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General introduction

Chemical analysis is of crucial importance in
an almost unlimited range of research fields.
The questions raised can be qualitative and,/or
quantitative. As a consequence, the ability to
detect or identify chemical substances is a
cenaalthemein analyticalchemistry. Detection
methodsare based on theinteraction ofchemical
substances with electromagnetic radiation, other
chemicals, electric phenomena, radioactive
decay, smell, taste, etc.. One of the major
initiatives in the development of detection
methods has always been, and still is, the wish
for lower detection limits. This trend will
ultimately culminate in a variety of methods
enabling single molecule detection. Another
key parameter is the selectivity (the ability to
distinguish between two or more chemical
substances) because in nearly all chemical
analyses the compound of interest is only a
minor constituent of the matrix. Detection
systems in general do not offer sufficient
selectivity, implying that other strategies have
to be followed. A widely used approach is
separation of the compound(s) of interest and
the matrix using chromatography. By means of
a selective sample clean-up procedure prior to
chromatography the selectivity can be even
further increased. Extremely low determination
limits can be achieved when the developed
method is both sensitive and selective. In some
applications, especially environmental analysis,
determination limits at the parts per qu.adrillion
level (US definition, ppq e.g. I fg g-r) can be
achieved but depend also strongly on the
available sample volume. Compared to this, the
finding of a needle in a haystack is an extremely
easy task.

Regarding the key parameters in chemical
analysis, i.e. sensitivity and selectivity, mass
spectrometry is a highly attractive detection
method. The potential of mass spectrometry is
not only due to its sensitivity but also because
it is a highly selective separation method in
itself-

Mass spectrometry

The operating principle of mass spectrometry
is the formation of ions by means of a certain
ionization technique and the subsequent sepa-
ration of these ions according to their mass to
charge ratios (m/z values). Although this is the
sole task of a mass spectrometer, there are
nevertheless numerous ways to achieve this.
Apartfrom the vacuum system and data analy-
sis systsm a mass spectrometer can be reduced
to 3 elementary building blocks, the sample
introduction method, the ionization technique,
and themassanalyzer, as isschematicallyshown
in Fig. 1. Additionally, the pressure require-
ments will necessitate a vacuum system while
a datasystem is used for data analysis and
storage. The various approaches for the sample
introduction method, the ionization technique,
and types of mass analyzers are included in the
list beneath the building blocks in Fig. 1. Due to
this large number of approaches the physical
appearance ofmass spectrometers ranges from
small bench-top systems to room-filling ma-
chines.

The power of mass spectrometry is basically
due to three aspects. The first is the high selec-
tivity that can be obtained. Assuming that the
ions are singly charged and are of a molecule
related species (M+., [M+H]+, [M-H]-, etc.) a
mass spectrometer enables the distinction be-
tween 2 or more compounds according to their
molecularweights. Depending on the available
resolution (resolving power) this means sepa-
ration by a difference in nominal mass (low
resolution) or by a difference in the accurate
mass (high resolution). The latter enables the
distinction between compounds of the same
nominal mass but of different elemental com-
position. In the case of compounds with an
identical elemental composition (e.g. isomers)
the mlz value of a molecular species alone
prohibits a selective detection. The occunence
of fragmentation of the ions formed may pro-
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vide a tool for this purpose when these com-
pounds show different fragmentations. Frag-
mentation can be obtained by for instance a

hard ionization technique, notably electron
impact (EI) ionization, or a soft-ionization
technique (e.g. CI, FAB, FD, etc.) in combina-
tion with tandem mass spectrometry (MS-MS).
Tandem mass spectrometry uses two mass ana-

lyzers in series. In between them there is a

DIP/DEP
GC
LC
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CITP
TLC
FFF

APCI
FI
FD
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EB/BE
4 sector

FAB/SIMS hybrid
TOFPD
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Schematic diagram of a mass Spectrometel showing Sample introduction, ionization' mass

analyzer, vacuum system, and data system. The anows show the flow of sample/

information from sample introduction to data. The solid lines represent (optional) vacuum

conditions (in API the sample introduction and ionization are at atrnospheric pressure,

but the mass analyzer is always under vacuum). The dashed lines represent computer

control of the various parts. Abbreviations: DIP: direct insertion probe, DEP: direct
exposure probe, GC: gas chromatography, LC: liquid chromatography, (p)EC: (pseudo)

electrochromatography, CE: capillary electrophoresis, CITP: capillary isotachophoresis,

TLC: thin layer chromatography, FFF: field flow fractionation, EI: electron impact, CI:

chemical ionization, APCI: atrnospheric pressure chemical ionization, FI: field
ionization, FD: field desorption, FAB: fast atom bombardment, SIMS: secondary ion
mass spectrometry, PD: plasma desorption, LD: laser desorption, ESP: electrospray, TSP:

thermoipray, Q: quadrupole, QQQ: triple quadrupole (MS-MS), B: magnetic sector, BE/
EB: two sector (E: electrostatic sector), 4 sector (MS-MS), hybrid: combination of the

others (MS-MS), TOF: time-of-flight, IT: ion trap, FTMS: Fourier transform mass

spectrometry.

IT

facility forinducing the dissociation ofions. By
far the most popular method for this is
collisionally induced dissociation (CID) using
a collision gas. The first mass analyzer selects

the ion(s) of interest, and the fragments thereof
are subsequently mass analyzed with the sec-

ond. The selectivity is further increased by
monitoring one or more specific dissociation
reactions. The ionization conditions and/or

ionization
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technique employed can also enhance the se-
lectivity to a large extent.

The second aspect to which the power of mass
spectrometry can be ascribed to is the high
sensitivity. In the majority of applications the
amount of analyte used is far below I nmol.
Hardware developments have moved the
detection limits in a number of applications to
the attomole ( l0-18 mol) range. Continuation of
these trends in the future holds even more
enthralling perspectives.

The third aspect is that a mass spectrometer is
also a universal detector, meaning that every
substance can be detected regardless of its
nature. In relation to the advantage of high
selectivity given earlier this may seem a
contradiction. Neverlheless, it is true, but only
when the sample introduction method, the
ionization technique, and the type of mass
analyzer are chosen properly, as these are far
from universal. Given the scope of this study
the sample introduction is the most important
of these three and will therefore be discussed in
more detail below.

The applications of mass spectrometry can
roughly be divided into qualirative and
quantitative analysis. The identification of
unknown compounds is possible due to the
availability of molecular weight information,
elemental composition, and the fragmentation
pattern. Mass spectrometry alone does not
suffice for structure elucidation purposes, but
the characteristic fingerprints obtained are
generally a starting point priorto further analysis
with other spectrometric methods, e.g. nuclear
magnetic resonance (NMR) and infrared (IR)
techniques.

Sample introduction methods for mass
spectrometry

The general prerequisites of a sample
introduction method are the intact introduction
of the compound of interest and the preservation
of the optimum operating conditions of the
applied analytical instrument. In mass

spectrometry the high vacuum conditions are
of the utmost importance. Typical pressures in
mass spectrometry are l0-a to l0-2 Pa and I0-6
to l0-r Pa in the ion source housing and the
analyzer respectively. Sample introduction
methods in mass spectrometry should transfer
a sample over a pressure difference in the order
of a factor o[ 10/ to l0e. Traditionally this task
is performed by using direct insertion probes
that are inserted via a vacuum lock. Generally,
the physical state of the sample at the probe tip
or target is solid. This is the case for electron
impact (EI), chemical ionization (CI),
desorption chemical ionization (DCI), field
desorption/ionization (FD/FI), plasma
desorption (PD), secondary ion mass
spectrometry (SIMS), and laser desorption (LD)
techniques. In EUCI mass spectrometry the
sample is desorbed from the target by heating
prior to ionization. All others are so-called
desorption ionization techniques. The sample
is introduced as a solution or as a dispersed
system in liquid secondary ion mass
spectrometry (LSIMS) and fast atom
bombardment mass spectrometry GAB), that
are also desorption ionization techniques.
Gaseous and highly volatile liquid or solid
samples are introduced via (heated) controlled
leak systems.

Since the EI and CI ionization methods require
the sample in the gaseous state the combination
with gas chromatography (GC) is obvious, as
GC delivers the analyte in this state. In the early
days of GC-MS the carrier gas flow rates
associated with the use of packed GC columns
were too high for the pumping systems of the
MS. This led to the development of interfaces
for the removal of the excess of carrier gas.
Among the most widely used were theWatson-
Biemann oreffusion interface, the jet separator
interface, and the membrane interface.
Nowadays, capillary GC has replaced packed
column GC, and the much lower flow rates
enable a direct coupling to MS via a heated
capillary transfer line.

Both the GC and heated direct insertion probes
share the mandatory volatility and thermal
stability of the compound as a common
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characteristic. In order to increase the volatility,
derivatization procedures in GC(-MS) analysis
are commonplace. Despite the potential of
derivatization still only a very small portion of
all synthetic and natural compounds can be

introduced into the mass spectrometerby means

of on-line chromatography when only GC is
available for this purpose. Because liquid based

separation methods are the methods of choice
in the analysis of compounds not amenable to

GC the need for the on-line combination of
thesemethods to mass spectrometry is obvious.

Interfacing liquid chromatography and mass

spectrometry

high vacuum. A typical flow rate in LC of I ml

min-l of water results in a gas flow of 2. I Pa

m3s-1. Assuming an ion source pressure of
l0-2 Pa this corresponds Lo an immense flow of
210 m3s-1, which exceeds the typical pumping
capacity of 0.3 m3s-1. Analogous to packed

column GC-MS, some kind of LC-MS inter-
face is required for the on-line LC-MS coupling.
Since the first reports on LC-MS in 19'72 a

variety of LC-MS interfaces has been devel-
oped. In total 26 different approaches have

been presented over the years [l], but with
respect to the operating principles this number
ismuch smaller. Only a limited numberof these

LC-MS interfaces was commercialized. Inher-
ently, these designs have the strongest impact
on the developments in analytical LC-MS, and

their characteristics will therefore be discussed

below.

The particle beam interface (PB) [2] shows a

strong resemblance to the jet separator inter-
tace for GC-MS. The column effluent is sprayed

into aslightly heated (up to 60'C) atmospheric

The interest in combining liquid chromatogra-
phy and mass spectrometry (LC-MS) origi-
nates in the liquid chromatography as well as

the mass spectrometry side. The benefits of
mass spectrometry as a detection technique
have been outlined above and apply also to its

use in liquid chromatography. In summary the

mass spectrometer can be a universal detector
in LC offering low detection limits in the order
of picomoles. Better detection limits in the

femtomole range can be obtained when highly
selective detection schemes are applied. This
aspect is the major objective for the application
of LC-MS in (bio)analytical target compound

analysis. Furthermore, it enables the identifica-
tion of analytes and the assessment of peak

purity. On-line LC-MS is preferred over the

off-line approach. In off-line LC-MS the pro-

cedure of fraction collection, solvent evapora-
tion, and MS analysis using probes has two
major disadvantages. It is difficult to collect
pure peaks from poorly resolved mixtures and

there is the risk of sample loss and/or contami-
nation.

From a mass spectrometric side of view, the

maior advantage of LC-MS is the potential of
introducing non-volatile and/or thermally la-

bile compounds without the need of
derivatization procedures. The most obvious
problem in coupling a liquid chromatograph
and a mass spectrometer is the intrinsic incom-
patibility of the liquid mobile phase and the

LC-MS interfaces

The order of appearance in this section is not
lully chronological. Instead, the interfaces
mentioned are grouped according to their oper-
ating pdnciple. Among the first approaches in
LC-MS interfacing was the moving belt inter-
lace (MB), that was also the first commercially
available interface. Its operating principle us-

ing a transpofi medium in the form of a moving
belt is unique compared to other strategies. The

column effluent is deposited on the belt and is

removed by heating and the subsequent evapo-
ration in two differentially pumped vacuum

chambers. The analytes on the surface of the

belt are thermally desorbed by passing the belt
over an electrically heated tip that protrudes in
the ion source of the mass spectrometer. As the

mobile phase is completely removed the vacuum

of the MS is well preserved thereby enabling
the use of EI and CI. Further characteristics of
the moving belt interface will be presented in
Chapters 1 to 3 as it has been one of the

interfaces used in this studY.
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pressure desolvation chamber. After complete
evaporation of the solvent amomentum separa-
tor acts as a high-pass molecular weight filter
resulting in the removal of the low molecular
weight vapor molecules by vacuum pumps and
the transfer of the heavier analytes to the ion
source. Complete solvent removal enables the
use of EI and CI thereby making it a suitable
tool for identification studies. The major disad-
vantages are the poor detection limits, the re-
strictions with respect to the mobile phase
composition and flow rate, and a limited appli-
cability with regard to the required nature of the
compounds that can be analyzed.

In direct liquid introducrion (DLI) the column
effluent is directly sprayed in the mass spec-
trometer through a small orifice resulting in a
liquid jetof small droplets. These are desolvated
in a desolvation chamber and the analytes are
introduced in the ion source. Chemical ioniza-
tion using the solvent vapors as reagent gas is
the only ionization method available with this
approach due to the high ion source pressures.
The limited input of thermal energy to the
analytes makes the analysis of thermolabile
compounds possible.

In thermospray (TSP) [3] the mobile phase is
vaporized in an electrically heated capillary
and sprayed into a specially designed ion source
in the form of small droplets. Ionization of
solutes is the result of a number of processes in
the aerosol of which the individual contribu-
tions are determined by the solvent composi-
tion and the nature ofthe analytes. The presence
of ions in the mobile phase is in general of
crucial importance, and is accomplished by
using volatile buffers such as ammonium acetate
or formate. Additionally, current thermospray
designs also offer discharge ionization and
filament ionization. In discharge ionization an
electrode at a voltage up to several kV is posi-
tioned directly in the spray. The electric dis-
charges can induce ionization or enhance the
ion yield of buffer ionization. In filament ion-
ization a filamentsimilarto those used in EI and
CI ionization is used for the injection ofelec-
trons into the spray. Despite this similarity with
EI, true EI spectra are not obtained, although

the occasionally enhanced or introduced frag-
mentation can be helpful in identification .

Electrospray (ESP) [4], as the name suggesrs, is
also an interface based on the introduction of
the column effluent as a spray. The major
difference with DLI, PB and TSP is the method
ofgenerating the spray. In electrospray this is
achieved by means of a large potential
difference, in the orderof magnitude of 3.5 kV,
between the spray needle and a counter
electrode. Due to electric charging of the liquid
it is broken down to very small droplets.
Desolvation of these droplets increases the
electric field strcngth at the surface and leads to
the ejection ofcharged compounds by the ion
evaporation process. The most interesting
phenomenon in electrospray is the formation of
multiply charged ions. This virtually increases
the mass range of the mass spectrometer by a
factor equal to the number of charges introduced,
enabling molecular weight determinations of
proteins, carbohydrates, polymers, etc. above
100 kDa on mass spectrometers with a 2 kDa
mass range. As a consequence, the interest in
electrosprayisvast. In addition, the electrospray
is characterized by a very softionization process
and also shows very good detection limits.
Ionspray (ISP) t5l is identical ro electrospray,
but for the additional use of a pneumatic
nebulizer in the spraying process thereby
allowing the use of significantly higher flow
rates.

Among the most recent approaches in LC-MS
interfacing is the heated nebulizer interface
(HNI) for atmospheric pressure ion sources [6].
In the HNI the column effluentis nebulized into
a heated quartz capillary (typical temperatureis
120 "C) using a nebulizing and a make-up gas.
Thereafter the resulting vapor is introduced in
an API source where the solutes are ionized by
means of a corona discharge electrode. The
HNI iscapable of handling flow rates up ro 2 ml
min-r, even for pure aqueous mobile phases. It
is claimed that both volatile as well as non-
volatile mobile phase additives are allowed.

Compared to the transport and spraying inter-
faces the continuous flow fast atom bombard-
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Table I General characteristics ofvarious LC methods.

mobi

adsorption

normal phase non-polar organic solvent

organic modifier

reversed phase aqueous buffer

organic modifier (CF$OH,

etc

ion-pair as adsorption RP

partition non-polar organic solvent hydrophobic

ion-exchange aqueous buffer ionic and hydrophylic

size exclusion SEC aqueous buffer hydrophylic (and ionic)

GPC non-polar organic solvent hydrophobic

molecular

pressure interfacing procedures.ment (CF-FAB) [7] and the frit-FAB [8] inter-
face use yet another strategy. In these interfaces
the column effluent is directly introduced in the

ion source as a thin liquid film on a metal target
(in frit-FAB this target is a frit). This target is

bombarded with xenon atoms with a kinetic
energy in the order of 5 to 10kV. The impact of
the fast atoms results in the desorption and

ionization. CF-FAB will be discussed in more
detail in Chapter 4 and 5.

At the time of writing this, the most widely used

interfaces are thermospray, electrospray (or
related methods), and to a lesser extent CF-
FAB (frit-FAB) and the particle beam inter-
face. The last is mainly applied to problems

where the availability of EI and true CI spectra

is essential. Current trends however, increas-
ingly point in the direction of atmospheric

hydrophobic

hydrophylic

ionic and hydrophylic

Compatibility of LC-MS interfaces with
liquid chromatographic methods

Liquid chromatography is a separation method
based on differences in the distribution of
analytes between a liquid mobile phase and a
stationary phase. The stationary phase is
contained in acolumn through which the mobile
phase is forced, e.g. with a high pressure pump.
Thesampleisintroduced with an injector placed
between the pump and the column. After
separation in the column the analytes are

monitored with a detection device, such as a

mass spectrometer in LC-MS.

Depending on the nature of the mobile and
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Table II Characteristics of various LC column dimensions.

column type internal
diameter

conventional

microbore

packed micro capillary

drawn packed capillaries

open tubular

PBI

DLI

TSP

ESP

ISP

CF and frit-FAB

HNI

100 to 500

the flow rate is equally important. The flow rate
is primarily determined by the diameter of the
LC-column. According to the diameter five
ditTerent column types can be distinguished.
Table II summarizes some of thecharacteristics
of these column types. For a given LC-MS
application it is necessary that the chromato-
graphic mode and the dimensions of thecolumn

3to6mm

0.5 to 2 mm

0.2 to 0.5 mm

50 to 200 pm

5to25Um

injection
volume

10 to 50 pl

0.5 to 2 pl

0.1 pl

<10nl

<1nl

flow rate
(plmin-r)

500 to 2000

10 to 300

1to10

<0.1

<0.1

Toble III Mobile phase compatibility of LC-MS interfaces.

LC-MS interface solvent composition flow rate min'1)

MB NP

RP (<50% aqueous)

RP, NP, VB

RP,NP

BP, NP, VB-

RP, NP, VB

RP, NP, VB

RP, VB

RP, VB (, NB)

up to 2000

up to 500

up to 50

500 to 2000

up to 10

up to 50

up to 20

up to 2000

RP - reversed phase, NP - normal phase, VB - volatile buffer, NB - non-volatile buffer* volatile buffer required in buffer ionization

stationary phase five different separation
mechanism can be distinguished: adsorption,
partition, ion-exchange, ion-pair, and size-
exclusion (gel permeation) chromatography.
With respect to LC-MS interfacing the mobile
phase composition is very important and general
characteristics foreach mode are given in Table
I. In addition to the mobile phase composition
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on one side, and the LC-MS interface on the

other side are compatible. The compatibility of
the LC-MS interfaces mentioned above with
respect to the mobile phase composition and
flow rate are summarized in Table III.

By close inspection and comparison of Tables
I to III some incompatibilities emerge. Most of
them are related to the problems of interfacing
a conventionally dimensioned LC system with
a low flow rate LC-MS interface such as DLI,
CF-FAB, frit-FAB, and ESP. A general applied
approach in these cases is a reduction of the

flow rate by post-column solvent splitting. As
result of this only a portion of the injected
amount is introduced in the mass spectrometer
whereby the determination limits are increased

considerably. Miniaturization of the
chromatographic system is another, and
occasionally more favorable, approach. This
will be discussed in more detail in Chapter 4

and 5 describing the combination of micro-LC
with a CF-FAB interface. A further aspect

limiting the compatibility is the use of buffers
for control of the PH in nearlY all
chromatographic modes and othermobile phase

additives in ion-exchange, ion-pair, and size

exclusion chromatography. As long as the

buffers are volatile, e.g. ammonium acetate, it
is possible to use TSP, ESP/ISP, and CF-FAB/
frit-FAB (in TSP using buffer ionization the

buffer is essential). Non-volatile buffers, e.g.

sodium phosphate, are incompatible with all
LC-MS interfaces. The same applies to nearly
all ion-pairing agents. The worst situation is

encountered in ion-exchange chromatography
where high concentrations (occasionally up to
2 mol l-1) of non-volatile additives, e.g. metal
ions, phosphates, borates, etc., are used to

displace the ionic analytes. In addition to the

mobile phase composition and flow rate the use

of gradient elution in liquid chromatography
hampers LC-MS interfacing. In the case of
modifier gradients, for instance, the physical
properlies of the mobile phase, e.g. volatility,
viscosity, and surface tension, change and the
operating conditions of the LC-MS interface
have to be adapted simultaneously. Itis obvious
from the above that most efforts in the
development of a LC-MS method are on the

chromatographic side and, inherently, the

optimization of the operating conditions of the

LC-MS interface.

Aim of this study

This thesis is divided in to two parts (I and II).
The reason for this division is that during this
study two types of LC-MS interfaces havc been
used, the moving belt interface (Part I) and a

continuous flow fast atom bombardment
interlace (Part II).

A central theme throughout this study is thc
incompatibility between LC methods and the

applied LC-MS interfaces. Although only the

MB and CF-FAB were investigated this is by
no means a restriction as the encountered
incompatibilities have a more gcneral nature.
Therefore, the strategies described here apply
to other LC-MS interfaces as well. Each of the

two parts will start off with a mol.e detailed
description of the LC-MS interface used. The
attention paid to the influence of important
operating conditions is scattered throughout
this thesis at the appropriate places, instead of
a single section devoted to this topic.
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I The moving belt interface

Introduction

The moving belt interface (MB) has been among
the first approaches in LC-MS coupling and
was the first commercially available interface
(Finnigan 1976). The moving beltis aconveyor
or transport interface as opposed to interfaces
based on a direct coupling of liquid
chromatography and mass spectrometry. The
approach is straightforward and is based on the
complete removal of the mobile phase prior to
solute introduction in the ion source of the MS.

This methodology originated in the mid sixties
when various detector types based on moving
chains, cords, or wires were developed for
combining liquid chromatography and GC
detection systems, e.g. flame ionization
detection (FID) t1-101. Flame ionizarion is a
destructive detection method, so that destructive
methods, e.g. pyrolysis or oxidation can be
used for analyte desorption from the transport
medium. Mass spectrometry is also a destructive
detection technique but in order to use mass
spectrometry at its best this requires the
introduction of the analyte without any
decomposition. Adaptations to the Pye Unicam
moving wire derector by Scott [11] resulted in

the first transport type LC-MS interface. Since
then this design was improved by a number of
modifications discussed below.

Working principle

A schematic diagram of the moving belt
interface used in this study is shown in Fig. I
and important hardware specifications are listed
in Table I. An endless continuous moving belt
transports the analyte(s) from the LC system to
the mass spectrometer. The whole procedure
consists of a series of steps for completely
isolating the high vacuum of the mass
spectrometer from atmospheric pressure and
solvent vapors, and the (quantitative)
introduction of the analyte(s). -Ihe column
effluent is deposited on the polyimide belt and
the mobile phase is removed by heating and
subsequent evaporation in two differentially
pumped vacuum locks. Flash desorption at the
electrically heated tip introduces the analyte(s)
in the ion source. The tip is positioned inside
the ion source for immediate ionization after
thermal desorption. Thereafter the belt passes
through a clean-up heater and a wiping
mechanism for the removal of non-desorbed

sample
evaporalor

solvent
evaporator

column effluent

drive
mechanism

heaters

t

ion source
20 '100 to 500 Pa

I
forepump forepump wiping

mechantsm

Figure 1 Schematic diagram of the moving belt interface.

clean-upions
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analyte(s). The wiping mechanism is made of
cloth that is continuously flushed with a washing
solvent, i.e. methanol. The efficiency of each of
these distinct steps determines the overall
performance of the moving belt interface.

By means of a control unit the settings of the

belt speed, solvent evaporator, sample
evaporator, and the clean-up heater can be

adjusted. The precise experimental conditions
depend heavily on LC parameters like flow rate

and mobile phase composition, in combination
with the physico-chemical properties of the

analytes. The items of special interest are:

mobile phase deposition, solvent evaporation,
analyte desorption, ionization, clean-up, and
the belt speed. These and related topics are

discussed in the sections below.

Mobile phase deposition

The main objective in combining conventionally
dimensioned HPLC with mass spectrometry is
that the total column effluent can be handled by
the interface. In the early designs the mobile
phase capacity of the moving wire was
insufficient. By replacing the metal wire with a

belt of stainless steel and later KaptonrM
(polyimide), a higher and adequate mobile phase

capacity was achieved [2,13].

Deposition of the column effl uent via a stainless

steel capillary that has been carefully positioned
at a small distance. in the order of tenths of a

millimeter, above the belt surface is the most
straightforward method. In doing so a droplet
will form at the end of the deposition capillary,
and its size will depend on the surface tension
of the mobile phase, the wetability of the belt
and capillary material, the flow rate, and the

belt speed. In this droplet backmixing and
inherently peak broadening may occur to such

an extent that the chromatographic resolution is
significantly decreased.

The overall goal of the deposition step is to
apply the column efflucnt as an uniformly
distributed thin film. The wettability of the belt
matcrial for the mobile phase used determines
whetherthis goal isachieved. The typical mobile
phases in reversed phase chtomatography with
a high water content tend to form droplels, or
beading, on the polyimide material, resulting in
broadened and distorted peaks with spikes [ 14].

Post-column addition of a water miscible solvent
reducing the surface tension and thereby
increasing the wettability of the belt seems to
overcome this problem to some extent [15].
This approach, however, increases the flow
rate possibly leading to significant problems
with the removal of solvent.

Table I Hardware specifications of the Finnigan MAT moving belt LC-MS interface.

Belt:
Material KaPtonru (PolYimide)

120 cm
3mm
0.05 mm
2.0 to 4.5 cm s-l

Length
width

Heating devices:

Pressures:

Thickness
Speed

Solvent evaporator
Sample evaporator

Clean-up heater

Deposition
Chamber 1

Chamber 2
Desorption

250 "C (fan on)/ 300 "C (fan off)
5-12 W, up to 300 'C, linearly programmable at
+l-O.2,0.5,1.0, 1.5,2.5 oC s-1

ambient to 300oC

atmosoheric
100 to 500 Pa, 1 2 m3 h'1 pump
20 Pa, 12 m3 h-1 pump
ion source pressure 5.10-1 Pa in El

2.10-2 Pa in cl
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power supply

spray spray

belt belt

Figure 2 Schematic digrams of the thermospray deposition device (a) and the (heated) nebulizer
(b) used in this srudy.

a)

column effluent

I
_-_-___1132 " o.d. 0.006 " i.d

stainless tubing

Asecondapproach is the use ofspraying devices
for solvent deposition. A fine spray results in a
uniform distribution of small droplets on the
belt. Smith and Johnson [16,17) developed an
aerosol liquid deposition device consisting ofa
nebulizer and preheated argon gas. Vestal's
group [18,19] and Kresbach [20] reported rhe
use of directly heated spray devices, betrer
known as thermospray. However, for highly
thermal labile compounds the heat at the tip of
the spray device may induce decomposition
[20]. Important experimental parameters in
spray deposition such as the gas flow rate,
temperature, spraying distance, and angle have
been discussed in a number of papers 114,20).
During this study a thermospray deposition
device as is schematically shown in Fig. 2a
became available. A heated nebulizer has been
constructed using the electronics of the
thermospray device and is shown in Fig. 2b. Of
the two designs the thermospray method was
found to give the bestresults. Otheradvantages

b)

column effluent

I
-__--_- 300 pm o.d. 50 pm i.d.

fused silica

(- helium

-,- __ 1116 " o.d. 0.5 mm i.d.
stainless steel tubing

(heating optional)

of spray deposition methods include a reduction
of the backmixing effect and an improved
solvent evaporation (see below).

Solvent evaporation

The evaporation of the mobile phase is a two
step process. The first step is heat transfer to the
mobile phase by applying an infrared lamp [ 13]
or an electrical heater. In combination with a
blower the major part of the mobile phase is
removed. This takes place in the atmospheric
pressure part of the moving belt interface and
requires facilities for removal of the (toxic)
vapors. Complete evaporation of the mobile
phase is achieved by the subsequent passage of
the belt through the two vacuum chambers.

Incomplete evaporation of the mobile phase
has an adverse effect on the performance of the
mass spectrometer. In the electron impact mode
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the ion source pressure has to be in the 10-a to
I 0-l Pa range. [f sol vent vapors are introduced
the ion source pressure increases to such an

extentthatElconditions are lost. Amorecostly
problem is the strongly reduced life time of the

filament. In CI mode the first problem is less

substantial because the ion source pressure is
about two orders of magnitude higher than in
EI. The introduction of solvent molecules in CI
mode, however, can modify the chemical
ionization reactions in the ion source. The
beading process described, especially in
combination with the low ion source pressure

in EI mode, leads to severe fluctuations of the
ion source pressure.

The evaporation of the solvent by heating also

has some serious implications for the analytes.
In the case of very volatile analytes there is a
risk of sample loss due to evaporation. For
thermolabile compounds it is necessary to
optimize the experimenul parnmeters to prevent
thermal degradation and to achieve complete
mobile phase evaporation at the same time.

The compatibility of the moving belt interface
with the various modes of LC depends on the

volatility in combination with the flow rate of
the mobile phase. In general, normal phase

chromatography gives no or only minor
problems with solvent evaporation because the

mobile phase is very volatile. Still the number
of applications using normal phase
chromatography in moving belt is limited.
Examples are the analysis of pepper and

capsicum oleoresins [21], diketopiperazines

[22], lipids 123,241, petroporphyrins [25],
coumarins [26], ergot alkaloids [27],
nitrosamines [28], and non-ionic surfactants

lze).

Less volatile mobile phases as used in reversed
phase chromatography make solvent
evaporation more difficult. Flow rates of I ml
min-l can in general be handled by the moving
belt interface, except when highly aqueous
mobile phases are used. Mobile phases
containing more than 507o watercan be handled
at flow rates up to 0.5 ml min-l [20], whereas

flow rates in HPLC with 3 mm and 4.6 mm ID

columns are 1.0 to 3.0 ml min-l. The spraying
devices mentioned above can improve the
solvent evaporation because of the easier
evaporation of thin liquid films or small,
uniformly distributed droplets. In selected cases

the use of spraying devices (in combination
with the vacuum chambers) results in complete
solvent evaporation without using the solvent
evaporation heaters of the moving belt interface

t141.

Splitting and miniaturized liquid
chromatography

In some cases reduction of the flow rate is
required. The first approach is the application
of a splitting device. The disadvantage is a
reduction of the overall sensitivity as the sample
flow is also split.

Another approach to overcome the flow rate

limitations in reversed phase chromatography,
especially in gradient systems, is switching
from conventionally dimensioned to
miniaturized HPLC methods. Numerous papers

on narrowbore (2 mm i.d.) t30-341, microbore
(l mm i.d.) [35- 38], and packed capillary
columns (< 0.5 mm i.d.) [39-45] show that this
is a viable approach. An improved performance
of the moving belt interface is generally reported
because the lower flow rates allow low solvent
evaporator temperatures. Hence, less thermal
decomposition has been observed for the very
thermolabile sulfonylureas when packed fused
silica capitlary columns (0.25 mm i.d.) were
used at flow rates of l-2 pl min-' [431.
Characteristics of these miniaturized HPLC
systems will bethoroughly discussed in Chapter
5.1.

Supercritical lluid chromatography

With respect to the volatility of the mobile
phase a very promising separation method,
closely related to both LC and GC, is
supercritical fluid chromatography (SFC). In
SFC the mobile phase is a supercritical fluid
having physical properties in between those of
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a gas and a liquid. The most common mobile
phase used in SFC is supercritical carbon dioxide
containing low percentages of methanol or
some other organic modifier (the addition of
modifier often results in a mobile phase that is
subcritical). This mobile phase is very volatile
compared to liquids and heating is onlyrequired
in the deposition step to prevent ice formation
and for the evaporation of the methanol. The
classes of compounds amenable to SFC,
coincide very well with the application range of
the moving belt. Despite these promising
features reports on moving belt SFC-MS are
scarce [46-50].

Sample desorption

After deposition of the column effluent and
removal of the mobile phase the following step
is the desorption ofanalyte from the beltsurface
and introduction into the ion source. In general
this is achieved by passing the belt over an
electrically heated metal strip. The length of
this strip is 2.5 cm, which in combination with
belt speeds in the 2.0 to 4.5 cm s-l range results
in a short desorption time. Flash evaporation,
as used in directexposure probes, is an effective
method for minimizing thermal degradation
[51]. In the earlier designs of the moving belt
interface the point of evaporation was located
at some distance from the ion source. By
positioning the tip right inside the ion source,
thermal degradation is diminished, as is shown
in a comparative study by Games [52]. The
nature of the belt material has a strong influence
in degradation processes. It has been found that
for thermal desorption the use of polyimide is
to be preferred over stainless steel.

The complete analyte transfer from the belt
surface into the ion source is an obvious
objective ofthe desorption process. The nature
of the analyte determines whether this is
achieved. In general, polar compounds show
the tendency to adsorb to active sites in the
polyimide belt material. Application of a
Carbowax 20M (a polyethyleneglycol mixture)
solution [53-55] is an effective method for
deactivation of the belt and results in increased

desorption efficiencies. Silylation of the belt
has been found to reduce decarboxylation and
denitrosation of nitrosoproline [28].

Ionization methods

The philosophy behind the moving belt is that
this interface enables the complete removal of
the mobile phase and thereby (virtually)
uncouples LC and MS. Hence the mass
spectrometer can be used as if though a direct
exposure probe, direct chemical ionization
(DCI) probe or GC is used as a sample
introduction method. Therefore, the moving
beltis one ofthe few interfaces that can provide
pure electron impact (EI) spectra and chemical
ionization (CI) spectra. This is an enormous
advantage in identification studies. By
performing LC-MS runsinthe CI and EI mode,
molecular weight information and structural
information can be obtained, respectively. The
CI spectra obtained with the MB in general
resemble DCI spectra. Furthermore, all reaction
gasses used in (D)CI can also be applied in
moving belt LC-MS.

The EI spectra can be ofvery good quality and
allows decades of knowledge on gas phase
chemistry and fragmentation processes to be
used for spectrum interpretation. Matching the
obtained spectra with those in a library using
computerized searches is a very powerful tool
for identification work. Automation of probe
systems for collecting EI and/or CI spectra has
always been an area of interest but has, sofar,
been proven to be difficult. An alternative to
this can be the use of a MB in combination with
an autosampler. Such a system enables a sample
throughput of at least one sample per minute.
An important requirement for this application
is that the system should be able to run
unattended for several hours. The moving belt
interface, however, is hampered by occasional
mechanical failures, i.e. stopping or breaking
of the belt.

Compounds that are not amenable to thermal
desorption can be analyzed by utilizing other,
softer desorption and ionization techniques. A
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number of reports in literature are available on
surface ionization techniques such as secondary
ion mass spectrometry (SIMS) [17,56-58], fast
atom bombardment (FAB) [3 1,59-66], and laser
desorption (LD) t58l in combination with the
moving belt interface. The power of these
desorption/ionization methods is, amongst
others, demonstrated by the analysis of peptides
up to mass 2000with LC-SIMS [31,60,61] and
oligosaccharides up to mass 4000 with LC-
FAB [62,63].

Derivatization

Chemical derivatization of analytes is an
interesting and powerful tool, not only for
reducing some of the limitations of the moving
belt but also for improving sensitivity and
selectivity. Increasing the volatility of the
analytes, a frequently applied method in GC-
MS, has some obvious advantages with respect
to the desorption efficiency and also to the
prevention of thermal degradation. Examples
of pre-column derivatization schemes for
improving thevolatility in moving beltLC- MS
are the analysis of fatty acids [67], amino acids

[68] and peptides [69]. Decreasing the volatility
can also bean aim, forinstance the derivatization
of highly volatile low molecular weight ketones
with 2,4-dinitrophenylhydrazine UOl. The
derivatization of 5-methylcytosine and 5-
hydroxymethyluracil to the electrophoric
pentafluorobenzyl derivatives for enhancing
the sensitivity in electron-capture negative-ion
chemicalionization has been reported byAnnan
[7 I ]. An interesting approach is the post-column
alkylation of carboxylic acids during flash
desorption. This was achieved by using
trimethylanilinium hydroxide as ion-pairing
reagent. Upon heating the ion-pairs are
converted to the carboxylic acid methyl esters

u2,731.

Belt clean-up

Incomplete desorption of analytes causes
besides lowered sensitivity, a memory effect
due to the endless nature of the belt. This

memory effect is observed in mass
chromatograms as repetitive peaks of decreasing
intensity for a single compound. Using one of
the belt-deactivation procedures mentioned
above is preferred over additional clean-up
with a heater and a washing facility. The clean-
up heater is located in the second vacuum
chamber so that the evaporated compounds
and/or pyrolysis products thereof are removed.
The washing assembly has been removed in
this study since the first experiences showed
that the friction between the wetted cloth and
the belt was an additional load for the drive
mechanism that frequently led to belt stops.

Belt speed

The efficiencies of the solvent deposition,
solvent evaporation, sample desorption, and
belt clean-up is strongly determined by the belt
speed. Higher belt speeds favor solvent
deposition by reducing backmixing effects. Also
solvent evaporation is favored as a result of
lower solvent volume/belt surface ratio.
Reduction of the exposure time of analytes to
heat diminishes thermal degradation of analytes
in the solvent evaporation process. In contrast
to this the analyte desorption process is less
efficient and low belt speeds are preferred.

Conclusion

From the above it is clear that the overall
performance of the moving belt interface is
determined by a large number of, interdepen-
dent, experimental parameters. Various devel-
opments resulted in a highly improved moving
belt interface compared to the original design.
Because the moving belt is a rather complex
mechanical device it is prone to mechanical
failures, especially damage to the belt. Re-
placement of a belt takes about half a day
because the total interface has to be removed
and requires cooling and pressurization of the
ion source of the mass spectrometer"

Despite these limitations the moving belt has
been widely used. In an excellent review paper,
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Arpino [74] has made an extensive inventory of
moving belt LC-MS applications sorted out by
class of compound. Amongst others, important
classes are polycyclic aromatic hydrocarbons,
drugs, peptides, natural products, and pesti-
cides. The development of (these) applications
in general is not straightforward because of the
regrettable fact that LC-MS methods seldom
are developed as such, but generally originate
in the demand for mass spectrometric detection
for an existing HPLC method. In cases of
incompatibility between the HPLC method and
the interface requirements, a first step will be
tuning of the separation method while preserv-
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2.1

Introduction

Combined liquid chromatography-mass
spectrometry GC-MS) is a powerful tool in
analyzing compounds of low volatility and/or
thermal lability, applicable to a vast field of
analytical problems [1]. As a result of fast
developments in the last 10-15 years various
interface types are available now, all having
their characteristic advantages and limitations.

In this study LC-MS with amoving beltinterface
was used for the identification of unknown
xenobiotics and metabolites in the plasma and
urine of a 71 -year-old patient who had died in
the hospital after intoxication. The major
symptom of the intoxication was severe
sedation. Therefore, a routine HPLC analysis
using photodiode-array detection was carried
out in search of benzodiazepines. Although
small amounts of temazepam were found in the
plasma, the quantity present could not have
caused death. The presence of three other
compounds (and four in urine) was indicated
by the HPLC analysis. These compounds,
having similar UV spectra, could not be
identified by matching retention times and UV
spectra with that of known substances. The
compounds were not amenable to GC-MS
analysis as they proved to be thermolabile.
Therefore, LC-MS was the technique of choice.

The moving belt interface was selected for this
problem, in particular because of its capability
of providing El-mass spectra which makes it
extremely valuable for identification purposes
[2]. In an earlier study [3] the moving belt has

The identification of diuron and four of its metabo-
Iites in human post-mortem plasma and urine using
liquid chromatography-mass spectrometry with a
moving belt interfaces

been applied to determine the identity and the
concentration of bromazepam, clopenthixol and
reserpine in human serum after intoxication.

Experimental

Liquid chromatography
The HPLC system consisred of a model 2150
HPLC pump (LKB, Bromma, Sweden), a model
7215 injector (Rheodyne, Berkeley, CA,
U.S.A.), a model 440 UV Derector (Waters
Assoc., Milford, MA, U.S.A.) operating at 254
nm, and a BD8 Multirange recorder (Kipp &
Zn, Delft, The Netherlands). Two different
chromatographic systems were used. For LC-
MS reversed phase LC was performed with a
Chromspher C18 cartridge column (100 mm x
3 mm,5 pm particles;Chrompack, Middelburg,
The Netherlands) and a mobile phase of 50%
v/v methanol in water at a flow rate of 0.45 ml
min-l. Forquantification with the UV detector
normal phase LC was performed with a
Chromspher Si cartridge column (100 mm x 3
mm i.d., 5 pm particles; Chrompack) and a
mobile phase consisting of acetonitrile,
dichloromethane and n-hexane (10140/50 vtvl
v) at a flow rate of 0.6 ml min-l [4].

