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de l’État Condensé (LPEC UMR CNRS
6087), Université duMaine, LeMans
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ABSTRACT Within the framework of the detection of toxic substances using
specific bacteria, the effect of the toxic chemical compound tributyltin chloride
(TBT) on the bacterium Escherichia coli TBT3 was investigated using a noninva-
sive approach based on micro-Raman spectroscopy. Various cellular densities
with optical density (OD) ranging from 1 to 4 and harvested at different
growth phases were induced for 1 h with different TBT concentrations: 1, 3,
5, and 10 mM. As an original contribution, the Raman results show that, in
these conditions, the vibrational signatures of bacteria were affected by the
presence of the toxic TBT compound, mainly in the signal characteristics
from carbohydrates and lipids. Hierarchical cluster analysis (HCA) carried out
on the Raman data in these regions makes it possible to classify the spectra in
three groups according to the TBT concentration, confirming the progressive
influence of the chemical pollutant on the bacterium. This work shows the poten-
tiality for the Raman technique on this subject, even though a low detection
threshold corresponding with a concentration of 1 mM of TBT was established.

KEYWORDS Escherichia coli TBT3, HCA analysis, organometallic compound, Raman
spectroscopy, recombinant bacteria

INTRODUCTION

Tributyltin compounds and derivatives are chemicals that are especially well-
known for their numerous applications in the chemical industry. They have
been widely used as biocides and also are inserted in industrial paints for their
antifouling properties. However, the main problem with such products is their
very high toxicity, even at very low concentrations such as nanogram per liter
levels.[1] In view of this, since 2001, tributyltin has been included on the
European Council list of priority substances in its policy on water,[2] and
many research laboratories are now working on the development of chemical
analysis methods to detect this type of compound. Alternatively to traditional
chemical analysis processes, it appears that recombinant bacteria (RB) could con-
stitute an interesting way to detect chemical compounds because of their high
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sensitivity and high-speed data acquisition. RB involves
the use of genetically modified bacteria[3] that are able
to emit a signal (for instance, weak bioluminescence)
when they are in contact with the toxic compound to
be identified. Additionally, the intensity of the signal
appears to be proportional to the concentration of the
toxic compound. In this process, where the toxic
chemical “encounters” the bacteria, it is important to
understand how the physiologic state of the bacterium
changes in presence of tributyltin and how it can be
possible to distinguish between the free bacterium
and bacterium in contact with the pollutant. To this
end, micro-Raman spectroscopy appears as a very con-
venient analytical method because of its noninvasive
and nondestructive character.

Raman spectroscopy is in fact a very convenient
method to chemically and structurally investigate all
material compounds, of which bacteria now constitute
a possible and interesting field of applications. Indeed,
the recent technological improvements in Raman spec-
troscopy, especially in lasers, optics, detectors, and data
analysis, make this type of investigation possible. The
Raman signal is an inelastic process that occurs when
a sample is subjected to a monochromatic laser beam.
The observed frequency shifts with respect to that of
the laser excitation and corresponds with the vibrational
frequencies of the atoms or group of atoms in the
studied sample. Note that theoretically the Raman
effect is particularly weak, and typically only 1 in 108

incident photons are inelastically scattered. Even
though Raman spectroscopy does not appear as the
most sensitive technique (especially for biological appli-
cations), it has the main advantage of being a nondes-
tructive and noninvasive method that will not disturb
the studied biological system, which is a major asset.
A Raman spectrum is therefore composed of a
number of bands that are characteristic of the eigen-
modes present in the samples and can be considered
as unique for each molecule and compound. Bacteria,
like inert materials, are made of different combinations
of a number of definite groups of atoms that have
characteristic vibrational frequencies. These frequencies
are recorded so that the comparison of the Raman
spectrum of a material with that of a reference
compound gives information about the atoms and
bonds existing in the studied material. Note that in
biological systems, the main contributions come from
proteins, nucleic acids, lipids, glucids, and
carbohydrates.

