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Abstract: Desorption electrospray ionization (DESI) is a new ionization technique recently introduced in analytical
chemistry for the ambient analysis of surfaces by mass spectrometry. We present here new developments in this
field, focusing on their use for the analysis of solid forms, as pharmaceutical tablets or illicit drug tablets. Results
recently published by ourselves are discussed in the context of related publications.
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1. Introduction

For the analytical chemist, direct analysis of
samples is the ultimate goal, which is how-
ever sometimes difficult to achieve. Direct
analysis means the direct introduction of the
sample in the analytical instrument or plat-
form, without any sample preparation. De-
spite the current instrumentation available
and major advances in analytical chemistry
in the last decade, direct analysis remains a
challenging task. The balance is often be-
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tween information obtained and analysis
time or complexity: where rapid analysis is
a priority, the quality of information often
suffers. Either the usual sample preparation
and separation times, prior to detection, are
reduced to the minimum, or the sample is
analyzed directly. Both approaches pres-
ent challenges in terms of the specificity
(the analyte can be present among others)
and sensitivity (the matrix can decrease the
intensity for the response of the analyte, a
phenomenon known as ‘matrix suppres-
sion’) needed for the detection.

From the wide range of detection tech-
niques, mass spectrometry (MS) has gained
much attention since its introduction and is
now becoming one of the most widely used
detection techniques in pharmaceutical,
toxicological or environmental analysis.
With the introduction of desorption tech-
niques, the most common being matrix-
assisted laser desorption (MALDI), it has
become possible to sample surfaces by MS.
Previously, desorption ionization (DI) tech-
niques were performed in a high-vacuum
environment, but only six years ago DI ex-
periments were carried out in ambient envi-
ronment; atmospheric pressure MALDI be-
ing an ionization technique in which a solid
sample could be examined at atmospheric
pressure [1][2]. Recording mass spectra
of ordinary samples in the laboratory or in
the field, while simultaneous chemical or
physical modifications could be performed
during their analysis, could be one of the
next major qualitative advances in MS.

Desorption electrospray ionization (DE-
SI) is an atmospheric pressure desorption
ionization method introduced by Cooks and

coworkers that produces ions directly from
the surface to be analyzed. The ions then
are sampled with the mass spectrometer
[3]. DESI is based on charged liquid drop-
lets that are directed, with a high velocity
gas jet (ca. 300 m/s), onto the surface to be
analyzed. Analytes are desorbed from the
surface and analyzed by the mass spectrom-
eter. Compared to pressure MALDI, no ma-
trix is needed to perform the experiment;
a common advantage with laser desorption
from porous silicon [4].

Other acronyms have been introduced
in the meanwhile, describing related ion-
ization techniques. Direct analysis in real
time (DART) has been reported by Cody
et al. [5]. This technique is based on the
reactions of electronic or vibronic excited-
state species (metastable helium or nitro-
gen molecules) with reagent molecules and
analytes. Both DESI and DART techniques
allow surface analysis, DESI with a stream
of electrosprayed liquid solvent and DART
with a stream of excited gas. Using thermal
vaporization by a hot nitrogen gas stream
flowing from a probe, atmospheric-pres-
sure solids analysis probe (ASAP) provides
a way to analyze volatile and semi-volatile
compounds [6]. The thermally induced va-
pors are ionized by corona discharge under
standard APCI conditions. Its ability to ob-
tain ions from biological tissue, currency
and other objects placed in the path of the
hot nitrogen stream was demonstrated.
Commercial ionization sources were used
after only slight modification, i.e. installa-
tion of a port for inserting the sample into
the hot gas stream within the ion source
region. Even more recently, a variant of
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DESI, electrospray-assisted laser desorp-
tion/ionization (ELDI), was described [7].
This combines laser desorption with post-
ionization by electrospray for the rapid
analysis of solid materials under ambient
conditions. With this system, desorption
and ionization can be independently con-
trolled, which is not the case in DESI.

In the context of toxicological quali-
tative analysis, the analysis of drug or il-
licit tablets is one simple application where
direct analysis would be useful. Since the
sample to be analyzed is expected to be
quite simple regarding the number of main
components — no profiling of impurities
has to be done — the question could be “are
separation steps like gas or liquid chroma-
tography, or even sample preparation, real-
ly mandatory?” In emergency departments
of hospitals where patients can arrive with
unknown tablets in their pockets, an almost
instant analysis of the tablets, but with very
high specificity, could save precious time
for diagnostics. The rapid screening of illic-
it tablets could also find uses, since speed of
analysis is not driven by emergency but by
throughput, enabling more analysis in less
time. Visual evaluation of the tablet (color,
thickness, diameter, logo, cleavage, smell),
comparing for example, Ecstasy tablets with
a table of pictures from various sources, can
help, but is not reliable at all. Small home-
made series can involve frequent changes in
appearance [8]. With abuse of commercial
drugs, rapid identification is hindered by
similarity in appearance of tablets and the
identifier (name, brand code or number) not
always found on the tablet.

