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ABSTRACT 
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Electrospray ionisation (ESI) coupled to mass spectrometry (MS) is one of the most 
important detection techniques for chemical analysis of small drugs as well as large 
biomolecules in life science today. In this thesis, aspects on improved compatibility 
between liquid based separation systems and mass spectrometric detection were 
investigated regarding buffers, sample preparation and analysis of polar compounds 
as well as peptides and protein digests for enhanced ESI-MS performance.  

Capillary electrophoresis (CE) coupled to ESI-MS detection, was evaluated 
using both a sheath flow interface and a sheathless design. The separation of 
peptides and small, polar compounds was optimised for both CE-ESI interfaces. The 
effect of sheath liquid composition was also studied with the aim to improve 
sensitivity in the ESI-MS detection.  

Polar compounds were retained and separated by capillary ion-pair 
chromatography coupled to ESI-MS detection. Since commonly used ion-pairing 
reagents are detrimental to the ESI process they were effectively removed before the 
ionisation by the use of a trapping column after the separation. Alternatively, the 
ion-pairing reagents were exchanged to volatile constituents.  

A method for peptide mapping by liquid chromatography (LC)-ESI-MS was 
developed for lactate dehydrogenase. The method was further enhanced to involve 
the proteolysis on-line to the LC-ESI-MS. No manual sample handling was then 
needed and the total analysis time decreased from 7 to 1.5 hours. The amount of 
information was also shown to increase in the on-line system. 

Finally, the on-line concept was extended to an innovative interface for direct 
coupling of a pumped liquid flow to an electroosmotically driven flow. This 
provided a valve-free sample transfer between capillary LC and CE, aiming towards 
increased peak capacity per unit time for the analysis of complex peptide samples.  
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Abbreviations 

APCI atmospheric pressure chemical 
ionisation 

API atmospheric pressure ionisation 
APS aminopropyl-trimethoxysilane 
CE capillary electrophoresis 
ES electrospray 
ESI electrospray ionisation 
FIA flow injection analysis 
FI flow injection 
Gua-HCL guanidine hydrochloride 
HV high voltage 
i.d. internal diameter 
IPC ion pair chromatography 
LC liquid chromatography 
MALDI matrix assisted laser desorption 

ionisation 
MAPTAC 3-(methacryloylamino)propyl-

trimethylammoniumchloride 
MDCsample minimum detectable sample 

concentration 
MDQ minimum detectable quantity 
MS mass spectrometry 
m/z mass-to-charge ratio 
o.d. outer diameter 
PDMS poly(dimethylsiloxane) 
SDS sodium dodecylsulphate 
SIM selected ion monitoring 
TFA trifluoroacetic acid 
TOF time-of-flight 
TRIS tris(hydroxymethyl)aminomethane 
UV ultraviolet detection 
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1 Introduction 

Current trends in the analysis of organic molecules, whether it is biological 
samples or pure pharmaceuticals, emphasise sensitivity and speed as the 
main analytical chemical goals. The continuous strive to simultaneously 
enable analysis of complex samples containing a wide range of 
concentrations, polarities, solubilities and charges, enforces further 
refinement of high-resolution methods and intelligent combinations of 
analytical tools. 

During the 1980s, new ionisation methods for mass spectrometry 
revolutionized the science of analytical chemistry. The development of 
electrospray ionisation mass spectrometry (ESI-MS) facilitated a selective 
and universal detection of polar and thermolabile compounds, like 
pharmaceuticals and large macromolecules. After initial doubt that the 
ionisation technique could generate useful data, ESI quickly gained in 
popularity, both for the ease by which it could be coupled to 
chromatographic methods and further for its ability to produce multiply 
charged ions, facilitating the analysis of large molecules. 

With the aim to speed up the analysis some scientists have claimed that 
there is no need for a pre-separation prior to MS detection since a separation 
of ions will be accomplished within the mass spectrometer. Today, there is 
however a common understanding among physicists and chemists that a 
cross disciplinary approach, where separation science and mass spectrometry 
are merged will be a dominating and necessary strategy for the analysis of 
complex samples in the future. The goal is to achieve robust and accurate 
analysis of complex samples, where the analytes are present over a large 
concentration range and where the matrix may induce disturbances on the 
detection. In order to reach ultimate mass sensitivity and compatibility with 
MS, micro separation techniques, such as capillary and nano liquid 
chromatography (LC) as well as capillary electrophoresis (CE) are preferred.  

Another trend today is to integrate sample preparation, separation and 
detection in an on-line system. This may dramatically shorten the total time 
of analysis, reduces problems with sample contamination and minimizes the 
manual handling of each sample. On the other hand, every new step 
introduced into an integrated system brings their own demands on buffers, 
temperature etc. and these may be contradictory to the demands from the 
neighbouring steps. It thus becomes most important to make the right 
compromises when choosing experimental settings. The result from an ESI-
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MS analysis reflects, not only the components of interest in the sample, but 
also the sample matrix, the buffer or electrolyte and the instrumental settings 
used. This fact accentuates the need to study ESI-MS development in 
context with an optimised sample handling strategy for each analytical 
problem.  

The aim of this thesis is to discuss some of the considerations involved 
with the analysis of polar analytes using both LC-MS and CE-MS and the 
sample handling and separation of complex samples such as protein digests. 
It also aims at discussing some methodological and technical developments 
for on-line liquid sampling to CE using mass spectrometric detection. The 
summary is divided into three main parts: 1) description of the ionisation 
tool, i.e. electrospray ionisation, 2) description and development of the 
separation tools and finally 3) the applicability of these tools with reference 
to Papers I-VII. 

All three parts have one important feature in common; they are focused 
on the electrospray ionisation process and its possibilities and limitations 
with reference to research reported in Papers I-VII.  
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2 ESI as a powerful ionisation technique for 
MS detection 

The separation of ions in a mass spectrometer is accomplished in vaccum 
(low pressure environment). Early ionisation techniques, like electron (EI) 
and chemical ionisation (CI) are performed in gas phase, which was a perfect 
fit for gas chromatography. The compounds that could be analysed by MS 
then only needed to be volatile and the result is usually a fragmentation 
pattern for identification. EI and CI are highly energetic ionisation 
techniques and are therefore often referred to as hard ionisation techniques. 

Coupling liquid separation to MS was a completely different challenge. 
First, the analytes needed to be transferred from liquid phase to gas phase. 
Second, the compounds separated by liquid separation techniques are often 
thermally labile. A soft ionisation technique, i.e. a low energy ionisation that 
does not induce much fragmentation, would be valuable for these kinds of 
molecules. An early attempt to couple LC to MS was the moving belt1 
technique that was able to ionise relatively non-volatile molecules. This 
ionisation technique fragmented the molecules and gave structural 
information. When the softer ionisation techniques thermospray (TS)2 and 
fast atom bombardment (FAB)3,4 later were introduced, they could handle 
complex samples but suffered from insufficient sensitivity (inefficient 
ionisation) and a limited mass range for the analysis of intact biomolecules. 
Almost simultaneously, electrospray ionisation (ESI) was developed and in a 
few years out ruled the other techniques due to its ability to analyse both 
small and very large molecules. It also operates at atmospheric pressure and 
ambient temperatures with no or very little fragmentation of the analytes.  

Today, the most common ionisation techniques used for continuous 
introduction of liquid samples are atmospheric pressure ionisation (API) 
techniques, which comprise for example ESI and atmospheric pressure 
chemical ionisation (APCI). In APCI, the liquid is vaporised by heat and the 
analytes are ionised in the gas phase5. Another important ionisation 
technique, mainly used for macromolecules, is matrix assisted laser 
desorption ionisation (MALDI)6,7. The molecules are then deposited in a 
matrix and a laser beam is used to ionise the molecules. There are now 
commercially available instruments equipped with both MALDI and API 
sources for more versatile analysis8. This thesis deals only with ESI and for 
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those interested, there are excellent reviews on the other techniques cited in 
the literature9,10. 
 

