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In this thesis, porous graphitic carbon (PGC) has been used as packing material in 
packed capillary liquid chromatography. The unique chromatographic properties of 
PGC has been studied in some detail and applied to different analytical challenges 
using both electrospray ionization-mass spectrometry (ESI-MS) and ultra violet 
(UV) absorbance detection.  

The crucial importance of disengaging the conductive PGC chromatographic 
separation media from the high voltage mass spectrometric interface has been 
shown. In the absence of a grounded point between the column and ESI emitter, a 
current through the column was present, and changed retention behaviors for 3-O-
methyl-DOPA and tyrosine were observed. An alteration of the chromatographic 
properties was also seen when PGC was chemically oxidized with permanganate, 
possibly due to an oxidation of the few surface groups present on the PGC material.  

The dynamic adsorption of the chiral selector lasalocid onto the PGC support 
resulted in a useful and stable chiral stationary phase. Extraordinary 
enantioselectivity was observed for 1-(1-naphthyl)ethylamine, and enantioseparation 
was also achieved for other amines, amino acids, acids and alcohols.  

Finally, a new strategy for separation of small biologically active compounds in 
plasma and brain tissue has been developed. With PGC as stationary phase it was 
possible to utilize a mobile phase of high content of organic modifier, without the 
addition of ion-pairing agents, and still selectively separate the analytes.  
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α Separation factor 

AGP α1-acid glycoprotein 
BSA Bovine serum albumin 

CD Cyclodextrin 

Eapp Applied electrochemical potential 

ECD Electrochemical detection 

EMLC Electrochemically modulated   
liquid chromatography 

ESI Electrospray ionization 

HILIC Hydrophilic interaction  
chromatography 

HSA Human serum albumin 

i.d. Internal diameter 

k´ Retention factor 

LC Liquid chromatography 

MIP Molecular imprinted polymer 

MRM Multiple reaction monitoring 

MS Mass spectrometry 

MS/MS Tandem mass spectrometry 
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PGC Porous graphitic carbon 

PREG Polar retention effect on graphite 
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1 Introduction 

When analyzing e.g. endogenous compounds in biological tissues there is a 
need for a separation technique by which the analytes of interest can be 
separated from each other and from the sample matrix. One of the most 
important separation techniques used today is liquid chromatography (LC), 
see Figure 1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 A schematic figure showing a liquid chromatographic system. 

To succeed with a liquid chromatographic separation, it is important to both 
choose the right column (i.e. to choose an appropriate stationary phase) and 
the right mobile phase. The combination of a relatively non-polar stationary 
phase, as octadecylsilane (ODS, i.e. C18 on silica particles), and a relatively 
polar mobile phase, e.g. a mixture of methanol and water, represents today 
the most common liquid chromatographic mode. Although ODS enables a 
high separation performance of a majority of chemical analytical samples, 
the stationary phase has limitations for which powerful alternative separation 
media are needed. In addition, the silica based stationary phases (including 
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ODS) commonly restricts the choice of mobile phases to within the pH range 
of 2−8 due to limited pH stability of the bulk silica particles. If, fore some 
reasons, there are restrictions on the use of ion-pairing agents in the mobile 
phase, or if there is a desire to use high contents of organic modifiers, it will 
become difficult to retain and thereby separate small polar analytes on these 
columns. When LC is coupled to the selective and often sensitive mass 
spectrometric detector, it is well known that these restrictions and desires are 
incompatible. Volatile mobile phase additives and eluents of relatively high 
content of organic modifier are then preferred, and thereby difficulties arise 
with insufficient retention when analyzing polar compounds on e.g. ODS 
separation media. 

Porous graphitic carbon (PGC) is a stationary phase with interesting 
properties that was developed during the 1980´s. It has been adopted for 
several applications, including separation of polar analytes and closely 
related substances, where e.g. ODS materials are a less successful 
alternative. The choice of pH is not restricted since PGC offers stability over 
the entire pH range. Moreover, PGC makes it possible to use relatively high 
contents of organic modifiers and still retain even very polar analytes. The 
flat layered surface characteristics of PGC have found to be advantageous 
for separation of closely related substances. Due to the hydrophobicity of 
this two-dimensionally ordered surface, PGC may also be successfully used 
as a support for a dynamically adsorbed selector for chiral separations. 

This thesis will show the usefulness of working with PGC as packing 
material for liquid chromatographic separation of polar analytes (Paper V 
and VI) and in combination with a chiral selector for the separation of 
enantiomers (Paper III and IV). The properties of the packing material have 
also further been investigated (Paper I) and the compatibility between PGC 
columns and MS detection has been discussed in Paper II.  

All separations have been performed with packed fused silica capillaries 
(of 200 µm internal diameter) with the advantages of reduced consumption 
of stationary phase, reduced consumption of mobile phase (and chiral 
selector when applied), simplified couplings to the mass spectrometer and 
improved detection sensitivity when limited amount of sample is present. 
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2 Porous graphitic carbon (PGC) as packing 
material 

Carbon has historically proven to be a difficult stationary phase to develop 
for liquid chromatography. Different procedures for preparation of the 
packing material have been described,1-4 but problems with fragility, 
retention capacity and poor mass transfer have been encountered. In 1982, 
however, Knox and co-workers published a method for making a 
mesoporous glassy carbon material (i.e. a structure with a pore size of a few 
nanometers (nm) to tens of nm´s) with the required physical and chemical 
stability.5 They used silica gel as a template and when the mesoporous glassy 
carbon product was further graphitized using temperatures above 2000°C a 
crystalline product without micropores (with a pore size less than a few nm) 
was obtained. This procedure resulted in a breakthrough for the production 
of porous graphitic carbon (PGC) material (of 7µm particles) for liquid 
chromatography. In 1988, the PGC manufacturing process developed at the 
Wolfson Unit in Edinburgh University, UK, was transferred to Thermo 
Hypersil-Keystone (formerly Hypersil and Shandon, Runcorn, Cheshire, 
UK). The company further optimized the medium’s performance by 
introducing a 5 µm particle diameter material in 1994.  

Today, PGC (HypercarbTM) is a complementary stationary phase to e.g. 
octadecylsilane (ODS, i.e. C18), and it has found use in a diverse range of 
applications,6-9 e.g. for the separation of closely related substances10-14,III-VI  

and separation of polar analytes.10,15-22,V-VI   
In the present Chapter, the properties of PGC are described and the 

retention of non-polar, polar and isomeric compounds on PGC columns is 
discussed.   

2.1 Properties of PGC  
Porous graphitic carbon is available as 5 and 7 µm particles. The media have 
a specific surface area of 120 m2/g, a 250 Å median pore diameter and a 75% 
porosity.23 The packing material can withstand pressures of at least 400 bar, 
and the packing material is stable over the entire pH range of 0−14.23  
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 The surface of PGC is dissimilar from e.g. ODS stationary phases. 
Figure 2 shows schematic pictures of the surface of (a) PGC and (b) ODS.  