The current way to analyze commer-
cial drugs or illicit tablets is to dissolve
them in an appropriate solvent, to filtrate
or centrifuge the solution and to perform

a separation with liquid chromatography
(LC) coupled to a UV diode array detector
(UV-DAD) or with gas chromatography
(GC) coupled to a mass spectrometer. In
the case of GC, sample preparation with
derivatization is sometimes required. Some
automated drug profiling systems were
routinely used in emergency toxicology,
such as the LC-UV REMEDi HS system
[9]. If greater selectivity is needed, MS is
generally used. UV-DAD or MS spectra
are then compared to libraries of known
compounds to identify the compounds in
the tablet. The sample preparation and sep-
aration step required with these methods
are time-consuming and it requires equip-
ment for chromatography which can be a
drawback in terms of ease of use. Flow
injection analysis (FIA) or infusion of the
liquid sample by a syringe pump into the
source of the MS are alternatives that do
not require chromatographic equipment,
but still require solubilization of the sam-
ple, which is an additional preparation step
when starting from solid forms.

For toxicological screening, some sur-
face analysis techniques have been devel-
oped to identify or quantify analytes in
unknown tablets. Infrared (IR) [10], near
infrared (NIR) [11][12], Raman [13] and
fluorescence [14][15] spectroscopy have
been described for the analysis of pharma-
ceutical solid forms or illicit drugs, such
as Ecstasy tablets. Other techniques like
nuclear quadrupole resonance (NQR) also
show perspectives as non-destructive analy-
sis techniques [16]. The main advantage of
these methods is still that no sample prepa-
ration and chromatographic separation are
performed, thus dramatically shortening
the analysis time, but specificities are lower
compared to MS.
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In this context, the question was to
see how DESI-MS could complement
the analytical tool collection currently
available and we chose the application of
formulated solids as a starting point for
this investigation. We recently published
results of DESI-MS used for the rapid and
direct ambient analysis of a large variety
of compounds relevant for toxicological
screening purposes [17]. The home-made
source and experimental set-up were de-
scribed as well as a method of analyzing
commercial drugs, illicit Ecstasy tablets,
and compressed powders. Here we discuss
these results in relation to other publica-
tions in the same field at this early stage
of development.

2. DESI-MS for the Analysis of
Pharmaceutical Tablets

Up to now, there are around a dozen
publications on DESI-MS. After the initial
publication [3], recent papers reported its
use for the coupling of thin-layer chroma-
tography and mass spectrometry [18], the
detection of explosives [19][20], the mass
spectrometric profiling of intact biological
tissue [21], the characterization of the ac-
tive ingredients in pharmaceutical samples
formulated as tablets [17][22-24], oint-
ments [22][24], gels [24] and liquids [22],
the rapid in situ detection of alkaloids in
plant tissues [25], the rapid analysis of Ec-
stasy tablets [17][26], the sampling of can-
nabis plant material [26], and the analysis
of some pharmaceuticals and their gluc-
uronide metabolites [27]. Instrumentation,
mechanisms and applications in forensics,
chemistry, and biology have been reviewed
recently [28].
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Fig.1. Typical DESI-EMS spectra of drug tablets, without background subtraction. (A) Indocid® tablet, containing 11% (w/w) of indometacin (MW = 357
Da), in negative mode. (B) Edronax® tablet, containing 1.9% (w/w) reboxetin (MW = 313 Da), in positive mode. (C) Acetalgin® tablet, containing 67 % (w/w)
paracetamol (MW = 151 Da), in positive mode. (D) Home-made tablet, containing 20% (w/w) cortisone (MW = 360 Da) with some cellulose as excipient,

in positive mode.
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Fig. 2. DESI-MS in function of the position of the tablet under the spray. (A) Xanax® tablet, containing 0.8% (w/w) of alprazolam (MW = 308 Da), analyzed
in positive mode. (B) Servambutol® tablet, containing 71% (w/w) of ethambutol (MW = 204 Da), analyzed in positive mode. No background subtraction.

