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Abstract

Fourier-transform infrared (FTIR) microscopy is considered to be a comprehensive and sensitive method for detection of molecular changes
in cells. The advantage of FTIR microspectroscopy over conventional FTIR spectroscopy is that it facilitates inspection of restricted regions
of the examined sample. In the present study, we examined the potential of FTIR microscopy as an easy, rapid and reliable technique for
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iscrimination between bacteria and fungi both of which are involved in various human and other animal infections. In many case
o easy and rapid technique for identifying the cause of such infections whether it is bacteria, fungi or both. Knowing such inform
apid way could be highly important for effective therapy. Our results proved detectable and significant spectral differences betwee
nd fungal samples. Representative peaks of bacteria and fungi appeared clearly in the spectra of a mixture of bacteria and fun

hat this technique could be used for rapid discrimination between bacterial and fungal infections and contaminations.
2004 Elsevier B.V. All rights reserved.

eywords:Bacteria; FTIR microscopy; Fungi; Spectral characteristics; Bacterial and fungal detection

. Introduction

Both bacteria and fungi are responsible for large num-
er of human and other animal diseases, part of them are

ife threatening. The time required for the identification of
uch pathogens plays an important role and, in some cases, a
ritical role in the course of treatment and can affect signif-
cantly the affectivity of such treatment[1]. Most commer-
ially available identification systems in hospitals are based
n the physiological and nutritional characteristics of mi-
roorganisms. Such identification systems are usually time
onsuming, between 1–5 days for bacteria and 1–2 weeks
or fungi. It has been reported that a significant percentage
f patients suffering from various infections are not initially
eceiving the correct therapy which might lead to additional
evere complications and in some cases to death[2–4]. In ad-
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dition to the risk that the chosen treatment is not approp
and is not efficient, this treatment may lead to toxic side
fects[5]. Early identification enables the clinician to precis
target a pathogen with the most effective drug. Betwee
techniques offering possibilities for rapid analysis, mole
lar biology methods are considered between the most
and sensitive method for identification of pathogens. M
tests are targeted at specific deoxyribonucleic acid (D
sequences allowing specific identification[6–8]. However
these molecular diagnostic techniques are highly expen
with either false positive and false negative results[9–12].

The detection and identification of microorganisms
spectroscopic techniques promises to be of a great valu
cause of their sensitivity, rapidity, low expenses and sim
ity. Furthermore, spectroscopic techniques provide a w
of qualitative and quantitative information about a given s
ple. The infrared spectrum of any compound is know
give a unique ‘finger print’[13]. Together with the larg
information already known about spectral peaks obta
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from FTIR spectra of living cells[14], FTIR spectroscopy
serves as an attractive technique for detection and identifica-
tion of pathogens. This technique was used previously for the
detection and characterization of cancer cells[15,16], cells
infected with viruses[17], microorganisms[13,18,19]and
for tracking pharmacological substances injected to animals
[20]. Maquelin et al.[18] successfully used FTIR microspec-
troscopy and different mathematical models for the identifi-
cation of various bacteria and yeast strains[18].

In the present study, FTIR microscopy was used for the de-
tection of some spectral parameters representing biochemical
differences between bacteria and fungi. Our results showed a
representative specific spectral biomarkers for both bacteria
and fungi which may be usable for future rapid identification
of viral and bacterial pathogens.

2. Materials and methods

2.1. Bacteria and fungi

In the present study, we used three different strains from
three different families of either bacteria (Bacillus maga-
terium, Escherichia coliandPseudomonas stutzeri) or fungi
(Penicillium sp.,Memnoniellasp. andFusariumsp.). All
these bacterial and fungal strains were supplied by our co-
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normalization were obtained for all the spectra by OPUS soft-
ware. Peak positions were determined by means of a second
derivation method by OPUS software. Since the samples to
be analyzed were often heterogeneous, appropriate regions
were chosen by FTIR microscopy, so as to eliminate differ-
ent impurities (salts, medium residuals, etc.). The aperture
used in this study was 100�m, since this aperture gave the
best signal/noise ratio. At lower apertures, the quality of the
spectra was bad due to the high noise level. For each sample,
the spectrum was taken as the average of five different mea-
surements at various sites of the sample. Each experiment
with each sample was repeated five times. It is important
to mention that there were no significant differences in the
spectra from various sites (S.D. did not exceed 0.005).

3. Results and discussion

3.1. FTIR spectra of different bacterial and fungal
strains

Samples obtained from three different bacterial families
and three different fungal families were examined by FTIR
microscopy trying to find specific spectroscopic biomark-
ers for rapid identification and discrimination between bac-
terial and fungal infections. Developing specific biomarkers
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uthor Dr. Valentina Pavlov from the microbiology dep
ent in our Institute.
Bacterial strains were grown on Nutrient Agar (Difco) a

ungal strains were grown on Potato Dextrose Agar (P
Difco). Both bacteria and fungi were grown overnigh
7◦C.