Mass spectrometry
The MS system used was a H-SQ 30 Hybrid
(BEQQ) Mass Spectrometer (Finnigan MAT,
Bremen, Germany) linked to a SS-300 data
system and equipped with a moving belt inter-
face (Finnigan MAT). The source temperature
was 200 oC. Scans were made from m/z 40 to
350 ata rate of 3 s decade-l (resolution 1000) in

! ! V9r!eij, G.F. LaVos, W. van de pol, W.M.A. Niessen, and J. van der Greel,
J. Anal. Toxicol., 13 (1989) B.
Reprinted by permission of Preston Publications (slightly modified).
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both electron impact (EI, 70 eV) and chemical
ionization (CI, with ammonia as reagent gas)

mode.

Typical operating conditions for the moving
belt interlace were: solvent evaporator
temperature 200 'C, belt speed 3.0 cm s-1.

sample evaporator setting 6 W, and clean-up
heater setting 507o. The belt was deactivated by

applying 10 pl of a 5 ppm solution of Carbowax
20M in chloroform [5].

Sample pretreatment
To urine (250 Ul) and plasma (500 Ul) samples

I ml of a 50 mmol l-l borate buffer pH l0 [61

was added. The resulting solutions were

extracted with 10 ml dichloromethane. The

organic layer was collected and evaporated to
dryness under helium. The residues were

dissolved in 500 pl mobile phase, 20 pl of
which was injected.

Materials
Throughout this study demineralized water was

a) urine

3

used. Methanol, acetonitrile, dichloromethane,
and n-hexane were of analytical grade (Merck'
Darmstadt, Germany). Diuron and linuron
references (Riedel de Haen, Seelze, Germany)
were of 997o purity.

Results and discussion

LC-UV and LC-MS analysis of plasma and
urine extracts
To compare the results of the LC-MS analysis
with those of the benzodiazepine screening the

reversed phase system was used, although the

unknown compounds could be separated far
betterwith the normal phase system mentioned-
In Fig. 1 the UV chromatograms of the plasma

and urine extracts are shown. The total ion
current chromatograms (CI, mass range 150-

250) and mass chromatograms of the protonated

molecules are shown in Fig. 2. The compounds
of particular interest are numbered 1 through 5-

The presence of a fifth, minor compound (Peak

2) has been revealed by LC-MS. For compounds

b) plasma

8 10 12

1

4

4

UV 254 nm

Figure 1

024 6

t (min)

810024 6

t (min)

LC-UV (254 nm) chromatograms of 20 pl of plasma (a) and urine (b) extract'

corresponding to 20 pl ofplasma and 10 pl ofurine.

,l
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Electron impact and chemical ionization data obtained by LC-MS of diuron and five
unknown compounds in human post-mortem plasma and urine.
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2 and 5 the separation from neighboring peaks
is rather poor, but the high selectivity of mass
spectrometric detection renders this
inconvenience negligible as compared to the
problems that could be expected when the
water content of the mobile phase would be
increased to gain in chromatographic resolution.
The other peaks can be attributed to unletained
compounds such as nicotinamide, theophylline,
and caffeine, and to temazepam (Peak 6).
Caffeine, nicotinamide and, especially,
theophylline show considerable memory effects
when the belt is not deactivated. Deactivation
of the belt with Carbowax 20M diminishes but
does not fully suppress the memory effect.
Raising the temperature of the clean-up heater
has little effect in this respect. However, the
application of Carbowax 20M causes a raised
and fluctuating background, due to difficulties
in obtaining an uniform distribution on the belt.
This negative side-effect is more pronounced
in EI mode than in CI mode, because the limited
fragmentation in the latter makes computer
clean-up procedures for obtaining spectra of
high quality more effective.

Identification of the unknown substances
The most characteristic features in the spectral
data obtained of the 5 compounds and their
structural formulae are summarized in Table I.
From this data the herbicide diuron (compound
5, N-(3,4-dichlorophenyl)-N',N' -dimethylurea)
and 3 of its metabolites can be identified
straightforwardly. A fourth metabolite
(compound 3) cannot be identified with
certainty. The identification procedure will be
discussed below.

Peak matching the molecular ion of compound
I under EI conditions at medium resolution (R
5000) against PFK (signal at mlz 204.989)
leads to an elemenLal composition C.rH^ClrNrO
(measured MW 203.989, catcuiatled'V'W
203.986). A computer library search in the NBS
Library identified compound I as 3,4-
dichlorophenyl urea (DCPU), although the
dichloro substitution at the 3 and 4 position of
the aromatic part is of course uncertain. As an
example of the good spectrum quality obtained
the EI and CI spectra of compound 1 are shown

in Fig.3. The base peakm/z 161 can be attributed
to the dichloroaniline ion, mlz 187 to the
dichlorophenylisocyanate ion and mlz 44 to
[HrN'=C=O]+ (this fragment is not in the
spectrum of Fig. 3a because it has been lost
during background subtraction). Other
fragments (mlz 135, 126,99,90 etc.) are most
likely formed by fragmentations of the odd-
electron dichloroaniline ion [7]. Compounds 4
and 5 can be identified as N-(3,4-
dichlorophenyl)-N' -methyl urea (DCPMU) and
N-(3,4-dichlorophenyl)-N',N'-dimethyl urea
(diuron) respectively, which is confirmed by
computer library searches. These results
strongly suggest that diuron is the intoxicating
agent and compounds l, 2, 3, and 4 are
metabolites.

In Fig. 4 the three major initial fragmentation
reactions ofphenyl ureas are shown. The degree
of N'-methylation has a strong influence on the
competition between reactions 1 and 2. As a
result of an increased proton affinity of N' and
stability of [R2N'=C=O]+, N'-methylation
favors the formation of [RrRrN'=C=O]+
(reaction 2) above that of the ilic-hloroaniline
ionm/z l6l (reaction 1). For diuron this effect
is especially marked because there is no N'-
hydrogen available for the formation of the
dichloroaniline ion. Increased proton affinity
related to N'-methylation is also reflected in an
increased abundance of [M+H]+ over that of
[M+NH4]+ in the CI spectra as can been seen in
Table I. Probably this also affects the abundance
of the [R , 

RrN'Hr l+ fragmenrs (m/z 62 and 46
lor compounds 2 and 5 respectively) tormed
under CI conditions, but this could not be
observed for all compoundsbecausescans were
made from mlz 40 upwards.

The identification of compounds 1, 4 and 5 is
relatively simple as compared to the other two.
Identification of compound 2 is complicated by
the poorseparation from DCPUin combination
with the small amount present as a result of
which no reliable EI data can be obtained. The
molecular weight (MW 248) indicates a
hydroxylated or oxygenated metabolite of
diuron or the presence of small amounts of the
herbicide linuron ( N-(3,4-dichlorophenyl)-N' -
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methyt-N' -methoxy urea). The latter, however,
is better retained by the chromatographic system

used than is diuron whereas for compound 2 the

reverse is the case. The fragment at mlz 62

([H2N'(CH3)CH2OHI+) in the CI spectrum
stro-ngly sulgests compound 2 to be N-(3'4-
dichlorophenyl)-N' -hydroxymcthyl-N' -methyl
urea. This structure also accounts forthe absence

a) El
161
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60
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163

20 2U
63 ep 126 20699
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& 60 80 100 120 140 160 180 200 2n 2&
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Frgure 3 EI (a) and cI (b) spectra of DcPU (compound l) obtained with LC-MS
using a moving belt interface'
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of the ammoniated molecule, indicating a high
proton affinity.

The CI spectrum of compound 3 is almost
identical to that of DCPMU (large m/2219 and
mlz236), but careful inspection reveals small
signals at mlz 235 ([M+H]+) and rnlz 252
([M+NH4]+) with a dichloro isotopic pattem
indicating a hydroxylated derivative of
DCPMU. At first the similarity with DCPMU
was ascribed to thermal degradation on the belt.
The EI spectrum, however, lacks the signals at
mlz 218 ([M]*) and mlz 187 (dichloro-
phenylisocyanate ion) that would be expected,
while fragments m/z 160 and mlz I77 are
present.

The fragment mlz 177 suggests a phenolic
derivative but the apparent loss of OH giving
mlz 160 ([177-OH]+) is not expected ro occur
in a phenolic compound. Another possibility is
the N'-hydroxymethyl derivative of DCPMU
but this compound cannot give rise to a fragment
mlz 177 and will certainly have a shorter
retention time than compound 2 due to the

greater polarity of N'-hydroxymethyl as
compared to N'-hydroxymethyl-N'-methyl.
The only possibility left is the N-hydroxy or N-
oxide analogue of DCPMU. The fragment m/z
177 is then explained for by the N-hydroxy-
3,4-dichloroanil ine ion [CoH.ClrNHOHl+ or by
the N-oxide-3,4-dicirl6ro-aniline ion
[C6H3CI2NHrO]+. The fragmentation process
giving mlz 219 lM+2H-OHl+ or [M+H-O]+
and mlz 236 [M+NH,+H-OHI+ or IM+NH.-
Ol" in CI mode may be a substitution of OH or
O by H and NHo, respectively, but this could
not be proved.

The CI data are in general very useful in
providing molecular weight information
because little, but nevertheless useful,
fragmentation occurs in this mode. An
interesting feature is the apparent loss of 34
amu from both the protonated and ammoniated
molecules producing fragments with a clear
monochlorine substitution. At first this led to
the suggestion that each chromatographic peak
consists of inseparable mono- and dichlorine
analogues. This can be the case when, for

+.

,,R
C

C

3

+.

NH 2
O:C:N' \

R2

C

mlz161 mlz187

Figure 4 The three major initial fragmentation reacilons of dichlorophenyl ureas under EI
conditions.
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instance, both diuron and its monochlorine
analogue monuron (N-(4-chlorophenyl)-N',N' -

dimethyl urea) are ingested. The EI data
however, do not show this difference of 34
amu. The only plausible explanation left is a
substitution of chlorine by hydrogen and

ammonium. In another study a similar
substitution has been observed for bromine in
bromazepam which could be attributed to bad

desorption characteristics of the belt [3]. In the

mass spectra obtained with probe CI and DCI
(both using ammonia as CI reagent) and by
directly spotting diuron on the belt at different
combinations of solventand sample evaporator
temperatures, no significant differences in the

relative intensities of the [M+2H-C1]+ and

[M+H]+ ions were found. Therefore, it is

concluded that the loss of 34 amu is a process

taking place in the ion source rather than a

moving belt induced afiefacl Similar processes

have been found in LC-MS studies of diuron
and picloram with a Direct Liquid Introduction
(DLI) interface using acetonitrile as CI reagent

t8l.

Switching from positive to negative ion
chemical ionization (NICD increases the mass
spectrometric response for diuron by a factor of
6. The NICI specfium of diuron is dominated
by intense signals atmlz232 ([M]-, 1007o) and

mlz23l (tM-Hl-, 347o). Chloide attachment,
in contrast to the chloride loss in positive ion
mode discussed above, gives a signal with a

trichloro isotopic pattern at ml z 267 ([M+CI]-,
l5Vo).

QuantiJication of the intoxicating agent diuron
Standard addition has been used for
quantification of diuron in plasma and urine.
Diuron levels as high as 5 mg l-r in plasma and

3 mg ll in urine have been found. A rough

estimate of the total concentration of diuron
plus metabolites in plasma, calculated from the

ratio between the summed peak area (UV
detection) of diuron and metabolites and that of
diuron itself, is found to be in the order of 100

mg fl, resulting in an estimated intake of at

least several grams. No relation between this
large amount and the cause of death has been

found in the literature [9,10].

Metabolism of diuron in man
An interesting aspect of this study, besides the

demonstration of the usefulness of the moving
belt interface in this kind of investigations, is
the metabolic relevance of the identified
metabolites. A number of reports are available
on metabolic studies on diuron in plants I I 1 , 1 2]
and various animal species [9,1 1,13]. In contrast,
data on the metabolism of diuron in man are

limited.Intheurine of a person who had ingested
diuron (38 mg kg-l) together with amitrazole
(20mg kg-l) in a suicide attempt. large amounts
of DCPU and DCPMU have been observed
together with lrace amounts of dichloroaniline,
which has not been found in our study. Diuron
has not been found in that case [10].
Demethylation of diuron and relatedcompounds
seems to be an important metabolic process in
all living beings [9-13]. In a study with liver
microsomal enzymes of mice it has been shown
that the demethylation mechanism is initiated
by the subsequent oxidation of N'-methyl to
the N'-hydroxymethyl and N'-formamide
derivatives (oxidative N-dealkylation) [11].
Spontaneous loss of formaldehyde from the
N' -hydroxymethyt derivative and formamidase
induced liberation of formic acid from the
formamide derivative are the reactions
responsible for the formation of N'-
demethylated metabolites. The presence of N-
(3,4-dichlorophenyl)-N' -hydroxymethyl-N' -

methyl urea in plasma and urine can be explained
by this process. It is noteworthy that this
compound is claimed to be very labile and can

only be identified with TLC when the
chromatographic process is performed at low
temperatures (5 'C, [11]) while we did not
observe signs of degradation on the belt. In the
same study [11] compound 3 (N-(3,4-
dichlorophenyl)-N-hydroxy-N'-methyl urea)
has been found to be a minor metabolite of
diuron and also of the herbicide methazole (2-
(3,4) - dic hlo ro phenyl) -4- methyl- | ,2,4-
oxadiazolidine-3,5-dione). Methazole [1 1,14],
linuron [11,13] and diuron share DCPU and

DCPMU as metabolites which makes the
detection of diuron an almost crucial factor in
identifying the intoxicating substance.

Rats [9,13] and dogs [9] metabolize diuron to
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phenolic compounds which are frequently
excreted as sulfate and glucuronide conjugates.
Plasma (urine was not available anymore) has
been treated with a mixture of arylsulfatase and
glucuronidase to see if similar conjugated
phenolic metabolites can be found in man. The
only difference found between treated and
untreated plasma is an increased amount of
compound 3 (which is not a phenolic
metabolite). Hence we may assume that this
compound is excreted as a conjugate of sulfate
and/or glucuronide, and is apparently
deconjugated by decomposition processes in
urine. Due to the limited amount of plasma and
urine available it has not been possible to do
some further investigations.

Conclusions

In this study the potential of moving belt LC-
MS is demonstrated for the identification of
diuron and its metabolites in body fluids. The
power of the system used lies in the availability
of both CI data for molecular weight
determination and EI data for observing
structure specific fragments and performing
library searches. Despite the substantially raised
background by the necessary deactivation of
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Introduction

Nitrated polycyclic aromatic hydrocarbons
(nitro-PAHs) form a group of environmentally
polluting compounds originating in the
production of PAHs, by incomplete combustion
of fossil fuels, and the subsequent nitration
thereof I I ]. In general nitro-PAHs are mutagenic
[2] and some of them also have carcinogenic
properties [3], e.g. 2-nitrofluorene (2-NF).
Mutagenicity and carcinogenicity often are a
result of one or more 'ultimate muta- or
carcinogenic metabolites'. Testing the (muta-)
carcinogenic properties and the identification
of the active metabolites are necessary steps in
deriving a carcinogenetic model of the
compound in question. Since all of the
metabolites have to be recovered from the
biological matrix, sample pretreatment methods
should be very robust, in sharp contrast to target
compound analysis where a high selectivity is
desired. Therefore the pretreatment will often
be slightly more than a concentration step of,
not only, the metabolites, but also of endogenous
compounds implying that tracing the
metabolites is considerably hampered, or not
possible atall, unless a highlyspecific detection
method is applied. The (co-)adminisrrarion of a
radioactive l4C- or 3H-labeled analogue, or
tracer, is a widely accepted strategy allowing a
straightforward fractionation of the metabolites
by means of a separation merhod, i.e. liquid
chromatography. The collected fractions are
then assayed for mutagenicity, and the
identification of the (in)active compounds is a
logical next step.

By far the best technique for identification

The identification of 2-nitrofluorene metabolites in
urine and bile after the respective oral and intrave-
nous administration to rats using moving belt
liquid chromatography-mass spectrometry*

purposes is mass spectrometry. Since the
metabolites have already been fractionated for
the mutagenicity assay a direct mass
spectrometric analysis with an insertion/
exposure probe as sampleintroduction method
is a quick method, but is only applicable when
the samples have a high level of purity. When
this condition is not fulfilled some additional
selectivity is necessary. Tandem mass
spectrometry (MS-MS) provides a set of
sophisticated MS experiments that may
introduce this selectivity. In principle three
MS-MS modes are available, namely daughter,
parent, and neutral loss scans that all require a
prioriknowledge of the analytes. For applying
daughter scans it is required to know which
ion(s) in the single MS spectrum is/are
associated with the metabolite. Again this
requires a certain level of purity and/or a blank
sample. Even then success is not guaranteed for
the simple fact that in the case of collision
induced dissociation (CID) of rhe parent ion
sometimes, depending on the nature of the
analyte, no or only a few daughter ions are
produced. The parent and neutral loss scans are
of use when the fragmentation in MS-MS is
known, which for unknowns is seldom the
case. With respect to metabolic studies the
neuftal loss scan mode is valuable in the
identification of Phase II metabolites, e.g.
glucuronide and sulfate conjugates of known
Phase I metabolites [4].

The compound underinvestigation in this study
is the carcinogen 2-nitrofluorene (2-NF). The
scope of this study is the mass spectrometric
identification of Phase I metabolites of 2-NF in
urine and bile after the respective oral and

This paper is the result of a loint re_search projecl with F.c.J. wierckx, R. wedzinga, J.H.N.
Meerman, and G.J. Mulder of the Department of roxicology, center for Bio-pharmaceutical
Sciences, University of Leiden.
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intravenous administration to male Wistar rats.

The combination of electron impact mass

spectrometry with an on-line HPLC separation
for reasons of the demanded selectivity is the

method of choice for solving this problem. For
this purpose the moving belt interface is used.

M0ller and coworkers also applied moving belt
LC-MS for the identification of 2-NF
metabolites in urine of male Sprague-Dawley
rats [5]. Hydroxylated 2-NFs (OH-2-NFs) and

hydroxylated N-acetylaminofl uorenes (OH-N-
Ac-2-AFs) were found as the major urinary
excretion products, both showing mutagenic
activity in the 'Ames Salmonellalmammalian
microsome' mutagenicity test. In addition to
this, a largefraction was excreted as conjugated
metabolites, notably glucuronides. The
mutagenicity of a substance is generally a result

of Phase I metabolism. For this reason and the

simple fact that conjugated metabolites are

difficult to analyze with moving belt LC-MS
this study is aimed at the identification of the

Phase I metabolites of 2-nitrofluorene.

Experimental

Animal treatment
Throughout this study male Wistar rats
(bodyweight 180 to 225 g) were used. Two
different administration schemss have been

used. For the identification of urinary
metabolites 60 pmol kg-l bodyweight of 2-
nitrofluorene (Aldrich, Brussels, Belgium)
dissolved in a DMSO/Trioctanoin (Sigma, St.

Louis, MO, U.S.A.) mixture (l:3 v/v) was

given orally. For the biliary metabolites an

identical amount dissolved in DMSO was

administered intravenously. In both cases 2-

nitro-[9- 14C]-fluorene (Chemsyn Science Labs,

Lenexa, KS, U.S.A.) was co-administered as a

tracer with a resulting final specific activity of
1 pCi pmol-1. More detailed information on the

animal treatment and urine/bile collection can

be found elsewhere [6,7].

Sample pretreatment
Forihe'sample cleanup procedure Sep-Pak@

C18 cartridges (Waters, MA, U.S.A.) were

used. The cartridges were conditioned with 10

ml of methanol and 10 ml of water prior to
sample loading. The sample volumes of urine
and bile were 2 ml. After washing with 3 ml of
water the cartridge was eluted with 3 ml of
methanol, and the methanol fraction was
collected. Subsequently the methanol was
evaoorated and the residue was dissolved in I

mtof a 50 mmol l-l potassium phosphate buffer
of pH 7. Deconjugation was achieved by B-
glucuronidase and arylsulfatase treatment (I1ehr
po mmatia, Boehringer, Mannheim, Germany)
overnight at 37 oC. This solution was extracted
3 times with I ml of diethylether and after
evaporation of the organic solvent the residue
was dissolved in 200 pl of an acetonitrile/water
mixture (1/1 v/v).

Liquid chromatography
The HPLC system consisted of a model 2150
HPLC pump (LKB, Bromma, Sweden), amodel
2152 HPLC gradient controller (LKB), and a
low pressure gradient mixing valve (LKB).
Samples were injected using a model 7125
injection valve (Rheodyne, Berkeley, CA'
U.S.A.) fitted with a 20 pl loop. The column
effluent was monitored at a wavelength of 280
nm with a Spectroflow 757 variable wavelength
UV detector (Kratos Analytical Instruments,
Ramsey, New Jersey, U.S.A.). This signal was
recorded with BD8 multirange recorder (Kipp
& Zn., Delft,The Netherlands). A 150 x 3 mm

i.d. column packed with Spherisorb ODS II (3
pm spherical particles, Phase Separations Inc.,
Norwalk, CT, U.S.A.) was aPPlied in
combination with a gradient of 10 to 100% of
acetonitrile in water in 30 minutes at a flow rate

of 0.5 ml min-l.

Mass spectrometry
The combined LC-MS with a moving belt
interface was performed on a Finnigan MAT
H-SQ 30 hybrid tandem mass spectrometer
(Bremen, Germany), operating with a source

temperature of 200 oC and a resolution of 1000.

Both electron impact (EI, 70 eY, mlz 100-400
at 2 s decade-l; and chemical ionization (CI'
ammonia as reagent gas, mlz 60-400 at 2 s

decade-1) mode have been aPPlied.
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Liquid chromato graphy- mas s spectrometry
The moving belt interface operated with a
solvent evaporator temperature of 150 oC, and
a sample evaporator setting ol 8 W, at a belt
speed of 3.5 cm s-1. The belt was deactivated
with 10 pl of a 5 ppm solution of Carbowax
20M. The mobile phase was deposited on the
beltbymeans of athermospray device (Finnigan
MAT) operating at a setting of 4 W (actual
temperatures unknown). The angle and distance
ofthe spray relative to the belt surface were 45o
and I cm respectively.

Results and discussion

Modifier gradient compatibiliry of the moving
belt interface
In the HPLC phase system as developed forUV
absorbance and radioactivity detection a mobile
phasecontaining 0.01 M acetic acid was applied.
Despite a number of papers describing the
application of volatile organic acids like for
instance formic and acetic acid in moving belt
LC-MS [8-13], this has never been successful
in our hands. Softening of the polyimide belt
material by acids, and the inherent stretching of
the belt results in a belt stop since the tension
required for belt transport is lost. Obviously,
the acetic acid had to be omitted, thereby losing
the correlation between the original
chromatograms (assupplied) andthose obtained
in this study.

Radioactivity detection indicated (not shown
here) that the polarity range of the metabolites
of 2-nitrofluorene requires modifier gradient

elution in order to analyze them in one single
run. As the moving belt interface is based on
solvent removal by evaporation, changes in the
solvent composition require other operating
conditions. Modifier gradient chromatography
in combination with moving belt interfaces
(Kapton@ belt systems) is relalively simple for
normal phase methods because the typical
solvent constituents have similar and high
volatilities U2,14,151, whereas this is not the
case in reversed phase chromatography.
Reduction of the flow rate by either
miniaturization. e.g. flow rates less than 200 pl
min- I 1 I l. 16- 1 91.'or spliuing | 17,20,21 l, and
the use of spray deposition devices [11,16-
19,22,231,are attractive approaches in the case
of both normal and reversed phase
chromatography. A serious disadvantage of
splitting and miniaturization is the inherent
increase of the determination limits. For this
reason one of the objectives in this study is the
analysis of the total effluent from a 3 mm bore
column.

During a gradient from low to high modifier
content the volatility of the solvent increases in
reversed phase chromatography. A concomitant
decrease in the solvent evaporator temperature
is, at least in theory, the most straightforward
approach for achieving a good overall
performance. Facilities for linear programming
of the solvent evaporator temperature
simultaneous with the modifier gradient are
available. In practice this proved to be
unsatisfactory. An altemative is the utilization
of a thermospray deposition device in
combination with a fixed solvent evaporator

Table I Molecular weights of possible metabolites of 2-nitrofluorene formed by nitroreduction,
hydroxylation, and N-acetylation. Metabolites that have been identified are in bold print
(urine) andlor underlined (bile).

Substituents

compound
none x-OH or

epoxide
dihydro-

diol
x,y-oH

2-NF (2-nitrofluorene)
2-AF (2-aminofluorene)
N.OH-2.AF
N-Ac-2-AF
N-OH,N-Ac-2-AF

211
181
197
223
239

2L
197
213
239
255

243
213
229
255
27'l

245
215
23'l
257
273
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I+.

-NO
-_.---.-->

Noe O+
mlz211 mlz 181

Noi -co

m/z 165 mlz 153

fluorene fragments
m/z 139, 120, 113, etc.

165
100

80

60 211 M+'

151

194

24 139 181
115 143
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mlz

Ftgure,l Fragmentation scheme of 2-nitrofluorene under EI conditions, and the EI spectrum as it
was obtained with LC-MS of a bile extract.
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temperature. A similar method was employed
by Mdller et al. l5l by 'dry-spraying' the
column effluent on the belt without additional
heating by the solventevaporatorofthe moving
belt interface. The introduction of thermal
degradation ofthe analyte(s) duringthe gradient
run with this design is possible as thermospray
devices work at a fixed temperature. A manual
stepwise decrease in the thermospray settings
from 5 W to 3 W during the run was found to be
very effective, but also, from the operators
point of view, rather inconvenient. An
intermediate fixed setting of the thermospray
device at 4 W proved to be a good compromise
between performance and convenience in this

a) urine

m/2227

20000

1 0000

particular case.

M etabolite identifi cation s trate gy
The identification of metabolites is aided by
knowledge on general metabolic pathways, and
especially those of compounds related to the
one under investigation. Regarding the toxicity
of (nitro-)PAHs, it is not surprising that a large
number of papers on the metabolism in
mammals are available [reviewed in 24]. The
processes most likely to occur are the
hydroxylation ofthe fluorene ring system to x-
OH-2-NFs and the reduction of the nitro group
to the corresponding 2-aminofluorene (2-AF)
15,25-27). Additionally, PAHs can be

C) peak 1, 9-hydroxy-2-nitrofluorene
.180
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d) peak 2, x-hy droxy -2-nitrof luorene
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Figure 2 Traces of the molecular ions of 9-0H-2-NF and x-oH-2-NF (m/2227 M+.) in urine (a)
and bile (b), and the resulting EI spectra of the 9-OH (c) and x-OH isomer (d).
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Table II

2-NF metabolite Elemental
(abbreviation) composition

lon.
MW mode m/z (relative intensity %)

Electron impact an<l chemical ionizadon data of 2-nitofluorene metabolites obtained by
LC-MS of urine and bile extracts.

x-OH-2-NF c13Hs03N 227

2-NF

NST-library entry

9-oH-2-NF C13HeO3N

2-NF-9-O c13H7o3N

NST-library entry

x-OH-N-Ac-2-AF Ct5H13O2N

c13Hso2N 211 El

227

cl

225 El

cl

EI

239 El

cl
EI

EI

ct

EI

21 1 (56), 1 s4(20), 1 81 (1 0), 1 65(1 00), 1 64(40),
163(32), 1 53(1 2), 152(26\, 1 3e(1 o)
22e(67), 1 es(12), 1 82(100), 1 81 (1 1 ), 1 80(21)
21 1 (52), 1 s4(25), 1 81 (1 0), 165(1 00),
164(46), 163(3e), 153(14), 152(21), 13s(1 4)
227 (63), 210(82), 1 s7(8), 1 s5(e), 1 81 (64),
180(100), 168(5), 163(15), 153(33), 152(s6),
1 s1 (38), 1 5o(1 4),1 3e(6)
245 (1 2), 2 1 5(23), 21 3(52), 1 e8(27),
1 e7(1 00), 1 e6(31 ), 182(20), 1 80(32)
227(1Oo),21 0(37), 1s7(22),1 81 (88),
1 80(44), 1 67(7), 1 66(7), 1 63(3), 1 s3(1 8),
152(84), 151(31), 150(15), 13s(8)
245(17), 215(5), 213(7), 21 1(1 ), 1ss(15),
1 e8(1 o0), 197(12\, 1 82(<1 ), 1 8o(2)
225(84\, 1 s5(41 ), 1 7s(1 8), 167 (12),
151 (1 00), 150(57), 13s(23), 125(7)
245(s), 243(1 4), 22e(3), 22s(e), 21 3(1 00),
211(30),1s6(34)
225(81), 1s5(31 ), 17e(17), 167(1 1), 151
(1 00), 150(57), 13e(24), 1 25(5)
23s(77), 223(<1 ), 1 e8(17), 1 s7(100),
1s6(4e), 181(8), 180(12), 168(14), 151(4),
13s(1 1)
257(1 0o), 255(7),240(56), 1 sB(4)
255(1 00), 23e(4), 213(55), 212(3s), 211(12),
1s7(22),1 e6(84), 1 B5(8), 1 B4(7), 168(20),
156(8), 13e(12), 1 28(8)
No data available

x,y-diOH-N-Ac-2-AF C15H130sN 255

metabolized viathe action of 'aryl hydrocarbon
hydroxylase' (AHH) to epoxides, and thereafter
to dihydro-diols and catechols. In the case of
nitroreduction to 2-AF, a well-known
carcinogen, the metabolism of 2-NF and 2-AF
may have common features. Important
metabolites of 2-AF are x-hydroxy-2-
aminofluorenes (x-OH-2-AF), N-acetyl-2-
aminofluorene (N-Ac-2-AF), or combinations
like x-OH-N-Ac-2-AFs [28-30]. This adds up
to a respectable number of possible metabolites.
For a facilitated initial screening of the LC-MS
data Table I shows the molecular weight of
some of the compounds mentioned. The rnlz
values of molecular ions that have indeed been

found in the EI LC-MS analyses of the urine
and bile extracts, and which can be attributed to
2-NF metabolites are indicated in bold-print
and/or are underlined rcspectively. The next

section will deal with the mass spectrometric
identitication procedure of the indicated and

other metabolites.

Mass spectrometry of 2-NF metabolites
The parent compound 2-NF is not excreted in
urine in detectable amounts whereas it was
identified in the bile extracts in trace amounts.
The EI spectrum was successfully matched
against the 2-NF entry in the NST library as is
shown in Table II. The major fragmentation
pathways of 2-NF are shown in Fig. 1 in
combination with the EI spectrum (obtained by
the analysis of bile). Important ions in EI for
nitro-PAHs are [M-NO2J+, [M-NO]+, and [M-
NO-COI+.

Traces of mlz22l , the molecular ion of OH-2-
NFs, reveal the presence of two OH-2-NFs in

cl
EI

CI
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both urine (Fig. 2a) and bile (Fig. 2b), in different
relative amounts. The spectra of the isomers,
given in the order of eluiion in Fig. 2 c and 2d,
are very similar. The most striking differences
are the high abundance of mlz 210 [M-OH]+
and the less abundant mlzl97 [M-NO]+ in the
spectrum of the first eluting isomer. Based on
these results this compound is identified as 9-
OH-2-NF, while the other is a x-OH-2-NF,
with x denoting one of the aromatic C-atoms
otherthan 2 and 9. This conclusion isconfirmed
by the results of Mdller et al. of a 9-OH-2-NF
standard [31]. With the assumprion of similar
response factors for both compounds the ratio
9-OH-2-NF/x-OH-2-NFis 0.4in urine and 1.3
in bile. These ratios were calculated by adding
the areas of the traces the majorions atm/z 152,
180, 181, 210, and 227 for diminishing the
influence of different fragmentation patterns.

In the search for OH-N-Ac-2-AFs, mlz 239
[M]+' and a typical fragment for N-acetyl
compounds due to ketene loss of 42 amu at
mlz 197 [M-CH2=C=O]+. were used as
diagnostic ions in electron impact mode. As is
shown in Fig. 3a an intense signal for mlz239
is observed at a retention time of about 15
minutes. Inspection of the m /2239 tracereveals
the possible presence of 2 OH-N-Ac-2-AFs.
The difference in retention times matches the
belt cycle time meaning that the second peak is
an artefact due to a memory effect. Furthermore,
both spectra are identical whereas it is known
that the location of the hydroxy group infl uences
the fragmentation to such an extent that a
significant difference should have been
observed if they were isomers (see below).
However, there is still the possibility ofcoeluting
isomers, although this is unlikely as they are
easily separated with this phase system and
modifier gradient [3 1].

The spectrum in Fig. 3b shows some similarity
to the spectrum of synthetic l-OH-N-Ac-2-AF
in Fig. 3c (obtained by the direct application of
3 ng on the belt by means ofasyringe) and to the
spectra of synthetic OH-N-Ac-2-AFs [31].
Determination of the exact position of the
hydroxy group is impossible from a single
spectrum. Mtiller and coworkers have derived

a scheme for this, based on the electron impact
data of synthesized 1-, 3-, 5-,7 -,8-, 9-, and N-
OH-N-Ac-2-AFs [31]. They found tharforrhis
setof compoundsthe intensity ratios of the ions
atmlz 167,169, 180, 181, 196, 197, 198, and
239 have significantly different values. It is
pointless to apply this scheme to the data
obtained in this study because the peak purity is
unknown and information is lacking for 4- and
6-OH-N-Ac-2-AF, which could equally well
be metabolites of 2-NF. The low intensity of
mlz 223 [M-O]+' excludes the N-OH isomer
and the difference between the spectra in Fig.
3b and Fig. 3c also excludes the l-OH isomer.

In addition to a mono hydroxylated N-Ac-2-AF
a strong signal at mlz 255, an indication for a
dihydroxylated N-Ac-2-AF, is found in the
urine extract, as is shown in Fig. 4. Abundant
peaks at mlz 213 [M-CH"=C-O]+., mlz 196
[213-OH]+, and mlz t16,i28,139, 152, and
168 (fragments of the fluorene skeleton) are a
clear proof that this compound is a
dihydroxylated N-Ac-2-AF. The hydroxylation
sites cannot be identified for the reasons
mentioned above. Since the [M-OH]+ signal is
small the N-OH derivative is excluded from the
possibilities. Therefore this metabolite is
identified as x,y-diOH-N-Ac-2-AF. Other
compounds in the urine and/or bile extracts
with a molecular or fragment ion at mlz 255
were identified as endogenous compounds.

The search for more metabolites was continued
by monitoring some important fragment masses
of the compounds discussed above. This led to
the discovery of only one additional metabolite
in the bile and theurineextractwith a molecular
weight of 225. The fragmentation pattem led to
the identification of 2-nitro-fluoren-9-one (2-
N-9-FO). Library (NBS) searches on the SS300
Ms-datasystem of the H-SQ 30 were negative.
The NST library supplied with the datasysrsms
of the current generation of Finnigan MAT
mass spectrometers, however, responded to a
query with 2-N-9-FO. As an example of the
perfect match that can be obtained with the
moving belt interface in combination with
electron impactmode, Fig.5 shows the recorded
spectrum from the bile extract (a) and the NST-
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correspon<ling EI spectrum (b), and the EI spectrum, obtained after the direct application

of 3 ng 1-OH-N-Ac-2-AF to the belt (c).

Figure 3
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a)

library entry (b). The screening results for other
metabolites with a9-ketone group were negative
for both extracts.

So far, only the results with electron impact
ionization have been presented. In addition to
EI, CI with ammonia as reactant gas has also
been employed. Of the found metabolites only
x-OH-N-Ac-2-AF gave a typical ammonia CI
spectrum, that is the formation of protonated
[M+H]+ and ammoniated [M+NH.J+ molecules
at ml z 240 and 257, respectively. Somehow the
dihydroxylated metabolite was not detected
under these conditions. The CI spectra of the
metabolites still containing the nitro functional
group show [M+NHa)+ ions of low intensity,
little to none of the protonated molecule, and a
peculiarly abundant fragmentation. This is
illustrated by the CI spectrum of 9-OH-2-NF
shown in Fig. 6. The underlying fragmentation
processes yielding anomalous ions are assumed
to be similar to the substitution of Cl by H and

b) OH OH

o
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N-C-CH3
H

x,y-dihydroxy-N-acetyl-2-aminof I uorene

100
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255
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NHo in the case of diuron (see Chapter 2.1) or
a reduction to the corresponding amine.
Ammonia CI spectra of nitropyrazoles and
-imidazoles, and nitrated benzenes show
substitutions of the nitro group with ammonia
or hydrogen cations and reductions to the
corresponding amine [32]. Some of the ions
can be explained with this information. For
instance, mlz 182 is presumably the result of a
substitution reaction, whereas mlz 197 can be
the productofreduction processes. The addition
of [NHo]+ to the latter possibly explains for the
signal at mlz2l5.Ions at m/z 180 and2l3 are
of unknown origin. The other two NO,
containing metabolites have a similar
complicated ammonia CI spectrum (see Table
II). Summarizingit can be stated that in this
particularcase ammonia CI is not the appropriate
tool for rendering molecular weight information
as it usually is. Nevertheless, the nature of the
compounds under investigation is such that EI
gives adequate molecular weight information.

nlz255
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Figure 4 Trace of the molecular ion m/z 255 of a dihydroxylated N-acetyl-2aminofluorene in urine
(a) and the conesponding EI spectrum (b).
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a) bile
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Figure 5 Electron impact spectra of 2-NF-9-O
as obtained in the LC-MS analysis
of bile (a), and the NST library
spectrum (b).

M etabolic and toxicologic reflections
The present results show that the major meta-
bolic routes upon oral administration are ni-

troreduction, N-acetylation, and hydroxylation.
There is solid proof available that the
nitroreduction is strongly associated with the
intestinal flora since only mono and
dihydroxylated 2-NFs (dihydroxylated 2-NFs
have not been found in this study) have been
identified after the oral administration of 2-NF
to germfree rats [26]. The presence of those
compounds, 9- and x-OH-2-NF, and the ab-
sence ofamine analogues and hydroxylated N-
acetylaminofluorenes in bile after intravenous
administration in this study is consistent with
this finding. It should be noticed that this ab-
sence is not an approval in itself due to the
possible recycle of the biliary metabolites via
the enterohepatic circulation, or the possibility
that the hydroxylated N-acetylaminofl uorenes
are not excreted in bile.

The relative abundances of 9-OH-2-NF to x-
OH-2-NF in urine and bile were estimated by
comparing the peak areas (see above) and
resulted in ratios (9-OH-2-NF / x-OH-2-NF) of
0.4 and 1.3, respectively. In sharp contrast to
this, experiments with perfused lung (both
intratracheal and intravascular administration)
and liver systems [25] and lung-microsome
preparations [27] show a high prevalence for
the formation of the 9-OH isomer by a factor of
about 3. Perhaps the high abundance of 2-NF-
9-O in the bile extract in this work (the estimated
ratio of 9-OH-2-NF/ x-OH-2-NF/ 2-NF-9-O is
4l3ll0) accounts for this difference as rcferences
5, 25 and 27 do not report the formation of 2-
NF-9-O.

Whetherthis compound,2-NF-9-O, is a genuine
metabolite - formed by metabolic processes - or
a chemical artefact, derived from 9-OH-2-NF
or 2-NF, is unknown. The findings that 2-NF-
9-O is one ofthe photodegradation products of
2-aminofluorene upon exposure of a solution
(in DMSO) to near ultra-violet light in the320
to 400 nm range is interesting with respect to
this [33]. Principle reactions are the relatively
facile oxidation of the amino to a nitro group
and the subsequent oxidation of C9. An Ames/
Salnnnella test indicated that 2-NF-9-O is a

directly acting mutagen (without microsome
preparations) with a potency exceeding that of
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2-NF. In a nitroreductase deficientSalmonella
strain (TA98NR) the mutagenicity decreased
by a factor of ten. In the same study the amine
analogues, i.e. the metabolites of the
nitroreductase product 2-aminofluorene,
showed a hundred- to thousandfold lower
mutagenicity, which is strongly indicative for
the fact that the mutagenicity resides in an
intermediate product of the nitroreduction,
namely N-OH-2-AF. The formation of 2-NF-
9-O in this study as a result of sample handling
is questionable because the conditions in the
photodegradation experiments were quite harsh.
Therefore, it is postulated that, in spite of the
lack of full experimental evidence, the
compound is a true metabolite.

After nitroreduction of 2-NF to 2-AF, the latter
is N-acetylated and hydroxylated to (a single
major) x-OH-N-Ac-2-AF. Aminofl uorenes that
are only N-acetylated or hydroxylated have not
been identifi ed. Further hydroxylation reactions
result in the formation of a di-hydroxylated N-
Ac-2-AF. The estimated relative abundance of
the di- to monohydroxylated metabolite in the

urine extractis 8/10 (on the basis ofthe summed
areas of tIe ions at m/z 196,I97,213,239,and
255). Although rhe hydroxylated 2-NFs are
present in urine at high levels it is unwise to
compare theirabundance with the hydroxylated
N-Ac-2-AFs because the response factors for
the two groups of compounds are likely to
differ strongly.

Conclusions

The incompatibility of the moving belt interface
with the total aqueous effluent from
conventionally dimensioned liquid
chromatographic gradient systems is reduced
by a combined evaporation with a thermospray
device and the standard solvent evaporator. In
a highly satisfactory way this approach has
been applied to the analysis of Phase I and
deconjugated Phase II metabolites of the
carcinogen 2-nitrofluorene in ratbile and urine.
The metabolites that were identified are the
hydroxylated 2-nitrofluorenes (x-OH- and 9-
OH-2-NF), a mono- and dihydroxylated N-
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acefyl-aminofluorene (x-OH-N-Ac-2-AF and

x,y-diOH-N-Ac -2- AF), and a2-nitrofluorenone
(2-NF-9-O). Those metabolites that still contain
the nitro group are strong mutagens, whereas

the hydroxylated acetyl-aminofluorenes are

inactive detoxification products' The
intermediates in the formation of the OH-N-
Ac-2-AFs from 2-NF are well known mutagens

but were not detected in this study. All of the
metabolites found, bear signifi cant information
towards the toxicity of 2-NF. Only deconjugated

samples have been analyzed hence the extent of
conjugation has not been determined, but is
known to be in the order of 6O7o and mainly in
the form ofsulfates and glucuronides [5].