Amongst these first applications, the
analysis of solid forms as pharmaceutical
tablets has attracted much interest. DESI
sources have been coupled to either a triple
quadrupole tandem mass spectrometer [17],
a time-of-flight [24] or an ion-mobility
spectrometer coupled to a quadrupole-time-
of-flight mass spectrometer [23]. All results
agree on finding protonated or deprotonated
ions of the main analyte(s) as the predomi-
nant ion(s) (Fig. 1). Lower intensity ions
can be seen, sometimes together with some
fragments of the main analyte, formed by
up-front collision induced dissociation,
depending on the MS parameters. Interest-
ingly other compounds, like excipients, are
not sampled. An explanation could be that
the polymers often used as excipients, like
sugars or cellulose, are not desorbed and
ionized under these conditions. Only the
analyte(s) present in the tablet are desorbed,
yielding clean full scan spectra.

It was observed that the signal inten-
sity for the signal of ions of interest could
change by a factor of around ten, depending
on the positioning of the tablet under the
spray and thus on the spot desorbed (Fig. 2).
This change in signal can be explained by
different surface roughness, with some kind
of holes or peaks and microcrystals of ana-
lytes, yielding a non-constant desorption,
but also by a relative inhomogeneity of the
analyte on the surface as shown by IR im-
aging on pharmaceutical tablets [29]. It is
not clear if there is another explanation for
the observed phenomenon. No other results
have reported this. One has to be conscious
that not finding an expected compound is
not a proof that it is absent, as it might be
difficult or take more time to complete what
could be considered an exhaustive desorp-
tion.

As tablets can be manufactured with a
protective layer or film, we scrapped a 1-

mm deep scratch on the commercial tablets
before analysis. Simply cutting by hand
divisible tablets is also possible, analyz-
ing then their heart. Drugs sold as capsules
cannot be directly analyzed by DESI-MS,
the powder being hermetically sealed by
the capsule. Nevertheless, the powder can
simply be compressed, either alone or with
an excipient such as cellulose, and then ana-
lyzed like standard tablets.

3. DESI Mechanism

Based on experimental conditions op-
timized for DESI, analytes can be divided
into subgroups, for which it is believed that
different mechanisms of ionization take
place [28]. Some analytes are ionized by the
charged droplets from the spray, a mecha-
nism known as ‘droplet pick-up’. The high
velocity impact of the droplets (in the order
of a few hundred meters per second in some
cases) cause a small spread of the liquid on
the surface, the analyte being extracted by
the solvent into the droplet. This process is
enhanced by increasing the velocity of the
impacting droplets, i.e. increasing the neb-
ulizing gas flow. These offspring droplets
are then transferred to the mass spectrom-
eter either by the gas of the spray, or by the
vacuum aspiration at the mass spectrometer
interface. Coulombic fission then generates
gaseous ions by processes similar to those
taking place in conventional ESI.

For other analytes, it is believed that their
ionization does not use charged droplets.
The main ion formation process could take
place through charge or proton transfer from
the solvent ions to the analyte molecule,
either between gas phase ions and surface
molecules, or between gas phase ions and
gas phase molecules. The later could be en-
hanced when dealing with high vapor pres-

sure analytes. The gas phase ions are pro-
duced from the volatile solvent by a standard
corona-discharge ionization of the vapor.
Desorption atmospheric-pressure chemical
ionization (DAPCI) is then a suitable option
for analyzing weakly polar compounds that
do not ionize well by DESI.

Our experiments with pharmaceuti-
cal compounds favor the first mechanism.
Qualitative and quantitative differences
in ion intensities were clearly observed
when using hydro-organic sprays contain-
ing either methanol or acetonitrile. For the
majority of the twenty-one compounds in-
vestigated, the average counts per second
(cps) value of the main ion was 5-20 times
higher when a spray containing methanol
was used, compared to acetonitrile [17].
Five compounds the same with both sol-
vents and three gave better results with the
spray containing acetonitrile (3—4 times
more signal than with methanol). Direct,
precise comparison between different DE-
SI experiments remains difficult because
of the varying geometry and surface states
between the tablets, possibly affecting the
MS signal. This general observation would
have to be complemented with more com-
pounds and other solvents, to see if the re-
lationship between polarities of analytes
and solvent plays the unique role. As the
compounds investigated fall almost entirely
in the electrospray group, with frequent ni-
trogen atoms that can be protonated, these
differences can be explained by a changing
content of analyte in the secondary charged
droplet. The efficiency of what could be
called the extraction of the analyte by the
solvent changes depending on their respec-
tive polarities, and yields different ion in-
tensities.

The original paper described a gas ve-
locity in the order of a few hundred meters
per second [3], however some papers de-
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scribe the use of conditions that seem to
be more gentle, with modified commercial
sources [23][24][26]. Although there is no
direct comparison of gas velocities (arbi-
trary units of gas flow are given for com-
mercial sources), it is clear that the condi-
tions are not those of an almost supersonic
spray. Further data on this point would be
useful for a better general understanding of
the relationship between gas velocity or in-
let pressure and signal intensity. For some
applications, a too high pressure spray
could damage the surface, some examples
being TLC plates or tablets with crumbly
surfaces.

