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and for metabolic studies of radiolabelled compounds used in positron emission
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due to their low concentrations in complex sample matrices.

The effect on sensitivity using different mobile phase additives, such as
trifluoroacetic acid and formic acid, was investigated. The ESI-MS response shows
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ion-pair chromatography separations, however, non-volatile counter-ions are used that
destabilize the detector response and reduce the sensitivity. A method was therefore
developed for on-line removal of the ion-pairing reagents prior to detection.

Packed capillary columns and on-column focusing were used to improve mass
sensitivity when analysing limited sample amounts. A commercial interface was
modified to assist electrospray ionization at the low flow-rates (1 µl/min) required by
columns with an inner diameter of 200 µm.

LC-MS methods were developed for determination of specific radioactivity of
compounds labelled with short-lived radionuclides (i.e. 11C with T½=20.3 min and
76Br T½=16.2 h). In comparison with UV absorption detection, ESI-MS showed equal
or improved sensitivity for all compounds investigated. The sensitivity of the
developed methods allowed for detection of the radiolabelled isotope directly by mass
spectrometry.
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APCI atmospheric pressure chemical ionization
Bq becquerel (disintegration per second), (1 Ci=3.7 ×××× 1010 Bq)
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CEC capillary electrochromatography
DLI direct liquid introduction
EI electron ionization
ESI electrospray ionization
FAB fast-atom bombardment
GC gas chromatography
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PB particle beam
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Introduction

The effect of a specific chemical substance on the human body may be established, even
though the detailed biological function is not fully understood. It is, for example, well
known that morphine is a potent analgesic, that nicotine is addictive and that
benzodiazipines can be used for treatment of anxiety, sleep disorders and epilepsy. But
where in the biological system are they effective and how do they work?

These are important questions in the development of pharmaceuticals as well as in any
investigation of the fundamental biochemical processes. One way to obtain such
information is to label a compound and monitor its route through the biological
pathways.

 The tracer concept

Ever since Hevesy introduced the tracer principle, 1-2 isotopically labelled compounds
have played an important role in the natural sciences. The tracer is used as a substitute
for the original compound in experiments and its fate may be traced through processes
such as synthesis, analysis and metabolism. In analytical chemistry for example,
labelled compounds have been used to trace sample losses and to study on-column
events.3 The requirement of a tracer substance is that it can be used in low enough
concentrations not to disturb or affect the investigated process. Stable nuclides such as
2H and 13C or radioactive nuclides like 3H, 11C and 14C may be used for labelling.

 Positron emission tomography

When a tracer is labelled with stable nuclides or β--emitting radionuclides the process
being studied may be monitored by samples withdrawn from the system. Another
possibility is to label the compound with a β+-emitting radionuclide, which has the
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advantage that it can be detected externally and non-invasively. This is utilized in
positron emission tomography (PET).

PET is an in vivo imaging technique in which tissue distribution and kinetics of a tracer
can be visualised.4 The radionuclides of major interest in PET are 15O, 13N, 11C, 18F and
76Br with physical half-lives of 2.07, 10.0, 20.3, 110 minutes and 16.2 hours,
respectively. A PET tracer may be formed by substitution of one atom in a molecule for
the corresponding short-lived nuclide. Such isotopically labelled compounds will in
their biological behaviour be practically indistinguishable from their stable counterparts.
Every organic molecule has, by definition, at least one carbon atom included in its
structure and thus also at least one target position for labelling with a β+-emitting
radionuclide (i.e. 11C). Consequently, a wide variety of molecules have been
synthesized for use in PET investigations of processes such as blood flow,4 metabolism5

and neurotransmission.6

The radionuclide is produced by its corresponding nuclear reaction. The appropriate
target material of gas, liquid or a solid is bombarded with high-energy cyclotron-
accelerated protons or deuterons. After production the radionuclide is transferred, often
on-line, to a radiochemistry laboratory where it is converted into a more useful synthetic
precursor. The radiotracer is preferably synthesized within three half-lives of the
radionuclide, in order to preserve as much as possible of the radioactivity. The final
product is purified by preparative liquid chromatography (LC) or solid phase extraction
(SPE). Radiochemical and chemical purity is assessed by a chromatographic method,
such as analytical LC, thin layer chromatography (TLC) or gas chromatography (GC)
with detection of radioactivity in combination with for example UV absorption,
conductivity or mass spectrometry (MS). After analysis and sterile filtration the
radiotracer may be injected in vivo.

The radionuclide decay proceeds by emission of the positively charged positron particle
(β+). After travelling on average a few millimetres in tissue the positron collides with its
antimatter, an electron. The collision initiates annihilation, which generates two body-
penetrating, high-energy gamma photons (511 keV). The photons are emitted in
opposite directions and may be externally registered, by a circular array of detectors
around the subject of the investigation (Figure 1). A signal is registered only when two
opposing detectors are hit by a gamma photon simultaneously. This so-called
coincidence criterion efficiently reduces the background radiation noise and thus allows
for very sensitive analysis. A large number of events are registered over time and are
reconstructed by computer calculations to give images of the distribution of
radioactivity as a function of time.
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The PET technique detects radioactivity, irrespective of its source. As the radiotracer
enters the metabolic system, it may participate in different biochemical reactions and
produce radioactive metabolites. These metabolites cannot be distinguished from their
parent compound in the PET detection process. The details of metabolism may therefore
provide important information for interpretation of data from a PET investigation. Such
information can be obtained by analysis of samples taken from the subject during a
study.

 Analytical chemistry considerations in PET

Analytical methodology and technology play an important part in every PET
investigation. Chromatographic separation methods are used for purification of the
synthesized tracer, purity and identity verification of the final product and metabolic
investigations. The product purity and identity must be determined rapidly and prior to
every investigation. In contrast to conventional synthetic work, where nuclear magnetic
resonance (NMR) is often used as an initial tool for compound identification,
compounds labelled with short-lived radionuclides are routinely analysed by other
techniques due to the time restraints and the low amounts of total mass obtained in
syntheses (typically 10-100 nmol for 11C compounds). Liquid chromatography coupled
to radio- and UV absorption detection is often used, but other detectors may be used on
occasions when the sensitivity or selectivity of UV absorption is not enough.

Figure 1. The collision between a positron particle (β+) and an electron initiates 
annihilation. Two 511 keV gamma photons are emitted in opposite directions and are 
registered externally by radiodetectors in the PET camera. 
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In this thesis, it is demonstrated how liquid chromatography coupled to mass
spectrometry (LC/MS) can be utilized as one such complementary technique to LC/UV
absorption when high sensitivity and selectivity are important in determination of;

•  Product identity. LC/MS was used for improved selectivity in
determination of synthetic products (paper II).

 
•  Specific radioactivity. LC/MS was used for improved sensitivity and

selectivity in determination of specific radioactivity of radiotracers (paper
III-IV).

 

•  Metabolism. LC/MS was used for investigation of different metabolic
processes (paper V-VII).

 

 To succeed with the studies mentioned above, different aspects of sensitivity and
selectivity in LC/MS had to be investigated in more detail (paper I and II).
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Liquid Chromatography-
Mass Spectrometry

(Paper I, III, VI)
 

 Mass spectrometry has become one of the most important detectors used in analytical
chemistry today. An advantage with this technique is that it can provide molecular mass
information. A mass spectrometer is a device for separation and detection of charged
species in vacuum. Ions are separated on the basis of their mass to charge ratio (m/z).
Magnetic deflection, quadrupole filter, ion trap, time-of-flight and cyclotron resonance
are the most commonly used separation techniques. In a quadrupole mass analyser7

(Figure 2), which was used in this work, static and alternating electric potentials are
applied to opposite pairs of four parallel rods. The electric potentials and/or their
frequencies are varied to select those ions that can pass through the quadrupole to reach
the detector.
 
 

 

 
 

 

 
 

 

 
 

 Detection with mass spectrometry relies on two important processes. First of all the
analytes of interest must be ionized. Secondly, the analytes must at some point be
transferred from atmospheric pressure to the reduced pressure required by the mass
analyser. When coupling GC to MS, electron ionization (EI) of the analytes is
commonly performed. The analytes, which are already in the gas phase, are introduced
to an ion source at reduced pressure and bombarded by a beam of electrons.8 Once, for

Ion source Ion detection

Ion separation

Figur 2. Schematic drawing of a quadrupole mass analyser.
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example, positive ions have been generated, they can be forced towards the detector by
maintaining the source at a positive potential relative to the mass analyser.
 

