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Abstract

A relatively limited number of papers concerning applications of liquid chromatography—mass spectrometry (LC-MS) to
forensic or clinical toxicology, or analytical methods directly applicable to these topics have been published so far, but their
number have greatly increased in the past two years, probably due to technical improvements and to a decrease in the price
of such instruments. After a brief presentation and exemplary applications of the interfaces and/or sources proposed in the
past for coupling HPLC to mass spectrometry (direct liquid inlet, moving belt, fast atom bombardment and thermospray
interfaces), this paper describes electrospray-type and atmospheric pressure chemical ionisation interfaces and their most
recent applications in forensic or clinical toxicology. In athird section, the different LC—MS solutions proposed for typical
applications in human toxicology, such as the determination of morphine metabolites, LSD and its metabolites and
corticosteroids in blood or urine, are reviewed in detail in order to highlight the strengths and weaknesses of each ionisation
device and/or analytical method. The last section envisages the new analytical fields opened up by LC—-MS in toxicology,
regarding mainly peptides, proteins and large molecules, as well as the possible use of LC-MS as a complement to GC-MS
for *“general unknown” screenings; it also deals with the perspectives concerning technical improvements in ionisation
interfaces/ sources or mass spectrometers, as well as in sample preparation and liquid chromatography techniques applied to
this type of coupling. Though LC-MS is still a relatively new technique in toxicology, on taking into consideration its
success so far and owing to the simplification of instruments and concept handling thanks to user-friendly software, it is the
authors' opinion that it will become a major success in analytical toxicology in the next few years. [0 1999 Elsevier
Science BV. All rights reserved.
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1. Introduction

Though drug analysis in biological matrices using
LC—-MS dates back to the early eighties [1,2], only a
relatively limited number of papers really applicable
to forensic or clinical toxicology have been pub-
lished up till now. Indeed, the previous reviews of
the subject, including ours [3-7], included a number
of papers dealing with drugs or toxicants which were
supposed to be concerned with human toxicology,
but were dedicated in fact to pharmacokinetic,
metabolic, environmental or biochemical studies. A
reason why this hyphenated technology has seldom
been used in analytical toxicology is probably be-
cause few laboratories could afford it; it was also not
obvious, until recently, which type of LC-MS
interface would bring about the greatest improve-
ment (if any) over GC-MS in a toxicology labora-
tory. This situation has clearly evolved over the last
two years, as the increasing number of studies using
LC-MS show.

Forensic and clinical toxicology are very demand-
ing applications of analytical chemistry: the tox-
icologist needs ideally to detect and identify any
xenaobiotic possibly responsible for an intoxication
and to quantitate it, even at very low levels. These

requirements of ubiquity, sensibility, specificity and
linearity have more or less been met in the past, by
the association of various immunochemical, radioim-
munological and physicochemical techniques: the
first two technologies are limited to a small number
of therapeutic drugs or drugs of abuse, the anaysis
of which is frequent enough to be commercially
profitable; separation techniques have long been used
by the analytical toxicologist who is used to devel op-
ing his own analytical techniques like a craftsman
(and sometimes an artist), depending on the equip-
ment at his disposal and the cases he has to face.
Whatever the applications, he generaly seeks for
sensitive and specific techniques for the detection of
the largest possible span of toxicants (**screening”
procedure) and for their quantitation. Over the last
two decades, mass spectrometry coupled to gas
chromatography (GC-MS) has offered such per-
formances, but it is not applicable to polar, ther-
molabile or high mass molecules. Moreover, sample
preparation for GC-MS is often time-consuming:
biological samples often require tedious extraction
procedures, while mildly polar compounds generally
need to be derivatised to be amenable to GC. High-
performance liquid chromatography (HPLC) is more
ubiquitous than GC but, until recently, was hampered
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by the detectors used, which evolved from single-
wavelength UV, fluorimetric and electrochemical
detectors to more specific ones, such as diode array
UV detectors. Nevertheless, none of these possesses
the same specificity and above all the same selectivi-
ty as mass spectrometers, so despite careful purifica-
tion, interference may occur and induce false posi-
tive results or impede proper identification and
quantitation of the compounds of interest. For these
reasons, toxicologists have been waiting for reliable
and efficient LC—-MS coupling systems. The first
tentative solution of LC—MS coupling was published
in 1974, by Arpino and co-workers [8,9]. Since then,
about 25 different coupling devices (interfaces or
interfaces/ionisation sources) have been described in
the literature [10], of which at least seven have had
some success. the direct liquid introduction (DLI),
moving belt (MB), particle beam (PB), continuous-
flow fast atom bombardment (CF-FAB) and frit-
FAB, thermospray (TS), electrospray (ES) and at-
mospheric pressure chemical ionisation (APCI) inter-
faces.

In this paper, the principle of the first five,
“historical” LC-MS interfaces are briefly presented
and a few illustrating examples given. The main
focus is on the ‘‘atmospheric pressure interfaces’,
the use of which has considerably increased follow-
ing recent technical improvements. Their advantages
and drawbacks are illustrated with the most recent
applications. Typical applications of LC-MS in
forensic or clinical toxicology, including sports drug
testing, are reviewed in more detail in Section 4 in
order to point out the progress made following
technical evolution as well as growing expertise. In
the last part of this paper, we expose the future
potential of these techniques, or of LC-MS tech-
niques till in development, for the detection and
quantitation of drugs of abuse, therapeutic drugs and
other organic toxicants in human biofluids or solid
tissues.

2. Principle of the “historical” LC-MS
interfaces and applications in human toxicology

The LC-MS interface has always been the weak
link in the coupling, as it is expected to solve two
major problems: eliminate, before or into the

Volatile molecules
Dispersion in the gaseous state under vacuum
then
Electron Impact (El), Photon Impact (Ph | ),
or Chemical lonisation (IC)

Non-volatile molecules

Sudden energy burst
- laser beam desorption (LD)
- fast atom bombardment (FAB)
- fast ions (SIMS)
- particles emitted by 252Cf (PD)

Field Desorption
- in the vacuum (FD)
- in the vapour phase after
nebulisation
* thermospray (TS)
* electrospray (ES)

Fig. 1. Available mass spectrometric ionisation processes, as a
function of the molecule voldtility.

evacuated sections of the mass spectrometer, a large
volume of gases and vapours produced from the
HPLC mobile phase and transform the molecules in
solution in the mobile phase into ions in the gas
phase, without thermal degradation. The different
ionisation processes used by these interfaces depend
on the volatility of the targeted analytes (Fig. 1).
Volatile molecules can be converted into the gaseous
state, either under vacuum where they can be ionised
by electron impact (as with GC-MS, MB, PB) or
chemical ionisation (GC-MS, DLI, MB, PB), or at
atmospheric pressure where chemical ionisation can
be used (APCI). Non-volatile molecules can be
ionised: (i) by providing a burst of high energy,
using laser desorption (compatible with MB), fast
atom bombardment (FAB, compatible with MB, PB,
CF-FAB), accelerated ions (secondary ions mass
spectrometry, compatible with MB, PB), or naturally
emitted particles, e.g., by **°Cf (plasma desorption,
PD); (ii) or by using field desorption, under vacuum
(proper field desorption, FD) or in the gas phase
after nebulisation (TS, ES). Reciprocally, the differ-
ent ionisation modes can accommodate different
polarity ranges, the widest ones being covered by
APCI and ES which, when associated in the same
instrument, would theoretically be perfectly com-
plementary to electron impact (Fig. 2).

2.1. Direct liquid inlet (DLI)

The direct liquid inlet, or direct liquid introduction
interface/ionisation source (Fig. 3) is a technique



96 P. Marquet, G. Lachatre / J. Chromatogr. B 733 (1999) 93-118

4—‘——’

Non-polar Polar Vel_'y Qolar
———————— (ionic)
Ge Thermospray
e - >
El CF -FAB
Particle Beam
- —l
APCI
-4 5
ES

Fig. 2. Polarity range of the different LC-MS interfaces or
sources, compared to that of gas chromatography and electron
impact.

associated with the initial works of Arpino et al. [9]
in 1974, which evolved until approximately 1985
[11]. The chromatographic column was connected to
a direct introduction probe, with a 2—5 wm diameter
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diaphragm at the end [12,13]. The mobile phase was
nebulised through the diaphragm into an evacuated,
heated desolvation chamber, in which the droplets
were desolvated [14,15]. Chemical ionisation (CI) of
the compounds of interest was then performed, using
the solvent molecules as reactant gas. Finaly, ions
were directed towards the mass spectrometer by an
electric potential. This interface was relatively sim-
ple, and heating was moderate, generally respecting
thermolabile compounds. On the other hand, the only
ionisation process possible, i.e.,, Cl with the solvent
molecules was of low efficiency; the acceptable
liquid input was low (10 to 50 wl/min), necessitating
a post-column splitting (i.e., a loss in sensitivity, as
DLI is sensitive to mass-flow) or a low chromato-
graphic flow-rate; the nebulisation was poorly re-
producible, above all when elution gradients were
used, and the diaphragm suffered from frequent
clogging. Very few applications readily transposable

Fast Atom Bombardment

(b)

beam of
fast atoms

HPLC —p> Z > MS

absorber

Particle Beam

desolvatation  two-stage jet
chamber separator

» — N\ > MS CI

HPLC ’% source { FAB
nebulising

8as heated

SIMS
vacuum pI'ObE
pumps

Thermospray

thermo-nebulisation

probe “;S
l—. Vacuum

HPLC—» pump

ion
repeller

Fig. 3. Schematic diagrams of the “‘historical” LC-MS interfaces or ionisation sources (see Section 7).
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to clinical or forensic toxicology were published.
Eckers et a. [16] reported a micro-LC-DLI-MS
technique that allowed the determination of three
thiazide diuretics and three steroid drugs in equine
urine, with limits of detection (LODs) in the low ng
range in the positive ion mode; they demonstrated
that this sensibility could be enhanced using negative
ion detection. The use of flow-switching HPLC
coupled to DLI-MS for the determination of LSD in
human urine [17] will be detailed in Section 4.2.