With regard to identification purposes in
general, the availability of electron impact
ionization has proven its value once more in
this study. Despite therecentandpresentefforts
for softer introduction and ionization methods,
which are without any doubt very valuable and

necessary, still a large number of applications
exist that are solved best with EI ionization.
Particle beam systems also provide EI, but
sofar the sensitivity is generally less when
compared to belt systems. The apparent success

of the particle beam, as measured by the number
of users, is somehow more related to its
convenient operation than to its performance.
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3.L Phase-system switching : a new approach in Iiquid
chromatography- mass spectrometry*

Introduction

Although the interest in practical applications
of combined liquid chromatography-mass
spectrometry GC-MS) e.g. in environmental,
food, and bioanalysis, is still growing [1], one
of the major problems in LC-MS interfacing
remains to be solved. Most of the present LC-
MS interfaces do not allow the use of mobile
phase additives, such as buffers, ion-pairing,
and complexing agents, while these are
frequently used in the daily practice of liquid
chromatography, especially in the fields of
applications mentioned above. As a possible
solution to these problems the use of segmented-
flow extraction systems have been investigated.
Neutral and ion-pair extraction of solutes from
aqueous mobile phases into volatile organic
solvents have been demonstrated in combination
with the moving belt interface [3-5] and wittr a
direct liquid introduction interface [6].

In the present paper another strategy to the
problem of the non-volatile mobile phase
additives is presented, i.e. a phase-system
switching based on column-switching
techniques. In the system described here the
analytical column is followed by a second
column acting as a trapping column. To explore
the potential of this phase-system switching
technique (PSS) it has been applied to the
analysis of the anticancer drug mitomycin C
(MMC, see Fig. I for strucrure), the liquid
chromatography of which is normally
performed on a reversed phase column with an
aqueous mobile phase in some cases consisting
of a phosphate buffer and containing a small
percentage of organic modifier [7]. For the
bioanalysis of MMC with LC-MS rhe moving
belt interface is the interface ofchoice, since it
permits an independent choice of thc (chemical)

ionization (CI) conditions. When athermospray
is used, MMC gives quite extensive
fragmentation, while in conventional CI only a
few strong fragment peaks are observed [9].
However, the LC-MS analysis of MMC with a
moving belt interface is hampered by the high
water content of the mobile phase and the
presence of the non-volatile buffer. Thus, the

o

HzN H2OCONH2

ocH3

Figure I Structure of the anticancer drug
mitomycinC (MMC).

phase-system switching technique can prove
its potential in this analysis. In this particular
example the valve-switching techniques are
used for heart-cutting the peak ofinterest from
the effluent of the analytical column, for
performing an on-line washing step to remove
residual buffer constituents, and for the
desorption of the compound of interest in a
solvent which is compatible with the moving
belt interface.

Experimental

Liquid chromatography
The LC systemconsisted of amodel302 solvent
delivery system equipped with a model 802C
manometer module (Gilson, Middleton,
U.S.A.), a model 7010 manual injector with a

NH

E R. Verheij, H.J.E.M. Reeuwijk, G.F. LaVos, W.M.A. Niessen, U.R. Tjaden, and J. van der
Greef , J. Biomed. Environ. Mass spectrom., 16 (1 988) 393, @ 1988 by .lorrn wiley & sons.
Reprinted with permission of John Wiley & Sons, Ltd. (slightly modifie-d).
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fixed loop of 20 pl (Rheodyne, Berkeley,
California, U.S.A.), an analytical column (see

below), a UV 757 variable wavelength detector
operating at 360 nm (Kratos Analytical
Instruments, Ramsey, New Jersey, U.S.A.),
and a BD40 pen recorder (Kipp & Zn.,Delft,
The Netherlands).

mm i.d.,5 pm particles) with Lichrospher 100

RPS material (indicated as RP8 in the text)
(Merck, Darmstadt, Germany), and stainless-
steel columns (lff) mm x 3 mm i.d.) laboratory
packed with either 10 pm particles of PRP-I
material (indicated as PRPI in the text)
(Hamilton, Reno, Nevada, U.S.A.) or 5 pm
particles Lichrosorb RP2 material (indicated as

RP2 in the text) (Merck).The valve-swirching system consisted of two
MUST valve-switching units (Spark, Emmen,
The Netherlands), a Gilson model 302 LC
pump, and a model 2150 LC PumP (LKB,
Bromma, Sweden). A three-way valve was
placed between the valve-switching units and

the moving belt interface to direct the washing
solvent flow to waste and eventually the
acetonitrile flow to the interface.

Several analytical columns (AC) with different
packing materials were used in this study, i.e.
glass cartridges (100 mm x 3 mm i.d., 5 pm
particles) with Chromspher C18 (indicated as

C18 inthetext) orC8 material (indicatedasC8
in the text) (Chrompack, Middelburg, The
Netherlands), a metal cartridge (125 mm x 4

Mass Spectrometry
The combined LC-MS with a moving belt
interface was performed on a Finnigan MAT
H-SQ 30 hybrid tandem mass spectrometric
instrument (Bremen, Germany) operated either
in the electron impact (EI) mode, or in the CI
mode using ammonia as reagent gas. The
moving belt interface operated with a solvent
evaporator temperature of 150 oC, at a belt

LC
UV MS

IV ll ilr

waste

I

Figure 2 Schematic diagram of the valve-switching system used in PSS in the LC-MS analysis of
MMC. Valves are in the position just before the injection of the sample onto the

analytical column.

The trapping column (TC) consisted of a

preconcentration column holder (Chrompack)
and a metal cartridge (20 mm x 2 mm i.d.)
which is manually filled with dry PRP1 material
(10 pm particle size).

o

oo
3

4
o
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6
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speed of4 cm s-l and the vaporizer at position
6 (corresponding to 6 W).

Chemicals
Mitomycin C is purchased as a dry mixture
with sodium chloride from Kyowa Hakko
(Kogyo Co., Tokyo, Japan). An amount of this
mixture, corresponding to 2 mg of the
compound, is dissolved in 50.0 ml water. The
solution is divided over various tubes, which
are stored in the refrigerator at -20 oC.

Acetonitrile was of high-performance liquid
chromatography (HPLC) quality (Rathburn
Chemicals, Walkerbum, U.K. ). The water used
was purified with a MilliQ water purification
system (Millipore, Bedford, Massachusetts,

U.S.A.). All otherchemicals were of analytical
grade. The buffer solution with pI{ 7.0 was
prepared by mixing 50 mmol l-1 aqueous
solutions of disodium hydrogenphosphate and
sodium dihydrogenphosphate.

Valv e - switching pro c e dure
A schematic diagram of the solvent flow system
in the valve-switching units is given in Fig. 2.
The four valves are shown in the position just
before the injection of the sample onto the
analytical column. Each valve has two positions:
one in which the ports 1 and 2, 3 and 4, and 5 and
6 ofthe valve are connected (indicated as the A-
position inTablel), and the otherin which ports
1 and 6, 2 and 3, and 4 and 5 of the valve are
connected (indicated as the N-position below

Table I Actions, valve positions, flow rates, and time schedule in the valve-switching system used
in the phase-system switching technique.

The flow rates are given for a mobile phase without modifier. For a mobile phase with a modifier
the flow rate in step 2 was 0.2 ml min'l and the water flow rate 1 ml min-l.
The optimum flow rate to desorb MMC has been given here.

a

b

Step no.

Action

1

lnieqtion

2

Heart-cutting

3

Washinq

4 5

Desorption Reqeneration

positions

Valve I

Valve ll

Valve lll

Valve lV

Flow rates (ml minl)

Mobile phase

Water

Acetonitrile

Time schedule

Without modifier

With modifier

A

N

A

N

A

N

A

A

A

N

A

N

N

A

N

N

A

N

A

N

1 1a

0a

0.2

1
't

1

1 1
'I

1

o.2 o.2 0.2 b 0.2

0 J 11 14

210 3 13 1B

6
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in Table I)

The analytical procedure can be subdivided
into five distinct steps (see also Table I). In the
first step the sample solution is injected onto
the analytical column (see Fig. 2). In the second
step the peak of interest is heart-cut and adsorbed
onto the trapping column. In the third step the
trapping column is washed with pure water to
remove residual buffer ions. In the fourlh step
the compound of interest is desorbed liom the

trapping column with pure acetonitrile and
transported to the mass spectrometer. In the
fifth step the trapping column is regenerated by
washing with water. After the completion of
this step the procedure can be repeated for
another sample. The procedure described was
tested for LC mobile phases both with and
without modifier, resulting in different time
schedules" In Table I the time schedule, the
various flow rates, and the valve positions for
each step are given. With the presentequipment
the total analysis time is 24 minutes when an

LC mobile phase without a modifier and 31

min when an LC mobile phase with a modifier
is used.

Results

Liquid Chromatography of MMC
The chromatographic properties of MMC with
various column materials have been studied in
order to determine the conditions for both the

separation of MMC on the analytical column
and the trapping of MMC on the trapping
column. A distinct difference in the retention
characteristics of the analytical column and the
trapping column must be present in order to
have sufficient separation and trapping of the
compound of interest. Therefore, the influence
of the mobile phase on the capacity factor of
MMC has been investigated for the various
column packings.

The results ofthese investigations are shown in

k'
MMC
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0
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Figure 3 Influence ofthe percentage methanol added to the phosphate buffer on the capacity
factors of MMC on different column materials.
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Fig. 3 for methanol as the modifier (with Cl8,
C8, and PRPI) and in Fig.4 for acetonitrile as
the modifier (with Cl8, C8, PRPI, RP8, and
RP2). The results indicate that it is possible to
select a mobile phase and stationary phases for
both the analytical and the trapping column
which meet the requirements. With respect to
the composition of the mobile phase, it can be
seen that acetonitrile is a stronger eluent than
methanol. For example, $tith20Ea methanol in
the phosphate buffer and a PRPI column for
MMC a capacity factor of 50 is found, while a
similar capacity factor on PRPI is found with
only 57o acetonitrile in the phosphate buffer.
With respect to the stationary phase it can be
stated that ttrere are distinct differences between
the various packing materials, even between
the two octyl packings (C8 and RP8).

Since the C8 column is the only column which
gives relatively low capacity factors when a
mobile phase without a modifier is used, this
column has been selected for use as an analvtical

column in the phase-system switching
experiments with a 1 007o aqueous mobile phase.
Since the highest capacity factors of MMC
have been found with the PRPI column, this
material has been selectedforuse in the trapping
column.

The selection of the experimental conditions
for a mobile phase with a small percentage of
modifier is more difficult. As a result of the
relatively low capacity factors of MMC even at
low percentages of modifier on all column
materials it is necessary to dilute the column
effluent with pure water in order to assure the
quantitative adsorption of MMC onto the
trapping column in a narrow band. It is pursued
to reduce the modifier content of the mobile
phase after the separation on the analytical
column to below lvo. Therefore, with a mobile
phase consisting of 2-57o acetonitrile in a
phosphate buffer at a flow rate of 1 ml min-l it
is necessary to add -5 ml min-l of water. As
such a flow rate is far too high for an efficient

90
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Figure y' Influence ofthe percentage acetonitrile added to the phosphate buffer on the capacity
factors of MMC on different column materials.
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adsorption of MMC on the trapping column,
the mobile ohase flow rate is reduced to 0.2 ml
min-l to *i1i.t t ml min-l of water is added
after the analytical column. The C 18 material is
selected as the packing material for the analytical
column. The capacity factor of MMC of about
6 under these conditions ensures a good
separation of MMC from the matrix peaks and
a relative fast analysis.

Itis notpossible to measure the MMC desorbed
from the trapping column directly with an

ultraviolet (UV) detector, because of bubble
formation in the detection cell and large
refractive index changes during the run. In
order to measure the recovery of the trapping
column the MMC was desorbed in the usual
way and a fraction of 1.5 ml of the column
effluent was collected, evaporated to dryness,
dissolved in mobile phase and injected on an
LC system equipped with an UV detector. By
comparing the peak areas with those of standard
solutions recoveries of -907o were found.

Application in LC-MS
The mass spectra of MMC obtained with a
moving belt interface are similar to those found
with direct probe introduction [9]. Thus in EI
modeextensive fragmentation and only a small
molecular ion is found, while in the ammonia
CI mode an intense protonated molecule and
only a few fragments are found. Daughter
spectra of the protonated molecule of MMC
(mlz 335) in the tandem mass spectrometric
mode show an intense peak at mlz 242, and
smaller peaks at mlz274 and 303.

When the phase-system switching technique is
used in combination with the moving belt
interface several interesting effects can be

observed. In Fig. 5b the mass spectral trace for
m/2335 in aphase-system switching experiment
is compared to the peak obtained with a UV
detector after the analytical column (Fig. 5a, in
two separate experiments). A peak compression
of a factor of 10 in the peak volume has been
obtained, resulting in a narrower and higher
signal (see Chapter 3.3 and 3.4). Some loss in
chromatographic resolution as a result of the
peak compression on the trapping column is

compensated by the selectivity of the mass
spectrometric detection or in special cases by
the use of tandem mass spectrometry, affording
an even higher selectivity. This is illustrated in
the inset of Fig. 5b. The actual flow rate has
been reduced from I ml min-i of an aqueous
mobile phase through the analytical column
down to 0.2 ml min-l of pure acetonitrile to the
liquid chromatograph-mass spectrometer
interface.

Discussion

The application of the phase-system switching
technique results in an almost independent
operation of liquid chromatography and mass
spectrometry in on-line LC-MS. It is possible
to select the most favorable solvent for the
liquid chromatograph-mass spectrometer
interface at hand and to choose a desirable flow
rate independent of the LC separation system.
The additional degree of freedom in selecting
the flow rate is of great interest with respect to
the detection limit. Since a mass spectrometer
is a mass flow sensitive detector, a higher
analyte massflow will resultin an improvement
in the detection limit. However, in practice the
gain in detection limit is often restricted either
by the chromatographio peak broadening, by
the unfavorable mobile phase composition, or
by the flow rate limitation imposed by the
interlacc and the mass spcctrometer pumping
capacity. By means of PSS itis possible to tune
the flow rate and the solvent composition for a
particular interlace. Flow rates up to I ml
min-l of pure olganic solvents can easily be

handled by the moving belt interface, while in
for example continuous flow fast atom
bombardment (CF-FAB) one wants to reduce
the flow rate down to -10 pl min-l. An
additional feature lies in the fact that a broad
chromatographic peak is compressed on the
trapping column. Desorption in a sufficiently
strong eluent will result in a narrow band. This
peak compression further enhances the detection
limit.

It has been demonstrated that it is possible to
use an aqueous mobile phase containing a non-
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Figure 5 (a) LC-UV chromatogram of MMC from the analytical column. (b) PSS LC-MS
ctuomatogram monitoring the protonated molecule atm/z 335 in NH, CI. Inset: pSS LC-
tandem MS trace of MMC in the daughter scan mode monitoring n/2242.

volatile buffer in the separation step, while the
phase system is changed to a purely organic
phase at the LC-MS interface. It is easy to
envisage the application of other non-volatile
mobile phase additives, such as ion-pairing
agents. It also opens the possibility to switch

from a polar aqueous-organic phase to a non-
polar organic phase, or vice versa, as well.
However, there are some inherent limitations
in the phase-system switching approach. The
PSS technique is based on the differences in
retention characteristics of the compound of

MS-MS trace
nlz 242

MS trace
mlz335

1 3
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interest in different phase systems. It is a

combination of separation and trapping in one
eluent using two stationary phases and
subsequent desorption with another eluent.
Although there are quite extensive possibilities
to select the appropriate phase combinations
for a particular problem, post-column addition
of a solvent to increase the retention of the
compound of interest on the trapping column or
even other more complex approaches may be

necessary. The various possibilities and several
applications of the phase-system switching
approach are currently under investigation in
our laboratory.

limitations of current LC-MS interfaces with
respect to the use of non-volatile mobile phase

additives has been demonstrated. The short
column, which is used to selectively trap the
component of interest heart-cut from the
chromatogram, notonlyenablesthe use of non-
volatile buffers in the mobile phase, but also
adds several additional features, i.e. the
possibility to tunetheflow rate forthe interface,
and have considerable peak compression,
resulting in better detection limits. Other
practical applications of this phase-system
switching approach will be reported in due
course.

Conclusions

The application of a new approach to solve
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3.2

fntroduction

Phase system switching is an effective tool for
improving the compatibility in LC-MS. A major
drawback of the method presented in Chapter
3.1 is its restriction to the analysis of a single
target compound. For the majority of biomedical
applications this is not a severe limitation. In
some cases, however, the simultaneous analysis
of more than one compound is required. A good
example is the rapidly evolving field of
stereochemistry with respect to
pharmacodynamics (drug-receptor interaction)
and -kinetics (drug metabolism and excretion)
in drug design. This is due to the somerimes
highly stereoselective nature of the involved
proteins, receptors, and enzymes.

For studying stereospecific effects in
pharmacokinetic studies of chiral drugs a
separation of the enantiomers is re4uired. Liquid
chromatography is widely accepted as the
method of choice for chiral separations, not
only because it has the greatest potential but
also as a results the physico-chemical nature of
the majority of drugs. Mass spectrometry as a
stand alone method is not effective in the

. indicates chiral centre

Figure 1 Structure of the B-blocker metopro-
lol (the asterisk denotes the chiral
centre).

Multicomponent analysis with phase-system
switching: Iiquid chromatography-mass spectro-
metry of metoprolol enantiomerst

determination of enantiomers because
ionization and fragmentation are not influenced
by enantiomeric differences. In contrast to
enantiomers, diastereomers can be distinguished
with MS methods in selected cases [l].

Chiral separations can be obtained by utitizing
a phase system consisting of a chemically
bonded chiral stationary phase and a (non)chiral
mobile phase. In this study an or-acid-
glycoprotein chiral stationary phase is irsed in
combination with a phosphate buffer as mobile
phase for the separation of the enantiomers of
the p-blocker metoprolol (Fig. I ) [2]. Although
a good separation is obtained important
disadvantageous characteristics of this phase
system are thepoorefficiency and the relatively
low selectivity. Inthe case of biologicalmatrices
the detectability can be severely hampered by
the interference of endogenous compounds.
Somehow additional selectivity has to be
introduced either by a secondary separation
step with coupled column chromatography or
by using a selective detection method like mass
spectrometry. For quantification the use of an
internal standard is recommended for the best
performance. The racemic internal standard
has to give anidentical behaviour to metoprolol
in the chiral separation whereas the secondary
separation requires each enantiomer to be
separated from its internal standard. Choosing
the internal standards is therefore difficult. In
the case of mass spectrometric detection
isotopically labelled analogues can be used
since the chromatography of both compounds
is identical but the molecular weights are
different. As the applied mobile phase is
incompatible with LC-MS interfacing the pSS
technique is used. After separation of the

A joint research project with A. Walhagen and L.-E. Edholm
Department of Technical Analytical Chemistry, University of Lund, Sweden.
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Figure 2 Schematic diagram of the valve-switching used in the LC-MS analysis of metoprolol

enantiomers using PSS. Valves are in the position for trapping of the (+)-enantiomer.

metoprolol enantiomers on the cx,t-acid-
glycoprotein column, both are (separately)

adsorbed on (two) trapping columns' After
bufferremoval, desorption and theintroduction
into the MS takes place.

Experimental

Liquid Chromatography
The chromatographic system consisted of a

model 2150 HPLC pumP (LKB, Bromma,
Sweden) in combination with a model 2152
HPLC Controlter(LKB), alowpressure gradient
mixer (LKB), and a model 7125 injector
(Rheodyne, Berkeley, CA, U.S.A.) fitted with
a20 1t"l loop. UV detection at a wavelength of
254 nm was performed using a model
Spectroflow 757 variable wavelength detector
(ABI Kratos, Ramsey, NJ, U.S.A.) and the

signal was recorded with a model BD8
Multirange rccorder (Kipp & Zn, Delft, The

Netherlands). The cr-acid-glycoprotein
column (100 x 4 mm i.d.) was obtained lrom
Chromtech AB (Stockholm, Sweden). The
mobile phase was 0.25 Vo 2-propanol in 20
mmol l-l phosphate buffer olpH 7 at a flow rate

of 0.8 ml min-I.

For the phase system switching experiments
MUST valve switching units (Spark Holland,
Emmen, The Netherlands) and/or model 7010
injection valves (Rheodyne) were used.
Trapping columns of 20 x 3 mm i.d. were
manually packed with XAD-2 material (30-40
pm pad;le size) using a slurry of 50 mg ml-1 in
methanol. Also ready to use Guard-Pakru
Bondapakru C18 cartridges of 4 x 6 mm i.d.
(Waters Associates, Milford,MA, U.S.A.) have

been used.

V alv e -Sw itching P ro c edure
A schematic diagram of the valve-switching
system is shown in Fig. 2. Appropriate switching
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times were determined with the aid of an UV
detector after injecting a standard solution of
theenantiomers. Thisprocedureistoberepeated
every day. The obtained chromatogram is shown
in Fig. 3. Accordingly, the valve-swirching
scheme was as follows; from t=4 to 8.4 min and
from t=8.4 to 12 min (+)-metoprolol and C)-
metoprolol are trapped on trapping column I
(TC 1) and 2 (TC2), respectively. After washing
for 1 min with water and drying the trapping
column for 2 min with helium the analvtes were
eluted with 0.4 or 0.5 ml min-l of methanol.

Mass Spectrometry
The combined liquid chromatography-mass
spectrometry with a moving belt interface
(Finnigan MAT, Bremen, Germany) was
performed on an H-SQ 30 hybrid mass
spectrometer (Finnigan MAT). The MS was
operated in the EI (70 eV) or Cl-mode (NH, as
reagent gas in positive ion detection mode).
Operating conditions were source temperature
200 "C and a resolution of 1000. Either scans
were made from m/z 60 to 300 at 2 s decade-l
or multiple ion detection (MID) was performed
on mlz268([M+Hl+) and 274 (protonated 2Ho-

labelled analogue). Deposition olthe desorprion
mobile phase onto the belt was done with 100
pm fused silica tubing (SGE, Victoria,
Australia) that was positioned just above the
belt surface. Operating conditions of the moving
belt were: solvent"evaporator 175 oC, belt speed
3.0 cm s-r, and sample evaporator setting 7 W.

Materials
Racemic metoprolol, 2Hu-labe[ed metoprolol,
and S-(-)-metoprolol were obtained from Hiissle
AB (AB Astra, Gothenburg, Sweden). Sodium
dihydrogenphosphate monohydrate, disodium
hydrogenphosphate dihydrate, 2-propanol, and
methanol (Merck, Darmstadt, Germany) were
of analytical grade. Distilled demineralized
water was used. Bond Elut C18 solid phase
extraction columns were obtained from
Analytichem Intemational (Harbor City, CA,
u.s.A.).

Sample preteatment
The sample pretreatment [3] included an off-
line extraction using Bond Elut C18 columns
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Chromatogram with UV detection
(254 nm) of the separation of
metoprolol enantiomers on an q,l-
acid-glycoprotein column with 20
mmol l-l phosphate buffer pH ?
containing 0.25 Vo 2-propanol.
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Figure 3

(capacity 1 ml). The columns were conditioned
with2 x I ml of acetonitrile and 2 x 1 ml of
water (subsequently).

Plasma ( I ml) was spiked with 100 gl of 1.8 mg
l-1 (6.4mmol l-t) of zHu-labelled metoprolol and
drawn through the column by vacuum. Alter
washing with two 0.5 ml volumes of 107o ace-
tonitrile in water, metoprolol was eluted with
0.5 mt of 50 7o of acetonitrile in 0. 1 mmol l-1
HCI solution. After evaporation under nitrogen
the residue was dissolved in 40 pl of mobile
phase (see above), halfofwhich was injected.

Results and discussion

Chromatography
The chromatogram of the separation of the
metoprolol enantiomers in Fig. 3 shows that the
separation is good except for some overlap due
to poorpeak symmetry. The amountof the (+)-
enantiomer lost by the employed trapping
scheme is negligible. In the case of more or less
equal amounts of both the enantiomers the
additional amount of the (+)-enantiomer that is
simultaneously trapped with the (-)-enantiomer
is also negligibie. When, however, the rate of
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elimination of the C)-enantiomeris considerably
larger than for the (+)-enantiomer, this additional
amount results in an incorrect determination of
the (-)-enantiomer level. If this would indeed
be the case a higher chromatographic resolution
is required. Another solution would be a

correction scheme with special internal
standards. In this study 2Hu-tabelled racemic
metoprolol is used. The HPLC system is
incapable of separating labelled an-d native
metoprolol, and therefore both (+)-2Hu- and
native (+)-metoproiol will be trapped on the
same trapping column (the same applies for the
(-)-enantiomers). The application of mass
selective detection allows for the necessary
separation ofthe labelled and native analogues
and the quantification of the native enantiomers.
With this isotope dilution method the problem
described above is not solved. The utilization
of two intemal standards, for instance (+)-2Ho-
and (-)-2Ho-labelled metoprolol, is an effectiie
tool for correction of possible cross
contamination, when the requirement of exact
coelution of the labelled and native compound
is fulfilled. As this approach goes beyond the
scope of this study, which is a demonstration of
the applicability of PSS for multicomponent
analysis, the more straightforward isotope
dilution method has been used.

Mass Spectrometry
Selection of the ionization method best suited
for quantification purposes was done by
recording an electron impact and a chemical
ionization (NH, as reagent gas) spectrum after
deposition of 200 ng of metoprolol on the belt
by means of a syringe. The obtained spectra are

depicted in Fig. 4 a and b, respectively. Suitable
mass to charge ratios are mlz72 in EI and the
protonated molecule atmlz268 in CI. In both
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The original setup of this study used C18
trapping columns, but due to the dimensions (4
x 6 mm i.d.) of these columns some problems
were observed with the vacuum system despite
the incorporation of a drying step. To diminish
these problems they were replaced by 20 x 3

mm i.d. trapping columns. It should be noticed
that, although the volumes of both types of
trapping column are comparable, the latter are

moreeffectively dried. A suitable C 18 stationary
phase for the trapping columns was at the time
not available and was replaced by XAD-2.
Typically XAD-2 shows capacity ratios for a
large range of compounds that are at the least
equal to those obtained with alkyl bonded
stationary phases. Desorption is achieved by
using a pure organic solvent, in this case

methanol.
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Electron impact (a) and ammonia
chemical ionization (b) spectra of
200 ng of racemic metoprolol
obtained with the moving belt
interface.

Figure 4
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modes the sensitivity is comparable. The
relatively high background at masses below
mlz l5O in El-mode with moving belt LC-MS
will result in inferior signal to noise ratios as

m/2268 (+)-metoprolol

4000

3000

150

Figure 5
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Chromatograms of the protonated
molecular ion after PSS LC-MS of
90 ng of each of the (+)- and (-)-
enantiomer of metoprolol, and a

blank (upper, middle, and lower
trace respectively) as obtained in
full-scan mode.

compared to the use of the molecular ion at
higher mass in CI. The latter is therefore
preferred. An additional advantage of CI is a
smaller detrimental effect of the observed
vacuum disturbances upon desorption than in
EL This can be explained for by the fact that the
ion source pressure is much higher in CI than in
EI by an order of magnitude of 2.

Phase -systeru switching
The injection ofan aqueous solution containing
180 ng of racemic metoprolol resulted in the
mass chromatograms of the molecular ion
shown in Fig. 5 ((+)- and (-)-metoprolol, upper
and middle trace respectively). Although the
peak heights are different, the peak areas were
found to be more or less identical. This shows
that both enantiomers are successfully trapped
and desorbed with an equal recovery.
Information of cross contamination cannot be
obtained from such experiments. The error
made due to peak overlap (see UV
chromatogram) is expected to be far smaller
than the precision of full scan recordings. In
comparison with the original peak as observed
with UV detection apeakcompression in terms
of volume of about a factor of 8 is obtained
upon application of PSS. This corresponds to
an increase of mass flow, the parameter that
really counts, by a l-actor of about 4.

An eye-catching feature is the very pronounced
memory effect. Although compounds with an
amine functional group may give a memory
effect, the extent observed is not expected for
metoprolol. A malfunction of the control unit
and the heating devices were, long after this
studyidentified as thecause. The majorproblem
associated with the memory effect in this
particular study is that it diminishes the
sensitivity. About an equal amount of compound
is found in the memory peaks as in the first
peak. The time interval between desorption of
the twoenantiomers had to beprolongedin order
to get rid off the peaks associared with the (+)-
enantiomer.

An observation with far more, disadvantageous,
implications for successful quantitative analysis
is revealed by a closer inspection of the

(-)-metoprololrn/z 268

blankm/2268
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chromatograms. Prior to the desorption the

background is very low, as there is no mobile
phase going to the belt. Upon desorption the
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Chemical ionization spectra of the
main peak (a) and the first memorY
peak (b) after injection of 1 80 ng of
racemic meloprolol. For comparison
a spectrum of the main Peak after a
blank run is included (c).

background is clearly elevated. The lower trace
in Fig. 5 shows achromatogram obtained from
a blank iniection. The peak observed is not only
due to a chemical background (e.g. contaminants
in the mobile phase), but also to a disturbance
in the ion-source pressure. A similar effect has

been observed for PSS in combination with
thermospray [3]. The effect on the spectra is
shown in Fig. 6 a,b, and c, which show spectra

from the main peak in Fig. 5 (upper trace), the

first memory peak in Fig. 5 (upper trace), and

the peak in the lower trace of Fig. 5, respectively.
The high background results in a spectrum
(Fig. 6a) of 90 ng of metoprolol in which the

molecular ion is only just the base peak. The
intensity atmlz268 is very low compared to
other masses in this particular example of the

background spectrum (Fig. 6c). Since the ion-
source pressure disturbances have a non-
reproducible nature the actual background
intensity in an analysis is variable. A spectrum
taken from the first memory peak in Fig. 5a is
almost identical to the spectrum of the main
peak. An important difference is that this
spectrum is a good representative of the real
chemical background because it is free of the

effects of the ion-source pressure disturbances.

Application of the method to plasma samples
gave disappointing results, melely due to the

high and varying blanks. Nevertheless, the ob-
tained MID chromatograms (m/z 268 and2'14\
lor a plasma sample c-ontaining 153 ng ml-l of
metoprolol and 400 ng mll of internal stantlard
are shown in Fig. 7. Just to give an idea how the
blank problem interferes with quantification
the calculated levels of (+)- and (-) metoprolol
are I l7 and 102 ng ml-l,respectively. giving a

total level of 2 l9 ng ml-r which ts l43%o of the
actual level. These figures were obtained
without subtracting the blanks in the following
run. If this would have been done a total level
of76 ng ml1 is found, or about 507o ofthe true
value. Evaluating the data at a later stage in
combination with the finding that the memory
peaks are free of the effects of ion-source
pressule disturbances, meaning that a signal at

mlz 268 is a true measure for metoprolol and

chemical background, gave a total level of 138

ng ml-1. This approach, partially based on the

250 300

268
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Figure 7

assumption that the ratio between two
consecutive peaks is a constant for a given
compound under the applied experimental
conditions, has never been tested for its validity.

1234
t (min)

PSS LC-MS analysis of a plasma
sampte containing 153 ng ml-l
racemic me-toprolol and 400 ng ml-l
of racemic 2Hu-metoprolol using
MID on the protonated molecules
(rn/2268 and274).

Of more importance is the prerequisite of
identical behaviour of both native aird labelled
metoprolol wittr respect to the memory effect.
Maybe it would have been applicable, but it is
far from elegant. A more advanced utilization
of this idea is the application of desorption
techniques like laser desorption or FAB. They
allow the instantaneous application of the
desorption energy in sharp contrast to the
standard heating device. In this way it is
imaginable that after desorption from the
trapping column and deposition on the belt the
analytes are allowed to go round once without
desorption. In the mean time the ion source
conditions are stabilized, and then the analytes
are desorbed by switching on either the laser or
the FAB-gun.

The high blank problem indicates that the
achieved overall selectivity of the method is
not adequate. Additional selectivity can be
introduced by applying high resolution mass
spectrometry or tandem MS methods. The first
is not expected to be effective because a mass
spectrometer operating under high resolution
conditions can be verysensitive to the observed
ion-source pressure fluctuations. In the case of
PSS the pressure wave will lead to defocusing.
The effectiveness of tandem MS has already
been demonstrated for mitomycin C (Chapter
3.1) and, for the analysis of metoprolol with
thermospray LC [3].

Multiple compound analysis
Switching from a single to a double target
compound system has been found to be fairly
easy. When the method has to be extended to
even more targetcompounds itis advised to use
othertypes ofswitching valves than the hexport
valves used in this study. These are available up
to 32 ports meaning that the use of more than
two trapping columns is not necessarily more
complex than two. If such a system would be
applied to a large number of samples the
possibility of automaring rhe valve switching
procedure is advantageous. Manual operation
will occasionally lead to mistakes because the
number of non evenly timed events in a single
analysis is large. Even more important is that at
the stage of data evaluation of a series of

1 4

'rt/z 274 (+)-2Hu-metoprolol

(+)-metoprololmlz268

(-)-2H6-metoprololm/z 274

(-)-metoprololm/2268
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analysis these mistakes cannot be traced. Current
trends in the field of automation of mass

spectrometry and the integration of inlet systems
like GC and LC with sophisticated software
packages running on the MS data system are

promising. Eventually this will lead to the

control of autosamplers, gradient systems, valve
switching devices (on-line sample pretreatment
and/or PSS), MS operating conditions, etc.

from within a single, thoroughly tested,
program. The increasing demand for methods
running under good laboratory practice (GLP)

conditions has a strong impetus on the
development of automated analytical methods.

Conclusion

It is shown that the PSS approach allows the
analysis of multiple analytes within a single
sample. Increasing the selectivity by using MS-
MS methods or the application of other
desorption methods will, depending on the
achieved sensitivity, enable the analytical
application of the described method. The current
results prohibit any estimation of the limit of
determination that can be attained.
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3.3 Peak compression in phase-system switching:
theoretical considerations

Introduction

In Chapter 3.1 and 3.2, the phase-system
switching (PSS) approach as a valuable tool in
LC-MS was demonstrated by the analysis of
the anticancer drug Mitomycin C (MMC) t1l
and the p-blocker metoprolol. The primary
goal for the development of PSS was to
overcome the incompatibility between non-
volatile mobile phase additives and the moving
belt, or any other LC-MS interface. PSS is
based on heart-cutting the peak of interest on to
a shoft trapping column. After removal of the
mobile phase additives, desorption and MS
introduction takes place with the solvent of
choice. PSS has been applied to LC-MS with a
moving-belt interface (MBI) [ I -3], thermospray
(TSP) t4l, and continuous flow-fast atom
bombardment (CF-FAB ) [5], but in principle, it
can be used in combination with any type of
LC-MS interface.

Peak compression is an additional advantageous
feature of PSS [ 1,2,6]. The interesring aspecr of
peak compression in time is that it enables
better detection limits when a mass flow
sensitive detector is used. This chapter, and the
next deal with the maximization of this peak
compression effect in PSS in combination with
a moving belt interface.

For the purpose of maximization, a theoretical
study can be of great help in finding the key
parameters, and to what extent they can possibly
affect the final result of PSS in LC-MS. The
interpretation of the results is similarly
facilitated by this. Therefore, the theoretical
principles and the derivation of some kind of
model of chromatographic aspects of PSS will
be discussed. Nevertheless, theoretical models
areprone to predictimpractical conditions when
relevant interface related parameters,
limitations, and idiosyncrasies are not
incorporated. The experimental part of this
optimization study in Chapter 3.4 examines

some of the parameters and to what extent their
effect agrees with the following theoretical
model of PSS.

Coupled column techniques

Phase-system switching bears a strong
resemblance with other coupled column
techniques, i.e. on-line sample clean-up and
pre-concentration. Despite the large-scale
application of these mettrods, theoretical papers
on this subject are relatively scarce [7-12).
These papers mainly focus on the design
characteristics of the pre-column with respect
to sample breakthrough (loadability) [7,8,9]
and the effect of the pre-column dimensions on
the performance of the analytical column
t10,lU. Adequate loadability is achieved by
either using a stationary phase having a large
capacity factor for the analyte(s) or by using an
adequately dimensioned pre-column (or both).
Maintaining the performance, in general
characterized by the plate number or the
resolution, requires the desorption of the
analyte(s) fiom the pre-column to be asefficient
as possible. This implies that the volume of the
sample plug transferred to the analyticalcolumn
should be minimized. Not only should this be
reflected in the chosen phase system and the
dimensions of the pre-column, but also in those
of the analytical column. The use of different
stationary phases in the pre- and analytical
column is strongly advocated, so that upon
transfer of the sample to the analytical column
analyte focusing is achieved. Reports in
literature show that the dimensions of the
trapping column (without going into extremes)
have only a small effect on peak broadening
[10,1 1]. The major reason for these findings is
thattheefficiency of the desorption is measured
by the effect on the chromatographic perfor-
mance asopposed to directmonitoring. Because
of analyte focusing on the analytical column
and peak broadening during the separation,
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information about the desorption profile is
completely lost.

The expression for the ultimate goal of pre-
concentration, the achieved enrichment or
concentration factor E, is approximated by:

Vn"^* can be exprcssed as a number ol peak

stlirtard deviations ou.oa. I lthis num berequals
6 (from V._oa-3ou to'Vr.AC+3ov) the amount
of analyte ih the peak volume is 99.7%, which
is considered to be quantitative.

Trapping is successful when this volume is
smallerthan theretention volume of the analyte
in the phase system of trapping column:, _Cor, - k'in+l

"- Ci, -k;ut+l (1)

Pre-column techniques differ in this respect

completely from PSS in which the desorption
profile of the analyte is directly monitored.
Despite the fact that the LC-MS interface may
introduce some peak broadening, this is
negligible when compared to a chromatographic
separation with a conventionally dimensioned
column. Thus, besides the enrichment or
concentration effect, the desorption
characteristics are extremely important in PSS.

The loadability requirement is a second aspect

of difference between PSS and pre-column
techniques. In PSS the analyte is extracted from
a relatively clean and simple matrix, whereas in
pre-column applications the matrices tend to be

very complex and dirty. In PSS the, mostly
inorganic, mobile phase constituents and co-

eluting compounds are the only available
candidates for interfering and competing with
the adsorption of the target compound.

From a theoretical perspective, this sums up to
a more facile description of analyte adsorption
in PSS than in pre-concentration and sample

clean-up methods. The rcverse holds for the

desorption process and the final result of the

complete analysis.

Trapping a chromatographic peak

A crucial point in PSS is the ability to trap a

compound quantitatively. This is primarily
determined by the capacity factor k'tr. In the

following it is assumed that only the volume of
the mobile phase containing the analyte (the

peak volume Vn"*) is flushed through the

trapping columnl For Gaussian peak shapes,

Vpeat ( V6,16(1+k'6)

=k'in)YI*-tvo..tc

in which Vo.ra is the void volume of thc
trapping colirmn. A rearrangemcnt of the
inequality above gives an expression for the
required k',n for trapping:

_ 66u,ec
Kin---l (3)

0.25reta6df,16.

Inequality 3 clearly expresses that 6 is the
preferred number ofpeak standard deviations,
as this allows the lowest values for k'rn.

(2)

Mass-flow tuning

In a mass flow sensitive detector the signal is

directly proportional to the mass flow:

UO = xdrr (4a)

and the mass tlow is proportional to the flow
rate

(4b)dn[ = p611;
dt

At the peak maximum C(t) is equal to the
maximum concentration Crr*. In PSS two
distinct mass flows can be distinguished. First,
the initial mass flow after the chromatographic
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separation on the analytical column:

(#L" = FACcmax,AC (s)

and secondly the mass flow after desorption
from the trapping column:

(#)- = FrcCmax,tc

under isocratic conditions is given by the
following relation:

C-u*= - 
n[L=

{(2n)Vo(t+k')

,(E)-./(IiE)-e(r+r.')

By combining equations 5 and 6, an equation
can be derived for the gain in mass flow or the
peak compression factor G:

Idml
( dtlrc

m[
FTcCmax.tc

Fadmax.ec

The second form ofEq. 8 is preferred because
the plate height (H) is independent of the column
Iength whereas N is also determined by the
column length. In PSS the effective column
length L.rr, the distance over which the analyte
zone migrates, is not necessarily equal to the
physical column length. It is determined by the
capacity factor of the compound during the
trapping process, the manner of desorption, e.g.
in back or forward flush (BF and FF),lnd in the
case of forward flush by the physical column
length. After trapping, the peak maximum of
the compound of interest has migrated through
the column over a distance Lo (the depth of
penetration) [12]:

G_

(6)

(t)

(8)

(e)

Ftccv,ac 6t,ec
FnCov.rc 6t Tc

In practice, the mass flow after the separation
on the analytical column will be a constant
given by the experimental conditions of the
analytical chromatographic system. The
maximization of the peak compression factor
then is identical to maximizing the mass flow
after the trapping column (Eq. 6). Two
parameters are available for maximization of
the mass [19w:_Cma*,TC and F-r". The latter is
most attractrve because it is under direct control
of the operator. The type of LC-MS interface,
in combination with the mobile phase
composition, and the physical characteristics
of the trapping column will determinethe upper
limit of the flow rate (see below).