 The coupling of liquid separation techniques with mass spectrometry has been more
challenging. Several types of interfaces have been developed, such as fast-atom
bombardment (FAB), matrix assisted laser desorption ionization (MALDI),
thermospray (TSP), particle beam (PB) and direct liquid introduction (DLI). Further
details on these different techniques are given in references 9-12. In summary, the two
major difficulties in combining LC and MS have been to accomplish ionization of non-
volatile and/or thermally labile analytes and to solve the flow rate incompatibility.
These two obstacles were in effect solved by the introduction of two atmospheric
pressure ionization techniques, electrospray ionization (ESI)9,13-14 and atmospheric
pressure chemical ionization (APCI), as reviewed in references 15-17. Horning et al.18-19

introduced APCI for LC/MS in the early 1970s. In this ionization technique the LC
eluent is nebulized by a coaxially introduced flow of nitrogen gas and vaporized on
passage through a heated region. Electrons produced by a corona discharge needle
initiate ionization of the gaseous solvent molecules. The analytes are then ionized by
interaction with the formed reactant ions.20-21

 

 Electrospray ionization

 

 The principles behind electrospray as a sample introduction method were first
investigated by Dole et al.22 in the late 1960s. Since they had no mass spectrometer
available in their experiments that could analyse the ions generated, the technique
seemed to have reached a dead end. It was not until 1984, building on Dole’s ideas, that
electrospray was developed as a true interface for mass spectrometry by two
independent groups (Yamashita and Fenn23-24 and Aleksandrov et al.25). Three years
later Bruins et al.26 reported the use of pneumatically assisted electrospray, which
permitted flow-rates up to 200 µL/min as compared to the 10 µL/min practical limit for
pure electrospray. Even then, it took a few years before the importance of the technique
was recognised. The use of this ionization technique only really took off after it was
demonstrated that multiple charging of high molecular weight compounds was
achievable. This was first reported in 1988 by Wong et al.27 for poly(ethylene glycols)
of average molecular weights up to 17,500 with as many as 23 charges. Later the same
year Meng et al.28 reported the first ESI-MS spectra for proteins with molecular weights
up to 40,000 and having as many as 45 charges. The possibility to ionize this group of
compounds in combination with the multiple charging feature allowed the study of high
molecular weight compounds on quadrupole mass analysers, with mass ranges of only
3000-4000.
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 Electrospray ionization is generally accomplished by spraying liquid from a metal
capillary held at a potential between 2 and 4 kV with respect to the ion source walls. As
a result of the high voltage, an aerosol of finely charged droplets is formed. The droplets
start to evaporate during their flight towards the sampling cone of the mass spectrometer
and as the droplets’ size decreases the charge density increases. The mechanisms
involved in emission of ions from a liquid droplet into the gas phase at atmospheric
pressure are not fully understood. According to the “ion evaporation model” of Iribarne
and Thomson,29-30 the droplets reach the Rayleigh instability limit as a result of their
shrinkage. That is the point when the charge repulsion from ionic species on the surface
exceeds the surface tension and a so-called “coulombic explosion” occurs, from which
smaller droplets are formed. Eventually, when the droplets become small enough, the
repulsive forces cause a field-induced “ion evaporation” in which the dissolved analyte
ions are transferred directly into the gas phase. This is currently the most generally
accepted mechanism. In another mechanism proposed by Dole et al.,22 the droplets
continue to break apart until they are so small that each droplet contains one ion, at
which point the remaining solvent evaporates. The results of other investigations have
been presented by Röllgen et al.31 and Siu et al..32 Interested readers are recommended
to study more detailed reviews on this subject.13,33

 
 Due to the gentle ionization process, little extra internal energy is transmitted to the
ions. As a result, mass spectra usually contain the protonated [M+H]+ or deprotonated    
[M-H]- molecule with no or few structurally significant fragment ions. The soft
ionization feature allows for formation of ions from highly polar, thermolabile and
involatile compounds and this has contributed to the great impact electrospray has had
on analytical chemistry.
 

 Mobile phase

 
 In contrast to GC/MS where helium is used as an inert gas carrier, the mobile phase
used in LC/MS participates in the ionization process. The signal response obtained for a
specific analyte depends on its polarity and structure, the amount and type of organic
modifier and the nature and concentration of other additives in the mobile phase. The
analyte has to be present in solution as an ion or an ion-molecule complex in order to be
ejected into the gas phase, which suggests that the pH of the sprayed solution is
important. Therefore, as a rule of thumb, a mobile phase of low pH should be chosen for
detection of bases and a high pH for detection of acids in order to obtain the best
sensitivity. Contrary to what would be expected, however, it is also common to observe
abundant [M+H]+ ions electrosprayed from strongly basic solutions and abundant
[M-H]- ions from strongly acidic solutions. Possible mechanistic explanations are
discussed in more detail in references 34-35.
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 Other important aspects of the ionization process must also be considered in the choice
of mobile phases for ESI-MS. First of all, volatile buffers, including all modifiers, are
required for stable spray formation and to assist evaporation of the tiny droplets.
Secondly, the use of polar solvents will facilitate ion formation. And finally, the polarity
and charge of all ions and molecules surrounding the analyte at the point of evaporation
may influence its ability to escape from the droplet surface. All buffer salts, for
example, are ionic and will compete with the analyte for available space on the surface.
As a general rule, buffer concentrations above 20 mM should be avoided36 and
therefore, additives must be kept at lower concentrations than generally preferred for a
stable LC operation (<50 mM).
 

 Volatile solvents suitable for use in ESI-MS analysis are for example, water, methanol,
ethanol, isopropanol and acetonitrile. Fortunately, these solvents are also frequently
used in liquid separation techniques. The choice of mobile phase additives is more
limited by the volatility requirements. Non-volatile buffer salts commonly used in LC,
such as phosphate and borate, are not suitable in ESI-MS and should be replaced by, for
example, ammoniumformate, ammoniumacetate, formic acid, acetic acid, trifluoroacetic
acid (TFA) or ammonia.
 
 Mobile phases in analysis of PET tracers

 Many compounds of biological origin are abundant as ions in solution and thus most
compounds of interest in PET are ionic at certain pH values. A great number of these
compounds contain amine functionalities. When analysed by LC coupled to ESI-MS, a
specified concentration of a volatile acid is often added to the chosen solvent to create a
mobile phase of low pH, which keeps these analytes charged and reduces the number of
charged residual silanols37 on the column. Basic amines are then easily detected as ions
but may elute with tailing peak shapes when separated on silica-based reversed-phase
columns, due to interaction with residual surface silanols. In these separations, TFA is
commonly used as a buffer additive because the ion-pairing effect and/or the reduced
pH provide improved peak shapes. However, it has been found that the use of TFA can
cause significant analyte signal reduction and spray instability due to increased
conductivity and surface tension together with its ability to form strong ion pairs. 38-40 It
is therefore interesting, when an analysis is developed, to compare the sensitivity
obtained in mobile phases containing different modifiers.
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 One example is the analysis of
morphine, where addition of
TFA in the mobile phase
caused severe signal
suppression as compared to
addition of formic acid. Figure
3 shows the relative response
of 10 µM morphine when
formic acid, acetic acid and
trifluoroacetic acid were used
as mobile phase modifiers. The
signal response for morphine
was between six and fifteen
times higher in mobile phases
with formic acid as compared
to TFA, at acid concentrations
between 1-20 mM.

 Since most PET studies are
done with trace amounts of
analyte it is always important
to obtain the highest sensitivity possible. Therefore, when LC/MS methods were
developed for a number of commonly used PET tracers, all compounds were analysed
using both mobile phases with 5 mM formic acid and 5 mM TFA for comparison.
Structures of the twelve compounds of interest are shown in Figure 4 and their PET
applications are given in Table 1 together with references that describe their labelling
with 11C. Isocratic analyses were done with additions of organic modifier according to
Table 2 and all analytes were detected as protonated molecules [M+H]+. It was again
shown that the sensitivity could be significantly affected by choice of acid. Comparison
was made on signal-to-noise ratio in the chromatograms (the background noise was
equal in the two different mobile phases at each m/z).
 