2.2. Moving belt (MB)

The moving belt, or moving wire, was an interface
introduced in 1974 [18] which did not evolve after
1988. The chromatographic effluent was deposited
on a continuous ribbon or inox wire, passed through
two successive differentially evacuated chambers
(10"* and 10~° Torr; 1 Torr=133.322 Pa) where the
solvents were evaporated, then into the high vacuum
of the source where the non-volatile compounds
were vaporised by flash heating and ionised by El
(allowing library searching) or Cl, or directly ionised
on the ribbon by SIMS, FAB or laser (Fig. 3). This
diversity of ionisation processes was a strength of
this interface. The ribbon was further cleaned by
heating on its way back to the deposition chamber.
This interface could accommodate rather high chro-
matographic flow-rates (up to 1 ml/min) as well as
gradients, but could not accept non-volatile buffers
and was hampered by memory effects on the belt
(above al when using highly aqueous solvents) and
by the complexity of the transport mechanism.
Moreover, the loss of volatile chemicals and above
al the decomposition of thermally labile and low
volatility compounds during the desolvatation step
drastically limited its fields of interest, when com-
pared to GC-MS. Limits of detection, down to the
pg level at best, were very dependent on the molecu-
lar structure of the compounds analysed [18—22].

For the investigation of an attempted suicide in
which the patient had taken about 200 mg bromaze-
pam, 2.5 g clopenthixol and an unspecified amount
of reserping, Tas et al. in 1986 [23] used a MB
interface to couple a liquid chromatograph (300x4
mm 1.D. column) to a double focusing magnetic
sector mass spectrometer equipped with an El/Cl
source. The limits of detection obtained were about

100 pg on-column for the three drugs using low-
resolution detection, and the concentrations found in
the patient’s serum were 5.82 mg/l, 0.9 mg/l and 1
g/l for bromazepam, clopenthixol and reserpine,
respectively. Though it is not possible to extrapolate
a detection limit obtained with pure solutions to an
LOD in a complex matrix such as serum, the
sengitivity of this technique seems greater for brom-
azepam and clopenthixol than that generally obtained
with usual methods, such as GC-MS or HPLC-
DAD. However, al are sensitive enough for the
diagnosis of intoxication.

2.3. Fast atom bombardment (FAB)

The FAB interface/ionisation source was first
used in combination with an MB in 1983 [24], then
became a proper interface itself under the form of
frit-FAB in 1985 [25] and of continuous flow-FAB
in 1986 [26]. With the frit-FAB interface, the mobile
phase a a maximum flow-rate of 5-10 pl/min,
containing 10% glycerol, was introduced into the
high vacuum of the mass spectrometer by a fused-
silica capillary (50-100 pm 1.D.) with a frit on the
end. The solvents were evaporated, leaving the
compounds in solution in glycerol, in which they
were ionised by fast atom bombardment and from
which they were extracted by a high electric po-
tential. In the CF-FAB interface, the chromatograph-
ic effluent flowed continuously towards a wick of
filter paper in the lower part of the source, and the
liquid film thus formed was bombarded by fast
atoms. These interfaces were convenient for low-
volatility or thermally labile molecules, but the very
low admissible flow-rate was limiting and ionisation
efficiency very dependent on the experimental con-
ditions.

Sato et a. [27] reviewed the *‘forensic’ applica-
tions of LC—FAB-MS, a good part of which were in
fact papers dealing with therapeutic drugs tested in in
vitro or animal experiments. More interestingly, the
authors summarised their own previous works, per-
formed using capillary HPLC coupled to a double-
focusing mass spectrometer via a frit-FAB interface
and applied to benzodiazepines, phenothiazines,
cephalosporins and quinolones. Triazolam, chlor-
diazepoxide and its metabolites desmethylchlor-
diazepoxide, desmethyldiazepam, oxazepam and
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demoxepam, are thermolabile benzodiazepines which
were identified using full mass spectra and detected
down to 2—10 ng/ml in clinical serum samples, after
solid-phase extraction (SPE). Seventeen phenothi-
azines were detected as pure solutions down to
0.25-10 ng on-column, of which four (chlorpor-
mazine, levomepromazine, promethazine and prop-
ericiazine) were identified in clinical serum samples;
the detection limits were about one order higher for
cephalosporins and quinolones in human serum.
Another team reported a technique for the simulta-
neous determination of theophylline, theobromine
and caffeine in human plasma and urine, using
column-switching capillary HPLC also coupled to
frit-FAB double-focusing sector mass spectrometry
and yielding detection limits of 5 ng/ml [28]. These
examples highlight the relatively good sensitivity of
the systems used, thanks to very efficient chromato-
graphic and mass spectrometric conditions which
partially compensated for the low ionisation and
ion-transmission efficiency of the FAB interfaces.

2.4. Particle beam (PB)

The particle beam interface was developed in 1984
[29] and improved in 1988 [30]. It is probably till in
use in a number of laboratories. The chromato-
graphic mobile phase (0.1-2 ml/min) is nebulised at
atmospheric pressure using helium, in a dlightly
heated desolvatation chamber. The solvent gases are
eliminated in a two-stage momentum separator,
comprised of two skimmers separating two differen-
tially evacuated chambers, which only the high-mass
molecules can cross without being deviated. The
molecules are then transferred into the ionisation
source by a heated probe, where those which are still
in a condensed state can be vaporised. Several
ionisation modes are compatible with this interface:
El (alowing library searching) and Cl were in
routine use, but FAB, LD and SIMS were aso
employed [31,32]. Compounds can be detected at the
ng level, but the sensitivity depends on the volatility,
as the jet separator is discriminating for both the
highly volatile [33] and the non-volatile compounds.
Non-volatile buffers, inducing skimmer clogging,
should be avoided. The main advantages of this
interface are its compatibility with El and its
suitability for thermolabile compounds when heating

is adjusted. One of the most recently reported
forensic applications concerned the determination of
amitriptyline and nortriptyline in plasma using a
triple liquid—liquid extraction and HPLC coupled to
both diode array-UV and PB-MS detectors [34]. The
authors compared El, negative ion chemical ionisa
tion (NICI) and positive ion chemical ionisation
(PICI), using a quadrupolar mass spectrometer: in
the EI mode, the predominating ions were of low
mass (58 and 44 u), leading to a low signal-to-noise
ratio, due to high chemica background; in the NICI
mode, the major m/z ratios were found at 276 and
262 u but were of low abundance; finaly, PICI
yielded intense [M+H] " ions at 278 and 264 u. At
this last setting, LODs of 2 and 5 ng/ml were
obtained in the selected ion monitoring (SIM) mode
for amitriptyline and its metabolite, respectively,
compared to 5 and 10 ng/ml for the UV detector.
The method was linear from 10 to 1000 ng/ml with
both detectors, but when applied to a forensic whole
blood sample, quantitation was performed using the
UV detector, while PB-MS recording was only used
to verify the identity of the chromatographic peaks.
Of course, a number of teams, including ours [35],
have reported simpler and less expensive GC-MS
techniques for the determination of these two antide-
pressants with similar quantitation limits (i.e., much
lower than the therapeutic range) and often with
quite similar sample preparation methods. This ex-
ample is typical of the limitations of this interface,
which of course allows the comparison of full mass
spectra to those of commercially available libraries
of El spectra, but is limited to relatively non-polar
compounds and is handicapped by low transmission
of molecules from the liquid phase to the high
vacuum of the ionisation source.

2.5, Thermospray (TS)

Thermospray is an interface and ionisation source,
developed as early as 1978 [36] and greatly im-
proved over the next seven years [37]. The mobile
phase (up to 2 ml) passes through a heated capillary
in which it is amost completely vaporised and the
molecules thermally ionised. The expanding gases
induce a nebulisation of the residual liquid and the
molecules are further desorbed in an evacuated
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desolvatation chamber. A second ionisation step by
electron impact produced in the gas phase by a
filament (*‘filament on” mode) or by a discharge
electrode is frequently added at this stage. After
complete desolvatation, the analyte ions are trans-
ferred to the MS by means of a repeller electrode
which can be used to accelerate the ions produced
and induce their fragmentation upon collision with
residual solvent molecules. The main advantage of
this technique is its compatibility with high flow-
rates and non-volatile and even moderately ther-
molabile molecules. The limitation in the composi-
tion of the mobile phase, the poor reproducibility of
the thermally-induced ionisation and the risks of
pyrolysis are its major drawbacks. In 1999, it seems
that TS has been superseded by APCI, as it is no
longer available from manufacturers. A non-negli-
gible number of papers have reported the use of TS
in forensic or clinical toxicology and though this
number has drastically decreased during the last two
years, some teams are still doing a good job with this
interface.

An interesting application of thermospray
concerned glucuroconjugated metabolites of drugs,
which could be determined directly, without hy-
drolysis, thanks to the compatibility of thermospray
with polar compounds. Byrd et al. [38] reported a
method for the direct determination of cotinine-N-
glucuronide in human urine, using methyl-d,-
cotinine-N-glucuronide as 1.S. The LOD was in-
directly evaluated as 0.70 nmol/ml and the method
was linear up to 30 nmol/ml. This method compared
favourably with the indirect determination of this
metabolite following enzymatic hydrolysis, but it
was not sensitive enough to detect cotinine-N-glu-
curonide in the urine sample of one smoker out of
four.

The exemplary work of Tatsuno et al. [39], who
proposed the simultaneous determination of amphet-
amines, opiates, cocaine and metabolites in urine
using LC-TS-MS, has recently been reviewed by
Maurer [7]. The LODs reached were of the same
order as those obtained using GC-MS for the
determination of single families of drugs. This, and
another LC-TS-MS technique [40] including the
analysis of morphine metabolites, will be reviewed
in detail in Section 4, as well as several other
LC-TS-MS methods dealing with corticosteroids.

3. Principle of atmospheric pressure interfaces
and recent applications in human toxicology

The first description of atmospheric pressure ioni-
sation (API) sources for mass spectrometry was
made in 1958, by Knewstubb and Sugden [41].
Further improvements arrived with the works of
Dole et al. [42] and Horning et a. [43], giving rise to
the first commercia system in 1974. Nevertheless, it
was not until the late 1980s that these coupling
techniques really began to spread to the various
fields of science, while the first applications in
toxicology appeared in the early 1990s. API inter-
faces are mainly comprised of different versions of
electrospray and atmospheric pressure chemical ioni-
sation interfaces/sources. The common features of
these interfaces can be described as a combination of
aliquid introduction device, an atmospheric pressure
ion source, an ion sampling aperture, an interface
between atmospheric pressure and high vacuum and
an optical system, al of which meet different
specifications, depending on the different manufac-
turers. For example, the transition from atmospheric
pressure to high vacuum requires from one to four
pumping stages, depending on the instrument. For a
detailed history of API interfaces and detailed review
of instrumental settings, see Niessen [44].