Maximum analyte concentration

The maximum analyte concentration after
desorption is ttre other parameter that can be
optimized, which is an identical goal as in
chromatographic systems with concentration
sensitive detection. The concentration at the
peak maximum for elution chromatography

During trapping the chromatographic peak is
traasformed to an analyte zone on the trapping
column. Analyte present in the last fraction of
V*r* is adsorbed at the top of the column.
Ahalyte in the peak maximum has migrated
due to a volume of 3ou of mobile phase. If this
volume is equal to tlie half of the retention
volume then thepeakmaximum of the adsorbed
analyte is exactly halfway the trapping column.
The actual distribution of this zone can be
determined by means of Eq.9 and the influence
of k',n is schematically shown in Fig. l. For the
lowest value chosen for k',n, the calculated
distribution indicates breaktliiough of analyte.
According to Eq. 9 the depth of penetration is
also determined by the number of peak standard

, 0.5 vo"ur

' Arf t+k',")

3ou,ac

anlt+t'
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peak after analytical column
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Figure f Schematic diagram showing the transformation of a peak after the analytical column to

a distribution 5f tne anatyte on the trapping column for various values of the capacity

factor k'rn.

deviations used for trapping. The effect on the than during trapping'

analyte distribution is schematically shown in
Fig.2.

Equation 9 only describes the migration of the

zone due to the effluent from the analytical
column. An additional term for the migration of
the analyte during the washing step with water

should also be included. Typically, this term

can be neglected because the capacity factor of
the analyte in this step is considerably higher

Desorption mode: Back or Forward Flush

Dispersion is linearly related to the migration
distince and -time of the analyte zone, meaning

that the migration distance (L"rr) should be as

short as possible. When back flush is used as

desorption method, Lerr,BF is:
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number of peak standard deviations used for trapping
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Len.np = h (10)

and in the case of forward flush L.rr aa is:

L"n,nn = hc-h (11)

Minimization of L.r, is achieved by using the
best mode of desorption, which can be predicted
very easily by means of Fig. 1 or combining
Eqs. l0 and 11. One of the analyte zone
distributions in Fig. t has a depth of penetrarion
that is exactly the half of the trapping column
length. In this situation the use of back- and
forward flush will give identical results.
Whenever the depth of penetration is smaller
than the half of the column length, back flush
desorption is preferred. In the opposite case
breakthrough has occurred. Solving the
inequality:

L"ri,nr S L"rrrp Q2)

results in:

h < 0.5lrc

trapping column

Schematic diagram of the influence of the number of peak standard deviations used for
trapping, showing the migration of the analyte zone. An increase of the number of peak
standard deviations used results in increased zone broadenins.

of k,,_ > 
Vp"uk 

- l"' vo.rc

This is exactly identical to the expression de-
rived for successful trapping ofthe analyte (Eq.
2) and it can be concluded that back flush is the
method of choice whenever the trapping col-
umn design is such that the analyte is quanti-
tatively trapped.

Upon increasing the number of peak standard
deviations used for trapping, the criteria for
choosing back or forward flush may change. As
an example for this, the analyte distribution
most right in Fig. 2 would favor forward flush
desorption. Nevertheless, it should be noticed
that by using better trapping conditions, i.e. a
smaller number of peak standard deviations,
the analyte distribution most left in Fig. 2 can
be obtained. The latter will, in combination
with back flush desorption, give an improved
performance. Finally, it can be concluded that
whenever both proper trapping column design
and timing of valve-switching are applied, back
flush desorption is the method of choice.

However, a practical preference for forward
flush desorption can be a diminished trapping

(13) column stability as a result of repeated dra-
matic changes in the flow direction when back
flush is used. Therefore, experiments in the

(14) next chapter will demonstrate wherher the de-
sorption mode really has a marked influence on
the observed mass flow, and if so, whether the
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obtained result is in agreement with the theo-
retically expected.

The maximum analyte concentration after
desorption is:

Total variance in phase-system switching

The total peak variance after the whole PSS

procedure is the sum of a number of distinct
variances. First, the original peak shape after
the analytical column is transformed to a

distribution of the analyte on the trapping
column, and can be characterized by the depth
of penetration Lo (4. 9) and the peak variance
in units of length oj,,n:

(1 -m-vmax - (7ila.rdt+t<'ou,) 6, -
(1e)

4.rc= Hrch =
3or,oaHr"

(16)
enlt+t'

The next step in PSS is a washing step. In
general this is done with a solvent yielding a

high capacity factor, meaning that the analyte
does not migrate and that zone broadening is
negligible.

In the case of back flush desorption the
compound will again migrate over a distance
Lr. The total peak variance then is:

o7=d.in +24rc (17)

oJ = (ardt+k'""JPo) ( l8)

At desorption the variance in units of length is

transformed to a peak variance in units of
volume o'u,ra:

r/]fr)-erf t+t'",,) +2H1sI?
3

For later purposes further substitutions are not
shown here. The expression above enables the
calculation of the maximum analyte
concentration after PSS because all the
parameters are known. The major shortcoming
ofthe derived equation is that it is only valid for
isocratic elution chromatography. A more
detailed look at the nature of the desorption
process itself shows that modifier-gradient
elution is more appropriate, e.g. from lOOVo

water directly to pure organic solvent. Whether
elution is purely a result of a reduced capacity
factor in the desorption solvent is unclear, and
perhaps displacement principles are also
involved. Accurate theoretical models for these

chromatographic modes tend to be very complex
and go beyond the scope of this work. In sharp
contrast to this, it is also possible to simplify the

equation above when an additional assumption
is made. When a desorption solvent, giving a
very low capacity factor, is used, then
irrespective of ttre original analyte distribution,
the solvent will sweep the analyte into the

solvent front. Thereby the analyte zone is
compressed into a small volume. This process

is schematically shown in Fig. 3. Under these

conditions the peak variance is only determined
by dispersion processes during this desorption.
The expression for the maximum analyte
concentration after desorption in back flush
mode becomes:

C,,u* = ,/{-zn)'enJ t +t<' ou J o.r.

4,,n (1s)- d,o.
(arJt+t',,))2

L3l
tt

The migration of the compound through the

column over a distance L, Sives an additional
variance o],ra:

m (20)
,/1-zn)'enJ r +t' .,J "/Frch[
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<_
direction
of flow

desorption
solvent

Figure 3 Desorption with a solvent giving a low capacity factor k'ou, results in peak compression.
This implies that irrespective of the initial distribution the desolption profile is only
affected by the length of migration through the column.

These two expressions (Eqs. 19 and 20) for the
maximum analyte concentration can be regarded
as a worst and a best case approximation,
respectively (the part of the denominatorwhere
the two equations differ is shown in bold print).
This probably means that the first gives an
underestimation of C-* whereas the second

will give an overestimation. The difference in
the predicted C.* is not easy to predict due to
the complex nature of the difference between
the two expressions. Therefore, a numerical
approach for selected values of Hra and Lo is
applied. The trapping columns used in Chapter
3.1,3.2, and 3.4 are20x 2 mm i.d. columns,



78 Chapter j.3

meaning that Ln will be in-between 0 and l0
mm. A typical vhlueof H1g was0.3 mm. but lor
the purpose hereitis varied=between 0.1 and0.5
mm. Table I gives the ratio of the best case
prediction and the worst case prediction of
C,,,* undertheselected rangeof H.r"and Lo. On
an average basis the data show that the besfcase
prediction of Cr* is about twice as high as the
worst case prediction.

belt interface (do"=4.6 mm, L=100 mm,
N=5900, Fec= I mi-mln-1, k'ec=4, Fou, = I ml
min-', and Hrc=0.3 mm) results in:

(22)

Gain in mass llow

The expression for the best case prediction
results in a simple expression for the gain (G) in
mass flow using PSS under the assumption ttrat
the porosity of the analytical and trapping
column are equal:

G=13 ^/(1.t J
d".-r.( I +k' o,, )

This expression clearly states that the capacity
factor upon desorption should be as small as

possible. For the majority of compounds the
use of pure organic modifier results in a k'ou,
close to zero, meaning that there are only two
parameters for tuning the gain in mass flow, i.e.
the capacity factor for trapping and the column
diameter. Equation 21 advocates the use of a

Notice that the factor {3 originates in the
assumption that 6 peak standard deviations are

used lor trapping (if tnis would be x. then 
^13

changes into {x). User selectable parameters in
Eq.2l are shown in bold print. Applying this
formulae to atypical PSS system forthe moving

(21)

k',n as large as possible. The underlying reason
is that this would keep the depth of penetration
as small as possible, meaning that peak
broadening during desorption is also as small
as possible. Although this is a valid statement,
extra-column peak broadening in the switching

/(_r+ rml
1+k'or,

Table I Ratio of the worst case prediction (Eq. I 9) and the best case prediction (Eq. 20) for the
maximum analyte concentration (Cmax) using back flush desorption in PSS for selected
values of the plate height H.IC and the depth of penetration of the analyte on the trapping
column Lr.

plate height Hr"(mm)
Lo (mm) 0.1 o.2 0.3 o.4 0.5

0.5
1

2
3
4
5
6
7
I
I

10

1.6 t.5
1.8 1.6
2.1 1.8
2.3 1.9
2.5 2.1
2.7 2.2
2.9 2.3
3.1 2.4
3.3 2.5
3.5 2.6
3.6 2.7

1.5
1.5
1.7
1.8
1.9
2.0
2.1
2.1
2.2
2.3
2.4

1.5
1.5
1.6
1.7
1.8
1.8
1.9
2.O

2.1
2.1
2.2

1.5
1.5
'L6

1.6
1.7
1.8
1.8
1.9
1.9
2.0
2.1
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valves, tubing, and the LC-MS interface limits
the attainable efficiency by increasing k',n. The
second parameter for maximizing the peak
compression, i.e. the trapping column diameter,
should be as small as possible according to Eq.
22. Because there is a stringent relation between
the column diameter and the flow rate a more
detailed discussion will be given below. It
should be noticed that Eq. 22 is a best case
prediction and it has been found above that the
worst case prediction of the gain in mass flow
may be two times lower.

Desorption flow rate

Mass flow is not only increased by maximizing
C,',u*, but also by maximizing the desorption
flow rate. According to Eq. 21 the gain in mass
flow, and thus also the mass flow after
desorption, is linearly related to the desorption
flow rate. However, upon increasing the
desorption flow rate the trapping column
efficiency will decrease because the linear
mobile phase velocity will also increase. This
can be seen in the van Deemter-equation (Eq.
23), which is the relation between the plate
height (H) and the linear mobile phase velocity
(u):

H=A+E+Cu
u

(23)

In this expression A, B, and C are constants. For
the typical linear velocities used in PSS with a

moving belt interface the plate height is
primarily determined by the Cu-term. The
influence on the mass flow by increasing the
flow rate can be calculated using a simplified
expression for the mass flow using back flush
desorption (best case prediction):

following expression:

Hrc-u

which implies:

- 
Fou,

d3,,"

$=rr^ffi (2s)

In shary contrast toEq.24 the last expression
clearly indicates that the mass flow after
desorption is not linearly related to the
desorption flow rate, but to the square root of
the desorption flow rate. Despite this dramatic
loss in improvement of the mass flow the
desorption flow rate should still be as high as
possible as the applied LC-MS interface allows.
The trapping column diameter appears to be
irrelevant because it is not included in fu. 25
(also not in the constant K2). This is an
incorrect conclusion because the derived
expression can only be applied when the
compound has been trapped under certain
experimental conditions, including the trapping
column dimensions.

Trapping column diameter

The same strategy as was used above for the
desorption flow rate is applied here to the
trapping column diameter assuming that the
desorption flow rate is kept constant and that
the plate height is independent of the trapping
column diameter. Then it follows thatchanging
the diameter has no net result on the mass flow.
Therefore, it can be concluded that the trapping
column diameter has no influence on the
obtained mass flow and the gain in mass flow.
This can be explained as follows. When the
diameter is decreased by a factor of 2 then the
depth of penetration is increased by a factor of
4. Upon desorption using flow rates that will
give identical linear velocities in both systems

Hrc

and hence:

dm = K, Fort
dt 'd".rc^E;, (24)

where K, is a constant. By substituting the
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(identical plate height) the product of C**
(factor of 4 higher) and F (factor of 4 lower) is
constant. If the flow rate is not changed
accordingly then the plate height and Cn,u* will
decrease to such an extent that the product of
C*r* and F is left unchanged. It should be
noticed that these conclusions are only valid
when high desorption flow rates (linear
velocities) are used because only then will the
Cu-term of the Deemter equation be important.
For the moving belt and thermospray interface
this means that it there is no clear advantage by
using very small i.d. columns, e.g.<1 mm. In
contrast to this a small column diameter is
advantageous for LC-MS interfaces where low
desorption flow rates are required (< 20 pl
min-t) such as CF-FAB and ESP. A good
strategy for choosing the best column diameter
in PSS would be to determine the upper
desorption flow rate for the applied interface.
Using a certain flow rate a column diameter
should be chosen that will result in a linear
velocity resulting in the lowest plate height.

Trapping column efficiency

According to Eq. 2l the plate height of the
trapping column has a small influence on mass
flow, as the mass flow is inversely proportional
to the square root of the plate height. Better
efficienciescan be obtained by using stationary
phases with asmallerparticle size. An additional
improvementcan be a betterpacking method of
the trapping columns. Typically, they are
prepared with dry orslurry packing methods, in
which the packing material is manually
introduced in the trapping column. As a result
the efficiencies are very low for these columns.
Efficient columns are obtained by using a

mechanically pressurized method resulting in a
dense packing. The rather rough use of the

trapping columns, by repeated abrupt changes
in the flow direction, will quickly deteriorate
the efficiency of a column. The better the
column, the more pronounced this effect will
be.

Conclusion

A model ofPSS has been derived that enables
a quantitative estimate of the effect of various
parameters on the experimental results.
Accurate predictions are hampered because
extra-column band broadening has not been
taken into account, but the attainable peak
compression will be limited by this in practice.
Fufthermore, the desorption model has been
idealized and the applied text-book relations
for various chromatographic parameters apply
only to isocratic chromatography and symmetric
peaks.

Neverlheless, the model gives insight in to the
parameters ofinfluence in PSS and can be used
for predictions of a qualitative nature. Important
parameters for optimization of C.u*, and thus
the gain in mass flow, are the capacity factors
under trapping and desorption conditions. The
first should be as high as possible whereas the
latter should be very small, e.g. close to zero in
the ideal situation. The column diameter was
found having no influence whatsoever. The
mass flow after desorption is linearly related to
the square root ofthe desorption flow rate. The
trapping column efficiency is expected to have
an effect, but this will be of limited value in
practice. The theoretical considerations strongly
indicate that back flush desorption is always
prefened over forward flush. In the following
chapter a number of the parameters given above
will be tested for their effect.
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m
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= column area = 0.25ntd"2
= analyte concentration function (normal distribution)
= analyte concentration at peak maximum
= inner column diameter
- particle diameter
= mass flow
= enrichment factor
= flow rate

= height equivalent to a theoretical plate (plate heighQ
= constant
= capacity factor
= capacity factor under trapping conditions
= capacity factor under desorption conditions
= physical column length
= depth of penetration
= effective column length
= mass of analyte injected (g or mole)
= number of theoretical plates

= linear mobile phase velocity through column
= peak volume
= void column volume
= retention volume
= number ofpeak standard deviations used for trapping
= pressure drop
= column porosity
- peak standard deviation

= analytical column
= back flush
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= trapping column
= units of time
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3.4

Introduction

In the previous chapter a theoretical model has
been derived for PSS. A number of relevant
parameters have been indicated, and are
investigated in this chapter. The intended
experiments are not aimed on the production of
large data sets in order to come to an exact
mathematical model. For this purpose the data
on desorption profiles should be very precise
and accurate, which, in the case of LC-MS, is
not easily accomplished. Besides, the cost of
mass spectrometric measurement time limits
the scale of the study. A much better and
cheaper detection method for investigating
desorption profiles is one of the more
conventional HPLC detection systems, e.g. UV-
VIS, fluorescence, electrochemical, and
refractive index detectors. As stated in Chapter
3.1 these detection systems cannot be used for
this study because the desorption method will
lead to severe refractive index changes and air
bubble formation in the detection cell.

Although the moving belt interface is
characterized by a relatively independent
operation of LC and MS, this is not the case for
the combination of LC and the interface itself.
Varying the chromatographic conditions
requires the operating conditions of the moving
belt interface to be changed accordingly.
Therefore, a number of interface related
parameters and their influence on the obtained
mass flow with PSS are discussed.

Experimental

Liquid chromatography
The chromatographic system consisted of a
model 2150 HPLC pump (LKB, Bromma,
Sweden) in combination with a model 2152
HPLC controller (LKB), a low pressure gradient
mixer (LKB), and a model 7125 injector

Maximization of the peak compression effect in
phase-system switching

(Rheodyne, Berkeley, CA, U.S.A.) fitted with
a20 Stl loop. UV detection at a wavelength of
254 nm was performed using a model
Spectroflow 757 variable wavelength detector
(ABI Kratos, Ramsey, NJ, U.S.A.) and the
signal was recorded with a model BDS
Multirange recorder (Kipp & Zn, Delft, The
Netherlands). The Chromspher C8 and C18
cartridge columns (both 100 x 3 mm i.d. and 5
pm particles) were obtained from Chrompack
(Middelburg, The Netherlands). The 100 x 3
mm i.d. XAD-2 column (8-9 pm particle size)
was laboratory made.

For the phase system swirching experiments
MUST valve swirching units (Spark Holland,
Emmen, The Netherlands) and,/or model 7010
injection valves (Rheodyne) were used.
Trapping columns of 20 x 3 mm i.d. and 2 mm
i.d. were manuallypacked withXAD-2 material
of variousparticle sizes. Both a dry packing and
two slurry meLhods have been used. Slurries of
50 mg ml-l were prepared in methanol. The
slurry was introduced in the trapping column
either by using a syringe and a special column
holder or by applying a reduced pressure at the
end of the column. Prior to experimental use the
trapping columns wentthrough ten blank valve
switching procedures by subsequently flushing
the column for 15 s with water, nitrogen, and
methanol. Within a series of experiments a
single trapping column was used to cancel in-
between column differences. In general, the
trapping column was daily replaced with a new
one, although the good stability allowed a
prolonged use.

Valv e - switching pro c e dur e
A basic description of the valve-switching
procedure has been presented in Chapter 3.1
and3.2. A Uv-detector was placed in-line for
determination of the switching-times for proper
hearrcutting of the analyte. The washing step
with water at I ml min-l lasted for 2 min.



84 Chapter j.4

Subsequently, thecolumn was dried by flushing
it with helium or nitrogen. The helium or
nitrogen flow was regulated with a fine metering
valve. Methanol was used for desorption of the
analyte. The column was regenerated with water
prior to the next analysis for 2 min. Additional
regeneration takes place during the
chromatographic separation of the next sample.

For studying desorption profiles the analytical
column was left out and diuron was directly
injected on to the trapping column with pure
water (l ml min-l ) as solvent. The switching
times were identical to those mentioned above.

Mass spectrometry
The combined liquid chromatography-mass
spectrometry with a moving belt interface
(Finnigan MAT, Bremen, Germany) was
performed on an H-SQ 30 hybrid mass-
spectrometer (Finnigan MAT). The MS was
operated either in the El-mode, or in the CI-
mode (ammonia as reagent gas). Operating
conditions were source temperature 200 oC,

resolution 1fi)0 with a trapezoidal peak-shape.
Analyses were done using MID on the molecular
ion of diuron mlz 232 (M+') in EI, and the
protonated m olect:Je ml 2233 ([M+H]+) and the
ammoniated m olectle ml z 250 ([M+NH.]+) in
CI. The majority of the measurements was
done in CI mode. Depending on the ionization
method the amount of diuron was either 10 ng
in CI or 100 ng in EI. Deposition of the
desorption mobile phase onto the beltwas done
with a 50 pm i.d. fused silica capillary (SGE,
Melboume, Australia) tlat was positioned just
above the belt surface. Operating conditions of
the moving belt will be mentioned in the text.

Data evaluation
For interpretation of the results peak areas (A)
and peak heights (h) were calculated with the
MS datasystem. The peak height is a measure
for the mass flow while the peak area is a
measure for the amount of analyte that has
entered the MS. For a given amount of analyte
the peak area is theoretically constant,
irrespective of changes in chromatographic
conditions as long as they do not influence the
operating conditions of the MS.

Changes in peak area can occur for instance as

a result of instability of the mass spectrometer
during a series of measurements (long term
drift). In the case of a chromatographic peak
with a certain profile the peak height will change
accordingly. In the case of a large number of
experiments aimed on maximizing the mass
flow in PSS this effect hampers the interpretation
of the results. With respect to this, it is of the
utmost importance to notice that in this study
the goal is to m aximizethe absolure peak height
because this parameter, in combination with
the noise level, determines the detection limit.
Somehow, another parameter enabling the
interpretation and comparison of the results has
to be used. Assuming stable detector response
during peak detection (fiom a few seconds to
about a minute), the peak width is a good
candidate. Equation 7 in Chapter 3.3 shows
that the mass flow is proportional to the
reciprocal of the peak standard deviatioD ot.out.
The peak standard deviation of a Gaussian
chromatographic peak is half the peak width at
a height equal to 0.6 times the peak height.
Typically the peak shapes obtained in LC-MS
are not as smooth as, for example, with UV
detection due to noise and sampling effects.
The determination of the peak standard deviation
with this procedure is therefore notreproducible.
Another method for the approximation of o, is
the area method [13]:

61 A
h@r

(1)

The accuracy ofthis approximation depends on
the peak symmetry. Despite the asymmetric
peaks obtained with PSS it was found that this
method was satisfactory for this study.

For measuring the chromatographic
performance the peak standard deviation in
units of volume ov, is obtained by multiplying
o, with the applied flow rate F. This parameter
gives insight in the effect of various PSS
parameters on the desorption efficiency.
However, the mass flow is not solely determined
by the efficiency of the desorption process but
also by the performance of the moving belt
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interface under the used PSS conditions. As
peak widths are not significantly affected by
the interface performance this procedure is not
suitable for optimizing the operating conditions
ofthe interface and consequently absolute peak
heights or areas have to be used.

Materials
Throughout this study analytical grade methanol
(Merck, Darmstadt, Germany) was used. Water
was prepared with a GFL Bi-Dest 2108
distillation apparatus (GFL, Germany) from
demineralized water. Diuron (Riedel de HaEn,
Seelze, Germany) was of 99Vo purity.

Results and discussion

Hardware improvements
As stated in the previous chapter the mass flow,
characterized by the peak height, is proportional
to the desorption flow rate. High flow rates are

desirable but one of the major drawbacks in the
PSS experiments with Mitomycin C was the
limited desorption flow rate of maximum 0.2
ml min-l oIacetonitrile. This is small compared
to the flow rates thatcan be used in combination
with the MBI, for example for I 007o acetonitrile
a flow rate of 1.0 mt min 1 is compatible. The
reason for this is that the water, which is used to
remove the buffer, is still presentin the trapping
column when desorption is initiated. Water
cannot be applied to the moving belt at high
flow rates without disturbing the vacuum system
of the MS. Especially since the analyte will be
eluted in the organic solvent and the operating
conditionshave to be adapted to this. Otherwise
sample loss can occur due to a too high solvent
evaporator temperature. Removal of the water
by means of 'drying' the column with helium or
nitrogen solves this problem. Drying not only
allows higher desorption flow rates, but at the
same time was found to improve desorption
characteristics. The use of methanol instead of

2
tr Chromspher CB

O Chromspher Cl8

I XAD2

log k'

0
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% methanol
80 100

Figure I Influence of the percentage of methanol in the mobile phase on the logarithm of the
capacity factor of diuron on C8, Cl8, and XAD-2 stationary phases.

1
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acetonitrile contributes in a similar way to the
use of higher flow rates, because methanol is
easier evaporated than acetonitrile. With these
modihcations flow rates of up to 1.0 ml min-l
ofdesorption solvent are easily achieved.

Chromato graphy of diuron
The herbicide diuron was chosen as the model
compound. It is not very sensitive to thermal
degradation and forms a good representative
for the application range of the moving belt
interface.

PSS requires a difference in retention
characteristics ofthe analytical and the trapping
column fbr the compound of interest. The effect
of the methanol content of the mobile phase on
the capacity factor of diuron has been
investigated for various column packings. Plots
of the logarithm of the capacity factor versus
modifier content are shown in Fig. 1. Clearly
the use of a combination of C8 and Cl8 is
ineffective as there is no difference in retention
characteristics. On the other hand the use of
XAD-2 gives capacity factors that are about

one order of magnitude larger than for C8 and
Cl8. Diuron is effectively trapped on a XAD-
2 column for methanol contents lower than
607o while at the same time rapid desorption of
diuron is achieved with pure methanol as k' has

a value close to zero.

PSS experiments for different modifi ercontents
(30, 40, 50, an d 60 Vo) of the mobile phase show
that the peak areas become slightly smaller
with increasing modifier content (Fig. 2a).
Causesforthiseffectare breakthrough athigher
modifier contents and/or an increased memory
effect of the moving belt interface during the
course of the experiment. Although the changes
in modifier content will give different
distributions of diuron on the trapping column,
after desorption the peak standard deviations,
ot, are still identical as is shown in Fig. 2b. In
Chapter 3.3 this effect was only used as an
assumption for simplifying the model, but the
results show that this is actually occurring.
Included in Fig. 2b are the peak standard
deviations as they were obseled after elution
from the analytical column with an UV detector.
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Ftgure 2 Influence ofthe percentage methanol (30,40, 50, and 607o) in the mobile phase on (a) the
observed peak areas in PSS LC-MS, and (b) the peak standard deviations of the observed
diuron peak in PSS LC-MS (solid bars) with a moving belt interface compared to
those after elution from the analytical column (patterned bars) (n=2). Conditions:
AC : 100 x 3 mm i.d.,5 pm C8, F = 1.0 ml min-l
TC : 20 x 3 mm i.d., 30-40 pm XAD-2, 1007o methanol, F = 0.5 ml min-1
MB : belt speed 3.5 cm s-I, solvent evaporator 150'C, sample evaporator 8 watt
MS : EI, MID m/z 232 (M+'of diuron, 100 ng)

I
E
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The theoretical gain in mass flow due to a
reduction in peak width, varies with the modifier
content, because the peak widths after the
analytical column at high modifier content are
so small that peak compression is difficult to
obtain. Spectacular gains are not yet obtained
because a desorption flow rate of only 0.5 ml
min-r was used. The average peal standard
deviation of 3.7 s is good with respect to typical
values in HPLC, but still holds opportunities
for improvements.

Forward or backflush desorption
Whether the use of forward or back flush has a
marked influence on the mass flow, a PSS
experiment was done using the direct loading
of the trapping column without an analytical
column. With the high capacity factor (k',n
-1700, value obtained by extrapolation from

data presented in Fig. I ) underthese conditions,
diuron will be trapped at the top of the column.
The theoretical expectation is convincingly
confirmed by the result that the back flush
mode is to be preferred. The data in Table I
show values of q and l/o, obtained by de-
sorption in both modes at 0.2 and 0.4 ml min-l
of methanol (sequence of analysis was BF 0.2,
BF 0.4, FF 0.2, and FF 0.4). The reproducibility
waschecked byrepeating the BF0.4experiment
at the end ofthe series, of which the results are
included in Table I. Clearly, back flush
desorption is far more efficient than forward
flush desorption in this selected case. The
obtained results also indicate that the trapping
column was overdimensioned.

An interesting question is whether the obtained
results are in agreement with the theoretical

Table I

Table II

mode

BF
FF

F (mlmin-r)
measured

0.2 0.4

10.9 14.7 I

20.6 24.1 
|

Effect of forward and back flush desorption at flow rates of 0.2 and 0.4 ml min-1 on the
obtained peak profile, measured as ot, ov, and 1/o, (n=2, values between brackets are the
standard deviations).

Mode F (ml min-l) o1(s) o, (uD t/o, (s-1)

BF

FF

BF

FF

BF'

o.2

o.2

0.4

o.4

0.4

predicted difference
(best case) 0.2 0.4

o.7
13.8

0.31 (0.02)

0.17 (0.01)

0.46 (0.06)

0.28 (0.02)

0.45 (0.03)

predicted difference
(worst case) 0.2 0.4

3.3 (0.2)

6.2 (0.3)

2.2 (o.s)

s.6 (0.3)

2.2 (0.2)

10.e (0.6)

20.6 (1.0)

14.7 (2.o)

24.1 (1.8)

14.8 (1.2)

' repetition of the BF 0.4 experiment at the end of lhe series

Values for the peak standard deviations ou (pl) according to the model derived in Chapter
3.3 and the actual values as obtained using desorption flow rates of 0.2 and 0.4 ml min 1

in back flush and forward flush mode. AIso included are the differences between the
calculated and measured values (using the rule ofadditivity ofvariances).

peak standard deviation ou (pl)

10.9 14.7 | 1 .4 1 0.8 14.6
15.3 19.7 | 13.9 15.2 19.7
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considerations given in Chapter 3.3. Under the

operating conditions used here (a 20 x 3 mm
i.d. trapping column, k'i,=1700, k'ou,=0,
o".o.=10 pl, x=100, H=3fi) gm, e=0.8) the
application of Eq. l8 and a similar expression
for forward flush desorption (not shown) result
in the predicted peak standard deviations given
in Table II (both for the best and the worst case

situation). The observed values exceed the

theoretical values dramatically, especially in
the case of back flush desorption. One of the

major reasons, namely extra-column peak
broadening was already anticipated in Chapter
3.3. The differences (calculated using the rule
of additivity of variances) are very similar for
the two desorption directions butincreasewhen
the desorption flow rate is increased.
Apparently, the results indicate a more or less
constant extra-column peak broadening that is
independent of the mode of desorption. The
increased peak standard deviation upon

increasing the flow rate can either be a result of
increased extra-column peak broadening or a

decreased desorption efficiency.

Influence ofthe desorptionflow rate on the
observed mass flow
The effect of the desorption flow rate on the
mass flow (peak height) has been studied with
PSS experiments using a range of desorption
flow rates (0.1,0.2, 0.3, 0.4, 0.6, and 0.8 ml
min-I, n=3). This was done using a real PSS

system, that is, with an analytical column. A
very strong memory effect, even after applying
the deactivation procedure with Carbowax 20M,
severely hampered theseexperiments. This was
an unexpected phenomenon as it has not been
observed before for diuron and resulted in a set
of equal peak heights for all desorption flow
rates tested (it was found that the observed
memory effect for diuron originated in a

malfunction of the sample evaporator control

t/o, (s-1)

o t/o,(s-1)

r o, (ul)

0.2

0.3

o.2

0.1

0.0

50

40

30

20

10

o, furl)

0

0.4 0.6

flow rate (mlmin
0.8 1.0

1

Figure 3 Graphs of the effect ofthe desorption flow rate in PSS on the peak standard deviation ov
and the mass flow as measured by 1/o,. Experimental conditions as in Fig. 2.

0.0
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electronics). Since the order was from a low to
high flow rate diminished peak areas were
observed at the high flow rates due to depletion
of Carbowax in time. Nevertheless, by using
l/o, as measure formass fl ow, these experiments
still contain interesting information about
desorption characteristics in PSS at different
flow rates. The data show that increasine the
flow rate from 0.1 to 0.8 ml min-1 impr6ved
1/o, by a factor of 2.3.If this is compared to the
theoretical value of 8 (0.8/0.1) when the linear
relation between mass flow and the flow rate
(Eq. 4b in Chapter 3.3) is used then it is obvious
that the results do not agree with this. However,
the derived model of Chapter 3, which states
that the mass flow will be proportional to the
square root of the flow rate, predicts an
improvementby a factorof 2.8 ({8). This value
agrees very well with the found improvement
of 2.3. Consequently, values of o, show a
decrease in chromatographic efficiency in the
desorption step by a factor of 3.5. A graph of
1/o, and 6v versus the desorption flow rate is
shown in Fig. 3.

After repair of the moving belt electronics the
experiment was repeated to produce a better
data set. An important prerequisite for this kind
ofexperimentis a good stability of ttreoperating
conditions of the total system. This can be
achieved when a series of analysis is performed
over a time period as short as possible, to cancel
out drift. The previous experimental design
with a complete PSS system takes a whole day.
The sample throughput was increased by leaving
out the analytical column. This is a valid
approach because the observed decrease in
efficiency is clearly a result ofpeak broadening
during the desorption process and LC-MS
analysis at increasing flow rates. It is unlikely
that the chromatography on the analytical
column and the trapping step play a role in this.
In this modified system diuron is injected on to
the trapping column with 1007o wateras canier.

The experiment was repeated and the obtained
results are presented in Fig. 4a. When Fig. 3 and
4a are compared the values from this experiment
indicate a far more efficient desorption. The
major reasons are the different trapping schemes

and a change-over to slurry packed trapping
columns which were found to perform better
than the dry packed columns. Nevertheless, a
similar trend has been observed. In this case the
mass flow is expected to increase by a factor ol
3.2 (! l0), but the observed increase of 1/o, is a
f actor 2.7 - Values of 6u increase by a lactor of
about 3.6. These results are again in good
agreement with the theoretical model of Chapter
3.3. As stated before the primary interest is to
enhance the obtained peak heights by increasing
the desorption flow rate. The graph of peak
height versus the desorption flow rate in Fig. 4b
proves thatincreased peak heights are the result.
The shape of the curve is very similar to a
square-root function. Therefore a plot of the
squared peak height versus the desorption flow
rate is included in Fig. 4b, that indicates a quite
linear relation.

Despite the good agreementbetween the model
and the results, the obtained improvements of
the mass flow in the two experiments are still
smaller than the predicted improvements.
Obviously there is an additional mechanism
that introduces peak broadening at increasing
flow rates.

Detrimental ffict of mobile-phase
deposition
The deposition of mobile phase at the belt by
means of a stainless steel capillary has a
detrimental effect on the peak-shape. Back-
mixing at the end of the capillary results in
tailing peaks and peak broadening. In a
following chapter about belt speed
programming as a method of detectability
enhancement it will be demonstrated that this
detrimental effect can be sisnificant at low belt
speeds of 0.6 and 1.7 cm s- 

I In combination with
a stainless steel deposition capillary. In this
study a fused silica capillary was used for
deposition (i.d.50pm) and the belt speed of 3.0
and 3.5 cm s-r is considerably higher'. Whether
under these conditions peak broadening during
the deposition step is an importantcontribution
to the overall observed peak broadening at
increasing flow rates, or not, the results offlow
injection analysis experiments with MS
detection are compared with those obtained
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a) o.7

0.6

0.5

o.4

0.3

0.2

0.1

0.0

o t/o, (s-1)
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Figure 4 The effect ofthe desorption flow rate (1007a methanol) on the peak standard deviation o,
and the mass flow as measured by l/o, (n=3) (a). The effect of the desorption flow rate on
the peak height and the squared peak height (n=3) (b). Conditions as in Fig. 2, except:
injection of 20 pl directly on TC, l0 ng diuron, MS : CI, lv[lD n/2233.

1.2
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Figure 5

with UV detection. Peak standard deviations
with UV detection were obtained by taking half
the peak width at a height of 0.6 times the peak
height. In order to get comparable MS data this
method, in addition to the area method described
earlier, has also been used for the MS data. The
differences in the peak standard deviations
from the FIA MS experiments as obtained with
both calculation methods (Fig. 5) are negligible.
When the UV and MS detection are compared,
the peak standard deviations with MS detection
are invariably higher than those with UV
detection, but the small difference is remarkable.
This means that peak broadening in moving
belt LC-MS is only slightly more than with UV
detection. Peak broadening during deposition

1.0

-1

increases slightly at increasing flow rates. For
comparison Fig. 5 also shows plots of the peak
standard deviations obtained withFlAand PSS.
Obviously, at flow rates up to 0.4 ml min-l the
performance of the PSS method is better than
loop injection whereas forhigher flow rates the
two arecomparable. The resulting peakprofiles
are shown in Fig. 6, for a flow rate of 0.2 and 1.0
ml min-r under FIA and PSS conditions.

Visual observation of the back mixing effect
showed that the use of small inner diameter
fused silica capillaries ( <= 100 pm) are to be
prefened to the stainless steel capillaries (and
the thermospray deposition device). The use of
50 pm FS-capillaries gives aliquid jetimplying

0.0 0.4 0.6

flow rate (ml min

0.8

Plots of the peak standard deviation o, (pl) versus the flow rate as obtained under FIA
and PSS conditions using UV or MS detection. The graphs of 6v obtained by the area
method (open squares) and the graphic method (half the peak width at 0.6 of the peak
height, filled squares) for FIA experiments with MS detection indicate an excellent
agre€ment between those two methods. The data for the FIA experiment with UV
detection (filled circles) show that peak broadening by the moving belt interface is
comparable to UV detection. Peak standard deviations after PSS (open circles) are
smaller than in the FIA experiment at flow rates smaller than 0.4 ml min-t. At higher
flow rates they are similar.
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minimal backwashing when the capillary end is
positioned at a small distance above the belt
surface.

also a function of the flow rate used. Another
problem arises from the PSS switching scheme
used. In all valve positions there is a constant
flow of methanol to the belt except just after
switching to the desorption position.
Disturbances in the transfer line result in an
unstable spray. Because the analyte is directly
in the solvent front deteriorated peak-shapes
are obtained. Similareffects have been observed
in studies of PSS in combination with
thermospray LC-MS [ 21.

Experiments with a thermospray deposition
device did not show substantially less tailing
peaks. From a practical point ofview the use of
the thermospray deposition device is very
cumbersome because the total number of
parameters that have to be optimized is
increased: distance and angle of the spray
relatively to the belt surface and the spray
temperature. The optimal spray temperature is It can be concluded from the data that an

10 s 10 s

10 s 10 s

Figure 6 Observed peak profiles either using PSS or FIA at flow rates of 0.2 and 1.0 ml min-1
(conditions as in Fig. 4).

F = 1.0 ml min-1FIA F = 0.2 ml min-1FIA

F = 1.0 ml min-1PSS PSS F = 0.2 ml min-1
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a) The analyte transport efficiency ofthe moving belt interface depends on the solvent
evaporator temperature. b) The relation between the peak heights and the flow rate at the
maxima of a) is almost linear (open squares). Repetition of the experiment using the same
settings a day later (filled squares) implies the need for daily optimization.

Figure 7
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increase of the flow rate results in a slightly
increased peak broadening during deposition
on the moving belt. Perhaps this is an explanation
for the smaller improvement in mass flow by
increasing the desorption flow rate in PSS than
was theoretically expected. A very important
conclusion is ttrat the performance of PSS is at

Ieast as good as that of FIA with a 2O 1tl
injection loop.

Trapping column design
The results point out, in concordance with the

theoretical expectation, that elution of the

analyte becomes less efficient by increased

linear velocities of the mobile phase for the

higher flow rates. The obvious cause for this is
an impaired mass-transfer (the C term in the

van Deemter equation). The fact that prior to
desorption the analyte is strongly adsorbed to
the stationary phase as the packing material is,

despite the drying step still wetted with water
contributes also to this effect. Upon flushing
thecolumn with methanolthe actual desorption
is therefore not instantaneous. At increasing
linear velocities this delay has an increasing
detrimental effect on peak broadening.

In Chapter 3.3 il has been found that from a

theoretical point of view the trapping column
diameter has no influence at all. Experiments
with 2 and 3 mm i.d. columns did not result in
statistically significant differences. Other
column diameters have not been tested.

It is interesting whether the theoretical and

experimental study can result in a general
strategy for trapping column design. The results
indicate that the best performance is obtained
when the trapping column is used at an optimal
linear velocity of the mobile phase. For this
purpose the maximum flow rate that can be

used with the LC-MS intedace of choice has to
bedetermined. Thenthe diameterofthetrapping
column diameter is chosen such, that in
combination with this flow rate, the optimal
linear velocity is obtained. Because in PSS it is
desired thatthe analyte is trapped quantitatively
the peak volume after the analytical column
and the capacity factor during trapping
determines the required volume of the trapping

column. Combined with the diameter the
minimum required column length can be

calculated. Because the best per{ormance is
obtained with back flush desolption the column
can be much longer than the calculated
minimum column length, without deteriorating
the performance.

Influence of solvent evaporator temperature
on the transport fficiency of the moving belt
interface
One of the striking observations in this study is
that pezrk areas vary as a function of the flow
rate. The most obvious source for this
phenomenon is the solvent evaporator
temperature which is related to a number of
parameters namely the belt speed, the mobile
phase composition, the mode of deposition,
and the flow rate. In general, the relation of
these parameters is relatively straightforward
from a qualitative point of view, for instance,
higher flow rates require higher solvent
evaporator temperatures. The PSS experiments
as describedbeforewere all donewith aconstant
solvent evaporator temperature.

The influence of the solvent evaporator
temperature (50-180 oC in 10 oC steps) on the
measured peak area in FIA mode has been

studied for selected flow rates (i.e. 0.2,0.4, 0.6'
0.8, and l.0ml min-1 of methanol). The results
in Fig. 7a show the existence of an optimal
solvent evaporator temperature for every flow
rate. A temperature too low causes incomplete
evaporation of mobile phase and the introduction
of mobile phase in the ion source. Disturbances
in the ion-source pressure, defocusing of the

ion optics, and changes in the ionization
efhciencylead to asmallersignal. Atemperature
thatis too high will lead to thermal degradation
and/or evaporation of the analyte(s). The solvent
evaporator temperature versus flow rate curye
will be different when analyte, mobile phase

composition, belt speed, deposition method, or
ionization mode are changed.