 
 
 
 

 

 
 
 
 
 
 
 
 

(a)   (b) 
Figure 2 The surface of PGC (a) and ODS-materials (b). 

As can be seen in Figure 2, the PGC surface consists of sheets in a surface 
architecture that is very different from that of e.g. ODS materials. The 
regular and two-dimensionally ordered surface of PGC (Figure 3) is 
composed of flat sheets of hexagonally arranged carbon atoms showing sp2 
hybridisation.5,11 Within the sheets, the carbon atoms are valancy satisfied 
and the surface is homogeneous. However, there are undoubtedly carbon 
atoms at the edges of the graphite sheets which must have valancy satisfying 
functional groups attached to them such as hydroxyl, carbonyl, carboxylic or 
amino functions.1,23,24,I 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 The crystal structure of PGC, showing the two-dimensional graphite 
arrangement.23 
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In Figure 3, the distances between the carbon atoms and between the carbon 
layers are shown. The spacing of the carbon atoms within the sheets is very 
close to that in large polycyclic aromatic molecules25 and the individual 
graphite sheets might be regarded as gigantic aromatic molecules composed 
of almost entirely carbon. 

2.1.1 Special features of PGC as a packing material 

2.1.1.1 PGC and surface charge 
PGC is a conductor and will thus obtain the same redox potential as the 
surrounding solution. For instance, when PGC is exposed to a mobile phase 
with a more positive redox potential than the point of zero charge (PZC) of 
PGC (i.e. Eapp > PZC), a positively net charge will result on the surface, see 
Figure 4 a.  In a similar way, a negatively charged surface will result when 
PGC is in contact with a solution of a more negative redox potential than the 
PZC, see Figure 4 b.  

 
 

  a) Eapp > PZC b) Eapp< PZC 
 
 

PGC surface: 
             

 
Figure 4 The surface charge of PGC when the redox potential is (a) more positive 
and (b) more negative than the point of zero charge (PZC) of PGC. 

The surface charge of PGC has proven to be important for the 
chromatographic characteristics of PGC.26,I In electrochemically modulated 
liquid chromatography26 (EMLC), Porter and co-workers altered the applied 
electrochemical potential on the PGC stationary phase and thereby changed 
the retention for different analytes, e.g. arene sulfonates. The surface charge 
on PGC may, however, be changed by different approaches. In Paper I 
another approach was used, namely chemical oxidation of packed PGC 
columns using permanganate. By applying this chemical strategy for 
oxidation of PGC, the retention characteristics of the packing material were 
initially significantly altered as described in the following Section. 

+  +  +  + −  −  −  − 
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2.1.1.2 Chemical oxidation of PGC  
When PGC is oxidized by a strong oxidizing agent, like permanganate, two 
closely related phenomena occur. First, the surface charge (see Chapter 
2.1.1.1) is altered. Secondly, surface groups1 present on PGC can be 
oxidized. If the surface charge is changed, alteration of the retention on PGC 
has been reported.26 Likewise, the second phenomenon, i.e. the oxidation of 
surface groups may give rise to a change in the retention.I  

In Paper I, it is shown that the chromatographic behavior of oxidized 
PGC columns is significantly different from that of non-oxidized PGC 
columns. When the analytes (dopamine, DOPAC and heparin disaccharide) 
were injected on oxidized PGC columns, no clear peaks originating from the 
analytes were observed during the first day(s).I Hence a dramatic change in 
the retention of all compounds was initially seen on the PGC columns 
oxidized with permanganate. Thereafter, when the oxidized columns were 
equilibrated several days by pumping mobile phase through them, the 
column regained its original properties and the analytes eluted from the 
columns with similar retention factors as for the non-oxidized PGC columns. 
The behavior of oxidized PGC, as described above and reported in Paper I, 
demonstrates that the properties of the oxidized PGC columns are unstable, 
and approach the chromatographic properties of non-oxidized PGC columns 
with time.  

One possible explanation for the observed alterations in the retention 
characteristics of oxidized PGC, could be that the conducting PGC material 
is in contact with a solution that slowly changes its redox potential with 
time. A decrease in redox potential (and hence a change in surface charge) of 
the oxidized PGC will result when mobile phase is passed through the 
column during the equilibration. In the beginning, i.e. immediately after the 
oxidation with permanganate, a quite positive redox-potential of PGC should 
result (c.f. Chapter 2.1.1.1). However, as the permanganate concentration in 
the column is decreasing the redox potential of PGC would also decrease, 
since the redox potential of the mobile phase lacking permanganate is lower 
than the redox potential of a permanganate solution. The decreased 
concentration of permanganate in the column would quite rapidly alter the 
surface charge (and thereby the chromatographic properties) of PGC.  

Additionally, a more time consuming process is involved in the chemical 
oxidation and alteration of the chromatographic properties of PGC. This 
process can be described as follows: initially an oxidation of surface groups 
on the PGC by the permanganate occurs. This is followed by a slow 
reduction of the functional groups by components present in the mobile 
phase. This is possible since the redox potential of the mobile phase used 
during the equilibration (and separations) was found to be significantly 
lower (approximately + 0.5 V) than the redox potential of the potassium 
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permanganate solution (approximately +1.0 V). The PGC material and 
mobile phase can thereby act as oxidizing and reducing agents, respectively, 
during the redox equilibration.  

In Figure 5 the titration curve for an oxidative titration of a suspension of 
PGC in 10 mM sulfuric acid is shown. It can be noted from the curve that the 
amount of PGC present in the suspension decides the amount of oxidizing 
agent needed to reach the plateau of approximately 1 V. The additions of the 
oxidizing agent can not alone explain the shapes of the titration curves. In 
other words, when the amount of PGC (and thereby the amount of oxidizable 
groups) was increased, more permanganate was needed to complete the 
oxidation.  From the oxidative and reductive titrimetric experiments reported 
in Paper I, the presence of surface groups on PGC was verified and the 
concentration was calculated to be less than 0.1 mole % in the investigated 
PGC batch material.  
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 5 Oxidative titration of 2 mg ( ) and 8 mg ( ) PGC in 10 mM sulfuric 
acid.  

2.1.1.3 Equilibration of PGC 
PGC has been reported to require extremely long equilibration times to reach 
stable chromatographic performance (i.e. more than one month reported for 
some mobile phase conditions27). One hypothesis regarding the cause for this 
slow equilibration behavior of PGC was proposed in Paper I and is also 
briefly discussed here:  
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The presence of functional groups on the PGC surface has been verified 
(c.f. Chapter 2.1.1.2). Our hypothesis proposes that the slow equilibration 
behavior reported27 is a result of an oxidation, by the mobile phase, of 
functional groups present on the PGC surface. If the potential of the mobile 
phase is higher or lower than the standard potential of the functional groups, 
an oxidation or reduction, respectively can occur on the PGC material. The 
oxidation (or reduction) of the functional groups may give rise to a slow 
change of the chromatographic properties as a function of time. A change in 
the retention of charged analytes, as observed by Koivisto et al. and us,27,I 
can thereby be observed.  