 As seen in Table 2, the detection limits for N-methylspiperone, ketamine and SCH-
23390 were improved two- to sixfold when TFA was used, while those for harmine, Ro
15-1788, Ro 15-4513 and N-methyl-piperidylbenzilate improved two- to fourfold with
formic acid. The five substances raclopride, nicotine, (+)-3-cyano-MK-801, deprenyl
and FLB 457 showed a similar sensitivity in both mobile phases. It could thus be
concluded that signal suppression by TFA was not as significant for these analytes as it
was in the case of morphine. For weakly basic molecules a stronger signal may possibly
be observed by use of TFA, due to more efficient protonation in solution.38

Relative response (%)
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Figure 3. Morphine signal response as a function
of type and concentration of mobile phase
modifier. Experiments were done in flow-
injection mode (without separation column).
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Table 1. 11C labelled compounds applied in PET studies.
11C labelled compound Application References
(+)-3-Cyano-MK-801 NMDAa receptor Andersson41

Deprenyl MAOb-B enzyme McGregor42/Fowler43

FLB 457 Dopamine D2-receptors Halldin44

Harmine MAOb-A enzyme Bergström45

Ketamine NMDAa receptor Hartvig46

Nicotine Nicotinic receptors Nordberg47/Nybäck48

N-Methyl-
piperidylbenzilate

Muscarinic cholinergic
receptors

Mulholland49

N-Methyl-spiperone Dopamine receptors Burns50

Raclopride Dopamine D2-receptors Farde51-52

Ro-15-1788 Benzodiazipine receptors Persson53

Ro-15-4513 Benzodiazipine receptors Halldin54

SCH-23390 Dopamine D1-receptors Halldin55

 aN-Methyl-D-aspartate
 bMonoamine oxidase
 

 

 Table 2. Detection limitsa determined by LC/MS using two different mobile phase
additives (20 µL injections on Kromasil C18 column; 100 mm × 4.6 mm).

LOD (nM)a

5 mM TFA
LOD (nM)a

5 mM formic acid
Acetonitrileb

(+)-3-Cyano-MK-801 8.1 8.1 20
Deprenyl 27 32 15-45c

FLB 457 5.4 8.1 30
Harmine 9.4 4.7 20
Ketamine 11 21 20
Nicotine 200 200 5
N-Methyl-piperidylbenzilate 9.2 3.1 30
N-Methyl-spiperone 2.4 15 35
Raclopride 7.2 5.8 30-70c

Ro-15-1788 26 9.9 30
Ro-15-4513 86 21 35
SCH-23390 3.5 7.0 25

aLOD=Limit of detection as peak height of three times the peak-to-peak noise
bPer cent (%) mobile phase modifier
cLinear gradient during 3 min
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 Pneumatically assisted electrospray
 

 Electrospray is initiated when the high voltage disrupts the liquid surface and creates a
spray. The size of the formed droplets as well as the stability of the spray formation will
depend on the diameter and shape of the spray capillary as well as the mobile phase
composition.56 In general, however, it is difficult to form a stable electrospray at flow-
rates above 10 µL/min. Electrospray is therefore not directly compatible with the flow-
rates used for most conventional LC columns (i.e. columns with greater than 0.5 mm
inner diameter). Bruins et al.26 showed early on that the stability and flow-rate
compatibility of the nebulisation process could be increased by pneumatically assisted
electrospray formed by a concentric sheath flow of gas around the spray capillary.
 

 Droplets created by pneumatically assisted electrospray, however, are formed with
lower charge density.9 In theory the lower charging results in lower ion emission
efficiency. A higher flow-rate, on the other hand, will create more droplets in total.
These two changes in the ionization process have opposing effects on sensitivity and the
net effect is that the response in the two different spray modes is almost equal.57

Therefore, provided flow-rates and/or sample amounts do not restrict its use,
pneumatically assisted electrospray is generally preferable due to the increased
robustness and ease of operation in everyday use.
 

 Column choice with ESI-MS
 

 When LC is coupled to ESI-MS it is important to remember that, in addition to the
mobile phase, any co-eluting analytes or matrix components may also affect the analyte
response.33 The mobile phase contribution can be made constant between analyses,
while the changes in matrix components will often be more difficult to predict. It is
therefore important to always perform a proper separation prior to detection with ESI-
MS when reproducibility is important, especially in analyses where the sample matrix
components are unknown.
 
 Large bore columns with typical inner diameters of 4.6 mm are still frequently used in
LC. One obvious reason for this has been that they are commercially available with
most packing materials and in most lengths. In addition, a majority of the detectors and
pumps on the market are built with these columns in mind. The use of columns with
reduced inner diameters, however, has the distinct advantages of reduced solvent,
sample and packing material consumption. Nevertheless, in order to work with such
column dimensions and the corresponding smaller injection volumes without the loss of
sensitivity, it is important that the detection technique in use is concentration sensitive.
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 The mass spectrometer in itself is a mass-flow sensitive detector,58 which means that the
response is directly proportional to the mass-flow (change of mass per unit time) as
shown in Figure 5. When ESI is coupled to the mass spectrometer, however, it often
behaves more like a concentration sensitive detection technique due to the opposing
effects of increased mass-flow and reduced droplet charging at higher flow-rates.15,59-60

During the experiments done in this work, ESI-MS detection showed clear
concentration sensitive behaviour. Therefore, the detector response did not change when
the flow-rate from the separation column was reduced in a split prior to detection.

 A conclusion that can be drawn from these observations is that reduction of the column
inner diameter allows injection of a reduced amount of sample for the same response,
provided that the detector can be modified for different flow-rates. In other words the
mass sensitivity can be significantly improved, in work with limited sample amounts,
by use of packed capillary column LC.61-62 The gain in sensitivity can also easily be
estimated since the concentration increases as an inverse function of the square of the
column diameter.63-64

 

 Packed capillary columns

 
 When packed capillary columns are used for separation, proper connections to the
detector become of critical importance to avoid band broadening.65-66 In addition, the
electrospray interface has to be designed to deliver a stable spray at the low flow-rates
typically used (<10 µL/min). Electrospray is often formed by putting a high voltage on
a steel capillary after the separation column.23,67 Due to the inherent large inner

Figure 5. When equal analyte mass is injected on two columns with different inner
diameters, a concentration sensitive detector will give a higher response for the
peak eluting with higher concentration, i.e. for the column with smallest i.d.. A
mass-flow sensitive detector will show equal response for equal mass injected.

 

Different concentration 

Equal analyte mass Concentration 
sensitive 

Mass 
sensitive 
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diameters of such capillaries (typically above 100 µm i.d.), however, it may be difficult
to connect them to packed capillary columns with maintained separation efficiency.
 

 There have been a great number of reports on how to design electrospray interfaces
readily compatible with separation flow-rates below ~5 µL/min. One of the most widely
used approaches when liquid separation is coupled to mass spectrometry has involved
addition of a coaxial sheath flow of liquid at 1-5 µL/min, that elutes through a metallic
capillary surrounding a fused silica capillary. A sheath flow may be added to aid
electrospray formation without any other modifications to the interface. This has been
done in conjunction with capillary electrophoresis (CE),68-69 capillary
electrochromatography (CEC),70 supercritical fluid chromatography (SFC)71 and packed
capillary LC.72 The disadvantage with the use of a sheath liquid, however, is that it may
result in reduced stability and sensitivity. This is due to dilution and the unavoidable
addition of ionic and neutral species through the sheath liquid, which will compete with
the analytes in the ionization process. Another disadvantage is that it may be difficult to
maintain the important narrow diameters of the spray needle when three concentric
capillaries are used instead of two.
 

 Electrospray interfaces that can be used directly at lower flow-rates have also been
constructed. They appear to provide better stability and sensitivity in general, especially
when the inner diameter of the spray needle is reduced.56 This has mostly been done
with glass or fused silica capillaries.73-76 The electrical contact required to establish the
high voltage is then often made on a metal union upstream from the tip.77-80 An
alternative way to introduce the high voltage to the liquid flow is the use of silver81-82 or
gold coated73-75,83-85 glass or fused silica tips, which permits the electrical contact to be
made right on the capillary end.
 