Recent years have seen a huge increase in the use of
Raman spectroscopy for biological purposes. As
Raman spectroscopy is a whole-cell nondestructive fin-
gerprinting technique, an important advantage is that
biochemical information of all cell components is
present in the bacterial Raman spectra. Compared
with infrared spectroscopy, there is also relatively
minor interference with water. The first works that can
be found in the literature concerning the applications
of Raman spectroscopy in biological systems were
reported at the end of the 1980s by Dalterio et al.,[4,5]

but the results shown at that period mainly exploit a res-
onance Raman effect. It has been in the past decade that
the Raman technique has reached a high level of sensi-
tivity that enables microorganisms to be identified.
Thus, Puppels et al.[6,7] were able to perform a direct
and fast identification of microorganisms by applying
confocal NIR-Raman spectroscopy or UV Raman
technique. Following this, several research groups
worked out an identification procedure for bacteria
using Raman scattering. The confocal microscopy tech-
nique associated with Raman scattering was of great use-
fulness, making it possible to carry out studies with
dispersive systems in the visible range. Then bacteria
could be studied by Raman as colonies[8–13] but also
according to experimental conditions in low amounts,
that is, monolayer or at the single-cell level (see for
instance the rather numerous recent works described
in Refs. [13–17]). In this respect, only a small
number of microorganisms are necessary to obtain
reliable spectroscopic data that characterize the cells.
Raman scattering has been used to make Gram-type dis-
tinction, especially when it is possible to investigate
spectral regions that are typical for the outer
membrane and cell wall (see for instance the review
of Maquelin et al.[14] or the publications of
Naumann[18,19]). Additionally, it was recently evi-
denced that closely related species and subspecies
could be distinguished unambiguously using the
Raman technique (see for instance the work of
Kirschner et al. on the Enterococcus group[20] or that of
Hutsebaud et al. concerning the species within the
Bacillus subtilis group[21]), because the spectra reflect
their molecular makeup. Raman spectroscopy then
offers the possibility of identifying microorganisms at
the strain level.[22] As an example in a recent paper,
Maquelin et al.[23] evaluate the Raman technique as
an epidemiologic tool for Acinetobacter strains. One
further example shows that the Raman technique
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allows the differentiation of Candida strains in medical
applications more rapidly than by using normal routine
analysis.[24] Among more recently published works,
special attention has also been paid to the biochemical
information that it is possible to extract from the bac-
terial Raman spectra (as an example, Cupriavidus
mettalidurans[25]).

From a technical point of view, both the experimen-
tal setup and the analysis protocol play an important
role in the possibility to obtain information. As pre-
viously underlined, the Fourier-transform Raman spec-
troscopy using a NIR wavelength (generally 1064 nm)
has been proved to minimize fluorescent effect (in
addition to previously cited papers, see also Refs. [26]
and [27]) and was one of the first methods used. Reson-
ance Raman spectroscopy was also selected by research-
ers because it maximizes the signal together with the
absence of parasite luminescence signal, especially in
the UV range.[16,28–32] Other enhancement of the
signal is also possible using a nonlinear process such
as coherent anti-Stokes Raman scattering (CARS; see
the review published by Cheng et al.[33]). However,
the need for high-power, multiple-wavelength exci-
tation sources has limited the spread of these tech-
niques. A now classic way of enhancing the signal can
be found using the surface-enhanced Raman scattering
(SERS) method, which makes it possible to improve the
signal of a 1013 to 1015 multiplying factor by using silver
colloids or silver surfaces. Many examples of Raman
SERS application to bacteria can be found in recent lit-
erature,[34–37] but the method of preparation still
demands a rather great expertise (except for integrated
new systems[38]). A very new and promising approach
corresponds with the combination with optical
tweezers for the analysis of moving and isolated cells
directly in aqueous solution. Optical tweezers allow
capture of microorganisms in a liquid medium using a
tightly focused near-infrared laser beam, and the same
laser generates the Raman effect (see the various
papers in Refs. [39–49]). One of the main advantages
of this technique is that it allows investigation of the
“materials” while naturally suspended in their native
environment, without the need for particle adhesion
to a surface. Additionally, in the case of biological
samples, no concentration is required and the measure-
ments can be done at the single cell level.

Dispersive Raman scattering in the visible range
(l ¼ 785 nm or 647 nm) also appears to be very often
used because of the recent technological improvements

in detectors and, as previously indicated, because of the
coupling with confocal microscopy, which makes it
possible to obtain a very good spatial resolution. Even
though it can appear as a more “classic” method, the
Raman dispersive technique in the visible range is still
probably one of the simplest among Raman possibili-
ties and is now easier to use especially for nonspecialists.
Within the framework of potential applications, for
instance in the field of biosensors, this method was
then selected here.