In a chromatographic column, the oxidation process (i.e. titration process) 
of PGC may be a time-consuming procedure due to the presence of low 
concentrations of oxidizing agents in the mobile phase. This is in contrast to 
the relatively rapid equilibration observed in the titration experiments in 
Figure 5. 

2.1.2 Retention of non-polar analytes and geometric isomers 
The strength of interaction between a hydrophobic analyte molecule and the 
PGC surface largely depends on how well the molecule fit onto the flat 
graphite surface.6 PGC has been found to be particularly selective with 
respect to geometrical isomers and closely related substances.10-14,28 It has 
been concluded that highly structured and rigid molecules generally will be 
less retained on PGC than flexible molecules of the same molecular weight.7 

The retention of homologous series of hydrophobic species (e.g. 
alkylbenzenes) has been studied on PGC by many researchers, e.g. Kříž and 
Möckel.12,29 It was found that non-polar analytes were strongly retained on 
PGC. Compared to ODS materials, more organic modifier was required to 
elute a solute from a PGC column. In general, the authors found that PGC 
showed a linear relationship between log10 k´ and carbon number, in 
accordance with Equation 1 below: 

nkk γ+= 01010 ´log´log     (1) 

where k´ is the retention factor, log10 k´0 is the theoretical log10 k´ for 
benzene, n is the number of carbons and γ is the expected linear gradient 
which hence is a measure of how selective the material is with respect to 
addition of e.g. methylene groups. PGC has been found to yield greater 
discrimination for methylene addition and methyl substitution than ODS, 
silica and alumina. Kříž et al.12 have reported γ values of 0.22-0.25 for 
addition of a methylene group to a carbon chain and 0.46 for addition of a 
methyl group into an ortho position of the benzene ring. The corresponding 



9 

values for the comparable ODS stationary phase were reported to be 0.17 in 
both cases.  

2.1.3 Retention of polar analytes 
Initially, it was expected that PGC should behave as a strong reversed phase 
material, complementary to ODS phases. However, it quickly became clear 
that PGC does not behave like a strong ODS stationary phase in terms of 
retention and selectivity for polar compounds.7 Bassler and co-workers30 
reported, already in 1989, of an increase in retention for the more polar 
substituted aromatic molecules, i.e. a retention behavior that is in contrast to 
what is expected for a reversed phase material. They also demonstrated the 
ability of PGC to act as an electron-pair acceptor under non-polar mobile 
phase conditions. 

The retention of polar analytes on PGC has been investigated and utilized 
by several other research groups.10,15-22 Still, the retention mechanism is not 
exactly known. Knox and Ross defined the retention mechanism as the Polar 
Retention Effect on Graphite (PREG)1 and in a recent review6 Ross stated 
that: 

“The polarizable properties of the graphite surface clearly hold the key to 
understanding the mechanism by which polar molecules are retained at the 
surface…However, full molecular modelling calculations are necessary to 
explain the polar retention effect on graphite.” 

It has, however, been concluded that PREG can not be caused by simple 
electrostatic interaction in which one regards PGC as a conductor1 and that 
the PREG involves energies as high as 42 kJ/mole.6 The latter value can be 
compared with the energy of molecular interactions usually associated with 
reversed-phase LC, e.g. van der Waals interactions of approximately 
5 kJ/mole.31 

2.1.4 PGC and mass spectrometric detection 
Using PGC as stationary phase often enables separations of small and polar 
analytes with a high content of organic modifier and with mobile phases 
containing no ion-pairing agents. Additionally, the chemical stability of PGC 
allows for a free choice of mobile phase pH. These degrees of freedom given 
to the choice of mobile phase conditions should greatly simplify the coupling 
to mass spectrometric detection.32 Several researchers, e.g.33,34,II,IV,VI have 
coupled PGC columns to mass spectrometric (MS) detection. However, as 
PGC is a conducting stationary phase, it is not recommended to connect the 
packed capillary column directly to a high voltage electrospray ionization 
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interface. When using this type of interface, it is highly recommended to 
insert a transfer-line composed of e.g. fused silica with small internal 
diameter (e.g. 50µm i.d.) between the column and the mass spectrometric 
interface.  The conducting PGC material will then be partly de-coupled from 
the high ion spray voltage.  

In Paper II, the importance of grounding the conducting PGC stationary 
phase (i.e. grounding the stainless steel union, see Figure 6) was illustrated. 
Removing the ground point resulted in a potential drop over the column and 
a current passing through the chromatographic stationary phase. Shifts in 
retention times for 3-O-methyl dopa and tyrosine as well as peak splitting 
was observed (for 3-O-methyldopa). However, the less retained dopamine 
and noradrenaline did not show either shift in retention or peak splitting.  

The reasons for the observed retention shifts and peak splitting need to be 
further investigated, although one hypothesis regarding redox reactions 
involving the PGC material and/or the analytes injected was proposed in 
Paper II.  

 
 
 

 
 

 
 
 
 

 
 
 
Figure 6 A recommended system set-up for a PGC column coupled to a mass 
spectrometric interface with a high positive voltage applied. 
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3 Separation of enantiomers 

A chiral molecule has two forms (i.e. enantiomers) that are mirror images of 
each other, c.f. Figure 7. When a chiral molecule is introduced to a chiral 
environment, e.g. when a chiral drug is administered to the human body, the 
two enantiomers may act as two different compounds. Of all the drugs in use 
today, approximately 50% of them are chiral.35 Even though it is well known 
that enantiomers may have different pharmacological effects and that 
sometimes the inactive enantiomer even shows unwanted side effects, only 
about 25% of the drugs are administered as pure enantiomers.35,36 However, 
there is a continuous growth for single-enantiomer drug-sales.36 

One way to achieve an enantiomeric pure drug would be enantioselective 
synthesis. However, this is often an expensive and complicated way and 
there is, of course, still a need for analyzing the products from the synthesis. 
So, it exists a strong need for enantioseparation. The separation method used 
should preferably be both a fast and selective and show low detection limits 
in addition to a wide dynamic range.  

Chiral separations are discussed in some recent reviews35,37-41 and in the 
present Chapter, the concept of chiral recognition as well as different liquid 
chromatographic approaches for chiral separations in the analytical scale are 
presented. 
 

 
 

 
Figure 7 The enantiomers of chiral molecules are like hands - mirror images of each 
other. 
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3.1 Chiral recognition 
Chiral recognition means that the chiral selector can distinguish between two 
enantiomeric species resulting in diastereomeric associates of the selector 
and the enantiomeric species that differ in chemical properties.42 In 1952 
Dalgliesh proposed that three interaction points43 are needed in order to 
achieve chiral recognition between the selector and the enantiomers. 
Davankov and Meyer with co-workers have made vivid models of the 
“three-point-interaction rule”.44-46 They have used e.g. hands to illustrate that 
at least one of the three interaction points needs to be stereoselective in order 
to receive chiral recognition. If the solute and the chiral selector are, for 
example, fixed at a flat surface (e.g. PGC) two stereoselective points are 
enough in order to achieve enantioseparation. 

