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Abbreviations

aCSF artificial cerebrospinal fluid 
C18 carbon chain including 18 carbon atoms 
CID collision-induced dissociation 
CYP cytochrome P450 
DHKB dihydroxyketobemidone 
ESI electrospray ionization 
f femto (10-15)
GC gas chromatography 
HILIC hydrophilic interaction chromatography 
HMKB hydroxymethoxyketobemidone 
HMNKB hydroxymethoxynorketobemidone 
HPLC high performance liquid chromatography 
KB ketobemidone 
LC liquid chromatography 
LLE liquid liquid extraction 
m/z mass to charge ratio 
MS mass spectrometry 
MS/MS tandem mass spectrometry 
NKB norketobemidone 
PBA phenylboronic acid 
PEG polyethylene glycol 
PGC porous graphitic carbon  
Q quadrupole 
RP reversed phase 
sc subcutaneous 
SIM selected ion monitoring 
SPE solid phase extraction 
SRM selected reaction monitoring 
TOF time of flight 
z zepta (10-21)
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Introduction

The word metabolite or metabolism originates from the greek word 
meta-bol, which means “change”. In everyday speech, we talk about 
metabolism in terms of uptake of nutrients and yield of energy. The 
metabolic process “changes” compounds in our body so that we can 
incorporate nutrients and energy as well as get rid of waste products. 

Drugs are regarded as xenobiotics, foreign molecules, to living organisms. 
When a drug enters an organism, a series of processes starts in purpose to 
remove what seems foreign to the organism. Drugs can either be directly 
excreted from the body as intact molecules or undergo chemical transforma-
tion to more hydrophilic compounds, which more easily are eliminated 
mainly through the urine. These modification processes are called drug me-
tabolism and the formed products drug metabolites1.

The first human drug metabolism study was performed in 1841 by Alexan-
der Ure who observed the conversion of benzoic acid to hippuric acid in the 
body and deduced that this process might utilize urea and thereby diminish 
the symptoms of gout2. The formed metabolites are in most cases less active 
than the drug itself3, although, there are exceptions; codein, for example, is 
demethylated to the more potent compound morphine4. Another example is 
the morphine conjugate, morphine-6-O-glucuronide, which is more potent 
than morphine itself5. The pharmacological effect of a drug metabolite can 
obviously be more potent than the parent compound. Similarly, metabolic 
reactions might lead to more toxic metabolites. 

Drug metabolism studies are a part of understanding the pharmacokinetics of 
drug distribution and elimination as well as drug metabolism interactions in 
relation to the effect (pharmacodynamics) and metabolism-dependent toxic-
ity of drugs. Pharmacokinetic and pharmacodynamic principles are also ap-
plied to the clinical use of drugs in order to design rational dosage regimens3.
These studies can only be fulfilled with appropriate analytical methods.    

Biological samples are often complex and contain numerous of endogenous 
compounds. In addition, the concentration of the metabolites is typically low 
and the sample volumes limited. High selectivity and sensitivity is essential 
in bioanalysis, which will put high demands on the analytical techniques. 
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Liquid chromatography (LC) is well suited for the separation of polar ther-
molabile compounds such as metabolites. LC-MS/MS with its inherent se-
lectivity as well as high sensitivity has been used without sample pretreat-
ment and/or little chromatography for the analysis of biological samples6.
However, when high sensitivity is crucial the matrix effects can play a deci-
sive role for successful analysis, thus, sample pretreatment should not be 
underestimated7. Sample pretreatment offers removal of matrix interferences 
as well as concentrating the sample.  

This thesis focuses on the development of appropriate LC-MS/MS methods 
for the identification of drug metabolites in biological fluids i.e. urine and 
microdialysate from blood and brain. The aim was to investigate the meta-
bolic pathways of the opiate drug ketobemidone utilizing these methods. 
Further, the ability of regional metabolism of ketobemidone in the brain was 
investigated by a microdialysis study in rat. 
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Drug metabolism 

Metabolic processes are divided into phase I and phase II reactions3. In 
phase I reactions, the parent compound is structurally modified mainly by 
oxidation, reduction and hydrolysis - functionalization reactions. Phase II 
reactions include conjugation of hydrophilic groups - conjugative reactions - 
and is said to be the true detoxification of a drug. The formed product is 
generally water-soluble and easily excreted from the body.  

Phase I reactions are often followed by further phase II reactions3. The most 
common phase II reactions include glucuronidation, sulfation, methylation, 
acetylation and conjugation with amino acids or glutathione. Glucuronida-
tion is the main phase II reaction where glucuronic acid is attached to a hy-
droxyl or carboxylic group (O-conjugations), although nitrogen conjugations 
(N-conjugations) are also possible3. O-glucuronides formed from phenols 
and alcohols are called ether glucuronides, while those formed from carbox-
ylic acids are called ester glucuronides. Glucuronic acid contains several 
hydroxyl groups and one carboxylic group that make the molecule hydro-
philic. The O-glucuronides are often excreted in bile and thus released into 
the gut where they can regenerate to the parent compound (aglycone) by an 
enzyme ( -glucuronidase) and possibly reabsorbed. N-glucuronides can be 
formed by amines (mainly aromatic), amides and sulfonamides. 

Almost every organ in the body is capable of catalyzing drug metabolism 
reactions, however, the liver is the major site for metabolic reactions3. The 
metabolism in a given tissue is strongly dependent on the physiological 
properties of the drug such as pKa, lipid solubility, molecular weight and 
chemical/biochemical composition of the organ. Sub-cellular, metabolic 
reactions occur in the endoplasmic reticulum and in the cytosol of the cell. 

Cytochromes P450 (CYP) are the major xenobiotic-metabolizing enzymes in 
the body3. The liver contains the largest amount of P450 enzymes, however, 
other organs such as the brain contain CYPs as well (see review8). In the 
early 1960s, N-demethylation of morphine9,10, codeine and meperidine10 in 
rat brain in vitro was described and reported. The presence of measurable 
levels of cytochrome P450 in rat brain was first presented in 1977 by Sasame 
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et al.11. The amount of CYPs in the rat brain is not more than 0.5-2% of that 
in the liver and the CYP levels in different parts of the brain varies12; pons is 
reported to contain the highest amount whereas striatum contains the lowest 
amount13. There are male-specific as well as female-specific forms of CYPs 
in rat. CYP3A42 and CYP4A2 are well-known to be male-specific14,15.
CYP2C9 and CYP3A4 play an important role in the metabolism of keto-
bemidone in humans16.

