalys.  
I Artikel III presenteras en metod för analys av begränsade provvolymer, ner till 
en volym av 1,5 nanoliter, med hjälp av kommersiella nanoelektrospraynålar. Vid 
analys av attomolmängder av prov i en sådan liten provvolym uppnåddes en ökad 
känslighet, jämfört med konventionell nanoelektrosprayanalys med samma mängd 
prov. För att kunna analysera ännu mindre provvolymer krävdes nya 
nanoelektrospraynålar med mindre mynningshål som kan generera lägre flöden. 
Detta ledde till utvecklandet av en ny metod för tillverkning av 
nanoelektrospraynålar från kvartsglaskapillärer (Artikel IV). Tillverkningen 
baseras på att en kvarsglaskapillär smälts i centrum av ett roterande plasma, innan 
kapillären dras till en fin spets. Med hjälp av den beskrivna tekniken kunde nålar 
med submikrometermynningar tillverkas. Med sådana nålar analyserades 
provvolymer ner till 275 pikoliter vilket resulterade i en ökad känslighet. I det sista 
arbetet (Artikel V) studerades aggregering av Aβ-peptider, med koppling till 
Alzheimers sjukdom, genom att använda immunoprecipitering i kombination med 
nanoelektrospray masspektrometri. Metoden tillämpades också för att studera 
selektiviteten hos de antikroppar som användes.  
Sökord: masspektrometri; elektrosprayjonisation; nanoelektrosprayjonisation; varierbar spalt; 
elektrospraykälla; miniatyrisering; ökad känslighet; nanoliter-/pikoliter provvolymer; 
Alzheimers sjukdom; amyloid-beta (Aβ) 
© Patrik Ek, 2010 
ISBN 978-91-7415-751-2 



 vi 



 vii 

CONTENTS  

1 LIST OF PUBLICATIONS ......................................................... 1 
2 INTRODUCTION ................................................................... 3 
3 BACKGROUND OF ELECTROSPRAY EMITTERS ................................ 5 

3.1 Electrospray ionization theory ...................................................... 5 
3.2 ESI emitters ............................................................................. 9 
3.3 Miniaturized ESI emitters .......................................................... 10 
3.4 Microfabricated ESI emitters...................................................... 12 
3.5 Multispray emitters .................................................................. 14 

4 ELECTROSPRAY FROM AN ADJUSTABLE GAP ............................... 15 
4.1 Adjustable gap-electrospray from PET tips ................................... 16 

4.1.1 Fabrication of the tips ................................................................... 16 
4.1.2 ESI Setup ................................................................................... 18 
4.1.3 Initial experiments ....................................................................... 18 
4.1.4 ESI-MS experiments ..................................................................... 19 
4.1.5 Conclusions ................................................................................. 23 

4.2 Adjustable gap electrospray using silicon chips ............................. 24 
4.2.1 Fabrication of the silicon devices .................................................... 24 
4.2.2 Adjustable gap setup .................................................................... 26 
4.2.3 ESI-MS experiments ..................................................................... 27 
4.2.4 Adjustable gap interfaced to capillary electrophoresis ....................... 28 

4.2.4.1 CE-ESI-MS ................................................................................... 28 
4.2.4.2 Practical CE-MS work ..................................................................... 30 

4.3 Conclusions and outlook for the adjustable gap concept ................ 32 
5 INCREASED SENSITIVITY IN nESI-MS ANALYSIS ...................... 33 

5.1 ESI-MS from discrete nanoliter-sized sample volumes ................... 35 
5.1.1 Generation of nanoliter-sized droplets ............................................ 35 
5.1.2 Sample aspiration into the nESI needle ........................................... 36 
5.1.3 nESI-MS analysis ......................................................................... 37 
5.1.4 Influence of different nESI needle characteristics ............................. 38 
5.1.5 Chemical reactions in small sample droplets .................................... 40 
5.1.6 Conclusions ................................................................................. 42 

5.2 Fabrication of fused silica nESI needles for MS analysis of discrete 
picoliter-sized sample volumes .................................................. 43 

5.2.1 Choice of material ........................................................................ 43 
5.2.2 Setup of the pulling device ............................................................ 44 
5.2.3 Pulled needles ............................................................................. 45 
5.2.4 nESI-MS experiments ................................................................... 45 
5.2.5 Conclusions and outlooks .............................................................. 47 

5.3 IP-MS for selective isolation and identification .............................. 48 
5.3.1 Sensitive analysis in complex matrices ............................................ 48 
5.3.2 Immunoprecipitation .................................................................... 49 
5.3.3 Aggregated species of Aβ peptides ................................................. 50 
5.3.4 Characterization of aggregated species of Aβ peptides ...................... 51 
5.3.5 Conclusions ................................................................................. 54 

6 CONCLUDING REMARKS AND FUTURE PERSPECTIVES ................... 55 
7 ACKNOWLEDGEMENTS ......................................................... 56 
8 ABBREVIATIONS ................................................................ 57 
9 REFERENCES ..................................................................... 58 

APPENDICES: PAPER I-V 



 viii 

 



 
 

1 

1 LIST OF PUBLICATIONS 
 
This thesis is based on the following publications, which will be referred to in the 
text by their Roman numerals: 
 
I Electrospray ionization from a gap with adjustable width 

P. Ek, J. Sjödahl and J. Roeraade  
Rapid Communications in Mass Spectrometry, 20, 3176-3182, 2006  

II Electrospray ionization from an adjustable gap between two silicon chips 
P. Ek, T. Schönberg, J. Sjödahl, J. Jacksén, C. Vieider, Å. Emmer and  
J. Roeraade 
Journal of Mass Spectrometry, 44, 171–181, 2009 

III Electrospray ionization mass spectrometry from discrete nanoliter-sized 
sample volumes 
P. Ek, M. Stjernström, Å. Emmer and J. Roeraade 
Rapid Communications in Mass Spectrometry, 24, 2561-2568, 2010 

IV New method for fabrication of fused silica emitters with sub-micrometer 
orifices for nanoelectrospray mass spectrometry 
P. Ek and J. Roeraade 
Manuscript 

V Separation and characterization of aggregated species of amyloid-beta 
peptides 
H. Wiberg, P. Ek, F. Ekholm Pettersson, L. Lannfelt, Å. Emmer and  
J. Roeraade 
Analytical & Bioanalytical Chemistry, 397, 2357-2366, 2010 

 
Reprints are published with kind permission of the journals. 
 
The contributions of the author of this thesis to these papers are: 
I All experiments and major part of the writing 
II All experiments (except chip fabrication) and major part of the writing 
III All experiments and major part of the writing 
IV All experiments and major part of the writing 
V MS experiments and parts of the manuscript preparation 

 



 
 

 2 

Parts of the work in this thesis have also been presented at conferences: 

o Electrospray ionization from a gap with adjustable width 
P. Ek, J. Sjödahl and J. Roeraade 
Poster presented at 20th International Symposium on Microscale 
Bioseparations, Amsterdam, the Netherlands, January 22-26, 2006  
Second prize, Best Poster Award 

o Electrospray ionization from a silicon emitter with an adjustable gap 
T. Schönberg, P. Ek, J. Sjödahl, J. Roeraade and C. Vieider 
Poster presented at 11th International Conference on Miniaturized Systems 
for Chemistry and Life Sciences, µTAS, Paris, France, October 7-11, 2007 

o Electrospray ionization from an adjustable gap between two silicon chips  
P. Ek, T. Schönberg, J. Sjödahl, J. Jacksén, C. Vieider, Å. Emmer and  
J. Roeraade  
Poster presented at 22nd International Symposium on Microscale 
Bioseparations and Methods for Systems Biology, Berlin, Germany,  
March 9-13, 2008 

and 

Poster presented at Analysdagarna 2008, Göteborg, June 16-18, 2008  
First prize, Best Poster Award 

o Separation and characterization of aggregated species of amyloid-beta 
peptides 
H. Wiberg, P. Ek, F. Ekholm Pettersson, L. Lannfelt, Å. Emmer and  
J. Roeraade 
Poster presented at 25th International Symposium on Microscale 
Bioseparations, Prague, Czech Republic, March 21-25, 2010 

and 

Poster presented at Analysdagarna 2010, Uppsala, June 14-16, 2010 

o Electrospray ionization mass spectrometry from discrete nanoliter-sized 
sample volumes 
P. Ek, M. Stjernström, Å. Emmer and J. Roeraade 
Poster presented at 58th ASMS Conference on Mass Spectrometry and  
Allied Topics, Salt Lake City, Utah, USA, May 23-27, 2010  

and 

Poster presented at Analysdagarna 2010, Uppsala, June 14-16, 2010  



 
 

3 

2 INTRODUCTION 
The more compounds bioanalytical chemists are able to detect and assess, the more 
there seems to be discovered. At the same time, the currently existing instruments 
and the employed analytical techniques set the limit for what can be detected. This 
challenges researchers worldwide to find new solutions to extend the boundaries of 
the possible. One historical example of relevance is found in the dynamic field of 
mass spectrometry (MS). Ever since the advent of mass spectrometry in the year 
19121, intriguing analytical problems and applications have fuelled technical 
developments of new components to enable MS of today to be an analytical 
technique utilized for a broad range of applications in the average laboratory.2 Still, 
however, new developments are constantly ongoing and urgently needed. 
 
A major part of the current interest in MS is accounted for by two inventions, 
presented in the late 1980’s. These were the ionization techniques electrospray 
ionization (ESI)3, 4 and matrix-assisted laser desorption/ionization (MALDI)5, 6. 
These techniques revolutionized the field of analytical chemistry, especially 
bioanalytical chemistry. This is due to an ionization so gentle that large  
non-volatile molecules, e.g. proteins, are ionized without inducing fragmentation.7 
Today, ESI and MALDI are indispensible tools in the field of proteomics, i.e. the 
determination of functional genomics at the level of protein expression.8 Due to the 
capability to provide molecular identification and structural information by 
accurate mass measurement, ESI-MS and MALDI-MS can provide a depth of 
information that other techniques, usually employed in proteomics (e.g. two-
dimensional gel electrophoresis, two-hybrid analysis, and protein microarrays) fail 
to achieve.9 MALDI provides high sensitivity and can be used with very small 
discrete volumes of sample. ESI is currently the most widely used ionization 
technique for MS, much due to the possibility of a convenient interfacing with 
liquid separations, such as liquid chromatography (LC) and capillary 
electrophoresis (CE).10  
 
The applicability of ESI for proteomics research increased in the mid 1990’s, with 
the introduction of miniaturized emitters.11 The increase in sensitivity and 
decreased limit of detection possible to obtain, using such emitters, is crucial in 
many biochemical applications. One increasing field of application has been to 
utilize ESI-MS for detection and diagnosis of early stages of diseases.12 In such 
applications, success of the analysis is often dependent on detection and 
quantitation of molecular biomarkers in body fluids.13 However, a major problem 
is the low abundance of many biomarkers, in terms of absolute concentration as 
well as with regard to the extremely wide dynamic range and complexity of other 
biomolecules present in the matrices.13 The difference in concentration of the 
proteins present in body fluids far exceeds the dynamic range of current mass 
spectrometers.14, 15 Consequently, analytes of potential interest run the risk of 
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escaping detection. Therefore, a depletion of highly abundant proteins, or 
enrichment of specific target proteins, using various prefractionation technologies, 
have become increasingly important.16 Hand-in-hand, new MS techniques that 
provide an improved sensitivity and lower limit of detection from limited amounts 
of sample in complex matrices are necessary. In this respect, the design of the 
electrospray emitter plays a critical role.  
 
In the work comprised in this thesis, some of the current limitations in ESI-MS 
analysis are addressed. New emitters, as well as new approaches, to expand the use 
of currently existing nanoelectrospray emitters from a perspective of flexible use 
and improved sensitivity are presented.  
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3 BACKGROUND OF ELECTROSPRAY EMITTERS 
The major part of this thesis is focused on the devices from which the electrospray 
is generated – i.e. the electrospray emitter. The electrospray emitter is only a minor 
component in a complete ESI-MS analysis system, where the ionization process, 
the detection of ions, the mass analysis according to the m/z ratio of the analytes, 
and data read-out are included. Nevertheless, the design of the electrospray emitter 
is essential for the quality of the generated mass spectra.  
 

3.1 Electrospray ionization theory 

The electrospray ionization system is basically the interface between analyte 
molecules present in a sample solution and their presence as ions in the gas phase. 
Electrospray ionization was first presented by Dole in 196817, partly based on 
previously shown principles by e.g. Zeleny18 and Taylor19. Dole’s group succeeded 
in generating electrospray from a solution containing polystyrene with molecular 
weights exceeding 400 kDa. The basic principles of electrospray have been used in 
many different fields of application, such as spray painting of cars, drug delivery by 
inhalation and electrostatic spray deposition of pesticides on crops.20-22  
 
From the 1980’s and onwards, ESI has grown to become extensively used as an ion 
source for MS. The successful combination of ESI with MS was initially shown by 
Fenn and co-workers3, 4, 23 and approximately at the same time by Aleksandrov and 
co-workers24. Fenn et al. showed that non-fragmented multiply charged ions could 
be generated with electrospray ionization, thereby allowing mass determination of 
heavy biomolecules within the range of a few thousand m/z. The soft ionization 
without fragmentation of the analyte molecules is a key feature for the extensive 
use of electrospray in the analysis of non-volatile chargeable molecules such as 
proteins14, nucleic acids25 or whole viruses26. Fenn shared a Nobel Prize for his 
work on ESI in 2002.  
 
ESI is an atmospheric pressure ionization (API) technique. In conventional 
electrospray, a conductive hollow emitter containing a solution of solvents, 
electrolyte ions as well as charged analyte molecules is used. The open end of the 
emitter is positioned facing a counter electrode containing the inlet hole of the mass 
spectrometer. By applying a voltage difference between the emitter and the counter 
electrode, an electric field (E) according to Equation 1 is experienced by the sample 
solution at the tip of the emitter:27, 28 
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( )rdr
VE
⋅⋅

=
4ln

2       [Eq. 1] 

where V is the voltage difference between the emitter and the counter electrode, r is 
the radius of the emitter, and d is the distance between the emitter and the counter 
electrode.  
 
The electric field polarizes the liquid dielectrically at the emitter tip and a 
distribution of anions and cations is obtained. For positive ESI mode, i.e. when the 
potential at the emitter tip is exceeding that of the counter electrode, positive ions 
are attracted towards the counter electrode. When the applied voltage exceeds a 
certain threshold voltage, repulsions between the accumulated cations at the liquid 
surface cause the meniscus of the liquid to extend into a curved shape. This results 
in a further increase of the electric field at the tip. With increasing voltage, the 
electrostatic force eventually exceeds the balancing surface tension of the liquid and 
a cone jet develops (Figure 1). The equation for the required electric field ( onE ) for 
an onset of jet formation is proportional to:19, 29  

2/1

0

cos2
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≈

r
Eon ε

θγ       [Eq. 2] 

where γ is the surface tension of the solvent, 0ε  is the permittivity of vacuum, r is 
the radius of the emitter, and θ  is the half-angle of the so called Taylor cone.  
 
Equation 2 together with Equation 1 leads to the equation for onset voltage ( onV ): 

⎟
⎠
⎞

⎜
⎝
⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≈

r
drVon

4ln
2
cos

2/1

0ε
θγ      [Eq. 3] 

 
For positive ionization, the jet emerging from the Taylor cone carries a large excess 
of positive ions.30 When positive ions are extracted from the sample solution in the 
emitter tip, electron-transfer reactions must occur at the conductive contact to the 
emitter and at the counter electrode of the MS, to maintain a charge balance of the 
electrical circuit, e.g. by oxidation of negatively charged species in the solution or 
conversion of atoms from the metal to positive metal ions.31, 32  
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Figure 1: Schematic of the electrospray ionization process and the general MS instrument.  
 
The cone jet becomes unstable and small charged droplets are ejected.33 Due to 
coulombic repulsions, these droplets are driven away from each other (Figure 1).34 
When exposed to the open air, collisions with the surrounding environment cause 
the solvent to evaporate. This leads to a decreased droplet radius and an increased 
charge density (due to a constant total charge during the evaporation).35  
 
At a certain point near the so called Rayleigh limit36, the electrostatic repulsions 
exceed the preserving force of the surface tension and the droplet disintegrates into 
smaller droplets.35 The disintegration is referred to as coulombic fission or  
droplet-jet fission. In the fission process, the parent droplets have been shown to 
eject a number of offspring droplets about one order of magnitude smaller than the 
parent droplet, containing only 1-2% of the parent droplet mass, but approximately  
15-25% of the parent droplet charge.35, 37, 38 Subsequently, the generated daughter 
droplets will undergo a similar shrinkage and fission process. Repeated fission 
events of parent and daughter droplets, and repulsions between the charged 
droplets, leads to a droplet population with the shape of an expanding plume.  
 
Finally, gas-phase ions are formed from the very small droplets. Two different 
models have been proposed for this process: The charged residue model (CRM) 
presented by Dole17 and the ion evaporation model (IEM) by Iribarne and 
Thomson39. In the charge residue model, the gas-phase ions are suggested to be 
formed as a result of continuous droplet fission until each droplet only contains 
one excess ion. The ion evaporation model predicts that gas phase ion emission 
occurs directly from small droplets. The exact process of gas-phase ion formation 
has been studied extensively and is still under debate, but generally the IEM has 
been suggested to be valid for small inorganic ions and the CRM for large ions such 
as proteins.38  
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Disregarding the exact mechanism, the gas phase ions then traverse through the 
inlet hole of the MS to the mass analyzer where the ions are separated by their 
mass-to-charge ratio (m/z). Subsequently, the ions are detected and the signal from 
the detector is then transferred to the data system for conversion into a mass 
spectrum, where the signal intensity versus m/z is presented.  
 