In Paper III the selector lasalocid (Figure 8) in combination with PGC 
was used as chiral stationary phase, see Chapter 3.2.3. An extraordinary 
enantioselectivity was achieved for one of the compounds, i.e. 1-(1-
naphthyl)ethylamine. The position of the ethylamino group on the naphthyl 
ring proved to be of importance as only a moderate enantioselectivity was 
achieved for the positional isomer 1-(2-naphthyl)ethylamine, see Table I. 
Moreover, when N-benzyl-1-(1-naphthyl)ethylamine with a bulky 
substituent on the amine group was injected, only a tendency to separation 
was achieved. 

 
 
 
 
 
 
 
 
Figure 8 Structure of the chiral selector lasalocid. 

 

The exact retention mechanism of these analytes is difficult to predict, since 
it may involve at least the solute, the chiral selector and probably also the 
PGC material. However, crystallographic experiments have shown that 
possible points of interactions include hydrogen bondings between the 
protonated amine group of the analyte and some of the oxygens on the 
lasalocid molecule.47 In Paper III, the enantioselectivity was also decreased 
remarkably when the amine group in the solute was replaced with a hydroxyl 
group. This indicates that it is likely that hydrogen bondings are involved 
also in the chiral recognition when lasalocid is used as chiral selector in 
capillary liquid chromatography. 
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Table I Enantioselectivity and solute structure 

Structure Name k´1
 α=k´2/k´1 

 
OHCH3

 
OH

CH3

 
NH2CH3

 
NH2

CH3

 
CH3 NH

 

 
 
1-(1-naphthyl)ethanol 
 

 
1-(2-naphthyl)ethanol 
 

 
1-(1-naphthyl)ethylamine 
 
 
1-(2-naphthyl)ethylamine 
 
 
 
N-benzyl-1-(1-naphthyl)ethylamine 

 
 
2.0  
 

 
1.6 
 

 
0.6 
 
 
1.1 
 
 
 
1.0 

 
 
1.06 
 

 
>1.00 
 

 
21.1 
 
 
1.99 
 
 
 
1.05 

3.2 Indirect and direct separation 
Enantioseparation can be performed either by a direct- or by an indirect 
approach. When using the indirect method, the enantiomeric analyte (e.g. a 
racemate of 50% RA and 50% SA) are derivatized with a chiral selector (RCS) 
in order to obtain a pair of diastereomeric molecules (RARCS and SARCS) that 
can be separated on a non-chiral column.48 Figure 9 shows the principle for 
the derivatization reaction.  
 
 

RA+RCS→ RARCS 
 

SA+RCS→ SARCS 
 
Figure 9 Reaction scheme for derivatization of an enantiomeric pair (RA and SA) 
with a chiral reagent (RCS). 
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The indirect approach requires an extra derivatization step but the fact 
that the compounds are separated on non-chiral columns result in a less 
expensive analysis and a simplified separation step compared to the direct 
approach. The derivatization may also increase the detector response from 
the compounds. However, if the antipode of the chiral reagent (SCS) is 
present, two more products will be present i.e. RASCS and SASCS. Since the 
column used in the separation step is non-chiral, an impure chromatogram 
will result with co-elution of RARCS and SASCS as well as SARCS and RASCS. 

A more efficient approach is to use the direct method where an optically 
active resolving agent is used as a mobile phase additive (see Chapter 3.2.1), 
as stationary phase (see Chapter 3.2.2) or dynamically adsorbed onto the 
packing material (see Chapter 3.2.3).  

Using the direct method there is no risk of impure peaks in the 
chromatogram.49,50 However, chiral columns are expensive and so is the use 
of continuos mixing of chiral selectors in the mobile phase, especially when 
conventional column sizes are used. Using miniaturized liquid 
chromatography for chiral separations offers thereby a great economical 
benefit.51 Reduced amount of packing material is needed to pack a column 
and lower flow rates decrease the consumption of chiral mobile phase 
additives.52 The use of miniaturized chiral LC opens up new possibilities in 
using costly or rare mobile phase additives or stationary phases. Pioneering 
work in the field of miniaturized chiral LC were performed in the late 
1980´s.53-55 

3.2.1   Chiral mobile phase additives 
When using the chiral selector in the mobile phase, the chiral separation is 
based on the ability of a chiral mobile phase additive to distinguish between 
the two enantiomers. The use of chiral mobile phase additives has been 
applied in miniaturized LC.54-56 Takeuchi et al. resolved twelve pairs of 
dansyl amino acids in a single chromatographic run using β-cyclo-dextrin as 
mobile phase additive and a packed capillary ODS column.55 Mobile phase 
additives have also been utilized together with conventional sized PGC 
columns.57 Karlsson and Pettersson used N-benzyloxy-carbonyl-glycyl-L-
proline in the mobile phase in combination with packed PGC columns for 
the separation of polyaromatic amines.57  

The addition of a chiral selector to the mobile phase can be used as a 
screening method for chiral selectors. When a promising selector has been 
found, it can thereafter often be “bonded” to the stationary phase. The 
improvement of bonding or dynamically adsorbing the chiral selector onto 
the packing material should be pointed out. In combination with MS 
detection, for example, a reduction or absence of non-volatile chiral mobile 
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phase additives will e.g. decrease the problems arising from contamination 
of the MS interface, see Chapter 3.2.3.1.  

3.2.2 Chiral stationary phases  
There are several chiral stationary phases available today and the most 
common ones can be divided into some of the following groups: Ligand 
exchange phases, Brush type phases, polymer-based phases and macrocyclic 
based stationary phases. In the present Section different chiral stationary 
phases are discussed in general, and exemplified (mostly) with applications 
in miniaturized LC. 

Ligand exchange chromatography58 was developed by Davankov and co-
workers. In this approach, an asymmetric sorbent of e.g. L-proline is used 
together with a mobile phase containing complex forming metal ions (e.g. 
Cu2+). Complexes, with different stability, are formed by coordination of the 
analyte molecule with the metal ion and the chiral phase. Ligand exchange 
chromatography has been used mainly for the separation of amino acids and 
one application in chiral capillary LC shows the coupling an ODS column to 
a ligand exchange stationary phase.59 

The Brush type phases (or Pirkle phases)60 in general contain a π-acidic 
and/or a π-basic group and the enantiomers to be separated must also contain 
complementary π-acidic or π-basic moieties. This means that certain 
compounds aimed to be separated on a brush type stationary phase must be 
derivatized.48 This may be a time consuming step, but the derivatization may 
improve the UV-detectablility, as well. Wännman et al. separated 
propranolol as its naphthyl isocyanate derivative on a packed capillary Pirkle 
phase column and concluded that almost every method developed for 
conventional sized LC can be transferred to miniaturized LC with little 
effort.56  