2.1 The ESI process 
Electrospray ionisation is a way of transferring ions from liquid to gas phase 
and was first described as a potential ionisation technique for mass 
spectrometry by Dole et al. as early as 196811. They did not have access to 
modern mass spectrometers and it was not until 1984 that the technique was 
developed as an interface for liquid samples to MS by Yamashita and 
Fenn12. A schematic of an electrospray ion source is seen in Figure 1. The 
electrospray process can be described as a process of several steps13,14,15. The 
formation of droplets from a liquid surface is accomplished by a high 
potential difference between the capillary end and the MS entrance, typically 
in the order of a few kilovolts over a distance of about one centimeter. 
Charged droplet formation is initiated by the appearance of a so called 
Taylor cone as described by Kebarle et al.16. If the ESI field is positive, 
positively charged droplets are accelerated toward the counter electrode, at 
the entrance to the mass analyser. During their flight, the droplets 
continuously shrink as a consequence of solvent evaporation. The shrinkage 
leads to a higher surface charge density and at a given size, the charge 
repulsion overcomes the surface tension and droplet fission occurs. This 
process continues until very small droplets have been formed from which 
gas phase ions can be generated. Iribarne and Thomson first described the 
final transition of the charged analytes to the gas phase, i.e. the evaporation 
process, already in 197617. Their proposed mechanism for the release of ions 
from an electrically charged droplet is opposed to the work and theory of 
Dole from the late 1960s18. Dole suggested that gas phase ions are formed 
through the evaporation of solvent from very small droplets containing only 
one analyte molecule, the charged residue mechanism (CRM). Röllgen has 
later extended this theory using thermospray ionisation19. Iribarne on the 
other hand assumed an emission of gas phase ions from larger droplets, 
which may carry some hundred charges, the ion evaporation mechanism 
(IEM). The two different mechanisms have lately been shown not to be 
contradictory but may rather explain the behaviour of different kinds of 
analytes. The CRM seems to explain the mechanism of large molecules, 
such as globular proteins, from masses of 6500 and up20, while the IEM 
seems to be more applicable for small molecules21.  
An important attribute of the ESI process is that large molecules often 
become multiply charged by the soft ionisation which was first demonstrated 
by Fenn et. al22. Consequently, macromolecules can be detected in the m/z 
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range of normal quadrupole mass spectrometers, which is up to 
approximately m/z 3000. Another application of the soft ionisation feature is 
that non-covalent complexes, e.g. protein-ligand interactions23, can be 
studied by ESI-MS. 

ESI is most suitable for compounds that exist as ions in solution or 
molecules that can be ionised at a certain pH in solution or can associate 
with small ions like Na+. Basic compounds are preferably analysed in 
positive electrospray mode in a low pH environment. The opposite is true for 
acidic compounds where a negative electrospray is used in high pH 
solutions. These are just guidelines though, since acid/base chemistry in 
solution is not easily transferred to reactions in the ESI process. An example 
of this is the non-equilibrium phenomenon that is often termed “wrong-way-
round” electrospray24,25,26. The explanations for this have so far included 
non-homogenous droplet composition with an acidic surface and a basic 
interior and different gas-phase reactions. If the analyte is difficult to ionise, 
APCI (or atmospheric pressure photon ionisation, APPI) are attractive 
alternatives to ESI as the ionisation method.  

Figure 1. Schematic of the electrospray ion source 

To facilitate the electrospray process, the liquid should preferably contain 
some organic modifier, e.g. methanol or acetonitrile, to reduce the surface 
tension and lower the conductivity. To electrospray from a pure aqueous 
solution, a higher ES voltage needs to be applied which often results in an 
unstable spray due to discharges. If an organic modifier can not be added, 
e.g. due to sample solubility issues, a sheath flow can be used, which is 
mixed with the aqueous solution at the spray tip (Figure 4, CE-MS) or by 
lowering the flow rate and sharpening the ESI tip27.  

The signal intensity generated for a certain analyte depends on its ability 
to leave the droplet. This ability is due to analyte specific properties like 
surface activity, solubility of the analyte in a specific solvent28, polarity and 
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on solvent properties such as surface tension and ionic strength. If the ionic 
strength in the solution is too high29 or if there are other ions with a higher 
affinity to the droplet surface, ion suppression is commonly experienced. 
Kebarle et al. first described the mechanistic aspects of ion suppression in 
detail30. They proposed a model based on the ion evaporation rate from the 
ESI droplets and surface tension. A model developed by Enke et al. used the 
partitioning of the analyte between the droplet interior and the droplet 
surface to describe this mechanism31,32. They also related the non-polar 
character of some peptides to their ESI response33 and to their retention in 
LC34. The model of Enke has been simplified and further investigated by 
Sjöberg et al.35,36 and a model has been presented recently, which also 
considers the electrophoretic mobility37. From a practical point of view it is 
of outmost importance to replace non-volatile buffer constituents to volatile 
counterparts and to choose the right organic modifier for an optimal analyte 
signal. This will be further discussed in Chapter 4. By reducing the initial 
droplet size, e.g. using a nanospray interface38,39, signal suppression effects 
may also be reduced. If ion suppression is unavoidable, reliable 
quantification can be performed by the use of a co-eluting internal 
standard40. Sometimes the ion suppression mechanism is used for 
suppressing unwanted adduct formation, like the suppression of sodium 
adducts in the analysis of oligonucleotides41. 

Unlike other MS ion sources, the ESI-MS behaves like a concentration 
sensitive detection technique. Two explanations to this phenomenon exist42. 
The first considers that the ionisation efficiency increases when the flow rate 
is decreased, due to a smaller initial droplet size. The other explanation is 
that the fraction of ions entering the MS increases as the flow rate is lowered 
due to less scattering of the charges.  

2.1.1 Construction of ESI-MS interfaces 
The main parts of a mass spectrometer are seen in Figure 2. The sample 

is introduced into the ion source where ions are formed. The ions are then 
drawn through the MS entrance aperture into the first low pressure region 
and then further into a second region held at a lower pressure where the ions 
are focused in the ion optics. The third pressure region in the mass 
spectrometer usually houses the mass analyser and is pumped down to 
approximately 10–5–10–7 torr depending on the type of analyser used. The 
ions are separated in the mass analyser, subsequently detected and the data is 
finally handled by a data analysis system. The mass analysers commonly 
used today are: quadrupole43, time-of-flight44, ion trap45, fourier transform 
ion cyclotron resonance46 and hybrids of these47. Of crucial importance is the 
data handling part, as the amount of information generated from a modern 
mass spectrometer may be overwhelming. The sample introduction and the 
electrospray ion source will be discussed in some more detail in this thesis. 
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Figure 2. Schematic of a mass spectrometer  

The ESI interface set-up can be designed in different ways. The electric field 
in the ion source is formed between the capillary tip and the orifice (MS 
entrance). The high voltage (about 3000 V) is applied either on the capillary 
tip or the orifice. In some cases the capillary outlet is grounded or both the 
capillary and the counter electrode are floating at different voltages. In pure 
electrospray, the ionisation is attributed totally to electric forces. The optimal 
flow rates for ESI depend on the hardware configuration of the interface, on 
the droplet sizes being generated and on parameters like nebuliser gas, 
temperature and solvent composition. The ideal flow rates for pure 
electrospray are generally below 1 µl/min42. The diameter of the ESI tip 
must be adjusted to fit the flow rate. If the flow rate is too high the droplet 
formation will be hampered. If the flow rate is too small, a stable Taylor 
cone will not be achieved and consequently not a stable spray. In 1987, 
Bruins and co-workers developed the pneumatically assisted ESI48, a so 
called ion spray, to which a nebuliser gas, such as air or nitrogen, is coupled 
to facilitate the nebulisation process. With this set-up, higher liquid flows 
could be introduced. Often, additional thermal energy is added to further 
increase the ionisation efficiency49. Another way to increase the ionisation 
efficiency is to use a sonic gas coaxially to the capillary, called sonic spray50. 
The capillary end is then pressurised and a spray is generated without the 
need of an applied voltage. By use of sonic spray the flow rates can be 
increased up to 100 ml/min. An interface configuration that was developed 
to handle a wide range of buffers with a maintained interface performance is 
the parallel ion spray51, which is orthogonally mounted to the inlet of the 
MS. 

Electrospray will be used to denote true electrospray, ion spray and 
variants of these in the following sections. 

Sample Ion Source MS analyser DetectorSample Ion Source MS analyser Detector
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3 Micro liquid separations coupled to ESI-
MS 

Csaba Horvath reported the first paper on micro column LC as early as 
196752. Despite the many advantages accounted on downscaling LC, e.g. 
small sample consumption, and the relative increase in mass sensitivity when 
coupled to a concentration sensitive detector, the technique was not used or 
developed further until the late 1970s53 and the first commercial microbore 
column was introduced in the late 1980s. This delay was mainly due to the 
lack of micro flow pumps, pre-packed columns and suitable injectors.  

As mentioned earlier, the ESI-MS acts as a concentration sensitive 
detector, which means that by reducing the i.d. of the LC column, less 
sample may be injected for the same response. Small sample consumption is 
necessary when the amount of sample is limited, e.g. cerebrospinal fluid, 
where withdrawal of more than micro litres of sample is practically 
impossible in animal studies. It is a matter of course to also consider 
environmental incitement to miniaturize separations due to the consumption 
of less solvent. An important driving force for developing micro columns 
systems was the compatibility of these low flow rates with ESI-MS. 

