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Abstract In recent years, ion mobility spectrometry is
increasingly in demand for new applications especially on
biological samples (cells, bacteria, fungi), in medicine
(diagnosis, therapy and medication control e.g. from breath
analyses), for food quality control, safety monitoring and
characterisation or process control in chemical and phar-
maceutical industry. For this purpose instruments based on
gas phase separation of ions in weak electric fields were
developed at ISAS-Institute for Analytical Sciences,
focussing on the particular challenges such as humid and
rather complex samples, specific sampling procedures
adapted to the application, fast pre-separation techniques
like multi-capillary columns and suitable data processing
including data bases for relevant analytes and automatic
characterisation of IMS-chromatograms. Feasibility studies
were carried out successfully for biological and medical
purpose at ISAS, including the detection of bacteria, fungi
and metabolites of cells and in human breath. For all those
samples characteristic pattern of analytes were found and
could be used for the identification of cell lines, fungi and
bacteria as well as of numerous diseases. Furthermore, the
quantification of those analytes could be used to obtain
information about the state of the process or person (e.g.
growth of cultures, development of diseases, level of
medication, grade of cancer). Those examples shall dem-
onstrate the potential of ion mobility spectrometry for the
selected applications. However, a general and reliable data
bases of reference analytes is required in the near future to
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enable an exploitation of the metabolic pathways and to
confirm the relevance of the detected signals for the
investigated topic.
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Introduction

The metabolites of any kind of organism are increasingly
subject of investigations as they are a carrier of information
about the state of the organism itself, about influences of
the environment on the organism and about synergistic
effects as well [1-3]. Such organisms can be cells, bacteria
or fungi but also human beings. Their metabolites carry
information about the surrounding environment, individual
nutrition and growth and also about deterioration of the
organism like diseases or contamination with bacteria or
fungi. Therefore, the metabolites detected could be used for
identification and growth control of cell, bacteria or fungi
cultures, for bio-process control when micro organisms are
involved but also as marker for medical diagnosis and for
description of the metabolic status of a patient in general
[4-6].

The detection of metabolites in blood or urine is
presently based on a variety of mass spectrometric (MS)
methods in combination with different separation tech-
niques. Nuclear magnetic resonance has also been de-
scribed in this area (NMR) and this approach also requires
pre-treatment of the samples [7-9]. Comparatively few
investigations have been published related to breath
analyses or the analysis of the headspace of bacteria, fungi
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or cell cultures. All of these studies require pre-concentra-
tion of the metabolitic analytes [10—13], and as such they
are expensive and time consuming. The need for faster
systems without compromising sensitivity is self-evident
and the set of exemplar studies described in this paper seeks
to demonstrate how ion mobility spectrometry coupled to
multi-capillary chromatography is a candidate technology
that requires serious consideration.

Ion mobility spectrometry is well known as a method for
the detection of gas phase analytes first applied for the
detection of chemical warfare agents in military use and civil
protection [14]. Only few investigations were published on
other applications such as biological samples [15—18]. At
ISAS—-Institute for Analytical Sciences, Dortmund, Ger-
many, ion mobility spectrometry with fast pre-separation
techniques was applied for the sensitive detection (lower
ppb, down to ppt, range) of metabolites in human breath
[19, 20] but also for process control and food quality and
safety [21-24]. By help of representative examples, the
potential of the method for the identification and quantifi-
cation of metabolic markers of bacteria, cells, fungi and in
human breath—including diagnosis, therapy and medica-
tion control—will be illustrated.