A number of other interesting observations can

be made from the results. For each flow rate the

peak height for the optimal solvent evaporator
temperatures versus the flow rate is plotted in
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Fig. 7b. The observed linear relation is in perfect
agreement with theory. Knowing the optimal
solvent evaporator temperatures for each flow
rate it was decided to do a FIA experiment with
different flow rares (0.2,0.4,0.6, 0.8. 1.0 ml
min-I ) at the determined optimal solvent
evaporator temperatures ( 80, 80, 90, 110, 120,
and 130 oC respectively). The results are
included in Fig. 7 and show that although
optimal temperatures have been used the peak
heights atF=0.8 and 1.0 ml min- I are lower than
expected. This shows that precise control is
very difficult. Similar experiments have been
done with PSS (without analytical column)
instead of FIA. The data obtained are statistically
not as reliable as for the FIA experiments, but
here the same trend is found, atthough the
optimal solvent evaporator temperatures arc
somewhat higher in PSS rhan in FIA.

Conclusions

The most impoflant conclusion that can be
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Introduction

Although combined liquid chromatography-
mass spectrometry (LC-MS) is nowadays used
on a routine base, it still lacks the sensitivity
normally achieved in combined gas
chromatography mass spectrometry (GC-MS).
In general, the detection limits in LC-MS are in
the picogram to nanogram range depending on
the type of analytes, the instrumentation, and
the operating conditions [1]. Optimization of
experimental parameters does often not result
in sufficiently low detection limits. Therefore,
other ways of improving the detection limits in
target compound analysis are investigated.

Because the mass spectrometer (MS) is a mass
flow sensitive detector an improvement in
detection limits can be obtained by means of an
increase in the mass flow. One of the methods
applicable in this respect is the phase-system
switching (PSS) approach, which was
introduced for the post-chromatographic
elimination of non-volatile additives in mobile
phases [2,31.In applying the PSS method it is
possible to obtain an increased mass flow as a
result of peak compression effects.

Belt-speed programming, a new technique for peak
compression in liquid chromatography and super-
critical fluid chromatography-mass spectrometry
with moving belt interfacess

resulting in an increased mass flow. The belt
speed programming method can be applied in
LC-MS, but also in combined supercritical
fluid chromatography mass spectrometry (SFC-
MS). Results of both LC-MS and packed column
SFC-MS are reported here.

Theoretical considerations

In the discussion on theoretical aspects ofbelt-
speed programming a Gaussian peak shape has
been assumed, despite the fact that the usual
peak asymmetry of real LC peaks will also
influence the peak heights and thereby the
detection limits. A chromatographic peak can
be characterized by the peak standard deviation
ov, the concentration of the analyte at the peak
maximum C-*, and the retention volume Vr.
Furthermore, it has been assumed that the
moving belt interface does not cause any
additional peak broadening [4,5].

In a mass flow sensitive detector the signal is
directly proportional to the mass flow, which
can be expressed as:

In this paper another method for increasing the
massflow to the mass spectrometeris presented,
the so-called belt-speed programming (BSP).
In contrast to PSS this method can only be used
with a moving belt interface. In BSP the
chromatographic peak of interest is deposited
or collected on the belt at a very low belt speed,
while the actual mass analysis is performed at
high belt speed. Thus, after the collection of the
peak on the belt the belt speed is increased

dm = rC(t) (1)

in which C(t) is the concentration after elution
from the column and F is the flow rate. At the
peak maximum, C(0 is equal to the maximum
concentration C,rr*. The moving belt interface
is based on solvent. removal. Therefore, C*r* is
ill-defined and difficult [o use in this case. The
use of the peak standard deviation instead of

E.R. Verheij, G.F. LaVos, W.M.A. Niessen, U.R. Tiaden, and J. van der Greef,
J. Chromatogr.,474 (1989) 275.
Reprinted by permission of Elsevier Science Publishers BV (slightly modified).
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C*^* is very attractive and valid because of the
inverse relation with Cn**.

The initial o, (in units of volume) is
transformed by the flow rate F to o, (in units of
time) at the outlet of the chromatographic
system:

- -ovo,=? (2)

Deposition of the peak on the belt moving with
a certain speed v, and the subsequent
evaporation ofthe solvent gives a o, (in units of
length):

(Merck, Darmstadt, Germany) with a flowrate
of 0.2 ml min-l unless stated otherwise.
Cholesterol (30 ng) was used as a testcompound
by injecting 20 gl of a solution containing 1.5

ng 1rl-] of cholesterol. The solvent was
deposited on the belt with the standard
deposition needle.

Two series of experiments were performed,
i.e. reference measurements at a constant belt
speed for deposition and mass analysis, and
the actual BSP measurements.

Sup ercitic al Jluid chromato graphy
The laboratory-built SFC system consists of
slightly modified commercially available
modules. A detailed description of the SFC
instrument is given elsewhere [6]. SFC was
performed with a Rosil Cl8 packed column
(150 mm x 4.6 mm i.d., 8 pm packing) and a
mobile phase consisting of carbon dioxide
modified with 2Vo analytical grade methanol
(Merck, Darmstadt, Germany) ata flow rate of
2 ml min-l unless stated otherwise. Diuron
(62.5 ng) was used as a test compound by
injecting 5 pl of a solution containing 12.5 ng
pl-l of diuron. A crimped stainless steel capil-
lary was used as arestrictorfor the SFC system
and as a spray device for mobile phase depo-
sition. Freezing of the restrictor due to the
expansion of the supercritical fluid is pre-
vented by installing a small heating element at
the tip [7].

Two series of experiments were performed,
i.e. reference measurements at a constant belt
speed for depositing and mass analysis, and
the actual BSP measurements.

Mass spectrometry
The MS system used was a H-SQ 30 Hybrid
(BEQQ) Mass Spectrometer (Finnigan MAT,
Bremen, Germany) linked to a SS-300 Data
System and equipped with a moving belt
interface (Finnigan MAT). The source
temperature was 200 oC.

(3)

If the analyte on the belt is introduced into the
MS without changing the belt speed v r the o, is:

ol" 6z
=Ot (4)

If, however, the belt speed is increased to v,
prior to introduction of the analyte into the MS
the o, becomes:

of" (s)

It can easily be seen that the effect of the belt-
speed programming is a reduction of the peak
standard deviation. As a result of the inverse
relationship between C*r* and o this leads to
an increase in the (virtual) C** and as a
consequence in an increase of the mass flow.

Experimental

Liquid chromatography
The HPLC system consisted of a model 2150
HPLC pump (LKB, Bromma, Sweden) and a

model 7125 injector (Rheodyne, Berkeley,
CA, U.S.A.) and was used in FIA-mode. The
mobile phase was analytical grade methanol

The control electronics of the moving belt
interface used in this study only supports belt
speeds between 2.0 and 4.5 cm s-1. Theoreti-

6z=vlOt=FO,

o, - L6,vz v2
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cally this will give a maximal gain in mass
flowof afactorof 2, whichforvalidation of the
BSP method is rather low. Therefore, it was
desirable to increase the belt speed range
available on the moving belt interface. By
installing a variable resistor in the belt speed
control electronics the belt speed could be
regulated conrinuously between I.0 and 4.5
cm s-r.

For the HPLC experiments with cholesterol
the MS was operated in Electron Impact mode
(EI, 70 eV). The operating conditions of the
moving beltinterface were: solventevaporator
temperature 150 oC, and sample evaporator
setting 5.

For the SFC experiments with diuron the MS
was operated in Electron Impact mode (8I,70
9V). The operaring conditions of the moving
belt interface were solvent euaporatoi
temperature 60 oC, and sample evaporator

setting 5. Detection was performed in both
cases in MID-mode (resolution 1000) on m/z
368 and mlz 386 for cholesrerol and mlz 232
for diuron.

Data evaluation
For the intelpretation of the results values of
or.MS are approximated by means of the area_
method:

.MS_ Avt - hrm (6)

with A *q h being peak area and height
respectively [8]. The accuracy of this
ap_proximation depends on peak asymmetry
[8], but is nevertheless satisfactory for this
study.

Fortheevaluation of the Bspresults the ratios
ofthe peak areas, the peakheights and the peak

0.6
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Influence of the flow rate on the reciprocal of tlre peak standard deviation ( l/or) at belt-
speeds of 0.6 and 1.7 cm s-1. Included are the experimental (solid symbolsj an<l rhe
theoretical values (open.symbols), as calculated ftom the peak standard deviation at a
flow rate of 0.1 ml min-I.
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Moving belt intetfac e chqracteristic s

By calibration of the belt speed it was found
that the actual belt speed can be regulated

between 0.6 to 3.9 cm s-r instead o[ the

indicated 1.0 to 4.5 cm s-l. Since belt speeds

in the range of0.6 to 1 cm s-l frequently lead

to irregular belt speeds and even stopping of
the belt, because the drive mechanism was not

designed for such low belt speeds, those belt

standard deviations as obtained with and

withoutBSP are compared with the ratio of the

belt speeds used in BSP. Theoretically a ratio
of peak areas of 1.0 is expected, while the ratio
of peak heights with and without BSP is equal

to the ratio of the belt speeds v, and v, in BSP

and the ratio ofpeak standard deviations with
and without BSP is equal to the ratio of the belt
speeds v, and v2.

Results and discussion

1.0

0.6

normalized
peak height

0.4

Figure 2

speeds cannot be used reliably. Actual belt
speeds will be indicated in the text from now
on.

The deposition of a typical reversed phase

mobile phase, e.g., 507o methanol in water,
with a fiow rarc;f 0.6 to 1.0 ml min-l on a
moving belt running at a low belt speed will
give problems with respect to the evaporation
of the mobile phase and will often lead to a

deteriorated peak-shape. ForB SP the belt speed

for deposition will preferably be in the 0.6 to

1.5 cm s-l range. In order to study the influence
ofthe flow rate on the peak standard deviation
at low belt speeds the flow rate was varied in
the range of b.t to 0.4 ml min-1 at a belt speed

of 0.6 and 1.7 cm s-l with a solventevaporator
temperature of 100 oC. Figure 1 shows the

experimental and theoretical curves for these

experiments. The results indicate that a high
flow rate, relatively to the belt speed, causes a

significant additional band broadening which

0.8

o.2

0.0
01234

v 1cm s-1;

Normalized peak height of cholesterol (m/z 386) as a function of the belt speed

(conditions: hetfranoi at a flow rate of 0.6 ml min-1, sample evaporator 5, and solvent

evaporator temperature 100'C).
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is probably due to a reduced storage capacity
of the belt, resulting in severe back-mixing at
the deposition needle. It has been observed
that this back-mixing effect is negligible when
a spray deposition device is used instead ofthe
needle deposition device [9].

Another important factor determining the
interface performance is the desorption of the
analyte as afunction ofthe beltspeed ata given
flow rate and sample evaporator setting. As a
measure for the desorption efficiency peak
heights and areas as calculated by the data-
system were used. The result of these
experiments, shown in Fig. 2, agrees with
theory. There is an almost linear relationship
with a negative slope between belt speed and
the mass flow entering the ion-source. These
results seem to be unfavorable for a successful
application of the BSP-method.

B el,t-spe ed pro gramming
In order to accomplish a successful BSP-
experiment three important parameters have
to be known: (1) retention time of the
compound, (2) width (in units of time) of rhe
chromatographic peak, and (3) transport time
of the chromatographic peak to the MS at the
deposition belt speed. Proper peak collection
is only possible when the total peak width is
smaller then the transport time of the
chromatographic peak to the MS. Otherwise,
the front of the peak already enters the MS
before belt-speed programming is applied.

Demonstrating B SP in combination with HPLC
and SFC, Fig. 3 and 4 show rhe mass-
chromatograms that have been obtained with
either a constant belt speed or BSP for HPLC

and SFC, respectively. The improvements in
peak heights and peak standard deviation
obtained with BSP in LC and in SFC are
summarized in Table L

By comparing the ratio of belt speeds (vrlv,)
with that of peak standard deviations 1 o, /o) ilie
conclusion can be drawn that wirh .espe?t to
peak standard deviations experimental values
in BSP agree with the theory described above.
With respect to peak heights the agreement
between theoretical and experimental values
is less accurate. The deviations observed can
be attributed to a decrease of the desorption
efficiency at higher belt speeds (see below).
This can be concluded from the fact that the
observed ratios of peak areas (ArlAr) lie
between 0.6 and 0.7, while theorelicaily a
value of 1.0 is predicted. A signal loss ofabout
307o is observed. Correcting the measured
peak heighs forthis loss (seecolumn (h.,/h,).^-
in Table l), assuming a linear relation b;etw#ii
peak height and area, yields ratios of peak
heights which are almostidentical to the ratios
of peak standard deviations.

Signal losses of about 807o are observed at
high belt speeds (i.e. 4.0 cm s-1) when the
influence of the belt speed on the signal at a
constant flow rate and a constant sample
evaporator temperature is studied. This signal
loss at higher belt speed can be attributed to a
decreased desorption efficiency. The
chromatographic peak is spread over a rather
large belt area containing, relatively, more
active sites on the belt material. In order to
minimize these losses it is necessary to apply
higher sample evaporator temperatures.
However, higher sample evaporator

Table I Summary of the results of belt-speed programming in combination with HpLC.and SFC

v1 Y2
YZ

V1

hz
h1

Gt

62
lhzl
1il"o,,

Az

A1

HPLC 1.2
1.7

4.0
4.0

2.8
1.8

4.0
2.9

3.3
2.4

4.0
3.0

0.7
0.6

SFC 1.2 3.6 3.0 0.7 1.9 2.8 2.7
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a) a)
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b) b)
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Figure 3 Mass chromatograms from LC-MS
ofcholesterol (m/z 386), a) normal
operadon with belt speed 1.2 cm s-I,
and b) belt-sperd programming:
deposition I .2 cm s-l; desorption 4.0
cm s-l.

Figure 4 Mass chromatograms from SFC-MS
of diuron (m/2232), a) normal
operation with belt speed 3.6 cm s-1,

and b) belt-speed programming:
deposition 1.2 cm s-t; desorption 3.6
cm s-1.

temperatures cannot be used at low belt speeds,
for they lead to destruction of the belt. As a
result the BSP experiments are performed at
values of the sample evaporator temperature
that are lower than the optimum values at the
beltspeed of desorption. Dueto along response
time of the sample evaporation heater no

improvements have been found, when the
sample evaporator setting was changed to
higher values at the same time as the change in
belt speed. The losses due to insufficient
desorptionarelessin BSPthan in anexperiment
with constant belt speed. The main difference
between BSP and the constant sPeed

normal operation

BSP BSP

A^-
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experiment (as described above) is that in the
latter the chromatographic peak is spread over
a rather large belt area, while in BSP it is
deposited on only a small area of the belt,
containing less active sites.

Another limitation present at this time is the
belt speed range supported by the moving belt
interface. The maximum gain in mass flow
that can be obtained is about a factor of4 when
the desorption is complete. Increasing this
gain requires an enlarged belt speed range,
i.e. 0.5 to 10.0 cm s-r. A belt speed of l0.0cm
s-l can of course only be us^ed successfully
when the desorption process is significantly
improved. Also the belt speed at the lower end
is of great importance because it not only
effects the gain in mass flow but also the
maximum peak collection time, which at
presentis about60s. Atthispointitisinteresting
to compare HPLC and SFC. As a result of the
differences in the volatilities of the mobile
phases the flow rate and the peak deposition
belt speed are strongly related in HPLC, while
this is notthe case in SFC. Very low deposition
belt speeds are only interesting in the case of
SFC. It should even be possible, at low modifier
contents of the supercritical mobile phase, to
collect the chromatographic peak in SFC with
zero belt speed. Assuming that it is possible to
collect a chromatographic peak with a total
width of 20 s on I cm of the belt, desorption
and MS introduction at a belt speed of 5.0 cm
s-1 will resulr in a peak-width oi200 ms in the
MS. In terms of mass flow this example
represents a gain of 100.

A factor of great importance for quantitative
analysis is the reproducibility and linearity of
the BSP-method. The variance in peak height
and area between repetitive experiments are
comparable to those obtained under normal
operation of the moving belt interface. The

linearity of the method was not yet investigated,
but it is expected to be similar to that of normal
operation of the moving belt interface u ll.

Conclusions

It is demonstrated that belt-speed programming
is capable of improving the sensitivity in LC-
MS and SFC-MS, although the gain is not as
great as expected theoretically. The major
reasons are the incomplete desorption of the
compound at low sample evaporator
temperatures and the slow response of the
sample evaporator to a change in the settings.
For useful application of BSP, a desorption
method with an instantaneous response to a
change in the desired desorption power is
required. Laser Desorption and FAB for
instance meet this requirement.

Another conclusion is that with the available
moving belt interface the gain in mass flow is
limited due to a limited belt speed range. This
is true even if the moving belt interface is
adapted to support very low (about 0.5 cm s-l
or less) and high (grearer than 5.0 cm s-1) belt
speeds. This is especially the case for BSP in
combination with HPLC because the flow
rates in normal HPLC are incompatible with
very low belt speeds.

For SFC, this limitation is not present and
consequently a large gain in mass flow can be
obtained with BSP. Very promising in
combination with SFC is the collection of the
chromatographic peak at belt speeds close to
zero and the desorption at not too high belt
speeds. In this way both the problem related to
the drive mechanism of the moving belt
interface at very low belt speeds and the
problem of desorption at high belt speeds are
also evaded.
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4 Continuous flow-fast atom bombardment liquid
chromatography - mass spectrometry

Introduction

Compared to the moving belt LC-MS interface
of which the basic design principles originate
from the sixties, continuous flow-fast atom
bombardment (CF-FAB) as it was developed
byltoetal. in 1985 [] underthenamefrit-FAB
and Caprioli and coworkers in 1986 [2] is a
relatively new approach for LC-MS interfacing.
Since then, CF-FAB rapidly became very
popular, as is subscribed by the large number of
papers on the potential and success of the
method in a broad field of (bio)analytical
applications. Especially the impact of the
technique on analytical biochemistry is
noteworthy. Contrary to the MBI where the
ionization can be chosen freely from EI, CI, and
also, to a lesser extent, fast atom bombardment
(FAB) and laser desorption (LD), ionizarion in
CF-FAB is restricred to FAB only. The
fundamentals of FAB ionization will be
discussed in the following section, because
basically the good characteristics of this
ionization method are to be credited for the
popularity ofCF-FAB. Alrhough this staremenr
may seem somewhat awkward with respect to
the scope of this paper, it is not far beside the
truth as the development of CF-FAB was
originally not intended for LC-MS interfacing,
butas atool to unleash the true potential of FAB
by eliminating some of its shortcomings [2].

Conventional FAB

The development of FAB
Conventional ionization methods such as EI
and CI require vaporized samples, meaning
that samples have to be introduced by
evaporation processes. The most
straightforward approach for transferring
samples to the gaseous state is heating as is
done in probe methods and GC-MS.
Thermolabile compounds are prone to

decompose upon applying heat, and require
softer desorption methods. Field desorption
(FD), in which a high electric field is used for
both desorption and ionization, was the first
soft desorption method. Nowadays, a number
of methods is available for desorbing analytes
from either the liquid phase, e.g. thermospray
and electrospray, or from the solid phase, e.g.
plasma and laser desorption. Fast atom
bombardment is also a soft liquid-based
desorption/ionization method that was
developed by Barber et al. in 1981 t3l.
Altogether FAB is not a totally new method as
there is a strong reminiscence with the at that
time already existing secondary ion mass
spectrometry (SIMS). Originally, SIMS is a
powerful and sensitive technique in surface
analysis for the characterization in 2 or 3
dimensions of metals and semiconductors. By
bombarding a solid surface with ions of high
kinetic energy the impact of the ion beam
results in the sputtering of matter (and radiation).
Apart from the emission of neutrals, the
generation of ions enables mass-analysis for
obtaining elemental compositions. The presence
of (in)organic matter on the surface led to the
so-called molecular SIMS by means of which
polyatomic or molecular mass spectra are
obtained. The use of a tiquid matrix that
enhanced the applicability enormously and
bombardment witl atoms, typically xenon with
kinetic energies in the 5- 10 kV range, instead of
ions led to the invention of FAB, and thereafter
to what is known as liquid SIMS (LSIMS) or
fast ion bombardment (FIB). The use of a
primary beam ofions enables beam focussing,
whereas for FAB the beam is diffuse. This
particular advantage of ion beams in
combination with the scarcity, and thus cost, of
xenon has initiated a trend towards the use
cesium ion beams. Although the term LSIMS
and FAB have been used in parallel for a long
time they are nowadays regarded as similar if
not identical [4].
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The FAB ionization process
As the desoqption and ionization processes in
FAB are not completely understood and are

still a matter of debate this section is restricted
to a mere summary of likely events without
attempting to cover the subject in detail' The
primary event in the desorption/ionization
process is the input of energy to give molecules
the required translational energy to leave the

matrix in the form of splash droplets. After the

desorption and desolvation the molecule may
be ionized. Processes responsible for this are

believed to occur in a region just above the

liquid matrix. This so-called selvedge [5] is the
plasma formed at and immediately above the
liquid surface by the sputtering of matter. Two
mechanisms for the ionization of neutral
compounds can be distinguished: cationization/
anionization and electron ionization due to the
presence of electrons in the plasma. The first
mechanism is closely related to chemical
ionization processes [6] resulting in the
commonly observedeven electron [M+H]+/[M-
Hl- ions and adduct formation. The second
mechanism, generally of minor importance,
gives M+'ions. In addition to the ionization of
neutrals also the direct desorption ofpreformed
ions by desolvation of the splash droplets is an

important matrix related process. As an example,

the acidification of the matrix yields an increased

abundanceof [M+H]+ions forcompounds with
an amine functional group as compared to the

use of an alkaline matrix.

Ionized molecules can subsequently fragment
by collision induced dissociation in the selvedge
and/or by unimolecular dissociations. The
occurence of the resulting fragment ions may
give structural information. Whether, and to
what extent this occurs is highly dependent on
the nature of the compound.

Matrices in FAB
The liquid matrix plays a crucial role in the
FAB ionization process with respect to two
aspects. First, the liquid must have a high
viscosity and low volatility, as the exposure of
a volatile liquid to the vacuum of the mass

spectrometer would immediately lead to
evaporation. The most widely used matrix is

glycerol, but additionally there is awhole range

of liquid organic compounds, e.g. thioglycerol,
di- and triethanolamine, tetraglyme,
aminoglycerol, polyethylene glycols, para-
nitro-benzylalcohol, 'magic bullet' - a mixture
of dithiotreitol and dithioerythrol -, etc., that fit
this purpose. Secondly, the liquid matrix should
dissolve the compound(s) that are to be analyzed.
Thus, sample homogeneity mustbe guaranteed,

and the analytes are enabled to diffuse from the

bulk to the surface of the matrix droplet for
replenishing desorbed sample molecules. The
matrix is allowed to influence chemical
equilibria, e.g. (de)protonation, without
unwanted destruction of the analyte.

Choosing a matrix giving the best performance
foracertain application is arathercomplex task
due to the large variety of possible matrix
compounds. Often a 'trial and error' study is
necessary as in-depth knowledge of analyte-
matrix-performance relations is lacking. Things
geteven morecomplicated by the use of various
additives to the matrix liquid. The range of
compounds used as additive is virtually
unlimited: HCl, DMSO, DMF (dimethyl-
formamide), alkali metal salts, acetic acid,
ammonium salts, etc. (from now on the term
matrix stands for the combination of the organic
liquid and the additives, and not only for the
organic liquid). This complex situation can be

regarded as a major drawback of FAB, but the

inherent flexibility of tuning the ionization
conditions for a particular application can also
be designated as an advantage (a similar situation
is encountered in matrix assisted laser
desorption).

FAB ionization spectra
Soft ionization spectra generally show an intense

molecular and/or related ion(s) and little
fragmentation. For FAB in positive ion mode

[M+H]+ ions are observed and in negative ion
mode [M-H]- ions. Depending on the analyte
and the applied matrix, adduct formation is an

important process. For glycerol often
IM+H+(glycerol)n]+ ions are present.
Cationization with irther cations than H+ is
another frequently observed process yielding

[M-Hr-,+(cation)n]+ ions, occasionally in
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combination with adduct formation.
Unambiguous molecular weight determination
of unknowns can be hampered by these
processes.

Apart from ions in the FAB spectrum arising
from the analyte, a very high background is
observed from the matrix as it is present in a ld
to 106 molar excess over the sample. For
instance, for glycerol a series ofions is observed
with the composition [(glycerol)n+H]+ and

[(glycerol)r-H]- for positive and negative ion
detection, respectively. The intensity of each
member of these series decreases with n, but
under typical scan rates and multiplier settings
the adducts are observed at least up to m/z
lfiX). In addition to this ion series of glycerol
clusters, products of radiation damage inflicted
on the matrix by the atom beam elevates the
signal at all mlz values, often referred to as
peak-at-every-mass or incoherent
fragmentation. Thereby, the detection of a
molecular species and fragments below m/z
400 is severely hampered, especially since the
analyte and the matrix are measured
simultaneously. For this reason conventional
FAB probes frequently utilize a dual target,

enabling an alternated analysis of the matrix
and the matrix plus analyte, thus enabling the
application of spectrum subtraction methods
yielding a, preferably marix free, FAB spectrum
of the analyte. The successismainly determined
by the amount of analyte and its response factor
under the chosen operating conditions.

Suppression effects
The nature of the desorption process in FAB
MS indicates that the observed ions originate
from molecules that resided at or near the
surface of the matrix droplet prior to the impact
of the atom beam. The affinity of a compound
for residing at the liquid-gas phase boundary,
and inherently the desorption efficiency,
depends on the physico-chemical properties of
the compound and the matrix. In Fig. 1 this is
shown for the analysis of a mixture of two
compounds with a low (A) and a high (B)
affinity for the surface. In the first stages of
analysis compound B is more readily desorbed.
Depletion of compound B in time results in the
detection of compound A. In general the
desorption efficiency for compound A will
always be lower than that for B. Assuming
identical ionization efficiencies, the signal of

fast atom
beam

1

fast atom
beam

OU
o 6 ions

prolonged
bombardment

O compound A - low surface affinity

O compound B - high sudace affinity

1
oo
a 1 ions

I metal target

f liquid matrix

--+

Figure f Favored desorption ofhydrophobic (solid symbols) over a less hydrophobic species
(open symbols) in FAB MS. Depletion of the first upon prolonged bombardment gives
rise to the desorption of the latter.

\
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compound B will thus exceed that of compound
A. Generally, it is observed that in the spectrum
of a mixture the most hydrophobic compound
prevails. This effect, also known as the
suppression effect, is especially noteworthy in
the analysis of peptide mixtures, and led to the
invention of a hydrophobicity index for peptides
by Nayloreta/. [7] based on theBull andBreeze
indices for individual amino acids [8]. The
primary cause of the suppression effect is the
static nature of the matrix droplet wherein
diffusion is the sole process responsible for
replenishment of the surface.

Applications of FAB
A comprehensive list of the numerous
applications of FAB MS and FAB MS-MS is
beyond the scope ofthis paper, and instead the
reader is referred to a number of excellent
reviews t9,101 . In order to get an estimation of
important analytical research fields 3 volumes
of the Proceedings of the American Society for
Mass Spectrometry (ASMS) Conferences of
1989 to 1991 were scanned for papers on FAB
and LSIMS. The ASMS conferences cover the
complete broad field of mass spectrometry so
that the papers presented form a representative
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Distribution of papers on FAB (solid bars) and CF-FAB (patterned bars) in various
research fields as presented at the ASMS Conferences of 1989 through 1991. The vertical
scale represents the relative number of papers compared to the total on FAB (n=379) and
CF-FAB (n=101) as a percentage.
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Figure 2
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population. Papers on instrumental aspects are
excluded from this study as much as possible.
In total, 379 FAB papers were found among the
ca. 2200 contributions. Major fields of
applications are proteins and peptides,
carbohydrates, nucleosides and (oligo)
nucleotides, organometallics, phospholipids,
drugs (including metabolites thereof and of
xenobiotics), and antibiotics. The results are
presented as a histogram in Fig. 2. The remainder
was gathered under the title 'miscellaneous
applications' comprising the analysis of
compounds such as petrochemicals, polymers,
inorganics and various biochemicals. The
groups drugs and antibiotics are actually much
larger as nucleoside related drugs were grouped
under nucleosides, peptide drugs and antibiotics
under peptides, and carbohydrate antibiotics
under carbohydrates. By far the major
application is peptide and protein analysis
accounting for 38 percent of the total.

Over the years FAB has proven to be a
desorption/ionization method that permits the
analysis of polar and/or ionic organic or
inorganic compounds over a large mass range.
The lower limit of the mass range can be set at
m/z 7 for lithium whereas the upper mass limit
is more determined by the mass spectrometer
than by the FAB method itself. Among the
spectacular achievements in high molecular
weight analysis with FAB is the measurement
of proteins up to 25.000 Da [11] on a sector
instrument.

Continuous flow FAB

F unctional de s cription
In conventional or static FAB the sample is
mixed (dissolved) with (in) the matrix giving a
solution of which 1 to 2 pl is applied to the FAB
probe and introduced into the mass
spectrometer. Since FAB is a liquid based
ionization method it is therefore a small step to
continuous introduction of a liquid. The use of
dynamic FAB in which the dissolved sample is
continuously applied to the target of a specially
designed probe, is an altemative to conventional
FAB. An observation of major importance in

thesedynamic orcontinuous flow FAB systems
is that it is no longer necessary to use a pure
liquid matrix, but that aqueous solutions
containing matrixcan also be used. Forglycerol
a 5 to l07o solution in water is typical. A first
beneficial effect is the substantial lower
background, thereby contributing to better
detection limits as chemical noise is reduced.
Moreover when CF-FAB is used in FIA mode
with a sample injection device a temporal
parameter is introduced upon the injection of a
sample, leading to the observation of sample
related ions superimposed on the matrix
background just like in the case of a
chromatographic peak. As aresult, background
subtraction or spectral enhancement methods
are by far more efficient than in conventional
FAB with dual target probes, and hence the
detection limits are improved. The ability to
inject aqueous solutions is extremely beneficial
for a large range of applications. In analytical
biochemistry the nature of the investigated
compounds is such that aqueous solutions are
common. With respect to sample throughput
the utilization of CF-FAB in combination with
an autosampler allows for the unattended
analysis of a large number of samples with an
analysis time of I min persample. Compared to
sample preparation and probe handling in
conventional FAB this is an improvement in
speed by a factor of at least 10. On the other
hand, conventional FAB enables a 15 minute
measurementof a single sample allowing scans
over a large mass range and gives sufficient
time for performing various MS-MS
experiments on a single sample introduction.
Applying continuous analyte infusion makes
this also possible in CF-FAB.

FIow rates that can be applied without disturbing
the vacuum of the mass spectrometer too much
are in the range of 1 to +0 irt min- 1 depending on
the probe design, the capacity of the vacuum
pumping facilities, the volatility of the liquid,
and the duration of the experiments. With respect
to pumping capacity the application of cryogenic
pump systems [3] is highly beneficial, and
extremely simple. Cryogenic pumping systems
are based on condensation and freezing of
vapors and consist of a metal cylinder attached
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to the ion source that is cooled externally with
liquid nitrogen. In practice this design allows
the continuous use of CF-FAB at flow rates of
10 pl min I for about 5 days, after which
cleaning of the cryogenic pump is highly
recommended in order to prevent ion source,
and more important, analyzer contamination.

CF-FAB probe design
Nowadays, a number of manufacturers have
CF-FAB interfaces in their program. Although
the overall functional principles are similar,
basically two probe designs can be
distinguished, of whichthe firstbears no special
name and is referred to as CF-FAB and the
second iscalled Frit-FAB. Both systemsconsist
of a fused silica capillary, typically of 50 to 75
pm i.d., ending at the FAB target, which is the
only difference between the two approaches.
An appealing aspect of CF-FAB is the striking
simplicity of the system, i.e. a capillary and a
target. The required FAB gun generally is

standard, easy-to-use, equipment for most mass
spectrometers. Frit-FAB employs, as the name
implies, a metallic frit (a porous metal disc or
screen, although othermaterials have also been
applied less successfully I l4]) positioned at the
end of the fused silica capillary, as the target. A
schematic drawing is shown in Fig. 3a. Target
design in CF-FAB differs from the frit approach.
During this research two designs have been
used, the stainless-steel target shown in Fig.
3b, and a stainless-steel target with a gold
plated drain channel as is shown in Fig. 3c. The
only, but utterly important, function of the
target in CF-FAB is to ensure that a film of the
liquid matrix is formed, requiring a good
wettability of the target as determined by the
surface structure and the surface tensions in the
metal-liquid-vacuum system. Because a
continuous film is formed on the target there is
the possibility of tailing and memory effects,
and indeed it has been shown that these effects
are actually present but only to a very small,

a) Frit-FAB target b) Stainless-steel target
Xe beam

Z-
:- ) ions=---|

_ wicks
transfer
capillary

frit

c) Gold plated target

(front view of c)

gold plated
channel

Figure 3 Schematic drawings of a) the ftit target of Frit-FAB, b) the stainless-steel target, and c)
the gold plated drain channel target (both side- and front view).
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negligible, extent [15]. This is primarily due to
the fact that the FAB gun is aimed on the region
near the capillary outlet and not the whole
target.

The introduction of an aqueous solvent in a
vacuum system leads to ice formation by
adiabatic evaporation and consequently to an
unstable mixed liquid/solid film. By heating
the target to 50 oC or more this is prevented.
Under non-optimal conditions the tendency to
droplet formation gives sawtooth shaped (with
a relatively long rise-time and rapid decay) ion
currents in time with a high amplitude. In the
case of the plain stainless-steel target it has
been found that daily etching with mineral
acids improves the performance drastically
resulting in optimal conditions at a flow rate o[
7 pl min-l of a 7 Vo glycerol and 0.3 7o

trifluoroacetic acid (TFA) solution. Although
the significance of the TFA content is obscure
it may be of importance for continuous etching
[16]. The wick, positioned below the target,
consists of compressed paperdisks for absorbing
excess fluid, and has to be replaced frequently,
e.g. every 2 to 4 hours depending on the applied
flow rate. For the gold plated drain channel
target, without any prior treatment but cleaning,
the stability was farbetter. Also, the maximum
applicable flow rate is increased [7] to about
20 gl min-l of a lOToglycerol solul.ion lora two
hour period. Thereafter the wick has to be
replaced. This increased flow rate is important
in that it offers more flexibility in LC-MS
interfacing. In the case of Frit-FAB the flow
rates have to be at a sub-5 pl min-l level.
Obviously, this is a drawback of Frit-FAB but
on the other hand the matrix concentration, e.g.
glycerol, is reported to be much lower than in
CF-FAB. In summary, the above clearly
illustrates the large number of parameters
responsible for either the success or failurc of a
CF-FAB MS method.

Dimensions of LC systems in CF-FAB LC-
MS

As stated before, CF-FAB interfaces can handle
flow rates of up to 20 pl min-l. This has some

serious implications for the dimensions of the
applied liquid chromatographic system, also
with respect to the achievable determination
limits. In CF-FAB the delivery of a typical
reversed phase mobile phase to the CF-FAB
probe does not suffice as a matrix is invariably
required for the FAB ionization process. This
means that the liqu.d chromatographic system,
apart from achieving a separation, must
somehow also deliver the matrix. In the
following sections approaches for the LC system
and the consequences for the matrix addition
are described.

Conventional bore HPLC systems
Conventionally dimensioned HPLC methods
use flow rates in the 0.5 to 1.5 ml min-l range
(3 mm and 4.6 mm i.d. columns) that are about
a factor of 50 to 150 too high if a final flow rate
of 10 pl min-l is aimed foi. The most obvious
strategy is the use of splitting. In the most
favourable situation a split ratio of I to 50 is
needed. As a consequence the achieved
determination limit is increased by the same
factor. Depending on the application this may
be acceptable.

The supply of matrix to the FAB target can be
achieved in two separate ways. Assuming that
al07o glycerol solution is desired, apparently
the most straightforward approach would be
the addition of IUVo of glycerol to the mobile
phase. Although there are numerous reports on
the application of this method there are a number
of inherent disadvantages, both for the
chromatographic as the mass spectrometric side
of CF-FAB LC-MS. The addition of a highly
viscous compound to a liquid chromatographic
mobile phase increases the pressure drop over
the column and may influence retention
characteristics [18]. Heating the mobile phase
and column to a temperature of 40 to 50 oC

diminishes the pressure drop problem, but is
also likely to influence the separation. Another
disadvantage of pre-column addition is the
possible detrimental effect on the
chromatographic performance. As has been
indicated before, FAB is very much a chemistry
based ionization technique an there is ample
chance that optimum conditions for ionization
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Table I Typical experimental values for the flow rate, injection volume, and the resulting split
ratio for obtaining a l0 pl min-r flow rate to the CF-FAB probe as a function of the inner
diameter of the HPLC column. The last column shows the resulting effective injection
volume.
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do not coincide with those for the
chromatography, e.g. a desired alkaline FAB
matrix is clearly incompatible with an acidic
mobile phase for a certain chromatographic
separation. A promising option is the use of
post-column matrix addition, therebyrendering
a separate operation of the chromatographic
and the ionization process. A consequence of
post-column addition in combination with split
flow systems is a larger split ratio. For a 5(X) pl
min-l flow rate and a glycerol level of l07o this
means that about 55 pl min-1 of pure glycerol is
to be added, something that is not as easy to do,
as it is difficult to pump 1007o glycerol at this
flow rate. Additionally, mixing 100% glycerol
with the mobile phase is a slow process requiring
a large volume, finally resulting in
chromatographic band broadening. Therefore
a glycerol-water mixture is to be applied, for
instance 20Vo glycerol in water. Under the
assumed conditions this means that in order to
obtain a lU%o glycercl level the total flow rate
is increased by 500 pl min-I. Under the
additional assumption of 10 pl min-l flow rate
to the CF-FAB probe the split ratio is increased
from I :50 to 1: 100. For post-split post-column
matrix addition similar disadvantages are
encountered. In summary it can be concluded

that the application of conventionally
dimensioned liquid chromatography to CF-
FAB LC-MS is neither a very highly functional
nor sophisticated approach.

Flow rate reduction with PSS
In pursuing low determination limits in target
compound analysis with CF-FAB LC-MS the
application of the phase system switching has
been reported to be very effective in the analysis
of dextrometorphan [19] and erythromycin2'-
ethylsuccinate in plasma [20]. Phase system
switching, although originaliy developed for
overcoming probiems with non-volatile mobile
phase additives, is used as flow reduction
method. The application of PSS in this mode
allows the use of a conventionally dimensioned
HPLC system and large injection volumes. After
the separation the analyte is trapped on a small
trapping column. Finally the analyte is eluted
with a matrix containing solvent at a flow rate
ol l5 pl min-l hence circumventing splitting.
When PSS [20] and a solvent split system with
a split ratio of 1:160 [16] are compared
theoretically the determination limit for
erythromycin-2'-ethylsuccinate should be
improved by afactorof 160. This is not yetfully
reflected in the determination limits. as

0.001

0.0002
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comparing S/N ratios at the lfi) ng level
indicated an improvement of a factor of 40.

Miniaturized HPLC systems
The consensus with respect to low flow rate
LC-MS interfaces like CF-FAB, and the rapidly
evolving electrospray technique, is the
implementation of low flow rate liquid
separation techniques. The term miniaturized
LC covers a wide range of techniques:
microbore, packed capillary, and open tubular
LC. Importantcharacteristics such as the inner
diameter (i.d), flow rate (F), split ratio (S),
injection volume (V,n,), and the effective
injection volume (Vini/S) of these methods are
summarized in Table'I. These techniques and
their relevance with respect to CF-FAB LC-
MS are discussed below.

The term microbore is generally applied to LC
systems utilizing columns with an i.d. of 1 mm.
Typical flow rates that allow the efficient
operation of microbore columns are in the 25 to
50 pl min- 1 range, implying that eluent splitting
is still required for the coupling with CF-FAB.
The split ratios of l:2 to l:4 seem to be much
more favourable than in conventional bore
systems, but the effective injection volume is a
factor of two lower. Furthermore, still similar
problems with the matrix addition are
encountered implying that the use of these
systems is not advantageous.

Decreasing the column i.d. down to 200 or 300
pm resultsinflow rates that are fully compatible
with CF-FAB thereby allowing splitless
methods. Even more important is the fact that it
is now possible to apply post column matrix
addition without exceeding the flow rate limit
of about 15 pl min-l, thus allowing the
optimization of both the chromatographic
performance and the ionization conditions. It is
therefore not surprising that the popularity of
packed capillary LC with 300 pm i.d. columns
increases in CF-FAB (and electrospray) LC-
MS applications. A further reduction in the
column i.d. to forexample50 pm, referred to as

nanoscale LC, has also been reported [21].
Whether this approach has an added value over
the 200 to 300 pm system is debatable.

Determination limits in nanoscale LC will be
significantly higher than in micro-LC due to
the extremely low injection volumes applied
and the limited loadability. Furthermore,
nanoscale LC has no merit for compatibility in
LC-MS as the flow rates used in nanoscale LC
are at least a factor of 50 lower than the flow
rates that can be handled by the current CF-
FAB probe designs. The principal advantage of
this approach is that it offers very good
chromatographic separation efficiencies.