The chiral stationary phases based on polymers include e.g. proteins, 
carbohydrates and molecular imprinted polymers. Proteins61,62 can be 
immobilized to silica and several protein phases are available like bovine 
serum albumin (BSA), human serum albumin (HSA), α1-acid glycoprotein 
(AGP) and ovomucoid. The protein phases can be rather expensive and 
using a miniaturized system is thereby particularly favorable. Applications 
using packed capillaries with silica particles covered with BSA56,63 and 
AGP64 have been reported. The selectivity of the protein-based phases is 
very broad, i.e. large number of analytes can be separated, including 
aromatic acids and secondary aromatic amines. However, protein stationary 
phases can show low efficiencies and low capacity probably due to few 
bonding-sites on each protein.62  
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There are a number of stationary phases based on naturally occurring 
polysaccharides65,66 such as cellulose and amylose. Polysaccharides are often 
used together with non-polar mobile phases, although a recent review state 
that they are also effective under reversed phase conditions: the key is to 
select the appropriate mobile phase.66 Several compounds, e.g. steroids, have 
been separated both in reversed phase mode and in normal phase mode.66 
The polysaccharide-based materials often have a high capacity that makes 
them useful in a preparative scale. However, the polysaccharide phases have 
also been used in miniaturized LC. Kientz et al. reported several advantages 
using miniaturized systems, e.g. the possibility of packing longer capillary 
columns and thereby improving the resolution.67 Cortes et al. also found that 
the operation of long miniaturized columns at high linear velocities still 
resulted in an increased resolution over conventional sized columns.68 When 
comparing a 4.6 mm i.d. conventional sized column with capillary columns 
of 250 µm i.d., significantly better resolution, efficiency and peak 
asymmetry values were found for the miniaturized columns. These findings 
may, according to them, probably be due to the more efficient packing 
process for the miniaturized columns.68 

Molecular imprinted polymers (MIP), a type of polymer-based stationary 
phase, was recently introduced and has been reviewed, among others, by 
Kempe et al.69 The idea of MIP is to create a host for the desired molecule, 
e.g. one of the enantiomers. This is done by polymerization of a mix of an 
imprint molecule (e.g. the enantiomer of interest), suitable monomers and a 
crosslinker. Thereafter the imprinted molecule is removed leaving a site 
hopefully selective for this three-dimensional structure of the analyte. The 
MIP therefore contain specific recognition sites and show good or excellent 
recognition properties for the template enantiomer. However, challenges of 
MIP are the low loading capacity and the often recognized peak tailing. 

The macrocyclic based stationary phases can be divided further into 
cyclodextrins (CD’s)70-72, crown ethers73 and antibiotics74,75. The CD’s are 
composed of oligoglucoses commonly with six, seven or eight units. The 
CD’s, and CD derivatives, can form host-guest complexes and the inside of 
the complex is more hydrophobic than its outside or than the aqueous 
solvent. CD’s are preferably used in a reversed phase mode. A wide range of 
chiral compounds has been separated like barbiturates and beta blockers. 
Han and Armstrong have used a β-CD bonded phase in miniaturized LC for 
the enantioseparation of racemic dansyl amino acids.53 An interesting 
application combining β-CD and PGC in EMLC (not miniaturized LC) has 
been reported by Porter and co-workers.76,77 They manipulated the 
chromatographic selectivity of PGC by reversible electrosorption of β-CD 
from the mobile phase and separated e.g. benzodiazepines. 
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Like the CD’s, crown ethers can also form host-guest complexation.73 
The crown ethers form selective complexes with cations. Crown ether 
derivatives have thereby widely been used for separation of primary amino 
compounds. However, there may be restrictions on mobile phase 
composition for the use of crown ether phases, e.g. recommendations to use 
a mobile phase of less than 15% methanol. In order to decrease the 
extremely long retention of hydrophobic amino compounds Machida et al., 
thereby, used different mobile phase additives, e.g. cations.78 

Antibiotics as chiral selectors were introduced in 1994 by Armstrong.74 
Vancomycin, a glucopeptide based chiral stationary phase, is commercially 
available and can be used in reversed-phase and normal-phase separations as 
well as together with polar organic modifiers. Svensson et al. have used a 
vancomycin based chiral stationary phase in capillary liquid chromatography 
for separation of non-steroidal anti-flammatory drugs.79 Lasalocid, the chiral 
selector used in Paper III and IV, is a member of the naturally occurring 
ionophores known as polyether antibiotics. It is produced by the bacterium 
Streptomyces lasaliencis and has earlier been used in fractional 
crystallization.47 In 1998, Lasalocid was introduced as a chiral selector 
adsorbed on PGC for chiral separations of amines, amino acids, acids and 
alcohols.III 

3.2.3   Chiral selectors adsorbed onto PGC 
There are several benefits of using a chiral selector adsorbed onto a packing 
material, e.g. PGC:  

Firstly, dynamic adsorption of the chiral is a simple screening method for 
the searching of a high performing chiral selector. When a promising 
selector has been identified, it may be suitable to bond it onto the packing 
material. Utilizing capillary LC for this screening method offers economical 
benefit.  

Secondly, the packing material itself (e.g. PGC) may play an important 
role for the chiral separations.45 For example, dynamically adsorption of 
lasalocid on the non-flat surface of ODS did not result in such a useful chiral 
stationary phase as when lasalocid was adsorbed on PGC.80 Lasalocid has 
also been adsorbed on a carbon coated zirconia material (c.f. Chapter 4.2), 
but in our hands, unfortunately this material was not as suitable as PGC81 
and approximately 10 times lower enantioselectivity was achieved for 1-(1-
napthyl)ethylamine.  

As described in Chapter 2, PGC offers a hydrophobic surface with a two-
dimensional structure. These properties make PGC favorable for dynamical 
adsorption of a chiral selector onto the surface.82,III,IV When dissolving 
lasalocid in the mobile phase and pumping it through the packed PGC 
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column, a break-through can be recorded (Figure 10), after which the 
column is ready to be used for enantioseparations. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 Break-through curve for adsorption of lasalocid onto the porous graphitic 
carbon surface. UV absorbance detection at 308 nm. 

In order to achieve a system with long-term stability, it was found important 
to continuously add a small amount of selector in the mobile phase, even 
after the break-through had occurred. In Paper III and IV, it has been 
reported that stable retention factors and enantioselectivity values can be 
achieved with 21 and 1 mg lasalocid/liter, respectively. However, excluding 
the selector from the mobile phase will result in a decreased 
enantioselectivity as shown in Figure 11. In Figure 11 the successive 
decreased enantioselectivity obtained for 3-(1-naphthyl)alanine and the 
increased retention for the first eluting enantiomer of 3-(1-naphthyl)alanine 
during the absence of lasalocid in the mobile phase is shown. 
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Figure 11 Retention factor for the first eluting enantiomer of 3-(1-naphthyl)alanine 
(circles) and enantioselectivity of 3-(1-naphthyl)alanine (quadrates). Mobile phase 
conditions: 70% methanol, 30% phosphate buffer pH 2.2, ionic strength 0.1 M. 
Unfilled circles and quadrates show values obtained with 12 mg lasalocid/liter 
present in the mobile phase, where as the filled circles and quadrates show values 
obtained without lasalocid present in the mobile phase. The x-axis shows run 
number. All runs were performed during three days (first day 1−4, second day 5−11 
and third day 12−13). 