Experimental

The ion mobility spectrometers (IMS) applied in the present
studies were developed and built at ISAS and are described
in detail elsewhere [25-27]. A radioactive source (**Ni, 550
MBq) was used to ionise the gas available in the ionisation
chamber (synthetic air) thus forming the so-called reactant
ions [14, 25]. If an analyte is introduced into the ionisation
chamber of an ion mobility spectrometer, the reactant ions
transfer their charge e.g. by proton transfer to the analyte
molecules. In a weak electric field, the ions start to move
towards the detector, a Faraday-plate. In the opposite
direction, a so-called drift gas flow is applied which avoids
the diffusion of neutral analyte ions into the drift region.
Furthermore, the analyte ions collide with the drift gas
molecules, thus reducing their drift velocity. The collision
rate depends on their size, shape and charge. Therefore,
they are—in the ideal case—totally separated when they
reach the detector and different ions can be detected after a
characteristic drift time which can be used for identification
of the analyte. In addition, the signal area can be used for
quantification using a calibration carried out earlier for each
particular analyte considered. The drift time depends on the
ambient conditions and therefore is standardised to temper-
ature and pressure of the drift gas which leads to the so-
called reduced ion mobility K, in cm® V' s'. The
experimental parameters of the IMS for all the present
studies are summarised in Table 1.
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Table 1 Experimental parameters of the ion mobility spectrometer

Experimental parameters

B-radiation (**Ni, 550 MBq)
330 V/cm
12 cm

Ionisation source
Electric field strength
Drift length

Drift and carrier gas Synthetic air

Drift gas flow 100 ml/min
Carrier gas flow 150 ml/min
Shutter grid opening time 300 pus
Spectra length/sample interval 100 ms
Spectra resolution 40 kHz

If complex mixtures are subject of IMS analyses, like
some hundreds of different metabolites which can be found
in human breath samples, the reduced ion mobility alone
might not be sufficient for identification of the analytes in
the mixture. Several analytes may have the same or
almost the same mobility. Therefore, multi-capillary
columns (MCC OV-5, Sibertech, Novosibirsk, Russia)
were applied for rapid pre-separation. These columns
consist of ~1,000 glass capillaries and enable a high
sample flow (150 ml/min) and a rapid separation (~500 s
for 20 cm capillary length operated at 30 °C constant
temperature). To avoid contamination of the instrument if
the analyte is injected continuously, the sample was
introduced into a sample loop of 10 ml volume. Only
the volume of the sample loop was injected via a six-way-
valve into the MCC.

In addition, the use of MCC avoids negative influence
especially when humid samples are analysed. If humidity
enters the ionisation region together with the analyte,
clustering of the analyte ions with water molecules takes
place, thus making identification complicated or even
impossible. Using MCC for pre-separation, water mole-
cules and analyte ions enter the ionisation region in the
ideal case totally separated and no negative influence can
be observed even up to 100% relative humidity [23].

The retention time of the analytes in the MCC gives addi-
tional information for the identification of analytes in a
complex mixture [20]. The complete information of a ®*Ni-
MCC-IMS—ion current vs. ion mobility and retention time—
is the so-called topographic plot or IMS-chromatogram.

For the detection of the metabolites of cells and bacteria,
the headspace of the particular cultures was introduced into
the sample loop. For breath analyses, the subjects used a
mouth peace to breathe through the sample loop. Before
each breath analyses, room air was analysed to avoid
misinterpretation if signals from room air were detected in
breath too. Furthermore, clean humid air was analysed
before each sample to avoid contamination influences on
the sample analyses.
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Results and discussion
Cells

As a first step towards early diagnosis of lung cancer, the
metabolites of a cancer cell line were detected in the
headspace of a cell culture by the ®*Ni-MCC-IMS as
described above and compared to the analyses of the
medium alone and a non-cancer cell line as well. Figure 1
shows the IMS-chromatogram (ion mobility vs. retention
time) of such an analyses—dark colours represent high IMS
signal. It was found, that at least two detected metabolites
could be identified as characteristic for the cancer cell
line—they are marked by a circle in Fig. 1. The next step
will be to carry out analyses of the breath of numerous lung
cancer patients in various states of lung cancer to identify
the relevant metabolites in breath and to optimise the
method for a sensitive and early detection [19].