Clearly, miniaturization leads to chro-
matographic systems that are highly compatible
with CF-FAB by circumventing a solvent split.
Nevertheless, determination limits will not be
improved since a concomitant decrease in the
injection volume is typical. In the case of
'picoscale' open tubular LC (OTLC) the
injection volume is in the order of up to 5 nl for
a 25 pm open tubular column and the mass-
loadability is very close to the typical sensitivity
of MS detection in LC-MS mode. As this results
in a very narrow dynamic range and high
determination limits, reports on OTLC CF-
FAB MS are scarce l2l-231.

At this stage it is noteworthy that the typical
injection volumes given in Table I for the
miniaturized systems are relatively
conservative. The values are derived from
research papers in the field of technological
development in miniaturized LC. A major
motive, amongstothers, in this area has always
been thehigh separationefficiencies thatcan be
obtained in micro-LC. In order to demonstrate
these high elficiencies it was necessary to
prevent extra-column bandbroadening during
the injection by applying small injection
volumes, e.g. 60 nl for 300 pm i.d. columns.
The major motive in analytical applications
however is the obtained determination limit,
and generally one is readily willing to sacrifice
efficiency if it gives the desired sensitivity.
Acceptance of this trade-off enables injection
volumes of several microliters on 300 pm i.d.
columns using peak-focussing conditions. This
means that the effective injection volume is at
least as high as in conventionally dimensioned
LC. A more detailed discussion of injection
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methods in micro-LC (pLC) will be presented
in Chapter 5.1.

Applications of CF-FAB
For detailed information on applications of CF-
FAB a number of reviews have been reported in
literature 124,251. Because LC-MS is also well
represented at the ASMS conferences the same
approach for getting a global overview is used
as it was for conventional FAB (and LSIMS).
This resulted in a total number of CF-FAB
papers of 101. Group classification was done as

above for FAB, and the results are included in
Fig. 2. The most important applications are,
just like in conventional FAB, peptide and
protein analysis. Contrary to the importance of
FAB in fields such as carbohydrates,
(oligo)nucleotides and organometallics
apparently CF-FAB is not highly esteemed for
these applications. This is peculiar, as on-line
LC-MS of carbohydrates and (oligo)nucleotides
is highly desired. The major cause for this
discrepancy is the simple fact that common
liquid chromatographic separations of these
classes of compounds are incompatible with
LC-MS interfacing due to the use of mobile
phases containing large amounts of non-volatile

constituents. Current efforts in the combination
of other liquid based separation methods, i.e.
capillary electrophoresis, with mass
spectrometry subscribe this. Although
impressive results have been obtained with
FAB for high molecular weight analysis (up to
25000 Da), molecular weights exceeding 3000
Da with CF-FAB are seldom reported 12,26-
28).

Summary

In the above a number of aspects of FAB and
CF-FAB have been discussed. Clearly, FAB
ionization opens up a whole range of
applications in the bioanalytical field that are

either difficult or impossible to implement with
the moving belt interface. For the combination
of CF-FAB with liquid chromatography it is
indicated that the use of pLC in the form of
packed capillary columns can have a great
potential. The next chapter deals with the
theoretical and practical aspects of pLC with a
clear relation to the development of hardware
for pLC-CF-FAB-MS.
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5.1

Introduction

In Chapter 4 a number of aspects of CF-FAB
LC-MS has been discussed that led to the
conclusion that the use of miniaturized
chromatography holds some advantages over
conventionally dimensioned methods. The
objective of miniaturization has serious
implications for the chromatographic hardware.
This chapter will discuss the development of
hardware for miniaturized chromatography
mainly focussed on the combination with a CF-
FAB LC-MS interface. Because mass
spectrometric detection hasnotbeenthe driving
force behind miniaturization other reasons for
this trend in chromatography will be discussed.
Since in this study the main objective is the
combination with CF-FAB LC-MS special
attention will be paid to the performance of the
developed system by means of examples in the
field of peptide analysis.

Development of a miniaturized liquid chromato-
graphic system for the on-line combination with
mass spectrometry using a continuous flow-fast
atom bombardment interface

which is indicative for the attainable efficiency
of the column, and the lower its value the better
the efficiency. A second figure is the flow
resistance f of the column, which can be
calculated with the following relation:

(1)

where Ap is the pressure drop over the column,
do the particle diameter, u the linear velocity of
the mobile phase, L the column length, and q
the viscosity of the mobile phase. A lower value
indicates a bettercolumn. In practice, avalue of
500 to 1000 is regarded as good for a packed
column [1]. Both i and $ can be combined to
obtain a single parameter describing the column
performance, namely the separation impedance
E which is given by the following relation:

o= ^p6uLtl

Reasons for miniaturization in liquid
chromatography

C hroflwto graphic performanc e

Research on miniaturized liquid chro-
matography emanates from various starting
points. Historically, the development of
miniaturized liquid chromatographic systems
that offer a better performance, in comparison
with conventional HPLC, was initiated by the
impressive results obtained in gas
chromatography by changing over from packed
to capillary columns. Chromatographic
performance includes parameters such as
efficiency, resolution, and speed. In
chromatographic literature two distinct figures
for the characterization of a column arc used.
The firstfigureis the reduced plateheight/r (=fV
do, H is plate height, do is particle diameter),

E = hz1= 
to4! e)
N'rl

where N is the plate number. Applying typical
minimum values for /r and Q, 2 and 500
respectively, yields a minimal value for E of
2000. In theory, however, there is no basis why
lowervalues are notpossible. Ithasbeen shown
that the value of E can be as low as 1300 for a
20 pm i.d packed column of 30 cm length (and
even 350 for an unretained compound) [2].
With respect to the original ideas aboutincreased
performance of miniaturized columns it is
important to note that the obtained reduced
plate heights are not smaller than for
conventional colum ns. The m ajor im provemen t
is to be found in a better column permeability
resulting in lower values of the flow resistance.
For250 pm i.d columns values ofQ can be about
400 whereas conventional columns have Q
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values of about 1000 [3]. As a result of this
higher efficiencies can be obtained because it
allows the use of longer columns and/or smaller
stationary phase particles without creating
extreme pressure drops. At the same time a

better column permeability holds good
perspectives forhigh speed separations without
loosing too much efficiency.

Detection
On top of the better chromatographic
performance, another advantage of miniaturized
liquidchromatography is related to detection in
two ways. Whatever the chromatographic
performance, chromatography is the selective
dilution of the injected sample with the mobile
phase when sample concentration techniques
are not used. This diluting character can be
found in the expression forthe maximum analyte
concentration C** after elution from the
column:

photometric (FPD), photoionization (PID),
electron capture (ECD), and gas-phase
chemiluminescence (thermal energy analyzer
TEA) detectors. In this way the highly sensitive
GC detectors can be used in LC. Although it is
not mandatory to use micro-LC for these
combinations, as solventsplitting is also a valid
approach, it is nevertheless highly esteemed
because it gives the best results in most of the
combinations mentioned [4]. In addition, micro-
LC facilitates the direct coupling of LC and
capillary GC. Combining plC-capillary GC
offers a high selectivity due to the fact that the
two separation methods are orthogonal and
also offers a high sensitivity due to the
application of GC detectors. Particular reasons
for the use of micro-LC in combination with
mass spectrometric detection have been given
in Chapter4 and are furtheremphasized below.

Economy and the environment
Economical reasons for miniaturization become
increasingly important. First, there is the
advantage of high speed separations implying
thatmore analyses can be carried out perunit of
time. Secondly the lower flow rates reduce the
use of solvent quite dramatic. For the 4.6 mm
and 320 pm i.d. column as mentioned above,
the solvent consumption and costs thereof can
be reduced by a factor of 207 . As an example,
this means that for a large pharmaceutical
company with 200 automated HPLC systems
running throughout the year, miniaturization of
all systems reduces the total solvent cost to the
level of only one conventional system when
recycling of the mobile phase is not applied.
Furthermore, if there would have been a

proportional relation between the cost of a
chromatographic column and the amount of
stationary phase used savings can be expected
also in this field. Unfortunately, commercially
available micro-LC columns are similarly prized
as conventional columns. Therefore, savings
on stationary phase cost is only for those who
fabricate there own columns. A reduction in
chemical waste is of interest with respect to
economy and environment.

Fields where miniaturized liquid chro-
matography is highly popular are research on

(3)

In comparing micro- and conventionally
dimensioned LC systems the most important
parameter determining the maximum analyte
concentration is the column diameter. Going
from a 4.6 mm to a 320 pm i.d. column this
concentration will be higher by a factor of 207
when the same amount of analyte is injected. In
the case of concentration sensitive detection
systems this increases the so-called mass
sensitivity. However, with respect to mass flow
sensitive detection there is no benefit at all
because the detector response is govemed by
the peak width when the same amount is
injected.

Second, the low flow rates used in micro-LC
offers the opportunity for employing a variety
of gas-phase detection systems. Micro-LC
systems have been combined with almost all
typical GC detection systems including
universal detection offered by the flame
ionization detector (FID) and the selective
detection by thermionic (TID or nitrogen
phosphorous detection NPD), flame

(- - 4mVNvmax - 

-
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miniaturized chromatography, LC-GC
applications, and mass spectrometry. On the
whole this is only a small part of the possible
users group. Information on the percentage of
micro-LC systems in use is notavailable, butan
estimate of A.lVo may already be too high.
However, there are some serious limitations to
micro-LC that prevail the advantages
mentioned above, explaining the apparent
reluctance for changing from conventional to
miniaturized systems. One of them is that despite
superior mass sensitivity of micro-LC the
determination limits are generally inferior to
those obtained with conventionally dimensioned
columns due to the limited injection volume
and loadabiliry. This is not expected
theoretically when concentration sensitive
detectors are used as the product olthe iniection
volume (- l/d.2) and the-dilution factor 1-d"2; ig
a constant. A requisite lor achieving identical
determination limits then is the availability of
equally well designed detection systems.

-|'1 00-1 000

plmin-1

Detection systems for conventionally
dimensioned liquid chromatography generally
offer a better performance than theirmicro-LC
counter?arts. Furthermore, reduction of the
dimensions of the column alone does not suffice
as the whole chromatographic hardware has to
be adapted. For those reasons the next section
will discuss the components of a miniaturized
liquid chromatograph. These discussions are
primarily aimed atthe description of the system
as it was developed and used in this study.
Clearly, there will be a strong compromise
between the theoretically best and mostelegant
solution on one side and pure pragmatism on
the other when such a system is made from
existing hardware.

Components of micro-LC systems

Solvent delivery for isocratic chromatography
Commonly applied reciprocating piston pump

microcolumn

------|
balance
column

I

Figure I
waste

Schematic diagram of the pre-injector splitter enabling the use of conventional mobile
phase delivery systems in micro-LC as it was used in this study. The small dead volume
obtained by splitting only just before the injector also enables the use of modifier gradient
chromatography.
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systems for conventional dimensioned HPLC
are capable of a practically pulse-free delivery
of mobile phase of 50 pl min-' to several ml
min-I and therefore can not be applied to flow
rates in the low pl min-l range for pLC
applications without modifications. Pre-column
splitting is a simple method for reduction of the

flow rate through the microcolumn to the desired
level. Splitting is done by installing a T-piece or
'tee' in the transfer line from the pump to the
microcolumn, which is schematically depicted
in Fig. 1. The flow restriction device can be an

HPLC column or a fused silica capillary. The
flow rate in the microcolumn is regulated by the
pressure drop over this restrictor as determined
bythepumping flowrate and the flow resistance

of the restrictor. Hence, the system is used in a
constant pressure mode. Solvent splitting is in
practice a convenient and satisfactory approach.
Underisocratic operatingconditions theunused
solvent can be directed to the solvent reservoir.
With respect to the above mentioned advantage

ofreducing organic solvent use (and waste) it is
not ideal in gradient systems.

If a constant flow mode is desired other pump
systems have to be used. By far the most popular
system is the syringe pump. As the name implies
the working principle is identical to a syringe in
that a plunger empties a cylinder filled with the
mobile phase. For a small diameter of the

syringe and a high resolution of the mechanical
driven system, pulse-free ultra-low flow rates
(below t pl min- r) can be obtained.
Nevertheless, the possibility of small leakages
in the overall system that are difficult to detect
can result in a discrepancy between the actual
and the indicated flow rate. In the case of
pressure drops restoring the desired flow rate is
a slow process at such low flow rates. The
majority of syringe pumps also support the
constant pressure mode, which responds
immediately. It should be noticed that this
constant pressure mode is far better controlled
with a syringe pump than with the splitting
system. A frequently supported mixed mode,
that is constant flow if the pressure remains
between the selected boundaries, but upon
exceeding these limits the constant pressure
mode is engaged, is extremely convenient.

Solv ent deliv e ry for modifi er gradient chromato -

graphy
Thelargenumberof papers on the development
of gradient systems for pLC is an indication for
the encountered difficulties in achieving
satisfactory performance of these systems. The
first report on modifier gradient elution by the
group of Ishii demonstrates the use of preformed
gradients [5]. In summary, the approach was as

follows. A gradient is prepared and stored in a
stock tube or storage loop with a volume of 200
pl. This stock tube is placed between the pump
system and the capillary column, and the
preformed gradient is dispensed under pressure.

Since then a number of methods of gradient
generation have been published [6,7]. Among
the more successful early approaches is the use

of two syringe pumps for the generation of a

step-wise gradient without splitting [8]. The
introduction of computer controlled integrated
dual syringe pumps enabled the application of
ramped instead of stepwise. gradients at flow
rates starting from I pl min-t. This approach is
still the state of the art and is a major
technological achievement in micro-LC. With
low flow rates it is extremely important that the
dead volume between the pump and the column
has to be small as this would otherwise lead to
long delays. For a 2 pl min-l flow rate and a
dead volume of 20 pl it takes 10 min before the
gradient is effective. This problem can be

overcome by starting the gradient prior to the
injection of the sample. The dead volume cannot
be too small as this will impair mixing and lead
to poor and irreproducible gradients.

As for isocratic chromatography the other
approach is the use of a pre-column split in
combination with conventional gradient solvent
delivery systems. The design of the solvent
split for isocratic chromatography given in Fig.
1 can also be used for gradient elution purposes
because the dead volume is very small. This
approach was found to be very convenient and

satisfactory as the (within series) repeatability
is good (an example will be given below). The
reproducibility, however, is slightly worse. In
the case of mass spectrometric detection this is
not necessarily critical when peak identification
can be based on the mass spectrometric
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information and not on retention time. The
major shortcoming of this system is that the
flow rate varies during the gradient.
Theoretically, this is not expected because for
both the flow resistance is linearly related to the
eluent viscosity meaning that the split ratio is
constant. Nevertheless, increasing the modifier
content was found to result in increased flow
rates through the microcolumn.

Injection systems
In chromatography the total system variance
6for can be expressed as the sum of all of the
individual variances of the components, the
injector, column, tubing, and detector:

This expression can be used to derive a
theoretical value for the maximum injection

4,= d"1 + d*r + o|,u * o3", @) d*j = &K

volume that does not deteriorate the performance
to an unwanted extenl Forreasons of simplicity
the variances ofthe tubing and the detector are
assumed to be zero. The contribution of the
column to the overall variance is given by the
following expression:

d*r (s)

Sample injection is a rectangular input function.
The associated variance can be derived from
the second statistical moment of a rectangular
distribution [9] and is:

(6)

with K having a theoretical value of 12.
However, experimental values are much lower
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with a typical value of 4 1101. Under the

assumption that the injection is allowed to
introduce an arbitrary percentage x of extra
peak broadening these formulas imply the
following relation lor the maximum injection
volume:

vfii. < Ifu-Ko*,
(7)

For typical values of the column porosity e of

0.7, a plate height H ol 12.5 pm (corresponding
to 80.0fi) plates m-l;. and a column length L ol
200 mm, a plot of the maximum injection
volume versus the column diameter is shown in
Fig 2 for relative contributions to total peak
broadening of 2Vo, 57o, 107o, and 207o,
respectively. The solid horizontal line at an
injection volume of 60nl is thesmallestinjection
volume that can be injected when a

commercially available injector is used (Valco).
Clearly for the majority of conditions this
volume is theoretically still too large.

a)

b)

Figure 3
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A chromatogram showing a good efficiency obtained after the injection of 0.5 pl on a 220
pm i.d. column under analyte focusing conditions by dissolving the sample in25Vo
acetonitrile (a). The lower chromatogram shows the effect when the sample is dissolved
in the mobile phase (b). (column: 200 mm x 220 pm i.d. packed with Polygosil C18 (5

pm particles), mobile phase: 55 % acetonitile, detection: UV 254 nm)
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The injection of larger sample volumes is
however possible when on-column sample
focusing isused. Byinjecting asampledissolved
in a less eluotropic solvent than the mobile
phase the analytes will be concentrated. This is
shown for the injection of 0.5 pl of sample on
a220pmi.d. packed fused silicacolumn in Fig.
3a (for experimental conditions see legend). In
this case the sample, a phenoVtoluene mixture,
was dissolved in 25Vo acetonitrile whereas the
mobile phase contained 557o acetonitrile. If the
experiment is repeated for the same mixture
dissolved in mobile phase the chromatography
is severely deteriorated as is shown by the
broad peaks in the chromatogram in Fig. 3b.
Apart from the low efficiency the toluene peak
is also split. On-column sample focusing effects
enable the injection of even larger sample sizes
up to several microlitres, especially when
gradient elution is applied. Despite this clear
advantage of using sample focusing the practical
application is limited by the mass loadability of
the column. For a 320 pm i.d. packed with a
typical reversed-phase material the loadability
is in the low microgram range. Therefore, the
allowed injection volume is strongly related to
the efficiency ofsample clean-up procedures in
order to stay below this maximum mass
loadability.

When pre-column splitting is applied there are
two ways of doing this, namely pre- and post-
injector. Post-injector splitting enables the use
of conventionally dimensioned injection valves
with injection volumes of 20 to 100 pl. Due to
the split this technique is wasteful, although the
sample can be recollected, but as it is
incorporated in the mobile phase it will be
diluted. Moreover, sample contamination can
more easily occur. For these reasons and the
fact that the miniaturized injection systems
function very well the sample splitting approach
is not advantageous nor popular.

Detection systems

With respect to the very small peak volumes in
pLC, detection systems have to meet some
requirements for preventing excessive extra-

column peak broadening. Liquid based,
concentration sensitive detection utilizing either
electromagnetic radiation, e.g. UV-VIS,
fluorescence, chemiluminescence, refractive
index, or others like electrochemical or electrical
conductivity is performed in a detection cell
having an essentially non-zero volume. In the
following UV detection is assumed. Similar to
the sample introduction the relation between
the variance introduced and the detection cell
volume is given by:

(8)

Foracolumn with N=10000 and a void volume
of l0 pl, a compound with k'=4 has a peak
variance of 0.25 plz. Assuming a variance
contribution of l07o and K=12 [l 1] this results
in a maximum cell volume of 0.55 pl. Among
the most frequently applied flow cells in pLC is
a fused silica capillary with an i.d. of 50 to 100
pm of whichthe polyimide coating is removed.
In this chapter and all the subsequenl chapters
50 or 75 pm i.d. capillaries with a 2 mm
window length have been employed, so that for
the 75 pm i.d. capillary a cell volume as little as
8.8 nl is obtained. A schematic drawing of the
UV-cell, made of a metal holder and two razor
blades placed about 100 pm apart (aperture),
used in these studies is given in Fig. 4.

The absorption of radiation is according to the
law of Lambert-Beer:

A=edC (e)

where A is absorption, C the concentration, e
the molar absorptivity, and d the optical path-
length. For a capillary flow cell with an i.d. of
50 pm the average optical pathlength is small.
As a result the sensitivity is very poor using
such flow cells, and for this reason other flow
cell designs, Z or U shaped, where detection
occurs longitudinal over a length of several
millirnetres have been developed [12-13]. Since
the scope of the current investigations is aimed
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Figure 4 Schematic diagram of the flow cell
for UV/VIS detection. The upper
drawing shows an enlargement of
the construction of the aperture. The
fused silica capillary rests on the
aperture (bottom view).

on mass spectrometric detection and UV
detection is only applied for chromatographic
development and the on-line control in LC-MS
experiments of chromatographic conditions
these designs have not been used.

An additional detection related parameter that

can induce peakbroadeningis the timeconstant
of the detection device. Using time constants
smaller thar, 4O7o of the standard deviation of
the peak, this type of peakbroadening can be
completely neglected.

Theoretical considerations on the influence of
mass spectrometric detection on peak
broadening effects are scarce. Actual
contributions depend on the interface and
experimental conditions, and are therefore
discussed in a section below conceming the
CF-FAB interface design.

Packed capillary column design

As the name packed capillary column implies,
pLC columns are made of whatever capillary
material. Quite a number of materials for packed
capillary columns have been reported over the
years. These include polytetrafluorethylene
(trIFE), stainless steel (SS), glass, fused silica
(FS), and glass lined stainless steel (GLSS)
tubing. Each of these materials has some clear-
cut advantages over others but inherently also
disadvantages. The transparency of PTFE, glass,

and FS tubingenablesmonitoring of the column
packing process and a visual inspection of
changes to the packed bed when the column is
in use. PTFE tubing was used in the childhood
of pLC but has disappeared completely for this
purpose as it resulted in poor efficiencies. Its
flexible nature is the major cause for this.
Additionally, PTFE has a tendency to 'sweat'
when certain organic solvents, notably
halogenated solvents such as chloroform, are
used. The mechanical stability of glass tubing
is very low, i.e. it breaks easily, and therefore
it is unpopular. A particular advantage offused
silica as a column material is its UV-
transparency thereby allowing on-column
detection. But on the other hand its brittleness,
which it shares with glass, is unfavorable for
high pressure packing and/or operation.
Nevertheless, it is by far the most common
applied material in pLC. As transparency is
seldom required either plain SS or glass lined
SS tubing is highly favorable for its rigidity.
The commercial availability of chromato graphic

ng no coating
light

beam

---€--{ b
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equipment, e.g. injection devices and tubing
connections, designed for the standard l/16..
o.d. SS-tubing is a further advantage. The fact
that FS is the material of choice in the wide-
spread capillary GC technology this advantage
of commercial availability of hardware also
applies to fused silica. For this reason in
combination with the advantage of the ability
to monitor the packing process, fused silica is
used as the column material in the described
experiments.

Given a certain column material the togical
next step is filling it with a stationary phase.
Aspects of micro-LC column preparation will
be discussedin asectionbelow. packingrequires
some bed support for retaining the stationary
phase particles within the capillary. Analogous
to conventional bore columns, frits are used as
column terminators. The relatively ease of
introducing extra-column peak broadening in
micro-LC makes frit design more critical.
Invariably, frits are placed inside the column
capillary for this. Frit materials for bed support
include quartzwool, porous teflon [14], either
plain or sintered silica par-ticles, small i.d. tubing
[5], and in-situ polymerized ceramics [16].
The requirements that have to be fulfilled by
the frit are a sufficient mechanical and chemical
stability, small volume as to prevent peak
broadening, and the absence ofaffinity for the
analytes.

Except for the sintered silica particles and the
in-situ polymerized ceramic approach the frit
!a9 1o be kept in place in irs turn. Commonly
this is done by inserting a smaller FS capillary
in the column capillary after which it is fixed
either by gluing or a capillary connecting device
(union). This is schematically shown in Fig. 5.
Throughout this study either silanized
quartzwool or (silanized) silicamaterial (30-60
pm pafticles) have been used.

silica particles
(30 - 60 pm)

Construction of the frit assembly
using silanized quarg wool (upper)
or silica particles of 30 to 60 pm
(lower) as ftit material.

micro-column delector
capillary

stationary
phase

quafiz wool

Figure 5

Preparation of packed capiltary columns

Packing procedures for capillary columns are
numerous and have been discussed over the
years in a respectable number of papers [17-

281- Regrettably, this has nor led to a single
widely accepted procedure but instead has given
rise to many closely related methods with subtte
variations on a theme. yet these small
differences can have a large impact on the
obtained column quality. Even more troubling
is the occasional occurrence of a number of
inconsistencies on some vital aspects. Therefore,
at present the status of microcolumn preparation
is more of an artthan ascience[22).Inpractice,
this means that one starts with reproducing a
particular method that is selected on a somewhat
intuitive basis, which is thereafter optimized to
give the desired result. As a result the
optimization is pretty much a trial and enor
process by varying some parameters that are
reported to be of importance without clear
indications of which way the result will go.

Commonly, a slurry packing method is applied,
although dry packing methods have also been
described as being successful [23]. The nature
of this dispersed slurry system is determined by
the slurry solvent, the slurry density, the
dispersed particles, and the occasionally used
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detergents. During packing the sluny must

remain as such, therebY Precluding
sedimentation and flocculation by using the

balanced slurry density method - the slurry
solvent has the same or similar density as the

dispersed particles -, the addition ofdetergents,

or continuous mechanical mixing of the slurry
with either ultra-sonification or a magnetic

stirrer. Most of these methods have been applied

in this study and it was found (not shown in
proofl) that the magnetically stirred slurry
reservoir gave the best results and convenience.
The choice of solvent however was still found
to be of some importance (see below).

The capillary that is to be packed is directly
attached to a slurry reservoir. Basically' two
approaches can be distinguished here. The first
employs long pieces of capillary out of which
one or more columns are assembled after
packing. Post-packing assembly has an

associated risk of disturbing the packed bed

during (extensive or improper) handling
although good columns can indeed be obtained
in this way. The possibility of preparing a

numberof columns (typically 5 to 20 depending
on the length of both column and the packed

capillary) from a single packing session can be

regarded as pro. The second is packing of a pre-

assembled capillary column already containing
the frit and the terminating piece of capillary.
The obvious advantage is that after packing the

column can be used in the chromatographic
system directly without a high risk of
deteriorating the quality. But mainly this

approach was born out of the difficulties
experienced in packing 320 pm FS capillaries.
The mechanical strength of FS and thus the
pressure resistance rapidly decreases with the

inner diameter, and the step from 220 pm to 320
pm i.d. has some serious implications for
handling. The smaller i.d.'s can be easily fixed
with Vespel ferrules whereas 320 pm FS

requires an other type of ferrule. The general

experience was that tightening of the femrles is

extremely critical and inconvenient: when too
loose the system leaks orthecolumn islaunched
at a certain pressure, and when too tight the FS

is damaged thereby leading to leakages. These

problems were completely cured by inserting
and gluing the 320 pm FS capillary in a stainless
steel sleeve (1/16" o.d. x 0.5 mm i.d. x 30 mm).

Connecting the column to the slurry reservoir
for packing or to the injection valve in the
chromatographic system is done with astainless
steel nut and femrle or a fingertight nut. At the

same time also the frit and terminating capillary
are installed leading to an overall design as

indicated in Fig. 6. When the performance of
these columns drops off they can be re-used

after emptying the column by backflushing-

Furthermore the packing pressure and the
packing mode, i.e. constant pressurc or constant
flow have to optimized. Laborious studies on

this have been reported [19,20,22,25).
Generally, itis found thatthe higherthe packing
pressure the better the column. In this study the

applied pressure was 2 107 Pa. The sudden

application of this pressure or more to FS

detector
capillary

1/16" SS-tubing microcolumn frit
asembly

epoxy

SS-nut

Construction of packed fused silica microcolumns as they are prepared prior to packing'

The stainless steel connector protects the column during handling.
Figure 6
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capillaries with the frequently used air actuated
packing pumps occasionally (often) leads to
exploding of capillaries. For this reason a syringe
pump w:ls used with a gradual pressure build-
up with the following packing procedure. The
slurry in the reservoir is allowed to settle after
which the pump is set to a flow rate of 200 pl
min-'. ln these early stages no stationary phase
is introduced into the column. At 30 seconds
after starting the pump the magnetic stirrer is
activated and the packing proceeds under
constant flow conditions until the maximum
pressure of typically 2 107 Pa is reached. From
this point the packing is done inconstantpressure
mode. This means that the flow rate during
packing decreases in time. When the column is
completely packed (about 30 min for a 250 mm
column in length and 320 pm in i.d.) the pump
is switched off and the pressure is allowed to
drop slowly to zero after which the column is
removed and is available for use. Due to this
simple standardized procedure, packing is very
reproducible and fail-proof.

Selected packing parameters and column
performance

In this section theeffect ofsome selected packing
parameters on the column performance will be
reported. These are the slurry solvent, i.e.
methanol (MeOH), acetonitrile (ACN), and
tetrahydrofuran (THF), the slurry density, the
applied pressure, and the type ofC I 8 stationary
phase.

Slurry solvent
Only water miscible sluny solvents have been
investigated despite the fact that also n-hexane
and trichloroethane have occasionally been
employed in the early stages of this study on the
preparation of microcolumns. The reason for
excluding those solvents is purely practical.
Testing of the columns is done with aqueous
mobile phases and prior to use the columns
when packed with n-hexane have to be flushed
with for instance ethanol meaning that either 3
pump systems or frequent solvent switching
has to be used. Furlhermore, there is no clear
consistentindication thatthe non water-miscible

solvents have a marked beneficial effect.

In this study methanol and acetonitrile are
evaluated as slurry solvent. Shelly and
coworkers presented data on the sedimentation
of silica particles in various solvents [22).Two
aspects, amongst others, were studied, i.e. the
sediment quotient and the sedimentation
kinetics. Both methanol and acetonitrile give a
high sediment quotient, implying flocculated
suspensions by particle aggregation. More
deflocculated systems such as is the case for
THF were found to give better column
performances. Therefore THF is incorporated
in this investigation. In all threecases the packing
solvent is the same as the slurry solvent. In
addition THF as slurry solvent with acetonitrile
as the packing solvent is also includedl22).

The infl uence of the slurry solvent on the column
efficiency for the 4 columns packed with
Chromspher Cl8 (5 pm particles) is shown in
Fig. 7a as plots of the reduced plate height
versus the linear mobile phase velocity (h-u
curves). True optimal reduced plate heights are
not observed due to the limited range of applied
linear velocities. Extrapolation to lower linear
velocities results in more or less identical
reduced plate heights for the columns tested.
Typical linear velocities in practice are in the I

to 2 mm s-l range for which acetonitrile and
methanol as slurry solvent show a far superior
performance over the THF columns, this in
contrast to the findings by Shelly et al. [221.
Visual observations with a magnifying glass
(3x) during packing however confirmed their
findings on flocculation as for acetonitrile and
methanol, but not for THF, relatively large
stationary phase aggregates entering the column
were observed. Eitherthe aggregates are smaller
or no aggregation at all occurs in THF. Column
permeability was slightly better in the case of
THF. Acetonitrile is selected as the slurry and
packing solvent from here on. Methanol could
be selected equally well due to the fact that the
methanol and acetonitrile columns are similar
in efficiency and permeability (although it
should be noticed that for each solvent only a
single column was prepared). The packing
procedure wasfound to give a very reproducible
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column quality over a I year period.

The type of stationary phase can effect the
efhciency of the column quite dramatically. A
column packed with TSK-Gel Oligo DNA RP-
18 (spherical 5 pm particles) using acetonitrile
as slurry and packing solvent (other
experimental conditions as before), resulted in
highly efficient columns as is demonstrated by
the h-u curve shown in Fig. 7a. It is not clear
what difference in physical parameters of the
two spherical stationary phases is the cause.
Verzele and coworkers have studied the
attainable column efficiencies for a number of
C18 materials (those used here were not
included) and also found strongly varying
efficiencies that could mainly be explained for
by differences in parlicle shape, i.e. spherical or
irregular [29].It is unlikely that the difference
is due to different handling as both stationary
phases were obtained by emptying, unused,
conventionally dimensioned HPLC columns
without any further processing than dispersing
in slurry solvent and ultra-sonification.

Slurry density
The lowest slurry density that successfully
enables the filling of a capillary in a single step
within acceptable packing times is determined
by the dimensions of the slurry reservoir and
the capillary. For a 320 pm x 250 mm capillary
and a stationary phase density o10.6 g ml-l the
required amount of packing material is 12 mg.
In combination with the 2 ml slurry reservoir
this implies a slurry density of 6 mg of packing
material per millilitre, but in practice this leads
to unacceptable packing times so that 10 mg
ml-' is regarded as the minimal required slurry
density. Whether a higher slurry density results
in better column performance was checked by
preparing columns with the TSK Gel RP18
stationary phase at 10, 20, and 40 mg ml-l in
acetonitrile. The h-u curves given in Fig. 7b
indicate that slurry densities of l0 and 20 mg
ml-l result in_simiiar perlormance whereas thE
40 mg ml-l gives a significant poorer
performance. It is thought that this is due the
loosely packed bed in the latterinstance wherein
packing is so rapid that [he intended llnal
pressure of 2 l}t Pa is only reached after

complete filling of the capillary. This is furrher
demonstrated by the very poor column
performance as indicated by the h-u curve
included in Fig. 7b upon doubling the initial
flow-rate during packing in combination with a
final pressure of 3 10/ Pa for a 20 mg ml-t
slurry density.

Summary
Constant flow packing at 100 pl min-l up to a
final pressure drop ol 2 101 pa with a
magnetically stirred slurry reservoir is acapillary
column preparation procedure that gives
completely satisfactory results with respect to
the separation efficiency and the column
permeability. Of the investigated slurry solvents,
methanol, acetonitrile and, tetrahydrofuran,
both methanol and acetonitrile gave the best,
and similar, results. The results of the small
scale experiments on slurry density indicate
that a l0 to 20 mg ml-l sluny density under the
applied experimental conditions gives a good
performance. In the case of shorter and/or
narrower capillaries the results imply that the
slurry density has to be decreased as well.

The best performance, for the TSK Gel
OligoDNA RP18 stationary phase, was an
excellent reduced plate height of 1.6,
corresponding to a plate number of 31.000 for
a 320 pm i.d. x 250 mm column. Typical values
for hoo, in literature are2 to 3 which correspond
well with thatforthe ChromspherC l8 stationary
phase in this study. Especially noteworthy with
respect to the achieved efficiency is that it is
obtained with a theoretically unfavorable 2 pl
injection volume by applying sample focusing
conditions. For a707o acetonitrile mobile phase
apressuredrop in the orderof 4 100 to 6 106 pa

over a 250 mm column generally resulted in a
5 pl min-r flow rate.

The described procedure is likely to be ofvalue
only for the preparation of chemically bonded
reversed phase columns. Plain silica, other
chemically bonded silica based materials such
as ion-exchangers, diol, aminopropyl, and
cyanopropyl, and polymeric materials (may)
require other conditions especially regarding
the nature ofthe slurry and the packing solvent.
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Experimental

Liquid chromatography
The solvent delivery system consisted of a

model 2150 HPLC pump (LKB, Bromma,
Sweden) in combination with a model 2152
HPLC Controller (LKB) and a low pressure
gradient mixer (LKB). The generation of
reproducible and smooth gradients with this
system is only possible at flow rates greater
than 250 gl min-1, making a pre-microcolumn
or pre-injector split necessary. In this study a

pre-injector split was used. The flow was split
in the desired ratio using a Swagelok 'tee' fitted
with a 100 x 3 mm i.d. stainless steel column
hand-packed with 8-9 pm XAD-2 packing
material as a dummy-column. The connection
capillary between the splitting-tee and the
injector was l/16" o.d. x 0.5mm i.d. x 100 mm
stainless steel tubing. A 100 pm i.d. fused silica
capillary from the gradient system was passed

through the splitting-tee and the SS-tubing and
ended 5 mm before the injector. Samples were
injected with a model7413 injector (Rheodyne,
Berkeley, CA, U.S.A.) fitted with a 0.5 pl
sample loop or a Valco six-port valve fitted
with a 2 pl injection loop. (Valco, Houston, TX,
U.S.A.). Packed capillary columns were made
from0.22 and0.32 mm i.d. fused silica tubing
(SGE, Melbourne, Australia), using a dual
syringe pump (ABI Kratos). The method of

packing is described in the text.

Details on the chromatographic conditions are
given in the legends of the figures. The column
effluent was directed through a Spectroflow
757 variable wavelength UV detector (ABI
Kratos, Ramsey, NJ, U.S.A.) equipped with a

home-made flow-cell (see text) for capillary
applications, and was monitored at a wavelength
of 210 nm. The UV signal was recorded with a

model BD8 Multirange recorder (Kipp & Zn.,
Delft, The Netherlands).

Micro-LC - CF-FAB Interfoce
In this study acoaxial and a liquid junction type
ofinterface have been used (see text and Fig. 8
and l0). Delivery of the FAB matrix is
performed with a dual syringe pump (ABI
Kratos). The make-up flow contained l57a
glycerol and 0 .25 Vo of tifluoroacetic acid, and
wis added at flow rates of 5 to l0 pl min-l.

Mass Spectrometry
TheCF-FAB probewas mounted on aFinnigan
MAT 90 double-focussing mass spectrometer
equipped with a cryogenic pump at the ion-
source housing. A saddle field gun (Ion Tech,
Teddington, U.K.) was used to generate 7 kV
xenon atoms. A gold plated target was used in
combination with a wick of pressed paper at the

bottom of the ion volume to ascertain stable

50 pm i.d. 220 pm i.d.

p-LC CF-FAB

o-5 pl min-1 5-'l 0 pl min-1

5-10 pl min-1

FAB matrix

Figure 8 Coaxial interface for combining micro-LC and a CF-FAB LC-MS interface. The column
effluent is mixed with the FAB matrix just before the target.
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ionization conditions. Scans were made at a
resolution of slightly more than 1000. The mass
spectrometer was operated in positive ion
detection mode.

Materials
Throughout this work analytical grade
methanol, acetonitrile, and tetrahydrofuran
(Merck, Darmstadt, Germany) was used. Water
was prepared with a GFL Bi-Dest 2108
distillation (GFL, Germany) from
demineralized water. The p-endorphin
fragments were obtained from Organon (Oss,
The Nertherlands, horse-heart cytochrome C
from Sigma (St. Louis, MO, U.S.A.), and
sequence grade trypsin form Boehringer
(Mannheim, Germany). Dithiotreitol and
trifluoroacetic acid were obtained from Pierce
(Rockford, IL, U.S.A.).

Tryptic digest of horse heart cytochrome C
The incubation mixture was of the following
composition: 0.25 pmol horse-heart cyto-
chrome C and 4 nmol trypsin (enzyme / sub-
strate ratio is 1/50) in I ml of a solution of 5
mmol l-l dithiotreitol, 2 mol l-1 urea, and 0.1
mmol l-l NH4HCO3 buffer of pH 8.5. This
solution was incubated at 37 oC for 60 min,
after which 20 pl of trifluoroacetic acid was
added. The sample solution was stored at -20
oC. Prior to LC-MS analysis the sample was

thawn and a 10 fold dilution was prepared in
water (yielding a final concentration of 25
pmol pt-1).

Coupling micro-LC with a CF-FAB LC-MS
interface

As mentioned before extreme care has to be
taken not to deteriorate the chromatographic
performance by introducing post-column
bandbroadening. Therefore, the design of the
connection, or interface, between the micro-
LC column and the CF-FAB LC-MS interface
is extremely crucial towards the overall
performance. On a theoretical basis it has been
indicated in Chapter 4 that post-column addition
of the matrix is the desired approach. Thus the
interface has two purposes namely the
introduction of the analyte in the MS without
excessive peak broadening and the addition of
the FAB matrix. For this purpose two designs
have been tested namely a coaxial [30] and a
liquid junction [31] type of interface. For the
coaxial interface, as is schematically shown in
Fig. 8, a 2201tm i.d. fused silica capillary of a
Iength of 70 cm is installed in the CF-FAB
probe. The 50 pm i.d. and 200 pm o.d. capillary
thatis used in the micro-column to retainthe frit
is run through the 220 pm sheath capillary
ending 5 to 50 mm short of the CF-FAB target.
The 50 pm capillary was also installed in a UV

50 pm i.d.
p-LC

0-5 pl min-1

350 i.d. ,75 pm i.d.

5-'l min-1

CF.FAB

5-10 pl min-1

FAB matrix

Ftgure 10 Liquid junction interface for combining micro-LC and CF-FAB LC-MS interface. The
column effluent is mixed with the FAB matrix just before the 75 pm FS capillary of the
CF-FAB probe as is shown in the inset.
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Figure 9 The upper Eace shows the UV chromatogram as obtained after injection of 50 pmol of a
mixture of B-endorphin fragments. The lower trace is the corresponding mass chroma-
togram (m/z 800 to 15ffi) as obtained with the coaxial interface demonstrating that the
chromatographic performance is well maintained. (Column: 250 mm x 320 pm i.d.
packed with TSK Gel Oligo DNA RP18, injection volume: 2 pl, mobile phase A: 10
mmol l-1 NHoAc of pH 5.2, mobile phase B:95Vo acetonitrile and l0 mmol l-l NH4AC,
gradient: l0 tD 50% B in 30 min, make up flow: 15 Vo glycerol + 0.25 Vo trifluoroacetic
acid at 5 pl min-l, MS: positive ion mode, scans from m/z 100 to 1500 at 3 s decade-I, 7
kV xenon atoms)
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Figure 11 The upper trace shows the UV chromatogram as obtained after injection of 50 pmol of a
mixture of p-endorphin fragments. The lower trace is the corresponding mass chromato-
gram(nlz 800 to 1500) as obtained with the liquid junction interface demonstating that
the chromatographic performance is slightly diminished when compared to the coaxial
interface. (Conditions were as in Fig. 9, except that the sample was run in isocratic mode
atZ}Vo B)
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detector. In total the length ofthis capillary was
about 120 cm, being the distance between the
column and the target. As an example of the
excellent performance of the coaxial interface
Fig. 9 shows both the UV and the MS
chromatogram of a number of peptides derived
from DETE (des-enkephalin-y-endorphin = p-

endorphin 6-17) obtained after injection of 50
pmol of each. Although there is some apparent
peak-broadening the UV chromatogram is well
preserved. The relatively smooth peak shape

under full scan MS detection conditions
indicates that the mobile phase and the matrix
are sufficiently mixed. The distance between
the end ofthe inner capillary and the target was
varied between 5 and 50 mm and was found to
be of no importance. Nevertheless, the coaxial
design was discarded as there were a few flaws
to it. The first being the immense difficulty of

inserting a200pm o.d. ina220pmi.d. capillary
overalengttr of70cm. Due to smallinegularities
in the capillaries this is occasionally (frequently)
impossible, or leads to cracks in the sheath
capillary. Secondly, the hole in the gold plated
CF-FAB target is too small to accommodate
the 220 pm sheath capillary as such and was
only just possible by burning of the polyimide
coating. Considering the cost of the target there
was a strong reluctance towards reaming of the
hole.