 Packed capillary columns of 500 µm inner diameter

 Packed capillary columns of 500 µm i.d. are usually run at flow-rates of around 10
µL/min and are therefore appropriate to couple to pneumatically assisted electrospray.
In order to maintain the separation efficiency, however, it is important to consider all
volumes after the column. The electrospray probe used in this work was supplied with
the instrument and contained a 280 mm × 100 µm i.d. steel capillary(Figure 6) between
the column and the position where the spray was formed. To maintain the separation
efficiency from the column, a fused silica capillary of 40 µm i.d. and 90 µm o.d. was
inserted into the steel needle. Electrical contact was then made with the surrounding
steel capillary upon elution from the fused silica. The ends of the two capillaries were
positioned so that they were aligned as shown in Figure 6.
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 Packed capillary columns of 200 µm inner diameter

Additional modifications had to be made to the commercial interface to maintain a
stable electrospray when packed capillary columns of 200 µm i.d. were used. A fused
silica capillary was again inserted in the electrospray steel needle but this time with an

inner diameter of 20 µm (90 µm
o.d.). At the optimal flow-rate
for 200 µm i.d. columns, which
was 1 µL/min,86 the spray
performance was more stable
when the nebulizing gas was
shut off (Figure 6). It was also
found that stability was
improved when the high voltage
lens was removed and the
drying gas, which is used to aid
evaporation of the droplets, was
reduced by 75% to around 50
L/h. The spray voltage had to be
increased from 3 kV to 4.5 kV
for optimal performance when
the nebulizing gas was not used,
unless the steel needle was
sharpened by electropolishing to
provide enhanced field
focusing. Other researchers
have shown that it is easier to
spray highly conductive

solutions, such as mobile phases with high water content, with etched capillaries due to
the lower electrospray onset voltage.87 When an etched steel needle was used,
electrospray could be formed at the same voltage as for pneumatically assisted
electrospray of around 3 kV and the spray performance was more stable using mobile
phases containing high percentages of water as expected.
 
 To obtain adequate separation efficiency, a low dead volume connection between the
column and the fused silica capillary inserted in the electrospray probe was made by
alignment within a 1/32 inch Valco  union. The column and the fused silica capillary
were inserted into tightly fitting Teflon tubing as shown in Figure 7. Use of these
couplings allowed analysis with maintained separation efficiency.

Figure 6. The electrospray interface (a) before
and (b) after modification.
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 Quantification

 

 Information about fragment ions, adduct ion formation and impurities present can be
obtained by scanning a specified range to yield a mass spectrum. The best signal-to-
noise level in analysis with a quadrupole mass spectrometer, however, is obtained with
selected ion monitoring (SIM) or selected reaction monitoring (SRM). The intensities of
one or several specific ion beams, corresponding to the analyte of interest, are recorded
rather than the entire mass spectrum. The gain in signal-to-noise originates from the
increased time spent on the measurement.
 

 The best sensitivity is obtained when a SIM or SRM function is set to monitor the
analyte ion that yields the best signal-to-noise response. This ion is often the protonated
[M+H]+ or deprotonated [M-H]- molecule, but can also be a fragment or an adduct ion.88

Sodium adducts, [M+Na],+ are for example very stable89-92 and therefore reliable to use
for quantitative purposes.
 

 In addition to adequate sensitivity it is important to know if the quantification is
performed within the linear dynamic range. Different research groups have shown that
the linear dynamic range of electrospray is limited at an analyte concentration above 10-

5 M.33,93-95 Above this point it is believed that the space for ions on the droplet surface
becomes restricted.

200 µm 20 µm

Teflon I.D.   300 µm   100 µm

Fused silica O.D.  320 µm     90 µm
 

Figure 7. LC column connection to the fused silica capillary.
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Polar Compounds
 (Paper II)

 

 
 

 

 
 

 Many analytes of biological origin are highly polar and of low molecular weight. Such
compounds have been analysed by ion-exchange chromatography (IEC) or ion-pair
chromatography (IPC) in association with PET investigations. The specific technique
chosen depends on the question that needs to be answered. Neither of these two
separation techniques, however, is directly compatible with ESI-MS. In IEC the
separation is based on the affinity of ionic analytes for charged sites on the column. The
high buffer concentrations required for elution of the analytes causes signal instability
and reduced sensitivity. Post-column ion-exchange membrane suppressors96 may be
used to reduce the electrolyte content prior to detection by mass spectrometry.90,97-100

Such devices have proved efficient in removing large amounts of interfering salt ions,
as long as care is taken to maintain a low back pressure (i.e. not above 2 MPa).97-98

 

 Reversed-phase IPC requires longer equilibration times, but has the advantage over IEC
that both neutral and ionic analytes can be separated in the same analysis. The ion-
pairing reagent is added to the mobile phase to increase retention of polar ionic analytes
that otherwise would be eluted in the solvent front in reversed-phase chromatography.
The non-volatile ion-pairing reagents often used in IPC destabilize the electrospray
process101 and contaminate the interface.102 Although it has been shown that interface
contamination is reduced if the spray is positioned orthogonal to the sampling cone,103

suppression of analyte ionization can also occur in electrospray when the mobile phase
contains non-volatile compounds.104-105 There are volatile ion-pairing reagents, which
can be used as replacements106-107 like heptafluorobutanoic acid, tridecafluoroheptanoic
acid and nonadecafluorodecanoic acid. Mobile phases containing such compounds are
directly compatible with ESI-MS. The ion-pairing reagents will, however, cause a very
high chemical background and they may compete with or suppress the analyte
ionization.
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 Non-volatile ion-pairing reagents in the mobile phase
 

 The interface is contaminated when the mobile phase used in ESI-MS contains non-
volatile ion-pairing reagents. Sensitivity is rapidly decreased and the signal is ultimately
lost altogether. This was demonstrated by continuous infusion (20 µL/min) of ion-
pairing reagents of two different chain-lengths; dodecylsulphate (SDS) and
heptanesulphonic acid (SHS). Infusion was first performed with a mobile phase
containing 3 mM SDS. As expected, the signal intensity decreased rapidly (Figure 8a).
The measured signal was seen to disappear at times only to recover somewhat again.
This observation was believed to be a result of partial blocking of the high voltage lens,
which omitted all ions from detection. The drying gas flow in the ion source counteracts
the blocking process, which could explain why the signal occasionally was recovered.
When a mobile phase containing a shorter ion-pairing reagent (SHS) at a reduced
concentration (1 mM) was used the signal was more stable, but the sensitivity was
continuously reduced during the whole experiment (Figure 8b). When the interface was
demounted for washing between experiments, a white powder-layer was always visible
on the sampling cone as well as on the high voltage lens. It was clear from these
experiments that it was not possible to do a reliable analysis with ion-pairing reagents
present in the detection process.

Figure 8. Signal intensity as a function of time for continuous infusion (20
µL/min) of (a) 3 mM SDS and 5 mM formic acid in water:methanol (95:5, v/v)
and (b) 1 mM SHS and 5 mM formic acid in water:methanol (95:5, v/v).
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 Removal of ion-pairing reagents
 

 The use of non-volatile ion-pairing reagents in the mobile phase consequently requires a
post-column removal system. Valve-switching techniques have been used to remove the
counter-ions after separation and prior to detection.108-110 Such phase-system switching
techniques can be used to remove large amounts of ion-pair reagents, but the system
would be discontinuous and can generate band broadening since it involves adsorption
of analytes followed by desorption under back-flush.
 

 In these experiments an anion-exchange column of strong quaternary ammonium-type
(MiniQ,  non-porous 3 µm particles) was used to trap the non-volatile counter-ions
from the mobile phase on-line prior to the mass spectrometer inlet (Figure 9). The
capacity and reproducibility of the trapping process was evaluated by use of packed
capillary columns of 40 mm x 500 µm i.d.. The trapping efficiency of the anion-
exchange column was determined for mobile phases containing 1 mM octanesulphonic
acid (SOS), 3 mM SOS and 1 mM SDS, as shown in Table 3, by detection of the ion-
pairing reagent in negative electrospray mode. It could be shown that breakthrough of 1
mM SOS appeared at 160 minutes at a flow rate of 10 µL/min (corresponding to 350
µg). When the concentration of SOS was increased from 1 to 3 mM, the breakthrough
was three times faster, as expected (Table 3). The trapping efficiency with an increased
methanol content in the mobile phase was also evaluated, and it was found that the time
for breakthrough did not change significantly (i.e. 154 minutes or 330 µg) when the
methanol content was increased from 5 % to 15 %.

 The efficiency of the separation column was evaluated with and without the trapping
column in-line to determine if the extra column induced significant band broadening.
The dead time of the system was increased by 30 seconds and the efficiency,
determined at half peak height, was reduced from 32,000 plates/m to 29,000 plates/m.
 