In summary, Raman spectroscopy now appears as a
very powerful tool to study bacterial and biological
systems (see some applications cited in Refs. [50–53]),
however, as far as we know, the study of interaction
between a chemical compound and bacteria has not
been investigated yet, in spite of the numerous potential
applications. In this framework, this paper is then
devoted to the effect of toxic organotin compounds
on bacteria by micro-Raman spectroscopy. We have
studied the effect of the organotin compounds such
as tributyltin on the Escherichia coli TBT3 bacterial
strain by micro-Raman spectroscopy. Note that tribu-
tyltin chloride is a compound of chemical formula
(C4H9)3ClSn and will be labeled TBT in this paper.
There is also the dichloride form DBT (C4H9)2Cl2Sn.
The strain Escherichia coli TBT3 was isolated after a
random insertion of the luxAB (promoter-less) genes
of Vibrio harveyi into the Escherichia coli DH1 chromo-
some. Durand et al. (2003)[54] demonstrated that the
Ec::luxAB TBT3 strain is specifically induced by TBT
and DBT (with Cl, Br, or I as the halogen group) with
the central tin atom required for light production.
The detection limits were found to be 0.08 mM
for TBT (26 mg L21) and 0.0001 mM for DBT
(0.03 mg L21) with a linear range of 1 logarithm.

This paper is divided into two main parts: the first
part concerns the experimental procedures used, and
the second discusses the main results obtained by
micro-Raman spectroscopy.

MATERIALS AND METHODS

Preparation of Bacteria

Bacterial Strains

One of the main difficulties in investigating bacteria
by Raman scattering concerns the preparation of the
“biological material” for such experiments, and it there-
fore appears essential to set up a precise experimental
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procedure, compatible with all restrictions imposed by
these “living” cells. In our case, the bacterium TBT3 is
an Escherichia coli strain that was obtained after
random insertion of the luxAB genes from Vibrio
harveyi into E. coli DH1.[55,56] A colony of the bacter-
ium TBT3 was cultivated in 20 mL glucose medium
with 20 mL tetracycline (concentration 1%) at 378C
under continuous stirring (250 rpm) for about 14 h
(overnight culture). The use of tetracycline makes it
possible to keep the plasmid pFUSLUX in the strain
during the growth.[55] Under these experimental con-
ditions, the culture had a final optical density of
about 1, providing a sufficient biomass for the
spectral analysis. For our Raman experiments, four con-
centrations of tributyltin were selected: 1 mM, 3 mM,
5 mM, and 10 mM. Organotin stock solutions
(600 mM) were prepared with 60 mL ethanol 70%
adjusted to 100 mL with seawater.

The induction of the bacterium TBT3 with TBT is
carried out by addition of 2.5 mL TBT stock solution
with 5 mL cell suspension. Cells were induced for 1 h
without shaking at 308C before analysis by Raman spec-
troscopy. In a previously published work, Horry
et al.[57] have shown that the effect of TBT on the bac-
terium TBT3 is clearly evidenced by a bioluminescence
effect (with addition of decanal to develop the lumines-
cence emission) of which the intensity reaches a
maximum after an induction time of 1-h. This obser-
vation leads us to think that this 1 h duration is a
critical time corresponding with a maximized bio-
chemical effect of the pollutant on the bacterium and
then was selected for our experiments in order to be evi-
denced by Raman scattering.

Cell suspensions were centrifuged twice at 48C
(5 min, 4000 � g) to harvest the cells. Note that
because the cells are in the same growth phase, we can
assume that the cells will give the same spectroscopic
signal with and without TBT. Before loading samples
on the microscope, 5 mL of each suspension was put
down on a zinc selenide carrier (ZnSe) and dried for
15 min. This substrate (ZnSe) is suitable because it
does not possess any Raman signature in the studied
spectral range (600–1750 cm21). This drying process is
now a well-admitted routine method as previously
described in many papers found in the literature (see
for instance Refs. [11, 16, 20, 21, 23, 25, and 26]
where the process is fully described as being close to
ours). In spite of its current use, it cannot be excluded
that dehydration induces some modification of the

physiologic state of the bacteria, however this study (as
the others published elsewhere concerning Raman scat-
tering in bacteria) can bring valuable comparative
information.