Drug metabolite studies can be performed in vivo and measured in biological 
fluids such as urine17, plasma18, serum17,19 and cerebrospinal fluid17 after 
administration of the drug of interest. Another option is in vitro studies 
where the metabolic reactions take place in cells or fractions of the tissue 
isolated from a living organism20. Microdialysis is a suitable technique for in
vivo extracellular metabolite studies21,22. The technique is based on the as-
sumption that a microdialysis probe mimics the function of a capillary blood 
vessel. The probe consists of an inner tube with an outer semi-permeable 
dialysis membrane, which is positioned in the region of interest, for example 
in a blood vessel or in tissue. A physiological solution, composed as close as 
possible to the extracellular medium, is pumped trough the inner tube. Small 
molecules will diffuse across the semi permeable membrane while larger 
molecules, like proteins, will remain outside according to the size of the 
membrane cut off filter. The microdialysis perfusate reflects the composition 
of the extracellular fluid. 

Human urine from patients treated with Ketogan Novum  by intravenous 
administration was used for the metabolite studies in Papers I and II. In 
Paper IV, the metabolism of ketobemidone was studied in rat by microdi-
alysis. The microdialysis probes were positioned in the brain (striatum) and 
in the venous blood. Ketobemidone was administrated subcutaneously (sc) 
as well as by direct infusion via the microdialysis probe positioned in the 
brain. A modified version of Ringer’s solution was used as artificial cerebro-
spinal fluid (aCSF) for perfusion23.

Microdialysate is generally regarded as clean compared to other biological 
sample matrices, hence, less extensive sample pretreatment is required. 
However, the salt content in microdialysate is high and might cause problem 
in some analytical techniques like mass spectrometry in which involatile 
salts should be avoided24. In Papers III and IV, the samples (standard solu-
tions in aCSF or in vivo microdialysates) were desalted on a small micro 
precolumn prior the LC-MS analysis, which will be further discussed in sec-
tion Sample pretreatment. 
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Ketobemidone

Ketobemidone is an analgesic opioid, structurally related to morphine. The 
molecule contains an amino group with pKa 8.725. Ketobemidone has been 
used in Scandinavia and some other European countries since the late 1940s 
for the treatment of severe pain. The main metabolic pathways of ketobemi-
done are N-demethylation and conjugation26. Analytical methods for quanti-
fying ketobemidone in plasma27 and urine28 with gas chromatography-mass 
spectrometry (GC-MS) was developed by Bondesson et al. The same group 
has developed a method for the determination of ketobemidone and its N-
demethylated metabolite in urine by GC-MS26. About the same time as Paper 
I was published, Svensson et al. published a method for determination of 
ketobemidone and norketobemidone in plasma and urine29 using liquid 
chromatography-mass spectrometry (LC-MS). This study also showed the 
presence of other ketobemidone phase I and phase II metabolites (glucuron-
ides), however, identification using standard substances or accurate mass 
measurements was not performed. Two years later, Lampinen et al. pub-
lished a validated method for the quantification of ketobemidone in human 
plasma with LC-MS/MS30.

Molecular structures of ketobemidone phase I metabolites as well as an ex-
ample of one phase II metabolite are shown in Figures 1 and 2, respectively.  
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Figure 1. Molecular structures of ketobemidone and possible phase I metabolites. 
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Figure 2. Molecular structure of glucuronic acid conjugate of ketobemidone (phase 
II metabolite). 
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Analytical techniques 

Sample pretreatment 
Analytical methods for biological samples need to be very selective and 
sensitive since the matrix often is complex and the analyte concentrations 
very low. Although sophisticated and expensive equipment are used, sample 
preparation is still an important step – “garbage in, garbage out”. Interfering 
endogenous compounds are eliminated, not only for saving the instrumenta-
tion from clogging, but also to improve the selectivity and sensitivity. Pre-
treatment of the sample not only means eliminating unwanted substances but 
can also offer the advantage of concentrating the sample. 

Solid phase extraction (SPE) is a common pretreatment for purification and 
concentration biological samples (see reviews31-33). The analytes are ad-
sorbed on a solid stationary phase followed by rinsing to eliminate unwanted 
interferences. The analytes are then eluted with a suitable eluent in, prefera-
bly, a small volume to achieve enrichment. There are a wide variety of 
commercial solid phases or sorbents for trapping analytes: hydrophobic, 
cation and anion exchange as well as mixed mode sorbents, which all are 
quite universal and applicable for many analytes. Ion exchange sorbents are 
constantly charged (strong exchange) or charged at certain conditions (weak 
exchange). Weak ion exchange sorbents are based on protolytic compounds 
and controlled by change in pH. Mixed mode phases have the ability to re-
tain acidic, neutral and basic compounds, which can be eluted in fractions by 
different solvents34,35. This advantage can be used either for selective elution 
of different kind of analytes or to achieve a cleaner sample with little inter-
ferences. In contrast to universal sorbents, there are more selective sorbents 
with a narrower field of applications. One such sorbent is the phenylboronic 
acid (PBA) phase that can form strong complexes with analytes containing 
vicinal diol-groups at alkaline pH36-38. The advantage with a more selective 
sample pretreatment procedure is a very clean sample, but only applicable to 
few analytes. 

In Papers I and II, mixed mode SPE (slightly polar with strong cation ex-
change) was used for sample pretreatment of human urine in purpose to ef-
fectively enrich the ketobemidone metabolites as well as eliminate interfer-
ences by washing with different solvents. In Paper III micro SPE column 
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(0.3 x 5 mm) was used in purpose to desalt and concentrate the sample. Four 
different types of sorbents were tested: C18, C30, weak cation exchange and 
PBA. The micro SPE columns were connected on-line with the capillary-
HPLC-MS system. The C18 phase functioned well for the ketobemidone 
metabolites included in the test, except for the catechol metabolite dihy-
droxiketobemidone (DHKB) that obviously was too hydrophilic. DHKB 
was, however, successfully trapped on the PBA sorbent. In Paper IV, the 
C18 and PBA sorbents were used for trapping ketobemidone metabolites in 
biological samples (microdialysate and urine from rat).  