 

 

Mobile phase

           C18 
500 µm x 50 mm 

10 µl/min
Electrospray ionisation

Anion-exchanger 
500 µm x 40 mm 

β+-Flow detector

Figure 9. Schematic diagram of the in-line coupling of an anion-exchange
trapping column between analytical capillary liquid chromatography and
electrospray ionization mass spectrometry.
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 Complete regeneration of the trapping column, after SOS breakthrough, could be done
by column washing with 50 mM ammonium formate at a flow-rate of 10 µL/min for
one hour followed by 10 minutes of water. The efficient trapping process together with
the possibility of completely regenerating the trapping column made it possible to
couple reversed-phase IPC with ESI-MS in analysis of polar radiolabelled compounds.
 

Table 3. Ion-pairing reagent breakthrough from an anion-exchange column.a

Ion pair
reagent

Conc.
(mM)

Organic
mod. (%)b

m/zc Breakthrough
time (min)

Loaded
mass (µg)

SOS 1 5 193 161 ± 12d 348 ± 26d

SOS 3 5 193 55 ± 1e 356 ± 7e

SOS 1 15 193 154 ± 4e 333 ± 9e

SDS 1 5 265 142 ± 6e 409 ± 17e

aA flow-rate of 10 µL/min was used and all mobile phases contained 5 mM formic acid.
bMethanol was used as organic modifier in all experiments (v/v).
cElectrospray ionization in negative mode [M-H]-.
dThe capacity and reproducibility of counter-ion removal were determined by four separate
loadings on the same column.
eThe capacity and reproducibility of counter-ion removal were determined by two separate
loadings on the same column.

 

 Product identity

 
 Synthetic products obtained in work with β+-emitting radiotracers are often determined
by liquid chromatography coupled to radio- and UV absorption detection. Identities are
confirmed by matching retention times with those of standards. Further confirmation of
the identity can be obtained when ESI-MS detection is coupled to the separation
system.111-112

 
 In analyses of the synthetic raw product of [11C]guanidine, the reaction components
could be separated using reversed-phase IPC, but the guanidine compound itself was
difficult to detect with UV absorption. Therefore, ESI-MS was used for detection
instead. The separation was carried out on a reversed-phase separation column (50 mm
× 500 µm i.d.) in a mobile phase containing 3 mM SHS and 5 mM formic acid in
water:methanol (95:5, v/v). The ion-pairing reagents were removed prior to detection as
described and a radiodetector was coupled to the system between the trapping column
and the mass spectrometer as shown in Figure 9. In this way the synthesis of
[11C]guanidine could be monitored with reversed-phase IPC coupled to ESI-MS by
selected ion monitoring at m/z 60 (Figure 10).
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Figure 10. Reversed phase ion-pair chromatography of a raw product from
synthesis of 11C labelled guanidine. SHS was used as ion-pairing reagent (3
mM) in the separation and was then trapped on an anion-exchange column
prior to detection. A β+-flow- and an ESI-MS detector were used in series.
Guanidine eluted at 7.3 minutes.
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Specific Radioactivity
(Paper III, IV)

 

 
 

 

 
 

 The concentration of a radioactive material in a sample is described by specific
radioactivity and is expressed as radioactivity per mol substance (i.e. Bq/mol). A special
feature of short-lived radionuclides is that they can be obtained with a high specific
radioactivity, as the total number of radioactive decays in a sample occurs within a very
narrow time range. In practice this means that a given amount of radioactivity used in a
study corresponds to a significantly lower compound mass when the radionuclide is
short-lived. At the same time it reduces the time available for the study. It is the
possibility within PET, to work with very low compound concentrations, which makes
it a true tracer technique. High specific radioactivity is especially important for
radiotracers aimed to bind to specific receptors present in picomolar amounts, in order
to avoid pharmacological effects disturbing the biological system.6

 

The theoretical specific radioactivity of a radionuclide can be determined from its
physical half-life according to Equation 1,113

 

Equation 1

 

where T1/2 is the physical half-life of the radionuclide and N is the number of atoms.
The theoretical calculation only includes the quantity of the radionuclide. Due to
isotopic dilution during nuclide production and synthesis, however, the radiotracer
product always contains a mixture of the labelled and the corresponding stable
compound. The theoretical specific radioactivity for 11C labelled compounds is 3.4 ×
105 GBq/µmol, while a value in the order of 50-150 GBq/µmol is available in practice.
Production of 76Br labelled compounds can be achieved with a specific radioactivity of
typically 20-200 GBq/µmol,114 which is closer to that theoretically possible (7.2 × 103

GBq/µmol), due to less isotopic dilution from naturally occurring bromine nuclides.
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 In practice, specific radioactivity of short-lived radionuclides is often determined by a
combination of radioactivity measurement of the labelled fraction and quantification of
the corresponding stable substance using a liquid separation technique with UV
absorption detection. However, UV detection does not always provide the sensitivity
and/or selectivity needed for routine analyses of such samples.
 

 Sensitivity
 

 ESI-MS was evaluated as a complementary technique to UV absorption detection in
determination of specific radioactivity for twelve compounds commonly used in PET
(Figure 4 and Table 1). In comparison with UV absorption detection, ESI-MS showed
equal or improved detection limits for all analytes (Table 4). Isocratic analyses with
additions of organic modifier according to Table 2 were used for the comparison, and
determination was done on signal-to-noise ratio in the chromatograms. The signal
background in the UV absorption detector was constant for all analyses while it changed
over the m/z range in the mass spectrometer according to Table 4. All analytes were
detected in ESI-MS as protonated molecules [M+H]+ and in UV absorption at their
optimum wavelengths (above 240 nm). The substances that were detected with the
lowest sensitivity in UV absorption detection, namely N-methyl-piperidylbenzilate,
deprenyl, ketamine and SCH-23390, showed 100 times or more improved detection
limits when analysed with mass spectrometry. The detection limit for nicotine was high
in the mass spectrometer, as compared with the other compounds. As can be seen in
Table 4, the signal background at m/z 163 where nicotine was detected was unusually
high, possibly due to a dimethyl phthalat fragment or a cluster ion of water.

 ESI-MS was clearly a good alternative to UV absorption detection for determination of
radiotracers synthesized with high specific radioactivity. The improved sensitivity
obtained in ESI-MS was for example required in all determinations of specific
radioactivity for ketamine and (+)-3-cyano-MK-801, where UV absorption could not
provide the required sensitivity. The drawback with ESI-MS for routine analysis was
that the linear dynamic range was more limited than in UV absorption detection. It
typically reached up to 10-5 M, in agreement with what has been previously
reported.33,93-95 Dilution was therefore required prior to analysis of some product
solutions with low specific radioactivity.
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Table 4. Detection limitsa for 20 µL injections after a post-columnb split of 1:100 used
to deliver 990 µL/min to UV absorption and 10 µL/min to ESI-MS detection.

UV
nM

MS
nM

Background MS
cps x 103

(+)-3-Cyano-MK-801 260 8.1c,d 9
Deprenyl 2700 27d 3
FLB 457 220 5.4d 5
Harmine 94 4.7c 6
Ketamine 1300 11d 5
Nicotine 200 200c,d 30
N-Methyl-piperidylbenzilate 680 3.1c 6
N-Methyl-spiperone 61 2.4d 4
Raclopride 87 5.8c,d 4
Ro-15-1788 12 9.9c 4
Ro-15-4513 21 21d 10
SCH-23390 380 3.5d 20

aPeak height of three times the peak-to-peak noise
b4.6 x 100 mm reversed-phase column
c5 mM formic acid as mobile phase additive
d5 mM TFA as mobile phase additive

 

 Selectivity

 
 In addition to improved sensitivity, mass spectrometry can provide improved selectivity
in analyses. A number of purified radiotracer products contain small substrate residues.
When used in a PET study, these compounds may display biological activity equal to
the radiotracer. In evaluation of PET data it may therefore be important to include
information on the quantity of the substrate. As the product and the synthetic precursor
often have a structural resemblance, determination may have to be performed on
overlapping peaks in LC-UV chromatograms. In such separations ESI-MS could be
used to resolve the two compounds on account of their m/z difference in the mass
analyser. Quantification could be performed even when the peaks had a slight
chromatographic overlap.
 

 Careful evaluation of such determinations is required though, as matrix suppression of
ionization can occur in ESI-MS when analytes co-elute. The ion intensity for one or
both analytes may be reduced and thereby effect quantitative reproducibility.33,115-117 In
the specific case of determination of synthetic products purified and characterized for
use in PET, the sample matrix of the synthetic product should contain few unwanted
components apart from the remaining substrate. As the expected sample impurities are
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known, the possible suppression of ionization can be determined for each analyte of
interest in advance.