4. Toxicological Screening

Ithas been shown that DESI-MS can eas-
ily be used for the screening of drug tablets
of various kinds, giving qualitative data on
the main analyte(s). Drug content does not
play a key role, since with tablets contain-
ing less than 1% (w/w) of active ingredient
we still observed the protonated ion [17].
This result was similar to other reports; con-
tents of less than 1% (w/w) [26] and even
0.1% (w/w) [22] have been reported. Usual
contents of pharmaceutical drug tablets are
higher than 1% (w/w). Nevertheless, there
is the possibility of obtaining a false nega-
tive when low content tablets are desorbed
on one spot only. The limit of sensitivity is
also highly compound-dependent.

High-throughput experiments have been
performed on pharmaceutical samples, with
sampling rates as high as three tablets per
second [22]. The set of tablets located on a
moving belt was transported past the elec-
trospray. A practical use with lower content
tablets and as a method for quality assur-
ance is questionable.

5. lllicit Material Analysis

As an extension to toxicological screen-
ing, illicit Ecstasy tablets have also been in-
vestigated [17][26]. Qualitative results by
DESI-MS were in accordance with GC-MS
and LC-MS results in the identification of
the main analyte contained in the tablets.
Active ingredients such as 3,4-methy-
lene-dioxymethamphetamine =~ (MDMA;
Ecstasy), N-methyl-1-(1,3-benzodioxol-5-
yl)-2-butanamine (MBDB), amphetamine,
methamphetamine, 4-methyl-thio-amphet-
amine (4-MTA) and only caffeine in fakes
have been identified. These compounds
have been common (with the exception of
4-MTA) for a while in Western Switzerland
in illicit tablets sold as ‘Ecstasy’ [30]. As
content of active ingredient in illicit drug
tablets is in the same range as pharmaceuti-
cal tablets, we see no reason why almost
any tablet could not be analyzed by DESI-
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Fig. 3. DESI-MS analysis of a seized Ecstasy tablet, with different ions sampled from different

locations

MS. If some minor analytes must be identi-
fied, GC-MS and LC-MS are still methods
of choice, as some of these analytes are
missed when sampled by DESI-MS.

Cannabis plant material has also been
subjected to DESI-MS, with the in situ sam-
pling of cannabinoids directly from dried
pieces of marijuana leaves [26]. Two other
examples, with the detection of alkaloids
in plant tissue under these ambient condi-
tions, show the feasibility of the approach,
despite the very few data published up to
now [3][25].

6. Chemical Imaging

As the sample can be freely moved un-
der the spray during mass spectra acquisi-
tion and since the desorbed spot is con-
fined, chemical imaging can be done by
DESI-MS. A simple example in the analy-
sis of tablets was done on Ecstasy tablets
(Fig. 3). This was chosen because this kind
of tablet usually shows great inhomoge-
neities, as they are generally homemade.
Depending on the position of the tablet
under the spray, different analytes could
be sampled from different spots. Correlat-
ing visual inspection of inhomogeneities
with different mass spectra could illustrate
the formal advantage that surface analy-
sis techniques exhibit over solution-based
techniques, as this kind of information is
lost in the latter case. Mass spectrometric
profiling of intact mouse-pancreas, rat-
brain or metastatic human-liver adeno-
carcinoma tissues has been demonstrated,
showing the potential of in vivo/in situ ap-
plications of DESI-MS [21].

7. Perspectives

DESI-MS has rapidly gained in inter-
est in the first years since its introduction.
The use of DESI-MS for the rapid toxico-
logical screening of a large variety of com-
mercial drugs, illicit Ecstasy tablets, and
compressed powders was demonstrated,

correlated with similar results obtained by
other groups. Sampling under ambient con-
ditions without any sample preparation or
chromatographic step, instant response, im-
aging capability, and the fact that DESI ex-
periments can be performed in parallel with
other experiments are great features of this
technique, although some points still need
to be assessed. Among these we could men-
tion the source metrics and the influence of
the spraying solvent, problems related to
matrix suppression, the quantitative aspect,
and the feasibility of using this setup in rou-
tine applications. Further work is ongoing
in our group to assess its advantages and
limitations in other pharmaceutical analysis
applications. DESI-MS, along with some
of the closely related desorption ionization
techniques, shows the great potential of
these ambient desorption techniques as an
alternative to solution-based analysis and,
in some cases, to using chromatographic
equipment coupled to mass spectrometers.
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