Liquid-liquid extraction (LLE) is another, classic, sample pretreatment 
method based on distribution of analytes between two immiscible liquid 
phases31,39. The analytes of interest are transferred from an aqueous to an 
organic phase, allowing most of the unwanted polar matrix to remain in the 
aqueous phase. The extraction must be performed at controlled conditions, 
including pH and volume ratio of organic/aqueous phase, for optimum re-
covery. There are a broad variety of possible organic solvents to use, how-
ever LLE has somewhat limited applicability to polar metabolites. 

High Performance Liquid Chromatography 
High performance liquid chromatography (HPLC) is a separation technique 
based on different distribution of analytes between a stationary and a mobile 
phase. The separation takes place in a column filled with the stationary phase 
which either is built up by small particles or is a porous monolith40. The sta-
tionary phase in reversed phase liquid chromatography (RP-HPLC) is non-
polar and typically consists of silica with attached carbon chains of different 
lengths, the most common being C18. However, there are a large number of 
different kinds of reversed phase stationary phases available. Conventional 
and microbore dimension columns are still dominating the market, however, 
many manufacturers can produce micro- and nanocolumns packed with de-
sired stationary phase upon request. In Papers I and II, microbore columns 
(i.d. 2.1 mm) were used whereas nano- or micro-columns (i.d. 100-200 µm) 
were used in Papers III and IV. The mobile phase in RP-HPLC is polar, and 
normally composed of buffer with addition of organic modifier such as 
methanol or acetonitrile. The mobile phase is pumped through the column 
where hydrophobic analytes will be more retained than less hydrophobic 
analytes.  

Drug metabolites, especially phase II conjugates, are often thermo-labile 
why LC a more advantageous technique for metabolite analysis than gas 
chromatography (GC), which requires thermo-stable analytes. In addition, 
drug metabolites are relatively polar why derivatization might be necessary 
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in GC for masking the polar groups to reduce adsorption effects to the sta-
tionary phase. 

Resolution
The resolution in liquid chromatography is expressed as41:

1
14 2

2

k
kNRs (equation 1)

The resolution is dependent on three parameters: the column efficiency N, 
the retention factor k2 for the more retained compound and the separation 
factor , which is an expression for selectivity (  =k2/k1). The bracketed 
expressions in equation 1 including k2 and  will both reach the limiting 
value of one with increasing value of k2 and . On the other hand, the first 
expression in the equation including the square root of N will increase as 
long as N increases resulting in higher resolution. The equation is further-
more valid only for <2, since it is assumed in the derivation of the relation-
ship that the two adjacent peaks have the same width (N1  N2). Two chroma-
tographic peaks are baseline separated if the Rs value is equal to 1.5 or 
higher.

In Paper III, the separation between ketobemidone and its N-demethylated 
metabolite norketobemidone (a tertiary and a secondary amine) was surpris-
ingly difficult to perform. The separation was regarded as necessary since 
the aim of the method was analysis of samples with low concentrations of 
metabolites in presence of high amounts of ketobemidone (Paper IV). Sev-
eral stationary and mobile phases were tested before complete separation of 
ketobemidone and its three metabolites included in the study was achieved 
with a fluorinated silica gel type stationary phase, Fluofix.  In Figure 3, a 
chromatogram is shown demonstrating the separation of ketobemidone and 
its two phase I metabolites norketobemidone and ketobemidone N-oxide, as 
well as the anesthesia used in the rat study in Paper IV, ketamine, and its N-
demethylated metabolite norketamine. 
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Figure 3. LC-MS extracted ion chromatograms for protonated ([M+H]+) KB, NKB, 
KB N-oxide, ketamine and norketamine (Paper III). The injected sample was blank 
in vivo microdialysate collected before administration of KB, spiked with KB, NKB 
and KB N-oxide. The column was a Fluofix (250 x 0.1 mm) and the mobile phase 
was 25 mM ammonium acetate pH 5 and acetonitrile (45:55). 

Selectivity
The interaction between the analyte and stationary phase includes several 
mechanisms depending on the character of the stationary phase, the mobile 
phase and the analyte. Different functional groups will contribute to different 
interactions and bindings, which might be difficult to predict. In Paper I, the 
para- and meta isomers of HMKB and HMNKB were separated, however, 
KB, NKB, para-meta HMKB and para-meta HMNKB all eluted within less 
than a minute. Thus, the mass spectrometer had to contribute with selective 
detection. Interestingly, the KB N-oxide gave rise to two well separated 
chromatographic peaks probably due to stable cis/trans isomers formed dur-
ing the synthesis42,43.

As mentioned earlier, several stationary phases were tested in Paper III in 
order to separate ketobemidone from three of its metabolites: norketobemi-
done, dihydroxyketobemidone and ketobemidone N-oxide. To optimize the 
separation, the mobile phase composition was varied with respect to pH, 
type of polar phase and amount of organic modifier. The tested stationary 
phases included two silica based C18 columns with polar endcapping, HyPu-
rity Aquastar™ and Synergi™ Hydro-RP, which may contribute to different 
selectivity than standard C8 and C18 phases and are more tolerant to mobile 