For further reading on the fundamentals of electrospray with detailed references, 
the book Electrospray Ionization Mass Spectrometry – fundamentals, instrumentation 
& applications is recommended.40 
 

 



 
 

9 

3.2 ESI emitters  

Early ESI devices utilized a metal capillary needle, which originally was a sharp 
hypodermic needle with (typically) 100 µm inner diameter.3, 17 From such needles, 
electrospray droplets with initial diameters in the micrometer range are generated 
when the electrolyte-containing analyte solution is pumped at low µL/min flow 
rates.35, 41 Today, the most widely used ESI systems in commercial instruments are 
based on a pneumatically assisted operation.10 In these emitters, the formation of 
electrospray droplets is assisted by a shear force from a flow of an inert gas, 
coaxially distributed around the spray nozzle.42 The pneumatically assisted  
ESI emitters can be operated over a wide flow rate range, from hundreds of 
nanoliter per minute, up to a few milliliter per minute, with very little risk to clog 
the emitter. They are suitable as column outlet from liquid chromatography 
separations and have a good tolerance for changes in mobile phase composition.10 
To desolvate the generated droplets effectively, instrumental features like heated 
inlet regions and/or countercurrent flows of gas are frequently used.43 However, 
the size of the electrospray plume is considerably larger than the size of the narrow 
MS inlet hole and only a small fraction of the plume reaches the interior of the 
mass spectrometer.44, 45 Successful attempts to increase the ion transmission 
efficiency from the emitter to the first stage of reduced pressure have been made by 
using larger aperture holes, capillary inlets with increased diameters or multiple 
inlet capillaries.46-49 
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3.3 Miniaturized ESI emitters 

It is well known that the size of the initial droplets, emanating from an 
electrospray emitter, is dependent on the flow rate (as well as on other conditions, 
e.g. conductivity).50, 51 The generation of small droplets is desirable, due to an 
improved desolvation of the droplets. Furthermore, analysis of small amounts of 
biological compounds stresses the need for low sample consumption. Therefore, a 
rational consequence has been to develop techniques that allow for electrospray 
generation from lower flow rates than conventionally employed. 
 
Early efforts were made by Gale and Smith as well as by Emmet and Caprioli, who 
demonstrated electrospray with flow rates in the range of low to mid nL/min,  
by utilizing fused silica capillaries down to 5 µm ID that were etched in 
hydrofluoric acid, resulting in a fine tip.52, 53 They reported an increased sensitivity, 
compared to results obtained with conventional electrospray sources. Both these 
inventions employed liquid feed systems, where the sample solution was delivered 
to the spray capillary by means of external pumping or from the flow of a 
separation column.  
 
Another miniaturized emitter, referred to as a nanoelectrospray (nESI) emitter, was 
presented by Wilm and Mann.11, 54 Also this emitter operated at low nL/min flow 
rates, but with the important distinction from the previously presented emitters 
that the electrospray process itself determined the flow rate, without the use of an 
assisting liquid feed system. Borosilicate glass capillaries were used as spray 
capillaries pulled at one end, to result in a spray orifice of approximately 1-3 µm. 
Electrical contact was established via a gold-coating on the spray end of the 
capillary. The reduced flow rate and the narrow needle dimensions resulted in 
initial droplet diameter sizes in the range of approximately 200 nanometers.  
 
The benefits of nanoelectrospray were several. Generation of electrospray from 
lower flow rates obviously led to a lower sample consumption per time unit. Using 
the smaller ID nozzles, lower onset voltages could be employed to generate 
electrospray. Furthermore, by the generation of smaller initial droplets, the 
droplets were more efficiently desolvated, with fewer Rayleigh fission events 
between the emitter and the inlet of the MS.11 Thereby, the spray needle could be 
positioned closer to the inlet orifice of the MS. The shorter distance and the fewer 
fissions reduce the divergence of the electrospray plume, which minimizes ion 
dilution into the surrounding environment. This resulted in a higher ion density at 
the inlet hole of the MS and thereby an increased transmission of the ions/droplets 
into the MS instrument was obtained.10, 48 Altogether, an increased sensitivity was 
obtained by the use of nanoelectrospray needles.54-56 Another feature of nESI is that 
decreased or even absent analyte suppression has been observed as a result of the 
increased charge density of the droplets and the higher ion transmission efficiency 
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into the MS.57, 58 The trend was observed using flow rates below 20 nL/min and the 
finding is of prime importance for quantitative MS.59 
 
The invention of nanoelectrospray has extended the applicability of ESI-MS in a 
significant way.44 The nESI needles utilized today can generally be categorized as 
offline, online or chip-based emitters.10 Offline needles are utilized for analysis of 
discrete volumes of sample, loaded from the open back end into the tip by means 
of a pipette. Such needles are most often fabricated by pulling a ca. 1 mm OD 
capillary of borosilicate glass or quartz, into a fine tip. An online needle is often 
fabricated by melting and pulling a fused silica capillary with initial OD of a few 
hundred micrometers into a tip of a few micrometers. Such needles are generally 
used as an interface between a liquid separation column and the MS detection. 
Chip-based emitters will be further highlighted in Section 3.4.  
 
With the development of nESI needles fabricated in non-conductive materials, e.g. 
glass, new methods to obtain electrical contact between the emitter and the sample 
solution had to be developed. Numerous techniques have been presented.60, 61  
A straightforward strategy is to apply the voltage via a liquid junction by means of 
a metal union, upstream of the emitter. Alternatively, a metal wire can be inserted 
into the sample solution in the emitter. Although these are uncomplicated designs, 
they are generally not recommended when analytical separations are interfaced to 
the nESI emitter since there is a significant risk of introducing dead volumes which 
may impair the separation.62 The originally proposed technique was to sputter a 
metal layer, typically a noble metal, under vacuum conditions onto the end of the 
emitter.11, 56 This technique is still widely used, but a drawback of vacuum-sputtered 
metal coatings is the limited durability of the coating.56 Therefore, to increase the 
adhesion, a layer of SiOx, deposited onto the metal coating, has been suggested with 
increased durability as a result.63 Alternatively, to increase the adhesion, pre-coating 
of the emitter with (3-mercaptopropyl)trimethoxysilane has been proposed.64 
Polymers have also been utilized as assisting layers for adherence of gold particles65 
or graphite66, 67. Furthermore, needles with a conductive layer of polyanilin have 
been presented.68 Studies to find the most suitable and durable coating are still 
ongoing.69, 70  
 
 



 
 

 12 

3.4 Microfabricated ESI emitters 

With the introduction of miniaturized ESI emitters, the importance of precision in 
the fabrication of the emitters increased. This was motivated by the fact that 
variations in spray tip diameter and spray tip shape can influence the appearance of 
the mass spectrum, and that imprecise fabrication can lead to the introduction of 
dead volumes.71 Therefore many groups investigated the use of micromachining 
technologies for the fabrication of electrospray emitters. Such techniques generally 
offer the possibility to fabricate highly reproducible structures with  
sub-micrometer precision.72 Furthermore, the flow rates typically obtained in 
micromachined channels are on the order of low nL/min, which generally is 
compatible with nESI.73 Micromachining technologies can be utilized to process 
various materials, such as glass, polymers or silicon. The material must be carefully 
chosen to minimize possible sample adsorption onto the microdevice surfaces. 
Additionally, the material must provide sufficient chemical stability, when 
operating under electrospray conditions which often includes electrochemical 
reactions and the use of organic solvents.72  
 
Early ESI microdevices were glass chips with open end channels, where 
electrospray was generated from blunt ends.74, 75 However, the use of hydrophilic 
chips with blunt ends resulted in uncontrolled spray cones both in terms of size 
and position along the microchip end. Attempts were made to solve this problem 
by means of hydrophobic treatments, which were successful to some extent.74-76 
Another approach was to insert capillaries or conventionally fabricated 
nanoelectrospray needles into the outlet of the microchannels. This approach was 
presented almost simultaneously by a number of groups.77-80 However, the 
attachment of capillaries to microchips is rather difficult. Such interfaces can result 
in dead volumes or particulate matter that could clog the nESI emitter and the 
adhesives employed may contaminate the sample solution.71  
 
A further development was to fabricate microchip structures, where the pointed 
electrospray emitter was integrated during the microchip fabrication, as a part of 
the chip. Fully integrated emitters offer the potential advantages to simplify the 
fabrication, facilitate mass production and to reduce potential problems related to 
dead volumes or contaminants. Frequently employed technologies in the 
semiconductor industry that enable the fabrication of silicon microdevices with 
high precision in automated batch processes, have been utilized for fabrication of 
electrospray emitters. Silicon nozzles in arrays and matrices for high-throughput 
analysis were fabricated by Schultz et al.81 These are now widely used in a 
commercialized emitter manufactured by Advion BioSystems.82 Furthermore,  
thin-walled nozzle arrays fabricated in silicon or silicon dioxide have been 
described by Sjödahl et al.83 A drawback of silicon emitters is the need for advanced 
and expensive facilities for the fabrication. This is one of the main reasons for the 
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extensive use of other materials, such as polymers. A wide range of low-cost 
polymers and numerous techniques for modification of these materials have been 
employed. A hollow parylene nozzle, extending from a silicon substrate, was 
fabricated by Licklider et al. in an attempt to obtain reliable electrospray nozzles 
by a simple batch procedure.84 In another approach, microchannels were fabricated 
by plasma etching of a channel in polyimide prior to sealing of the channel with 
polyethylene terephthalate (PET) and, finally, cutting the end of the microfluidic 
channel to a pointed electrospray tip.85 Polyimide is also used in a commercial  
chip-based emitter manufactured by Agilent Technologies. Another chip-based 
nanospray source has been commercialized by Phoenix S&T, where hydrophobic 
polypropylene nozzles are used. Polycarbonate and polymethylmethacrylate 
(PMMA) have also been used in electrospray emitters, where the nozzles or 
connections to the chip were accomplished by mechanical drilling, milling, 
grinding or by polishing to obtain the final structures.86-89 However, mechanical 
treatment of the material can result in small particle residues that may disturb the 
electrospray or clog the emitter. Polydimethylsiloxane (PDMS) is suitable for 
replication by casting and has been used in emitter designs, where microchannels 
were manually cut to result in an emitter tip.90-92 However, drawbacks with PDMS 
are the lack of long-term stability as well as the risk for obtaining chemical 
background signals due to a leakage of polymer compounds.91, 93 A recent attempt 
to extract contaminants from the PDMS has been shown to decrease the 
background signals.92 Sharp pointed emitters have also been manufactured from the 
negative photo resist SU-8 with on-chip CE separations interfaced with ESI-MS.94, 95 
Le Gac et al. presented an emitter design based on the principle action of a fountain 
pen. They fabricated a reservoir for the sample solution, which was coupled to a 
slot in which the sample was transported by capillary forces to the exit of a pointed 
nib, where the electrospray was generated. Based on this design, nibs have been 
fabricated in both the negative photo resist SU-8 and in silicon.96, 97  
 
The emitters presented above are only a few examples of the numerous 
microfabricated designs, which have been reported.71 Apart from the mentioned 
devices where the emitter itself is the main issue, an increasing number of devices 
utilized for ESI-MS have integrated functionalities, such as valves, mixers, columns 
and pumps in the format of a “lab-on-a-chip”. These systems have been used to 
include CE and LC separations, as well as sample pretreatments, such as 
preconcentrations, desalting, proteolysis or tryptic digestions, etc.98  
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3.5 Multispray emitters 

In the strive for maximum sensitivity, emitters that generate multiple electrosprays 
have been used. This concept was originally based on theoretical calculations 
showing that the generated spray current is increased by the square root of the 
number of emitters, relative to a single emitter used at the same flow rate.99 
Pioneering work was performed by Tang et al., who observed a signal increase 
roughly by a factor of two, when generating electrospray from nine polycarbonate 
emitters simultaneously, compared to results obtained with single nESI needles.99 
Recently, a microstructured silica optical fiber with 30 or even 168 individual spray 
orifice holes was employed as a multinozzle for electrospray.100 All orifice holes 
were located at the end point of one single capillary channel (OD ca. 350 µm). 
Thus, the density of the emitter holes was high and ion transmission into the MS 
was expected to increase. In fact, an improved sensitivity was obtained, especially 
for flow rates below 20 nL/min.60, 100 Additionally, an array of etched fused silica 
capillaries has also been used as a multispray emitter by Kelly et al., resulting in an 
increased sensitivity compared to when using a single emitter.101, 102 A silicon 
monolithic multinozzle was presented by Kim et al. albeit without obtaining a 
significant increase in signal.103 The possible drawbacks of multinozzle approaches 
are that high voltages may be needed to obtain an electrospray and that voltage 
shielding effects are rather common.60, 101 Furthermore, higher spray currents, 
generated from multiple electrosprays do not necessarily lead to an increased signal 
for a given amount of analyte.60 
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4 ELECTROSPRAY FROM AN ADJUSTABLE GAP 
One fundamental characteristic common for contemporary electrospray emitters is 
that the dimensions of the spray nozzles are fixed. Such emitters have a number of 
possible drawbacks. First, there is a risk for clogging of needles with narrow 
dimensions of the orifice. Clogged needles may have to be discarded, often leading 
to a loss of the sample. Second, emitters with fixed dimensions can only be 
operated at limited applicable flow ranges, and the emitter cannot be adjusted to 
specific flows, e.g. from a separation column. Finally, optimization of the quality 
and stability of the analyte signal is mainly limited to adjustments in voltage and 
distance from the MS counter electrode.  
 
Paper I and Paper II present the fabrication and analytical evaluation of 
electrospray emitters that utilize a new concept, where the electrospray orifice has 
a variable size. The basic idea is to form a narrow gap, in the micrometer range, 
between the edges of two thin substrates and fill the gap with sample solution by 
capillary force, while the electrospray is generated from the end point of the gap. 
The area from where the electrospray is generated is defined by the height and the 
width of the gap and by adjusting the gap width, the area of the spray orifice can be 
varied.  
 
For optimized filling of the sample solution into the gap, a high aspect ratio 
(height/width) with smooth and hydrophilic gap walls should be employed. 
Spontaneous imbibition should occur when: 

whw θcos⋅≤        [Eq. 4] 

where w is the gap width, h is the height of the gap wall and wθ  is the contact angle 
between the gap wall and the sample solution.104 This relationship is valid for 
smooth gap walls, assuming that gravity effects can be neglected. To enhance the 
confinement of the sample solution into the gap, the surrounding surfaces should 
be hydrophobic. The spray point needs to be sharp and pointed to confine the 
spray cone to the area between the gap walls. 
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4.1 Adjustable gap-electrospray from PET tips  

In Paper I, ESI emitters fabricated in polyethylene terephthalate (PET) are 
presented.  
 

4.1.1 Fabrication of the tips 

For the fabrication of the emitter, a 36 µm thick PET film was used. A number of 
polymers were tested, and PET was chosen since initial tests showed that the PET 
film was rigid enough to allow fabrication of tips that could protrude a few 
millimeters from a support material without uncontrolled deflection. Additionally, 
no significant chemical background signals were observed. Briefly, the fabrication 
procedure was as follows (Figure 2):  
 

a) A rectangular piece of PET film was cut out from a 
larger film, using a micro scalpel. In this cutting step, 
it was important that one of the sides had a 90° edge.  

 
b) Then, the top and bottom planar surfaces of the PET 

film piece were clamped between two PMMA plates, 
with the edges of the PET film uncovered (light 
grey).  

 
c) The sandwiched PET film was then subjected to a 

hydrophilization treatment, by means of oxygen 
plasma etching105, or alternatively by a deposition of 
silicon dioxide106. The incorporated hydrophilic sites 
are schematically indicated as black dots.  

 
d) Only the outer edges of the PET film were 

hydrophilized, due to the covering of the top and 
bottom surfaces by the PMMA plates, which were 
then removed. 

 
e) The treated PET film was cut along X1 and the sides 

Y and Z, which resulted in a short tip with a 
triangular shape.  

 
f) Side X was thus hydrophilic, while all other surfaces 

were hydrophobic, due to the hydrophobic 
properties of the native polymer. The tip was 
inspected with a microscope. 

 Figure 2: Process flow of the 
PET tip fabrication. 
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The surface treatment with oxygen plasma etching (Figure 3) improved the wetting 
of the gap wall. The contact angle between sample solutions and the treated PET 
surface decreased to roughly 40%, compared to the contact angles for native PET. 
However, the long-term storage stability was rather poor. Therefore, new tips were 
fabricated, where an alternative hydrophilization treatment was chosen, in which a 
mixture of oxygen and hexamethyldisiloxane (HMDSO) was employed in the 
plasma oven.106 This resulted in a thin layer of silicon dioxide, deposited on the gap 
wall surfaces. The surface treatment led to an improved long-term storage stability. 
The resulting SiO2-treated tips could be stored for several weeks without any 
noticeable loss of wetting characteristics.  

 

 

Figure 3: Schematic of the plasma oven utilized for surface treatment of the PET tips. 
 
An essential feature of the selective hydrophilic treatment of the walls of the gap is 
that the gap is surrounded by hydrophobic surfaces. This maximizes the 
confinement of the liquid in the gap.  
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4.1.2 ESI Setup  

The PET tips were glued on supporting microscope glass slides, with the tips 
protruding from the edges of the glass slides, mounted on translation stages  
(Figure 4). The tips were aligned with the thin 90° sharp hydrophilic edges 
opposing each other, to form the gap. The sample solution was applied via a liquid 
bridge from a capillary connected to a syringe pump. The sample solution was 
electrically grounded via a stainless steel union.  
 

 

Figure 4: Schematic, showing two PET tips mounted in the setup for adjustable gap  
electrospray generation. The enlarged insert shows the sample solution applied  
via the liquid bridge to the gap and the spray point between the two PET tips.  