Capillary electrophoresis (CE) is by its nature a micro separation method. 
The CE separation should be performed in narrow bore tubes to avoid joule 
heating. The flow rates depend on electroosmotic forces and can be anything 
from nearly zero up to a few 100 nl/min. If the flow rates are very small as is 
the case for capillary electrophoresis and nano LC, the ESI tip can be made 
directly on the column, by a conductive layer, to avoid band-broadening 
effects. If the flow rate from the liquid is too low to be handled by this 
interface construction or if the solution is purely aqueous, an extra flow may 
be added, that is called a sheath flow. This will be described in detail in 
3.2.2. The trend today is to further decrease the dimension of the analytical 
system and thereby the flow rates by using integrated microchips coupled to 
ESI-MS.  

3.1 LC-MS  

The majority of LC columns have traditionally been 4.6 mm i.d. and are 
usually packed with 3 or 5 µm particles. Nowadays, smaller i.d. columns are 
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generally available. The term microbore column usually denotes to columns 
with less than 1 mm i.d. while capillary LC columns have an i.d. of less than 
500 µm and the term nano LC refers to an i.d. of less than a 100 µm54.  

The gain in mass sensitivity when decreasing the i.d. from d1 to d2 can be 
estimated at: f ~ (d1)2/(d2)2. This relation is true if other parameters such as 
linear flow rate, porosity, and length remain constant. The predicted mass 
sensitivity difference between a column of 4.6 mm i.d. and one of 200 µm 
i.d. is approximately a factor of 500.  

Many ESI-MS interface designs can handle LC with flows in the range of 
1 ml/min as mentioned earlier. Several interfaces still require, though, that 
the flow rate is split down for optimal ESI performance. As the ESI-MS is a 
concentration sensitive detector, the signal intensity will stay constant. In 
this thesis, the LC columns are microbore and the flow rates are in the range 
of 3 µl/min up to 20 µl/min. All LC eluent was therefore directed to the ESI-
MS.  

Microsystems put high demands on instrumentation. Commercial 
columns and injectors developed for micro separations have quite recently 
appeared. Pumps that can deliver flows in the range of a few hundred 
nanolitres up to a few micro litres with high precision are still few, 
especially gradient pumps. A gradient with increasing elution strength is 
essential for separating, e.g. proteins and peptides, due to the unpractical 
span in retention time if isocratic elution would be used.  

Most LC-UV applications may be coupled to MS after a proper 
modification of the buffer55. It is advantageous to replace non-volatile buffer 
constituents before coupling to ESI-MS. Traditionally, trifluoroacetic acid 
(TFA) is used in the analysis of peptides and proteins, as it has a low UV 
cut-off, is volatile and gives excellent peak shapes. However, the ion-pairing 
feature of TFA and its ability to modify the surface tension also reduces the 
analyte signal in the ESI process, i.e. it causes ion suppression56. Therefore, 
it is often replaced by formic acid when ESI-MS is used for detection. In 
paper IV and V, peptide mapping was performed by LC-MS using formic 
acid in the mobile phase. The effect of TFA on the ESI-MS response of 
some polar compounds was also specifically studied in Paper III. Other non-
volatile buffer constituents may be the normally used phosphate buffer or 
additives like ion-pair reagents, which is studied in Paper I and III. 

As the peak width in fast peptide mapping by gradient LC peaks may be 
in the 30 seconds range, a scanning mass analyser like a quadrupoleIV, V or an 
FTICR57 could easily be used. Even though a large mass range is scanned it 
often results in more than 10 data points/peak. To increase the sensitivity, 
selected ion monitoring (SIM) may be performed on selected masses or a 
fast mass analyser like a time-of-flight (TOF) analyser, which registers 
complete mass spectra in a time scale of seconds, may be used. 
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3.2 CE-MS  

3.2.1 Basic concepts of capillary electrophoresis 
Capillary electrophoresis was first presented by Jorgenson and Lukacs in 
198158. Their concept was to use glass tubing with an inner diameter of less 
than 100 µm. The miniaturisation of the separation channels allowed the 
applications of very high electric fields, up to several thousands of volts/cm, 
resulting in very high efficiencies. The separation in CE is based on 
migration of charged analytes with different electrophoretic mobilities in an 
electric field. The electrophoretic mobilities depend on the charge and size 
of the analyte. Small and highly charged molecules will have a high 
electrophoretic mobility while large molecules will have a lower 
electrophoretic mobility. Both negatively and positively charged analytes 
can be detected in the same run due to the mechanism of electroosmosis. The 
electrosmotic flow results from the presence of charged silanol groups on the 
capillary walls and an excess of charges from the electrolyte causing a so 
called double layer. The applied electrical field forces the excess charge to 
move towards their counter electrode, thereby causing the bulk liquid to be 
drawn with the ions. A schematic of normal EOF and reversed EOF, caused 
by an amine modification of the wall, is shown in Figure 3.  
 

Figure 3. A) Normal EOF on a 
bare fused silica silica, B) 
Reversed EOF on an amine 
coated fused silica capillary. 

Only charged analytes are 
separated, while the neutral 
components elute with the 
EOF. To separate the neutral 
components, micelles or 
micro emulsions may be 
added to the electrolyte that 
serves as a pseudo stationary 
phase. These modes of 
operation are called micellar 
or micro emulsion 

electrokinetic chromatography (MEKC and MEEKC) respectively.  
Very high efficiencies can be achieved in CE. The high efficiency, 

resulting in very narrow peaks and fast analysis, is due to a typical plug flow 
profile, as compared to the parabolic flow profile generated by pumps. The 
flat flow profile does not contribute to zone broadening of the analytes. As 
there are no particles involved, there is no eddy diffusion either which leads 
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to less zone broadening. A major drawback with CE is its low loading 
capacity, typically a few nanolitres, resulting in fairly high detection limits. 
This has been an obstacle for CE to be popularised in a broad sense. The low 
loading capacity can be increased, though, by focusing methods, i.e. 
dissolving the sample in a lower conductivity buffer than the CE 
electrolyte59, or by pre-concentration through isotachophoretic focusing60 or 
through SPE membranes61. Much emphasis has been put into the 
development of a hybrid between CE and LC, namely capillary 
electrochromatography (CEC). The loading capacity should then be more 
like in LC and neutral components may be separated. The mechanisms of 
CEC are not fully understood yet and it will take more time and effort to 
develop this technique.  

As in LC, the dimensions of CE are continually miniaturized. This is 
mainly due to the development of CE separations integrated in microfluidic 
devices, e.g. chips. 

3.2.2 Coupling to mass spectrometry 
Short after ESI was introduced to the mass spectrometry community, the 
coupling of capillary electrophoresis to mass spectrometry was facilitated by 
this new ionisation technique. CE and ESI fits together in terms of the low 
flow rates used in CE and the fact that typical CE analytes are compatible 
with the ESI process. More antagonistic conditions are that CE requires 
buffers with high ionic strength and low volatility of its components while 
the opposite is true for the ESI process. Therefore the coupling is a 
compromise between optimal ESI conditions and high separation efficiency. 
The CE buffers have to be chosen depending on the type of CE-MS 
interface. 

The coupling of CE to ESI-MS differs in one important way compared to 
LC-ESI-MS. The electrical contacts must be maintained at both ends of the 
CE capillary in order to define the electric field for the CE separation. This 
has been done in different ways. In the first interface62, referred to as a 
sheathless interface, electrical contact was achieved by depositing silver on 
the terminus of the CE capillary. The lifetime of this interface was very 
limited. The sheath flow interface63 and the liquid junction interface64 are 
other approaches to coupling CE-MS. Both of these approaches use a 
makeup liquid with a high enough conductivity to serve as an electrical 
contact and close the circuit of the CE column. The sheath flow interface 
gained most popularity and is the interfacing technique that is used today in 
commercial instruments. The liquid junction is again attracting attention 
when coupling chips to ESI-MS65. The sheathless interface also gets 
renewed attention by the development of stable conductive depositions on 
capillaries66,67. These three interfaces are shown schematically in Figure 4. 
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The sheath flow interface was here used in preliminary unpublished 
studies. The ES stability was then found to be optimal using a sheath flow 
rate of 2 µl/min and by sharpening the CE column terminus tip. The sheath 

liquid composition varied depending on 
the analytes, a topic that is further 
discussed in 4.1.2. The sheath liquid 
typically consists of about 50 % organic 
modifier, like methanol, acetonitrile or 
2-propanol, and an electrolyte, i.e. 
formic acid for low pH and ammonium 
acetate for high pH. The sheath flow 
interface can accommodate high 
concentration buffers and different EOF 
rates which makes it generally 
applicable. It is not always 
straightforward, though, to transfer a 
CE-UV method to a CE-MS method. 
The addition of an extra flow in 
combination with a high voltage may 
lead to a change in the EOF68, migration 
of the sheath liquid into the CE 
capillary69 or changes in the pH due to 
electrode reactions70. The extra flow 
also dilutes the CE eluent and thereby 
decreases sensitivity. 