3.1. Electrospray (ES) and pneumatically-assisted
electrospray (ionspray) interfaces

31.1. Principle

In the real electrospray sources, the liquid flow is
nebulised exclusively by means of an intense electric
field between the tip of the capillary inlet and the
aperture, which is only compatible with very low
flow-rates (1-10 wl/min) [45]. In 1987, Bruins et al.
[46] described a pneumatically-assisted electrospray
interface, which they called *‘ionspray’’, that ac-
cepted flow-rates up to 200 wl/min with no loss in
sengitivity, while most of the other high flow-rates
solutions proposed previously resulted in an increase
in the detection limits [44]. lonspray (used in Sciex
LC—-MS instruments) combines the principles of ion
evaporation [47] and electrospray, which revealed
similar ionisation mechanisms (Fig. 4). Since the
advent of ionspray, similar solutions have been
produced by different firms under various names,
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Fig. 4. Schematic diagrams of the ** atmospheric pressure ionisation’” interfaces: (8) pneumatically assisted electrospray and (b) atmospheric

pressure chemical ionisation (APCI) sources.

eg., high-flow or megaflow electrospray. Further
steps in accommodating high flow-rates have con-
sisted of: an additional drying of the spray by an
orthogonal, heated nitrogen beam, used in the *‘tur-
bo-ionspray’” interface (Sciex); an orthogonal posi-
tioning of the electrospray with respect to the ion
sampling orifice, using different technical solutions
(Hewlett-Packard orthogonal electrospray system or
Micromass Z-spray electrospray source).

In the spray, the droplet size rapidly decreases,
owing to a first desolvatation in the atmospheric
pressure chamber, assisted in some instruments by a
countercurrent of pure nitrogen. Therefore, the elec-
trical field at the droplet surface increases until it
explodes, giving smaller droplets that will undergo

the same fate. The ions are extracted from the spray,
which is frequently off-axis with respect to the
orifice, by the electrical tension directed towards the
intermediate or low-pressure chamber, where the
residual ion-solvent clusters are broken down, due to
an electrical acceleration. If this acceleration is
further increased, dissociation of ions can occur
through collision with the residua solvent and gas
molecules, and the fragments produced by this
collision-induced dissociation (CID) can be used as
confirmation ions for quantitation methods in the
SIM mode, or for structure elucidation. Indeed, in-
source CID gives the same fragments as those
produced by conventional CID in the collision cell of
an MS-MS instrument. The former was even used in
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addition to the latter in order to further elucidate the
structure of compounds, mimicking an MS® instru-
ment [48]. Nevertheless, contrary to CID in the
collision cell of an MS-MS instrument where a
precursor ion is selected before fragmentation, in-
source CID first needs a thorough separation of
compounds, as the fragmentation efficiency is depen-
dent on the ion density in the transition zone [44].
This interface alows the analysis of moderately
non-polar to highly polar compounds, even thermally
labile or with a high molecular mass. In particular, it
gives multi-charged ions from peptides and proteins,
making it possible to analyse them using single
quadrupole instruments, as the m/z ratios resulting
from molecules up to molecular mass 30 000—
200 000 generally fall into their usual m/z range.
Electrospray is only surpassed in this application by
the much more expensive matrix-assisted laser de-
sorption ionisation (MALDI) source. Other advan-
tages of ES is that it is compatible with chromato-
graphic gradients and can be coupled with capillary
electrophoresis, through a different introduction de-
vice. Its main drawbacks are a non-negligible chemi-
cal noise in the low mass range (though lower than
with TS) and a low fragmentation, but which can be
enhanced afterwards by CID.

3.1.2. Recent applications in human toxicology

As we have previously reviewed the applications
of LC-MS in forensic and clinical toxicology up to
the beginning of 1995 [6] and Maurer has recently
reviewed those in the period from January 1995 to
April 1997 [7], we will mainly consider papers
published between May 1997 and November 1998.
Toxicological applications frequently found in the
literature, for which different and successive LC-M S
approaches can be compared, will be addressed in
Section 4.

One particular interest of electrospray interfaces is
their suitability for polar compounds, including
conjugated metabolites of therapeutic or abused
drugs. Such applications, of which two recently
reported examples will be reviewed, are becoming
increasingly frequent in the literature. The first
example concerns the (unusual) analysis of ethyl-
enediaminotetraacetic acid (EDTA) in dried blood-
stains, to differentiate between genuine bloodstains

and evidence tampering using blood stored in
EDTA-containing tubes, in criminal cases [49]. A
portion of the bloodstain was incubated with 25 .l
water, EDTA was filtered out using a centrifugal
filter commonly used for the determination of the
free fraction of therapeutic drugs, then the filtrate
was injected into a reversed-phase column. The
mobile phase was a mixture of acetonitrile and
diluted ammonium hydroxide. A pneumatically-as-
sisted ES source was used in the positive then in the
negative ion mode, and a triple-stage quadrupole MS
used successively as a single quadrupole in the scan
mode (limited range), then in the SRM mode. In the
scan mode, adducts of EDTA with several metas
and elements (Na, Al'", Fe"") were observed as both
positive and negative ions. No efficient in-source
CID was performed to break these adducts, nor to
obtain confirmatory fragments, with the instrument
used. Therefore, MS-MS in the SRM mode was
used to obtain structural information and confirma-
tion ions. In the positive ion mode, the intensity was
about 80-times higher than in the negative mode, and
three product ions were obtained compared to one.
Of course, no real LOD or LOQ could be de
termined, as the exact quantity of blood extracted is
unknown, but as little as 1 pl of blood containing
EDTA as a preservative gave a satisfactory signal.
This method proved to be sensitive and specific for
confirming the presence or absence of EDTA in 42
samples. The second recent example of polar com-
pound determination concerned sulphate and glucu-
ronide conjugates of testosterone and epitestosterone,
which were determined in human urine using micro-
bore (1 mm 1.D.) HPLC coupled to MS-MS via an
ionspray interface [50]. Using deuterated testoster-
one-glucuronide and deuterated epitestosterone-sul-
phate as |.S., solid-phase extraction and SRM de-
tection, limits of detection ‘“in the low nanomolar
range’” were achieved, €liciting the detection of
steroid conjugates, except that of testosterone-sul-
phate, in a norma male urine. LOQs were between
50 and 200 nmol/l, i.e., between 18 and 100 ng/ml.
The LODs were of the same order as those reported
in a previous study [51], when using more or less the
same experimental conditions, but not as good as
when using a 300 pum I.D. packed capillary HPLC
column (LOD=25 pg for epitestosterone glucuro-
nide). Nevertheless, this method was claimed to be
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convenient for a direct and precise determination of
the testosterone/epitestosterone metabolite ratio in
doping control. However, this approach will proba
bly need further physiological validation before it
can replace the classical testosterone/ epitestosterone
ratio obtained by GC-MS after enzymatic hydrolysis
of glucuroconjugated metabolites [51].

At the opposite end of the polarity range, but still
in the field of doping control, Shackleton et a. [52]
described an attempt to identify nine 17p-fatty acid
esters of testosterone in plasma following administra-
tion of these drugs, using direct infusion-ES-MS for
the underivatised esters and microbore HPLC-ES-
MS for derivatised compounds. Using the latter
conditions and SIM of the pseudomolecular ion and
of two fragments produced by in-source CID for
each compound, all nine could be separated and
detected specifically; in addition, testosterone enan-
thate and testosterone undecanoate could be detected
in human plasma after oral or intramuscular adminis-
tration, but with poor sensitivity. Indeed, APCI is
theoretically more convenient for non-polar com-
pounds. Moody et al. [53] compared GC-MS in the
PICI mode and LC-ES-MS-MS, for the determi-
nation of buprenorphine in human plasma, using
buprenorphine-d, as 1.S. After a single step liquid—
liquid extraction from 1 ml plasma, buprenorphine
was separated on a C, bonded stationary phase using
an isocratic mobile phase delivered at 0.25 ml/min,
and ionised in a pneumatically assisted electrospray
source. The pseudomolecular ions selected in the
first quadrupole were submitted to collision with
argon in the collison cell, then these very same
[M+H"] ions were selected in the second analyser.
Under these conditions, the LOD achieved for bup-
renorphine was 0.1 ng/ml, better than the LOD of
0.5 ng/ml reached with GC-PICI-MS using a 2 ml
sample volume; even the intra- and inter-assay
precision and accuracy obtained by LC-ES-MS-MS
were better than with GC-PICI-MS. However, we
have previoudy described a LC-ES-MS technique
for the simultaneous determination of buprenorphine
and its desalkyl-metabolite norbuprenorphine in
urine, serum [54] and, with an additiona protein
precipitation step, in whole blood [55], yielding
better LODs (0.05 ng/ml) than this LC-ES-MS-MS
technique, with similar precision and accuracy. This
apparent absence of superiority of MS-MS over