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00
Time0

100

%

0

100

%

0

100

%

0

100

%

0

100

%

TOF MS ES+ 
238

2.99e3
13.64

TOF MS ES+ 
248

3.81e3
12.75

TOF MS ES+ 
234

3.60e3
10.95

TOF MS ES+
224

1.12e3
9.19

TOF MS ES+ 
264

3.13e3
7.04

Ketobemidone N-oxide  m/z 264

Norketamine  m/z 224

Norketobemidone  m/z 234

Ketobemidone  m/z 248

Ketamine  m/z 238

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00
Time0

100

%

0

100

%

0

100

%

0

100

%

0

100

%

TOF MS ES+ 
238

2.99e3
13.64

TOF MS ES+ 
248

3.81e3
12.75

TOF MS ES+ 
234

3.60e3
10.95

TOF MS ES+
224

1.12e3
9.19

TOF MS ES+ 
264

3.13e3
7.04

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00
Time0

100

%

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00
Time0

100

%

0

100

%

0

100

%

0

100

%

0

100

%

0

100

%

0

100

%

0

100

%

TOF MS ES+ 
238

2.99e3

0

100

%

TOF MS ES+ 
238

2.99e3
13.64

TOF MS ES+ 
248

3.81e3

13.64

TOF MS ES+ 
248

3.81e3
12.75

TOF MS ES+ 
234

3.60e3

12.75

TOF MS ES+ 
234

3.60e3
10.95

TOF MS ES+
224

1.12e3

10.95

TOF MS ES+
224

1.12e3
9.19

TOF MS ES+ 
264

3.13e3

9.19

TOF MS ES+ 
264

3.13e3
7.04

Ketobemidone N-oxide  m/z 264

Norketamine  m/z 224

Norketobemidone  m/z 234

Ketobemidone  m/z 248

Ketamine  m/z 238



17

phases with high water content44. Another tested silica based C18 column 
was PepMap™, which has low content of free silanol groups45. The benefit 
is minimal bandbroadening and efficient chromatography for basic com-
pounds (especially peptides) without the need of mobile phase additives. 
Two monolithic columns were tested; one polymeric (PS-DVB) and one C18 
silica based (Chromolith™ CapRod™). Monolithic columns have high perme-
ability and can be operated at higher flow rates than packed columns with 
remained efficiency. In addition, long columns can be used with increased 
number of theoretical plates resulting in higher efficiency (see reviews46,47).
Hypercarb was also tested, which is a column based on porous graphitic 
carbon particles, known for its excellent retention of polar compounds as 
well as its ability to separate closely related compounds48. Further, two col-
umns with alternative retention mechanisms were tested, ZIC®-HILIC and 
Fluofix®. ZIC®-HILIC is a column with a hydrophilic zwitterionic stationary 
phase suitable for separations of polar and hydrophilic compounds49. The 
retention mechanism is of hydrophilic character similar to normal phase 
chromatography. Fluofix® is a reversed phase stationary phase where hydro-
gen atoms in the branched carbon chain (C7) are replaced by fluorine atoms. 
The electronegative fluorine atoms provide the stationary phase with high 
dipole moment, which contributes to other possible interactions than hydro-
phobic, which may result in alternative selectivity50-52.

Most of the phases showed the same selectivity with dihydroxyketobemi-
done eluting first, ketobemidone N-oxide eluting last and ketobemidone and 
norketobemidone co-eluting in between, except for the fluorinated and the 
HILIC column. Those two columns were the only columns that could sepa-
rate ketobemidone and norketobemidone completely. Complete separation of 
all four analytes was achieved with the fluorinated stationary phase solely.  

The retention of the four analytes on the fluorinated stationary phase at low 
pH might be explained by interactions between the protonated amine ana-
lytes and the fluorine atoms, i.e. hydrogen bondning and ion-dipol unterac-
tion. The retention of the analytes was close to constant in the pH interval 
2.8-3.5 as shown in Figure 4. At pH above 3.5 the retention increased for all 
analytes except for ketobemidone N-oxide, which eluted faster.  
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Retention vs pH
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Figure 4. Retention of ketobemidone and some of its metabolites as a function of pH 
(Paper III). The mobile phase was acetonitrile and 25 mM ammonium formate 
buffer (40:60) adjusted to different pH with formic acid. 

As the pH increases, formic acid (pKa 3.8) originating from the mobile phase 
starts to dissociate, thus, ion pair formation between the formate ions and the 
protonated amines is possible resulting in a more hydrophobic analyte. The 
N-oxide, on the other hand, becomes more and more uncharged with increas-
ing pH (pKa 4.5) resulting in loss of the hydrogen bonding capabilities with 
the stationary phase as well as the ability to form ion pair with the formate 
ions. Retention models for these mechanisms are proposed in the Appendix. 
The retention of the N-oxide at pH above its pKa is probably of more hydro-
phobic character, which obviously is less strong than hydrogen bonding with 
the fluorine atoms.  
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Figure 5. Retention of ketobemidone and some of its metabolites as a function of the 
ammonium ion concentration (Paper III). The mobile phase was acetonitrile and 
ammonium acetate pH 5 (40:60).  
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The concentration of ammonium ions in the buffer in the mobile phase ap-
peared to have great influence on the retention; the lower ionic strength, the 
stronger retention (see Figure 5). However, the KB N-oxide was less influ-
enced than the other KB metabolites. One possible explanation, which is in 
agreement with the proposed retention model in Paper III might be compe-
tition of binding sites between the positively charged ammonium ions origi-
nating from the mobile phase, and the positively charged analytes. A concen-
tration of 25 mM ammonium acetate was found to be the most suitable for 
the separation of ketobemidone and its metabolites. 

Sensitivity
The more sensitive method, the smaller amount of analyte is possible to de-
tect and analyze. However, a chromatographic process normally contributes 
to dilution of the injected sample plug. The degree of dilution can be ex-
pressed by53:

2R

i

i

p

V
NV

C
C

(equation 2)

where Cp is the concentration of analyte at peak maximum, Ci is the concen-
tration of analyte in the injected solution, Vi is the volume of the injected 
solution, VR is the retention volume and N is the number of theoretical 
plates. Minimizing the dilution will contribute to a more sensitive method 
achieved by increasing the parameters Vi and N. Increasing Vi is possible to 
some extent, however, larger injection volumes will contribute to band-
broadening and a decrease in N, hence, the degree of dilution will remain 
unchanged or even increase.  