 
 

Figure 4. Common CE-MS interface designs: A) sheath flow,B) sheathless, C) liquid 
junction.  

In the liquid junction design, electrical contact is established through a liquid 
reservoir that surrounds the CE capillary and the ESI transfer capillary. The 
gap between the capillaries is typically 10 µm.  

A sheathless interface was used in Papers II, VI and VII. The electrical 
contact was achieved by depositing a conductive layer onto the CE terminus. 
The column end tip was sharpened before it was coated with either 
gold/polymide71 or graphite/polyimide72. These ESI tips have been shown to 
be very stable and robust. Because no extra flow is introduced, a self-
generated flow from the CE capillary becomes important. A high 
electroosmotic flow is achieved by either raising the pH of the electrolyte 
(many free silanol groups) or coating the capillary wall with amines, i.e. the 
MAPTAC coating73 and the APS coating74 to reverse the necessary EOF, see 
Figure 3. The MAPTAC coating was used in Paper II and the APS coating 
was used for the CE-MS coupling in Papers VI and VII. Coating the silica 
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walls is the most used method. The EOF is then high and constant over a 
broad pH interval due to a constant, positive charge on the silica wall. This 
gives some freedom in choosing the proper pH for the sample. It is 
obviously more important to use volatile electrolytes with this interface than 
for the other two with an extra flow of ESI-MS compatible buffer. This 
matter is further discussed in 4.1.2.  

To avoid ion suppression when coupling MEKC to ESI-MS the partial 
filling technique has been used where the micelles never reach the ESI 
process75. CE has also been coupled to MS by an APCI interface for the 
ability with this ionisation technique to use non-volatile buffers and 
micelles76. CE-APCI-MS has not been further developed though, probably 
because of the low sensitivity using the low CE flow rates. Choudhary et al. 
discuss the coupling of CEC to MS77. CE has also been coupled on-line to 
MALDI-TOFMS78. 

Because of the high efficiency of CE separations, the detection needs to 
be fast. The TOF analyser fulfils the demands of speed and was used as a 
detector in Papers II, VI, and VII. A quadrupole analyser was used in the 
unpublished studies. As it is a slow scanning detector the selected ion 
monitoring mode (SIM) was used instead of a full scan. 

3.3 On-line LC-CE-MS 

3.3.1 2D separations 
Two separations are considered orthogonal if the separation mechanisms 

are based on different criteria. Two dimensional polyacrylamide 
electrophoresis (2D PAGE), introduced by O´Farrell79, is a well known 2D 
system, where the first dimension is isoelectric focusing and the second 
dimension is based on size exclusion. The definition of a multidimensional 
separation according to Giddings80 is apart from the orthogonality criteria, 
that the components separated in the first dimension must remain resolved 
throughout the whole system. This means that tandem columns cannot be 
regarded as multidimensional since the resolution gained in the first column 
may be reduced in the second column. Truly multidimensional separations 
involve individual sampling of each fraction in the first dimension to be 
sampled continuously to the second dimension, which is based on a different 
separation mechanism. The heart-cutting technique is a well-known 
technique, which is applied when only a portion of the mixture is of interest. 
A fraction is then taken from the first dimension and injected to the second 
dimension. To select the correct region, knowledge of the elution profile in 
the first dimension is needed. For a representative profile of the first 
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dimension sampled by the second dimension, many fractions need to be 
transferred, preferably several times per peak.  

A multidimensional technique may be characterised by its total peak 
capacity80. The peak capacity for a separation with constant peak widths, e.g. 
gradient LC is: n = (tmax-tmin)/w where tmax and tmin are the retention times of 
the first and last peaks in the elution window and w is the peak width at the 
base. The theoretical peak capacity for orthogonal techniques was shown by 
Giddings to be n (12)= n(1) * n(2). The true peak capacity is, however, less 
because of peak broadening in the second dimension compared to the first 
dimension and as the peaks are not uniformly spread over the elution 
window.  

3.3.2 LC-CE-MS 
In an ideal 2D system the first dimension should have a high loading 
capacity and the second dimension should either consist of several parallel 
columns or be much faster than the first dimension. The coupling of LC-CE-
TOFMS fulfils these demands. An LC separation method has a timescale of 
minutes and a high loading capacity. CE may be optimised for a timescale of 
seconds, which make it suitable for sampling the LC peaks. The TOFMS is a 
very fast analyser with a possibility to sample from the CE every 1/100:th 
second and even faster. Instead of using coupled columns with the same 
timescale as discussed above, we use a strategy that utilizes the 
complementary speed of analysis allowing the CE to sample from the LC as 
often as possible. 

There are many considerations when coupling a pumped flow with an 
electrical driven flow. The most successful interface described in the 
literature is the flow gating interface81,82,83,84 presented by Jorgenson and co-
workers. It is basically a cross connector with a transverse flow of CE 
electrolyte to prevent electromigration of the LC eluent during a CE run. 
During injection, the CE electrolyte flow is shut off to inject sample. 

Some important parameters for an LC-CE connection are listed in Table 
1. For sampling continuously from a FIA or LC flow to the CE, the two 
flows need to be independent of each other. By constructing the interface in 
two levels with a contact area of about 0.03 mm2, flow integrity was assured. 
We also adapted the idea from Jorgenson with a transverse CE electrolyte 
flow. The importance of flow dynamics and no unswept volumes are 
essential for high performance and no carryover. 
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Table 1. Controllable parameters for interfacing LC with CE. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

The connection needs to resist the high voltages used for CE separation; 
therefore the material had to be carefully selected. Different kind of 
materials have been used in other interfaces, like metal81 and transparent 
polycarbonate84.  We decided to use a non-conducting material to avoid 
discharges, namely poly(dimethylsiloxane) (PDMS). PDMS is an 
elastomeric material that withstands the HV and is transparent and flexible 
for fused silica connections. A view of one interface design is shown in 
Figure 5. The construction of the interface was accomplished without the 
need for sophisticated microfabrication. The transparency feature showed to 
be important mainly for troubleshooting the system for developed gas 
bubbles in the connection. The current in the interface gives rise to gas 
bubbles because of electrochemical reactions, which could easily obstruct 
the separation. To avoid this, a slight overpressure was applied in the 
connection and the electrode surface area was increased. To avoid an extra 
entrance for the electrode in the interface, the CE injection end was covered 
with a graphite/polyimide layer72 in contact with HV outside the PDMS 
interface. It was a similar kind of graphite coating as the one used in the 
sheathless ESI-MS detection at the outlet end of the CE capillary85. The 
PDMS material and this new type of on-column electrode were thoroughly 
investigated in Paper VI. 
 

Parameters Requirements Solutions 

Flows a) Independent 
b) Controlled 

Two-levelled interface with 
an independent CE 
electrolyte flow. 

Material a) Chemically stable 
b) Non-conducting 

Poly(dimethylsiloxane) 

Electrochemistry a) Electrical contact 
b) Stable CE  

Polymer imbedded graphite 
electrode integrated on the 
CE column. 

Injections a) Defined 
b) Reproducible 

CE electrolyte flow off/on 

Buffers ESI-MS compatible Low ionic strength, organic 
modifier 

Sampling Fast 1-3 times/LC peak 
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 Figure 5. Schematic and picture of the LC-CE interface is shown. The FIA capillary 
and the CE injection end are sharpened and graphite coated. W1 and W2 denote the 
two waste capillaries. A photo of the interface is shown to the right. 

Both electrokinetic and pressure injection techniques were used to inject the 
sample from the liquid flow into the CE. The most promising technique, 
though, was to simply stop the CE electrolyte flow into the interface without 
turning off the HV.  

The LC separation was performed in a gradient but the CE electrolyte 
composition could remain constant throughout the run due to the flushing 
CE electrolyte flow. Since the CE was coupled to ESI-MS detection, the CE 
electrolyte consisted of MS compatible constituents, such as formic acid and 
acetonitrile. 