single-stage MS might be explained in at least two
non-exclusive ways. First, the internal diameter of
the chromatographic column used by Moody et al.,
though not indicated in their paper, is probably wider
than the one we used (1 mm 1.D.), as suggested by
their higher flow-rate (250 wl/min versus 40 pl/
min); this would result in a lower buprenorphine
concentration in the chromatographic effluent and
therefore a loss of senditivity, as ES interfaces are
sengitive to the concentration and not to the quantity
of each compound entering the source. Secondly, the
MS-MS conditions they chose necessarily resulted
in a further loss of senstivity, as the pseudo-
molecular ions had to travel through a first quad-
rupole, a collision cell (where some are broken down
and others stopped) and a second quadrupole before
being detected. Indeed, buprenorphine is not easy to
dissociate, and we obtained only weak confirmation
fragments using in-source CID, but it could be
expected that the higher collision energy reached in a
collision cell could produce measurable product ions,
to be used as quantitation ions; if not, then the only
usefulness of the second and third stages would be to
eliminate eventual interferents with an m/z ratio
similar to that of buprenorphine and a much greater
molecular fragility, which is probably not a frequent
situation. Tracqui et al. [56] reported the case of a
suicide by ingestion of the antipsychotic zuclopen-
thixol. The drug and its inactive isomer (E)-trans-
clopenthixol were determined in post-mortem blood
and tissues by HPLC-DAD, and their nature con-
firmed by submitting the same extracts to LC-ES-
MS, using in-source CID for increasing the number
and intensity of fragments. This case points out one
more argument for the availability or need of a
LC-MS system in a forensic toxicological labora-
tory, i.e, to be able to confirm the nature of a
toxicant by a mass spectral technique for those
molecules which are not suited to GC—MS or usually
assayed by HPLC techniques. We have had several
such opportunities in our laboratory, where we could
directly and rapidly analyse extracts prepared for
other chromatographic techniques by a standard LC—
ES-MS technique, using a large gradient elution and
scan acquisition (e.g., for benzodiazepines or an-
tipsychotics). This was the basis of the *‘genera
unknown procedure” that will be evoked in Section
5. Findly, we recently published a LC-ES-MS
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method for the determination of trimeprazine, metab-
olites trimepazine sulphoxide and its three main
metabolites, including the potentially toxic and ex-
tremely thermolabile sulphoxide metabolite which
we failed to analyse using GC-MS, whichever the
injection and chromatographic temperature condi-
tions [57]. The LOQ achieved was 0.5 ng/ml for al
the analytes. Although this technique was intended
for animal experiments, thisis a good example of the
usefulness of electrospray interfaces for assaying
thermally labile molecules.

3.2, Atmospheric pressure chemical ionisation
(APCI) interfaces

321 Principle

Horning et al. [58] developed the APCI interface/
source for LC-MS in the early 1970s. Since then,
different technical solutions and designs have been
proposed [44], and some are commercially available.
Schematically, the chromatographic effluent flows
through a heated nebuliser, either pneumatically
assisted and housed in a quartz tube in which flows a
make-up gas (Fig. 4), or assisted by a piezoelectric
ultrasonic or a sonic spray device. Alternately, heat
is not applied to the three concentric tubes (chro-
matographic effluent, nebulising and make-up gases)
but in a “vaporisation zone” in the atmospheric
pressure interface. However, the mixture of hot
liquid and vapours expands into the atmospheric
pressure interface where it is ionised by a corona
discharge. The ions formed from the solvent mole-
cules transfer a charge to the analytes, which are thus
ionised by chemical ionisation. As in the ES source,
ion clusters are formed, which can be broken down
and further desolvated by a countercurrent stream of
gas and/or by in-source CID. The pumping stages,
intermediate pressure chamber, ion optic as well as
in-source CID possibilities are the same as those of
ES. This is either because or is the reason why both
are generaly available on the same instruments.

322 Recent applications in human toxicology

A method has recently been described for the
determination if six sulphonylureas hypoglycaemic
agents in serum by LC-APCI-MS [59]. As the
second generation of these drugs is much more
potent than the first one, low therapeutic doses are

given, leading to low serum concentrations. There-
fore, sensitive techniques are necessary for these
drugs, both for therapeutic drug monitoring and
toxicology. After a single-step liquid—liquid extrac-
tion in an acidic medium, using a chemical analogue
of glibenclamid as 1.S., the compounds were sepa-
rated on an RP column, using a gradient of methanol
in 0.05% acetic acid. After ionisation in the APCI
interface and a dlight CID, acquisition was performed
in the SIM mode, using a single ion per analyte
(either the molecular or the pseudo-molecular ion).
Under these conditions, the detection limit of the
method was 10 ng/ml serum for the six compounds,
which is better than the LODs generally achieved
using HPLC—-UV [60] and allows the specific identi-
fication of these drugs in forensic cases, aswell asin
clinical cases were the abuse of sulphonylureas is
often denied.

Bogusz et a. [61] described the determination of
flunitrazepam (F) and its metabolites 7-aminofluni-
trazepam (7-AF), N-desmethylflunitrazepam (N-DF)
and 3-hydroxyflunitrazepam (3-OHF) in urine, serum
and blood using deuterated analogues as |.S., SPE
and macrobore RP-HPLC coupled to either ESMS
or APCI-MS. The comparison of ES and APCI in the
positive ion SIM maode, following a single ion per
compound, showed that APCI was seven-times more
sensitive for F, about 20-times for N-DF and 40-
times for 3-OHF than ES, but there was no differ-
ence for 7-AF. The LODs were 0.2 ng/ml for F and
7-AF, 1 ng/ml for N-DF and 3-OHF and the method
was linear over a 1-500 ng/ml range. The qualities
of this method are a simple sample preparation, a
short chromatographic run (about 7 min) and a high
sengitivity, while the use of a single ion for the
identification of each compound limits its specificity.
Bogusz also pointed out the risk of a contribution of
a natural isotope of a highly concentrated compound
to the mass peak of its deuterated 1.S., when the
latter is not more than 3 u heavier than the former
(e.g., interference of the “M+3" isotope of mor-
phine with the mass pesk of morphine-d,); this
contribution at the M+3 peak for an injected amount
of 500 ng was 0.4% for morphine, 0.3% for ben-
zoylecgonine and 0.1% for MDEA and MDMA [62].

Kanasawa et a. [63] investigated the use of a
column-switching system for desalting a mobile
phase containing a non-volatile buffer and rendering
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it compatible with an APCI interface, taking various
sedative and anaesthetics drugs as examples
(flumazenil, butorphanol, midazolam, |orazepam,
phenobarbital and flunitrazepam). This heavy and
cumbersome technique required the use of a UV
detector to select the fractions containing the com-
pounds of interest at the output of the chromato-
graphic column and send them sequentially into the
desalting column, where the 0.1 M phosphate buffer
of the mobile phase was rinsed out with water during
17 s, then the selected compound back-flushed to the
APCI-MS system over a period of 30s using pure
methanol. This solution thus requires a delay of at
least 47 s between chromatographic peaks, which
was the case with the compounds selected. Indeed,
the use of non-volatile buffers can be avoided in
most cases, using different types of reversed-phase
chromatographic columns, based on bound silica
(end-capped or not) or on polymers, as demonstrated
by numerous applications cited herein and elsewhere
[6,7] where formate or acetate buffers were generally
employed.

4. Typical applications of LC-MS in forensic or
clinical toxicology

4.1. Morphine and metabolites

If GC-MS is now the reference technique for the
determination of morphine (M), codeine,
codethyline, heroin and its first metabolite 6-mono-
acetylmorphine (6-MAM) in biological fluids, there
is dtill a concern over the direct determination of
morphine glucuronides. These metabolites can play
an important role in the interpretation of toxic deaths
involving heroin or morphine, for at least two
reasons. first, morphine-6-glucuronide (M6G) is
pharmacologically active and has even been advo-
cated to have a dightly different, and maybe more
respiratory depressant action than morphine, due to
its binding to a different p.-receptor subtype [64];
secondly, the ratio of morphine over its metabolites
can help evaluate the time elapsed between morphine
(or heroin) intake and death, as well as the severity
of the intoxication when death was delayed and most
of the morphine metabolised. Several anaytical
methods for morphine and its glucuro-conjugated

metabolites using LC-MS with different types of
interfaces have been reported: at least two LC-MS
procedures using a thermospray interface, three using
an APCI interface and three using an ES interface
(Table 1).

Polettini et al. [40] reported a qualitative LC-TS
MS-MS method for the confirmatory analysis of
heroin metabolites in biological fluids. After a simple
ultrefiltration of urine samples, the LODs ranged
from 10 ng/ml (6-MAM, M and codeine) to 50
ng/ml [heroin, 6-MAM, 6-acetylcodeine (6AC),
morphine-3-glucuronide (M3G) and M6G], while
after SPE the LODs were lowered to 1 ng/ml for all
except the glucuronides, the extraction recovery of
which was low. Positive urine samples from heroin
addicts were successfully analysed. The technique
was also found suitable for serum and whole blood,
using spiked specimens. The already cited technique
of Tatsuno et al. [39], for the simultaneous de-
termination of illicit drugs of various families in
human urine, using a thermospray interface and a
single-quad MS, included the analysis of 6-MAM,
M, M3G and M6G. The authors reported LODs
between 2 and 40 ng/ml in the SIM mode and
between 50 and 400 ng/ml in the scan mode,
without further precision.

The first paper concerned with LC-APCI-MS
appeared in 1992 and was also from a Japanese team
[65]. It dealt with M and M3G, whose LODs were
respectively 1 and 3 ng/ml in the SIM mode and 80
and 350 ng/ml in the full-scan mode; linearity was
verified between 30 and 2000 ng/ml for morphine,
30 and 1000 ng/ml for its metabolite. This technique
was successfully applied to a urine sample from a
heroin addict. Bogusz et al. [66] reported in 1997 the
determination of 6-MAM, M, M3G, M6G, codeine
and codeine-6-glucuronide (C6G) in biofluids, using
LC-APCI-MS and deuterated 1.S.: the limits of
detection were between 0.5 and 2.5 ng/ml and the
estimated LOQs twice as high for all compounds,
except C6G (100 and 200 ng/ml for LOD and LOQ,
respectively). The method was validated between 5
and 500 ng/ml in serum and revealed convenient
aso for post-mortem blood, urine, cerebrospinal fluid
and vitreous humour samples in routine work.
Zuccaro et a. [67] published the same year an
LC-APCI-MS technique for the determination of
heroin, 6-MAM, M, M3G, M6G and codeine in



Table 1

LC-API-MS procedures for the determination of morphine metabolites and other opiates in biological fluids (for abbreviations see Section 7)