 One example is raclopride, a dopamine D2 antagonist, which has been labelled with 11C
for use in PET studies of central dopamine receptor occupancy in healthy volunteers
and schizophrenic patients.51-52 The radiotracer product of [11C]raclopride often
contained low concentrations of the synthetic substrate, desmethyl-raclopride. Flow-
injection analyses were done to investigate possible suppression of ionization of these
two compounds. Raclopride and desmethyl-raclopride were first injected separately and
peak areas were determined at seven different concentrations by SIM of the protonated
molecules (m/z 347 and 333 respectively). Signal suppression was then investigated by
injection of new solutions, where the two compounds were mixed at equal
concentrations. As can be seen in Figure 11, no significant suppression of ionization
could be detected for either compound at concentrations below 7 µM. At higher
concentrations, however, desmethyl-raclopride showed a decreased signal response
when raclopride was present in the solution. It was concluded that determination was
possible with acceptable accuracy of the substrate and the product in separate mass
chromatograms at analyte concentrations below 7 µM, even if the two compounds co-
eluted. It was, however, still important to retain the two substances from the solvent
front in the separation as signal suppression from salts was more difficult to predict.
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Figure 11. Signal response (peak area) was determined by flow-injection analysis of
analyte in 5 mM formic acid in water. (o) Raclopride samples were first analysed in
concentrations between 0.3-15 µM and then (• ) raclopride samples mixed with
desmethyl-raclopride in equal concentrations [A]=[B]. (B) Desmethyl-racloprid was
then determined by the same procedure (o) at concentrations between 0.3-15 µM and
(• ) mixed with raclopride in equal concentrations [A]=[B].
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 Determination by LC/MS

 The improved sensitivity that could be reached in ESI-MS analysis of PET tracers
indicated that it should even be possible to detect the radiotracer itself in the mass
spectrometer. Specific radioactivity could then be determined directly from the ratio
between the labelled and the corresponding stable compound in the mass
chromatograms rather than by two separate determinations. This was further
investigated for 76Br labelled N-((3-aminomethyl)benzyl)-4-bromobenzamide (Figure
12).

 

N-Succinimidyl 4-[76Br]bromobenzoate has been used for conjugation labelling of
oligonucleotides and proteins.114 For determination of specific radioactivity of this
compound, it was conjugated with 3-(aminomethyl)benzylamine, instead of a
macromolecule. N-((3-Aminomethyl)benzyl)-4-[76Br]bromobenzamide (Figure 12) was
chosen as a model compound because it could be detected with a better sensitivity in
ESI-MS than N-succinimidyl 4-[76Br]bromobenzoate.

 In production of 76Br labelled compounds, the isotopic dilution is believed to originate
from small amounts of bromine in solvents and chemicals used.118 Once the 76Br
nuclide has been incorporated in an organic molecule no more isotopic dilution should
take place. The specific radioactivity for N-((3-aminomethyl)benzyl)-4-
[76Br]bromobenzamide was therefore assumed to be equal to that of N-succinimidyl 4-
[76Br]bromobenzoate.

For practical reasons as well as radiation safety aspects, only part of the sample in a
synthesis was used for determination of the specific radioactivity. In the synthesis of N-
succinimidyl 4-[76Br]bromobenzoate, a sample containing 1-10 MBq was considered a
reasonable amount to remove for analysis. With the 16.2 hours half-life of 76Br this
corresponds to 0.14-1.4 pmol or a sample concentration of 7-70 nM (20 µL) of the 76Br-
analogue.119 Substances in this concentration range are possible to detect with ESI-MS

76Br C
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O N
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H2NCH2

CH2NH2
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NHCH2

CH2NH2

N-Succinimidyl 4-[76Br]bromobenzoate N-((3-aminomethyl)benzyl)-4-[76Br]bromobenzamide

Figure 12. N-Succinimidyl 4-[76Br]bromobenzoate was conjugated with 3-
(aminomethyl)benzylamine to obtain a substance which could be detected with better
sensitivity in LC/ESI-MS.
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if they are readily ionized, especially with the increased mass sensitivity of packed
capillary column LC.

Reversed-phase packed capillary columns of 200 µm i.d. were used to obtain retention
of N-((3-aminomethyl)benzyl)-4-[76Br]bromobenzamide. On-column focusing of the
sample was done by injection in a non-eluting solvent. In this case the injection solvent
consisted of 5 mM TFA in water:acetonitrile (95:5, v/v) and the mobile phase was 10
mM TFA in water:acetonitrile (80:20, v/v). By use of this analytical method the specific
radioactivity was determined directly after synthesis. A sample of the raw product,
corresponding to approximately 2 MBq, was evaporated to dryness and reconstituted in
the injection solvent. The injection of 20 µL into the packed capillary columns lasted 10
minutes at the flow-rate used (2µL/min) and the analyte was detected at 18.5 minutes
(Figure 13). Specific radioactivity was determined by calculating the peak area ratio
between the radioactive 76Br and the stable 79Br (50.5% natural abundance) analogues at
m/z 316 and m/z 319, corresponding to the protonated molecules [M+H]+. The specific
radioactivity in this case was determined to 36 GBq/µmol. To further confirm the
identity of the 76Br labelled N-((3-aminomethyl)benzyl)-4-bromobenzamide, the sample
was injected again 22 h and 66 h later to monitor the decay of the compound. The ratio
between m/z 316 and m/z 319 had then decreased as expected from the decay of 76Br.
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Figure 13. Specific radioactivity of N-((3-aminomethyl)benzyl)brombenzamide
was determined by calculation of peak area ratio between the 76Br and 79Br
analogues in their respective mass chromatograms. The analysis was done by
packed capillary column LC with ESI-MS detection of the protonated molecules
[M+H]+ at m/z 316 and m/z 319 respectively. The analyte was detected at 18.5
minutes. (The y-axis in the chromatogram for m/z 316 is magnified 24 times in the
figure.)
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Calculation of the half-life for 76Br from the area ratios between 76Br and 79Br analogues
in the mass chromatograms resulted in a half-life of 16.2 h which correlates with the
literature value.

The major peak in the chromatogram of m/z 316 with a retention time of 17.4 min is an
unidentified substance present at low concentrations. Due to the base-line separation
from the analyte peak at 18.5 minutes together with the control experiment made to
confirm the decay of N-((3-aminomethyl)benzyl)-4-[76Br]bromobenzamide, it was
concluded that the unidentified peak did not affect the experiment.

From these results it can be concluded that a compound labelled with a short-lived β+-
emitting radionuclide could be detected, for the first time to our knowledge, by mass
spectrometry. Specific radioactivity could be determined directly from peak area ratios
between the 76Br and 79Br analogues by packed capillary column LC/MS.
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Metabolism - Oxygen
(Paper V)

 

 
 

 Enzymes are proteins that act as catalysts of different biochemical reactions. Each
enzyme is specific to a particular reaction or group of similar reactions. One example is
oxygenase, which is a molecular oxygen-fixating enzyme, found by Mason et al.120 and
Hayaishi et al.121 independently in the 1950s. A large number of studies related to
oxygen metabolism, oxygen radicals and biological oxidation have been done. It is for
example known that the metabolic and biosynthetic pathways of valuable biologically
active substances such as neurotransmitter amines and steroids are mainly catalysed by
a variety of mono- and di-oxygenases.
 

 Previous evidence for oxygenase reactions has primarily been obtained by use of stable
oxygen isotopes, i.e. 17O and 18O, by analysis of the purified product by mass
spectrometry.120-123 Another way to monitor the activity of a specific enzyme is to
follow an incorporation reaction by use of short-lived radionuclides. The advantage of
this approach is that the radiolabelled product is easy to distinguish from other
endogenous compounds (naturally present in the biological system). The reaction of
metapyrocatechase, one of the typical dioxygenases with high turnover number, could
be determined in this way. Oxygen gas of 15O, a β+-emitting radionuclide with a
physical half-life of 2.07 minutes, was used for the investigation (Figure 14). The main
challenge when doing experiments with this radionuclide is naturally related to time.