Bacteria and fungi

The **Ni-MCC-IMS was used to analyse the headspace of
cultures of bacteria and fungi growing on Columbia agar.
The IMS chromatograms then were evaluated to identify
typical peak pattern for several bacteria and fungi consid-
ering the peaks of the volatiles detected from the agar plate
alone. The position of the peaks identified in the IMS-
chromatogram for Pseudomonas aeroginosa as an example
for bacteria and Candida albicans as an example for fungi
are shown in Fig. 2. The detected five signals of the
bacteria respectively the four signals of the fungi should
enable their identification in the breath of an affected
patient and the can be used for a pathogen specific
diagnosis. In general, characteristic peak pattern of micro-
organisms can not only be used for medical purpose but

30

drift time / ms

1 I;I] 1 éll ‘Idll() 1 éﬂ ‘IiTlD 200
retention time /'s
Fig. 1 **Ni-MCC-IMS topographic plot of the headspace of a cancer
cell line. Some signals were found to be volatiles from the medium or
from a non-cancer cell line but at least two metabolites are identified
as characteristic for the cancer cell line and are indicated by circles
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Fig. 2 Characteristic peak pattern detected from ®*Ni-MCC-IMS
analyses of the headspace of cultures of a bacteria (Pseudomonas
aeroginosa) and a fungi (Candida albicans) on Columbia agar

also for the identification of microbial contamination in bio-
processes [22, 24, 26].

Human breath and diagnosis: healthy subjects

With its characteristics, ion mobility spectrometry should
be optimally capable for breath analyses. Obviously, the
analyses always have to be compared to analyses of the
inhaled room air and of a typical healthy subject before any
conclusion on the metabolic state of the patient can be
drawn. For the ®*Ni-MCC-IMS analyses, the subjects in
general were asked to avoid eating, drinking and smoking
at least 2 h before the analyses. The topographic plot of a
breath analysis of a healthy subject is shown in Fig. 3 as
an example. There are only few peaks, all at retention times
<5 s which were identified as ammonia, ethanol and
acetone by comparison with IMS measurements of refer-
ence analytes—natural metabolites which can be found
always in human breath. Those peaks are indicated in the
drift time spectra at 3 s retention time in Fig. 3.

Human breath and diagnosis: diabetes

Acetone is well known as a marker for diabetes mellitus
and can be identified by comparison with IMS data
obtained from the measurement of reference analytes. The
signal area as a measure for the concentration of an analyte
was determined for the acetone peak of breath analyses of a
healthy control group and compared to those of three
diabetes mellitus patients in various metabolic states. It was
found, that the acetone concentration is significantly higher
in the breath of diabetes mellitus patients compared to
healthy subjects (see Fig. 4). Further steps will be to
validate those results with a higher number of patients and
to investigate the diurnal variation of the acetone concen-
tration and the correlation to the blood sugar content.
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Fig. 3 Topographic plot of the
®3Ni-MCC-IMS analyses of the
breath of a healthy subject and
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However, the results obtained augur a possible application
of IMS as a useful and non-invasive tool for rapid point-of-
care diagnostics or for the use of the diabetes mellitus
patients at home for control of the metabolic state, in
particular the blood sugar content.

Human breath and diagnosis: sarcoidosis

While diabetes mellitus with the well known marker
acetone is an obvious example for the use of IMS as
diagnostic tool, most recently characteristic peak pattern
could be identified for various diseases [19, 20]. This was
done by breath analyses of numerous patients and compar-
ison of the related topographic plots to those of room air

Fig. 4 Signal area of the ace-
tone peak detected with ®*Ni-
MCC-IMS in the breath of 30
healthy subjects and three dia-
betes mellitus patients under
varying metabolic conditions

frequency / %
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and of the breath of healthy patients. Because of the huge
amount of data obtained from such investigations, presently
statistical tools are being developed to automate peak
detection and comparison to data bases containing peak
pattern for various diseases. However, those tools as well as
the data bases are still under development [19, 28].

An example for such disease characteristic peak pattern
is shown in Fig. 5 for sarcoidosis. Three significant peaks
were found in the breath of sarcoidosis patients exclusively
and were compared successfully to traditional diagnostic
tools as used by health professionals. Presently investiga-
tions are carried out to identify the responsible analytes
which then could be used to explore disease related
metabolic processes in detail. Furthermore, the number of
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Fig. 5 Characteristic peak pattern as detected from the topographic
plot of a ®*Ni-MCC-IMS analysis of the breath of a patient diseased
with sarcoidosis. The peaks characteristic for sarcoidosis are indicated
by rectangles
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patients investigated up to now need to be increased for
validation of the findings.