(Reprinted from Paper I, with modifications) 
 

4.1.3 Initial experiments 

In initial experiments, a bench-top setup was constructed where two oxygen-
plasma-treated tips were mounted as shown in Figure 4. The tips were facing a 
copper wire, serving as a counter electrode, instead of facing the MS inlet counter 
electrode. Electrospray was generated at the end point of the gap when negative 
high voltage was applied to the copper wire. Using the translation stages the width 
of the gap was varied, thus varying the spray orifice size. In Figure 5, photographs 
of the electrospray from three different gap widths are shown. From this 
experiment it was evident that electrospray generation from an adjustable gap 
between the PET tips was feasible. A decreasing size of the spray plume was 
observed when decreasing the gap width and the flow rate, respectively. 
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Figure 5: Electrospray generated from the PET tips utilizing three different  
gap widths; (a) 20 µm, (b) 10 µm and (c) 5 µm. (Reprinted from Paper I) 

 

4.1.4 ESI-MS experiments 

Further evaluations of the PET tips were carried out with the SiO2-treated tips 
mounted in front of the MS. In a series of experiments, the gap width was gradually 
increased while monitoring the analyte signal. Sample solutions of 10 µM 
angiotensin I were used and a total signal-to-noise ratio (S/N) was calculated as the 
sum of the S/N ratios for singly, doubly and triply charged angiotensin I ions. The 
results from the experiments showed a trend towards a decreased total S/N ratio, 
when the gap width was increased. This was expected since the generation of an 
electrospray from a larger spray orifice and a higher flow rate should result in 
larger initial droplet sizes, leading to lower sensitivity and ionization efficiency.51, 54 
In Figure 6, the results obtained from such an experiment are shown, where the gap 
width was gradually increased from 2 to 36 µm.  
 

 

Figure 6: Total signal-to-noise ratio of angiotensin I ions obtained  
with different gap widths. Sample solution: angiotensin I (10 µM) in  

50:50 (v/v) methanol:1mM formic acid in water. (Reprinted from Paper I) 
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From the spectra generated for each gap width, it could also be observed that the 
charge state distribution of the multicharged peptide ions varied. A weighted 
average charge state (ACS) was calculated from each spectrum according to:  

∑∑= iii IINACS       [Eq. 5] 

where iN  is the number of charges of the peptide corresponding to peak i, and  
iI  is the absolute intensity of peak i.107 

For decreased gap widths, a trend towards higher charge states was observed 
(Figure 7). This has been observed previously, when using nESI needles with 
different orifice sizes.57, 58, 108 The observed shift could be due to an increased charge 
density of the droplets when generating droplets of decreasing sizes from decreasing 
gap widths.109, 110  
 

 

Figure 7: Weighted average charge state calculated from spectra generated  
with different gap widths. Sample solution: angiotensin I (10 µM) in  

50:50 (v/v) methanol:1mM formic acid in water. (Reprinted from Paper I) 
 
Subsequently, the analytical performance of the adjustable gap emitter was 
compared to the performance of commercially available high-quality nESI needles. 
To compare emitters with similar spray orifice areas, results obtained with nESI 
needles with 10 µm ID were compared to results obtained using gap widths of  
2 µm. Equal flow rates were applied to the two systems and the distance from the 
spray point to the counter electrode was also equal. In Figure 8, two representative 
spectra obtained using the adjustable gap setup and a nESI needle, respectively, are 
shown. The ACS of the two spectra was roughly equal but a higher S/N ratio was 
observed for the data obtained from the adjustable gap emitter.  
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Figure 8: Mass spectra of 10 µM angiotensin I in 50:50 (v/v) methanol:1mM formic acid in 
water, obtained with (a) PET tips with a 2 µm gap width and (b) a 10 µm ID nESI needle. 

(Reprinted from Paper I, with modifications) 
 
This led us to believe that the increased S/N ratio was due to a concentration of the 
sample solution, resulting from an evaporation of the solvent in the open 
configuration of the liquid bridge and the adjustable gap (Figure 9).  
 

 

Figure 9: Liquid bridge interface between the sampling capillary and the gap  
between the PET tips. The possible evaporation is shown with arrows.  

 
In an offline setup, the interface of the liquid bridge was mimicked. Two syringes 
were aligned in juxtaposition to form a gap (Figure 10). A flow of sample solution 
was generated from one syringe into the gap, while draining the liquid from the gap 
by suction with the other syringe. When balance between the two flows was 
obtained, and the shape of a liquid bridge was stable, the difference between the 
applied flow rate and suction flow rate was accounted for by the evaporation rate.  
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Figure 10: Photograph of the evaporation experiment in which two syringe needles are positioned 
in juxtaposition with a liquid bridge of sample solution in between. (Reprinted from Paper I) 

 
For a sample solution of 50:50 (v/v) water:methanol and experimental conditions 
equivalent to those employed in the MS experiments (Figure 8), an evaporation of 
approximately 40% of the solvent was observed. This means that the electrosprayed 
flow rate in the MS experiment with the adjustable gap is lower than the originally 
applied flow rate from the syringe pump. Basically, this should result in an 
increased S/N ratio. However, due to the different volatilities of water and 
methanol, the evaporation could also have changed the composition of the 
electrosprayed sample solution. By injecting the content of the suction syringe into 
a gas chromatograph it was concluded that the original sample solution 
composition of 50:50 (v/v) water:methanol, after passing through the open gap, 
was 60:40 (v/v). Electrospraying such a sample solution, which has a higher water 
content and consequently a higher surface tension of the generated droplets, could 
possibly counteract the effect of obtaining an increased S/N ratio.  
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4.1.5 Conclusions  

In conclusion, it was shown that a stable electrospray can be generated from an 
adjustable gap between two PET tips, and that it was possible to change the width 
of the gap during the electrospray, for operation at different flow rates.  
 
Although an ultra-fine micro knife of carbon steel was used, cutting the polymer 
sometimes resulted in a disrupted tip shape. Multiple cuttings were occasionally 
needed before satisfactory tips were obtained. Figure 11 shows micrographs of two 
PET tips, both in need for a repeated cutting. A logical development was to look 
for another way to fabricate the emitters. We anticipated that a microfabrication 
process would have the best potential for manufacturing more precise and 
reproducible emitters.  
 

   

Figure 11: Scanning electron microscopy images showing PET tips cut with a scalpel.  
Both tips are in need for further cutting before satisfactory tips are obtained.  
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4.2 Adjustable gap electrospray using silicon chips 

It is well known that micromachining technologies offer possibilities for excellent 
precision and batch fabrication of microdevices. Therefore, silicon micromachining 
technologies were utilized to fabricate reproducible electrospray chips, as described 
in Paper II. The main focus in the fabrication process was to improve the sharpness 
of the spray point as well as the smoothness of the gap walls, compared to the 
previously described PET tips.  
 

4.2.1 Fabrication of the silicon devices 

For the design of the new electrospray chips, the general requirements outlined in 
the beginning of Section 4 were taken into consideration. The chips should be 
sufficiently large to allow handling and mounting in the electrospray setup. The 
chips should include a thin protruding structure that could form a narrow gap. 
Furthermore, the thin structure should have a very sharp pointed end and a 
smooth gap wall.  
 
The starting material used in the fabrication was a silicon wafer with the crystal 
planes in the orientation of <100>. The details of the fabrication process are 
described in Paper II. Figure 12 shows scanning electron microscopy (SEM) images 
of an electrospray chip. The thin and high aspect ratio-beam has a pointed front 
end and a blunt back end. The pointed end constitutes the spray point while the 
blunt back end facilitates the sample application from a transfer capillary to the 
rear of the gap. The sharp edge of the spray point of the beam is formed between 
the intersecting crystal planes of the <100> silicon, as a result of an anisotropic 
etching, using KOH, which forms a smooth tilted wall of a 54.7 degree angle. This 
angle and the sharpness of the edge is highly reproducible, since it is based on the 
inherent crystalline properties of the silicon. In the event of over-etching in the 
processing of the silicon, the spray point still remains sharp. The DRIE etching 
process results in scallops, i.e. surface roughness, along the sides of the beams 
(Figure 13). Nevertheless, the gap walls are unaffected, and therefore have the 
smooth surface from the originally polished top surface of the silicon wafer. 
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Figure 12: SEM images showing a silicon electrospray chip. A tilted top view to the left,  
a side view to the upper right and a close-up of the sharp spray edge to the lower right.  

The beam had dimensions of approximately 1 mm length, 150 µm height and  
28 µm width. (Reprinted from Paper II, with modifications) 

 

 

 

 

 

Figure 13: SEM image showing the back end of a beam. The DRIE process results in  
scallops (wave-like structures) due to the sequential blocking and etching. 
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In the initial fabrication procedure, the chips were individually separated from the 
wafer in a dicing step. However, silica particles generated during the dicing can 
remain on the chip surface, even after extensive washing, which may lead to a 
disturbance of the electrospray. Therefore, a second generation of the fabrication 
process was developed, where no dicing was needed. Instead, the outer boundaries 
of each chip structure were etched all the way through the wafer, apart from a very 
small hinge at one of the sides of each chip (Figure 14). Thus, each chip was 
attached to the wafer by ‘hanging’ in the hinge. When gripping the chip with a pair 
of tweezers, the hinge was easily snapped off and the chip was ready for mounting. 
Remainders of hinges can be seen in Figure 12. 
 

 

Figure 14: A photograph of five electrospray chips attached to  
the wafer by hinges. Each wafer contained 630 chips. 

 

4.2.2 Adjustable gap setup 

The bottom surface of a chip was 
glued onto the edge of a microscope 
glass slide (Figure 15). The oxidized 
silicon surfaces of the chip are 
hydrophilic. To create conditions 
which confine the liquid into the gap, 
all surfaces of the chip, apart from 
the gap wall surface, were subjected 
to a hydrophobic surface treatment 
(GlassClad 18). After the surface 
treatment, two chips were mounted 
in juxtaposition, aligned to form a 
narrow gap between the hydrophilic 
top edges of the beams (Figure 15), in 
a similar setup as for the PET tips (Figure 4). Further details can be found in  
Paper II. This setup was then aligned in front of the MS inlet. The sample solution 
was fed to the rear end of the gap from a capillary with a conically shaped end  
(Figure 16). The use of a conical outlet end of the capillary resulted in a more 
narrow liquid bridge than that obtained with a blunt capillary end (as in the setup 
using the PET tips).  

Figure 15: Schematic, showing two chips aligned 
to form a gap between the edges of the beams.  
(Reprinted from Paper II, with modifications) 
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Figure 16: Sample solution applied to the gap via a liquid bridge from  
a sample capillary. The sample solution is electrically grounded via the  

stainless steel union. (Reprinted from Paper II, with modifications) 
 

4.2.3 ESI-MS experiments 

When sample solution was fed to the rear end of the gap, a liquid bridge was 
immediately formed between the outlet end of the capillary and the gap. The liquid 
spontaneously filled the gap and electrospray was generated as soon as the high 
voltage was applied to the counter electrode. The sample solution was electrically 
grounded via a stainless steel union connected to the capillary as shown in  
Figure 16. For a given flow rate, the signal strength and stability of the analyte ions 
could be optimized by varying the gap width, the voltage and the distance from the 
spray point to the MS inlet. Gap widths could be gradually increased from 1 µm to 
25 µm, without any interruption of the electrospray. When a sample solution 
containing six peptides was continuously fed into the gap, using two different gap 
widths, the S/N ratio and ACS followed the same trends as for the results obtained 
with the PET tips.  
 
To investigate the performance of the electrospray emitter, the silicon chip emitter 
was continuously fed with a 10 nM sample solution of insulin (chain B, oxidized). 
During the electrospray, a clear and continuous signal from the triply charged 
peptide ion was observed (Figure 17). The estimated limit of detection, based on 
calculations for a S/N ratio of 3, was 4 nM. The limit of detection is approximately 
one order of magnitude better than that obtained with the PET tips.  
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Figure 17: Mass spectrum generated from a sample solution of 10 nM insulin  
(chain B, oxidized) in 49.5:50:0.5 (v/v) water:methanol:formic acid.  

(Reprinted from Paper II, with modifications) 
 

4.2.4 Adjustable gap interfaced to capillary electrophoresis 

When analyzing complex biological samples, it is often necessary to combine MS 
with a separation technique. Since the liquid bridge interface proved to be a 
straightforward way of applying the sample solution from a capillary to the gap, it 
seemed reasonable to anticipate that the adjustable gap chips could be interfaced 
with a separation capillary in the same way. In Paper II, the successful combination 
of the adjustable gap technique with capillary electrophoresis was demonstrated. 
The work is also described in Section 4.2.4.2, but first, a brief background to  
CE-ESI-MS is given in the next section. 
 

4.2.4.1 CE-ESI-MS 
Detection of compounds separated by CE is often performed with UV or 
fluorescence detectors. Although high sensitivities can be obtained, a significant 
drawback of these detection techniques is the limited possibility to identify 
unknown compounds. During the last decades it has been shown that the high 
resolving power, which is offered by CE, is well complemented with the selectivity 
and identification possibilities obtained with MS.111 CE has been interfaced to MS 
in several applications, including genomics, proteomics, glycomics, biomarker 
discovery and in drug analysis.112, 113 For hyphenation of CE and MS, ESI is the 
primary method of choice for ionization, due to a straightforward transfer of the 
analytes.114 A drawback is that standard background electrolyte buffers normally 
used in CE are not always MS compatible, due to a high salt content or an 
insufficient volatility.111 The buffers used must therefore be carefully chosen for 
both optimized CE and optimized electrospray. One of the key issues to consider 
when interfacing CE with ESI-MS is the requirement for electrical connections for 
the two electrically driven liquid flow systems. The design of the electrical contact, 
presented in previous CE-MS interfaces, can roughly be categorized into; 1) Voltage 
connection via a conductive support liquid (sheath flow) and 2) Voltage connection 
directly applied to the CE capillary in a sheathless mode.111 In sheath flow 
interfaces, the CE capillary outlet is surrounded by a sheath liquid that is mixed 
with the CE eluent at the end of the capillary where the electrical circuit is 
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completed. Usually the sheath liquid contains volatile acids and/or organic solvents 
to improve the ESI process.115 Sheath flow interfaces are robust and easy to use and 
have reached a dominant position in commercial interfaces. An alternative design 
of sheath flow interfaces has included a liquid junction between the CE capillary 
and the ESI needle. The support liquid is added via a T-junction, in which the 
electrical contact is completed.116 A potential problem with sheath flow interfaces is 
that the sheath liquid (e.g. acetonitrile) might cause swelling of the protective 
polyimide layer on the CE capillary, which may result in clogging at the 
electrospray point.117 Another disadvantage is the inevitable dilution of the 
analytes, eluting from the CE capillary. This is one of the main reasons for using 
sheathless CE-ESI-MS interfaces. Absence of sheath liquid has shown to increase 
the sensitivity by a 10-fold.118 Several strategies have been developed for closing the 
electrical circuit, including coating the capillary outlet with a conductive layer of 
metal, insertion of a conductive wire into the outlet of the CE capillary, or voltage 
connection through an etched porous junction near the spray tip.111, 119-121  
The durability of the conductive interface is a crucial issue and an intensive search 
for robust systems has been ongoing in this area.122  
 
In the CE-MS experiments described in Paper II, the most common mode of CE 
operation was employed; capillary zone electrophoresis (CZE).123 In CZE, the 
capillary is filled with an electrolyte buffer and a small plug of the sample solution 
is introduced into the capillary. When the CE separation voltage is applied, the 
analyte ions in the sample plug move with different velocities, thereby forming 
zones of ions of a certain charge and size. In our work, the sample was injected 
hydrodynamically. Although this may result in a somewhat broadened sample plug 
due to the parabolic flow profile of a pressure injection, a representative plug of the 
sample solution is introduced into the capillary without the discriminations that 
may occur with electrically assisted injection.123  
 
For a detailed theoretical background of CE, the publication by Kok is 
recommended.123  
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4.2.4.2 Practical CE-MS work 
The liquid bridge and the adjustable gap chips 
operate in an open configuration. Therefore, 
to accomplish a CE-ESI-MS interface, only 
one electrical connection between the two 
electrically driven flow systems was required. 
We constructed the electrical connection 
interface by sputtering a layer of Au/Pd onto 
the conical outlet end of a CE capillary 
(Figure 18). A conductive silver adhesive was 
applied onto the Au/Pd layer to ensure a 
durable electrical connection. This is a 
slightly modified procedure compared to the 
methods which have been presented 
previously.120 Electrical ground, both for the 
ESI and the CE processes, was connected to 
the interface.  
 
In this open interface, the use of a conical outlet end of the capillary is crucial to 
reduce the risk of introducing a dead volume and extra column bandbroadening of 
the separation. Another common source of bandbroadening is adsorption of the 
analyte ions to the inner wall of the separation capillary. For the positively charged 
peptides in the acidic solutions, which were employed in this study, adsorption will 
be excessive on the negatively charged capillary wall. However, this can be rectified 
by imparting a positive charge to the capillary wall. This was accomplished by a 
pre-treatment of the capillary with the cationic polymer Polybrene. The cationic 
polymer binds to the negatively charged capillary wall surface and the sample 
solution in the capillary therefore experiences a positive net charge of the capillary 
wall. The Polybrene treatment results in a reversed EOF, compared to the EOF 
obtained using a bare capillary wall surface. Both the inlet of the CE and the 
counter electrode of the MS were therefore operated at negative voltages.  
 