3.2.3.1 Use of mass spectrometric detection 

In Paper IV, a column with dynamically adsorbed lasalocid was successfully 
coupled to MS detection, see Figure 12. There is a special interest in using 
MS as a detection technique also for chiral separations, e.g. for the trace 
analysis of drugs and their metabolites in biological fluids.37 However, using 
MS detection generally requires volatile mobile phases,32 as a non-volatile 
mobile phase may cause problems with remaining impurities on the 
interface83,84 or with ion suppression.85   

In Paper IV, the mass spectrometric performance was elucidated when a 
PGC column, dynamically coated with lasalocid, was used. From infusion 
and flow injection experiments it was concluded that as low chiral selector 
concentration as possible (< 4mg/liter) should be used in order to minimize 
the analyte ion suppression.IV When the lasalocid concentration was 
increased in the mobile phase, a decrease in signal intensity was observed for 
the test analyte (m/z 155.2). On the other hand, the signal for the sodium 
adduct of lasalocid was increased, as expected. Moreover, a peak at m/z 
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762.5 corresponding to a complex between lasalocid and 1-(1-
naphthyl)ethylamine was observed in the mass spectrum and the identity of 
this complex was verified by MS/MS. In Paper IV it was proposed that the 
complex formation between lasalocid and the analyte contributed 
significantly to the signal suppression of 1-(1-naphthyl)ethylamine. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 12 Separation of 1-(2-naphthyl)ethylamine on a PGC column adsorbed with 
lasalocid. Conditions: Mobile phase: 70% methanol, 10 mM formic acid and 1 mg 
lasalocid/liter. A resonance stabilized fragment, m/z 155.2, originating from loss of 
ammonia from the protonated 1-(2-naphthyl)ethylamine, was monitored during the 
analysis. Flow-rate: approximately 2−3 µL/min. 
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4 Analysis of endogenous substances 

 
In this Chapter, the advantage of using miniaturized systems for biological 
applications (e.g. analysis of catecholamines in brain tissue) is illustrated. 
Thereafter the choice of PGC as stationary phase for small, polar and closely 
related compounds is discussed as well as the use of MS as detection 
technique. Lastly, the results from Paper V and VI, showing a new strategy 
using packed capillary PGC columns for the separation of catecholamines 
and related substances is presented. 

Catecholamines are biogenic amines which play an important role in the 
central nervous system for numerous of organisms.86,87 They contain an 
amino function on a side chain together with the catechol function, i.e. 
hydroxyl groups at the 3- and 4-positions on a benzene ring. Catecholamines 
are small and polar and they are, as further described in Chapter 4.2, usually 
difficult to selectively retain on a stationary phase using a simple analytical 
methodology.  

Dopamine, one of the catecholamines, is an endogenous neurotransmitter 
reported to play an important role in e.g. Parkinson’s disease, where the 
dopaminergic neurons in the brain slowly degenerates and eventually die. 
When L-DOPA (the precursor of dopamine, see Figure 13) is administrated 
to the patient, an increase in the dopamine production in the surviving 
neurons takes place, thereby increasing the amount of dopamine available 
for release. To be able to monitor the pathophysiology resulting in 
Parkinson’s disease and neurological disorders in general, it is essential to be 
able to analyze catecholamines and related substances at their physiological 
levels in biological speciments. 

 
 

Tyrosine           L-DOPA  Dopamine 
 
Figure 13 The biogenic amines DOPA and dopamine are derived from the amino 
acid tyrosine. 

OH
NH3+

O

OH

NH3+

OH

OH O

OH OH

OH

NH3+



22 

4.1 The use of capillary LC 
Today, conventional analytical sized columns of 3−4.6 mm i.d. are still 
frequently used in liquid chromatography. One simple explanation for this is 
that they are commercially available for the majority of packing materials 
and in a variety of column lengths. However, the use of miniaturized liquid 
chromatography offers several important benefits.51 Since the introduction of 
1 mm i.d. columns by Horvath et al.88 and the break-through in development 
of miniaturized LC during late 1970´s,89 the continuing interest in the field is 
shown by the slow but steady rising number of papers that are being 
published on miniaturization. A few years ago, Vissers published a review 
on miniaturized liquid chromatography.51 

For biological applications, where the amount of sample can be restricted, 
the most important advantage of miniaturized systems is the lower sample 
consumption. If equal amounts of samples are injected on both a 
conventional sized column (4.6 mm i.d.) and on a capillary column (200 µm 
i.d.) with a concentration sensitive detection technique, the advantage of 
using capillary columns is obvious. This is also illustrated in Figure 14. 

 

 
 

Figure 14 The benefit of using capillary sized columns compared to conventional 
sized columns when the sample amount is limited and a concentration sensitive 
detector is used. 

For miniaturized systems coupled to a detector that behaves as a 
concentration sensitive (e.g. UV absorbance and ESI-MS90,91), the benefit of 
utilizing miniaturized systems can also be theoretically calculated according 
to Equation 2:92 

Capillary LC:
* 200 µm i.d.
* flow-rate: 2 µL/min

Conventional sized LC:
* 4.6 mm i.d.
* flow-rate: 1 mL/min

Equal volumes are 
injected (100 nL):

Resulting peaks:



23 

     (2) 

 

where cinj is the concentration of the injected sample and cpeak equals the 
resulting maximum concentration in the peak. Vr is the retention volume and 
Vinj is the injected volume and N is the efficiency of the peak. 

An assumed retention time of the analyte of 5 minutes will result in a 
retention volume Vr of 5 mL and 10 µL for a conventional sized column and 
a capillary column, respectively, c.f. Figure 14. Moreover, the injected 
volume  (Vinj) is presumed to be restricted to 100 nL, and the efficiency of 
the peak is supposed to be constant (i.e. assuming that no extra band 
broadening is added to the miniaturized system). Calculations of cpeak, will 
then show that the peak that comes out from the conventionally sized 
column will only have 0.2 % of the concentration compared to a peak eluting 
from the capillary column. In other words, 500 times decrease in peak 
concentration is observed using conventional sized LC. From these 
calculations it is clear that, miniaturized LC is advantageous over 
conventional sized LC if the sample amount is limited and a concentration 
sensitive detector is used. 

4.2 The choice of stationary phase  
The development of the ideal packing material for a liquid chromatographic 
separation is a difficult task to manage. There is a continuous evolution of 
new stationary phases that should meet the never-ceasing requests from the 
users, e.g. a stationary phase that can withstand low amount of organic 
modifiers and mobile phases of high as well as low pH.93 However, when 
using MS detection there is a need for a combination of a retentive stationary 
phase that can be used also with a mobile phase of high amount of organic 
modifier. In Table II, some properties of PGC together with a number of 
other packing materials are listed. 