Injection volume 
The largest possible injected volume which gives a bandbroadening deter-
mined by the fraction ( 2) tolerated, increases in direct proportion to the 
retention volume and is inversely proportional to the efficiency according to 
the following equation53:

N
VKV R

i (equation 3)

K is a constant for the injector and has for conventional injectors often a 
value close to 2. The equation is valid when the analyte is dissolved and 
injected in the mobile phase. Combining equations 2 and 3 gives: 
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2
K

iC
pC

(equation 4)

If 10% extra bandbroadening from the injection is allowed ( =0.32) the dilu-
tion will be 0.26, i.e. the analyte will be diluted about 4 times when the larg-
est possible injection volume is introduced. This is general for all columns 
irrespective of their inner diameter. However, the largest volume that can be 
injected, Vi, without giving extra bandbroadening can be increased consid-
erably if the analyte has a strong retention in the injected solution according 
to53:

i

i
e k

V
V

1
(equation 5)

where Ve is the effectively injected volume when the analyte has the reten-
tion factor ki in the injected solution. In relation to earlier equations this 
means that Ve should be used in equation 3 and Vi in equation 2. The sensi-
tivity can hereby be increased if the analyte is dissolved in a medium with 
lower eluting strength than the liquid mobile phase in the LC system, so 
called on-column focusing. In Papers I and II, the pretreated samples were 
reconstituted in a smaller volume than the original (enrichment of 62.5 
times) and in a more polar medium than the mobile phase to apply on-
column focusing.  

Another possibility to inject large volumes with minor effects of bandbroad-
ening is to use on-column focusing in combination with a separate precol-
umn as discussed below. 

On-column focusing utilizing pre-column 
As mentioned above, on-column focusing in combination with a pre-column 
can be used to inject larger volumes with minor contribution of bandbroad-
ening. In Papers III and IV, a micro pre-column was used for trapping as 
well as desalting of standard solutions in aCSF or in vivo microdialysates. A 
sample volume of 5 µL was injected on to a 0.3 x 5 mm pre-column. Vi for 
the analytical column (Fluofix 0.1 x 250 mm) was estimated to approxi-
mately 53 nL according to equation 3 ( VR  µL and N=4500 
for norketobemidone). Hence, the injection volume was increased approxi-
mately 94 times by utilizing a pre-column. Translating these data to a con-
ventional HPLC system (4.6 mm i.d. column and Vi=20µL) results in an 
injection volume of 1.9 mL, which is an unrealistic large volume in terms of 
microdialysates. 
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Mass spectrometry  
Mass spectrometry is a technique where ions in gas phase are separated and 
detected according to their mass-to-charge ratio (m/z)54,55. A mass spec-
trometer consists of three main parts: an ion source, a mass analyzer and a 
detector. The analyte molecules are ionized in the ion source and accelerated 
into the mass analyzer by an electrical field. In the mass analyzer the ions are 
separated according to their m/z ratio. The separated ions finally hit the de-
tector, which generates a signal proportional to the relative abundances of 
the ions within a limited dynamic range. The resulting mass spectrum is a 
plot of the relative abundances of the ions versus the m/z ratio. 

Mass spectrometers have since the early 1960s been used as detectors for 
GC as both techniques are highly compatible, requiring analytes in gas 
phase56,57. In LC, the liquid mobile phase has to be removed to generate the 
analytes in gas phase, thus, the mobile phase has to be volatile for the com-
patibility with MS. Techniques for combining LC with MS were developed 
during the 1970s, which resulted in one of the most popular ionization meth-
ods for liquid samples, electrospray ionization (ESI)58.

Electrospray ionization 
In the late 1960s, Dole et al. was the first group to use electrospray as a 
technique for producing macro-ions of polyethylene glycols in gas phase59,
but it was not until 1984 that the first electrospray interface applicable for 
mass spectrometers was built by two independent groups, Yama-
shita/Fenn60,61 and Aleksandrov62. Fenn was awarded the Nobel Prize in 
chemistry 2002 for this work. 

In ESI the ions are produced in the liquid phase54,55. If the analytes are proto-
lytes, changing the pH is a convenient approach to generate ions. For basic 
compounds, acetic or formic acid are generally used as an additive to get 
positively charged ions by protonation. Electrospray is a soft ionization 
technique that mainly produces charged, intact molecule ions at atmospheric 
pressure. Multiply charged ions can be formed in ESI why the m/z, even for 
large biomolecules, falls within the mass range of most commonly used 
mass spectrometers63. Electrospray is generally formed as a fine aerosol by 
applying high voltage to liquid that is forced through a small capillary (Fig-
ure 6). An electric field is generated between the spray tip and the inlet of 
the mass spectrometer that will accelerate the ions. The charged droplets are 
evaporated by heat and drying gas (N2) as they move towards the mass spec-
trometer inlet. 
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Figure 6. Schematic of major processes occurring in electrospray. Reprinted with 
permission from, Anal. Chem., 1993, 65, 972A, P. Kebarle and L. Tang 

The following process where the ions transfer from being in an aerosol to a 
single ion in gas phase is still not fully investigated. There are two theories 
describing the ionization process that differ slightly; the charge residue 
model (CRM) by Dole et al.59 and the ion evaporation model (IEM) by Iriba-
rne and Thompson64,65. Both theories suggest that the net charge of the drop-
let will increase as the droplet size decreases according to evaporation of the 
liquid but how the ions finally are transferred into the gas phase differ in the 
two theories. For reviews of the electrospray process, see ref66,67. ESI was 
used in Papers I-IV.

Optimization of the ESI response 
There are several variables that influence the ionization efficiency in MS 
such as flow rate, mobile phase composition, charge density and size of the 
droplets as well as analyte structure. The ion formation is thus very complex 
and many researchers have investigated this area for a better understanding 
of the process68-72. Analyte characteristics and the purpose of the analytical 
method is important to elucidate before method development, but there are 
no universal solutions, why optimizing is a critical issue for highly sensitive 
methods.

Instrument related parameters 
The mass spectrometer detector is mass-flow sensitive, which means that the 
response is directly proportional to the amount of analyte reaching the detec-
tor per unit time69,73. However, the amount of analyte ions that finally reach 
the detector is dependent on how efficiently ions are formed in the ion 
source and introduced into the mass spectrometer. This mechanism is differ-
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ent for different types of ion sources. The ionization efficiency in ESI is 
strongly related to the size of the generated spray droplets; the smaller drop-
lets, the higher are the ion production rate24,74. The ESI process will therefore 
produce more ions in gas phase at lower flow rates than higher flow rates, 
why ESI is said to be a concentration sensitive technique75. Thus, hyphena-
tion with miniaturized separation methods is advantageous in ESI. In Papers
I and II, microbore HPLC was used with a flow rate of approximately 0.2 
ml/min, and in Papers III and IV, a capillary LC-MS system was used with 
a flow rate of approximately 0.7 µL/min. Two different ESI sources were 
used; a conventional ESI source in Papers I and II as well as an in-house 
built micro-electrospray source76 in Papers III and IV.