The outlet end of the CE capillary was interfaced to the rear end of a pair of the 
electrospray chips. Once the liquid bridge had been established after applying high 
voltage to the CE inlet, the flow of CE eluent through the gap was balanced by the 
magnitude of the applied electrospray voltage and by adjusting the gap width. The 
balance between the two electrically driven liquid systems is monitored by the 
shape and size of the liquid bridge. A sample solution of six peptides was analyzed 
and Figure 19 shows extracted ion electropherograms for the different charge states 
of each peptide, as well as the corresponding mass spectra. The hydrodynamic 
injection corresponded to an injected amount of approximately 15 femtomole of 
each peptide. This resulted in an average S/N ratio of 200, based on the individual 
S/N ratios of the most abundant peptide signals. Under the CE conditions 

Figure 18: CE eluent applied to the gap 
via a liquid bridge from a conductive 

capillary outlet. (Reprinted from  
Paper II, with modifications) 
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employed, the two first peptides co-eluted. Although it should be possible to 
optimize the CE separation further, this was not the primary intention of this 
work. The peptides were easy to identify by means of the MS analysis. Shifted mass 
numbers for substance P was observed, which likely is due to oxidation of the  
C-terminal amino acid methionine. It has previously been suggested by others that 
this can be a result of electrolysis of water at the CE-ESI-MS interface.124, 125  
 

 

Figure 19: Extracted ion electropherograms and corresponding mass spectra for six peptides 
analyzed with CE-MS, using the adjustable gap silicon chips. (Reprinted from Paper II) 
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4.3 Conclusions and outlook for the adjustable gap 
concept 

In Paper I and II, a new method for generating an electrospray with a variable spray 
orifice size has been presented. The employed electrospray emitters were fabricated 
either by a manual procedure, or by means of a micromachining batch process.  
For both emitter designs, an improved imbibition of the sample solution and a 
confinement of the sample solution into the gap was accomplished by means of 
surface treatments. A stable nanoelectrospray was generated for different gap 
widths and different applied flow rates. The electrospray performance could be 
optimized during operation by varying the width of the gap. The open interface 
between the gap and a sample capillary via a liquid bridge allows different 
capillaries to be interchangeably interfaced with one and the same emitter. If the 
evaporation from the liquid bridge gap could be controlled in a reproducible way, 
the liquid bridge interface might offer an interesting possibility for on-line 
concentration, which might increase the sensitivity. The adjustable gap has been 
interfaced with a CE capillary and it can be anticipated that other separation 
columns, such as liquid chromatography columns, could be interfaced as well.  
The importance of LC-MS in proteomics research is unquestioned and therefore, 
interfacing of the adjustable gap emitter with LC would be worthwhile.126  
 
It would be appealing to further decrease the size of the electrospray, by using 
thinner substrates, or by operating with sub-micrometer gap widths. In both 
alternatives, the alignment of the chips must be performed with an extreme 
precision. A present limitation is the manual mounting of the chips and the manual 
control of the gap width. It would be interesting to employ a computer-controlled 
system. This may allow a stabilization of the signal by creating a feedback loop 
between the electrospray current and the gap width, similar to what has been 
proposed for feedback between the electrospray current and the applied voltage.127  
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5 INCREASED SENSITIVITY IN nESI-MS ANALYSIS  
As outlined in the Introduction, obtaining protein expression profiles, differing 
between a patient with a certain disease and a healthy individual as a control, is an 
immense field of research in clinical and bioanalytical chemistry.13 Body fluid 
proteomics has been identified as a vast source of biomarker molecules that could 
act as ‘signatures of disease’.16, 128 Such biomarkers are suggested to be essential to 
enable disease diagnosis at early stages, to monitor disease progression, and to assess 
response to medical treatments.129 However, the analytical complexity is 
challenging. The biomarkers are often difficult to detect, due to their presence in 
extremely low concentrations, e.g. down to the pg/mL range.130 Furthermore, the 
sample matrix is often a crude body extract, such as blood (plasma or serum), urine 
or CSF, where protein concentrations can span over a large dynamic range,  
e.g. 10 orders of magnitude in plasma.130, 131 In addition, analysis is often 
complicated due to the presence of high-abundant proteins. For example, the  
10 most abundant proteins in plasma represent a minority of the protein diversity, 
but constitute more than 90% of the total protein mass and the 22 most abundant 
proteins comprise approximately 99% of the protein mass.132 In CSF, 
approximately 60% of the total protein mass consists of albumin and the 10 most 
common proteins constitute more than 80% of the mass.128 Therefore, potential 
signal suppression of the biomarkers of interest, relative to more abundant 
proteins, is a critical issue.133 This demands for sample preparation techniques to 
reduce the complexity of the body fluid matrix and/or selective enrichment of the 
target biomarkers prior to analysis. 
 
In the last decades, the development of ESI-MS has largely been driven by the 
anticipated benefits of miniaturization. Increased sensitivity, decreased sample 
consumption and decreased costs are the important benefits. Moreover, these 
factors are also important in many clinical applications.134 The benefits of 
miniaturization have been shown with many microfluidic systems, where very 
small sample volumes can be manipulated and analyzed.135 As described in  
Section 3.4, many miniaturized analysis systems with integrated nESI emitters have 
been constructed. However, most microfluidic systems have very limited sample 
loading capacity. As already mentioned, the actual situation in many bioanalytical 
applications is that only minute amounts of relevant biomarkers are present in 
body fluids.16 This requires extreme sensitivities and low limits of detection of the 
analytical techniques. Alternatively, the systems would need to be able to process 
large initial sample volumes to concentrate the analytes into a smaller volume, 
prior to analysis. This is not convenient using microfluidics, since the time required 
for dealing with initial volumes e.g. in the milliliter range, at flow rates operating in 
the nL/minute range would be impractically long.  
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Consequently, it seems rational to aim for platforms where large volumes of 
sample (e.g. body fluids) can be handled in an offline enrichment procedure, aiming 
for very small volumes of concentrate. MALDI-MS has been shown to be suitable 
for analyzing extremely small (nanoliter-sized) volumes of sample.136, 137 
Conventional offline nESI-MS analysis, however, is usually performed with sample 
volumes in the microliter range. In such volumes, the analytes may still be present 
in critically low concentrations. This stresses the demand for novel sensitive  
nESI-MS methods, suitable for the very small volumes of concentrate. It also 
accentuates the great need for further development of selective sample enrichment 
methods (e.g. immunoaffinity enrichment).  
 
Some new concepts for handling and analyzing very small sample volumes, using 
nESI, were developed and are described in Paper III, IV and V, as well as in the 
following chapters.  
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5.1 ESI-MS from discrete nanoliter-sized sample 
volumes 

The work described in Paper III was performed to investigate the suitability of 
commercially available offline nESI needles for analysis of limited amounts of 
analytes present in very small volumes of sample. For this purpose, a technique for 
handling and transfer of small sample droplets was developed.  
 

5.1.1 Generation of nanoliter-sized droplets 

A schematic of the setup is shown in Figure 20. A silicon chip was placed on the 
bottom of a glass cuvette, filled with liquid fluorocarbon. From the pointed tip of 
an etched fused silica capillary, a droplet was deposited on the silicon surface by 
applying an overpressure to a sample vial. The duration of the applied pressure 
pulse to the vial determined the size of the deposited droplet. In this way, sample 
volumes down to low picoliters can be generated and deposited.138 The technology 
is described in more detail in Paper III.  
 

 
Figure 20: Schematic of the setup employed for deposition of small volumes of  

sample onto the microchip. (Reprinted from Paper III, with modifications) 
 
The covering liquid fluorocarbon was applied in order to prevent a rapid 
evaporation of the small sample volumes.139, 140 Model experiments showed that a 
deposited 3 nL droplet (50:50 (v/v) acetonitrile:water) evaporated in about  
10 seconds, when left in open air, while it took about 10 hours for the droplet to 
disappear, when kept under a covering lid of liquid fluorocarbon. Thus, all sample 
manipulations were performed under the covering liquid fluorocarbon.  
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5.1.2 Sample aspiration into the nESI needle 

Once nanoliter-sized sample volumes had been generated and deposited onto a 
silicon chip, the subsequent step was to transfer the sample into the nESI needle. A 
schematic of the setup utilized for this procedure is shown in Figure 21.  
 

  
Figure 21: Schematic of the setup utilized for aspiration of the sample  
into the nESI needle. (Reprinted from Paper III, with modifications)  

 
The rear end of a nESI needle was connected to a glass vessel, which was connected 
to a water vacuum suction pump via an electrically controlled valve. Using 
precision translation stages, the tip of the nESI needle was aligned above a sample 
droplet. By applying a negative pressure to the glass vessel, a small volume of the 
fluorocarbon liquid was aspired into the tip of the nESI needle. The tip of the 
needle was then immersed into the sample droplet and the sample droplet was 
aspired into the needle. Finally, before the negative pressure was released, an 
additional small plug of liquid fluorocarbon was aspired into the needle. A series of 
photographs showing the aspiration of a sample droplet into the nESI needle is 
shown in Figure 22.  
 

 
Figure 22: A series of photographs showing the sample transfer process.  

Sample droplet size: 1.8 nL. (Reprinted from Paper III, with modifications) 
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The needle, with the tip filled with sample, was demounted from the setup and 
rapidly mounted in the nESI interface of the mass spectrometer. The onset of an 
electrospray was immediate when voltage was applied to the metallized surface of 
the needle. The entire sample volume was electrosprayed and the resulting signals 
were integrated to generate a mass spectrum.  
 
Loading of sample solution via the tip of nESI needles has been reported earlier by 
Feng and Smith.141 Additionally, picoliter-sized contents from a single cell have 
been transferred into the nESI needle via the needle tip.142 However, in both cases, 
the needles were pre-filled with microliter amounts of buffer solution, which 
obviously leads to a dilution of the analyte.  
 

5.1.3 nESI-MS analysis  

Utilizing the described setup with borosilicate glass emitters, an MS signal was 
obtained from sample volumes down to 1.5 nL. The resulting spectrum from the 
short electrospray pulse (ca. 0.1 minutes) generated from such a small sample 
volume, containing angiotensin I, is shown in Figure 23. We also showed that it 
was possible to perform MS/MS with approximately such a sample volume, and 
the data obtained were adequate for full amino acid sequencing of the angiotensin I.  
 

 
Figure 23: Mass spectrum generated from a 1.5 nL sample volume containing 10 µM  

angiotensin I in 49.5:50:0.5 (v/v) water:methanol:formic acid. (Reprinted from Paper III) 
 
To our knowledge, the results presented in Paper III are the first nESI-MS analyses 
of discrete sample volumes in the low-nL range, taken up from a surface. 
Electrospray has also been generated from nanoliter- to picoliter-sized volumes of 
sample in digital microfluidics setups, where segmented flows in microchannels 
determined the size of the sample volumes.143, 144 However, such segmented flows 
may lead to a dilution of the sample during the transfer to the ESI emitter tip. 
Another alternative was presented by Kennedy’s group, who stored sample 
volumes down to 2 nL, in the form of plugs, in a fused silica capillary  
and subsequently generated electrospray by infusing the plugs into an nESI 
emitter.145, 146  
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5.1.4 Influence of different nESI needle characteristics 

The limited duration of the electrospray from the nanoliter-sized sample volumes is 
the main limitation for analyzing even smaller volumes of sample. In a series of 
experiments, the results generated with nESI quartz needles were compared to 
those generated with borosilicate glass needles. Figure 24 shows photographs and 
SEM images of the needles employed.  
 

 
Figure 24: Microphotographs of the types of nESI needles utilized throughout the experiments; (a) 

A quartz needle and (b) a borosilicate glass needle. Enlargements of the tips are shown to the 
right side. Below, SEM images of the orifices of (c) an unused and a used borosilicate glass needle, 
and (d) two unused quartz needles, are shown. (Reprinted from Paper III, with modifications) 

 
According to the manufacturer, the orifice diameter of the borosilicate glass needles 
was between 1 and 2 µm. Specifications for upper and lower tolerances could not 
be provided. The manufacturer indicated that the tip of the needles might be 
completely sealed, and recommended to open the needles by gently breaking the 
tip before usage, a procedure which has also been described by others.57, 147 Such an 
operation will affect the needle-to-needle reproducibility in terms of pressure drop, 
and will lead to non-reproducible flow rates. Figure 24(c) shows an unused, sealed 
borosilicate glass needle, as obtained from the manufacturer, as well as a used needle 
that has been opened by breaking the tip. The quartz needles had specified orifice 
dimensions of 2±1 µm, and the large variation in diameter is exemplified in  
Figure 24(d), where the orifices of two unused quartz needles are shown.  
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In general, the nESI flow rates generated with the borosilicate glass needles were 
lower than the flow rates generated with the quartz needles. This is understandable, 
since the quartz tips had a much shorter elongation of the tapered section than the 
borosilicate glass needles (inserted enlargements in Figure 24(a) and (b)).58 The 
lower flow rate generated from the borosilicate glass needles should result in an 
improved sensitivity.11, 56 However, the results from our experiments showed that 
higher signal-to-noise ratios (for equal concentrations of analyte) were obtained, 
when using the quartz needles. This could be due to a lower degree of analyte 
adsorption onto the needle walls.148 This suggestion is also supported by the work 
of Chernushevich et al.149 
 
In line with the discussion above, the lowest detectable concentration (10 nM 
insulin (chain B, oxidized)) was obtained using a quartz needle. The resulting 
spectrum of the analysis with a ca. 80 nL sample droplet is shown in Figure 25(a). 
Thus, the analyzed amount was 800 attomole of analyte. When using a borosilicate 
glass needle, a higher concentration was required to obtain a detectable signal  
(50 nM insulin). However, a much smaller sample droplet (2.1 nL) could be 
analyzed with the borosilicate glass needle. The resulting spectrum, which 
corresponds to an absolute amount of 105 attomole of analyte, is shown in Figure 
25(b).  
 
In order to study the beneficial influence of an enhanced concentration, the same 
amount of analyte (105 attomole) present in a volume of 0.5 µL was loaded from a 
pipette into a borosilicate glass needle in the conventional way, and analyzed.  
No analyte signal could be detected, even after integration and noise reduction of 
the electrospray signal of the entire sample, generated during the run (25 minutes) 
(Figure 25(c)).  
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Figure 25: Mass spectra of insulin (chain B, oxidized) in 49.5:50:0.5 (v/v) 

water:acetonitrile:formic acid. (a) Analysis of 800 amole insulin in a 80 nL sample volume, 
using a quartz needle. (b) Analysis of 105 amole insulin in a 2.1 nL sample volume, using a 

borosilicate glass needle. (c) Analysis of 105 amole insulin in a 0.5 µL sample volume, loaded 
with a pipette into a borosilicate glass needle. (Reprinted from Paper III) 

 

5.1.5 Chemical reactions in small sample droplets 

Another benefit of the described system is the ability to add components to the 
sample droplets through the layer of liquid fluorocarbon. This was tested in a series 
of experiments, where chemical reactions were performed in the droplets. 
Miniaturized chemistry in very small reaction compartments is an increasing field 
of research with exciting applications.150, 151 Two separate sample droplets of a 
cytochrome C solution (ca. 15 nL each) were deposited onto the silicon surface.  
To one of the droplets, an electrospray buffer solution was added before the entire 
volume (approximately 20 nL) was aspired into a nESI needle and analyzed.  
The resulting spectrum of the protein is shown in Figure 26(a). A small volume of 
trypsin was added to the second sample droplet, and the protein was enzymatically 
digested during a period of approximately 2.5 hours. Then, an acidic electrospray 
buffer solution was added to terminate the digestion and the entire sample volume 
was analyzed. The resulting spectrum is shown in Figure 26(b). By analyzing the 
spectrum using databases, an amino acid sequence coverage of 81% of the protein 
was obtained when no missed cleavages were allowed, while 100% of the sequence 
was covered when one missed cleavage was allowed.  
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Figure 26: (a) Mass spectrum of 7 µM cytochrome C in a solution of 70% (v/v) 10 mM 

ammonium acetate in water and 30% acetonitrile with 0.2% formic acid. (b) Mass spectrum of 
tryptic digested cytochrome C after 2.5 hours of digestion in a sample volume of 15 nL. The 

electrosprayed solution had a final composition of ca. 7 µM digested cytochrome C in an 
equivalent sample solution as in (a). The peaks are assigned according to their peptide number in 
the amino acid sequence of the protein with their charge state denoted as the superscripted index. 
Peaks assigned with series of two peptide numbers in brackets are based on one missed cleavage. 

(Reprinted from Paper III) 
 
As demonstrated, we are not limited to reactions with fast kinetics. The discrete 
droplets and the cover of liquid fluorocarbon allows for extended reaction times 
prior to the analysis. Furthermore, the open access allows for the addition of 
components, to optimize the reaction conditions as well as to obtain an optimal 
composition for nESI analysis.  
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5.1.6 Conclusions  

In Paper III, we describe a technique to transfer discrete nanoliter-sized sample 
volumes to the tip of commercial nESI needles for subsequent MS analysis. 
Analysis of sample volumes down to 1.5 nL resulted in a limit of detection of 
105 attomole of insulin (chain B, oxidized). In a comparative test, using such an 
amount of analyte in a conventional offline nESI analysis (0.5 µL sample volume), 
no signal was detected. Thus, for limited amounts of analyte, we suggest that a 
confinement into a very small volume is beneficial to obtain an increased 
sensitivity. Results obtained, using nESI needles fabricated in quartz, were 
compared to those obtained, using borosilicate glass needles. A higher S/N ratio 
was obtained using quartz needles, for equal concentrations of analyte. But, the 
borosilicate glass needles allowed for analysis of smaller sample volumes, due to a 
lower generated flow rate. Therefore, it seems that a quartz needle with a high flow 
restriction would be beneficial for analysis of low amounts of analyte in very small 
sample volumes.  
 