The liquid junction interface used in this study
is in principle based on the liquid junction
interface used in the successful efforts towards
the coupling of capillary electrophoresis and
CF-FAB MS t321. A schematic drawing of the
liquidjunction interface is given in Fig. 10 . The
75 pm i.d. fused silica capillary with a length of

986 [M+H]+

E- x9 6 E+4

lys-ser-gln-thr-pro-leu-val-thr-leu (5 pnrcl)

Y; Y'

1 000
mlz

Figure 12 Positive ion FAB spectrum of 5 pmol of p-endorphin 9-17 (DEyE 4-l2)obtained with
micro-LC-CF-FAB. The observed fragment ions are labeled according to the
nomenclature proposed by Roepstorff and Fohlman. Major fragment ions are of the A, C,
and Y type thereby enabling the identification ofthe peptide. (Conditions were identical
to those given in Fig. 9)

800600
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70 cm is inserted in the CF-FAB probe after
polishing both ends. It is inserted for 10 mm in
a 350 pm i.d. fused silica capillary and is fixed
with epoxy glue. The 350 pm capillary is
connected to a 'tee' with a vespel femrle. The
50 pm capillary from the column is passed
through the UV detector and the 'tee' and
inserted in the 350 pm i.d. capillary until
positioned against the CF-FAB probe capillary.
With respect to performance this design is only
slightly inferior to the coaxial design, and results
in a fully satisfactory overall micro-LC CF-
FAB performance. This is demonstrated by the
UV and MS chromatogram of a mixture of
DEgB peptides in Fig. 11, showing that some

peak broadening is occurring (see legend for
conditions). The main reason that the 350 pm
i.d. capillary is made of fused silica was that the
transparency of this material enables a visual
inspection of the positioning of the meeting
capillaries although it is very susceptible to
damage. Later designs used polyether-
ethylketone (PEEK) 1/l6" capillaries ro give a
far better mechanical stability.

The results given above also underscore the
popularity of micro-LC-CF-FAB in the field of
peptide and protein analysis. Injected amounts
of 50 pmol are still very high but are by no
means the full scan detection limit for the

n/z 1500 - 3000 : scan m/z 100 - 3000 at 3 s/decade

m/z 1500 - 3000 : scan m/z 1500 - 3000 at 10 ddecade

5 10 15
t (min)

20 25 30

2.6 E+4

3.5 E+4

0

Figure 13 Mass chromatograms (m/z 1500-3000) of micro-LC CF-FAB analysis of some minor
peptides in a tryptic digest ofhorse heart cytochrome C. The upper and lower
chromatogram were obtained by scanning the mass spectrometer from mlz 100 to 3000 at
3 s decade -t and ffom rnlz l5C0 to 3000 at l0 s decade -1, respectively. Despite the
considerably higher scan rate in the first the majority of the peptides are still observed.
(Conditions as in Fig. 9, except gradient from l\Vo to 80 %B in 30 min)
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compounds tested. This can be seen in Fig. l2
showing the mass spectrum after injection of 5
pmol of DEIE 4-12 (=p-endorphin 9-17). The

iignal to noise ratio is such that still smaller
amounts can be detected. In general however
the mass spectrometric response is strongly
related to the physico-chemical properties and

thus the amino acid composition of the peptide.

Beside good detection limits, fragmentation
processes under CF-FAB conditions also offer
the possibilily of obtaining amino acid sequence

information. Peaks are labeled according to the

standard nomenclature as it was originally
proposed byRoepstorff andFohlman [33]. The

major problem is that the intensities of the

fragment ions are small and peptide dependent.

By means of CID MS-MS techniques a much

better fragment yield is obtained. Nevertheless,
t}le occurrence of fragmentation in CF-FAB is
of high value for identification and

characterization purposes of peptides especially
when MS-MS facilities are not available.
Furthermore, the FAB ionization technique
gives desorption of high molecular weight ions

as was discussed in Chapter 4. The general

strategy for obtaining spectra spanning a large
mass range is the use of slow scans. As in the

case of micro-Lc CF-FAB the compounds are

present on the target for about 30 s this strategy
is not applicable. Nevertheless the detection of
compounds in the 100 to 30fi) amu range is

desired in the analysis of protein digests while
at the same time preferably at least 5 spectra are

acquired for a single chromatographic peak.

Scan times then have to be in the order of 5 s-

This can be achieved by scanning the 100 to
3000 amu mass range at a scan speed of 3 s

decade-l using the exponentially scan mode-

This is demonstrated in the upper chromatogram
of Fig. 13 for some peptides in the 1500 to 3000
amu range obtained by the digestion of horse

heart cytochrome C with trypsin (the injected
amount corresponds to 50 pmol of horse heart
cytochrome C, meaning that in the case of a

1007o product yield 50 pmol of each peptide

has been injected). For comparison the lower
trace in Fig. 13 shows the chromatogram
obtained when the mass spectrometer is scanned

over t}re 1500 to 3000 mass range at 10 s

decade-I. Two major differences can be

observed namely that the peak intensity is
increased by 407o and that the peaks are

smoother when the scan speed is reduced. An
important conclusion is, however, that with the

first approach all major peptides are detected,

and that there is actually no need for the slower
scan strategy exceptwhen the minor compounds
have to be detected. Despite molecular weight
information, the occurrence of some sequence

ions, and information on which peptic bonds
are cleaved with trypsin the major peaks are

difficult to identify (also because the trypsin
usedcontained somechymotrypsin and the fact
that the observed peptides in Fig. 13 are only
minor constituents as compared to the peptides

in the 200 to 1500 Da mass range).

Conclusion

In the preceding, the development of a micro-
LC system and its combination with CF-FAB
LC-MS have been discussed. Concerning
micro-LC, a simple and robust method for the

preparation of microcolumns has been
developed. The described chromatographic
system enables the successful usage of these

micro columns in isocratic and modifier gradient

elution mode. With respect to the combination
with CF-FAB LC-MS some concessions with
respectto chromatographic resolution have been

made by choosing the liquid junction type of
interface. In the selected cases where the

chromatographic resolution has priority over
convenience the coaxial approach is the method

choice as its contribution to peak broadening is

negligible. The post column matrix addition is
highly favored as it completely separates the

operating conditions for the desired
chromatographic and mass spectrometric
performance. Despite the small volume
available ofmixing themobile phase andmatrix
the obtained peak shapes indicate homogeneity
ofthe solvent on the target an inherently a high
stability of the ionization conditions. The results

as they have been obtained for peptides
demonstrate that micro-LC CF-FAB holds an

enormous potential for (bio)analytical
applications in general.
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5.2 A study on the potential of micro liquid chromato-
graphy - continuous flow fast atom bombardment
in nucleic acid research

Introduction

Continuous flow fast atom bombardment mass
spectrometry (CF-FAB) has become a valuable
tool in biochemical and drug analysis. In a
previous section the potential ofthis technique
in combination with micro-LC (gradient)
systems for the analysis of peptides and protein
digests has been demonstrated. Despite the
success in peptide analysis, there has only been
a small spin-off to the analysis of compounds
such as (oligo)nucleotides and
(oligo)saccharides. The analysis of nucleic acid
constituents is a very broad discipline
encompassing areas wherein mass spectrometry
can be of great importance. The identification
of modified nucleic acid constituents in DNA
and RNA that either occur naturally or are
formed after exposure to chemicals (including
drugs) or radiation is ofever increasing interest.
The combination of liquid chromatography (LC)
and capillary electrophoresis (CE) with mass-
spectrometry (MS) orMS-MS willbecome the
methods of choice.

Basically there are four approaches to the
analysis of modified nucleobases in DNA (or
RNA), i.e. as such, as the corresponding
nucleosides, as nucleotides, or as small strands
of DNA (the latter only in the case of in-vitro
modifications of synthesized DNA strands).
This order agrees with developments in
ionization techniques, sample introduction
methods, and increased mass-range. Reports
on the analysis ofnucleobases and nucleosides
with various LC-MS techniques have been
reviewed [2]. In sharp contrast, repofts on LC-
MS (orCE-MS) methods fornucleotide analysis
are hard to find, and in general deal with the use
of LC-MS interfaces for sample introduction
without an on-line separation [3-8]. An
exception to this is the LC-MS analysis of
acylcoenzyme A compounds, that contain a 3'-

phosphate-5'diphosphate-adenosine part, with
a CF-FAB interface as described by Norwood
and coworkers [9]. Mainly responsible for this
situation is the incompatibility of the majority
of chromatographic methods for nucleotide
separations, i.e. ion-exchange and ion-pairing
chromatography, with LC-MS interfaces, as a
result of the non-volatile mobile phase additives
used. With respect to the ionic nature of
nucleotides, capillary electrophoresis is a good
alternative for LC. A number of papers report
successful separations of nucleotides with CE
[10-12], but in all of the cases rhe buffer
composition was again incompatible with LC-
MS interfaces. It remains to be seen whether
good CE separations of nucleotides are
achievable with a volatile buffer system e.g.
ammonium acetate.

Because the in-vivo concentration of modified
nucleobases is extremely low i.e. one modified
in 107-109 normal nucieotides, a method is
required with a sub-picogram detection limit
[1]. Typical amounts used for conventional
FAB are in the microgram range [13-14).
Derivatization of nucleotides with TMS has
been found to decrease detection limits from
several hundreds of nanograms to 5-10 ng with
conventional FAB [15], and can be ofhelp in
target compound analysis. In that case however
far better methods exist by applying
derivatization in combination with GC-MS, or
LC-MS with thermospray or moving belt
interfaces.

The main objectiveof this study is to investigate
the potentialofCF-FAB in nucleic acid research
with respect to the analysis of nucleosides,
nucleotides, and oligonucleotides. The
development of a chromatographic phase-
system for nucleotides allowing the on-line MS
detection is a second, equally important goal as

such a system can also be used for other
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negatively charged compounds like sulfates
and sulfonates. The implementation of this
system on micro-LC with packed fused silica
columnsincombination with acontinuousflow
fast atom bombardment interface will be
presented. Special attention will be paid to
factors affecting the sensitivity.

Experimental

Chromatography
The solvent delivery system consisted of a

model 2150 HPLC pump (LKB, Bromma,
Sweden) in combination with a model 2152
HPLC Controller (LKB) and a low pressure
gradient mixer (LKB). The generation of
reproducible and smooth gradients with this
system is only possible at flow rates greater

than 250 pl min-t, making a pre-microcolumn
or pre-injector split necessary. In this study a
pre-injector split was used. The flow was split
in the desired ratio using a Swagelok 'tee' fitted
with a 100 x 3 mm i.d. stainless steel column
hand-packed with 8-9 pm XAD-2 packing
material as a dummy-column. The connection
capillary between the splitting-tee and the
iniectorwas l/16" o.d. x 0.5 mm i.d. x 100 mm
stainless steel tubing. A 100 pm i.d. fused silica
capillary from the gradient system was passed
through the splitting-tee and the SS-tubing and
ended 5 mm before the injector. Samples werc
iniected with a model74l3 injector (Rheodyne,
Berkeley, CA, U.S.A.) fitted with a 0.5 pl
sample loop. Gradient elutions were performed
at 2 to 4 ;.rl min- 1 on a 200 mm x 220 pm i.d.
packed-fused silica column packed with
Nucleosil 100-5C18 (Macherey & Nagel,
Diiren, Germany). The microcolumn has been
prepared according to the procedure described
in Chapter 5.1.

For nucleosides solvent A and B were lO07o

water and 907, acetonitrile respectively, both
containing l0 mmol l-l ammonium acetate
adjusted to pH 5.2 with acetic acid. The applied
gradient program was as follows: 5 min isocratic
at} VoB, then a linear gradient to 307o B att=25
min followed by a 5 min hold at 3OVo B. For
(oligo)nucleotides solvent A and B were 100%

water and 99Vo meLhanol respectively, con-
taining 2 mmol l-1 dibutylamine, 2 mmol l-1

ammonia. and 4mmol I-I acetic acid (pH 5.8 for
A). Prior to use the solvents were degassed
under vacuum. The applied linear gradient
programs for nucleotides was for 07o to 30Vo B
in 30 minutes followed by a 10 minute hold at
3O7o B.In the case of oligonucleotides linear
gradients of llVo to 407o (for trimers) or 60Vo

(nonamer) in 30 minutes were used.

The column effluent was directed through a

Spectroflow 757 variable wavelength UV
detector (ABI Kratos, Ramsey, NJ, U.S.A.)
equipped with a home-made flow-cell for
capillary applications, and was monitored at a
wavelength of 260 nm. The UV signal was
recorded with a model BD8 Multirange recorder
(Kipp & Zn.,Delft, The Netherlands).

Micro-LC - CF-FAB Interface
In this study the liquidjunction type ofinterface,
as it was described eadier in Chapter 5.1, has
been used. After polishing of the ends the 75
pm FS capillary used in the CF-FAB probe
(Finnigan MAT, Bremen, Germany) is inserted
for l0 mm in a l00mm x 350 Pm i.d. FS
capillary, and is fixed with epoxy. The 350 pm
capillary is connected to a 'tee' with a vespel
femule. The 50 pm capillary coming from the
micro-LC system (see above) is passed through
the 'tee' and inserted in the 350 pm capillary
until positioned against the 75 pm capillary.
Delivery of the FAB matrix is performed with
a dual syringe pump (ABI Kratos). The make-
up flow contained l5% glycerol. at llow rates
between 5 to 10 pl min-1. For nucleosides thc
matrix contained also 0.257o TFA, whereas for
(oligo)nucleotides the TFA was replaced by I0
mmol l-l DBA. The total flow rate directed to
the MS was in the 7 to 14 pl min-] range.

Mass Spectrometry
TheCF-FAB probewas mounted on aFinnigan
MAT 90 double-focussing mass spectrometer
(Bremen, Germany) equipped with acryogenic
pump at the ion-source housing. A saddle field
gun (Ion Tech, Teddington, U.K.) was used to
generate 7 kV xenon atoms. A gold plated
target was used in combination with a wick of
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pressed paper at the bottom of the ion volume
to ascertain stable ionization conditions. Scans
were made at a resolution of slightly more than
1000. The mass spectrometer was operated in
both negative and positive ion detection mode.

Materials
Throughout this work analytical grade methanol
(Merck, Darmstadt, Germany) was used. Water
was prepared with a GFL Bi-Dest 2108
distillation (GFL, Germany) from
demineralized water. All nucleosides,
nucleotides, flavin adenine dinucleotide (FAD),
and flavin-'5-mononucleotide (FMN) were
purchased from Boehringer (Mannheim,
Germany),98Vo chemically pure glycerol from
Lamers & Pleuger ('s Hertogenbosch, The
Netherlands), trifluoroaceric acid (TFA),
dibutylamine (DBA), and ammonia (25%) from
Merck. The oligonucleotides d(GpApC),
d(GpCpA), d(ApGpC), d(ApCpG), d(CpApG),
d(CpGpA), and d(TpGpCpApTpGpCpApC)
(all read in the 5' to 3'direction) were synthesized
with a type 3 18A solid phase DNA Synthesizer
(Applied Biosysterns) using the
phosphoramidite method. In total 0.2 nmol of
each have been prepared. Afterremoval ofthe
base protecting groups with aqueous ammonia
the oligonucleotides were diluted with waterto
a concentration of 200 pmol pl-I. Of this
solution 0.5 pl was injected resulting in analysis
at the 100 pmol level.

Results and discussion

Nucleosides
Nucleosides have only been analyzed in the
positive ion mode. To promote the desorption
of protonated molecules the matrix has been
acidified. In general this increases the ion yield
for basic compounds, butnevertheless detection
limits for nucleosides were found to be highly
unsatisfactory. This is demonstrated by the
obtained chromatograms of the protonated
molecule [M+H]+ after injection of 100 ng of
cytidine, uridine, inosine, and guanosine in Fig.
la. Depending on the nature of the nucleobase
the detection limit among these four varies
from about 10 ng for guanosine to mole than

100 ng for cytidine and uridine in full scan
mode (detection limits are derived by
extrapolation under the assumption of linearity).
As is shown in Fig. lb the obtained spectrum of,
for instance, guanosine is simple as the only
ions of major intensity are the [M+H]+ and
[B+H]+ ([guanine+H]+; ions at mlz 284 and
152 respectively. Combined with the high
variation in ion yield this leads to poor
perspectives for the identification of modified
nucleosides with the described method.

Nucleotides
One of the main objectives of this study was the
development of a suitable phase system for the
LC-MS-analysis of nucleotides. Major
prerequisites are the volatility of the mobile-
phase additives, and the prevention ofexcessive
ion-source contamination while at the same
time various chromatographic parameters like
resolution have to be fulfilled. Wilhs et al.
describe the use of triethylamine as an 'ion-
pairing' agent for the separation of a large
number of nucleotides and related compounds
[16]. With respect to volatility triethylamine
looks very promising, in practice however, it
turned out that the concentration has to be
higher than 10 mmol l-1 in order to obtain
adequate retention of nucleotides. Because of
this high concentration and the lack of
knowledge about possible ion source
contamination this system was discarded.
Haasteft et al. descibe the use of various
alkylamines for the separation of cyclic
nucleotide derivatives, and reported the
influence of the alkyl chain length, the number
of alkyl chains, the pH of rhe mobile phase, and
the concentration of the alkylamine [17]. The
longer alkyl chains of dibutylamine (DBA)
gave more retention of nucleotides even when
used at concentrations as a low as I to 2
mmol l-1. Although this chromatographic
system is referred to as reversed phase ion-
pairing chromatography, the actual retention
mechanism ispresumably a mixture of reversed
phase, ion-pairing, and ion-exchange
chromatography. The latter can be explained
for by taking into account that DBA is strongly
retained at low modifier contents by a C18-
stationary phase. The butyl chains may
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Mass chromatograms a) of the expected protonated molecules after injection of 100 ng of
cy.tidine, uridine, inosine, and guanosine (data obtained in full scan mode) and b) the

corresponding mass spectrum of 100 ng of guanosine showing [M+H]+ and [B+H]+
([guanine+H]+) ions.

1.6 E+4
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intertwine with the octadodecyl chains by
hydrophobic interaction, and the protonated
nitrogen will behave as an anion-exchanger.
Elution of DBA at higher modifier contents
decreases the ion-exchange properties and
thereby the capacity factors of nucleotides.
Separation is obtained between the majority of
nucleotides with this system, except for
guanosine and inosine phosphates (GMP/IMP
and GTP/ITP).

The conventional FAB-spectra of sodium salts
of monophosphate nucleotides in positive ion
mode contain, amongst others, intense
lM+Nal+, [M-H+2Na]+, and [M-2H+3Na]+
ions [13]. It was anticipated that protonated
dibutylamine molecules would behave in a
similar way as the sodium ions. The
conventional FAB spectra of nucleotides indeed
show intense [M+H+nDBA]+ ions when
glycerol containing l% TFA and I 7o DBA was
used as a matrix. The ion-abundances of the
dibutylamine adducts for a mixture of AMP,
ADP and ATP (1 pg each) are given in Table I.

There is a clear relation between the extent of
cationization and the number of acidic protons,
i.e. 2, 3, and 4 for AMP, ADP, and ATP
respectively. Also included in Table I are the
observed intensities of the [M+H]+ ions and
mlz 136 [B+H]+ when pure glycerol, and
glycerol containing l%o of TFA are used. An
increased yield of protonated molecules upon
acidification of the matrix is observed. The
addition of DBA to the matrix has the same
effect, especially for ADP and ATP.
Cationization with DBA was also observed in
CF-FAB when the make up flowcontains0.2570
TFA in combination with 2 mmol f l DBA in
the mobile phase. Figure 2 shows a
chromatogram (a) of the [M+H+DBA]+ ion at
m/z 558 of 500 ng of IDP (MW 428) in
combination with the corresponding spectrum
(b). The major fragment of IDP is the [B+H]+
ion atmlz I 37 (hypoxanthine, MW 136). These

[B+H]+ ions were also observed for other
nucleotides.

In negative ion mode no nucleotide ions were

Tablc I Absolute (/104) and relative* ion-abundance of a mixture AMP, ADP, and ATP fbr
different matrices in positive ion-mode FAB.

ion m/z glycerol

Matrix composition

1o/"TFA 1%TFA+IoloDBA

IB+H]+ 136 3.2 4.8 (150%) 8.6 (27O%\

AMP IM+H]+
IM+H+1DBA]+
IM+H+2QEAll

348
477
606

5.8
1.4

1.2 5.O (42O./.) 6.8 (570%)

ADP IM+H]+
[M+H+1DBA]+
IM+H+2DBA]+
lM+H+3DBAl+

0.s 2.6 (zeo%) 9.1 (1000%)
7.9
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a) b)
558

IDP
3.3 E+5m/z 558 [M+H+DBA] 687

429

816

0 10
t (min)

20 400 600 800
mlz

Figure 2 Mass chromatogram (a) of the [M+H+DBA]+-ion obtained after injection of 500 ng of
IDP and the corresponding positive ion FAB spectrum (b) showing strong cationization
with dibutylamine (n indicates the number of DBA molecules).

mlz346+347 IMP 3.6 E+4

AMP

nlz 426+427 IDP 'l .1 E+5
P

ny'z 506+507 2.1 E+5

ATP

0 5 10 15

t (min)
20 25 30

Figure 3 Mass chromatograms of the [M-H]--ions of mono-, di-, and triphosphate inosine and
adenosine. Injected amount was 100 ng of each compound.
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Table II observed fragmentation products of some nucleotides in negative ion-mode CF-FAB LC-
MS.

comoound mlz identification intensiW(%)

AMP 346 tM-Hl 100

ADP 426
291
177

159

lM-Hl-
lM-BHl-,IM-H-B]-
IH3P2o7]-
lHPzOel'

't00

3
31

5

ATP 506
426
408
371
299
257

239
177

159

tM.HT
lM-H-P03l'
IM-H-Fl2Poa]-

lM-BHl-,[M-H-Br
unknown

lHaPsorol-
IH2P3oe]-
IH3P2o7]-
lHPzool-

100
1

1

3
3

39

8

17

30

FMN 457
283
242
139

110

lM+Hl-
unknown
unknown
[C2H3oPoaH]-.
ICHzPO+HI-.

100
1

6
6
1

FAD 786
537
426
177

159

134

IM+H]-
IM+H-adenosine]'
IM+H-riboflavin]'
IP2o7H3]'
lPzooHI'
unknown

100
'l 

1

43
27
34

6
') tentative

obtained when the matrix contained TFA,
however, if DBA is used intense [M-H]- ions
were observed. Figure 3 contains mass-
chromatograms of the tM-Hl- ions of inosine
and adenosine nucleotides ( 100 ng ofthe original
nucleotide salt). Mass spectral features of AMP,
ADP, and ATP are given in Table II. The
mono-, di-, and triphosphate nucleosides of
other bases gave similar results. In general it
can be said that important fragments for
identification ofthe ribose unit and the base are
missing. [Base-H1--isns as reported by Eagles
et al. ll3l are not formed. Ions at mlz 159

ions at mlz97 ([H2PO4l-) and79 ([PO,l-) are
expected for the monophosphate nucleosides
I I 3l but were not observed because scans were
made starting atmlz 100. The yield of the [M-
Hl- ion is strongly determined by the numberof
phosphate groups. For mono-, di-, and
triphosphate nucleosides the ratio of the peak
heights of the [M-H]- ions was about 1:3:6. The
chief factor determining the detection limit is
the number ofphosphate groups. In contrast to
nucleosides, it is only slightly effected by the
nucleobase meaning that for instance all
monophosphates have similar detection limits.
When the injected amount is decreased from
100 ng to 10 ng of each compound, the molecular
ions of the monophosphate nucleosides are

( [Hp2o6] 
-), r7 7 ([H3p 20 7)-), 239 ([H2p3Oe]-)

and, 257 ([H4P3O10]-) provide information
aboutthe number of phosphate groups. Simitar
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ti\II

nlz 323
CMP

mlz346 AMP

nlz 347
IMP

m/2362
GMP

o5'10 152025
t (min)

Figure 4 Mass chromatograms of the [M-H]- ions of 10 ng of CMP, AMP, IMP' and GMP

only just detectable in full-scan mode, as is
demonstrated in Fig. 4 showing traces of the

lM-Hl- ions for AMP, CMP, GMP, and IMP.
Detection limits then are about 20 pmol for
monophosphorylated nucleosides as the free

acid. It has not been attempted to determine
detection limits in ttre MID mode, but generally
these are at least one decade lower.

The flavin nucleotides, flavin adenine
dinucleotide (FAD, MW 785) and flavin-5'-
mononucleotide (FMN, MW 456) show in
contrast to the other nucleotides only small [M-
Hl- ions. The base peak in the negative ion
spectra of FAD and FMN is the [M+1]- ion.
These ions are likely to be [M-H]- ions of FADH,

2.8 E+3

2.6 E+3

3.0 E+3

'l .4 E+3

and FMNHT, being reduced FAD and FMN
respectively. This effect was also observed in
the positive ion spectrum of riboflavin (MW
376) with abasepeakat mlz378 [M+2H]+, and
ions at 377 [M+H]+ and 379 [M+3H]+. It is
unlikely that reduced flavins were analyzed as

such. and it is believed that this reduction
occurs underFAB conditions. The negative ion
spectrum of FAD is shown in Fig. 5b (see also
Table II) together with a mass chromatogram of
the [M+H]- ion in Fig. 5a. Apart from the ion at
mlz 186 [M+H]-, the fragments observed are

ml z 17 7 [HrPrOrJ 
-, 

m I z 159 IHP rO {', ml z 416

[M+H-'riboflavin' ]- (=[ADP -H)-), andrrl z 537

[M+H-'adenosine']- (=[flavin-'5-dinucleo-
tide+Hl-). Theionatmlz45T in the spectrum is
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the [M-H]- ion of FMN which elutes just before
FAD. The spectrum of FMN (see Fig. 5d and
Table II) is predominated by the protonated
molecule. Low intensity signals at m/z I 10 and
1 39 may arise from cleavages in the ribose unit.
lonsatmlz242 and283 are of unknown origin.
A chromatogram of the molecular ion of FMN
in Fig. 5c indicates the presence of at least 2
other compounds with a molecular weight of
456. No spectral differences were found and it
is assumed thatthey are the 3'- and {'-phosphate

isomers of FMN that are the typical impurities
in FMN preparations [21].

Oligonucleotides
The better detection limits for muttiple
phosphorylated nucleosides asmentionedabove
hold good perspectives for the analysis of
oligonucleotides. This has been tested with a
number of synthetic oligonucleotides of 3 bases
(trimer) and one of nine bases (nonamer). As an
example Fig. 6a shows the tM-Hl- trace for

a)
FAD

b)

mlzTBG 1.0 E+4

786 [M+H]-

537

0 10 20 30
t (min)

40 200

d)

400 600 800

c)

ln'tt, lsz

mlz
FMN

6.8 E+4 457

010 20 30
t (min)

40 200 300 400 500
mlz

Mass chromatograms of the [M+H]--ions of 100 ng of a) FAD and c) FMN and the
observed negative-ion FAB spectra b) and d) respectively. Two additional peaks in the
nlz 457 trace show the presence of at least two isomeric impurities eluting just before
FMN.

Figure 5
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d(ApGpC) (MW 869.2) obtained after injection
of 100 pmol. The chromatographic system was
identical to the one used for the nucleotides
above, but for an applied modifrer gradient ofO
to 4O7o B in2Dmin. The corresponding spectrum
is shown in Fig. 6b with a limited mass range of
mlz 6N to 9fi), because at lower masses the
fragments are indistinguishable from the
background. The spectrum revealsthe presence
of fragment ions at m/z 635 ([d(pGpC]-) and 659
(td(Apcpl-), which can be attributed to a loss
of dA and dC respectively. The application of
mass fragmentography only just reveals the
presence of mlz30611pC1-) and 330 ([Ap]-) at
an intensity less than SVo of the molecular ion.
The other trimers resulted in similar spectra.

The observed fragmentation pattern of
deoxyoligonucleotides is relatively simple when
compared to that ofpeptides as only the products
of a single type of bond cleavage are detected,
that is the R,C-OR2 (or RrO-CRr) bond with
the negative charge residing at the
phosphorylated product. A schematic diagram
in Fig. 6b (inset), usingXn and Y, identifiers,in
analogy to peptides, for fragments of
oligonucleotides I l9] shows this fragmentation
pattern for the trimer d(ApGpC). Identical
fragments are observed for the trimer with the
reversed sequence d(CpGpA).It isknown from
literature thattheX andY ions show aconsistent
difference in their relative intensity, with Y
being more intense, for oligomers of length 5

d(ApGpC)
5.2 E+3

a) m/z 868

0 5 10 15 20 25

t (min)

tM-H]
b) 635 306

HO

o
ll

oPo
I

OH

o
ll

oPo
I

OH

OH

659 330 659
635

600 700 800 900
m/z

Trace (a) of the [M-H]- ion at m/z 868 of 100 pmol of the tri-deoxynucleotide d(ApGpC)
and b) the corresponding mass spectrum showing sequence ions at m/z 635 (td(pcpcl )
and 659 (ld(Apcpl-). A schematic diagram showing the formation of Xn and Yn sequence
ions of d(ApGpC) by cleavages of the phosphodiester bonds is contained in b).

Figure 6
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and more [20]. The main reason for this is the
lower stability of the bond between 3'-O and the
secondary carbon atom C3, as compared to the
bond between 5'-O and the primary carbon
atom C5. For shofter oligonucleotides other
mechanisms result in deviations from this rule
[21]. The data obtained in this srudy do nor
allow for statistically signifi cant rules, primarily
due to the poor SA.{ of the X and Y-ions for
absolute amounts of 100 pmol. It should be
noted that oligonucleotide analysis at 100 pmol
level is excellent if compared to the amounts
used in conventional FAB, which typically
range from I nmol for dimers [22] to 10 nmol

for decamers [20-2I] and occasionally even up
to 50 nmol [23]. The method applied in this
study allowed the successful analysis of 100
pmol of the nonamer d(TpGpCpA-
pTpGpCpApC) with a mono-isotopic molecular
weight of 2697.5. For this purpose the mass
spectrometer was scanned from mlz 2fi)0 to
3000 at 10 seconds per decade. The obtained
reconstructed ion chromatogram is shown in
Fig.7a and the corresponding spectrum in Fig.
7b shows a deprotonated molecule ([M-H]-) at
mlz2696although the base peakis atm/22698.
This is shown in more detail in Fig. 7c and d
where the measured and the theoretical isotopic

a) rnlz 2000 - 3000

0 5

b)

-d(rpG)

Figure 7

1.4 E+3

'I 0 15

t (min)
20 25

theoretical

2697

d) experimental

2698

2698 c)

4.0 E+3

-d(Apc)

2000 2200 2400 2600 2800

Reconstructed total ion chromatogram (a) of 100 pmol of the nona-deoxynucleotide
d(TpGpCpApTpGpCpApC) with a monoisotopic molecular weightof 2697.5. The
spectrum (b) shows an intense molecular region and some small sequence ions. The
difference in the theoretical (c) and the experimental (d) isotopic distribution indicates the
occurrence of other ions than [M-H]- probably due to reduction processes during
ionization.

-dc

mlz
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distribution are given respectively. The shift is
explained for by assuming that other species
than [M-H]- are present, and indeed it has been
observed that also the radical anion M-' and the
MH- ion are observed in the LSIMS spectra of
oligonucleotides [24]. Determination of the
molecular weight of (modified)
oligonucleotides is not severely hampered once
the occurrence of these processes is known. In
the case that all X and Y fragment ions are

observed this shift is irrelevant as the molecular
weight can always be calculated from the
resulting sequence. According to the
fragmentation pathways described earlier the
spectrum of the nonamer contains X7, X8, Y7,
and Y* ions (loss of d(ApC), d(C), d(TpG). and
d(T) respectively) of small intensity (5 to lOVo

of the base peak). The broad chromatographic
peak clearly indicates that, although the phase

system is compatible with CF-FAB, the
chromatographic performance is very poor.
The low efficiency prohibits the application of
the method to the analysis of modifications in
in-vitro incubation mixtures as separation of
the products will probably not be attained. For
this purpose either the chromatographic system
has to be modified or an other separation method
should be used, e.g. capillary electrophoresis.

Other mass spectrometric methods for
oligonucleotide analysis are plasma and laser
desorption mass spectrometry (PDMS and
LDMS). For a successful analysis PDMS
requires also 10 nmol amounts or more [25]
whereas the observed signal to noise ratios are

poorer than is the case in conventional FAB.
Recent papers on oligonucleotide analysis with
laser desorption mass spectrometry GDMS)
have reported detection limits of 1 to l0 pmol
for molecular weights up to 10 kDa 126,271.
Both methods lack the possibility of easy
coupling to a separation method.

By far the most promising technique with respect
to the analysis ofeven larger oligonucleotides
than mentioned in this paper is electrospray.
Among the highly impressive results with this
technique are the molecular weight
determination of a 61-mer (MW 18701) and
complete tRNAs from brewers' yeast (MW 24

926) although no information is available on
the required amount of analyte [28]. Sequence
analysis of these high molecular weight
oligonucleotides is at the moment impossible,
irrespective of the employed technique.

Conclusion

The described system allows the full-scan
detection of monophosphorylated nucleosides
at 20 picomole quantities without the necessity
of derivatization. Polyphosphorylated
nucleosides show better detection limits.
Although this is a good achievement compared
to other MS methods for underivatized
nucleotides, this sensitivity is far from
satisfactory especially when compared to the
sub-picomole full-scan detection limits obtained
for small (MW 1000) peptides. From a

theoretical point of view no reason exists why
similar detection limits cannot be obtained for
CF-FAB LC-MS of nucleotides. At least three
ordersof magnitudeare missing on the detection
side for the successful application of this method
to the analysis of DNA-damage. The results for
nucleosides are even more disappointing due to
the high variation within this group.

A key factor for improving this is 'matrix
chemistry'. It is known and also demonstrated
in this work that the matrix composition is of
greatimportance. The addition of an alkylamine
(DBA) to the glycerol/TFA matrix gave
increased ion-yields in positive ion mode. In
negative ion mode the addition of DBA to a

glycerol matrix gave asimilareffect. The precise
role of DBA in the desorption process is
unknown. An increased hydrophobicity of the
nucleotide by masking the negative phosphate
groups due to ion-pairing might be the
explanation. This would be analogous to the
higher sensitivities for the more hydrophobic
peptides in FAB. In negative ion-mode however
the lowering of detection limits is believed to
be a similar effect and is certainly not due to the
alkaline nature of the matrix upon addition of
DBA as the use of ammonia did not show thc
same effect. Further research on the role of the
alkylamine and/or the use of other matrices
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than glycerol is required when CF-FAB or
FAB is to be used. There is a strong feeling
however, that these are not the techniques of
choice for nucleic acid analysis, but it remains
to be seen whether other methods will be an
improvement. Regarding the ionic nature of
nucleotides electro-/ionspray (ESP/ISP) are
promising new techniques. Results with ESp/
ISP have been published but lack information
about the attained sensitivity [5-8].

Anotherfactor hampering the overall sensitivity,
apart from the detection, is on the
chromatographic side. Micro-LC is
characterized by low injection volumes, e.g.
60-5fi) nl. Therefore concentrated samples are
required. For an absolute detection limit of 1 ng
and an injection volume of 0.5 pl a concentration
of 2 pg ml-r is required. Thedevelopmenr of an
on-line preconcentration technique for micro-
LC, allowing the injection of sample volumes
of 100 pl or more is necessary. Beside
sensitivity, the information content of the spectra
is of great importance for application of the
method. In both positive and negative mode the

References

8.
9.
10.
11.
12.
13.
14.

15.

spectra do not show enough structural
information foridentihcation purposes. Tandem
MS of nucleotides is the technique of choice for
obtaining more structural information.

In our opinion one of the key parameters of a
LC-MS method performed on a non dedicated
MS, is the extent of ion-source contamination.
Continuous use of 10 mmol l- I DBA in the make-
up flow for several days did not result in
excessive ion-source contamination when
compared to more standard CF-FAB operating
conditions. In fact, directly after this work and
some routine maintenance, GC-MS analysis of
dioxins at femtogram to picogram levels was
performed without impaired determination
limits. The usefulness of the chromatographic
system in LC-MS analysis of nucleotides with
CF-FAB has been demonstrated. In principle
this system is compatible with any LC-MS
interface. The same method can be applied to
other negatively charged compounds like
sulfates and sulfonates. The possible application
of the method to modified nucleotides and
oligonucleotides is under investigation.

't.

2.
3.

4.
5.
6.
7.

E. Jackim and C. Norwood, HRC&CC, 13 (1990) 195.
K.B. Tomerand C.E. Parker, J. Chromatogr.,492 (1989) t89.
c.G. Edmonds, F.F. Hsu, and J.A..Mccloskey, American society for Mass spectrometry, 33rd
Annual Conference, San Diego, CA, 198S, p.616
C.R. Blakley, J.J. Carmody, and M.L. Vestal, J. Am. Chem. Soc., 102 (1980) S9g1 .

c.M' whitehouse, R.N. Dreyer, M. Yamashita, and J.B. Fenn, Anal. cnem., sz (1 985) 675.
M. Sakairi and H. Kambara, Anal. Chem., 60 (1988) 774.
c.G. Edmonds, J.A. Loo, c.J. Barinaga, H.R. Udseih, R.D. smith, J. chromatogr.,474 (1g}g)
21 .

[.W l/ Siu, G.J. Gardner, and S-.S_ Berman, Org. Mass. Spectrom., 24 (1989) 931 .

D.L. Norwood, C.A. Bus, a!9_D_S, Miilingron, J. ehromarojr.,527 (1990i289.'
li.H, Rgw.W.H. Griest, and M.P. lvlaskaiinec, J. Chromato-gr., +OS'1tSai; tSe.
{ t-lr, F Banks,Jr., M. Novotny, J. Microcol. Sep., 1 (1989i136.
! ]su$a, K. Takagi, T. Waranabe, T. Satake, HnCaCC, ti (1988) 721.
J. Eag.les, C. Javanaud, R.Self, Biomed. Environ. Mass. Spebtrom., t t ltSe+1 +t.
R.P. Newton, N.A. Hakeem, B.J. salvage, G. wassenaar,'E.E. Kingstoi, nafio. commun. Mass
Spectrom., 2 (1988) 1 18.
p.jt4._weng, w.tu! H9ryma1gren, D. slowikowski, K.H. schram, K.Z. Borysko, L.L. wotring, and
L.B. Townsend, Anal. Biochem., 178 (i 989) i 02.
C.L. Willis, C.K. Lim, and T.J. Peters, J. Pharm. Biomed. Anal., 4 (1986) Z4Z.
P.J.M. Haastert, J.Chromatogr., 210 (1981) 229.
E. Kenndler, C. Schwer, and D. Kaniansky, J. Chromatogr.,508 (1990) 203.
l,.Yi"rl, Mass spectrometry in the Analysis of Large Bioirolecules, Ed. c. McNeal, J.
Wiley & Sons, (1986) p 199.
L. Grotjahn, R. Frank, and H. Blocker, Nucl. Acid. Res., 10 (1982) 4671.

16.
17.
18.
19.

20.



154 Chapter 5.2

21. L. Grotiahn, H. Blocker, and R. Frank, Biomed. Mqps Qpggtpm- 12 (1985) 514. -22. M.M. Sheil, J.A. Kowalak, and J.A. McCloskey, 37th ASMS Conference on Mass Spectrometry
and Allied Topics, May 21-26, 1989, Miami Beach,728.

2g. J.J. Dino, Jr.,'C.R. Guienat, K.B. Tomer, and D.G. Kaufman, Flapid. Comm. Mass Spectrom, 1

(1 e87) 6s.
24. j.A. Lir"r"", B.C. Arbogast, and M.L. Deinzer, 37th ASMS Conference on Mass Spectrometry

and Allied Topics, May 21-26,1989, Miami Beach,90.
25. A. Viari, J.p. bdlini, P. Meleard, P. Vigny, P. Dousset, C. Blonski, and D. Shire, Biomed.

Environ. Mass Spectrom., 16 (1988) 225.
26. K. Tang, S.L. Allman, and C.H. Chen, Bapid Commun' Mass-Spectrom., 6 (1 992) 365'.

27. G.R. pirr, M.C. Fitzgerald, and L.M. Smith, Rapid Commun. Mass Spectrom., 6 (1992) 369. 
.

ia. B.D. Smit'h, J.A. Loo, C.G. Edmonds, C.J. Barinaga, and H.R. Udseth, Anal. Chem.,62 (1990)

882.