The position of the electrospray emitter will affect the amount of entered 
ions.  The closer the spray needle is positioned to the inlet, the more ions 
should enter the mass spectrometer. However, the purpose of the ESI process 
is to convert small droplets to ions in gas phase and it is desirable to let the 
ions, but no droplets, into the mass spectrometer. This is not necessarily 
better achieved by positioning the ESI emitter physically close to the inlet, 
but may also be dependent on for example flow rate and analyte74. The posi-
tion of the spray needle is more critical at lower flow rates, which was ex-
perienced in Papers III and IV. In practice, the spray needle acts as a split-
ter since only a portion of the spray will finally enter the mass spectrometer 
inlet.

Mobile phase related parameters 
The mobile phase composition will affect the ESI and thereby the sensitivity. 
Evaporation of the ESI droplets is facilitated with high content of organic 
modifier. This might be less compatible with RP-HPLC of polar compounds, 
since the mobile phase in this case consists of predominantly aqueous phase. 
This potential problem was overcome in Papers III and IV by use of a col-
umn with alternative interactions than hydrophobic with the analyte. The 
content of organic modifier (ACN) was 55 % even though ketobemidone and 
its metabolites are quite polar compounds.  

The use of volatile buffers is routine in MS. The advantage of using buffers 
is the possibility to chose and control the pH in the LC-system. The draw-
back might be loss in sensitivity due to different effects of relatively high 
content of ions in the liquid or gas phase such as ion pair formation or ion 
suppression. The ionic strength should be kept low, typically in the lower 
mM range24, to minimize such unwanted effects. A common aqueous phase 
in LC-MS is acidified water, which might work perfectly well for many ap-
plications. The drawback is an unbuffered LC-system and possibly less effi-
cient chromatography because of low ionic strength. On the other hand, 
fewer amounts of matrix ions in the ion source might contribute to higher 
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sensitivity for the analytes. In Papers I and II, acetic acid was used as aque-
ous mobile phase, while 25 mM ammonium formate buffer pH 5 was found 
to be the best possible choice in Papers III and IV.

Ion suppression is a phenomenon that results in decrease of the ESI signal 
due to the presence of competing ions originating from endogenous com-
pounds from biological samples, co-eluting analytes or mobile phase addi-
tives. Many groups are currently working to understand the ion suppression 
mechanisms as well as the location of the suppression (liquid and gas 
phase)7. In Paper III, the ion suppression for norketobemidone and dihy-
droxyketobemidone were estimated in purpose to investigate the degree of 
ion suppression if ketobemidone co-eluted with any of the metabolites. The 
decrease in ESI response was estimated at the presence of 10 and 100 times 
higher amount of ketobemidone than the metabolites. The signal for both 
norketobemidone and ketobemidone N-oxide decreased approximately 70% 
when ketobemidone was present at a 100 times higher concentration than the 
metabolites. The suppression effect was less at 10 times higher concentra-
tion; 40 and 10 % lower signal, respectively. 

Mass analyzer 
The mass analyzer separates the ions according to their mass-to-charge ratio. 
In the work of this thesis, two different types of mass analyzer were used: 
quadrupole (Q) and time-of-flight (TOF) mass analyzer.  

Quadrupole
The quadrupole consists of four metal rods55. High voltage is applied to the 
rods as DC (direct current) and RF (radio frequency) voltages. The opposing 
pair of rods has equal signs, one positive pair and one negative pair. Ions are 
introduced along the axis of the poles and travels through the rods by an 
oscillating movement. For any given set of DC and RF voltages, only ions of 
a specific m/z will pass through the rods. The quadrupole can also act as a 
selective mass filter where ions of a certain mass-to-charge ratio are allowed 
to pass through and the rest are ejected. A schematic diagram of the quadru-
pole analyzer is shown in Figure 7. 

The quadrupole has two possible run modes: selected or scanning mode. In 
selected mode, ions of a particular m/z ratio are selected. This operational 
mode is called selected ion monitoring (SIM). In scanning mode, the quad-
rupole is scanned over an m/z range.  
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Figure 7. Schematic diagram of a quadrupole analyzer. 

Time of flight 
The principle of a time-of-flight (TOF) analyzer is transfer of ions in a field 
free region, initially accelerated with the same amount of energy55,77,78. The 
ions travel with different velocities according to their mass and charge and 
finally strike the detector55. Ions of low m/z ratio reach the detector before 
those of higher m/z ratio since the later have lower velocity. It is impractical 
to measure the ion velocity, therefore the time it takes for the ions to travel is 
used instead: the time of flight. A schematic diagram of the TOF analyzer is 
shown in Figure 8. 

Figure 8. Schematic diagram of a time-of-flight analyzer. 
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TOF instruments are nowadays known to have relatively high resolving 
power. One major improvement of the TOF resolution is the development of 
the ion mirror or reflectron55,78,79. The reflectron is a V-shaped flight tube 
that allows ions to decelerate and return by electrostatic fields. Ions with the 
same m/z ratio will have slightly different velocities in the reflectron due to 
small variations in energy and due to different positions from which the ions 
start to fly55. In the reflectron, the slower ions will have the possibility to 
“catch up” with the faster ions by spending less time in the reflecting region. 
The differences in velocity for ions with the same m/z ratio evens out and 
the ions will get more focused. Instead of a TOF resolution of about 1000, 
resolution of around 10 000 can be achieved with the reflectron79.

Tandem MS 
In tandem MS (MS/MS), the molecule (ion) is dissociated into fragments80.
The instrumental setup required for tandem MS is two mass analyzers and a 
collision cell in between. The first mass analyzer acts as a mass filter and 
isolates a narrow m/z range. The collision cell is filled with an inert collision 
gas such as argon or xenon. After application of energy in terms of voltage, 
ions of the selected m/z ratio will collide with the collision gas molecules 
and dissociate into fragment ions - collision induced dissociation (CID)55,79.
The second mass analyzer separates the fragment ions.  