Growth Medium

Glucose medium[11] with a C/N/P ratio (w/w/w) of
100/10/1 was prepared with 1 L tap water filtered
through an 0.45-mm membrane filter: D-(þ)-glucose
monohydrate (1.376 g), NH4Cl (0.1919 g), K2HPO4

(0.028 g), NaCl (5 g), yeast extract (0.5 g), and
tryptone (1 g). The pH was adjusted to 7. After steriliza-
tion of the medium by autoclaving 20 min at 1208C,
100 mL of a sterile oligoelement solution (SL7) was
added. SL7 medium was prepared as follows for 1 L
distilled water: HCl (13 mL), ZnSO4 . 7H2O (1.44 g),
MnCl2 . 4H2O (1 g), H3BO3 (620 mg), CoCl2 . 6H2O
(1.9 g), CuCl2 . 2H2O (170 mg), NiCl2 . 6H2O
(240 mg), Na2MO4 . 2H2O (360 mg). Note that this
medium is the best for the induction of the strain by
TBT as previously determined by Durand et al.[51]

Micro-Raman Spectroscopy

Raman spectra were recorded on a commercial multi-
channel Raman micro-spectrometer (Lab Ram; Horiba
Jobin Yvon Raman Division, Lille, France) and the
experimental setup is described in Ref. [58]. The 785-
nm radiation from an Arþ-pumped Ti-Sa laser
(Spectra Physics, Les Ulis, France) was used for exci-
tation in combination with a 100� long-working-
distance objective (NA ¼ 0.9) of an Olympus BX41
transmission and reflection illumination microscope
(Olympus, Rungis, France) for focus and collection of
Raman scattered light. The confocal hole was set to
800 mm. The dispersive system is composed of a
single grating with 950 groves/mm, and the Raman
signal is collected by a front illuminated CCD
detector cooled by thermoelectric Peltier air-effect
(produced by Horiba Jobin-Yvon; 1024 � 256 chip
size). A notch filter rejects the Rayleigh contribution.
Figure 1 displays the experimental set-up used here.

A nominal laser light power was adjusted to a
maximum value of 50 mW. However, due to the
optical configuration of the spectrometer, the real
power focused on the biological sample does not
exceed 5 mW. The thermal exchange is favored by the
ZnSe substrate, and no degradation of the samples
was optically observed for each experiment. The laser
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beam focused on the TBT3 bacterial biomass typically
gives a spot size of 1–2 mm. As an example, a typical
picture of the biomass of TBT3 bacteria under the
microscope is illustrated in Fig. 2. The laser beam was
targeted on the biomass visually, using a TV monitor
and a motorized XY stage. The Raman signal was opti-
mized by adjusting the laser focus with a real-time
readout; the spectrum was then acquired in the useful
spectral range 600–1750 cm21 with an integration
time of 200 s. Five types of samples were analyzed by
Raman spectroscopy: the bacterium TBT3 without
induction by TBT and the bacterium TBT3 induced
with 1 mM, 3 mM, 5 mM, and 10 mM of TBT, respect-
ively. All data acquisition and control of experimental
parameters were carried out using LabSpec 4.03
(Horiba Jobin Yvon).

Data Analysis

For each sample, three series of independent
measurements were carried out (corresponding with
three independent bacterial cultures), and for each set,

the Raman experiment was repeated six times to check
the reproducibility of the measurement and to
minimize the possible artifacts and parasitic signals.
For further analysis, it was considered at each time the
average of the six measured spectra. Each considered
average spectrum was preprocessed with a 9-point
Savitsky–Golay function corresponding with a denois-
ing routine (smoothing filter), background corrected
with a polynomial function, and vector normalized
using the Labspec software.

However, because the bacteria systems are complex
on a biochemical level for a spectroscopic analysis, a
classic “peak to peak” Raman analysis with assignment
of each line is not usually possible. In these bacterial
systems, as very often observed and published else-
where, the Raman spectra look highly similar (see
Refs. [21, 23, 25, and 27]) and only mathematical
data processing allows the extraction of information.
Then, in order to exploit the spectra, a multivariate stat-
istical method can be used (Ref. [9] fully depicts these
mathematical procedures applied to bacteria) such as
principal components analysis (PCA), discriminant
function analysis (DFA), or hierarchical cluster
analysis (HCA). The selected method here was HCA
because it makes it possible to obtain information on
the dissimilarity between a data set or “individuals,”
which are here the Raman spectra with neighboring
characteristics. The data analysis was done following
Ward’s clustering algorithm and the Euclidian
distance measure to generate a dendrogram (Software
OPUS 3.1 NT from Bruker Optics, Ettlingen,
Germany, dedicated to spectroscopy applications). To
summarize, the results displayed as dendrograms
quantify the degrees of heterogeneity corresponding
with a quantification of the Euclidian distance
between data. The HCA analysis was tested on four
different spectral regions and on the full spectrum.