In the described setup, handling of nanoliter-sized sample volumes was possible due 
to a covering of the sample droplets with a fluorocarbon liquid, which led to a 
drastic reduction of the evaporation of the sample solution. An open access to the 
droplets, through the fluorocarbon liquid, enabled addition of reagent solutions 
into the sample volumes. This made it possible to perform a tryptic digest over an 
extended period of time in the nanoliter-sized droplets, prior to MS analysis.  
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5.2 Fabrication of fused silica nESI needles for MS 
analysis of discrete picoliter-sized sample volumes  

A limitation of the commercial nESI needles utilized for the work presented in 
Paper III was the relatively high flow rates generated. Specifications from the 
manufacturers of the borosilicate glass, as well as the quartz needles, stated that the 
applicable flow rates are in the range of 10-100 nL/min. Therefore, to allow an 
analysis of sub-nanoliter volumes of sample, other nESI needles were required. This 
prompted us to develop a new technology for pulling fused silica capillary tubing. 
The details of this technology are described in Paper IV.  
 
A reduction of the inner dimensions of the spray orifice is the most obvious 
method to decrease the flow rate from needles operating without the use of an 
external flow (e.g. from a pump or a separation column).11, 54, 57, 63, 108  
Geromanos et al. fabricated fused silica nESI needles with 0.8 µm inner diameter 
orifices for generation of electrospray from pressure-assisted flows in the range of  
1-6 nL/min.152, 153 Additionally, as shown in Paper III as well as presented by others, 
other parameters will also affect the flow rate.10 For example, a long tapering of the 
needle will lead to a lower flow rate. This was shown by Valaskovic et al. who 
fabricated such needles, which enabled electrospray flow rates down to 
approximately 0.1 nL/min.58 Reducing the diameter of the actual capillary will also 
decrease the flow rate.56  
 

5.2.1 Choice of material 

A common procedure for in-house fabrication of nESI emitters is to melt and pull 
preforms of borosilicate glass tubing, typically 1 mm OD x 0.8 mm ID, to result in 
tapered tips with spray orifices of a few micrometers. This is basically a simple 
process. However, as discussed earlier in Section 5.1.4, quartz can provide better 
S/N ratios for equal concentrations of analyte compared to borosilicate glass 
needles. Therefore, we considered fused silica (amorphous quartz) to be the only 
material of choice.  
 
Fused silica is available in a wide variety of precise bore dimensions. It is flexible 
and extremely pure.154 However, for the high temperature required to melt fused 
silica (1665ºC), standard metal filaments are not suitable.154, 155 Using a butane 
flame, fused silica capillaries have been drawn to needles with less than 5 µm 
orifices.156 However, the reproducibility was poor and the tips had a rather 
rounded, or flattened profile around the orifice. Graphite filaments have been used 
to melt quartz capillaries, but an atmosphere of argon was required to prevent 
oxidation.157 Furthermore, tantalum filaments in a nitrogen environment have been 
used, but the filament could only be used for pulling 25 capillaries.154  
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A frequently employed technique to fabricate 
nESI needles from fused silica is by means of 
melting the capillary with a focused beam from a 
CO2-laser. Both Valaskovic et al.56, 58 and 
Geromanos et al.153 utilized this concept. The 
device is commercially available from Sutter 
Instrument Co. However, such laser pullers are 
expensive. Moreover, we observed that the tips 
of some of the purchased quartz needles had an 
asymmetric shape (Figure 27).  
 

5.2.2 Setup of the pulling device 

We constructed a device for melting a fused silica capillary in a uniform way.  
The high temperature, required for melting the capillary, was obtained by 
generating a plasma between two platinum electrodes, as a result of electrical 
discharges. The electrodes were mounted in such a way that they rotate around the 
capillary. The setup as well as the pulling procedure is described in detail in  
Paper IV. Two counteracting pulling forces are applied to the capillary during 
melting and two capillary tubes with pointed ends are obtained. Figure 28 shows 
photographs of the sequence of mounting, melting and pulling the capillary.  
The pulling device has been used intermittently over a period of several years. 
Thousands of needles have been produced without the need for maintenance.  
 

 
Figure 28: A series of photographs showing (a) the fused silica capillary mounted between the two 
platinum electrodes; (b) the generated plasma from the rotating electrodes and polyimide that is 

burnt; (c) two pulled needles being formed as the capillary melts. (Adapted from Paper IV) 
 

Figure 27: Photograph showing the 
asymmetric shape of a nESI needle. 
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5.2.3 Pulled needles 

Using the setup described in Paper IV, needles from capillaries of various diameters 
have been pulled. Different shapes of the needles can be obtained by varying the 
intensity of the plasma and/or by varying the pulling speed. Examples of some 
different needle shapes, which we were able to fabricate, are shown in Paper IV, 
Figure 4. A characterization of the parameters that affect the final shape of the 
needles has not yet been performed in detail. However, it is clear that, to allow a 
reproducible fabrication of a wide range of different needle shapes on demand, the 
different parameters for pulling would need to be controlled by a computer.  
This development is currently ongoing in our laboratory. 
 
The main goal of the project was to obtain nESI needles that generate very low 
flow rates. Therefore, a shape that enabled a high degree of flow restriction was 
chosen for the subsequent MS experiments. For the pulling procedure, the intensity 
of the plasma and the pulling speed were optimized to generate needles of the 
chosen shape. Photographs of five representative needles of the chosen type, pulled 
in consecutive order, can be seen in Figure 5 of Paper IV. Initial experiments 
showed that fused silica preforms of 100 µm ID or smaller were required to obtain 
needles with sub-micrometer orifices. The tips of the needles were usually fused at 
the end after pulling. This was remedied by a chemical etching of the needle tip for 
a few seconds, in the fumes above a small droplet of hydrofluoric acid. The 
combined pulling and etching process yielded needles with a long tapered trunk 
and inner diameters down to approximately 0.5 µm. Needles with orifices of  
0.5-1 µm resulted in flow rates in the range from 750 pL/min to 5 nL/min.  
 

5.2.4 nESI-MS experiments 

The procedure described in Section 5.1.1 and 5.1.2 was employed for the generation 
of small sample volumes and the transfer of the sample into the nESI needle, prior 
nESI-MS evaluation. Before the aspiration of the sample, the tapered ends of the 
needles had been covered by a thin layer of sputtered Au/Pd to obtain an electrical 
contact for the generation of an electrospray. The conductive metal coating on the 
tip of the needle was so thin that the aspired sample could be observed inside the 
needle. This is shown in Figure 29, where a plug of fluorocarbon liquid and 
approximately a 600 pL sample droplet had been transferred into the needle.  
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Figure 29: Photograph of a plug of fluorocarbon liquid aspired  
into the needle, followed by an aspired sample solution droplet.  

 
The low flow rate generated from the new nESI needles enabled the analysis of 
discrete sample volumes in the picoliter range. Figure 30 shows a spectrum 
obtained from a volume of approximately 400 pL of a solution containing 5 µM 
angiotensin I. The tip had an orifice of about 0.5 µm. Electrospray was generated 
during approximately 0.5 minutes, which corresponds to a flow rate of  
ca. 0.8 nL/min. A clear signal, corresponding to doubly and triply charged  
angiotensin I can be observed. Using the new needles, we were able to obtain MS 
signals from sample volumes down to 275 pL. A spectrum, obtained from such a 
sample volume is shown in Paper IV. The limit of detection, using the new needles, 
based on a S/N ratio of 3:1 and three repeated runs, was measured to be  
ca. 20 attomole, for a concentration of 50 nM insulin (chain B, oxidized).  
 

 
Figure 30: Mass spectrum generated from a 400 pL sample volume containing  

5 µM angiotensin I in 50:49.9:0.1 (v/v) water:methanol:formic acid.  
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5.2.5 Conclusions and outlooks 

In Paper IV, we have described a simple fabrication method of fused silica nESI 
needles. The pulling device is durable for extended use. Two needles are generated 
in each pulling event. It is easy to fabricate an nESI emitter at the end of a long 
capillary tube. This should allow a fabrication of e.g. CE columns with an 
integrated nESI emitter as column outlet. Needles with sub-micrometer orifices 
were made from fused silica preforms of 100 µm ID or smaller. Using such needles, 
nESI flow rates in the high pL/min to low nL/min range were generated, suitable 
for the analysis of discrete sample volumes in the picoliter-range. The use of the 
fabricated needles for the analysis of attomole amounts of insulin (chain B, 
oxidized) in picoliter-sized sample volumes, resulted in an increased sensitivity, 
compared to the best results obtained using commercial needles.  
 
A detailed study of the needle characteristics has not yet been carried out. 
However, it is obvious that a computer control of the variables, affecting the 
reproducibility of the fabrication process, would be beneficial. This includes the 
chemical etching procedure for opening the needle tips.  
 
When pushing the sensitivity of the analysis, the importance of operating under 
conditions where as many ions as possible are produced and transferred into the 
mass spectrometer is obvious. In nESI-MS, the overall efficiency, from transfer of 
analytes in solution to detection of the ions, is on the order of a few percent.54, 147, 153 
Improved ion transmission has been reported by the use of a short transfer 
capillary between the inlet region of the MS and the ion source.49 The MS 
instrument utilized in our work had a rather long glass transfer capillary. Also, 
compared to modern instrumentation, the scanning times are slow.9 This leads us 
to believe that an instrument with improved ion transmission, ion optics and a 
faster scanning of the mass filter could lead to a further improvement of sensitivity. 
 
In the work presented in Paper III and IV, the small sample volumes containing 
model components were transferred from a sample container via a capillary and 
deposited onto the silicon chip. A challenging task will be to develop techniques to 
concentrate analytes from real world samples into such small volumes for 
subsequent nESI-MS analysis.  
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5.3 IP-MS for selective isolation and identification 

In Paper V, we have employed immunoprecipitation for the selective enrichment 
of analytes, prior to nESI-MS analysis. This work was performed as part of a 
project related to studies of Alzheimer’s disease (AD) in collaboration with  
Uppsala University. First, a short introduction of immunoprecipitation and 
aggregation of Aβ peptides is presented. 
 

5.3.1 Sensitive analysis in complex matrices 

As outlined in the beginning of Section 5, many biochemical analyses are 
performed using body fluids as the initial matrices.13, 16 To reduce the large dynamic 
range of protein concentrations from such matrices prior to analysis, a variety of 
prefractionation techniques have been suggested. Common techniques for isolation 
of fractions are various liquid chromatographic or electrophoretic techniques.158 
Furthermore, size-based centrifugation techniques, e.g. filtration through molecular 
weight cutoff membranes or ultrafiltration etc., are commonly used. Alternatively, 
surface-targeted fractionation by means of SELDI or solid phase extraction have 
been presented.133  
 
More specific, affinity-based techniques, can be employed to reduce the complexity 
by depletion of one or more proteins, e.g. by using commercial protein removal 
columns or kits.158, 159 However, there is a risk that depletion of high abundant 
proteins may cause depletion of biomarkers closely bound to the abundant 
proteins, most notably albumin.160 If the chemical structure of the biomarker of 
interest is well-known, a selective enrichment, based on affinity to a certain 
structural epitope or to a functional group of the biomarker may be performed.161 
In many methods, presently used for enrichment and purification, as well as for 
diagnosis of infectious diseases, a frequently used strategy is based on molecular 
recognition using antibodies. The selective antibody-antigen binding is routinely 
utilized, e.g. for identification of proteins using Western Blot, or quantitative 
protein analysis using ELISA, protein localization in tissue or cells in 
immunohistochemistry or immunofluorescence, or for isolation of proteins from 
complex samples, using immunoprecipitation (IP).  
 
An advantage of MS is that an information of the chemical structure of the analytes 
can be obtained, without an a priori knowledge of the identity of the protein. 
However, compared to protein detection and quantitation using ELISA, MS 
analyses are generally less sensitive.162, 163 Nevertheless, using selective enrichment 
based on immunoprecipitation prior to MS, enhanced sensitivity can be obtained, 
as has been shown in the work of Whiteaker et al. where a 1000-fold increase in 
protein signal was observed.163  
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5.3.2 Immunoprecipitation  

In IP procedures, a capturing agent is utilized to non-covalently bind a target 
analyte structure in the sample solution. The capturing agent is often bound 
directly to a solid substrate, such as superparamagnetic beads or agarose beads. 
Immunoprecipitation, based on beads, is well suited for offline applications and 
allows for capture of certain compounds from large sample volumes. Compared to 
agarose beads, where centrifugation is necessary to handle the beads, 
superparamagnetic beads are easily manipulated using magnets.164 This enables a 
straightforward automation in robotics setups.165 Magnetic beads have been utilized 
in a wide variety of biochemical applications for isolation, separation and 
purification of proteins and peptides, cells, and nucleic acids.163, 165-168 This has been 
achieved by linking the surfaces of the beads with a wide range of specific 
functional groups, e.g. broad-selective ligands, such as carboxylated functional 
groups for the immobilization of proteins, or streptavidin for the capture of 
biotinylated proteins, or protein G/A/Z for the capture of immunoglobulins.168 
Additionally, a very common technique is to couple monoclonal or polyclonal 
antibodies onto the surface of the beads for subsequent capture of specific antigen 
peptides or proteins.  
 
Briefly, the IP process when using antibodies bound to magnetic beads is as follows; 
the beads are mixed with a body fluid extract for the incubation time necessary to 
form an immunocomplex, i.e the immuno-assisted precipitation. The beads are 
then collected by means of a magnetic separator and the supernatant is discarded. 
Then, repeated washing steps are performed, to release matrix components,  
non-specifically bound onto the beads and/or onto the antibodies. It should be 
noted that the salts, left after the washing steps in the IP procedure may impair the 
ESI-MS analysis. The presence of residual salts may result in a decreased peak 
resolution, impaired ionization, ion suppression, and/or adduct ion formation.162 
Therefore, the buffers employed must be carefully chosen to be MS-compatible, or 
a desalting step must precede the MS analysis. Generally, the bound antigen is 
released from the antibody by means of solvent extraction, using high ionic 
strengths, or, as in most MS applications, using acidic conditions.169-171 The normal 
procedure is to release the antigen into a significantly smaller extraction volume 
compared to the initial volume of the sample, to obtain a concentration effect. A 
schematic of the IP-MS procedure is shown in Figure 31. Apart from an  
MS analysis, the immunoprecipitated protein extract can be used for e.g. protein 
characterization using ELISA or Western Blot.  
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Figure 31: Schematic of the process of immunoprecipitation with magnetic beads. 

 

5.3.3 Aggregated species of Aβ peptides 

The progressive disorder of Alzheimer’s disease is the most common form of 
dementia and is therefore of significant social and economic importance.172 AD is 
characterized by neuronal impairment that eventually leads to neuronal death and 
the presence of both senile plaques and neurofibrillary tangles.173 It is generally 
accepted that amyloid-beta peptides (Aβ), generated from secretase cleavage of the 
753-residue β-amyloid precursor protein, are important factors in the etiology  
of AD.174 Aβ peptides have been detected in various biological fluids such as CSF, 
urine, and plasma, with Aβ1-40 as the dominant Aβ species.167, 175-177 The Aβ peptides 
can, with different propensities, form soluble aggregates and eventually insoluble 
extracellular plaques.178-180 It has been shown that the peptides Aβ1-38 to Aβ1-43 are 
frequently present in senile plaques and that Aβ1-42 is generally more prone to 
aggregation than Aβ1-40.181-183 However, it is today not fully understood if the 
plaques are the major toxic aggregate form or if soluble aggregates of the  
Aβ peptides, such as protofibrils, are causative agents for AD.179, 184 Nevertheless, 
their function as potential biomarkers, or their relation to potential biomarkers, 
for disease detection or progression, is an immense field of research.185 Thus, it is 
important to develop analytical methods to characterize all species present in the 
aggregation process of Aβ peptides.  
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The combination of IP and MS for characterization and assessment of Aβ species 
has been shown in a number of studies.162, 167, 186 MALDI-MS has often been the 
primary choice to assess the Aβ peptides, likely due to the high sensitivity obtained 
with MALDI and because the offline format is well suited for the IP process, using 
magnetic beads. However, using MALDI, it has been shown that photoinduced 
fragmentation of Aβ peptides may occur.187  
 

5.3.4 Characterization of aggregated species of Aβ peptides  

The project presented in Paper V was performed in collaboration with the 
Department of Molecular Geriatrics, Uppsala University. This laboratory has 
previously developed antibodies, targeting aggregated states of certain proteins 
associated with Alzheimer’s disease.188  
 
In the work presented in Paper V, we show that isoelectric focusing (IEF) is a 
feasible method for separation of aggregated forms of Aβ and monomeric/low 
molecular weight species of Aβ. IEF is a mild separation technique, based on 
focusing at the pI of the proteins, and has the potential of providing a high 
resolution. First, monomeric/low molecular weight species of Aβ1–40 and 
protofibrils of Aβ1–42, respectively, were analyzed by means of IEF. Bands, 
indicating the presence of various sizes of monomers/low molecular weight species 
and aggregates, were observed in the case of Aβ1–42, thereby indicating that different 
aggregated Aβ species have different pI. Then, IEF separations, followed by 
immunodetection with selective antibodies for Aβ1–40 or Aβ1–42, was performed 
from a pool of combination protofibrils aggregated from both Aβ1–40 and Aβ1–42 
peptides. These experiments verified the presence of both Aβ peptides in the 
combination protofibrils. To confirm the presence of protofibrils prior to 
characterization, the formation and the formation kinetics of the protofibrils were 
measured by means of ELISA, using a protofibril-selective antibody. The results are 
promising in the way that IEF seems to be suitable to separate monomers/low 
molecular weight species from different aggregate forms. However, the main 
limitation with IEF-immunodetection is that the identity and relative composition 
of the monomers in the aggregates cannot be determined. 
 