The ability to connect small channels templated in PDMS with fused 
silica capillaries made it possible to sample from either a continuous liquid 
flow or a defined LC separation with a minimal dead volume. Recently, a 
micromachined cross connector in acrylic was integrated with fused silica 
capillaries for the purpose to collect fractions with high precision86. Our 
interface can be used in the same way with the advantage that capillaries can 
easily be exchanged due to the elastomeric material and the plug-in set-up. 
The coupling of flow injection (FI) to capillary electrophoresis is based on 
the same type of interfacing technique as LC-CE but is not a 2D approach. 
FIA-CE connections have been reported for process analytical applications 
like drug monitoring in a continuous flow87 and the sampling of small anions 
from a running flow88  

The sampling from the LC to the CE needs to be fast for a true 
representation of the LC separation. Jorgenson reported of a 2D system 
utilizing fast CE, where the separations were completed in between 1-3 
seconds. The sampling was then made at least 5 times per LC peak82. In the 
system presented in Paper VII, fractions from the LC are sampled once every 
20 second. This means that each LC peak was sampled 1-3 times. Sampling 
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between two separation techniques has been discussed in some detail by 
Seeley89, who stated that the sampling period should be less than the 
standard deviation of the primary peak multiplied by a factor of two. The 
standard deviation of the narrowest LC peaks in our system is 4.5 seconds, 
which would then conclude sampling every tenth second. The sampling 
frequency in our system would thus need to be doubled. The sampling from 
the second to the third dimension, i.e. from the CE to the TOFMS, is on the 
other hand very fast, 10 times/sec. If a scanning quadrupole MS would be 
used, the sampling from the CE to the MS would be inadequate for defining 
the CE peaks. 
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4 Buffer and sample compatibility with ESI 

Transferring methods developed for LC with UV detection to LC with ESI-
MS detection is not always straightforward. LC separation of polar, charged 
compounds may need an ion-pairing reagent in the mobile phase, but this is 
often detrimental for the ESI-MS detection (4.1.1). In CE, polar compounds 
may be separated in volatile electrolytes but this does not always provide 
optimal conditions for CE separation. Many non-volatile buffers like TRIS 
and phosphate with a relatively high ionic strength generally lead to better 
and more efficient separations. This issue is further discussed in section 
4.1.2. Traditionally, non-volatile buffers are used in protein and peptide 
analysis. For protein sample preparation, e.g. enzyme digestion, non-
volatiles like sodium dodecylsulphate (SDS) or guanidine-hydrochloride 
(gua-HCl) are often used. Analysis of peptides and protein digests is 
discussed in more detail in section 4.2.1, with reference to buffers and 
sample preparation. Last, a possible way of analysing complex samples by 
multidimensional separations coupled to ESI-MS is presented in 4.2.2.  

4.1 Polar analytes 

4.1.1 Ion-pair chromatography 
In qualitative and quantitative analysis of metabolites in body fluids, the 
analytes should be separated from each other and from other disturbances. 
This is often done by liquid chromatography. Metabolites are often polar 
molecules and present a significant challenge for reversed phase LC, which 
is based on hydrophobic interactions. To obtain retention of polar 
compounds, ion-exchange chromatography or ion-pair chromatography 
(IPC) may be used. In ion exchange chromatography the retention is 
controlled by the concentration of salt in the mobile phase. In IPC, ion-
pairing reagents are added to the mobile phase. Neither a high amount of salt 
nor non-volatile ion-pairing reagents are compatible with ESI due to ion 
suppression90 and contamination of the orifice. This was clearly shown in 
Paper I where the studied analyte, biopterin, were continuously sprayed into 
the ESI-MS in the presence of two different ion-pair reagents, heptane 
sulphonic acid and SDS. The result was a very unstable signal that within a 
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couple of hours was completely lost due to a contaminated interface. To be 
able to use non-volatile additives in the separation before ESI-MS, Conboy 
et al.91 and Xhiang et al.92 reported the use of a suppressor column after the 
separation column to reduce the amount of non-volatiles introduced into the 
mass spectrometer. These suppressor columns were suitable for small ion-
pair reagents. In Paper I, we presented a solution for handling high amounts 
of ion-pair reagents. A strong anion exchange column was added after the 
separation column, which effectively and selectively trapped the ion-pair 
reagent before introducing the sample to the ESI-MS. The set-up is shown in 
Figure 6.  

Figure 6. Set-up of a separation column coupled in-line to an anion-exchanger. 

The performance of the system was demonstrated by analysing biopterin in 
the presence of varying amounts of an ion-pair reagent, 1 and 3 mM sodium 
octane sulphonic acid (SOS). The trapping capacity of the anion-exchanger 
were shown to be high, i.e. 350 µg, which corresponded to a breakthrough, 
for a continuous flow, of 1 mM SOS after three hours. The column could be 
completely regenerated in about one hour by an ammonium formate rinse, 
which implies the use of two alternate anion-exchange columns in a coupled 
column system to be used for continuous monitoring of small, polar and 
uncharged compounds like biopterin.  

The most popular way of coupling IPC to ESI-MS is to use volatile ion-
pair reagents93. Castro et al used volatile ion-pair reagents in IPC coupled to 
APCI-MS for the analysis of herbicides94. Dreux et al have published several 
papers on the analysis of amino acids95 and small peptides96 with similar ion-
pair reagents using ESI-MS. Volatile ion-pair reagents were shown to be as 
effective as non-volatile ion-pair reagents to retain some model compounds 
in IPC in Paper III. They could also be continuously introduced into the 
mass spectrometer at a concentration of 3 mM and a flow rate of 20 µl/min 
without signal loss of a model compound for at least 24 hours. The effect 
that volatile ion-pair reagents have on the ESI-MS response can be seen in 
Table 2 for some amine containing model compounds. Significant ion 
suppression was experienced for the first five analytes in Table 2 when 
replacing some of the formic acid in the original buffer with fluorinated 
additives. The suppression effect was more pronounced with an increasing 
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carbon chain length of the additive, which might be expected as the surface 
activity consequently increases. For the analytes: histidine, tyrosine and 
TRIS the pattern was less obvious. They have a very hydrophilic character 
giving a low ESI response and do not seem be influenced by the addition of 
fluorinated additives. Others have reported data that shown the opposite, i.e. 
the more polar analytes were most affected by ion suppression from plasma 
constituents97.  

Table 2. Effects of different additives on positive ESI responses of some 
amine analytes. 

*Response areas obtained with 3 mM formic acid added to the 5 mM AMF/ 5 mM formic buffer. 

** Response areas obtained when adding 3 mM of the fluorinated carboxylic acids to the 5 mM AMF/ 5 mM formic buffer. The areas are 

given as percent of the response areas obtained with the formic acid additive.  

An alternative to ion-pair chromatography for the analysis of polar analytes 
is to use other types of chromatographic selectivity, utilising for example 
porous graphitic carbon (hypercarb)98 or HILIC (hydrophilic interaction 
chromatography). In the latter method; small, polar molecules are retained 
on the stationary phase in a high amount of organic modifier and are eluted 
with increasing amount of water99. 

It is important to emphasize that polar, easy ionisable analytes are 
optimal CE analytes. Most laboratories have commercial LC systems while 
commercial CE systems are more rare and this is one reason for the 
prevailing approach of coupling IPC to MS. Another reason is that you can 
get lower minimum detectable sample concentration (MDCsample) with LC 
than with CE, due to the higher loading capacity of LC. This applies of 
course only if the ion suppression issue can be dealt with. 

 
Analytes Response area 

without ion-pair 
Responses with fluorinated additives 

(%)** 

 

Formic acid 
(counts x 106)* 

TFA 
 

Heptafluoro butanoic 
acid 

 

Perfluoro heptanoic 
acid 

 

N-methylspiperone 1.70 60 30 15 

Nicotine 0.98 50 20 31 

Verapamil 3.18 44 25 20 

Harmine 1.68 61 26 26 

Raclopride 1.11 57 26 19 

Tyrosine 0.008 126 102 102 

Histidine 0.023 103 97 149 

TRIS 0.045 90 68 87 
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4.1.2 CE-MS  
Capillary electrophoresis is, as discussed above, an alternative to ion-pair 
chromatography for the analysis of polar compounds. This discussion is 
divided into two parts. The first part deals with the coupling of CE to ESI-
MS by a sheath flow interface applied to the analysis of some acids and 
bases. The second part covers an optimisation of a sheathless CE-coupling to 
ESI-MS applied to penicillins and peptides. 

4.1.2.1 Sheath flow interface for CE-MS 

Figure 7. Structures of some of the studied compounds in the sheath flow CE-MS 
project. 

The coupling of CE-ESI-MS using an extra flow, i.e. sheath flow, gives you 
some freedom in the selection of buffer composition. Most CE-UV methods 
use non-volatile electrolytes with no organic modifier. It has already been 
mentioned that the use of non-volatile buffers in ESI-MS is mostly not 
recommended since they often suppress the ion signal from the analyte of 
interest13 and may also contaminate the MS source. 