Figure 14. Reaction scheme of catechol in the presence of
metapyrocatechase and 15O2.
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 By use of radioactivity, it was possible to determine that it was oxygen gas rather than
oxygen from another source, which was incorporated in the substrate. This could be
determined by simultaneous detection of radioactivity, UV absorption at 360 nm and
ESI-MS by SIM of the 15O containing product (m/z 141) and the substrate catechol (m/z
109). The separation was done on a Kromasil C18 column (100 mm × 4.6 mm) using
(A) 3 mM formic acid in water and (B) 3 mM formic acid in acetonitrile and a linear
gradient from 2.5-98.5 % B in 6 minutes. As shown in Figure 15, the radioactive
product could be identified after a 4-min reaction by correlation of the compound peak
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Figure 15. The product after reaction of catechol with 15O2 in the presence of
metapyrocatechase was analysed with LC coupled to radio-, UV absorption (360
nm) and ESI-MS detection. Selected ion monitoring was performed in ESI-MS by
detection of the deprotonated molecules [M-H]- of catechol and α-
hydroxymuconic ε-semialdehyd at m/z 109 and 141, respectively. Analysis was
done on a 100 × 4.6 mm Kromasil C18 column.
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in all three detectors at the same retention time. It could also be shown that the reaction
was reproducible with the same amount of enzyme. When the enzyme was omitted and
just the buffer for the enzyme solution was added to the reaction mixture, there were no
peaks at all in any of the three detection systems. The results were also the same when
substrate was omitted from the reaction mixture. The fraction of radioactivity that eluted
in the solvent front was not identified in the experiments.
 
 These results show that it was possible, for the first time, to use a radioactive oxygen
isotope [15O] to study certain oxygenase reactions. It was possible to verify that the
oxygen incorporated in the product molecule originated from oxygen gas [15O2]. By use
of radioactivity detection coupled to mass spectrometry the product could be determined
within 7 minutes from completed reaction.
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Metabolism - Drugs
 (Paper VI, VII)

 

 
 

 

 
 

 The metabolic rate for a specific drug may be established by analysis of different
biological fluids, such as plasma, cerebrospinal fluid and urine, drawn at a number of
different time points after administration. During a clinical trial this is done after
administration of the drug at therapeutic doses. In a PET investigation carried out at
tracer doses, the same kind of analysis becomes more challenging. To obtain reliable
and robust methods of adequate sensitivity, issues like sample preparation, separation
and detection had to be considered in detail. In this work, validated methods were
developed for determination of morphine in clinical trials and raclopride after a PET
investigation.
 

 Sample preparation
 

 In these studies, human plasma or serum was used for all analyses. There are always
large amounts of proteins present in such samples, which will be trapped on most
analytical separation columns causing the separation performance to deteriorate quickly.
Different sample preparation techniques may be used for clean-up prior to injection on
LC.124 The application in which the sample is to be used must be considered in the
choice and design of technique. Protein precipitation and ultrafiltration are perhaps the
two most simple and rapid sample preparation techniques available. Both of these
techniques are used with the aim of removing the proteins from the sample and leaving
the remainder of the sample components intact. A biological sample prepared by either
of these techniques will contain too high salt concentrations for direct analysis with
ESI-MS. In addition, it is valuable to use a more selective sample preparation prior to
LC/MS to avoid the risk of having matrix components co-eluting in the chromatogram
causing analyte ionization suppression.
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 A more selective sample preparation technique is solid phase extraction (SPE), which
can be done on cartridges125-127 and discs.128-129 This extraction technique was used for
all plasma and serum samples in these studies. The method development for SPE can be
time-consuming, but under the right conditions this method provides very clean
extracts. The intention in these studies was to create sample preparation methods
capable of handling sample series between 50-1500 samples depending on the study and
number of patients involved. Speed, simplicity and possibility of automation were
therefore important issues. Solid phase extraction can provide the required speed and
automation required for such large sample series. Other advantages with SPE are
minimal introduction of impurities and the generally high extraction efficiencies
obtained.

 Internal standard

 
 An internal standard (IS) may be added to a sample to obtain improved reproducibility
and accuracy in analysis. Determination is then done on peak area ratios between the
analyte and the IS, and this requires that the IS and the analyte can be detected
separately. For most analytical detection techniques this means that the IS has to elute
well separated from the analyte in the chromatogram. With mass spectrometry
detection, on the other hand, physical separation is not required as determination can be
done on the individual analyte masses. It is a significant advantage if an isotopically
substituted internal standard can be used. The structural resemblance between the
analyte and the IS will provide a more reliable compensation for deviations in
extraction, injection and detection between analyses. The IS will co-elute with the
analyte on most chromatographic systems and will probably show very similar
ionization characteristics. The quantitative deviations from unexpected ionization
suppression effects should be further reduced in this way. An isotopically substituted IS
added in higher concentration than the analyte should also be able to reduce adsorption
losses during sample preparation and analysis.
 

 Metabolic studies at therapeutic doses

 Determination of morphine in serum
 

 A large number of assays for the measurement of morphine using electrochemical, UV
absorption or fluorometric detection are reported in the scientific literature. Further
details on these methods can be found in reviews on the subject.130-131 Here, an LC/MS
method was developed for determination of pharmacokinetic data of morphine
metabolism after intake of an oral dose of 20 mg. The expected serum concentrations of
morphine ranged from 3 to 70 nM (0.84-20 ng/mL) when measured during 24 h after
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administration. Other analytes of interest in this study were the main morphine
metabolites in humans, 3-glucuronide and 6-glucuronide (Figure 16).
 

 As described earlier, the signal response for morphine in the mass spectrometer was
very mobile phase dependent. The required sensitivity for the analysis could be obtained
when 3 mM formic acid was used as a mobile phase additive, which was a compromise
between sensitivity in detection and stability of the separation. Despite the possibility of
separating compounds directly in the mass spectrometer, it was important to physically
separate these three compounds from each other prior to detection. Since the
glucuronides are structural isomers, they are detected at the same m/z values in the mass
spectrometer. Furthermore, since both glucuronides showed a slight fragmentation, with
the main fragment ion being morphine, it was necessary to physically separate all three
analytes. Figure 17 shows spectra for morphine, morphine-3-glucuronide and morphine-
6-glucuronide. These three analytes have traditionally been separated on reversed-phase
columns with ion-pairing reagents in the mobile phase. In this study it was desirable to
perform the separation without the non-volatile counter-ions. After trying several
different columns, it was found that enough retention and separation could be obtained
on a YMC ODS-AL column with a non end-capped packing material, i.e. a material
with a high degree of residual silanol activity. Mobile phases were (A) 3 mM formic
acid in water and (B) 3 mM formic acid in acetonitrile and separation was achieved with
a linear gradient from 4% B to 70 % B in 3.5 minutes.
 

 The analytical method was developed and validated by analysis of human serum quality
control samples prepared at three concentrations spanning the calibration range. The
compounds were then quantified in serum samples from healthy volunteers over a
concentration range of 2.9-60 nM for morphine, 11-1080 nM for morphine-3-
glucuronide and 4.3-220 nM for morphine-6-glucuronide. (2H3)Morphine was used as
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an internal standard during the validation of the study, but did not improve the accuracy
or precision and was therefore excluded for further analyses. The detection limits
obtained were roughly the same as those obtained by the previously used LC method
with electrochemical detection.132 The great advantage with this LC/MS method,
however, was that the analysis time was reduced from 45 to 10 minutes due to the
possibility of performing gradient elution.
 

 

 Stability

 The instrumentation proved to be stable and batches of 60 samples were repetitively
analysed. The liquid chromatographic column showed a tendency to lose separation
power over time and was changed after the injection of 200-400 samples. The pre-
column 0.5 µm filter had to be changed after every sample batch (60 samples) due to
pressure build-up, the cause of which could have been either elution of small amounts
of serum protein or particulate matter from the SPE column.
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 Metabolic studies at tracer doses
 

 As mentioned earlier, one drawback with PET is that the radiotracer cannot be
distinguished from its in vivo formed β+-emitting metabolites during an investigation.
This is particularly troublesome for radiotracers with rapid metabolism, because the
formation of metabolites will affect the data collected. The extent of metabolism that
takes place during the time course of the study has been determined by simultaneous
assays of the radiotracer in different body fluids.133-134 Different chromatographic
techniques have been used for this purpose, such as TLC, LC and IEC. Detection is
done by determination of radioactivity in separated fractions. The main advantage as
well as the main limitation with this detection technique is that it relies on the
radioactivity from rapidly decaying samples. The advantage is the high sensitivity that
can be obtained as a large fraction of the total number of decays can be monitored
within short time intervals. The disadvantage, again due to the rapid decay, is that the
signal to noise level in these determinations rapidly decreases with time.
 