Therefore, a further characterization to identify the monomeric composition of the 
combination protofibrils was made, using IP-nESI-MS. The combination 
protofibrils were precipitated using a protofibril-selective antibody (mAb158) 
bound to a secondary antibody, which was covalently bound to the magnetic 
beads. To facilitate a subsequent MS detection, the commonly used TBS, which 
contains large amounts of sodium, was replaced by TRIS in the washing buffers. 
After washing of the beads, the bound protofibrils were released in an extraction 
step using formic acid. In the acidic solution, assemblies of Aβ are converted to 
monomers. A part of the extract was transferred to a borosilicate glass needle and 
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mixed with acetonitrile prior to nESI-MS analysis. In Figure 32, mass spectra 
obtained from the capture of the combination protofibrils are shown. Both Aβ1-40 
and Aβ1-42 are clearly identified, which confirms that both Aβ peptides are 
incorporated in the protofibrils.  
 

 
Figure 32: Mass spectra from IP-nESI-MS analyses of protofibrils using the protofibril-selective 

antibody mAb158. Protofibrils were aggregated from a monomeric mixture of Aβ1–40 and Aβ1–42 
with Aβ1–40:Aβ1–42 ratios of (a), (d) 1:3, (b), (e) 1:1, and (c), (f) 3:1, incubated for  

(a), (b), (c) 4 h, and (d), (e), (f) 48 h, respectively. (Reprinted from Paper V) 
 
Furthermore, by comparing the three spectra in each of the vertical lanes, 
respectively, (Figure 32(a), (b), (c) and (d), (e), (f)), a relative increase of the ratio of 
Aβ1-40:Aβ1-42 can be observed when increasing the relative amounts of monomeric 
Aβ1-40 during protofibril formation. However, the signal does not reflect the initial 
relative amount. The signal from Aβ1-42 incorporated in the protofibrils was more 
intense than that of Aβ1-40 in all cases, which is in line with the results reported in 
previous studies.182, 183 Moreover, the pairwise horizontal comparison of the spectra 
generated after 4h or 48h, respectively (Figure 32(a) and (d); (b) and (e); (c) and (f), 
respectively), show that, in the dynamic process of the protofibril formation, Aβ1-40 
is gradually incorporated to an increasing extent over time, which is also in 
agreement with the results, obtained from the kinetic measurements, using ELISA.  
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In further experiments, IP-nESI-MS was used in an evaluation of the selectivity of 
the protofibril-selective antibody, mAb158, compared to the selectivity of an  
Aβ-selective antibody (mAb1C3). mAb1C3 is selective to the Aβ backbone, and is 
therefore likely to bind to the protofibrils as well as to the peptide monomers 
present, while mAb158 predominantly binds to protofibrils.188 A rather short, 
hydrophilic Aβ-peptide, Aβ1-16, was utilized as a selectivity marker in these 
experiments. The marker was added immediately prior to immunoprecipitation. 
The Aβ1-16 peptide is presumed to have a negligible propensity to aggregate188 and, 
therefore, no incorporation of Aβ1-16 into the protofibril structures was expected. 
The samples were spiked with 10% and 50% CSF, respectively. The results 
obtained are shown in Figure 33. No signal, due to Aβ1-16, could be detected in the 
precipitate using mAb158 (Figure 33(a) and (b)), while a triply charged Aβ1-16 ion 
was detected in the mAb1C3 precipitate (Figure 33(c) and (d)).  
 

 
Figure 33: Mass spectra from IP-nESI-MS analyses of protofibrils from a monomeric mixture of 
Aβ1–40 and Aβ1–42 with an Aβ1–40:Aβ1–42 ratio of 1:3, spiked with 1:20 Aβ1–16 using the antibodies 
(a), (b) mAb158, and (c), (d) mAb1C3, respectively. (a) and (c) represent sample with 10% (v/v) 

CSF, whereas (b) and (d) represent samples with 50% (v/v) CSF. (Reprinted from Paper V) 
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5.3.5 Conclusions  

In this project, we showed that monomers and different aggregates of Aβ peptides 
appear to have different isoelectric points and that IEF could be useful for 
separation of such species.  
 

The MS analysis showed that it was possible to assess the relative composition of 
protofibrils composed of Aβ1-40 and Aβ1-42. The dynamics of the assembly process  
of Aβ peptides and the influence of the relative initial monomeric amounts of  
Aβ peptides present during protofibril formation were also observed. We conclude 
that IP-MS and the Aβ1-16 peptide marker can be utilized for measurements of the 
selectivity of a protofibril-selective antibody (mAb158) compared to the selectivity 
of an Aβ-selective antibody (mAb1C3). From the experiments carried out with 
samples spiked with CSF, we conclude that the Aβ protofibrils can be detected in 
presence of this biological matrix. However, the obtained sensitivity is not 
sufficient for detection of naturally occurring aggregates in body fluids.  
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6 CONCLUDING REMARKS AND FUTURE PERSPECTIVES 
In the work comprised in this thesis, new nanoelectrospray emitters as well as new 
approaches, to expand the use of currently existing nanoelectrospray emitters have 
been presented. An electrospray emitter with a variable size of the spray orifice, in 
two different designs, has been described. Using the adjustable gap we were able to 
optimize the size of the electrospray emitter orifice in relation to the incoming 
flow from a CE capillary. Furthermore, nESI-MS analysis of nanoliter-sized 
discrete sample volumes using commercial offline nESI needles has been shown. In 
comparative experiments, an increased sensitivity for a given amount (in the 
attomole range) of analyte was obtained when the analysis was performed with a 
nanoliter-sized sample volume, compared to the microliter-sized volumes, 
employed in conventional nESI-MS analysis. The limit of the smallest sample 
volume possible to analyze was extended into the picoliter-range, by the use of 
nESI needles with sub-micrometer orifices, fabricated in-house with a new 
technology. In this way, a further improvement of sensitivity was obtained. 
Finally, immunoprecipitation has been employed, in combination with nESI-MS, 
to study the aggregation behavior of Aβ1-40 and Aβ1-42 peptides.  
 
Based on the results described in Paper III, IV and V, it seems attractive to combine 
the approach of selective isolation of bioanalytes by means of 
immunoprecipitation, followed by extraction and concentration of the captured 
antigen into very small volumes, for subsequent picospray-ESI-MS analysis.  
 
Fabrication of nESI needles with an improved reproducibility still remains a very 
important issue. Additionally, a further miniaturization of the electrospray 
emitters, for operation in the low pL/min range would be interesting to explore. 
This may allow an analysis of analyte amounts in the zeptomole range. In this 
context, instrumental improvements to ensure that an increased amount of sample 
from the electrospray is transferred into, and detected by the mass spectrometer, 
are needed to improve the sensitivity.  
 
Conclusively, I hope that the work presented in this thesis has provided yet 
another small piece to the puzzle of increasing the sensitivity of nESI-MS analysis 
and that the work will serve as a source of inspiration to others to continue with 
further developments and applications in this fascinating field. 
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8 ABBREVIATIONS  
Aβ Amyloid-Beta
ACS Average charge state
AD Alzheimer’s disease
API Atmospheric pressure ionization
CE Capillary electrophoresis
CRM Charged residue model
CSF Cerebrospinal fluid
CZE Capillary zone electrophoresis
DRIE Deep reactive ion etching
ELISA Enzyme-linked immunosorbent assay
ESI Electrospray ionization
HMDSO Hexamethyldisiloxane
ID Internal diameter
IEF Isoelectric focusing
IEM Ion evaporation model
IP Immunoprecipitation
LC Liquid chromatography
m/z Mass-to-charge ratio
mAb Monoclonal antibody
MALDI Matrix-assisted laser desorption/ionization 
MS Mass spectrometry
nESI Nanoelectrospray ionization
OD Outer diameter
PDMS Polydimethylsiloxane
PET Polyethylene terephthalate
PMMA Polymethylmethacrylate
SELDI Surface-enhanced laser 

desorption/ionization 
SEM Scanning electron microscopy
S/N Signal-to-noise ratio
TBS Tris-buffered saline
TRIS Tris(hydroxymethyl)aminomethane
v/v Volume-to-volume ratio
  



 
 

 58 

9 REFERENCES 
1. Griffiths, I.W., J.J. Thomson - The centenary of his discovery of the electron and 

of his invention of mass spectrometry. Rapid Communications in Mass 
Spectrometry, 1997, 11 (1). p.3-16. 

2. Special Issue - Mass Spectrometry. Chemical Reviews, 2001, 101 (2). 
3. Yamashita, M. and Fenn, J.B., Electrospray ion source. Another variation on 

the free-jet theme. Journal of Physical Chemistry, 1984, 88 (20). p.4451-4459. 
4. Fenn, J.B., Mann, M., Meng, C.K., Wong, S.F., and Whitehouse, C.M., 

Electrospray Ionization for Mass-Spectrometry of Large Biomolecules. Science, 
1989, 246 (4926). p.64-71. 

5. Karas, M. and Hillenkamp, F., Laser Desorption Ionization of Proteins with 
Molecular Masses Exceeding 10000 Daltons. Analytical Chemistry, 1988, 60 
(20). p.2299-2301. 

6. Tanaka, K., Waki, H., Ido, Y., Akita, S., Yoshida, Y., and Yoshida, T., 
Protein and polymer analyses up to m/z 100 000 by laser ionization time-of-
flight mass spectrometry. Rapid Communications in Mass Spectrometry, 
1988, 2 (8). p.151-153. 

7. Vestal, M.L., Methods of ion generation. Chemical Reviews, 2001, 101 (2). 
p.361-375. 

8. Aebersold, R. and Mann, M., Mass spectrometry-based proteomics. Nature, 
2003, 422 (6928). p.198-207. 

9. Han, X.M., Aslanian, A., and Yates, J.R., Mass spectrometry for proteomics. 
Current Opinion in Chemical Biology, 2008, 12 (5). p.483-490. 

10. Covey, T.R., Thomson, B.A., and Schneider, B.B., Atmospheric Pressure Ion 
Sources. Mass Spectrometry Reviews, 2009, 28 (6). p.870-897. 

11. Wilm, M. and Mann, M., Electrospray and Taylor-Cone theory, Dole's beam of 
macromolecules at last? International Journal of Mass Spectrometry and Ion 
Processes, 1994, 136 (2-3). p.167-180. 

12. Kushnir, M.M., Rockwood, A.L., and Bergquist, J., Liquid Chromatography-
Tandem Mass Spectrometry Applications in Endocrinology. Mass Spectrometry 
Reviews, 2010, 29 (3). p.480-502. 

13. Hu, S., Loo, J.A., and Wong, D.T., Human body fluid proteome analysis. 
Proteomics, 2006, 6 (23). p.6326-6353. 

14. Domon, B. and Aebersold, R., Review - Mass spectrometry and protein 
analysis. Science, 2006, 312 (5771). p.212-217. 

15. Smith, R.D., Trends in mass spectrometry instrumentation for proteomics. 
Trends in Biotechnology, 2002, 20 (12). p.S3-S7. 

16. Ahn, S.M. and Simpson, R.J., Body fluid proteomics: Prospects for biomarker 
discovery. Proteomics Clinical Applications, 2007, 1. p.1004-1015. 

17. Dole, M., Mack, L.L., Hines, R.L., Mobley, R.C., Ferguson, L.D., and 
Alice, M.B., Molecular Beams of Macroions. Journal of Chemical Physics, 
1968, 49 (5). p.2240-2249. 

18. Zeleny, J., Instability of electrified liquid surfaces. Physical Review, 1917, 10. 
p.1-6. 



 
 

59 

19. Taylor, G., Disintegration of water drops in an electric field. Proceedings of 
the Royal Society of London, Series A (Mathematical and Physical 
Sciences), 1964, 280 (1382). p.383-397. 

20. Bailey, A.G., Electrostatic Spraying of Liquids. 1988, New York: Wiley  
21. Special Issue - Electrosprays - Theory and Applications. Journal of Aerosol 

Science, 1994, 25 (6). 
22. Salata, O.V., Tools of nanotechnology: Electrospray. Current Nanoscience, 

2005, 1 (1). p.25-33. 
23. Yamashita, M. and Fenn, J.B., Negative ion production with the electrospray 

ion source. Journal of Physical Chemistry, 1984, 88 (20). p.4671-4675. 
24. Alexandrov, M.L., Gall, L.N., Krasnov, N.V., Nikolaev, V.I., Pavlenko, 

V.A., and Shkurov, V.A., Ion Extraction from Solutions at Atmospheric-
Pressure - a Method of Mass-Spectrometric Analysis of Bioorganic Substances. 
Doklady Akademii Nauk Sssr, 1984, 277 (2). p.379-383. 

25. Nordhoff, E., Kirpekar, F., and Roepstorff, P., Mass spectrometry of nucleic 
acids. Mass Spectrometry Reviews, 1996, 15 (2). p.67-138. 

26. Bothner, B. and Siuzdak, G., Electrospray ionization of a whole virus: 
Analyzing mass, structure, and viability. Chembiochem, 2004, 5 (3). p.258-
260. 

27. Pfeifer, R.J. and Hendricks, C.D., Parametric Studies of Electrohydrodynamic 
Spraying. AIAA Journal, 1968, 6 (3). p.496-502. 

28. Loeb, L.B., Kip, A.F., Hudson, G.G., and Bennett, W.H., Pulses in Negative 
Point-to-Plane Corona. Physical Review, 1941, 60 (10). p.714-722. 

29. Smith, D.P.H., The Electrohydrodynamic Atomization of Liquids. IEEE 
Transactions on Industry Applications, 1986, IA-22 (3). p.527-535. 

30. Blades, A.T., Ikonomou, M.G., and Kebarle, P., Mechanism of Electrospray 
Mass-Spectrometry - Electrospray as an Electrolysis Cell. Analytical Chemistry, 
1991, 63 (19). p.2109-2114. 

31. van Berkel, G.J. and Kertesz, V., Using the electrochemistry of the electrospray 
ion source. Analytical Chemistry, 2007, 79 (15). p.5510-5520. 

32. Kebarle, P. and Tang, L., From Ions in Solution to Ions in the Gas-Phase - the 
Mechanism of Electrospray Mass-Spectrometry. Analytical Chemistry, 1993, 65 
(22). p.A972-A986. 

33. Cloupeau, M. and Prunetfoch, B., Electrohydrodynamic Spraying Functioning 
Modes - a Critical-Review. Journal of Aerosol Science, 1994, 25 (6). p.1021-
1036. 

34. Tang, K. and Gomez, A., On the Structure of an Electrostatic Spray of 
Monodisperse Droplets. Physics of Fluids, 1994, 6 (7). p.2317-2332. 

35. Gomez, A. and Tang, K.Q., Charge and Fission of Droplets in Electrostatic 
Sprays. Physics of Fluids, 1994, 6 (1). p.404-414. 

36. Lord.Rayleigh, in Philos. mag. 1882. 
37. Taflin, D.C., Ward, T.L., and Davis, E.J., Electrified Droplet Fission and the 

Rayleigh Limit. Langmuir, 1989, 5 (2). p.376-384. 
38. Kebarle, P. and Verkerk, U.H., Electrospray: from Ions in Solution to Ions in 

the Gas Phase, What We Know Now. Mass Spectrometry Reviews, 2009, 28 
(6). p.898-917. 



 
 

 60 

39. Iribarne, J.V. and Thomson, B.A., On the evaporation of small ions from 
charged droplets. Journal of Chemical Physics, 1976, 64 (6). p.2287-2294. 

40. Electrospray Ionization Mass Spectrometry: Fundamentals, Instrumentation and 
Applications, ed. R.B. Cole. 1997, New York: John Wiley & Sons, Inc. 577. 

41. Kebarle, P. and Ho, Y., On the mechanism of electrospray mass spectrometry, 
in Electrospray Ionization Mass Spectrometry: Fundamentals, Instrumentation 
and Applications, R.B. Cole, Editor. 1997, John Wiley and sons, Inc.: New 
York. p. 3-63. 

42. Bruins, A.P., Covey, T.R., and Henion, J.D., Ion Spray Interface for 
Combined Liquid Chromatography/Atmospheric Pressure Ionization Mass-
Spectrometry. Analytical Chemistry, 1987, 59 (22). p.2642-2646. 

43. Manisali, I., Chen, D.D.Y., and Schneider, B.B., Electrospray ionization 
source geometry for mass spectrometry: past, present, and future. TRAC - 
Trends in Analytical Chemistry, 2006, 25 (3). p.243-256. 

44. Karas, M., Bahr, U., and Dulcks, T., Nano-electrospray ionization mass 
spectrometry: addressing analytical problems beyond routine. Fresenius Journal 
of Analytical Chemistry, 2000, 366 (6-7). p.669-676. 

45. Cech, N.B. and Enke, C.G., Practical implications of some recent studies in 
electrospray ionization fundamentals. Mass Spectrometry Reviews, 2001, 20 
(6). p.362-387. 

46. Kim, T., Udseth, H.R., and Smith, R.D., Improved ion transmission from 
atmospheric pressure to high vacuum using a multicapillary inlet and 
electrodynamic ion funnel interface. Analytical Chemistry, 2000, 72 (20). 
p.5014-5019. 

47. Page, J.S., Kelly, R.T., Tang, K., and Smith, R.D., Ionization and 
transmission efficiency in an electrospray ionization-mass spectrometry interface. 
Journal of the American Society for Mass Spectrometry, 2007, 18 (9). 
p.1582-1590. 

48. Schneider, B.B., Javaheri, H., and Covey, T.R., Ion sampling effects under 
conditions of total solvent consumption. Rapid Communications in Mass 
Spectrometry, 2006, 20 (10). p.1538-1544. 

49. Page, J.S., Marginean, I., Baker, E.S., Kelly, R.T., Tang, K.Q., and Smith, 
R.D., Biases in Ion Transmission Through an Electrospray Ionization-Mass 
Spectrometry Capillary Inlet. Journal of the American Society for Mass 
Spectrometry, 2009, 20 (12). p.2265-2272. 