Figure 8. The ESI-MS signal (peak height) for some amine-containing compounds 
when a volatile electrolyte versus a non-volatile electrolyte is used. The volatile 
electrolyte consisted of 50 mM formic acid, pH:3 and the non-volatile electrolyte 
consisted of 10 mM phosphate, pH:3. The sheath liquid consisted of 100 mM formic 
acid with either 50% methanol or 50% 2-propanol (IPA).  
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The MS signal for some acids and bases were studied regarding the use of 
non-volatile electrolytes versus volatile electrolytes, the pH of the sheath 
liquid, and the type of organic modifier used in the sheath liquid. The 
structures of three of the studied compounds are shown in Figure 7. When a 
sheath flow interface is used an extra flow containing volatile constituents is 
added that dilutes the CE-electrolyte. The goal was to evaluate if non-
volatile electrolytes sometimes may be used in CE-MS, if combined with a 
proper sheath flow. The MS response was compared for some compounds 
that were separated either in a non-volatile phosphate electrolyte or a volatile 
formic acid electrolyte. The result is seen in Figure 8 and shows that it is 
possible to use non-volatile buffers with this instrumental set-up and for the 
chosen analytes with the exception of creatin. For the peptide, angiotensin, 
the signal loss was 50% while the initially low signal for creatin was lost to 
100%.  

The pH of the sheath liquid was an important parameter to optimise. The 
same analytes were thus studied by positive ESI, an acidic electrolyte 
(formic acid, pH: 3) while varying the sheath liquid from an acidic sheath to 
a basic sheath liquid composition. The signal intensity for the studied 
compounds was comparable between the two different pHs in the sheath 
liquid. The acids; i.e. benzene sulphonic acid, toluene sulphonic acid, and 
naringin, were studied by negative ESI and a basic electrolyte (formic 
acid/ammonia, pH: 9), while varying the sheath liquid pH. The acids were 
successfully detected when the acidic sheath liquid was used. The use of the 
basic sheath liquid resulted, quite unexpected, in a total loss of signal for all 
three acids. This result emphasises the importance to further study the ESI 
process and that the pH of the sheath liquid is a most important parameter to 
optimise.  

Figure 9. The ESI response (peak height) in positive mode for nicotine and 
benzylamine. The sheath liquid consisted of 100 mM formic acid and 50 % methanol 
or 50 % 2-propanol and the electrolyte were either 50 mM formic acid (pH 3) or 10 
mM phosphoric acid (pH 3). 

Lastly, the influence of organic modifier in the sheath liquid was studied and 
the results once again emphasized the need to optimise the sheath liquid for 
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each type of compound. Here 50 % methanol or 50 % 2-propanol was 
compared for the different compounds. The results for benzylamine and 
nicotine, using positive ESI, are seen in Figure 9. It could be concluded that 
for the non-volatile electrolyte, i.e. phosphate buffer, the choice of organic 
modifier had no effect on the signal. When the volatile electrolyte, formic 
acid, was used in positive ESI, 2-propanol was the better choice for nicotine 
analysis, while methanol was the clear choice when benzylamine was 
analysed. The reason for this difference may be related to the fact that 
benzylamine is much more water-soluble than nicotine and therefore also 
more soluble in methanol. Again the difference was even more pronounced 
in negative ESI. The signals from the sulphonic acids and naringin thus 
increased up to ten times when 2-propanol was used in the sheath liquid 
compared to the use of methanol. Other reports have also shown that 2-
propanol in the sheath liquid resulted in the highest sensitivity, when applied 
to oligonucleotides100, and amphetamines101. The ionic strength and the type 
of sheath liquid were also shown to have significance in the analysis of 
peptides102. The optimised conditions using an acidic sheath liquid were not 
studied further.  

4.1.2.2 Sheathless interface for CE-MS 
Monitoring of bacampicillin and its degradants in solution was studied by 

a CE-MS method using a sheath flow interface. In Paper II, this method was 
transferred to a method using a sheathless ESI interface. The sheath flow 
interface was used in connection with a quadrupole instrument while the 
sheathless interface was coupled to a TOFMS analyser. It quickly became 
obvious that a fast separation technique like CE has a better fit with a fast 
analyser like a TOFMS. If the full scan mode was performed on the 
quadrupole instrument, most of the peaks were, as expected, missed or had 
too few data points for even a qualitative analysis of bacampicillin and its 
degradants. It was however possible to perform selected ion monitoring 
(SIM) on this sample because of the limited amount of analytes, something 
that would be impossible on a more complex sample with many analytes of 
interest or unknowns that would be impossible. Only the coupling of CE to a 
TOFMS instrument by use of a sheathless interface was therefore studied in 
more detail. 

The sheathless coupling of CE-MS utilized polymer imbedded gold 
particles71, previously developed in our research group, that was applied onto 
the CE capillary tip. In the sheathless interface used in Papers II, VI and VII 
the electroosmotic flow in the CE capillary is reversed by an amine 
modification of the capillary wall. The amine modification of the silica wall 
not only gave a high reversed EOF but also minimized adsorption of the 
positively charged peptides at a low pH. 
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When a sheathless interface is used, the electrolyte constituents need to 
be volatile and an organic modifier must usually be added to the electrolyte 
to enable stable ESI performance. As shown in section 4.1.2.1 the choice of 
organic modifier in the sheath liquid will strongly influence the ESI-MS 
sensitivity. The importance of electrolyte composition, regarding organic 
modifier and ionic strength, was studied in detail in Paper II. Changing the 
composition of the electrolyte not only affect the ESI sensitivity but, as 
expected, also the separation. The study was made on peptides and two 
penicillins. Acetonitrile, methanol and 2–propanol were used as organic 
modifiers in the electrolyte. The concentrations of these were optimised for a 
high ESI stability and for a high quality of a peptide standard separation. For 
the optimised concentrations, 2-propanol showed to give best spray stability 
and resulted in the highest ion signals for the penicillins. This result is in 
accordance with what was reported in section 4.1.2.1, where 2-propanol 
gave the highest signal intensity for most of the studied compounds. In 
Figure 10, the separation of bacampicillin and the internal standard 
ampicillin is shown for different types and amounts of organic modifier. The 
results emphasize the importance of optimising the electrolytes for both 
separation and electrospray stability when using sheathless CE-MS. 
 

 
Figure 10. Influence on electrospray stability and separation from type and amount 
of organic modifier in the CE electrolyte. Conditions: 16 mM HAc/NH4Ac buffer; 
pH 3; percentage and type of modifier indicated in Figure. Peak identification: first 
peak = ampicillin, second peak = bacampicillin.  
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It was also found that an increase of ionic strength in the electrolyte from 10 
to 30 mM did not hamper sensitivity or had any impact on ESI stability.  

The estimated minimum detectable concentration, MDCsample for 
bacampicillin using sheathless ESI-MS was comparable to selected ion 
monitoring using the quadrupole instrument, i.e. 1 µM. The minimum 
detectable quantity (MDQ) was 10 pmoles. The aliphatic peptides were 
easily detected in an injected concentration of about 10 nM (calculated for 
methionine-enkephaline), which was the MDCsample for the basic peptides, 
i.e. bombesin, bradykinin 1-5 and substance P, corresponding to a MDQ of 
40 amoles. Similar detection limits (MDQ) has been reported by others using 
CE-TOFMS72. These detection limits are only valid for peptide standards. 
For the analysis of neuropeptides in complex sample like body fluids, the 
instruments and methods need to be able to handle concentrations in the low 
pM range. The increased sensitivity using a sheathless interface compared to 
a sheath flow interface was shown by Thibault et al. to be about a factor of 
10 for their systems73. Lee et al. have discussed ways to further decrease the 
detection limit in CE-TOFMS and mentions particularly TOFMS specific 
settings like data acquisition speed103. As mentioned earlier, the use of 
preconcentration before the CE may be essential since it will increase the 
overall sensitivity. 
  

4.2 Complex samples 
Samples of biological or environmental origin are often very complex in the 
context that the samples contain many different types and sizes of 
components in a wide range of concentrations. A current interest is the aim 
to characterise all proteins in human cells. High resolution, sensitivity, and 
optimised sample preparation methods will be needed for these samples. 
This section of the thesis focuses on 1) on-line approaches from sample 
preparation to detection to avoid sample handling and decrease the time of 
analysis and on 2) the coupling of orthogonal separation techniques to 
increase the resolution in the system. Whichever analysis path one chooses, 
the amount of information is enormous. Therefore, ways to handle this 
information, like the use of chemometrics, will most certainly need more 
effort in the future. 
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4.2.1 Peptide mapping by LC-MS 

4.2.1.1 Proteomics and protein characterisation 
Proteomics is the study of all the proteins expressed in a cell or tissue at a 
given time. It is an emerging field dedicated to high-throughput 
identification and understanding of the protein chemistry. Where the genome 
can be viewed as static, the proteome is very dynamic. The amounts of the 
proteins differ, their lifetime varies and, furthermore, they can be post 
translationally modified, e.g. phosphorylated and glycosylated. The 
characterisation of isolated or synthesised proteins uses the same types of 
analytical methods as one do in proteomics but is dedicated to the analysis of 
one or a few proteins, e.g. quality control of pharmaceutical proteins. One of 
the most important tools for protein analysis is mass spectrometry104,105.  