RESULTS AND DISCUSSION

As has already been stated, this work is devoted to
testing the potential of micro-Raman spectroscopy to
detect differences in the physiologic state of bacteria
according to their environment, namely in this case,
in the presence of the toxic compound TBT. Figure 3
exhibits typical micro-Raman spectra of the bacteria
E. coli TBT3 with and without the presence of the
toxic compound tributyltin. Based on literature data
reported for other microorganisms,[8–38] the main

FIGURE 1 Schematic Layout Showing the Experimental Setup

for Micro-Raman Measurements.

FIGURE 2 Typical Bacterial Biomass Imaging Under 1003
Long-Work-Distance Objective of the Raman Microscope.
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components contributing to the Raman spectra,
especially the characteristic bands specific to nucleic
acids, lipids, proteins, and carbohydrates, can be ident-
ified. Table 1 summarizes these bands and their
assignment.

As shown by the spectra and in Table 1, Raman spec-
troscopy provides a chemical “fingerprint” of the
studied “material.” According to the data obtained
here, the spectral profiles appear visually very similar
between the tributyltin-induced and uninduced
bacteria. However, even if the Raman spectrum
reflects the chemical composition, the variations in
the evolution of the physiologic state of the bacterium
in contact with the toxin can hardly be detected; the
Raman spectra appear very similar. These similar
profiles can be explained by the fact that very small vari-
ations can be masked by the many common structural
and functional components contained in microorgan-
isms. It can also be considered that the effect of the

toxin is negligible and thus undetected by a classic
analysis of Raman spectra, mainly because of the com-
plexity of these biological systems. As previously under-
lined, it is therefore necessary to apply other methods
that are able to differentiate between closely related
data. In order to compare our data, in this study we
have used HCA analysis, which allows us to classify
the spectra according to degree of heterogeneity
between them. One interest of this method is to
perform the analysis either on the full frequency range
spectrum or on restricted frequency regions in order
to surround the possible differences between Raman
spectra. As a first step, the spectra were analyzed by con-
sidering the full spectral range 600–1750 cm21 where
all characteristic vibrational components of a bacterium
are present. In this calculation, it seems very difficult to
differentiate between TBT-induced and -uninduced
bacteria, indicating that the differences are probably
masked if we consider the full frequency range (even
if the effect of TBT on bacteria is effective). Then,
four restricted frequency domains were tested, and
finally it appears that the only zone where the
chemical compound TBT affects the bacterium TBT3
corresponds with the spectral range 900–1200 cm21.
This region is associated with the carbohydrates and
lipids in the bacteria. These results are summarized in
Figs. 4a–d representing the dendrograms calculated
on the considered frequency zone 900–1200 cm21.

According to these dendrograms, especially those
exhibited in Figs. 4a and 4b, the Raman spectra from
the bacterium E. coli TBT3 alone can be easily distin-
guished from that of the strain in contact with the
toxic TBT. This is partially true for toxin concentrations
of 3 mM and 5 mM. Additionally, an easy distinction
between the concentrations 3 mM and 10 mM is
possible. This means that corresponding spectra are dis-
tinguishable between the weak and strong concen-
trations and they each form an independent class.

However, in Fig. 4d, for the weakest concentrations
(1 mM and 3 mM), there is no clear-cut distinction
between reference spectra (i.e., uninduced TBT3) and
TBT3 induced with the toxin TBT. Furthermore,
according to the results obtained for a bacterial suspen-
sion with optical density of 1, it appears very difficult
with the Raman scattering to detect the effect of TBT
at a concentration less than 1 mM. Thus, a threshold
seems to be reached by using Raman spectroscopy
to characterize the chemical evolution. It can be
considered that such an amount of pollutant is not

FIGURE 3 Micro-Raman Spectra of E. coli TBT3 Bacteria

Induced with TBT and Un-Induced.