50. Ikonomou, M.G., Blades, A.T., and Kebarle, P., Electrospray Ion Spray - a 
Comparison of Mechanisms and Performance. Analytical Chemistry, 1991, 63 
(18). p.1989-1998. 

51. de la Mora, J.F. and Loscertales, I.G., The Current Emitted by Highly 
Conducting Taylor Cones. Journal of Fluid Mechanics, 1994, 260. p.155-184. 

52. Gale, D. and Smith, R.D., Small volume and low flow-rate electrospray 
ionization mass spectrometry of aqueous sample. Rapid Communications in 
Mass Spectrometry, 1993, 7. p.1017-1021. 

53. Emmett, M.R. and Caprioli, R.M., Micro-electrospray mass spectrometry: 
ultra-high-sensitivity analysis of peptides and proteins. Journal of the American 
Society for Mass Spectrometry, 1994, 5 (7). p.605-613. 



 
 

61 

54. Wilm, M. and Mann, M., Analytical properties of the nanoelectrospray ion 
source. Analytical Chemistry, 1996, 68 (1). p.1-8. 

55. Juraschek, R., Dulcks, T., and Karas, M., Nanoelectrospray - more than just a 
minimized-flow electrospray ionization source. Journal of the American 
Society for Mass Spectrometry, 1999, 10 (4). p.300-308. 

56. Valaskovic, G.A., Kellenher, N.L., Little, D.P., Aaserud, D.J., and 
McLafferty, F.W., Attomole-sensivity electrospray source for large-molecule 
mass spectrometry. Analytical Chemistry, 1995, 67 (20). p.3802-3805. 

57. Schmidt, A., Karas, M., and Dulcks, T., Effect of different solution flow rates 
on analyte ion signals in nano-ESI MS, or: When does ESI turn into nano-ESI? 
Journal of the American Society for Mass Spectrometry, 2003, 14 (5). p.492-
500. 

58. Valaskovic, G.A., Utley, L., Lee, M.S., and Wu, J.T., Ultra-low flow 
nanospray for the normalization of conventional liquid chromatography/mass 
spectrometry through equimolar response: standard-free quantitative estimation 
of metabolite levels in drug discovery. Rapid Communications in Mass 
Spectrometry, 2006, 20 (7). p.1087-1096. 

59. Tang, K.Q., Page, J.S., and Smith, R.D., Charge competition and the linear 
dynamic range of detection in electrospray ionization mass spectrometry. 
Journal of the American Society for Mass Spectrometry, 2004, 15 (10). 
p.1416-1423. 

60. Gibson, G.T.T., Mugo, S.M., and Oleschuk, R.D., Nanoelectrospray emitters: 
Trends and perspective. Mass Spectrometry Reviews, 2009, 28 (6). p.918-936. 

61. Wood, T.D., Moy, M.A., Dolan, A.R., Bigwarfe Jr., P.M., White, T.P., 
Smith, D.R., and Higbee, D.J., Miniaturization of electrospray ionization 
mass spectrometry. Applied Spectroscopy Reviews, 2003, 38 (2). p.187-244. 

62. Maxwell, E.J. and Chen, D.D.Y., Twenty years of interface development for 
capillary electrophoresis-electrospray ionization-mass spectrometry. Analytica 
Chimica Acta, 2008, 627 (1). p.25-33. 

63. Valaskovic, G.A. and McLafferty, F.W., Long-lived metallized tips for 
nanoliter electrospray mass spectrometry. Journal of the American Society for 
Mass Spectrometry, 1996, 7 (12). p.1270-1272. 

64. Kriger, M.S., Cook, K.D., and Ramsey, R.S., Durable Gold-Coated Fused-
Silica Capillaries for Use in Electrospray Mass-Spectrometry. Analytical 
Chemistry, 1995, 67 (2). p.385-389. 

65. Barnidge, D.R., Nilsson, S., and Markides, K.E., A design for low-flow 
sheathless electrospray emitters. Analytical Chemistry, 1999, 71 (19). p.4115-
4118. 

66. Nilsson, S., Wetterhall, M., Bergquist, J., Nyholm, L., and Markides, K.E., 
A simple and robust conductive graphite coating for sheathless electrospray 
emitters used in capillary electrophoresis/mass spectrometry. Rapid 
Communications in Mass Spectrometry, 2001, 15 (21). p.1997-2000. 

67. Wetterhall, M., Nilsson, S., Markides, K.E., and Bergquist, J., A conductive 
polymeric material used for nanospray needle and low-flow sheathless 
electrospray ionization applications. Analytical Chemistry, 2002, 74 (1). 
p.239-245. 



 
 

 62 

68. Maziarz, E.P., Lorenz, S.A., White, T.P., and Wood, T.D., Polyaniline: A 
conductive polymer coating for durable nanospray emitters. Journal of the 
American Society for Mass Spectrometry, 2000, 11 (7). p.659-663. 

69. Smith, D.R., Moy, M.A., Dolan, A.R., and Wood, T.D., Analytical 
performance characteristics of nanoelectrospray emitters as a function of 
conductive coating. Analyst, 2006, 131 (4). p.547-555. 

70. Wetterhall, M., Klett, O., Markides, K.E., Nyholm, L., and Bergquist, J., A 
comparison of the electrochemical stabilities of metal, polymer and graphite 
coated nanospray emitters. Analyst, 2003, 128 (6). p.728-733. 

71. Koster, S. and Verpoorte, E., A decade of microfluidic analysis coupled with 
electrospray mass spectrometry: An overview. Lab on a Chip, 2007, 7 (11). 
p.1394-1412. 

72. Lazar, I.M., Grym, J., and Foret, F., Microfabricated devices: A new sample 
introduction approach to mass spectrometry. Mass Spectrometry Reviews, 
2006, 25 (4). p.573-594. 

73. Sung, W.C., Makamba, H., and Chen, S.H., Chip-based microfluidic devices 
coupled with electrospray ionization-mass spectrometry. Electrophoresis, 2005, 
26 (9). p.1783-1791. 

74. Ramsey, R.S. and Ramsey, J.M., Generating electrospray from microchip 
devices using electroosmotic pumping. Analytical Chemistry, 1997, 69 (6). 
p.1174-1178. 

75. Xue, Q., Foret, F., Dunayevskiy, Y.M., Zavracky, P.M., McGruer, N.E., 
and Karger, B.L., Multichannel microchip electrospray mass spectrometry. 
Analytical Chemistry, 1997, 69 (3). p.426-430. 

76. Xue, Q.F., Dunayevskiy, Y.M., Foret, F., and Karger, B.L., Integrated 
multichannel microchip electrospray ionization mass spectrometry: Analysis of 
peptides from on-chip tryptic digestion of melittin. Rapid Communications in 
Mass Spectrometry, 1997, 11 (12). p.1253-1256. 

77. Figeys, D., Ning, Y., and Aebersold, R., Microfabricated device for rapid 
protein identification by microelectrospray ion trap mass spectrometry. 
Analytical Chemistry, 1997, 69 (16). p.3153-3160. 

78. Bings, N.H., Wang, C., Skinner, C.D., Colyer, C.L., Thibault, P., and 
Harrison, D.J., Microfluidic devises connected to fused-silica capillaries with 
minimal dead volume. Analytical Chemistry, 1999, 71 (15). p.3292-3296. 

79. Lazar, I.M., Ramsey, R.S., Sundberg, S., and Ramsey, J.M., Subattomole-
sensitivity microchip nanoelectrospray source with time-of-flight mass 
spectrometry detection. Analytical Chemistry, 1999, 71 (17). p.3627-3631. 

80. Zhang, B., Liu, H., Karger, B.L., and Foret, F., Microfabricated devices for 
capillary electrophoresis-electrospray mass spectrometry. Analytical Chemistry, 
1999, 71 (15). p.3258-3264. 

81. Schultz, G.A., Corso, T.N., Prosser, S.J., and Zhang, S., A fully integrated 
monolithic microchip electrospray device for mass spectrometry. Analytical 
Chemistry, 2000, 72 (17). p.4058-4063. 

82. Zhang, S., Van Pelt, C.K., and Henion, J.D., Automated chip-based 
nanoelectrospray-mass spectrometry for rapid identification of proteins separated 
by two-dimensional gel electrophoresis. Electrophoresis, 2003, 24 (21). p.3620-
3632. 



 
 

63 

83. Sjodahl, J., Melin, J., Griss, P., Emmer, A., Stemme, G., and Roeraade, J., 
Characterization of micromachined hollow tips for two-dimensional 
nanoelectrospray mass spectrometry. Rapid Communications in Mass 
Spectrometry, 2003, 17 (4). p.337-341. 

84. Licklider, L., Wang, X.Q., Desai, A., Tai, Y.C., and Lee, T.D., A 
micromachined chip-based electrospray source for mass spectrometry. Analytical 
Chemistry, 2000, 72 (2). p.367-375. 

85. Gobry, V., van Oostrum, J., Martinelli, M., Rohner, T.C., Reymond, F., 
Rossier, J.S., and Girault, H.H., Microfabricated polymer injector for direct 
mass spectrometry coupling. Proteomics, 2002, 2 (4). p.405-412. 

86. Wen, J., Lin, Y.H., Xiang, F., Matson, D.W., Udseth, H.R., and Smith, 
R.D., Microfabricated isoelectric focusing device for direct electrospray 
ionization-mass spectrometry. Electrophoresis, 2000, 21 (1). p.191-197. 

87. Schilling, M., Nigge, W., Rudzinski, A., Neyer, A., and Hergenroder, R., A 
new on-chip ESI nozzle for coupling of MS with microfluidic devices. Lab on a 
Chip, 2004, 4 (3). p.220-224. 

88. Svedberg, M., Pettersson, A., Nilsson, S., Bergquist, J., Nyholm, L., 
Nikolajeff, F., and Markides, K., Sheathless electrospray from polymer 
microchips. Analytical Chemistry, 2003, 75 (15). p.3934-3940. 

89. Muck, A. and Svatos, A., Atmospheric molded poly(methylmethacrylate) 
microchip emitters for sheathless electrospray. Rapid Communications in Mass 
Spectrometry, 2004, 18 (13). p.1459-1464. 

90. Kim, J.S. and Knapp, D.R., Microfabricated PDMS multichannel emitter for 
electrospray ionization mass spectrometry. Journal of the American Society 
for Mass Spectrometry, 2001, 12 (4). p.463-469. 

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

92. Sun, X.F., Kelly, R.T., Tang, K.Q., and Smith, R.D., Ultrasensitive 
nanoelectrospray ionization-mass spectrometry using poly(dimethylsiloxane) 
microchips with monolithically integrated emitters. Analyst, 2010, 135 (9). 
p.2296-2302. 

93. Huikko, K., Ostman, P., Grigoras, K., Tuomikoski, S., Tiainen, V.M., 
Soininen, A., Puolanne, K., Manz, A., Franssila, S., Kostiainen, R., and 
Kotiaho, T., Poly(dimethylsiloxane) electrospray devices fabricated with 
diamond-like carbon-poly(dimethylsiloxane) coated SU-8 masters. Lab on a 
Chip, 2003, 3 (2). p.67-72. 

94. Sikanen, T., Tuomikoski, S., Ketola, R.A., Kostiainen, R., Franssila, S., and 
Kotiaho, T., Fully Microfabricated and Integrated SU-8-Based Capillary 
Electrophoresis-Electrospray Ionization Microchips for Mass Spectrometry. 
Analytical Chemistry, 2007, 79 (23). p.9135-9144. 

95. Tuomikoski, S., Sikanen, T., Ketola, R.A., Kostiainen, R., Kotiaho, T., and 
Franssila, S., Fabrication of enclosed SU-8 tips for electrospray ionization-mass 
spectrometry. Electrophoresis, 2005, 26 (24). p.4691-4702. 

96. Le Gac, S., Arscott, S., Cren-Olive, C., and Rolando, C., Two-dimensional 
microfabricated sources for nanoelectrospray. Journal of Mass Spectrometry, 
2003, 38 (12). p.1259-1264. 



 
 

 64 

97. Arscott, S., Legrand, B., Buchaillot, L., and Ashcroft, A.E., A silicon beam-
based microcantilever nanoelectrosprayer. Sensors and Actuators B-Chemical, 
2007, 125 (1). p.72-78. 

98. Prudent, M. and Girault, H.H., Functional electrospray emitters. Analyst, 
2009, 134 (11). p.2189-2203. 

99. Tang, K., Lin, Y., Matson, D.W., Kim, T., and Smith, R.D., Generation of 
multiple electrosprays using microfabricated emitter arrays for improved mass 
spectrometric sensitivity. Analytical Chemistry, 2001, 73 (8). p.1658-1663. 

100. Su, S.Q., Gibson, G.T.T., Mugo, S.M., Marecak, D.M., and Oleschuk, R.D., 
Microstructured Photonic Fibers as Multichannel Electrospray Emitters. 
Analytical Chemistry, 2009, 81 (17). p.7281-7287. 

101. Kelly, R.T., Page, J.S., Marginean, I., Tang, K.Q., and Smith, R.D., 
Nanoelectrospray emitter arrays providing interemitter electric field uniformity. 
Analytical Chemistry, 2008, 80 (14). p.5660-5665. 

102. Kelly, R.T., Page, J.S., Tang, K.Q., and Smith, R.D., Array of chemically 
etched fused-silica emitters for improving the sensitivity and quantitation of 
electrospray ionization mass spectrometry. Analytical Chemistry, 2007, 79 
(11). p.4192-4198. 

103. Kim, W., Guo, M.Q., Yang, P.D., and Wang, D.J., Microfabricated 
monolithic multinozzle emitters for nanoelectrospray mass spectrometry. 
Analytical Chemistry, 2007, 79 (10). p.3703-3707. 

104. Brinkmann, M., Blossey, R., Arscott, S., Druon, C., Tabourier, P., Le Gac, 
S., and Rolando, C., Microfluidic design rules for capillary slot-based 
electrospray sources. Applied Physics Letters, 2004, 85 (11). p.2140-2142. 

105. Egitto, F.D., Vukanovic, V., and Taylor, G.N., Plasma Etching of Organic 
Polymers, in Plasma deposition, treatment, and polymers, R. d'Agostino, 
Editor. 1990, Academic Press, Inc.: San Diego. p. 321-422. 

106. Johansson, K., Gas barrier properties of plasma-deposited coatings - Substrate 
effects, in Polymer Surface Modification: Relevance to adhesion, K.L. Mittal, 
Editor. 2000, VSP: Utrecht. p. 575-603. 

107. Wang, G. and Cole, R.B., Effect of solution ionic strength on analyte charge 
state distributions in positive and negative ion electrospray mass spectrometry. 
Analytical Chemistry, 1994, 66 (21). p.3702-3708. 

108. Li, Y. and Cole, R.B., Shifts in Peptide and Protein Charge State Distributions 
with Varying Spray Tip Orifice Diameter in Nanoelectrospray Fourier 
Transform Ion Cyclotron Resonance Mass Spectrometry. Analytical Chemistry, 
2003, 75 (21). p.5739-5746. 

109. Marginean, I., Nemes, P., Parvin, L., and Vertes, A., How much charge is 
there on a pulsating Taylor cone? Applied Physics Letters, 2006, 89 (6). 

110. Nemes, P., Marginean, I., and Vertes, A., Spraying mode effect on droplet 
formation and ion chemistry in electrosprays. Analytical Chemistry, 2007, 79 
(8). p.3105-3116. 

111. Schmitt-Kopplin, P. and Frommberger, M., Capillary electrophoresis - mass 
spectrometry: 15 years of developments and applications. Electrophoresis, 2003, 
24 (22-23). p.3837-3867. 

112. Klampfl, C.W., Recent advances in the application of capillary electrophoresis 
with mass spectrometric detection. Electrophoresis, 2006, 27 (1). p.3-34. 



 
 

65 

113. Servais, A.C., Crommen, J., and Fillet, M., Capillary electrophoresis-mass 
spectrometry, an attractive tool for drug bioanalysis and biomarker discovery. 
Electrophoresis, 2006, 27 (13). p.2616-2629. 

114. Hernandez-Borges, J., Neususs, C., Cifuentes, A., and Pelzing, M., On-line 
capillary electrophoresis-mass spectrometry for the analysis of biomolecules. 
Electrophoresis, 2004, 25 (14). p.2257-2281. 

115. Sanz-Nebot, V., Balaguer, E., Benavente, F., and Barbosa, J., Comparison of 
sheathless and sheath-flow electrospray interfaces for the capillary electrophoresis-
electrospray ionization-mass spectrometry analysis of peptides. Electrophoresis, 
2005, 26 (7-8). p.1457-1465. 

116. Lee, E.D., Muck, W., Henion, J.D., and Covey, T.R., Liquid Junction 
Coupling for Capillary Zone Electrophoresis Ion Spray Mass-Spectrometry. 
Biomedical and Environmental Mass Spectrometry, 1989, 18 (9). p.844-850. 

117. Baeuml, F. and Welsch, T., Improvement of the long-term stability of 
polyimide-coated fused-silica capillaries used in capillary electrophoresis and 
capillary electrochromatography. Journal of Chromatography A, 2002, 961 
(1). p.35-44. 

118. Kelly, J.F., Ramaley, L., and Thibault, P., Capillary zone electrophoresis-
electrospray mass spectrometry at submicroliter flow rates: Practical 
considerations and analytical performance. Analytical Chemistry, 1997, 69 
(1). p.51-60. 

119. Issaq, H.J., Janini, G.M., Chan, K.C., and Veenstra, T.D., Sheathless 
electrospray ionization interfaces for capillary electrophoresis-mass spectrometric 
detection - Advantages and limitations. Journal of Chromatography A, 2004, 
1053 (1-2). p.37-42. 

120. Zamfir, A.D., Recent advances in sheathless interfacing of capillary 
electrophoresis and electrospray ionization mass spectrometry. Journal of 
Chromatography A, 2007, 1159 (1-2). p.2-13. 