Ref. Compounds analysed Extraction type Chromatographic conditions MS conditions LOD LOQ
(ng/ml) (ng/ml)
Column Mohile phase
[40] Heroin, 6-MAM, 6-AC, Filtration Zorbax TMS Methanol gradient in TS, filament and discharge Ultrafiltration NR?
M, C, M3G, M6G (0.22 pm Millex-GS filters) 250%4.6 mm |.D. (0.1 M ammonium acetate+0.17 M off, triple quadrupole MS All: 10-50°
or SPE acetic acid+0.01 M triethylamine); (TSQ700, Finnigan) SPE
(Bakerbond Diol) 1.2 ml/min daughter ion scanning Heroin, 6-MAM,
6-AC, M, C: 10°
[39] 6-MAM, M, M3G, M6G SPE oDs Acetonitrile gradient in TS, single quadrupole MS Scan mode: NR
(Sep-Pack Cyg) 150x4.6 mm |.D. 100 mM ammonium acetate; 1 ml/min (QP-1100EX, Shimacdzu) 50-400
SIM and scan mode SIM mode:
2-40
[65] M, M3G SPE oDs 50 mM Ammonium acetate-methanol APCI, single quadrupole MS M: 1.0 M: 30.0
(Sep-Pack Cyg) 150x4.6 mm |.D. (86:14, v/v); 1 ml/min (brand?) M3G: 30 M3G: 30.0
SIM mode
[66] 6-MAM, M, M3G, SPE Superspher RP18, 4 um pH 3.0, 50 mM ammonium APCI, single quadrupole 6-MAM: 1.0 6-MAM: 2°
M6G, codeine, C6G (Bond Elut Cg) 125X3 mm I.D. formate—acetonitrile MS (SSQ 7000, Finnigan) M: 05 M: 1°
(955, v/v); SIM mode M3G: 25 M3G: 5°
0.6 to 1.1 ml/min M6G: 2.5 M6G: 5°
Codeine: 2.5 codeine: 5°
C6G: 100.0 C6G: 200°
[67] Herain, 6-MAM, M, SPE Supelcosil 1% Formic acid-methanol APCI, single quadrupole MS Heroin: 0.5 NR
M3G, M6G, codeine (J.T. Baker ethyl phase) LC-S, 5 um acetonitrile (35:59.8:5.2, v/v/v) (API 1 MS, Sciex) 6-MAM: 4.0
250%2.1 mm |.D. 230 pl/min SIM mode M: 40
46 pl/min post-split M3G: 1.0
M6G: 4.0
Codeine: 4.0
[68] M, M3G, M6G SPE Supelcosil Methanol gradient (15 to 60%)-water ES, single quadrupole M: 100 M: 10.0
(JT. Baker ethyl phase) ABZ, 5 um 0.8 ml/min (Trio 2, Fisons) M3G: 100.0 M3G: 100.0
250x4.6 mm I.D. 18 l/min post-split SIM mode M6G: 50.0 M6G: 50.0
[69] M, M3G, M6G SPE YMC ODSAL Cyg Acetonitrile gradient (4 to 70%) pneumatically assisted (20 pg on- M: 0.8
(Sep-Pek light C1g) 100x4.6 mm 1.D. 2 mM formic acid ES, single quadrupole column as M3G: 5.0
1 ml/min (VG platform, Fisons) pure solutions for all) M6G: 2.0
20 pl/min post-split SIM mode
[70] M, M3G, M6G, SPE Zorbax SB-phenyl, 5 pm Methanol-0.1% formic acid pneumatically assisted M: 38 NR
normorphine (Bond Elut Cy) 250%4.6 mm |.D. (18:82, v/v) ES, triple quadrupole M3G: 55
0.7 ml/min (VG Quattro, Fisons) M6G: 2.0
70 pl/min post-split MRM mode Normorphine: 5.0

#NR=Not assessed or not reported.
® Estimated values.
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mouse serum, using nalorphine as 1.S. Using 1 ml
samples, the LODs, corresponding to a signal-to-
noise ratio of 3, were between 0.5 and 4 ng/ml, but
no real quantitation limits were assessed. The meth-
od was linear up to 10 pwg/ml. These three tech-
nigques thus achieved a very similar performance
using different types of chromatographic separations
and mass spectrometers of different brands, equipped
with an APCI interface. On the other hand, the afore
mentioned team reported two years earlier [68] a
technique for the determination of M, M3G and
M6G, using an electrospray interface and codeine or
naltrexone as |.S., which yielded LOQs of 10, 50 and
100 ng/ml, respectively and was linear up to 1000
ng/ml. An explanation for this apparently lower
sengitivity of ES with respect to APCI may be that
the ES interface was fitted to a single-stage MS
instrument which was not primarily designed for
LC-MS coupling. The second method using LC—
ES-MS dealt also with M, M3G and M6G in human
serum, for pharmacokinetic studies [69]. The LODs
obtained by injection of pure standards were 20 pg
on-column for al the compounds and the validated
LOQs from 1-ml human serum samples were be-
tween 0.84 and 5.0 ng/ml. Very recently, Zheng et al.
[70] reported a third method using an ES interface
coupling LC to a tandem mass spectrometer, for the
determination of M, M3G, M6G and normorphine in
rat plasma in view of a pharmacokinetic study.
Nalorphine was used as |.S. The LODs were between
3.8 and 12 ng/ml, i.e, similar to those of the
previous technique despite a 10-times lower sample
volume, owing to the gain in signa-to-noise ratio
provided by MS-MS.

This example of morphine metabolites is demon-
strative of the importance of all the components of
an analytical method, when a high sensitivity is
required. Both types of API interfaces are apparently
well suited for morphine and its metabolite, despite
the theoretical advantage of ES for polar compounds.
Moreover, while results obtained using APCI are
homogenous, those obtained with non-pneumatically
assisted ES [68] are not as good as those provided by
pneumatically-assisted ES. On the other hand, the
sengitivity of each mass spectrometer (using the
same type but not necessarily the same model of
interface) has probably also a non-negligible in-
fluence on the results. However, the extraction and

chromatographic conditions chosen are important
factors for the sensitivity of the whole procedure: in
particular, Tyrefors et al. [69] pointed out the
necessity of optimising the composition of the
mobile phase, both for a good chromatographic
separation and an optimal ionisation of analytes in
the source (Fig. 5). Fig. 6 shows the chromatograms
reconstructed from pseudo-molecular ions of mor-
phine and its metabolites, using an LC-ES-MS
method run on an APl 100 Sciex Instrument in our
laboratory (unpublished data).

Finaly, MS-MS is known to yield better signal-
to-noise ratio, selectivity and specificity than MS,
which are important advantages for forensic analy-
ses, as illustrated by the present comparative study.
Another theoretical improvement of MS-MS over
MS is the possibility of drasticaly reducing the
chromatographic run-time, but this was not the case
here [40,70] and this is probably quite impossible in
as far as one would want to determine M3G and
M6G independently, as these give rise to the same
precursor and daughter ions and have therefore to be
separated chromatographically.

Relative response (%)
100 |-

80 | A
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Fig. 5. Morphine signal intensity as a function of type and
concentration of mobile-phase modifier; (@) formic acid, (O)
acetic acid and (M) trifluoroacetic acid. Experiments were carried
out in the flow-injection mode, without chromatographic sepa-
ration (from Ref. [69], with permission).
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Fig. 6. LC-ES-MS chromatograms reconstructed from the respective quantitation ion of morphine-d, (I.S), M, M3G, M6G and

normorphine (unpublished data).

4.2. LD, metabolites and epimers

Several immunoassay methods are now being
proposed for LSD in urine [71,72], al of which more
or less cross-react with various metabolites [72] as
well as other chemicals or therapeutic drugs [73].
Moreover, LSD consumption is said to have in-
creased in recent years, at least in Europe [74].
Therefore, there is a tremendous need for confirma-
tion techniques for LSD and its main metabolite
N-desmethyl-LSD (nor-LSD), as well as for their
respective epimers iso-LSD and isonor-L SD. Indeed,
is0-LSD appears as an impurity in LSD preparations,
so that urine levels of iso-LSD can be higher than
those of LSD. Moreover, LSD and iso-LSD are
partly converted into each other in vitro, so as to
achieve an equilibrium ratio of 9:1 in two weeks at
pH levels over 7.0 and temperature over 37°C [75].
The positivity threshold proposed for the majority of
immunoassays is 0.5 ng/ml [71,72], corresponding
to a 12—-24 h detection window after a typical dose

of 50 wg. Until recently, the technique mainly used
for LSD screening or confirmation in urine was
GC-MS [76], or GC—-MS-MS [77]. However, LSD
being irreversibly adsorbed on GC columns, needs
prior derivatisation (generaly by trimethylsylilation
or trifluoroacetylation). Even then, frequent column
deactivation can be necessary [76]. For these
reasons, LC—MS was proposed by different teams as
the technique of choice for the determination of LSD
in biological fluids, mainly urine (Table 2).

The first paper published concerning LSD urine
analysis dates back to 1982 [17]. The authors took
LSD as an application example for a proposed
technique employing flow-switching chromatography
coupled to a single quadrupole MS instrument via a
DLI interface and requiring no sample preparation
step. The compounds of interest were detected by a
UV detector on-line with a switching valve and the
DLI interface, so that only the portions of the
chromatogram containing the compounds to be ana-
lysed were sent to the mass spectrometer. Using a 2