 After total decay of radioactivity there will be nothing left of the labelled tracer in the
sample for determination. However, the fraction of the corresponding stable compound
always produced from isotope dilution in the synthesis will still be present. As it is
generally assumed that the stable compound has the same biological behaviour as the
compound with a substituted isotope, it should be possible to carry out metabolite
determinations by analysis of the stable compound if the substance of interest is not
endogenous. In a tracer study, the mass of the drug injected in a patient is in the low
microgram range rather than the milligram doses given therapeutically. Determination
of the tracer metabolism after injection thus puts very high demands on the sensitivity
of the analytical method used. Therefore, the use of packed capillary LC/MS was
investigated to see if it would yield the required sensitivity for such analyses of human
plasma samples.
 

 Raclopride is a frequently used tracer in PET (in studies of central dopamine receptor
occupancy) and was therefore chosen as a model substance (Figure 18). Based on
results from earlier studies,135 the expected raclopride plasma concentrations were
estimated to be in the range of 0.1-10 nM between 0 and 60 minutes after i.v. injection.
The detection limit in LC coupled to ESI-MS for raclopride, in a standard solution
injected on a 4.6 mm column, was determined to 6 nM for a 20 µL injection (Table 2).
This detection limit had to be significantly improved to make the plasma analysis
possible. Several aspects of the analytical procedure had to be considered in order to
obtain the high sensitivity required, such as sample preparation, concentration steps and
detector characteristics. Due to the concentration sensitive behaviour of ESI-MS,
increased injection volumes in a non-eluting solvent would yield higher sensitivity. In
these particular analyses, however, the amount of human plasma available for analysis
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was limited. Instead the peak concentration had to be increased by reduction of the inner
diameter of the separation column, while maintaining the same injection volumes. The
analytical method was developed and validated by analysis of human plasma quality
control samples prepared at three concentrations spanning the calibration range. An
isotopically labelled internal standard was used throughout the study for improved
reproducibility.
 
 Sample preparation

 Plasma samples containing raclopride and (2H3)raclopride (IS) were extracted on C18

solid phase extraction discs. To improve the detection limits of the analysis, the sample
eluate from the SPEC� disc was evaporated to dryness and reconstituted in a smaller
volume of a solvent. In this way the sample volume was reduced from 1 mL to 0.1 mL.
Such reduction of the final sample volume improved the detection limit in the study, but
made sample handling more time consuming and more difficult to automate.
 
 Packed capillary columns

 To obtain adequate mass sensitivity of the analysis, packed capillary columns of 500
µm i.d. were used in combination with 20 µl injections. Such large injection volumes
are beneficial only if sufficient retention, and thus, enrichment of the analytes can be
achieved at the beginning of the column. The sample residue was therefore re-dissolved
in water:acetonitrile (85:15, v/v) with 5 mM TFA after evaporation, which was a
solvent with low enough elution strength to allow for on-column enrichment.
Raclopride was then eluted with 10 mM TFA in water:acetonitrile (70:30, v/v). It was
shown earlier (Table 2) that the sensitivity was roughly the same when raclopride was
analysed in mobile phases containing 5 mM TFA and 5 mM formic acid. As raclopride
shows pronounced peak tailing on silica-based reversed-phase columns, the ion-pairing
effect and/or the reduced pH of a mobile phase containing 10 mM TFA was required to
produce acceptable peak shapes for this study.
 

Figur 18. Structures of [methoxy-11C]raclopride and (methoxy-2H3)raclopride.
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 Packed capillary columns with an internal diameter of 200 µm i.d. and a flow-rate of 1
µL/min were initially used in the study to obtain even higher mass sensitivity. As the
LC pumps could not deliver a stable flow-rate at 1 µL/min, the flow-rate was set to 50-
200 µL/min and reduced in a linear split prior to the injection loop, directing 1 µL/min
to the column. This analytical procedure was successful in the determinations of
specific radioactivity as described above, when the back-pressure from the two split
lines were constant. Upon repeated injections of the extracted plasma samples, however,
the back-pressure on the separation column slowly changed and thereby also affected
the split ratio. By use of this pre-injection split, it was impossible to maintain
reproducible retention times. Columns with 500 µm i.d. were therefore used for all the
raclopride analyses because the required flow-rate of 10 µL/min could be delivered
from the pump without flow-splitting, making the separation method less sensitive to
changes in back-pressure.

 

 Determination of raclopride in plasma

The validated assay exhibited
satisfactory accuracy and precision over
the concentration range 0.2-15 nM (70-
5200 pg/mL). A linear relationship
between the peak-area ratio of raclopride
and (2H3)raclopride versus the plasma
concentration of raclopride was found in
the investigated range at seven
calibration levels. It could be seen
during validation of the method that the
efficiency in extraction exhibited lower
reproducibility at low analyte
concentrations and therefore the
isotopically labelled IS significantly
improved the reproducibility in the
study.
 

 Human plasma samples were collected during a PET investigation with [11C]raclopride.
First of all, the total fraction of radioactivity in blood was determined during one hour
after i.v. injection as shown in Figure 19. Plasma samples were then frozen at –70°C
and analysed by the developed LC/MS method after total decay of [11C]raclopride. A
chromatogram obtained from one such plasma sample, taken 34 minutes after raclopride
injection, is shown in Figure 20. The change in raclopride concentration with time is a
function of the total plasma radioactivity and the metabolic rate. It could be seen that the
rate of metabolism for raclopride during the time of investigation was slow in
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Figure 19. Total radioactivity in plasma
as a function of time, after an intravenous
injection of [methoxy-11C]raclopride.
(The y-axis in the figure has a logarithmic
scale)
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accordance with previously
obtained results (Figure 21).135-137

The sensitivity and selectivity of
the developed method proved to
be high enough to enable
quantification of raclopride in the
collected human plasma samples.
 

These results show that it is
possible to use mass spectrometry
rather than radiodetection for
determination of raclopride in
plasma during a PET
investigation. This provided
several advantages, such as the
possibility of analysing an
increased number of samples
during the same study. The
precision was also in the same
range for all investigated samples,
as compared to radiodetection where the sensitivity and precision was quickly reduced
with time due to the rapid decay of the radiotracer. Finally, samples collected during a
study could be frozen and analysed at a later date.
 

Figure 20. Packed capillary LC-MS
chromatogram of a) the internal standard
(methoxy-2H3)raclopride and b) 0.25 nM
raclopride in a plasma sample taken from a
healthy volunteer during a PET study.
Raclopride eluted with a retention times of 11.7
minutes.

5.00 10.00 15.00
rt0

100

%

0

100

%

7.07

6.61
11.718.07

7.33

6.61
11.71

b

a

Raclopride
Conc. (nM)

0

0.2

0.4

0.6

0.8

1

0 20 40 60

Time (min)

Figure 21. The rate of raclopride metabolism was determined by packed
capillary LC-MS in plasma samples taken 6-60 minutes after i.v. injection.
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 Stability

In the morphine analyses a pre-column 0.5 µm filter had to be regularly changed due to
pressure build-up. The same problem was encountered with the raclopride samples, only
it was more difficult to insert a pre-column filter into the system in work with packed
capillary columns and therefore all samples were filtered through 0.2 µm filters. The
columns again showed loss of separation power upon repeated injections and were
exchanged after every 50-60 samples in this study.
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Conclusions
 

 
 

 

 
 

 This study has shown that LC/MS is a valuable tool in analysis of PET
radiopharmaceuticals. The use of ESI-MS made it possible to determine many
important PET tracers with higher sensitivity and selectivity than with UV absorption
detection, which was especially important in determination of specific radioactivity.
Further enhanced sensitivity could be obtained, in work with limited sample amounts,
when LC was done with packed capillary columns and on-column focusing.
 

 The obtained sensitivity was sufficient to allow for metabolite analyses by mass
spectrometry on plasma samples taken from a patient during a PET study. Since mass
spectrometry can be used for these analyses, rather than radiodetection, an increased
number of analyses could be done during the same investigation and the signal response
was not affected by the rapid radioactive decay.
 

 It was also possible to detect a 76Br labelled compound directly by mass spectrometry
and subsequently to determine the specific radioactivity directly from peak-area ratios
between the 76Br labelled and the corresponding stable compound (79Br).
 
 In addition, it was clear during the course of this study, that the choice of mobile phase
when LC was coupled to ESI-MS was important in terms of detection stability and
sensitivity. One example was separation using reversed-phase ion-pair chromatography,
where the counter-ions had to be trapped in-line (by an ion-exchange column) prior to
detection in order to obtain a stable ESI-MS response.
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