In Paper I, a triple quadrupole instrument was used which consists of three 
quadrupoles, where the middle will serve as collision cell. In Papers II-IV,
Q-TOF instruments were used, which is set up by a quadrupole, a collision 
cell (hexapole) and a TOF mass analyzer. 

Tandem MS operations 
Tandem MS can be performed in different types of manner, depending 
on what information is required, by alter selected and scanning mode 
of the two mass analyzers. Some combinations are described below.

Product ion scan 
In product or daughter ion scan the first mass analyzer (MS 1) is set 
in the selected mode, isolating the m/z ratio for the precursor ions to 
enter the collision cell. The second mass analyzer (MS 2) is scan-
ning the fragment ions in a given mass range (Figure 9). This func-
tion is useful for obtaining structural information about a certain 
analyte and can be regarded as a fingerprint of the molecule (ion).  
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Precursor scan 
Precursor or parent ion scan is the opposite to the above product ion 
scan; the first mass analyzer is set in scanning mode and the second 
mass analyzer in selected mode. Precursor ion scan can be used to 
find all the analytes having one product ion in common, for exam-
ple, all unknown conjugated metabolites weighing more than the 
drug itself.

SRM 
Selected reaction monitoring (SRM) is the most selective mode in 
tandem MS where both the first and the second mass analyzer are set 
in the selected mode. This will result in very high selectivity as well 
as high signal-to-noise ratio due to lower noise. SRM is a preferable 
choice for quantification purposes. 

Figure 9. Schematic diagram of product ion scan mode in tandem MS. 

Product ion scan was used for the identification of ketobemidone metabolites 
in Papers I, II and IV. Tandem mass spectra of KB phase I metabolite stan-
dards were compared with mass spectra from the biological samples. For the 
phase II metabolites (glucuronides), mass spectra from biological samples 
were compared with mass spectra of synthetic standards of the correspond-
ing aglycones. 

Exact mass measurements 
High resolution is essential for accurate identification of a compound by 
exact mass measurements81-83. A numerical value of the resolution Rs can be
calculated according to55:

m
mRs (equation 6)

where m is the nominal mass of a given peak and m is the width of the peak 
measured at a designated peak-height level. The peak width at half height, 
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also called full width at half maximum (FWHM) is frequently used. Alterna-
tively, m can be expressed as the mass difference between two adjacent 
peaks.

Two peaks with the same nominal mass can be separated if the resolution is 
high84. Mass analyzers with low resolution produce only one single peak in 
the mass spectrum representing both ions. With TOF analyzers, the exact 
mass can often be estimated with an accuracy of 10-20 ppm or better for 
masses below m/z 200054,82,83,85. Exact mass measurement is a valuable tool 
for identification of unknown compounds where no standard substances are 
available for comparison. Exact mass measurement was used in Paper II 
and IV for the identification of glucuronic acid conjugates. In Paper II, two 
TOF mass spectrometers from different manufacturers were used for a more 
reliable estimation; a Q-Tof (Waters Micromass) and Mariner (Perseptive 
Biosystems), both equipped with reflectrons. In Paper IV, a Q-Tof2 instru-
ment was used (Waters Micromass). 

In Figure 10, a mass spectrum obtained from an LC/MS chromatogram in-
cluding internal calibrant peaks is shown (Paper II). The theoretical mass of 
the protonated glucuronide conjugate of norketobemidone is 410.1815 Da, 
which results in a difference of 0.3 mDa or 0.7 ppm between the theoretical 
and the experimental masses.  

Figure 10. Accurate mass measurement of norketobemidone with the Q-Tof 
mass spectrometer. The internal calibrant peak is denoted Lock Mass in the 
figure (Paper II).
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In Table 1, accurate masses and the relative standard deviations (RSD) are 
shown for the three glucuronide conjugates identified in Paper II.

Table 1. Accurate mass measurements of the glucuronide conjugates of KB, NKB 
and HMKB performed with two mass spectrometers, Q-Tof (Q) and Mariner (M).
MS Conjugate Experimental 

[M+H]+

(n=3) 

RSD
(%) 

(n=3) 

Theoretical
[M+H]+

Diff.
(mDa) 

Diff.
(ppm) 

PEGa

Q KBG 424.1953 0.00034 424.1971 1.8 4.2 432.2809 
 NKBG 410.1809 0.00034 410.1815 0.6 1.4 415.2543 
 HMKBG 454.2086 0.00049 454.2077 -0.9 -2.1 459.2805 
        

M KBG 424.1942 0.00030 424.1971 2.9 6.9 388.2547 or 
415.2543/432.2809 

 NKBG 410.1821 0.00011 410.1815 -0.6 -1.4 388.2547/415.2543 
 HMKBG 454.2085 0.00032 454.2077 -0.8 -1.7 432.2809/476.3071 

a Theoretical mass of the internal calibrant peak(s). 

Another important application of exact mass measurements is the possibility 
to determine the molecular composition of an unknown compound, which is 
very helpful for the identification79. The determined exact mass is compared 
with reference molecular masses listed in a table versus elemental composi-
tion. There are computer programs that create such tables where all the pos-
sible versions of the molecular composition are listed86.

An accurate calibration is essential for a good result in exact mass measure-
ments. The calibration is performed by introducing a well-characterized 
compound into the mass spectrometer for generation of, preferably several, 
peaks giving m/z values that are used for accurately adjusting the mass scale. 
The calibration can be performed either by using external or internal calibra-
tion procedures. An external calibration is performed before analysis of the 
unknown sample while an internal calibration is performed by introduction 
of the calibrant compound simultaneously with the unknown sample. The 
internal calibration is generally regarded as more accurate, since small varia-
tions, in for example temperature, will be taken into account87.