Table 2
LC-API-MS procedures for the determination of LSD, its metabolites and epimers in biological fluids (for abbreviations see Section 7)
Ref.  Compounds analysed ~ Matrix Extraction type Chromatographic conditions MS conditions LOD LOQ
(ng/ml) (ng/ml)
Column Mobile phase
[17] LSD Urine Flow-switching HPLC RP 8, 10 pm 0.01 M ammonium formate DLI, single quadrupole MS LSD: =0.2 NR*
100%3.2 mm I.D. acetonitrile (10:90, v/v) (5985 B MS Hewlett-Packard)
2 ml/min SIM mode
[78] LSD Urine HipPac protein G immunoatfinity ~ Trapping column: C,g ISRR, 3or 5mM ammonium acetate L aboratory-made pneumatically LSD: 05 NR
column, 30 pm, 33X2.1 mm I.D., 5 pm 10X3 mm I.D. (pH 5.0)—acetonitrile assisted ES, single quadrupole MS
with rabbit LSD antiserum operated ~ Analytical column: Zorbax (50:50, v/v) (5985 B MS Hewlett-Packard)
in the valve-switching mode cyano, 5 um 150x4.6 mm1.D. 1.2 ml/min SIM mode
[79] LSD, nor-LSD, Urine SPE Spherisorb ODS-2, 5 pm Gradient of acetonitrile and Pneumatically assisted ES, All: 0.05 NR
is0-LSD, isonor-LSD, (Bond-Elut Certify 1) 1001 mm I.D. methanol in acetate buffer triple quadrupole MS
methysergide 60 wl/min (API 111, Sciex)
SRM mode
[80] LSD Urine SPE Hypersil Cyg, Ammonium acetate-triethyl-  Pneumatically assisted LSD: <0.3 LSD: 0.5
(Bond-Elut) 3um amine acetonitrile (74.75: electrospray, single quadrupole
125X3 mm |.D. 0.25:25, v/v/v) 0.5 ml/min  MS(SSQ7000, Finnigan) SIM mode
[81] LSD, nor-LSD Urine SPE Nucleosil Cyg, 2 mM ammonium formate Pneumatically assisted ES, single LSD: 0.025 LSD: 0.05
(Extrelut-3) 5 pm acetonitrile (70:30, v/v) quadrupole MS (APl 100, Sciex) nor-LSD: 0.035  nor-LSD: 0.10
1501 mm |.D. 40 pl/min SIM mode
[83]  LSD, nor-LSD, Serum, blood  LLE at pH 9.5 using diethyl Nucleosil C,g, 5 mM ammonium formate Pneumatically assisted ES, single LSD, nor-LSD, LSD, nor-LSD,
is0-LSD, isonor-LSD ether—toluene (60:40, v/v) 5 um acetonitrile (65:35, v/v) quadrupole MS (API 100, Sciex) iso-LSD: 0.02 iso-LSD: 0.05
150X1 mm |.D. 50 wl/min SIM mode isonor-LSD: 0.05  isonor-LSD: 0.10
[84] LSD (qualitative Urine, serum,  Automated SPE: Zorbax SB-phenyl, 3.5 pm 2 mM ammonium acetate Pneumatically assisted ES, triple LSD: 0.025 LSD: 0.05
confirmation of plasma, blood  RapidTrace (Zymark) 75X4.6 mm |.D. (pH 4.0)—acetonitrile— quadrupole MS (Quattro I, nor-LSD: 0.025

nor-LSD)

(Bond-Elut Certify)

n-propanol (35:62:8, v/v/v)

Micromass) SRM mode

#NR=Not assessed or not reported.
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ng/ml spiked urine sample, an LOD of 0.2 ng/ml
was advocated, probably by extrapolation from the
height of the chromatographic peak acquired in the
SIM mode. Similarly, the next paper published
mainly considered urinary LSD detection as an
example for a proposed column-switching immuno-
affinity chromatography—ES-MS technique for the
direct determination of drugs in urine, without
extraction [78]. Using a laboratory-made pneumati-
cally assisted electrospray source to couple this
rather complicated chromatographic system to a now
outdated single quadrupole instrument, the authors
could obtained an LOD as low as 0.5 ng/ml and
indicated that they thought possible to lower it using
chromatographic columns of smaller internal diam-
eter. Four years later, the same team proposed both a
LC-ES-MS-MS and a capillary electrophoresis—-ES-
MS-MS technique for the elucidation of LSD me-
tabolism in vitro and identification of metabolic
products in positive human urine samples [79].
Using this time a microbore RP-HPLC separation
and the SRM detection mode, they could reach
LODs 10-times lower (50 pg/ml) for LSD, nor-LSD,
iso-LSD, isonor-LSD and methysergide in human
urine. Additionally, this method and capillary elec-
trophoresis alowed respectively the identification of
11 and nine (total 13) other LSD metabolites. Using
a single quadrupole MS instrument, White et al. [80]
designed a simple technique for the determination of
LSD in urine. LOQ was 0.5 ng/ml and linearity was
verified up to 20 ng/ml. We reported the first fully
validated, quantitative technique for the senstive
determination of LSD and nor-LSD in human urine,
using LC-ES-MS [81]. The LODs reached were 25
and 35 pg/ml, respectively, with LOQs twice as
high. Using deuterated LSD as I.S,, linearity was
excellent up to 20 ng/ml and the technique was
found precise and accurate, both on an intra-day and
inter-day basis. It was retained as a recommended
method in the United Nations International Drug
Control Programme [82]. It was later adapted to
whole blood samples and extended to the determi-
nation of iso-LSD and isonor-LSD (Fig. 7), with
equivalent and sometimes better LODs and LOQs
[83]. De Kanel et al. [84] obtained the same LODs
for LSD and nor-LSD in urine, serum, plasma and
blood, and the same LOQ for LSD alone (while only

a qualitative confirmation of nor-LSD was claimed),
using MS-MS in the SRM mode.

In summary, in the last three years LC-ES-MS
has been progressively recognised as a technique at
least equivalent to, and probably more convenient
than GC-MS for the confirmation of LSD abuse.

4.3. Corticosteroids

The determination of corticosteroids in biological
fluids, mainly urine, is necessary for identifying the
abuse of such agents by athletes, due to their anti-
inflammatory and analgesics properties. GC-MS
methods have been developed over the last 20 years,
requiring an initial hydrolysis of the conjugated
metabolites and a derivatisation of functional groups
of the parent compounds. Therefore, several LC-MS
methods were proposed for the analysis of natural or
exogenous corticosteroids in human plasma or urine,
as this coupling technique generally alows the direct
analysis of conjugated metabolites and needs no
derivatisation for most compounds (Table 3).

Girault et a. [85] reported a LC-PB-MS tech-
nique for the determination of beclomethasone and
two of its esters in human plasma and urine, yielding
a LOD of 1 ng/ml for the three compounds studied
in the NICI and SIM mode.

Five teams at least proposed qualitative or quan-
titative methods using LC-TS-MS or LC-TS-MS-
MS. Liberato et a. [86] studied the ionisation
conditions of endogenous and exogenous cortico-
steroids, of sex steroids, and of their respective
metabolites following their separation on a macro-
bore reversed-phase column and noted that, for
unconjugated steroids, the sensitivity in the positive-
ion SIM mode was excellent, provided thermal
decomposition was avoided by a careful optimi-
sation. Additionally, the LC—-TS-MS full mass spec-
trum of the 18-hydroxylated corticosteroids were
found much more informative and reproducible than
the El mass spectra obtained with GC-MS after
derivatisation and chemical modification of the mole-
cules, due to the variety of forms produced by
these chemica manipulations. Moreover, the
glucuroconjugated metabolites could also be readily
and sensitively determined by LC-TS-MS in the
negative-ion SIM mode, while they were extensively
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Fig. 7. LC-ES-MS reconstructed chromatograms from a whole blood sample spiked with LSD and iso-LSD at 1 ng/ml, and with nor-LSD
and isonor-LSD at 0.8 and 0.2 ng/ml, respectively (from Ref. [83], with permission).

fragmented in the positive mode. Park et a. [87]
reported the simultaneous determination of nine
corticosteroids in urine by diode-array detection
(DAD) and TS-MS, following their liquid—liquid or
solid-phase extraction and their chromatographic
separation on a macrobore C,4 column using a
gradient elution. The vaporiser probe temperature
was programmed according to the composition of the
mobile phase and ionisation was performed in the
filament-on, positive ion mode. The detection limits,
determined from standard solutions, ranged from 10
to 50 ng on-column in the scan mode and from 1 to 5
ng in the SIM mode, but these results cannot be
extrapolated to concentrations in biological speci-

mens. On the contrary, LODs achieved by DAD
were measured using 5 ml spiked urine samples, and
were found to be 10 ng/ml for each compound.
Therefore, it seems likely that the only advantage of
TS-MS upon DAD in this application was its higher
selectivity, which rendered possible the simultaneous
determination of prednisolone and prednisone, which
were chromatographically unresolved and had the
same UV maximum absorbency. Indeed, the diode
array detector, but not the mass spectrometric sys-
tem, was used by the authors during the 24th Seoul
Olympic Games to determine corticosteroids in
athletes' urine samples. Steffenrud and Maylin [88]
proposed a confirmation technique for the identifica-



Table 3

LC-MS procedures for the determination of corticosteroids in biological fluids (for abbreviations see Section 7)

Ref.  Compounds analysed Matrix Extraction type Chromatographic conditions MS conditions LOD (ng/ml) LOQ (ng/ml)
Column Mohile phase

[85]  Beclomethasone (B) Human LLE a pH 7 with dichloromethane Microsphere C1g, 3pm  Methanol -water (75:25, v/v) PB (59980 A, NR? B, B-monoP
B-monopropionate (B-monoP), plasma 100x4.6 mm 1.D. 0.4 ml/min H.P), single quadrupole and B-diP: 1
B-dipropionate and urine (5988, H.P)

(B-diP) NICI, SIM mode

[86]  Corticosterone, cortisol, cortisone, Urine SPE Altex Ultrasphere C;g Methanol-0.1 M ammonium TS (Vestek), single quadrupole Qualitative study only Qualitative
prednisone, prednisolone, unconjugated parent and conjugated steroids: 250%4.6 mm |.D. acetate pH 3.5 (unconjugated steroids: ~ MSs (Finnigan and Biospect) study only
and glucuronidated metabolites Sep-Pak Cyg unconjugated metabolites:  (ambient temp.) 30:70, v/v; conjugated metabolites: positive and negative

Sephadex LH-20 56:45, v/v) 1.25 ml/min scan and SIM modes

[87]  Betamethasone, corticosterone, cortisone, Urine LLE a pH 9 with diethyl ether Hypersil-ODS, 3 pm Gradient methanol in 0.15 M TS (temperature programmed, scan mode: NR
deoxycorticosterone, hydrocortisone, 11-a- 60x4.6 mm I.D. (40°C)  ammonium acetate filament-on), single quadrupole 10-50 ng on-column
OH-progesterone, prednisolone, prednisone, SPE 0.8 ml/min (5988, H. P) SIM mode:
triamcinolone, trimacinolone acetonide (Sep-Pek C1g) positive ion, scan and SIM modes 1-5 ng on-column

[88]  Cortisone, hydrocortisone, dexamethasone, ~ Urine Enzymatic hydrolysisand LLE at pH 10~ Nova-Pak Cyg, Acetonitrile-25 mM ammonium TS (Vestek Model 201) Qualitative study only Qualitative
prednisone, prednisolone (equine)  with ethyl acetate 4 um formate (70:30, v/v) positive and negative scan and SIM modes study only

100x8 mm [.D. 1.3 or 1.5 ml/min

[89]  Cortisol, cortisone, prednisolone, Plasma  SPE LiChroCART Acetonitrile-0.05 M ammonium TS (Vestec Model 750B), single quad. Cortisol: 250 pg NR
prednisone (Sep-Pek C1g) Supersupher formate (65:35, v/v) MS (QP 1000 EX, Shimadzu) Cortisone:

1.S.: cortisol-ds and cortisone-ds positive ion, SIM mode 500 pg
Prednisone and predni-
solone: 1 ng on-column
[90]  Betamethasone Urine adjustment to LC-LC: Methanol-0.1 M ammonium acetate TS (TSP-2, Finnigan) Betamethasone: Betamethasone:
pH 6-65 Microspher C1g, 3 pm (5050, v/v) MS-MS 0.2 10
(+enzymatic hydrolysis) 50x4.6 mm |.D. Acetonitrile-0.15 M ammonium acetate  (TSQ 700, Finnigan)
filtration Zorbax TMS, (37:63, viv) positive ion, SRM mode
(0.22 mm Millex-GS filters) 5um 1.3 ml/min
250x4.6 mm |.D.