TABLE 1 Bands Observed in Micro-Raman Spectra of TBT3

Bacteria and Assignment to Main Biomolecular Components

Assignment Raman shift (cm21)

Nucleic acids 782

Phenylalanine 1001

Phenylalanine 1031

Carbohydrates 1097

Lipids 1129

Amide III 1240–1310

Nucleic acids 1336

Lipids 1449

Lipids 1480

Amide II 1571

Amide I 1664

Ph. Daniel et al. 24
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enough to induce a structural modification of the cell.
For concentrations of 5 mMand 10 mM, an overlapping
of the spectra is also observed. One possible interpret-
ation is connected to saturation effect on the bacteria.
Actually, the stress of the bacterium submitted to an
important amount of tributyltin induces a maximum
effect on certain functional groups present in the
system.

To summarize this study, three classes can be distin-
guished. Each class contains bacteria that have the same
physiologic state:

. Class 1: It is possible to separate spectra of bacteria
according to concentrations of TBT to which they
are exposed. A distinction is then possible between
reference, 3 mM, and 5 mM concentrations but also
between reference, 3 mM, and 10 mM.

. Class 2: There is no effect of the tributyltin on the
TBT3 bacterium. This zone concerns the weak con-
centrations in TBT, lower than 1 mM. In this case,

the physiologic state of bacteria does not change in
contact with the TBT, according to the analysis of
the Raman data.

. Class 3: This class concerns the strong concen-
trations, higher than 5 mM. It seems that there is an
effect of saturation of the bacteria toward the toxin,
explaining the lack of discrimination.

CONCLUSIONS

In this work, the effect of tributyltin on the E. coli
TBT3 bacteria was monitored by micro-Raman
spectroscopy, which is known to be sensitive to
the chemical composition and environment of the
studied sample. We show that, after evaluating the
data with HCA, tributyltin had an effect on carbo-
hydrate and lipid contents, which correspond with the
spectral range 900–1200 cm21 of the Raman spectra.
According to the clustering obtained after the HCA
analysis, it can be noted that the physiologic state of

FIGURE 4 Dendrograms Resulting from Hierarchical Cluster Analysis (HCA): (a) Three Families (TBT3, 3 mM and 5 mM TBT); (b) Three

Families (TBT3, 3 mM and 10 mM TBT); (c) Three Families (TBT3, 5 mM and 10 mM TBT); (d) Three Families (TBT3, 3 mM and 1 mM TBT).
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the bacteria changes with the concentration of TBT to
which they are exposed. In addition, changes were
observed for TBT concentrations higher than 1 mM.
At this early stage of interpretation, we can hypothesize
that TBT could interact with the cell wall of the
bacteria. Indeed, Escherichia coli is a Gram-negative bac-
terium and consequently contains lipopolysaccharide
(LPS) embedded in the external membrane. The latter
forms a complex lipid–protein structure. In contact
with TBT, both lipid and polysaccharide contained in
the LPS can be modified, leading to a modification of
the Raman spectra. Actually, Radecka et al.[59] and Zie-
linska et al.[60] demonstrated that trialkyltin and dialkyl-
tin interacted with an artificial bilayer lipidic membrane
that led to a local depolarization.

This study shows the potential of micro-Raman spec-
troscopy as a nondestructive and noninvasive spectro-
scopic technique for monitoring the interaction of
bacteria with exogenous molecules. Raman spec-
troscopy coupled with multivariate analytical methods
therefore represents a valuable investigative method to
study the effect of an environmental pollutant on
bacteria, even though at this stage of the investigation,
it is not possible to determine an unknown TBT con-
centration with only the Raman information obtained
from bacteria. However, it can be considered that if
the vibrational signal can be enhanced, the Raman tech-
nique could then be directly used as a very quick
analytical method for detection of pollutants in bio-
logical media. In conclusion, this work appears as a
first promising step of a more extensive study, especially
considering the recent developments observed in
Raman spectroscopy (such as confocal laser tweezer
Raman spectroscopy), which will be very useful to
expand the potentiality of this subject.
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Riedl, M.; Schulte, R.; Tatsch, E. NIR FT Raman spec-
troscopy—a new tool in medical diagnostics. J. Mol. Struct.
1997, 408–409, 23–31.

9. Goodacre, R.; Timmins, E. M.; Burton, R.; Kaderbhai, N.;
Woodward, A. M.; Kell, D. B.; Rooney, P. J. Rapid identifi-
cation of urinary tract infection bacteria using hyperspectral
whole organism fingerprinting artificial neural networks.
Microbiology 1998, 144, 1157–1170.

10. Schrader, B.; Dippel, B.; Erb, I.; Keller, S.; Löchte, T.;
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