The internal calibrant compound should be chosen as close as possible to the 
m/z ratio of the analyte of interest. Polyethylene glycol (PEG) is a polymer 
used as calibrant in mass spectrometry. The advantage of using PEG is the 
appearance of a peak convolute in the mass spectrum that simplifies the pos-
sibility to find a calibrant peak close to the analyte peak. PEG is available in 
several compositions depending on the size of the polymer chains. In the 
mass spectrum, peaks will appear evenly distributed in the mass range of m/z 
200-800. In Paper II, internal calibration was used whereas external calibra-
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tion was applied in Paper IV due to difficulties in introducing the internal 
calibrant since a capillary LC-MS system was used. PEG was used for both 
types of calibration. 
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Identified ketobemidone metabolites 

LC-MS/MS was used for the identification of ketobemidone metabolites. 
Retention times and tandem MS spectra of synthetic phase I metabolite stan-
dards were compared with retention times and tandem MS spectra of the 
possible phase I metabolites recovered from biological samples. The phase II 
metabolites (glucuronic acid conjugates) were identified by exact masses and 
comparison of tandem MS spectra with spectra for the corresponding agly-
cones. The compared spectra showed high degree of similarity; the majority 
of the peaks in the spectrum of synthetic standard were identified in the bio-
logical sample.  

Figure 11. Schematic illustration of the ketobemidone metabolites. (G=glucuronic 
acid).

In Figure 11, a schematic picture is shown for the most common metabolic 
reactions of ketobemidone. All the metabolites in Figure 11 have been iden-
tified in the work of this thesis, except for dihydroxynor-KB, hydroxymeth-
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oxynor-KB and reduced KB (marked with question marks). The five me-
tabolites marked with circles have, to our knowledge, not been reported ear-
lier. These novel metabolites are KB N-oxide, meta-hydroxymethoxy-KB,  
(para-hydroxymethoxy-KB has previously been identified28) and glucuron-
ide conjugates of KB, nor-KB and hydroxymethoxy-KB (Paper II). In 
summary, the metabolic pathways for ketobemidone are N-demethylation 
(NKB), aromatic hydroxylation (DHKB and HMKB), N-oxidation (KB N-
oxide), methylation (HMKB) as well as conjugation with glucuronic acid. 

In Table 2, the identified ketobemidone metabolites are presented according 
to the biological matrix they were identified in.  The largest number of me-
tabolites was identified in human urine (Paper I) and rat microdialysate 
from blood (Paper IV). In the rat microdialysate from brain after regional 
administration (md) of ketobemidone in striatum, two phase I metabolites 
were identified: NKB and KB N-oxide (Paper IV). Previously studies have 
identified ketobemidone metabolites in urine and plasma, here we show that 
NKB and KB N-oxide are also present in microdialysate from brain, indicat-
ing that the brain itself can metabolize ketobemidone. In microdialysate from 
brain after sc administration of ketobemidone one phase I and one phase II 
metabolite were identified: HMKB and glucuronide conjugate of KB.  

Table 2. Ketobemidone phase I and phase II metabolites identified in different bio-
logical fluids (MD=microdialysate, md=administration via a microdialysis probe 
and sc= subcutane administration). 

* DHKB was also identified in rat urine with a catechol-specific method. Other 
metabolites were probably present in the urine as well, however not detected. 
** Synthetic standard was not available, thus, the para and meta isomer could not be 
distinguished. 

Human urine MD blood rat 
(sc)

MD brain rat 
(sc)

MD brain rat 
(md)

Phase I     
NKB x x  x 

DHKB* x    
KB N-oxide x x  x 

p-HMKB x     x**    x**  
m-HMKB x    

     
Phase II     

KBG x x x  
NKBG x x   

HMKBG x x   
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Conclusions

Mass spectrometry in combination with liquid chromatography is in this 
thesis shown to be an excellent tool for the identification of drug metabo-
lites. Utilizing this technology in combination with proper sample pretreat-
ment, the metabolic pathways of the analgesic drug ketobemidone were in-
vestigated in different biological fluids. Synthetic ketobemidone metabolites 
were used for comparison of retention times and tandem MS spectra with the 
possible metabolites recovered from the biological samples. The conjugated 
metabolites were identified by accurate mass measurements and tandem MS 
spectra of the aglycones, since synthetic standards for these compounds are 
unavailable.

Two novel phase I metabolites (ketobemidone N-oxide and meta-
hydroxymethoxyketobemidone) and three novel phase II metabolites (glu-
curonic acid conjugates of ketobemidone, norketobemidone and hydroxy-
methoxyketobemidone) were identified in human urine. Further, norketo-
bemidone and ketobemidone N-oxide were identified in rat microdialysate 
from brain after regional distribution of ketobemidone by direct infusion via 
a microdialysis probe positioned in striatum. The fact that ketobemidone 
metabolites were found to be present in the brain region indicates that the 
brain itself has the possibility to metabolize ketobemidone.  

Bioanalysis is often associated with high selectivity and sensitivity, which 
indeed is achieved with the mass spectrometer. However, sample pretreat-
ment is still an important issue if the analytical demands are high. Biological 
sample volumes are often small and limited as for example in microdialysis 
where a total of approximately 10-20 µL is common for each sample. This 
small volume is difficult to handle in pretreatment procedures. On-line mi-
cro-SPE was successfully used for trapping and desalting of microdialysates. 
The small SPE precolumn made it possible to inject approximately 100 times 
more sample on the analytical column compared to injection without precol-
umn. Selective trapping was demonstrated for the polar catechol amine me-
tabolite dihydroxyketobemidone that forms covalent complexes with phenyl 
boronic acid (PBA). 

A fluorinated silica type stationary phase was the only column out of several 
tested that was able to separate ketobemidone from its N-demethylated me-
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tabolite. The suggested retention mechanisms are interaction between the 
protonated metabolites and the electronegative fluorine atoms in the station-
ary phase as well as ion pair formation between the protonated metabolites 
and buffer counter-ions. Retention equations are proposed. 

Mass spectrometry offers the advantage of high selectivity outstanding from 
other detection methods. However, MS has limitations for example in identi-
fying structural isomers that might be formed in metabolic processes since 
they have identical masses. Structural and optical isomers can, however, be 
separated by LC. Thus, with the combination of LC and MS, identification 
of isomers is possible.  
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