[91]  Betamethasone, cortisone, dexamethasone, ~ Urine Enzymatic digestion Spherisorb ODS C1g,  Acetonitrile-0.1 M ammonium acetate ~ APCI, MS-MS All except triamcinolone: Al except
flumethasone, flunisonide, hydrocortisone, ~ (boving)  SPE 5pm 25046 mm1.D.  (pH 6.8) (API 111-Plus, Sciex) 0.05to 1.0 triamcinolone: 1.0
prednisone, prednisolone, (Bond-Elut C1g) (40:60, v/v) negative ion, daughter ion
6a-methyl-prednisolone, triamcinolone, 1 ml/min scan and SRM modes
trimacinolone acetonide

[92]  Hydrocortisone, Plasma  SPE Supelcosil LC-18-DB,  Methanol-5% acetic acid APCI, ion-trap MS-MS NR NR
(testosterone) (Specplus Cg) 5 pm 33x4.6 mm I.D.  (60:40, v/v) (LCQ, Finnigan)

0.5 ml/min positive ion, daughter ion scan and SRM modes
[93]  Budesonide, cortisone, deoxycorticosterone,  Urine SPME YMC/3-4-5 ODS-AQ,  Gradient of acetonitrile=methanol ES, MS or MS-MS All: 4-30 NR

dexamethasone estriol-3-sulphate, estrone-
3-aulphate, fludrocortisone, flumethasone,
hydrocortisone, 6-methylprednisolone,
prednisone, prednisolone, triamcinolone

(50 pm CWI/TPR fibers)

3 pm 50X4.0 mm |.D.

(50:50, v/v) in 0.1 M
ammonium acetate

1 ml/min,

60 pl/min post-split

(API 300, Sciex)

negative ion, SIM mode using a single quad.,
daughter ion scan and neutral loss modes,
using the triple quad.

#NR=Not assessed or not reported.
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tion of four corticosteroids in equine urine, after
hydrolysis of glucuronidated metabolites, using LC—
TS-MS in the positive and negative ion modes. They
found that the sensitivity was similar or dlightly
improved in the negative, as compared to the posi-
tive ion mode, giving full-scan spectra for 10 ng
injected. More recently, Shibasaki et al. [89] reported
the simultaneous determination of cortisol, cortisone,
prednisolone and prednisone in human plasma, using
deuterated analogues as internal standards and SPE.
The authors could not find a compromise between a
mobile phase yielding a good chromatographic res-
olution but a poor sensitivity, and a more eluent
phase giving the opposite results. Therefore, the
LODs reported (250 pg to 1 ng on-column) using
LC-TS-MS were not as good as those obtained
using GC-MS (10-250 pg) as a comparative tech-
nique. Polettini et al. [90] compared LC-MS-MS,
LC-LC-MS and LC-LC-MS-MS for the determi-
nation of betamethasone in urine and found that
column-switching HPLC coupled to tandem mass
spectrometry gave the best signal-to-noise ratio,
leading to a LOD of 0.2 ng/ml with no pre-con-
centration step.

Two teams at least reported techniques using an
APCI interface. Rizea Savu et a. [91], using SPE
and LC-APCI-MS-MS, reported LODs in the range
0.05-1 ng/ml and LOQs of 1 ng/ml for nine of the
most common synthetic corticosteroids in the nega-
tive ion SRM mode. In order to demonstrate the
ability of LC—APCl-ion-trap MS-MS to provide
reliable and validated quantitative data, Tiller et al.
[92] developed a method for the determination of
testosterone and hydrocortisone using deuterated
analogues as |.S. After SPE of a blank serum sample,
addition of the standards to the dry extract and
separation on a macrobore, reversed-phase column,
the compounds were detected in the positive ion
SRM mode, after selection and fragmentation of the
[M+H"] ions in the trap. The linearity of the
method, between 94 pg/ml and 12 ng/ml, was
satisfactory (but took no account of the extraction
procedure), while no LOD or LOQ was given.

Finally, a single paper reported the use of LC-ES-
MS (and MS-MS) for the determination of 11
corticosteroids and two steroid conjugates in urine,
after solid-phase microextraction [93]. Using single
MS in the negative ion SIM mode, LODs were no

better than 4 and 30 ng/ml, despite satisfactory
extraction recovery. Moreover, MS-MS was used
for identification and not for quantitation purposes.

In summary, thermospray and APCI interfaces
seem to perform better than electrospray for the
analysis of corticosteroids, while MS-MS apparently
gives a better specificity but not higher sensitivity
over single MS. Whichever the instrument, careful
optimisation of the extraction, chromatographic,
ionisation, fragmentation and detection steps were
necessary to achieve very good results. In the best
cases, LC-MS revealed more sensitive, and above
al was less time-consuming for sample preparation
and chromatographic separation than GC-MS.

5. Perspectives
5.1. New applications

511 "General unknown’’ screening procedures
One of the main challenges faced by forensic and
clinical toxicologists is the identification of the
xenaobiotics responsible for an intoxication, when
there are no clues to guide the search. Moreover, the
volume of blood or urine samples available is
generally low and the need for accurate information
may be urgent, especialy when living patients are
involved. This problem is generally handled by using
a panel of automated immunological screenings for
the most common drugs and, after a non-selective
extraction from the matrix, chromatographic tech-
niques, ideally coupled to specific detectors. GC-MS
is &till the gold standard in this field, and very
powerful procedures, both for sample preparation
and for data analysis, have been developed by
Maurer and co-workers [94,95] and others [96,97].
Nevertheless, this technology usually shows poor
results for some polar, above al acidic, compounds,
even when a derivatisation is performed. For this
reason, and probably also because not all laboratories
are equipped with GC-MS systems, complementary
or dternate procedures were proposed using in
particular HPLC-DAD [98-102]. In this case, the
limitations are mostly the limited specificity of UV
spectra and their variability as a function of pH
(which limits the use of this technology to a given
pH value for a given library of UV spectra). This is
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probably the reason why few UV spectrum libraries
are commercialy available. Moreover, compounds
with little or no UV absorbency are poorly or not
detected.

However, a complete screening strategy using
different immunological and chromatographic tech-
niques takes a long time, which may decrease its
usefulness in clinical toxicology as far as a living
patient’s outcome is concerned. Moreover, it costs a
lot, which is a concern in both forensic and clinical
toxicology. As no universal and instantaneous ‘‘ gen-
eral unknown’ screening technique seems available
so far, an improvement might be the association of
LC-MS (that uses a more universal and specific
detection principle than HPLC-DAD) to GC-MS, in
order to form a reliable association of screening
techniques to use in first instance.

To the best of our knowledge, no such LC-MS
‘““general unknown’ screening procedure other than
ours have been proposed. We have designed a
procedure using in-source CID at various orifice
voltages in an ionspray interface, both in the positive
and negative ion modes [103]. A reversed-phase
chromatographic separation of extracted chemicals
was performed on a Nucleosil C;5, 5 pm (150X1
mm |.D.) column, using a gradient of acetonitrile
(5-95% in 50 min) in 5 MM ammonium formate, pH
3 as mobile phase (flow-rate: 40 pl/min). Four
ionisation conditions were continuously alternated,
with a run-over time of 5.8 s: positive ion mode with
low CID energy (20 &V); positive ion mode with
high CID energy (80 €/); negative ion mode with
low CID energy (—20 &/); negative ion mode with
high CID energy (—80 &V). Acquisition was per-
formed in the full-scan mode, from 100 to 1100 u,
with a step of 0.2 u. Then, weakly and highly
fragmented positive spectra were added within each
given acquisition time, to give a single, richer mass
spectrum, as were negative spectra. The result was a
pair of full mass spectra acquired every 2.7 s. These
reconstructed spectra compared favourably with LC—
MS-MS spectra, as they were as or more informa-
tive, due to pseudomolecular ions of higher intensity
and sometimes to the presence of high mass adducts.
Moreover, the use of both positive and negative
ionisation in the same run obviously provides sig-
nificantly more information than either of them alone
for those compounds giving both positive and nega-

tive ions, and alows the detection of compounds
(mainly acids) giving only negative ions. In
November 1998, the pairs of spectra of more than a
thousand compounds of interest (therapeutic or
abused drugs, environmental and industrial toxicants)
were already stored in paralel positive ion and
negative ion mass spectrum libraries, respectively.
Additionally, software was developed to automatical-
ly reconstruct such spectra and compare each pair of
positive and negative spectra, together with their
retention time [in standardised conditions (optional)]
to those in the libraries. The reconstructed spectra
were shown to be reproducible over a wide range of
compound concentrations, as well as over time. The
whole procedure was evaluated by comparison with
GC—-MS and HPLC-DAD on clinical and forensic
samples, after non-selective solid-phase extraction,
showing it was remarkably powerful at detecting
most compounds present, even at very low levels (as
verified afterwards by dedicated quantitative meth-
ods) in such complex matrices as hemolised whole
blood. In particular, these preliminary results sug-
gested that the proposed LC-ES-MS procedure was
complementary to GC-MS for the detection of
‘““general unknowns” [103].