The analysis of the whole human proteome, with existing analytical 
techniques, will take decades. New tools, which are faster, more sensitive 
and able to resolve hundreds of thousands of proteins or peptides, are 
therefore needed.  

4.2.1.2 Peptide mapping 
Peptide mapping, or peptide fingerprinting, is a way of characterising and/or 
identifying a protein106. It is accomplished by cleaving the protein into 
smaller fragments using a specific enzyme or chemical cleavage. Sometimes 
the disulfide bonds of the protein are reduced and carboxymethylated before 
cleavage. The resultant peptides are then separated by reversed phase LC, 
ion-exchange chromatography, thin layer chromatography, gel 
electrophoresis or capillary electrophoresis and detected by, e.g. UV or ESI-
MS. The chromatogram or electropherogram obtained, functions as a peptide 
map. A peptide map of one or several proteins can also be achieved without 
separation of the peptides. One of the most frequently used methods for 
peptide mass mapping without prior separation is MALDI-MS. An 
advantage with this method is that MALDI is quite insensitive to the high 
amounts of salts or detergents that are often left behind from the sample 
preparation. Drawbacks are that the high abundant peptides commonly mask 
the peptides of low abundance and that quantification is difficult using 
MALDI-MS.  

Identification of unknown proteins is vital in for example the screening of 
proteins as potential targets for drug interaction. This may be accomplished 
either by using the characteristic distribution of peptide masses (peptide 
map) obtained by enzymatic digestion107 or by analysis of the whole or 
partial amino acid sequence of the protein, i.e. sequence tags108. The peptide 
map or sequence tags are unique for every protein and can be found in public 
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databases if the protein has earlier been characterised. Databases cannot be 
used if the protein is completely unknown, i.e. has never been characterised. 
These proteins need to be sequenced or may be identified in other waysIV. 
For high throughput screening only a few peptides, i.e. low peptide 
coverage, may be needed for the identification of a protein from a database. 

A peptide map can also be used to confirm consistency and detect 
possible modifications of a protein by comparing it to a reference material of 
the anticipated protein. This technique is particularly important for quality 
control of pharmaceutical proteins. Recombinant products that are intended 
for treatment of human diseases need to be pure and stable109.  

Peptide maps are in addition a common step to elucidate the complete 
primary sequence of a protein (the sequence of each fragment is determined 
and combined) and to study post-translational modifications. In these 
applications, high peptide coverage is needed to obtain the complete 
sequence or to locate small differences. 

4.2.1.3 Analytical aspects of peptide mapping 
In process monitoring and quality control of proteins it is very important to 
have control over the robustness, precision and reproducibility of the 
analytical method110,111. This is especially important, as peptide mapping is 
largely a comparative technique. 

The separation method most often used for peptide mapping is reversed 
phase LC using gradient elution. Dong et al.112 studied some factors that 
influences the quality of a peptide map and particularly mentioned 
instrumental requirements such as high LC pump performance. The mobile 
phase often consists of acetonitrile and TFA. Acetonitrile is preferred 
because of its low absorbance in the low 200 nm wavelengths and TFA as 
mentioned earlier, due to its low absorbance and volatility. When a mass 
spectrometer is used as a detector, TFA is often replaced by formic or acetic 
acid. The possible decrease in chromatographic quality is counteracted by 
the fact that TFA suppresses the signal intensity of the peptides in the ESI 
process. Other factors that influence the quality of a peptide map are the pre-
treatment of the protein, e.g. solubilization and denaturation issues. 
Solubilization and denaturation are accomplished by addition of a high 
amount of salt or detergents, like SDS, to the protein sample. These additives 
may need to be removed before separation since they might influence the 
stationary phase in the LC column113. Very large peptides may also affect the 
reproducibility of the separation on the reversed phase column as they can 
adsorb strongly to the stationary phase114. 

In Paper IV, a method was developed for peptide mapping of lactate 
dehydrogenase (LDH). The protein was first denatured with 6 M guanidine-
hydrochloride (gua-HCl) and then digested with lysinendogenase C for four 
hours in 37° C. The desalting was made on a small reversed phase tip, a 
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ZipTip, and the peptide solution was then evaporated to dryness and re-
dissolved in the LC mobile phase. The peptides found in the LC-MS run 
were compared to the theoretical peptides found in databases and the 
sequence coverage was 25 %. A model for classifying similar proteins by the 
use of chemometrical tools was evaluated. The model was demonstrated on 
four LDHs of different origins, of which one protein sequence was not 
available in any database. The LDHs could be correctly classified with 
chemometrical tools such as principal component analysis (PCA), partial 
least squares (PLS) and artificial neural networks (ANN). With this model, 
unknown proteins, i.e. proteins that have not been sequenced, can also be 
classified.  

To decrease the analysis time and minimize sample handling, the sample 
preparation was coupled on-line to the LC-MS analysis in the following 
project, Paper V.  

4.2.1.4 Proteolysis coupled on-line to LC-MS 
To avoid manual sample handling and thereby possible contamination of the 
sample, the sample preparation could be coupled on-line to separation and 
detection. Another important advantage with an on-line system is that it may 
easily be automated. 

Instead of digesting the proteins in a solution or in a gel, enzymes may be 
immobilized onto a solid support115. The first micro enzyme reactor was 
reported as early as 1978116. Since then many different types of micro 
enzyme reactors have been reported117,118,119, some of which have been 
integrated in a chip120,121,122. The advantages of immobilized enzymes are 
many, including larger enzyme to substrate ratio, high digestion efficiency, 
the enzymes can be used over and over again, and the sample handling is 
minimized if coupled in an on-line system. When small amounts of proteins 
are digested the latter is especially important due to the proteins high 
propensity to stick to the surfaces of the digestion vial and thereby be lost. In 
Paper VI an on-line proteolysis-separation system is reported. The set-up 
may be seen in Figure 11.  
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Figure 11. Set-up of on-line digestion coupled to capillary LC-MS through a 
trapping column. 2.5 µl of protein solution is injected onto the trypsin enzyme 
column at a flow rate of 1 µl/min in a digestion buffer consisting of 50 mM 
ammonium acetate, 10 mM calcium chloride and 5 % methanol. The resulting 
peptides are trapped on the trapping column, which is coupled in-line to the trypsin 
enzyme column. The peptides are then eluted from the trapping column to the C18 
PepMap separation column in mobile phase consisting of 20 mM formic acid and 10 
% methanol at a flow rate of 2 µl/min. The peptides are separated in a linear 
gradient and detected in the mass spectrometer (API100). 

An important consideration was that the effluent from the first column 
compromises the operation of the next column. The first column is the 
enzyme reactor containing, in this case, trypsin immobilized onto a solid 
support (Porozyme). For optimal trypsin activity the pH needs to be about 
8. However, a pH of 3 was optimal for detection of the peptides by ESI-MS. 
The pH shift and buffer exchange were achieved by the use of a trapping 
column. The on-line strategy was further complicated by the need of 2 M 
gua-HCl to keep the protein solubilized and denaturated. The demands set by 
the protein sample preparation were thus incompatible with the ionisation 
process in ESI. Therefore the trapping column served not only to exchange 
buffer but also to clean the sample before introduction onto the separation 
column. It was shown that large amounts of salts decreased the binding 
capacity of the trapping columns tested and it was also very important to 
choose a proper packing material in the trapping column. Different kinds of 
trapping column materials were thus evaluated.  

With an optimised on-line digestion, the peptide sequence coverage using 
the optimised system set-up was almost twice as much as in the off-line set-
up. Chromatograms comparing digestion from the on-line system and from 
the off-line system used in Paper IV are shown in Figure 12. The increase in 
the sequence coverage is important if the goal is to study small differences 
between peptide maps like post-translational modifications but less 
important if the only purpose is to identify a certain protein. At this time, 1.5 
 µg of LDH was injected onto the enzyme reactor, corresponding to a protein 
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concentration of 0.5 mg/ml. At least an order of magnitude higher sensitivity 
is needed for real-life applications. The sensitivity can be increased by 
injecting a larger volume and/or by the use of a more sensitive detector, such 
as TOFMS. To avoid the pH shift between the digestion buffer and the LC 
buffer, pepsin may be used instead of trypsin in the enzyme reactor. The 
pepsin activity is optimal at a low pH and thus TFA can be evaluated as a 
denaturating agent, which is a much better fit for the ESI process. 