P s e udo - e le c tro c hro mat o g r aphy 157

6 Pseudo-electrochromatography - mass
spectrometry: a new alternative*

Introduction

Continuous flow fast atom bombardment (CF-
FAB) has become a valuable technique for
interfacin g different separation techniques with
mass spectrometry (MS) [1]. This is due to the
good performance of this type of interface
enabling FAB ionization in combined liquid
chromatography (LC-MS) and capillary
electrophoresis (CE-MS) [2]. With the growing
interest in the analysis of compounds with
higher molecular weight such as peptides,
(glyco)proteins, (oligo)nucleotides etc.,
separation techniques enabling the analysis of
these polar and often charged compounds, are
needed.

Typical flow rates allowable in CF-FAB/MS
are in the range of 5 to 15 pl min- 1 implying that
conventionally dimensioned HPLC is not
directly compatible to this type of interface.
Two approaches are often described, i.e. the
post-column splitting of the effluent stream in
orderto achieve the required flow rate reduction
and the application of miniaturized separation
systems. In principle both approaches result in
similar analyte mass flows meaning that the
obtained detection limits will not differ
significantly. A third approach is the so-called
phase system swirching (PSS), that has been
described by us earlier [3]. In this technique the
compound of interest is trapped on a small
column, and is eluted afterwards with an
appropriate solvent. PSS allows the use of LC
systems that are nor compatible with (GF-FAB)
MS [4]. Although PSS offers detection limits
superior to the other approaches (i.e. post-
column splitting and miniaturized
chromatography), the technique has a severe
limitation. In fact PSS is a target compound

analysis approach, which means that the whole
procedure has to be focussed on one particular
compound.

Another separation technique that shows most
promising results in its combination with mass
spectrometry, is capillary electrophoresis (CE).
CE is a miniaturized separation technique that
is based on the differences in electrophoretic
mobility of charged compounds. The
compounds are separated in a capillary filled
with the electrophoresis bufferby the application
of a high voltage over the length of the capillary.
Charged compounds will migrate towards the
electrode with opposite charge. The
electrophoretic mobility is determined by the
charge and the size of the molecules and is
proportional to the electrical field strength. In
practice mainly fused silica capillaries are used,
in which a so-called electroosmotic flow (EOF)
is generated. This EOF results in a migration of
all compounds in the direction of the cathode
irrespective oftheircharge. Due to the presence
of the EOF, negatively charged and positively
charged compounds can be separated in the
same run. On the other hand, the length of the
capillary needed for a certain separation has to
be increased when high EOFs are used.

The efficiencies obtained in CE are far superior
to other separation methods. Theoretical plate
numbers range from l0) to 106 in comparison
with I 0a in chromatography. The use of narrow-
bore fused silica capillaries results in peak
volumes that are in the order of only tens of
nanoliters. As a consequence of the high
efficiencies and the speed of the separation
process mass fluxes are relatively high, which,
in principle, is favorable for a mass flow
sensitive detector as a mass spectrometer.

E.R. Verheij, U.R. Tjaden, W.M.A. Niessen, and J. van der Greef
J. Chromatogr., 554 (1991 ) 339.
Reprinted by permission of Elsevier Science Publishers BV (slightly modified)
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Unfortunately, ahigh mass flux doesnotalways
mean a high mass flow. Especially in CE the
resulting mass flow is rather limited due to the
small dimensions of the separation capillary
applied. Typical inner diameters are in the
range of 25 to 100 pm, while the lengths are
commonly between 25 and 100 cm. The flow
rate caused by electroosmosis is only a few
hundred nanoliters perminute, which is too low
for direct coupling with the CF-FAB interface.
By adding a so-called make-up flow to the CE
effluentthefinalflowrate can be adjusted to the
desired 5 to 15 pl min-l. In addition, this make-
up flowcan also be used forproviding asuitable
FAB matrix.

A technique that combines the features of HPLC
and CE should overcome the limitations with
respect to the flow rate in CE and to the eff,rciency
of HPLC. Therefore the potential of the
combination of (miniaturized) liquid
chromatography and capillary electrophoresis
and its combination with CF-FAB/MS have
been investigated. In fact, electrically driven
chromatography or electrochromatography
(EC) as described by Knox etal. [5], is asimilar
approach, but since the flow in EC is only based
on electroosmosis, the resulting flow rate is
comparable with those obtained in CE. The
selectivity in EC is based on the difference in
distribution of the compounds over the
stationary and the mobile phase. The driving
force is the EOF that replaces the hydrodynamic
flow caused by pressurizing the column in
conventional chromatography. In so-called
pseudo-EC (pEC) the flow is the combination
of ahydrodynamic flow and theelectroosmotic
flow. The overall migration of the analytes in
pEC is the resultant of the chromatographic
migration and the electrophoretic migration, as

has been described earlier by Tsuda et al. 16l.

The aim of this study is to explore the potential
of pEC as an alternative to miniaturized HPLC
as well as to CE as a separation method, that
offers an additional tuning of the selectivity,
and that is suited for combination with MS
detection. Some examples are given to
demonstrate the potential of pEC.

Experimental

Chromatography
The solvent delivery system consisted of a

model 2150 HPLC pump (LKB, Bromma,
Sweden) in combination with a model 2152
HPLC Controller (LKB) and a low pressure
gradient mixer (LKB). The capillary column
was a home-packed 200 mm x 220 pm i.d.
fused silica column packed with Nucleosil 100-
5C18 (Macherey & Nagel, Dtiren, Germany).
The column effluent was monitored at 260 nm
using a Spectroflow 757 vaiable wavelength
UV detector(ABI Kratos, Ramsey, NJ,U.S.A.)
equipped with a laboratory-made capillary flow-
cell using 50 pm fused silica with a volume of
about4nl. Thesignalwas registered on a model
BDS multirange recorder (Kipp & Zn.,Delft,
The Netherlands).

A pre-injector split was applied, since the
generation of reproducible and smooth flow-
rates appeared only possible atflow-rates above
250 1:"1 min-l. The flow was splitted in the
desired ratio using a Swagelok 'tee' (Swagelok,
Crawford Fitting Company, Solon, OH, U.S.A.)
fitted with a 100 x 3 mm i.d. stainless steel
column hand-packed with 8-9 pm XAD-2
packing material as a dummy column. A 100
pm i.d. fused silica capillary from the gradient
system waspassed through the splitting-tee and
the stainless steel tubing and ended 5 mm short
of the injector. Samples were injected wit} a

model7413 injector (Rheodyne, Berkeley, CA,
U.S.A.) fitted with a 0.5 pl sample loop.

For pEC experiments a Model VCS 303-1
reversible polarity high-voltage power supply
(Wallis, Worthing, UK) was used. The injector
was connected grounded to earth in order to
allow injections during high-voltage operation,
while the high voltage was applied to the end of
the packed fused silica column by means of the
device depicted in Fig. l.

Micro - LC - C F - F AB I nt e rfac e
A coaxial [7] and a liquidjunction [8] type of
interface have been employed in this work. For
the coaxial interface a220 pm i.d. fused silica
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3

1

4

76
End fitting for packed fused silica column in pseudo-electrochromatography. Symbols: I
220 1tm i.d. packed fused silica; 2: 1/16" female nut; 3: drilled-through union; 4: teflon
insert; 5: 50 pm i.d. tused silica outlet capillary; 6: silanized quartz wool plug; 7: vespel
femrle

5

Figure I

capillary is inserted into the CF-FAB probe
(Finnigan Mat, Bremen, Germany). The 50 pm
i.d. detection capillary is run through this sheath
capillary 5-50 mm short of the target. This
distance was found to be of little importance.

The liquidjunction type ofinterface (see Chapter
5. I ) is in principle based on the liquid junction
interface used in previous work forthecoupling
of CE-CF-FAB-MS [9]. The 75 pm fused silica
capillary used in the CF-FAB probe is polished
and inserted for 10 mm in a 100 mm x 350 pm
i.d. fused silica capillary, and is fixed with
epoxy. The 350 pm capillary is connected to a
'tee' witl a vespel ferrule. The 50 pm capillary
coming from the micro-LC system (see above)
is passed through the 'tee' and inserted in the
350 pm capillary until positioned to the 75 pm
capillary. Delivery of the FAB matrix is
performed with a dual syringe pump (Model

System 2, ABI) capable ofprecise pumping of
flowratesof I - lfi)Opl min-'. The make-up flow
containing l5Vo glycerol. was applied at flow-
rates between 5- l0gl min-1. The total flow rate
going to the MS was in the 7-14 pl min-l range.

Mass Spectrometry
TheCF-FAB probe was mounted on a Finnigan
MAT 90 double-focussing mass spectrometer
equipped with a cryogenic pump at the ion-
source housing. A saddle field gun (Ion Tech,
Teddington, U.K.) was used to generate 7 kV
xenon atoms. A gold plated target was used in
combination with a wick of pressed paper at the
bottom of the ion volume to ascertain stable
ionization conditions. Scans of m/z 100 up to
I 200 were made at 3 s decade-t (cycletime = 3.5
s) at a resolution of slightly more than 10(X).
The mass-spectrometer was operated in the
negative ion mode.
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Materials
Throughout this work analytical grade methanol
(Merck, Darmstadt, Germany) was used. Water
was prepared with a GFL Bi-Dest 2108
distillation (GFL, Hamburg, Germany) from
demineralized water. Nucleotides were
purchased from Boehringer (Mannheim,
Germany),987o chemically pure glycerol from
Lamers & Pleuger ('s Hertogenbosch, The
Netherlands), trifluoroacetic acid (TFA),
dibutylamine (DBA), and ammonia (25%) from
Merck.

P re paration of micr o c o lumns
The method given hereprecedes thatofChapter
5.1, whichwas developed forthe preparation of
320 pm i.d. packed fused-silica capillary
columns. The following method is only suitable
for smaller i.d. columns. Pieces of 220 1tm
fused silica capillary (SGE, Melbourne,
Australia) of the desired length were cut and
bothendswerepolished. Oneend ofthecapillary
was connected to a male union (Swagelok)
containing a metal frit (Alltech, Deerheld, IL,
U.S.A.). Methanol was used as the packing
solvent, and was delivered by an air-actuated
pump (DSHF-302, Haskell, Burbank, CA,
U.S.A.). The slurry reservoir was a 2 ml
magnetically stirred high-pressure mixing
chamber. In order to prevent the fused silica
capillary from exploding upon activation ofthe
packing pump, a needle valve was installed
between the slurry reservoir and the pump.

The packing procedure was as follows. Air is
removed by flushing the system with methanol.
The needle-valve is closed and a pressure of 50
bar is built up. Slurries were prepared by
dispersing 250 mg of the packing material in 25

ml of methanol. This slurry is ultrasonically
homogenized for 5 minutes and 2 ml is
introduced in the slurry reservoir by means ofa
syringe. After connecting the fused silica
capillary to the slurry-reservoir the stirrer is
activated, the needle-valve is opened, and the
pressure is rapidly increased to 400 bar. Pressure
was applied for I h, after which the needle valve
was closed. The system was left to depressurize
in 30 min and the column was disconnected.
Afterpacking, the column is primed with water

and the column ends are sealed with septa.

Prior to use of the microcolumn, 5 mm of the
packing at the column end is removed, a I mm
plug ofsilanized quartz wool is introduced, and
a 50 pm i.d. fused silica capillary is inserted in
the micro-column. A piece of teflon tubing ( 10

mm x 1/16" x 0.35 mm i.d.) was slid over this
connection and inserted in a drilled-through
Swagelok male union and fixed with 2 vespel
ferrules, as is shown in Fig. 1. The advantage of
this type of connector over gluin g is that columns
can be changed, without reinstalling the 50 pm
detection capillary in the UV detector. Severe
deterioration of plate numbers has not been
observed with this construction.

The top of the column was connected to the
injection valve by means of a Rheodyne nut, a
vespel ferrule, and a teflon liner ( 4 mm x ll16"
x 0.35 mm i.d. tubing) to fill up the void space

[10]. The described packing procedure is
reproducible, and results in plate numbers for
polycyclic aromatic hydrocarbons of about
12000 for a 200 mm column. Further
optimization of the procedure should improve
this.

Results and discussion

Chromatographic phase systems that are applied
for the separation of charged compounds are
mainly based on the usc of a counter-ion either
for ion-pair formation or as competing ion in an
ion exchange system. Since the coupling with
MS requires that additives to the mobile phase

are volatile, the number of applicable counter-
ions is drastically decreased. Commonly, strong
acids are used as an anionic counter-ion and
quaternary amines as cationic counter-ions.
Volatile secondary and tertiary amines appear
to be a good alternative for the nonvolatile
quaternary ammonium compounds. This study
has been limited to compounds that can be
chromatographed in ion-pair reversed phase
systems. Several test mixtures has been used
for the exploration of pEC.

In Fig. 2a the chromatogram of a test mixture of
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some alkaloids run under isocratic conditions is
depicted. Alkaloids are basic compounds that
are neutral at high pH values (pKu>9), and
positively charged at lowerpH values. Although
good efficiencies were obtained for neutral
compounds, the charged alkaloids show severe
tailing resulting in a disappointing performance
of the separation system. Use of an end-capped
packing material will improve the performance,
but this study was not focused on the optimal
separation of this type of compounds. By
applying a voltage over the separation column
an electrophoretic component will be
superimposed on the chromatographic
migration. Fig.2b shows the chromatogram of
the same test mixture, but now under pEC
conditions. Comparison of these two figures
clearly demonstrates that the application of a
voltage over the capillary will influence the
separation characteristics considerably.

Nucleotides are charged polar compounds
possessing different numbers of phosphate
moieties which make them very well suited for
separation techniques in which the
electrophoretic mobility is involved.

An even stronger example is given by the
separationof a testmixture of some nucleotides.

Although a lot of effort has been put into
analyses based on MS using flow injection as
introduction technique applying different
interface types [1-16], to our knowledge no
systems for nucleotide analysis by LC-MS have
been described in literature. For UV detection
based analysis Willis et al. studied the use of
triethylamine as an 'ion-pairing' agent for the
separation ofa large number ofnucleotides and
related compounds [7]. With respect to
volatility triethylamine looks very promising,
in practice however it turned out that the
concentration has to be above l0 mmol l-1 in
order to achieve sufficient retention of
nucleotides. Using such high TEA contents
causes an excessive ion-source contamination
while at same time various chromatographic

a) b) h

c

morphine m

codeine

dimethyl
morphine

d

0kv heroine 0kv
thebaine

0 10 300 10 20
t (min) 10 kv t (min)

Chromatograms of a test mixture of some opiates. Conditions: Column: 150 mm x 220
pm i.d...packed with 5 pm Nucleosil 100 C18, mobile phase: 40 Vo acetorutrile in2
mmol l-I ammonium acetate, Applied voltage: +10 kV at injector starting at time t=9 min;
UV detection: 220 rm,0.01 AUFS. Injected amounts: ca. 50 ng of each compound.

Figure 2

20
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a) b) c)

AMP AMP

ADP
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ADP
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5kv
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ADP

0kv
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40 0 n
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Figure 3 Separation of 17 ng of AMP, ADP and ATP. Conditions: Column: 200 mm x 220 pm i.d..
paiteO with 5 pm Nucleosil 100 C18, mobile phase: 10% methanol in 2 mmol 1-1

dibutylamine at pH 5.0. UV detection at 260 nm, 0.0025 AUFS. (a) isocratic conditions;
(b) applied voltage: +5 kV; (c) stafling voltage: +5 kV, increased to +10 kV at t=9 min
(voltage applied at the end of the column).

parameters like selectivity and resolution are
substantially affected. Haastert et aL described
the use of various alkylamines for the separation
of cyclic nucleotide derivatives, and reported
the influence of the alkyl chain length, the
number of alkyl chains, the pH of the mobile
phase, and the concentration of the alkylamine
in question [18]. The longer alkylchains of
dibutylamine (DBA) gave indeed sufficient
retention of nucleotides even when used at
concentrations as low as 1 to 2 mmol l-1.

of +5 kV is applied to the downstream electrode
implying that the anionic compounds are
accelerated. Although the symmetry of the later
eluting compounds is far from ideal, it can be

seen that a real peak compression takes place.
Nevertheless, it has to be realized that the same
effect should be obtained by applying a solvent
generated gradient elution by increasing the
modifier content of the mobile phase. In that
case, however, the compatibility with the CF-
FAB ionization can be diminished as the FAB
conditions are affected by the change in the
mobile phase composition.Fig. 3a shows the chromatogram of 3 adenosine

phosphates, separated under isocratic
conditions. Indeed retention has been obtained,
but ADP and ATP are eluted with a poor
performance. In Fig. 3b the chromatogram of
the same mixture is given. In this case a voltage

The influence of the application of a voltage
over the capillary is even more demonstrated in
Fig. 3c, in which after the elution of AMP the
applied voltage of+5 kV has been increased up

0kv
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0kv -2 kv

GMP
IMP
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GMP

IMP

UMP

0 100 100
t (min)

Figure 4

to + 10 kV. This results in lower virtual capacity
factors for ADP (2 to 3 negative charges) and
ATP (3 to 4 negative charges). From this figure
it can easily be predicted that by using a voltage
programmed elution, further optimization of
the performance can be obtained. This feature
is presently under investigation.

In the examples given above the voltage was
applied in such a manner that the elution of the
selected ionic compounds was facilitated. It
also possible to achieve theopposite,i.e. increase
the retention. This is shown in Fig. 4 a-d for

-4 kv -6 kv

GMP
IMP

GMP
IMP

UMP

UMP

10 0

0kv
10

t (min) t (min) t (min)

Separation of selected monophosphate nucleotides (UMP, IMP, and GMp) and their
degradation products (corresponding nucleosides). Conditions: Column: 2N mm x 220
pm i.d., packed with 5 pm Polygosil 60 C18, mobile phase: 7.5Vo methanol in 2 mmol l-l
dibutylamine at pH 5.0, UV detection at 260 nm, 0.01 AUFS. (a) isocratic conditions; (b)
applied voltage: -2 kV; (c) applied voltage: -4 k; (d) starting voltage -6 kV, switched off
after elution of the degradation products (voltage applied at the end of the column).

some monophosphate nucleotides (UMP, IMP,
and GMP) and their degradation products. The
first chromatogram shows a separation under
isocratic conditions. By applying a small
negative voltage (-2 kV, Fig. ab) at the end of
the column the negatively charged nucleotides
are better retained. When the voltage is increased
(Fig. 4 c and d) this effect is enhanced. As a
result of the increased retention, three minor
peaks have been separated from the nucleotides
that previously co-eluted with the nucleotides
in Fig. 4a. According to their retention, these
three degradation products appear to be the

r-----_-r_----
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corresponding nucleosides (uridine, inosine,
and guanosine). This particular example
demonstrates that pEC offers an additional
separation mechanism that can be used for
improving the resolution.

FAB) mode. The improvement in the signal-to-
noise ratio is a factor of about 10. In both cases
the amount injected was about 50 ng implying
that 10 to 50 pmol quantities are needed for the
full-scan detection of this nucleotide.

Fig. 5 represents the mass chromatograms of
inosine-5'-triphosphate (ITP) under isocratic
conditions (Fig. 5a) and under pEC conditions
(Fig. 5b). These data were obtained by using
the MS in the negative ion CF-FAB (NI CF-

Fig. 6 gives anotherexample of the potential of
pEC. In this figure the mass chromatograms of
suramin are given. Suramin is an antiviral drug
with 6 sulfonate groups, which means that the
compound will be a 6 minus anion that is

a)
3.7 E+3

mlz507: [M-H]- of ITP

0kv

0 5 10 15 20
t (min)

b)
2.2 E+4

mlz507: tM-Hl- of ITP

+5 kv

0 5101520
t (min)

Mass chromatograms of the [M-H]--ion of 50 ng of ITP obtained with isocratic
chromatography (a) and pEC conditions (b). Conditions: see Fig. 5.

I

Figure 5
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strongly influenced by an electrical field. The
upper trace shows the result in a modifier
gradient, while the lower trace has been obtained
with pEC. The theoretical plate numbers
amounting to 5,000 and 34,000, respectively,
demonstrate an improvement that cannot only
declared by an on-column concentration caused
by isotachophoresis effects. In case of injection
of an analyte dissolved in a bufferwith an ionic
strength below that of the running buffer, a
discontinuous buffer system is used, which

leads to a peak sharpening during the injection
[19,20]. Such a compression results in a
negligible injection volume meaning that the
peak broadening should only be caused by the
separation processes and the detection. Taking
these aspects in consideration, the obtained
plate number of 34,000 is still beuer rhan
expected and cannot fully be declared. A more
systematic study to the peak broadening is in
progress.

a) m/z 1000 to 1500

0kv

0 10 20 30
t (min)

b) m/z 1000 to 1500

+5 kv

0 10 20 30

t (min)
40 50 60

Figure 6 Summed mass chromatograms (m/z ranging from 1000 to 1500) of 250 ng suramin
(molecular weight 1296); Conditions: see Fig.3; uppertrace: modifier gradient (5-60 Vo

methanol in 30 min); lower trace: pEC, modifier content: 30 Vo, applied voltage +5 kV at
the end of the column.
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Fig. 7 represents a pEC/CF-FAB MS
chromatogram obtained by adding the [M-H]-
of uridine diphosphate (UDP, m/z 403) and

uridine triphosphate (uTP, m/z 483). The pEC
conditions were similar to those in Fig. 3. The
amount injected was l0 ng of both.

Interface performonce
Post-column addition allows any FAB matrix
to be used without impairing the
chromatographic separation process. The only
requirement is that this should be done without
(significant) losses in chromatographic
resolution. Both the coaxial and the liquid
junction type of interface meet this requirement.
Nevertheless the liquid junction was chosen
because the coaxial interface had some practical
disadvantages. The first being the difficulty of
inserting a200 pm o.d. ina220pm i.d. capillary
overalength of75 cm. Due to smallirregularities
in the capillaries used this is sometimes
impossible, or the sheath capillary is damaged.
The second is that the success of this procedure
depends heavily on only small in between batch
differences of the fused silica capillaries used.
This post-capillary addition results in a dilution
of the analytes, but in the case of a mass flow

sensitive detector this will not affect the
detection limits.

Limitations

The use o[ a hydrodynamic flow of several pl
min-l makes that the electroosmotic flow is
negligible. This means that for neutral
compounds pEC cannot be distinguished from
capillary chromatography. Furthermore, dilute
buffers are required in pEC using 220 pm i.d.
columns in order to avoid an excessive heat
generation within the capillary and
simultaneously the greater risk of air bubble
formation. Buffer concentrations exceeding 5

mmol l-1 result in unacceptable high electrical
currents and lower the performance of the
system considerably.

Conclusions

pEC appeared to be a good supplementary
techniqueforcapillary LC. The methodis useful
to obtain improved chromatographic
performance for ionic compounds. The

10

Figare 7

UTP
1.2 E+4

[M-H]-: nriz 403+483 UDp

20

t (min)

30

Mass chromatograms of the [M-H]--ions of 10 ng of UDP and UTP. Condidons: see

Fig. 3c, applied voltage: strrting voltage +5 kV, increased to +10 kV at t=8 min.
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selectivityin pEC can be tunedeasily by voltage
programming. pEC appeared to be easy
compatible with CF-FAB/MS. In the analysis
ofcharged compounds the use of an expensive
gradient system can be avoided by the

application of pEC. The described system allows
the full-scan detection of nucleotides at l0 to 50
pmol quantities without the necessity of
derivatization.
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Conclusions and perspectives

The on-line combination of liquid
chromatography and mass spectrometry (LC-
MS) is an extremely powerful analytical tool in
qualitative as well as in quantitative analysis.
However, the large number of different
techniques in liquid chromatography imposes
problems in selected cases with respect to the
compatibility. It appears that current trends in
LC-MS interface design will not solve all of
these incompatibilities in the foreseeable future.
Therefore, the development of chromatographic
systems and techniques alleviating these
incompatibilities is mandatory.

The use of coupled column techniques where a
second column acts as an intermediate between
the chromatography and mass spectrometry, as

for example in the phase-system switching
technique, is an effective and generally
applicable solution in target compound analysis.
These methods do not only overcome
incompatibility problems, but can also improve
detection limits by concentrating the analyte.
Other applications of coupled column
chromatography, i.e. sample clean-up and pre-
concentration, will attract considerable attention
in the future. The manual operation of such
complex chromatographic systems is not easy
and requires automation, which for phase-
system switching is relatively easy
accomplished. With respect to the growing
numberof (quantitative) LC-MS analyses under
Good Laboratory Practice (GLP) conditions,
the development of completely automated
methods has top priority.

Miniaturization of the chromatographic system
is advantageous in LC-MS with interfaces that
only allow the use oflow flow rates. It has been

shown that the developed system is fully
compatible with continuous-flow fast atom
bombardment (CF-FAB) LC-MS. The post-
column addition of the FAB matrix enables the
use of modifier gradient chromatography
without impairing the ionization conditions
thus allowing a relatively independent
optimization of the chromatographic and mass
spectrometric operating conditions. Despite
these advantages, some incompatibilities still
exist, e.g. ion-pair and ion-exchange
chromatography for the analysis of polar ionic
compounds. In order to relieve this limitation a
study on the use of the electrophoretic mobility
of ionic compounds in miniaturized liquid
chromatography has been initiated, resulting in
the development of the so-called pseudo-
electrochromatography. In this technique the
chromatographic and electrophoretic
characteristics of the analyte are combined.
The promising results indicate that this is an
interesting supplementary technique, although
considerable efforts in the near future are still
needed for further development. Miniaturization
and the use of electrophoretic separation
mechanisms (e. g. capillary electrophoresis) are
considered to be essential for trace-analysis in
biological matrices. Therefore, the combination
of these systems with mass spectrometry is a
major topic in LC-MS and CE-MS research.

The developed methods and strategies were
originally intended for the combination with
either the moving belt or the continuous flow-
fast atom bombardment LC-MS interface.
Despite the fact that new interfaces are under
development, the results of this study are still of
value for other interfaces.
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Summary

The on-line coupling of separation methods
and mass spectrometry provides a powerful
technique for qualitative and./or quantitative
analysis applicable in a number of widely
differing research fields. In retrospective, the
first combination of this type comprised gas
chromatography and mass spectrometry (GC-
MS). Due to the fact that GC requires volatile
analytes, or their corresponding derivatives,
GC-MS has a limited applicability. Liquid
chromatography (LC) offers a wider range of
applications than GC. This advantage has been
the major stimulus for the development of the
on-line combination of liquid chromatography
and mass spectrometry (LC-MS). For the
purpose of LC-MS the opposing operaring
conditions of a liquid chromatograph and a
mass spectrometer, i.e. liquid versus high
vacuum, resulted in a large number of LC-MS
interface designs throughout the last two
decades. However, until now a universal LC-
MS interface is not available, mainly because
of the large variety in LC and MS methods.
Each of the developed interfaces imposes
limitations to the chromatography and/or mass
spectrometry. For any combination of two or
more techniques, the best performance is
expected when they are appropriately matched.
In the case of LC-MS three individual
components can be distinguished, the mass
spectrometric technique, the chromatographic
system, and the LC-MS interface. These are
discussed in more depth in the general
introduction.

In this study two strongly different LC-MS
interfaces have been investigated. The first, the
moving belt interface (MB) which is based on
the complete removal of solvent, was the first
commercially available system and is discussed
in Chapter 1. The major advantage of this
approach is the possibility to operate the mass
spectrometer in electron impact (EI) and
chemical ionization (CI) mode. On the other
hand, the high input of thermal energy for rhe
removal of the solvent may result in thermal
degradation of the analyte, which is obviously

an important disadvantage.

In Chapters 2.1 and 2.2 two qualitative
applications of moving belt LC-MS are
discussed that demonstrate the value of using
EI in LC-MS. The first describes the
identification of the herbicide diuron as the
intoxicating agent in human post-mortem
plasma and urine. Additionally, the
identification of four metabolites elucidated
(partly) the human metabolism of diuron. The
second application is the identification of
metabolites of the carcinogenic compound
2-nitrofluorene in urine and bile of rats after
oral and intravenous administration. The various
metabolites of 2-nitrofluorene could only be
analyzed within a single chromatographic run
when modifier gradient elution was applied.
This type of chromatography is incompatible
with the majority of LC-MS inrerfaces and also
with the MB. This incompatibility was solved
by the application of a thermospray mobile
phase deposition device.

Apart from the difficulties in combining
modifier gradient elution with mass
spectrometry, a further incompatibility is the
frequent use of non-volatile mobile phase
additives in LC. Upon evaporation of a mobile
phase containing non-volatile buffers, ion-
pairing agents, etc. the additives are deposited
as a solid material in the interface and the MS
which may result in severe contamination of
the mass spectrometer and the interface, or
damage to the interface. Chapter 3. 1 describes
a lrew approach to overcome the problems
imposed by the use of non-volatile mobile
phase constituents in LC-MS. The approach,
called phase-system switching (PSS), is based
on the use of valve switching techniques. The
peak ofinterest is heart-cut from the effluent of
the analytical column and trapped on a short
trapping column, the mobile phase constituents
ae washed off, and subsequentlythecompound
ofinterest is desorbed in a solvent favorable for
the LC-MS interface. The potential of rhephase-
system switching technique was explored in
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the LC-MS analysis of the anti-cancer drug
mitomycin C, that is chromatographed with an
aqueous phosphate buffer as the mobile phase
on a reversed phase column. In this example
PSS has been used for a single target compound
analysis. In Chapter 3.2, the PSS technique is
applied to the analysis of the enantiomeric P-
blocker metoprolol using a chiral separation
and two trapping columns, one for each of the
enantiomers.

In addition to mobile phase switching, the PSS
technique shows the interesting feature ofpeak
compression. Peak compression results in better
detection limits, and it is therefore of interest to
maximize this effect. A theoretical study on
this peak compression effect is presented in
Chapter 3.3. The obtained theoretical model
can be used to predict the influence of selected
operating conditions in PSS on peak
compression. This is followed by an
experimental section on this topic in Chapter
3.4 describing the influence of the operating
conditions such as the desorption flow rate, the
flow direction during desorption, and the
trapping column design.

Another method for peak compression, belt-
speed programming (BSP), is described in
Chapter 3.5. In BSP the analyte is collected on
the moving belt while running it at low belt
speed. After deposition the belt speed is
increased implying that the analyte zone on the
belt surface is introduced in the mass
spectrometer at a higher mass flow than without
BSP. This approach is demonstrated in
combination with both liquid chromatography
and supercritical fluid chromatography (SFC).

The second interface studied in this thesis is
continuous-flow fast atom bombardment (CF-
FAB) which can be regarded as the complete
opposite of the moving belt in every aspect.
Important characteristics are the use of low
flow rates of up to 20 pl min-l and the fact that
only a single ionization technique (FAB) is
supported. A profound treatment of CF-FAB is
presented in Chapter 4. A section discussing

the FAB ionization technique is included as its
characteristics determine the field of application
of CF-FAB. A major item is the implication of
the flow rate limitation on the dimension of the
chromatographic system. Miniaturization of
the chromatographic system using packed
capillary columns is a very attractive approach
for the combination with CF-FAB.

The development of a miniaturized
chromatographic system is discussedinChapter
5.1 and will cover theoretical aspects and the
required hardware. Finally, the resulting micro-
LC system is combined with CF-FAB and its
good performance is demonstrated by the
analysis of peptides up to molecular weights of
3000 Da. Chapter 5.2 deals with the potential of
the micro-LC CF-FAB method in the analysis
of nucleic acid constituents and related
compounds. The results indicate that the use of
post-column addition of the FAB matrix has
considerable advantages with respect to
modifier gradients and the optimization of the
chromatographic and mass spectrometric
operating conditions.

Chapter 6 describes a relatively new liquid
chromatographic separation technique, pseudo-
electrochromatography (pEC) the mechanism
of which is based on the combination of the
chromatographic and electrophoretic behavior
of compounds. This combination enables the
tuning of the selectivity without changing the
composition of the mobile phase. The loadability
of pEC is considerably higher than for capillary
electrophoresis, which makes the coupling to
mass spectrometry very attractive. The
applicability of the method was examined for
some nucleotides, alkaloids and an antiviral
drug as model compounds. The method
appeared to be able to replace a modifier gradient
elution in reversed phase systems, thus
circumventing the use ofan expensive gradient
system. pEC has been combined with
continuous-flow fast atom bombardment mass
spectrometry (CF-FAB-MS), as is demonstrated
with some examples showing the improvement
in the performance of the total system.
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Samenvatting

De koppeling van een scheidingsmethode met
massaspectrometrie resulteert in een krachtige
techniek voor kwalitatieve en/of kwantitatieve
analyse, die toepassing kan vinden in een grote
diversiteit van onderzoeksgebieden. De eerste
koppeling van dit type was gaschromatografie-
massaspectrometrie (GC-MS). Een belangrijke
beperkende factor in het gebruik van GC is dat
de chemische verbindingen, of derivaten
daarvan, vluchtig en thermostabiel moeten zijn.
Dit is dikwijls niet het geval, hetgeen zich uit in
een beperkte toepasbaarheid van GC-MS.
Vloeistofchromatografie (LC) is een
scheidingstechniek die een veel grotere
toepasbaarheid heeft vanwege het nagenoeg
ontbreken van dergelijke beperkende factoren.
Dit voordeel is het belangrijkste uitgangspunt
geweest voor de ontwikkeling van gekoppelde
vloeistofchromato grafie-m assaspectrometrie
(LC-MS). De afgelopen 20 jaar zijn diverse
LC-MS interfaces ontwikkelt om de
ogenschijnlijke onverenigbaarheid tussen de
fysische condities in vloeistofchromatografie
en massaspectrometrie, i.e. vloeistof versus
hoog vacuum, te overbruggen . Deze
ontwikkelingen hebben echter nog niet geleid
tot een universeel toepasbare LC-MS interface,
voornamelijk door de grote varieteit in LC en
MS methoden. Dit houdt in dat elk van de
huidige LC-MS interfaces een vrije keuze van
de vloeistofchromatografische en/of
massaspectrometrische methode beperkt. Voor
elke combinatie van twee of meer technieken
wordt in het algemeen de beste prestatie
verkregen wanneer de afzonderliike
componenten optinmaal op elkaar worden
afgestemd. Voor LC-MS kunnen drie
afzonderlijke componenten onderscheiden
worden: het chromatografische systeem, het
LC-MS interface en de massaspectrometer,
waarvan relevante karakteristieken worden
besproken in de algemene introductie. Daarbij
ligt de nadruk op de invloed die zij hebben voor
de ontwikkeling van LC-MS methoden.

Gedurende deze studie zijn twee, sterk
verschillende, intertaces bestudeerd. De eerste,

ook in commercieel opzicht, is de 'moving
belt' interface (MB) die wordt behandeld in
Hoofdstuk 1. Dit type interface is gebaseerd op
de volledige verwijdering van vloeistof door
middel van verdamping. Het belangrijkste
voordeel van deze benadering is de mogelijkheid
tot het gebruik van electron impact (EI) en
chemische ionizatie (CI) als
massaspectrometrische techniek. Tegelijkertij d
vormt het gebruik van thermische energie voor
de verdamping ookeen belangrijknadeel omdat
het kan leiden tot thermische degradatie van
verbindingen.

In Hoofdstuk 2 worden twee moving belt LC-
MS toepassingen van kwalitatieve aard
beschreven. Daarbij ligt de nadruk op het grote
voordeel die de beschikbaarheid van EI en CI
biedt voor dergelijke toepassingen. De eerste
beschrijft de identificarie van het herbicide
diuron in humaan post-mortem urine en plasma.
Tevens resulteerde deze studie in gegevens
over het metabolisme van diuron in de mens
door de identificatie van 4 metabolieten. De
tweede applicatie omvat de identificatie van
metabolieten van het carcino geen 2-
nitrofluoreen in urine en gal na orale en
intraveneuze toediening aan ratten. Teneinde
een identificatie van alle metabolieten in 66n
enkele run mogelijk te maken werd
(modifier)gradientelutie toegepast. Dit type
chromatografie is slechts in beperkte mate
compatibel met de meerderheid van de huidige
LC-MS interfaces, ook niet met de moving belt
interface. Deze beperking is ondervangen door
de mobiele fase op de moving belt te sprayen
met behulp van een thermospray.

Naast modifier gradient systemen is het
frequente gebruik van diverse niet-vluchtige
additieven in de mobiele fase een additioneel
probleem in LC-MS. Tijdens de verdamping
van de mobiele fase worden niet-vluchtige
buffers, ionpaarvormers, etc., als vaste stof
afgezet in het interface en de MS. Dit kan leiden
tot ernstige vervuiling en/of beschadiging.
Hoofdstuk 3. I beschrijfteen nieuwe benadering,
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'phase-system switching' (PSS), om deze

beperkingen te omzeilen door het toepassen
van kolomschakeltechnieken. Daarbij wordt
de te analyseren verbinding na elutie van de

analytische column op een zogenaamde
'trapping' kolom geadsorbeerd door middel
van een 'heart-cut'. Vervolgens worden de niet
vluchtige additieven verwijdertin een wasstap,
waarna de verbinding gedesorbeerd wordt onder
optimale condities voor het gebruikte LC-MS
interface. De mogelijkheden van de PSS

techniek worden gedemonstreerd aan de hand

van de analyse van het cytostaticum mitomycine
C dat gechromatografeerd wordt met een

fosfaatbuffer. In dit voorbeeld is PSS toegepast

op de analyse van 66n enkele verbinding.
Hoofdstuk 3.2 beschrijft de mogelijkheden van
PSS in de LC-MS analyse van enantiomeren
van de p-blocker metoprolol. Na scheiding van
de enantiomeren op een chirale kolom worden
zii ieder afzonderlijk op een eigen 'trapping'
kolom geadsorbeerd.

Naast het verwijderen van niet-vluchtige
additieven is het optreden van piekcompressie
een interessant aspect van PSS. Omdat
piekcompressie resulteert in lagere detectie-
grenzen is een maximalisering daarvan
wenselijk. Een theoretische verhandeling over
piekcompressie in PSS is beschreven in
Hoofdstuk 3.3. Het verkregen theoretische
model maakteen voorspelling mogelijk van de

invloed die een aantal experimentele condities
op de piekcompressie hebben. Dit wordt gevolgd
door een experimenteel gedeelte over dit
onderwerp in Hoofdstuk 3.4 waarin de invloed
van de experimentele condities bestudeerd
wordt.

Een andere manier om piekcompressie te
bewerkstelligen is het gebruik van het in
Hoofdstuk 3.5 beschreven 'belt speed
programming' (BSP). Bij deze methode wordt
een chromatografische piek op de 'moving
belt' aangebracht bij een lage bandsnelheid.
Vervolgens wordt de bandsnelheid verhoogd
waardoor de verbinding in de massaspectro-
meter geintroduceerd wordt met een hogere

massastroom dan zonder toepassing van BSP.

Deze benadering wordt gedemonstreerd in

combinatie met vloeistofchromatografie en
superkritische-fase chromatografi e (SFC).

Het tweede bestudeerde interface in dit
onderzoek is 'continuous-flow fast atom
bombardment' (CF-FAB). Dit type interface
kan, met betrekking tot alle karakteristieken,
beschouwd worden als een tegenhanger van de
'moving belt interface'" Belangrijke
karakteristieken zijn de begrenzing van het

vloeistofdebiet tot 20 gl min-t en dat slechts

66n ionisatiemethode, namelijk FAB,
ondersteund wordt. Hoofdstuk 4 is een
uitvoerige beschrijving van CF-FAB. Daarin is
een belangrijk deel gewijd aan FAB omdat
deze ionisatietechniek in sterke mate het
toepassingsgebied van CF-FAB bepaald.
Speciale aandacht wordt besteed aan de
beperking van het vloeistofdebiet en de
gevolgen daarvan voor de dimensies van het
chromatografische systeem . De beperking in
het vloeistofdebiet maakt dat miniaturisering
van het chromatografische systeem door
gebruikmaking van gepakte capillaire
kolommen een bijzonder attractieve benadering
voor CF-FAB LC-MS is.

De ontwikkeling van een dergelijk
geminiaturiseerd chromatografi sch systeem is
beschreven in Hoofdstuk 5.1 en omvat zowel
theoretische als instrumentele aspecten. De
koppeling van het ontwikkelde micro-LC
systeem met CF-FAB wordt gedemonstreerd
aan de hand van voorbeelden in de analyse van
peptiden met molecuulmassa's tot 3000 Da.
Hoofdstuk 5.2 beschrijft de mogelijkheden van
micro-LC CF-FAB voor de analyse van bestand-
delen van nucleinezuren en verwante ver-
bindingen. De resultaten onderstrepen dat het
ontwikkelde systeem, waarbij de FAB matrix
na de LC kolom wordt toegevoegd, zeer grote
voordelen biedt voor een onafhankelijke
optimalisering van de chromatografische en
massaspectrometrische condities.

Hoofdstuk 6 beschrijft een relatief nieuwe
vloeistofchromatografische scheidings-
methode, nl. pseudo-electrochromatografie
(pEC). Het scheidingsprincipe in pEC is een

combinatie van het chromatografische en
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electroforetische gedrag van ionen en ionogene
verbindingen. Deze unieke combinatie voorziet
in de mogelijkheid de selectiviteitte veranderen
zonder wijzigingen in de samenstelling van de
mobielefase. De toepasbaarheid vande techniek
is onderzocht voor nucleotiden, alkalo'rden en
een antiviraal geneesmiddel. De resultaten
maken duidelijk dat pEC een altematief kan
vormen voor (modifier)gradientelutie in

'reversed-phase' chromatografie. De koppeling
van deze techniek met massaspectrometrie is
aantrekkelijk, aangezien de belaadbaarheid
groter is dan in andere electroforetische
technieken zoals capillaire electroforese (CE).
Enkele voorbeelden verkregen met de koppeling
van pEC en CF-FAB MS demonstreren de
mogelijke voordelen van deze methode.
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