121. Moini, M., Simplifying CE-MS operation. 2. Interfacing low-flow separation 
techniques to mass spectrometry using a porous tip. Analytical Chemistry, 
2007, 79 (11). p.4241-4246. 

122. Stutz, H., Advances in the analysis of proteins and peptides by capillary 
electrophoresis with matrix-assisted laser desorption/ionization and electrospray-
mass spectrometry detection. Electrophoresis, 2005, 26 (7-8). p.1254-1290. 

123. Kok, W.T., Capillary electrophoresis: Instrumentation and operation. 
Chromatographia, 2000, 51. p.S5-S89. 

124. Barnidge, D.R., Nilsson, S., Markides, K.E., Rapp, H., and Hjort, K., 
Metallized sheathless electrospray emitters for use in capillary electrophoresis 
orthogonal time-of-flight mass spectrometry. Rapid Communications in Mass 
Spectrometry, 1999, 13 (11). p.994-1002. 

125. Bateman, K.P., Electrochemical properties of capillary electrophoresis-
nanoelectrospray mass spectrometry. Journal of the American Society for Mass 
Spectrometry, 1999, 10 (4). p.309-317. 

126. Niessen, W.M.A., Progress in liquid chromatography-mass spectrometry 
instrumentation and its impact on high-throughput screening. Journal of 
Chromatography A, 2003, 1000 (1-2). p.413-436. 



 
 

 66 

127. Gapeev, A., Berton, A., and Fabris, D., Current-Controlled Nanospray 
Ionization Mass Spectrometry. Journal of the American Society for Mass 
Spectrometry, 2009, 20 (7). p.1334-1341. 

128. Roche, S., Gabelle, A., and Lehmann, S., Clinical proteomics of the 
cerebrospinal fluid: Towards the discovery off now biomarkers. Proteomics 
Clinical Applications, 2008, 2 (3). p.428-436. 

129. Shi, M., Caudle, W.M., and Zhang, J., Biomarker discovery in 
neurodegenerative diseases: A proteomic approach. Neurobiology of Disease, 
2009, 35 (2). p.157-164. 

130. Anderson, N.L. and Anderson, N.G., The human plasma proteome - History, 
character, and diagnostic prospects. Molecular & Cellular Proteomics, 2002, 1 
(11). p.845-867. 

131. Anderson, N.L. and Anderson, N.G., The human plasma proteome: History, 
character, and diagnostic prospects (vol 1, pg 845, 2002). Molecular & Cellular 
Proteomics, 2003, 2 (1). p.50-50. 

132. Tirumalai, R.S., Chan, K.C., Prieto, D.A., Issaq, H.J., Conrads, T.P., and 
Veenstra, T.D., Characterization of the low molecular weight human serum 
proteome. Molecular & Cellular Proteomics, 2003, 2 (10). p.1096-1103. 

133. Righetti, P.G., Castagna, A., Antonioli, P., and Boschetti, E., 
Prefractionation techniques in proteome analysis: The mining tools of the third 
millennium. Electrophoresis, 2005, 26 (2). p.297-319. 

134. Lee, S.J. and Lee, S.Y., Micro total analysis system (µTAS) in biotechnology. 
Applied Microbiology and Biotechnology, 2004, 64 (3). p.289-299. 

135. Chiu, D.T., Lorenz, R.M., and Jeffries, G.D.M., Droplets for Ultrasmall-
Volume Analysis. Analytical Chemistry, 2009, 81 (13). p.5111-5118. 

136. Hatakeyama, T., Chen, D.L.L., and Ismagilov, R.F., Microgram-scale testing 
of reaction conditions in solution using nanoliter plugs in microfluidics with 
detection by MALDI-MS. Journal of the American Chemical Society, 2006, 
128 (8). p.2518-2519. 

137. Lopez, M.F. and Pluskal, M.G., Protein micro- and macroarrays: digitizing 
the proteome. Journal of Chromatography B, 2003, 787 (1). p.19-27. 

138. Hartmann, M., Sjodahl, J., Stjernstrom, M., Redeby, J., Joos, T., and 
Roeraade, J., Non-contact protein microarray fabrication using a procedure 
based on liquid bridge formation. Analytical and Bioanalytical Chemistry, 
2009, 393 (2). p.591-598. 

139. Berthier, E., Warrick, J., Yu, H., and Beebe, D.J., Managing evaporation for 
more robust microscale assays - Part 1. Volume loss in high throughput assays. 
Lab on a Chip, 2008, 8 (6). p.852-859. 

140. Litborn, E. and Roeraade, J., Liquid lid for biochemical reactions in chip-based 
nanovials. Journal of Chromatography B, 2000, 745 (1). p.137-147. 

141. Feng, B.B. and Smith, R.D., A simple nanoelectrospray arrangement with 
controllable flowrate for mass analysis of submicroliter protein samples. Journal 
of the American Society for Mass Spectrometry, 2000, 11 (1). p.94-99. 

142. Masujima, T., Live Single-cell Mass Spectrometry. Analytical Sciences, 2009, 
25 (8). p.953-960. 

143. Fidalgo, L.M., Whyte, G., Ruotolo, B.T., Benesch, J.L.P., Stengel, F., Abell, 
C., Robinson, C.V., and Huck, W.T.S., Coupling Microdroplet Microreactors 



 
 

67 

with Mass Spectrometry: Reading the Contents of Single Droplets Online. 
Angewandte Chemie-International Edition, 2009, 48 (20). p.3665-3668. 

144. Kelly, R.T., Page, J.S., Marginean, I., Tang, K.Q., and Smith, R.D., 
Dilution-Free Analysis from Picoliter Droplets by Nano-Electrospray Ionization 
Mass Spectrometry. Angewandte Chemie-International Edition, 2009, 48 (37). 
p.6832-6835. 

145. Pei, J., Li, Q., Lee, M.S., Valaskovic, G.A., and Kennedy, R.T., Analysis of 
Samples Stored as Individual Plugs in a Capillary by Electrospray Ionization 
Mass Spectrometry. Analytical Chemistry, 2009, 81 (15). p.6558-6561. 

146. Li, Q., Pei, J., Song, P., and Kennedy, R.T., Fraction Collection from 
Capillary Liquid Chromatography and Off-line Electrospray Ionization Mass 
Spectrometry Using Oil Segmented Flow. Analytical Chemistry, 2010, 82 (12). 
p.5260-5267. 

147. El-Faramawy, A., Siu, K.W.M., and Thomson, B.A., Efficiency of nano-
electrospray ionization. Journal of the American Society for Mass 
Spectrometry, 2005, 16 (10). p.1702-1707. 

148. Choi, Y.S. and Wood, T.D., Silanization of inner surfaces of nanoelectrospray 
ionization emitters for reduced analyte adsorption. Rapid Communications in 
Mass Spectrometry, 2008, 22 (8). p.1265-1274. 

149. Chernushevich, I.V., Bahr, U., and Karas, M., Nanospray "taxation' and how 
to avoid it. Rapid Communications in Mass Spectrometry, 2004, 18 (20). 
p.2479-2485. 

150. Kelly, B.T., Baret, J.C., Taly, V., and Griffiths, A.D., Miniaturizing 
chemistry and biology in microdroplets. Chemical Communications, 2007 
(18). p.1773-1788. 

151. Huebner, A., Sharma, S., Srisa-Art, M., Hollfelder, F., Edel, J.B., and 
deMello, A.J., Microdroplets: A sea of applications? Lab on a Chip, 2008, 8 (8). 
p.1244-1254. 

152. Geromanos, S., Philip, J., Freckleton, G., and Tempst, P., Injection 
adaptable fine ionization source ('JaFIS') for continuous flow nano-electrospray. 
Rapid Communications in Mass Spectrometry, 1998, 12 (9). p.551-556. 

153. Geromanos, S., Freckleton, G., and Tempst, P., Tuning of an electrospray 
ionization source for maximum peptide-ion transmission into a mass 
spectrometer. Analytical Chemistry, 2000, 72 (4). p.777-790. 

154. Lundqvist, A., Pihl, J., and Orwar, O., Tantalum-filament pulling device for 
fabrication of submicrometer fused silica tips. Analytical Chemistry, 2000, 72 
(22). p.5740-5743. 

155. Levis, R.A. and Rae, J.L., The Use of Quartz Patch Pipettes for Low-Noise 
Single-Channel Recording. Biophysical Journal, 1993, 65 (4). p.1666-1677. 

156. Davis, M.T., Stahl, D.C., Hefta, S.A., and Lee, T.D., A Microscale 
Electrospray Interface for Online, Capillary Liquid-Chromatography Tandem 
Mass-Spectrometry of Complex Peptide Mixtures. Analytical Chemistry, 1995, 
67 (24). p.4549-4556. 

157. Munoz, J.L. and Coles, J.A., Quartz Micropipettes for Intracellular Voltage 
Microelectrodes and Ion-Selective Microelectrodes. Journal of Neuroscience 
Methods, 1987, 22 (1). p.57-64. 



 
 

 68 

158. Jmeian, Y. and El Rassi, Z., Liquid-phase-based separation systems for 
depletion, prefractionation and enrichment of proteins in biological fluids for in-
depth proteomics analysis. Electrophoresis, 2009, 30 (1). p.249-261. 

159. Fang, X.M. and Zhang, W.W., Affinity separation and enrichment methods in 
proteomic analysis. Journal of Proteomics, 2008, 71 (3). p.284-303. 

160. Mehta, A.I., Ross, S., Lowenthal, M.S., Fusaro, V., Fishman, D.A., 
Petricoin, E.F., and Liotta, L.A., Biomarker amplification by serum carrier 
protein binding. Disease Markers, 2003, 19 (1). p.1-10. 

161. Pernemalm, M., Lewensohn, R., and Lehtio, J., Affinity prefractionation for 
MS-based plasma proteomics. Proteomics, 2009, 9 (6). p.1420-1427. 

162. Sparbier, K., Wenzel, T., Dihazi, H., Blaschke, S., Muller, G.A., Deelder, 
A., Flad, T., and Kostrzewa, M., Immuno-MALDI-TOF MS: New perspectives 
for clinical applications of mass spectrometry. Proteomics, 2009, 9 (6). p.1442-
1450. 

163. Whiteaker, J.R., Zhao, L., Zhang, H.Y., Feng, L.C., Piening, B.D., 
Anderson, L., and Paulovich, A.G., Antibody-based enrichment of peptides for 
mass-spectrometry-based quantification on magnetic beads of serum biomarkers. 
Analytical Biochemistry, 2007, 362 (1). p.44-54. 

164. Safarik, I. and Safarikova, M., Magnetic techniques for the isolation and 
purification of proteins and peptides. BioMagnetic Research and Technology, 
2004, 2 (1). p.7. 

165. Peter, J.F. and Otto, A.M., Magnetic particles as powerful purification tool for 
high sensitive mass spectrometric screening procedures. Proteomics, 2010, 10 
(4). p.628-633. 

166. Anderson, N.L., Jackson, A., Smith, D., Hardie, D., Borchers, C., and 
Pearson, T.W., SISCAPA Peptide Enrichment on Magnetic Beads Using an In-
line Bead Trap Device. Molecular & Cellular Proteomics, 2009, 8 (5). p.995-
1005. 

167. Portelius, E., Westman-Brinkmalm, A., Zetterberg, H., and Blennow, K., 
Determination of beta-amyloid peptide signatures in cerebrospinal fluid using 
immunoprecipitation-mass spectrometry. Journal of Proteome Research, 2006, 
5 (4). p.1010-1016. 

168. Corchero, J. and Villaverde, A., Biomedical applications of distally controlled 
magnetic nanoparticles. Trends in Biotechnology, 2009, 27 (8). p.468-476. 

169. Hennion, M.C. and Pichon, V., Immuno-based sample preparation for trace 
analysis. Journal of Chromatography A, 2003, 1000 (1-2). p.29-52. 

170. Pieper, R., Su, Q., Gatlin, C.L., Huang, S.T., Anderson, N.L., and Steiner, 
S., Multi-component immunoaffinity subtraction chromatography: An 
innovative step towards a comprehensive survey of the human plasma proteome. 
Proteomics, 2003, 3 (4). p.422-432. 

171. Markham, K., Bai, Y., and Schmitt-Ulms, G., Co-immunoprecipitations 
revisited: an update on experimental concepts and their implementation for 
sensitive interactome investigations of endogenous proteins. Analytical and 
Bioanalytical Chemistry, 2007, 389 (2). p.461-473. 

172. Blennow, K., de Leon, M.J., and Zetterberg, H., Alzheimer's disease. Lancet, 
2006, 368 (9533). p.387-403. 



 
 

69 

173. Selkoe, D.J., Cell biology of protein misfolding: The examples of Alzheimer's 
and Parkinson's diseases. Nature Cell Biology, 2004, 6 (11). p.1054-1061. 

174. Ling, Y., Morgan, K., and Kalsheker, N., Amyloid precursor protein (APP) 
and the biology of proteolytic processing: relevance to Alzheimer's disease. 
International Journal of Biochemistry & Cell Biology, 2003, 35 (11). p.1505-
1535. 

175. Hoglund, K., Wiklund, O., Vanderstichele, H., Eikenberg, O., 
Vanmechelen, E., and Blennow, K., Plasma levels of beta-amyloid((1-40)), beta-
amyloid((1-42)), and total beta-amyloid remain unaffected in adult patients with 
hypercholesterolemia after treatment with statins. Archives of Neurology, 
2004, 61 (3). p.333-337. 

176. Ghiso, J., Calero, M., Matsubara, E., Governale, S., Chuba, J., Beavis, R., 
Wisniewski, T., and Frangione, B., Alzheimer's soluble amyloid beta is a 
normal component of human urine. Febs Letters, 1997, 408 (1). p.105-108. 

177. Jan, A., Gokce, O., Luthi-Carter, R., and Lashuel, H.A., The ratio of 
monomeric to aggregated forms of A beta 40 and A beta 42 is an important 
determinant of amyloid-beta aggregation, fibrillogenesis, and toxicity. Journal 
of Biological Chemistry, 2008, 283 (42). p.28176-28189. 

178. Bitan, G., Vollers, S.S., and Teplow, D.B., Elucidation of primary structure 
elements controlling early amyloid beta-protein oligomerization. Journal of 
Biological Chemistry, 2003, 278 (37). p.34882-34889. 

179. Dahlgren, K.N., Manelli, A.M., Stine, W.B., Baker, L.K., Krafft, G.A., and 
LaDu, M.J., Oligomeric and fibrillar species of amyloid-beta peptides 
differentially affect neuronal viability. Journal of Biological Chemistry, 2002, 
277 (35). p.32046-32053. 

180. Lambert, M.P., Barlow, A.K., Chromy, B.A., Edwards, C., Freed, R., 
Liosatos, M., Morgan, T.E., Rozovsky, I., Trommer, B., Viola, K.L., Wals, 
P., Zhang, C., Finch, C.E., Krafft, G.A., and Klein, W.L., Diffusible, 
nonfibrillar ligands derived from A beta(1-42) are potent central nervous system 
neurotoxins. Proceedings of the National Academy of Sciences of the United 
States of America, 1998, 95 (11). p.6448-6453. 

181. Iwatsubo, T., Odaka, A., Suzuki, N., Mizusawa, H., Nukina, N., and Ihara, 
Y., Visualization of a-Beta-42(43) and a-Beta-40 in Senile Plaques with End-
Specific a-Beta Monoclonals - Evidence That an Initially Deposited Species Is a-
Beta-42(43). Neuron, 1994, 13 (1). p.45-53. 

182. Snyder, S.W., Ladror, U.S., Wade, W.S., Wang, G.T., Barrett, L.W., 
Matayoshi, E.D., Huffaker, H.J., Krafft, G.A., and Holzman, T.F., 
Amyloid-Beta Aggregation - Selective-Inhibition of Aggregation in Mixtures of 
Amyloid with Different Chain Lengths. Biophysical Journal, 1994, 67 (3). 
p.1216-1228. 

183. Jarrett, J.T., Berger, E.P., and Lansbury, P.T., The Carboxy Terminus of the 
Beta-Amyloid Protein Is Critical for the Seeding of Amyloid Formation - 
Implications for the Pathogenesis of Alzheimers-Disease. Biochemistry, 1993, 32 
(18). p.4693-4697. 

184. Kirkitadze, M.D., Bitan, G., and Teplow, D.B., Paradigm shifts in 
Alzheimer's disease and other neuro degenerative disorders: The emerging role of 



 
 

 70 

oligomeric assemblies. Journal of Neuroscience Research, 2002, 69 (5). p.567-
577. 

185. Irizarry, M.C., Biomarkers of Alzheimer disease in plasma. NeuroRx, 2004, 1 
(2). p.226-234. 

186. Wang, R., Sweeney, D., Gandy, S.E., and Sisodia, S.S., The profile of soluble 
amyloid beta protein in cultured cell media - Detection and quantification of 
amyloid beta protein and variants by immunoprecipitation mass spectrometry. 
Journal of Biological Chemistry, 1996, 271 (50). p.31894-31902. 

187. Grasso, G., Mineo, P., Rizzarelli, E., and Spoto, G., MALDI, AP/MALDI 
and ESI techniques for the MS detection of amyloid beta-peptides. International 
Journal of Mass Spectrometry, 2009, 282 (1-2). p.50-55. 

188. Englund, H., Sehlin, D., Johansson, A.S., Nilsson, L.N.G., Gellerfors, P., 
Paulie, S., Lannfelt, L., and Pettersson, F.E., Sensitive ELISA detection of 
amyloid-beta protofibrils in biological samples. Journal of Neurochemistry, 
2007, 103. p.334-345. 

 
  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2000 2000]
  /PageSize [595.276 841.890]
>> setpagedevice