Human breath and diagnosis: lung cancer

A data set of the breath analyses of 36 patients suffering
from lung cancer and a control group of 56 healthy subjects
was investigated. The huge amount of data (approximately
1,000,000 values per analyses) was reduced considering the
signals in relevant peak areas only and by calculating a so-
called discriminant value, a statistical tool described in
detail elsewhere [28, 29]. By this procedure it was possible
to differentiate the healthy subjects from the lung cancer
patients with an error of less than 5% (see Fig. 6). Presently
further investigations are carried out in the frame of clinical
studies to extend the investigations on patients in various
states of cancer to enable an early diagnosis of lung cancer,
thus increasing the chance of healing significantly.
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Fig. 6 Discriminant values calculated from the peak pattern in
topographic plots of ®*Ni-MCC-IMS breath analyses of 36 lung
cancer patients and a healthy control group of 54 subjects. A
classification and differentiation of these two groups was obtained
with an error <5%

Human breath and therapy control: angina lateralis

As disease characteristic peaks can be identified and
quantified, it is obvious that the applied method should
also be suitable for control of a therapy. If a disease relevant
peak can be identified, the signal area of this peak should
be related to the state of the disease. Figure 7a shows the
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Fig. 7 Ni-MCC-IMS topographic plot of a breath analyses of a
patient diseased with angina lateralis before medication (a), drift time
spectra of the relevant peak during medication (b) and signal area of
the peak during medication (c)
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topographic plot of a breath analysis of a patient with
angina lateralis before any medication was applied—the
relevant peak is indicated by a rectangle. Figure 7b shows
the drift time spectra at the peak maximum retention time
(56 s) and at 24, 48 and 72 h after application of an
antibiotic. Figure 7c finally shows the signal area of this
obviously declining peak which follows an exponential
decrease. By help of such an investigation, the duration as
well the success of a therapy applied to a specific disease
can be controlled with a rapid and non-invasive method.

Human breath and medication control

Beside the response of a disease (and the related metabo-
lites) some drugs also produce characteristic metabolites
which then could be used for control of the level of
medication. The exemplar drift time spectra in Fig. 8a
shows the three peaks of the metabolites in breath caused
by a psychopharmacological medicament. The peaks signal
area was determined from breath analyses carried out in
steps of approximately 1/2 h for a period of 9.5 h starting
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Fig. 8 *Ni-MCC-IMS spectra of breath analyses during medication
with a psychopharmacological medicament (a) and quantification of
the three relevant peaks before and during medication (b)
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1 h before the application of the medicament. The related
peaks increase with a delay of 2 h after the medication
and reach a constant level after a steep increase at around
4 h. Therefore, MCC-IMS can also be used as a non-
invasive tool for the control of the level of medication

Conclusions

Ton mobility spectrometers equipped with ®*Ni as beta
radiation source for ionisation and with additional fast pre-
separation by multi-capillary columns (approximately 500 s
for a complete separation) were applied for various
biological and medical purposes. The headspace of cell,
bacteria and fungi cultures was analysed and characteristic
peak pattern related to characteristic metabolites could be
identified and quantified in sufficient sensitivity. The
method enables an identification as well as a statement
about the state of the subject of investigation and e.g. the
differentiation of cancer and non-cancer cells or different
bacteria respectively fungi.

Human breath was a further subject of investigation. It
could be demonstrated that ion mobility spectrometry is a
promising rapid and non-invasive tool for medical applica-
tions such early diagnosis, therapy and medication control.
Presently, clinical studies are carried out for further
validation of the results, development of data bases for
peak pattern for various diseases, for different cell lines and
for various bacteria and fungi. Another focus of further
investigations will be on the identification of the related
analytes. Furthermore, the conversion into commercially
available instrumentation for clinical or point-of-care
applications is envisaged.

However, the identification of the detected signals found
to be significant for the different samples under investiga-
tion is required as soon as possible. Therefore a stand-
ardised and reliable data bases of reference analytes
(retention time and ion mobility) is essential. Presently
such a data bases is not commonly available, but is actually
under construction at ISAS. Such a data bases will help to
exploit the metabolic processes involved and will enable
the confirmation of the relevance of the detected signals,
then no longer only from statistical evaluation.
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