Figure 12. Base peak chromatograms of a tryptic digest of LDH from hog muscle 
using A) Digestion in solution, B) Digestion in a trypsin reactor in an on-line 
system. The conditions: A) trypsin digestion during four hours, desalting on ZipTip, 
speedvac and reconstituted in mobile phase A. The separation was performed on a 
PepMap C18 column using gradient elution that started at 7 % B and increased to 
93 % B during 40 minutes. B) LDH was injected onto a trypsin reactor and digested 
during 10 minutes, the peptides were thereafter trapped on a Grom-Sil trapping 
column and eluted on to the LC with the same conditions as in A). The detection was 
made in positive ion mode ESI-MS. 

A prominent advantage with an on-line set-up is that the total analysis time 
including sample preparation decreases significantly compared to traditional 
protein analysis with the digestion and desalting off-line to LC-MSIV. This is 
illustrated in Figure 13. Digestion in gels or in free solution is a time 
consuming process taking anything from 2 hours up to 20 hours depending 
on the sample. With the present on-line set-up, the digestion time was only 
10 minutes. To further decrease the total analysis time, more focus has to be 
paid to the LC separation. Using for example highly efficient monolithic 
columns can decrease the time of separation123,124. By the use of nonporous 
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silica, Banks et al reports of a 3.5 minutes separation of a myoglobin tryptic 
digest125.  

Another approach for dealing with the high amounts of non-volatile salts 
or detergents, apart from the switched column trapping technique described 
in Paper VI, may be to use a trapping column after the enzyme reactor 
coupled directly on-line to the LC-MS. Possible set-ups have been described 
where SDS was removed from protein digests by trapping columns before 
separation and detection126,127. The trapping columns used in these reports 

were similar to the anion-exchange 
column used in Paper I for buffer 
cleaning purposes. For high throughput 
purposes there should at least be two 
parallel trapping columns in the system, 
while one is used for trapping, the other 
can be regenerated. These approaches 
are especially important to consider 
when analysing hydrophobic proteins, 
e.g. membrane proteins, which are very 
difficult to solubilize. 

 
Figure 13. The time profit of the on-line  
system compared to classical digestion in solution  

In order to get as much information as possible out from high throughput 
analysis of proteins, high peptide sequence coverage is needed. Another way 
to increase the information is to use several kinds of digestion enzymes; as 
described by Yan He and co-workers128. The most popular way to increase 
the information from protein and peptide analysis, today, is however to 
increase the peak capacity per unit time in the analysis system by using 
optimal combinations of multidimensional techniques.  

4.2.2 Aspects of on-line LC-CE-MS for complex samples 
Lately, many applications of proteomic mapping have been reported. To 
map the proteins in a whole cell, much higher resolution is needed than what 
can be achieved in a single dimension. Isoelectric focusing and SDS-PAGE  
can individually resolve ~50 proteins. Coupled together as 2D gels several 
thousands of proteins can be resolved. Drawbacks with these separations 
include high demands on the analyst, contamination and backgrounds, that 
proteins with extreme pI and molecular weight and many basic residues are 
difficult to analyse by 2D PAGE, and that the procedure is difficult to 
automate. An alternative or a complement to 2D PAGE may be to use 2D 
LC, e.g. by use of a cation exchange phase and a reversed phase column 
coupled together in a column switching system. Many groups have 
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recognised this possibility, and some have reported on sampling part of the 
effluent from the first dimension column to the second129 or as demonstrated 
by Yates et al.130 by a comprehensive sampling from the first dimension to 
the second dimension in a single bi-phasic column. Recently, Gygi et al. 
reported the use of multidimensional chromatography combined with 
quantitative analysis of proteins131. 

Another attractive combination is LC combined with CE. CE and LC 
have been used orthogonally for peptide mapping purposes, by for example 
taking out LC fractions and analysing each fraction by array CE-UV132. The 
direct connection between LC and CE, as reported by Jorgenson et al., has 
been used for example to separate tryptic digests 83,82, and amino acids84. The 
LC-CE interface has not only been used for separating complex samples but 
also to differentiate cross-reactive species by LC and transferring them to CE 
immunoassays133.  

Ramsey et al. developed a microchip using CEC as the first dimension 
and CE as the second dimension for the analysis of protein digests134. 
Whitesides et al. recently reported about a prototype of a 2D separation 
mimicking a 2D gel135. These separations are still in their infancy and the 
achievable on-chip resolution needs to be improved to match the resolutions 
that can be obtained on standard capillaries. 

 
Figure 14. A 2D representation of an LC-CE separation of a nine-peptide standard. 
The peptides eluting from the LC were sampled every 20th second during four 
minutes by the CE and detected in TOFMS. LC conditions: mobile phase A: 20 mM 
formic acid, 10 % ACN, B: 20 mM formic acid, 90 % B, linear gradient from 0 % B 
to 30 % B. CE conditions APS coated capillary, 500 V/cm. 

The LC-CE interface that is described in section 3.2 uses conventional fused 
silica capillaries for the separation while the 2D fraction cuts are performed 
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in a nuts and ferrule free connection between the LC and CE columns. The 
use of capillaries also facilitated MS detection in contrast to chips. The 
performance of the LC-CE interface coupled to ESI-MS detection was 
demonstrated for some peptides, with reference to sensitivity and peak 
capacity. A 2D plot of the LC-CE separation, Figure 14, shows that the two 
separations systems are orthogonal to each other. The injected amount of 
leucine-enkephaline reaching the TOFMS was 0.5 pmoles, i.e. 25 µg/ml in 
the solution injected in LC. The detection limit could be approximated to 
300 ng/ml in the initial peptide sample (MDCsample). The only other reported 
LC-CE interface used with mass spectrometric detection83 demanded a 
minimum of 100 µg/ml standard peptides in the original solution. In our 
prototype interface, the resolution was slightly hampered when peptides 
were injected from a continuous flow using the PDMS interface compared to 
injections in conventional CE, but was still baseline resolved. The extra 
dimension given by the MS analyser may also be discussed as it increases 
the resolution of the whole system 136. Different strategies for estimating the 
peak capacity, and thereby the resolution, have been reported. For 
convenience of comparison, the peak capacity should be reported per unit 
time. The number of spectra acquired from the MS during an LC peak was 
used as a measure of the peak capacity as reported by Yates et al.137. For 
their MudPIT approach, the total peak capacity was 23000, corresponding to 
170 during 10 minutes. The total peak capacity in our system is 3000 for the 
analysis time of 3.4 minutes, i.e. 9000/10 minutes. It may be questioned 
though, whether the MS analyser selectivity can be used as a measure of 
peak capacity. 

To further increase the resolution in the system, future multidimensional 
approaches may, to a higher degree, be utilising the extra dimension that MS 
gives, by for example using ion mobility mass spectrometry138,139. This adds 
an extra separation dimension with a timescale that would fit in, namely a 
kind of gas phase electrophoresis, to the system.  
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5 Concluding remarks and future perspectives 

The analysis of polar compounds, like metabolites, was studied by ion-
pair chromatography coupled to ESI-MS. It was shown that non-volatile 
buffer components successfully could be removed or exchanged to provide a 
reliable ESI process. The analysis of polar compounds will probably be 
facilitated by the development of new LC column materials adapted to 
mobile phases that better fit the ESI process.  

For protein analysis, the sample preparation was coupled on-line to LC 
separation and MS detection. This set-up was compared to an earlier 
developed method using off-line sample preparation and it was shown that 
the analysis time decreased substantially but that the sample preparation 
issues was detrimental to the ESI process and therefore had to be considered.  

The important strive to develop CE-MS into an orthogonal and mature 
technique comparable to LC-MS requires development of both robust 
interfacing techniques and stable surface modifications of the CE columns. 
The importance of choosing the correct composition for the separation 
electrolyte and the sheath flow were demonstrated for the analysis of 
peptides and penicillins. CE has gained renewed attention during the Human 
Genome Project where multiplex CE was used to sequence DNA. Whether it 
will be as an important technique for proteomics remains to be seen.  

The on-line concept is especially important for high throughput screening 
where automation is essential. Orthogonal separation techniques, such as 
LC-CE, thus have great potentials in the future. To analyse low abundance 
proteins, separation techniques with high resolution and sensitive detection, 
such as that provided through TOFMS, will be needed. The utilisation of 
orthogonal techniques will be of vital importance in the analysis of a 
proteome, where the complexity and dynamic range of the contents are 
enormous and methods aiming at increased resolution are needed. If this is 
accomplished using coupled techniques with well-adapted time events, like 
capillary LC-CE-ESI-TOFMS, the peak capacity per unit time was shown to 
give a highly competitive system. 

The selected applications in this study show that more basic and applied 
knowledge of ESI in terms of buffers, sample preparation and the 
combination of these are needed in the future. I hope that my thesis can be 
used as a contribution in the further understanding of micro liquid 
separations coupled to ESI-MS, and as an inspiration for researchers in 
analytical chemistry. 
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