When polar analytes (e.g. catecholamines) should be retained, commonly 
ODS stationary phases in combination with ion-pairing agents94-103 or low 
contents of organic modifiers104-107 are usually used. However, if MS is the 
choice of detection technique, it is however problematic to use mobile 
phases with non-volatile ion-pairing agents or with low contents of 
organic.32 

As an alternative to pH sensitive silica based stationary phases, zirconia 
based materials108-110 have recently been introduced. They have been 
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demonstrated to show both chemical and thermal stability similar to what 
PGC can offer. 

Table II Properties of PGC and some alternative stationary phases. 

Type of 
stationary 
phase 

 
pH 
stability 

Organic 
solvent 
compatibility 

 
Retention of polar 
analytes 

 
Separation 
of isomers 

PGC 
(Porous 
Graphitic 
Carbon) 

Yes Yes 
 

Yes, due to the polar 
retention effect on 
graphite (PREG) 

Yes 

Reversed-
phase ODS 
stationary 
phases 

Often 
limited to 
pH 2−8 

Yes  
 

Minor amounts of 
organic modifier or 
ion-pairing agents 
are usually needed. 

No  

Carbon 
coated 
zirconia  

Yes 
 

Yes Yes Usually 

Polymer 
based 
reversed 
phase 
materials 

Yes 
 
 

Yes The pH can be 
selected in order to 
retain polar analytes. 

No 

ZIC-
HILIC 
(hydrophilic 
interaction 
chromato-
graphy) 

Silica 
based 
material 
and 
thereby 
limited to 
pH 2−8. 

Yes, mobile 
phases of e.g. 
water and 
acetonitrile 
can be used. 

Yes, polar analytes 
are more retained 
than non polar 
analytes. 

No 

Polymer or 
silica based 
ion-
exchangers 

Silica 
based 
exchangers 
pH 2−8.  
Polymer 
based 
materials: 
pH 1−13. 

Yes Cation exchangers 
are used for 
separation of organic 
bases whereas anion 
exchangers are used 
for separation of 
organic bases. 

No 

The carbon coated zirconia material (and PGC) have been shown to be very 
different from alkyl bonded phases.111 Firstly, they show a different and 
often improved selectivity for isomers and secondly, they have been reported 
to be more hydrophobic. Thirdly, the addition of a polar functional group to 
the benzene ring on the injected analyte, has been found to generally 
increase the retention also for carbon coated zirconia (c.f. PREG discussed in 
Chapter 2.1.3). 
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The polymeric stationary phases112 show, like the zirconia based 
materials and PGC, stability at extreme low and high pH. The user can 
thereby freely choose the pH that is needed for the separation. It may for 
example be possibly to retain amines at high pH where they are un-charged. 
This is not possible using ordinary silica based materials. However, polymer 
based materials are known to suffer from the disadvantage of yielding lower 
chromatographic efficiencies than ODS packing materials with the same 
particle size.112 The compatibility of organic modifiers and swelling 
problems can, moreover, bee drawbacks of polymer based stationary phases. 

Recently, hydrophilic interaction chromatography (HILIC)113 was 
introduced in order to obtain retention of the polar analytes normally 
difficult to retain on ODS phases. HILIC (e.g. ZIC-HILIC that is 
zwitterionic stationary phase on silica) is similar to normal phase liquid 
chromatography114 in that the elution is promoted by the use of polar mobile 
phases. Typical mobile phases used in HILIC are methanol or acetonitrile 
together with an aqueous phase. As an alternative to e.g. ZIC-HILIC ion-
exchangers, stationary phases with mixed phases of e.g. ODS and ion-
exchange can be used. The retention mechanism is then due to hydrophobic 
interaction with the ODS phase and electrostatic interactions with the 
exchanger. In a recent publication, a mixed-mode reversed-phase and ion-
exchange separation of cationic analytes was demonstrated on 
polybutadiene-coated zirconia.115 Pure ion-exchangers116 are also available 
both as polymeric- or silica based materials and cation exchangers have been 
utilized for e.g. separation of amino acids.  

4.3 Detection of catecholamines and closely related 
substances 

Today, several detection techniques,86 including electrochemical detection 
(ECD),117 UV absorbance detection,118,119,V and MS detection,105-107,120,VI 
have been reported for detection of catecholamines and closely related 
compounds. In the following text, these techniques will be briefly discussed 
in context with this application. 

4.3.1 Electrochemical detection 
In conventional sized LC-ECD the mobile phase preferably of good 
conductivity passes over an electrode surface (e.g. graphite). The potential of 
the working electrode is held constant versus a reference electrode, and the 
analytes eluting from the column can be either oxidized or reduced 
depending on the applied potential. The resulting current is directly 
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proportional to the concentration of the electroactive species on the electrode 
surface. 

Catecholamines are easily oxidized analytes and thereby suitable to 
detect by ECD. This technique is widely adopted due to the low detection 
limits associated with ECD.117 The detection limits for biogenic amines are 
about 30×10-15 moles when conventional sized LC-ECD is used.117 Structure 
evaluation of “unknown” compounds, e.g. metabolites, is however not 
possible with only ECD. 

The use of ECD in combination with miniaturized systems is especially 
beneficial, since the principle of ECD is based on surface reactions, which 
can be miniaturized without sacrificing a significant amount of sensitivity.121 
However, the carbon fibers often used as electrodes for miniaturized systems 
may be difficult to position properly at the column outlet, which is important 
if low concentrations should be detected. Moreover, an inherent drawback of 
ECD is the risk of passivating electrode surface, since the method is based 
on surface reactions.  

4.3.2 UV absorbance detection 
In Paper V, the universal UV absorbance detection was utilized in 
combination with a coupled column system for analysis of L-DOPA and four 
metabolites in spiked plasma. The coupled column system was used in order 
to eliminate polar components from the matrix. It was found that the 
interfering signal from endogenous compounds could be decreased by using 
a higher wavelength (290 nm) than the maximal response for the analytes 
(around 280 nm). However, when analyzing endogenous compounds in 
biological tissue, there is a benefit using a more selective and sensitive 
detection technique, e.g. mass spectrometry. The developed strategy for 
separation of catecholamines and related substances was therefore further 
developed for MS detection.  

4.3.3 Mass spectrometric detection 
The use of MS detection has increased remarkably during the last decade, 
and the use of electrospray ionization (ESI) is today a widely used ionization 
technique for on-line LC-MS.122 Its great potential in structural evaluation 
and low detection limits has made MS a popular choice as detection 
technique. However, the coupling of conventional sized columns to the MS 
detector result in a high gas load generated by the LC mobile phase and it is 
often necessary to split the mobile phase flow. However, using capillary LC 
makes it possible to couple the capillary column directly, or via a transfer 
line, to the mass spectrometric inlet.51  
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In MS charged species can be separated and detected according to their 
mass to charge ratio, thus the choice of separation conditions are important 
not only for the separation, but also for the detection of the analytes.32 
Usually positive ESI is used for the detection of basic compounds whereas 
negative ESI is generally to prefer for acidic analytes. The compounds may 
then be detected as the protonated or deprotonated molecules, respectively. 