5.1.2 Toxic peptides, proteins and other high-
molecular-mass molecules

As a particularity of electrospray-type interfacesis
to allow the detection of high-molecular-mass com-
pounds due to the formation of multi-charged
species, LC-ES-MS is potentially the method of
choice for the screening and quantitation of peptides
and proteins with therapeutic or toxic properties. In
this class, one can include toxins from marine, plant
or animal origin (venoms), hormones, cytokines, etc.,
as well as therapeutic peptides and proteins, pro-
duced by genetic engineering. Up till now, few
papers have been published on this matter, in com-
parison to the large number of papers dealing with
the identification of endogenous peptides, proteins,
glycoproteins, nucleosides and nucleotides. Indeed,
the feasibility of using mass data generated from the
proteolytic digestion of peptides or proteins to create
and search protein databases was demonstrated sev-
eral years ago [4] and this technique is now routinely
used in the field of biochemistry and molecular
biology.
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Papers on the LC-MS detection and/or quantita-
tion of various mycotoxins (in plant and animal
samples) and marine toxins (in shellfish or rodents
samples) were previously reviewed by Hoja et al.
[6], but none concerned human intoxication. Maurer
et al. [104] proposed a sensitive and specific LC-ES-
MS technique for the detection, in human urine, of
the amatoxins a- and B-amanitin, responsible for the
toxicity of Amanita mushrooms.

Bowers proposed that the presence of peptide
hormones used in sports doping [adrenocorticotropin,
human growth factor (hGH), chorionic gonadotropin,
erythropoietin and their releasing factors] could be
confirmed by mass spectrometry, after ionisation in
an electrospray source [105]. An HPLC separation
was applied for the detection of IGF-1 as a pure
solution, and the overall sensitivity was found to be
satisfactory for the detection of doping (LOD better
than 10 fmol on column). The same study demon-
strated that a recombinant hGH could be differen-
tiated from the native one, due to a difference in a
single amino acid. Liu and Bowers [106] developed
an immunoaffinity trapping of human chorionic
gonadotropin (hCG) in urine prior to its LC-ES-MS
detection, and recommended this extraction and
enrichment technique for the trace determination of
peptide hormones, as it increases both the sensitivity
and the selectivity of LC-ES-MS. As the hetero-
geneity of the oligosaccharides moieties of glycopro-
teins, such as hCG and EPO, precludes the direct
monitoring of the intact peptide, a tryptic digestion,
similar to that performed for endogenous proteins,
was proposed by these authors [106,107] and others
[108]: the selected ion monitoring of a few tryptic
fragments, whose distribution is unique, provided the
opportunity of identifying the parent hormone.

The different variants of human hemoglobins
could be detected in mixtures of intact globins and
characterised using ES-MS. Their molecular masses
could be determined with an accuracy of 1-2, when
the minimum precision required was 14 [109].
Though we could not find any LC—-MS methods
applied to animal or recombinant insulins, which
may be involved in murders or suicides, or even to
high- or low-molecular-mass heparins, sometimes
involved in medical responsibility cases, the de-
termination of these proteins would benefit from
such a specific technique for detection and identifica-
tion.

The identification and quantitative determination
of toxic proteins, peptides or other large molecules,
from natural or synthetic origin, is thus a new field
that is being opened up to clinica or forensic
toxicology, thanks to LC-MS with atmospheric
interfaces, that will need the merging of the ex-
perience and requirements of analytical toxicology
and biochemistry.

5.2, New systems

Though one cannot exclude the emergence of new
ionisation sources or interfaces, atmospheric pressure
interfaces will probably have a longer career and a
larger success in toxicological laboratories than any
other previous LC-MS interface, due to their sen-
sitivity and versatility. ES-MS for instance can now
be regarded as a detector for LC. Sakairi and Kato
[110] recently presented an API interface including
five, interchangeable ionisation modes (electron im-
pact, chemical ionisation, spray ionisation, electro-
spray ionisation and sonic spray ionisation), which
they called a ‘* multi-atmospheric pressure ionisation
interface’”’. The combination of these modes would
broaden the polarity range of APl interfaces. In
particular, small and volatile compounds with low
polarity such as hydrocarbons and aromatic com-
pounds would be rendered detectable owing to the
electron impact ionisation device. Other improve-
ments to come will probably include API sources
specificaly designed for ion traps [111], magnetic
sectors or other types of mass spectrometers [44].
Time-of-flight and quadrupol e/ time-of-flight
analysers (Q-TOF), with a better mass resolution and
wider mass range than single or triple quadrupoles,
are now available for coupling with LC-ES. Even
such expensive technologies as magnetic sector
spectrometers will soon be proposed as benchtop
instruments, hopefully at a more affordable price
than the bigger ones. Based on these considerations
and on the simplification of instrument and concept
handling, owing to user-friendly softwares, the au-
thors predict that LC—MS will be a major success in
analytical toxicology.

Other sources of improvement in LC-MS will
come from sample preparation and chromatographic
techniques. LC-MS-MS is now widely used in the
pharmaceutical industry because of its high through-
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put (e.g., one sample injected every 2 to 5 min), but
this throughput is still limited by the sample prepara-
tion procedures, which either require several techni-
cians to ‘‘feed’ each LC-MS-MS instrument or
need to be automated. Automated SPE extraction
procedures are now routinely used for HPLC, either
on-line (compounds eluted from the SPE cartridge
with the chromatographic mobile phase, directly into
the HPLC column) or off-line, using standard SPE
cartridges, with a sorbent bed volume of 50-500 mg.
However, specific techniques and procedures have
been proposed for LC-MS-MS, such as automated
SPE extraction using reduced sorbent bed cartridges
(10-35 mg) or thin disk membranes adapted to
96-well format plates and compatible with micro-
samples [112-115]. This strategy would be of lim-
ited use in forensic or clinical toxicology (except
maybe in sports doping control), because of the
generally limited number of samples being analysed
in the same run. Alternatively, several teams pro-
posed a chromatographic purification of the samples
as single preparation: coupled-column LC techniques
with purification and enrichment of the sample on
the first, restricted access media column, intended for
the direct injection of plasma or urine, are already
classical in HPLC, and were proposed for LC-MS as
well [116-118], reducing the total analytical time to
5-10 min; turbulent flow chromatography, achieved
by the use of high mobile-phase flow-rates and large
particle size stationary phases on a single column,
was recently proposed by Ayrton et al. [119] for the
direct analysis of plasma or serum samples, with a
very short turnover time (ca. 3 min). This latter
technique, using an initial water or buffer wash
during which the effluent is directed to waste, and a
fast gradient elution into the mass spectrometer,
offers the advantages of simplicity, speed and in-
creased chromatographic resolution, as turbulent
flow decreases the theoretical plate height. Another,
simpler track for improvement is the use of narrow-
bore, microbore [120] or even nanoscale chromato-
graphic columns [121], avoiding the need for a
splitting of the chromatographic effluent and increas-
ing the concentration of the analytes in the chromato-
graphic effluent, the concentration to which the
response is proportional when using API interfaces.
Though this solution, for which micro-flow-rate
chromatographic pumps are now available at a minor
additional price, has been around for along time and

is systematically used by different teams, ours in-
cluded, it is still not widely accepted nor employed.
More generally, the liquid chromatographic part of
LC-MS is rather different from HPLC, in that it
benefits from using mobile phases with low salt
content and avoiding non-volatile salts or counter-
ions.

In summary, in the near future, the improvements
in LC-MS as applied to analytical toxicology will
probably concern the preparation procedures and
chromatographic techniques and the software inter-
facing the instrument and the operator, rather than
the interface/ source devices.

6. Conclusion

The potential of LC—MS in human toxicology has
been demonstrated over the past few years, mainly as
far as atmospheric pressure interfaces are concerned.
Electrospray-type and APCI interfaces represent, at
the moment, the sources of choice for a wide range
of organic compounds, from the dlightly to the
highly polar. In most fields where they have been
used, the limits of detection or quantitation obtained
generally compared favourably with the other chro-
matographic techniques. Moreover, they allowed the
mass spectrometric determination of different classes
of molecules that were not suited to GC-MS, such
as conjugated metabolites, thermolabile compounds,
peptides and proteins, etc. We think LC—API-MS can
even be used for broad screenings of a priori
unknown compounds, in complement to GC-MS.

Nevertheless, LC-MS is still a relatively new
technique that will probably mature thanks to
adapted sample preparation and chromatographic
techniques, or to higher resolution MS, and spread to
a much larger number of laboratories owing to lower
prices. Moreover, if LC-MS does not replace GC—
MS in most of its toxicological applications because
of limited advantages, LC—MS-MS could well do as
it allows ssimple sample preparation procedures, if
any, and very short analytical times; moreover, it
yields high sensitivity and specificity and will proba-
bly be more affordable in the near future. It is worth
noting that LC—-MS-MS has now superseded all
other analytical techniques in the pharmaceutical
industry.
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7. Abbreviations

6-MAM
amu
APl
APCI

C6G
CF-FAB

Cl
CID
Ccv
DAD
DLI
El
ES
FAB
FD
FIA
GC
GC-MS

HPLC

1.D.

|.S.

LD
LOD(9
LOQ(S
M

M3G
M6G
MALDI

MB
MRM
MS
MS-MS
m/z

PB

PD
RP-HPLC

SIM
SPE
SRM
TOF

6-Monoacetylmorphine

Atomic mass unit

Atmospheric pressure ionisation
Atmospheric pressure chemical ioni-
sation

Codein-6-glucuronide
Continuous-flow fast atom bombard-
ment interface

Chemical ionisation

Collision induced dissociation
Coefficient of variation

Diode array detection

Direct liquid introduction

Electron impact

Electrospray

Fast atom bombardment

Field desorption

Flow-injection analysis

Gas chromatography

Gas chromatography—mass  spec-
trometry

High-performance liquid chromatog-
raphy

Internal diameter

Internal standard

Laser desorption

Limit(s) of detection

Limit(s) of quantitation

Morphine

Morphine-3-glucuronide

M orphine-6-glucuronide
Matrix-assisted laser desorption ioni-
sation

Moving belt

Multiple reaction monitoring

Mass spectrometry

Tandem mass spectrometry
Mass-to-charge ratio

Particle beam

Plasma desorption

Reversed-phase high-performance lig-
uid chromatography

Selected ion monitoring

Solid-phase extraction

Selected reaction monitoring

Time of flight

TIC Total ion current
TS Thermospray
uv Ultraviolet
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