In Paper V and VI, compounds containing both basic and/or acidic 
groups were included. A low pH (pH 2.9) was used during the separation 
step. This will result in elution of positively-, negatively- and non-charged 
species from the column. The choice of ionization mode was therefore not 
straightforward. In Paper VI it was furthermore found that vanillomandelic 
acid (Figure 15) could be detected either in positive ESI mode, recording the 
ammonium-adduct or in negative ESI recording the formate-adduct. When 
utilizing daughter ion scan mode, it was found that the signal intensity of the 
fragment resulting from loss of ammonia and water in positive mode was in 
the same order as utilizing negative electrospray ionization and monitoring 
the fragment resulting from the loss of formic acid.  

 
 
 
 
 
 
 

 
 
 
Figure 15 Vanillomandelic acid (VMA). 

The selectivity of the mass spectrometric detection is further enhanced by 
using the multiple reaction monitoring mode (MRM). The selected ion in the 
first stage is then subjected to a fragmentation and one or several selected 
fragments are monitored. The use of MRM further decreases the likelihood 
of matrix interference. 
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4.4 Analysis of catecholamines and related substances 
In Paper V, a new strategy was developed for the separation of L-DOPA and 
its main metabolites found in plasma (see Figure 16). Using PGC as 
stationary phase, it was possible to utilize a mobile phase with relatively 
high content of organic modifier but without addition of ion-pairing agents. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 16 The metabolic scheme102 of L-DOPA including the main metabolites 3-O-
methyl-DOPA (3-O-MD), dopamine (DA), DOPAC and homovanillic acid (HVA). 

A successful separation of L-DOPA and the main metabolites found in 
plasma was achieved (for chemical structures, see Figure 16). In Paper VI, 
this strategy was further applied for the separation of additional related 
analytes (i.e. noradrenaline, vanillomandelic acid and tyrosine). A 
chromatogram is presented in Figure 17. 
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Figure 17 Separation of catecholamines and related substances on a porous 
graphitic carbon column using a volatile mobile phase. Elution order: 
noradrenaline, dopamine, tyrosine, vanillomandelic acid, L-DOPA, DOPAC, 3-O-
methyl-L-DOPA and homovanillic acid. Column: Packed PGC capillary column 
with an internal diameter of 200 µm and a length of 15 cm. Mobile phase: 
methanol-ammonium formate buffer pH 2.9 (ionic strength 0.05 M, 60:40, v/v). 
Flow-rate: approximately 2 µL/min. Injection volume: 2.5 µL. Detection: UV 
detection at 280 nm.  

4.4.1 Analysis of brain tissue 
When analyzing biological samples, the sample preparation method before 
the LC separation needs to be considered. Several sample preparation 
methods have been described for analysis of catecholamines, e.g. protein 
precipitation,94,95,98,102-104,107,VI alumina adsorption,95,99,105 microdialysis96,98,104 
and ultrafiltration.97,100,101,V  

In Paper V, L-DOPA and four related substances were analyzed in spiked 
plasma. The sample was then ultrafiltrated before the introduction to a 
coupled column system. In Paper VI, the developed strategy using packed 
capillary PGC columns was further applied for the analysis of brain tissue 
(i.e. a substantia nigra sample). In Figure 18, the supernatant of an acid 
treated and centrifuged substantia nigra sample (2.5 µL) was directly 
injected onto the PGC column. The developed strategy for separation of 
catecholamines and related substances using the PGC material as separation 
media in LC-MS shows promising results also for analysis of biological 
samples and the analytes noradrenaline, tyrosine and dopamine were clearly 
detected.  
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During the method development with brain tissue samples, a broad peak 
originating from m/z 154 was seen after around 11 minutes analysis time. 
Several sample pre-treatment techniques were tested but this broad peak was 
detected irrespectively of pre-treatment. The identity of this peak would need 
further investigation. It should, however, be noted that the broad peak did 
not co-elute with the other compounds of interest. An eluting broad peak, as 
well as other components in the mobile phase e.g. impurities as oxidizing 
agentsI or phtalates, may however disturb the long-term stability of the 
stationary phase, something that also requires further investigation. The 
benefit of being able to use mass spectrometric detection needs to be noticed. 
It is clear, that co-eluting compounds originating from different m/z values 
may still be detected individually by a mass selective detector. The detection 
limits were also found to be lower using MS detection. As an example, the 
minimum detectable sample concentration (MDCsample) for tyrosine was 
estimated to 200 nM and 30 nM for UV absorbance and MS detection, 
respectively. 

 
Figure 18 Analysis of a substantia nigra sample using capillary liquid 
chromatography-mass spectrometry. Noradrenaline (NA), dopamine (DA) and 
tyrosine (T) are detected. Column: Packed PGC capillary column with an internal 
diameter of 200 µm and a length of 15 cm. Mobile phase: methanol-ammonium 
formate buffer pH 2.9 (ionic strength 0.05 M, 60:40, v/v). Flow rate: approximately 
3 µL/min. Injection volume: 2.5 µL. Detection: MS detection (positive electrospray 
ionization, MRM). 

An interesting prolongation of Paper V and VI would be to utilize PGC for 
the analysis of catecholamines and related substances also in other biological 
matrices such as dialysates collected from rats. The possibility to evaluate 
changes in concentration of the endogenous compounds could thereby give 
valuable information for the understanding and possible treatments of 
neurological disorders like Parkinson’s disease.  
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5 Concluding remarks 

The usefulness and potential of PGC as packing material for liquid 
chromatographic separations has been shown by applications for chiral 
molecules and small polar analytes. 

The use of the dynamically adsorbed chiral selector lasalocid on PGC 
resulted in a chromatographic system enabled separation of amines, amino 
acids and acids. The system was found to be stable for months, and even 
though it was based on a dynamic coating it could successfully be coupled to 
mass spectrometric detection when the selector concentration in the mobile 
phase was kept at low concentrations (e.g. 2 µM). 

With PGC as stationary phase, it was also possible to separate polar 
analytes of a molecular weight less than 250 Da, e.g. catecholamines and 
related compounds. The highly retentive PGC material allowed the use of a 
mobile phase with high amount of organic modifier, without the need to add 
ion-pairing agents. This also enabled the coupling to mass spectrometric 
detection. The developed strategy, using miniaturized liquid 
chromatography, was applied to analysis of brain tissue. 

This thesis has further involved some studies of fundamental aspects 
concerning the interesting retention behavior when PGC is exposed to an 
oxidizing environment. Moreover, the importance of decoupling the 
conductive separation material from the high voltage ESI process when 
using PGC in LC-ESI-MS has been reported.  

I hope that this thesis has provided some deeper information about the 
PGC material and its practical use in chemical analysis. Finally, I hope that 
this is a chapter in an ongoing curiosity driven story, where finally the PGC 
material will become completely tamed.  
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