.2. Sample preparation

Since ordinary glass slides exhibit strong absorptio
he wavelength range of interest to us, we used zinc sel
rystals, which are highly transparent to IR radiation. S
mounts from bacterial colonies or fungal were picked
ith bacteriological loop, suspended in 100�l of saline, pel

eted by centrifugation at 1000 rpm for 2 min. Each pellet
uspended with 20�l of saline and a drop of 1�l of the ob-
ained suspension was placed on a certain area on th
ellenide crystal, air dried for 15 min at room temperature
or 5 min by air drying in a laminar flow) and examined
TIR microscopy.

.3. FTIR spectra measurement

FTIR measurements were performed in the transmis
ode with a liquid-nitrogen-cooled MCT detector of
TIR microscope (Bruker IRScope II) coupled to an FT
pectrometer (BRUKER EQUINOX model 55/S, OPUS s
are). The spectra were obtained in the wave number r
f 600–4000 cm−1. Spectral resolution was set at 4 cm−1.
aseline correction by the rubber band method and v
y FTIR microscopy could be highly important for futu
apid and reliable detection and identification of these
ases. Quick and reliable identification of the disease m
e critical, in many cases, for effective treatment.

Our results presented inFig. 1A show the FTIR spectra o
hree strains from different bacterial families (B.magaterium,
. coli andP. stutzeri). It can be seen that despite the g
ral similarity between the spectra of these different str

here is a unique spectrum for each one with specific d
nces compared to the other strains. These results pr
preliminary indication for possible spectral parameter

dentification of bacterial strains. These results are in ag
ent with previously published results that showed spe
nique ‘finger print’ for each of large number of bacte
trains[18].

The results presented inFig. 1B showed the spectra
hree strains from different fungal families (Penicilliumsp.,
emnoniellasp. andFusariumsp.). It can be seen also, li
acteria, that there is a good similarity in the spectra of t
ifferent fungi. However, still specific parameters could

ound for each of these fungi strains.
By a comparison between the obtained spectra of the

eria and fungi, it is possible to point on several spectral p
hich could be considered as unique for bacteria or fu
hese peaks might be considered as a reliable biomark
e developed for future rapid discrimination between bac
nd fungi. This rapid discrimination could be highly sign
ant in the case of clinical samples obtained from uniden

nfections. For both bacterial and fungal spectra, the d
ant bands at 1655 and 1546 cm−1 were attributed to prote
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Fig. 1. FTIR spectra in the region of 600–2000 cm−1 of three different strains
of bacteria (A) and (B) fungi from different families. Results are means of
five different and separate experiments for each sample. The S.D. for these
means was≤0.001.

amide I and II bands[21]. The shoulder at about 1750 cm−1

was attributed to lipid CO stretching vibrations[21]. The
band at 1465 cm−1 was assigned to the CH2 bending mode
of the cell lipids. The band at 1450 cm−1 represents asym-
metric CH3 bending modes of end ethyl groups of proteins
[22,23]. The band at 1396 cm−1 represents CO symmetric
stretching of COO− [24] and assigned to lipids[22] and the
band at 1377 cm−1 represents CH bending mode of CH2
[25]. From information obtained from previous studies[21],
we assigned the remaining IR bands as follows: the peaks
at 1237 and 1082 cm−1 were attributed to PO2− asymmetric
and symmetric stretching vibrations and phospholipids. The
peak at 1064 cm−1 resulted from the overlap of several bands,
including absorption due to the vibration modes of CH2OH
and the C O stretching vibration coupled to the CO bending
mode of cell carbohydrates[26].

3.2. Bacterial and fungal spectra at the
1300–1500 cm−1 region

It can be seen clearly that all examined bacterial sam-
ples show a clear and significant peak at 1396 cm−1, which
is completely missing in all fungi samples (Fig. 2A). On
the other hand, all tested fungi samples have a unique peak
at 1377 cm−1, while this peak is completely missing in all
t d
1 ids,
a s de-
t show

Fig. 2. FTIR spectra in the region of 1300–1500 cm−1 of the examined
different strains of (A) bacteria and (B) fungi.

a sharp peak at 1450 cm−1, whereas all fungal samples show
only a moderate shoulder at this area (Fig. 2). This band, as
mentioned above, was attributed to proteins[22]. These re-
sults demonstrate the ability of FTIR microspectroscopy for
the detection of biochemical differences between bacteria and
fungi.

It can be concluded that these three unique peaks may
provide good biomarkers for an easy, rapid and inexpensive
identification technique of bacterial and fungal infections.
Certainly, the analysis of much more bacterial and fungal
samples is required for more reliable and established conclu-
sions. But, these results suggest a strong basis for a comple-
mentary study.

3.3. FTIR spectra of bacterial and fungal mixtures at the
1300–1500 cm−1 region

Based on the obtained unique spectral peaks for bacte-
ria and fungi, the identification possibility of a bacterial and
fungal mixture by this technique is of interest. In order to ex-
amine this point, similar aliquots ofB. magateriumbacteria
and each one of the examined fungi were suspended in 20�l
of saline. Both suspensions (the bacteria and one of the fungi
strains) were then mixed well and 1�l of the mixture was
applied on the zinc sellenide crystal, dried and examined by
F
c ique
s both
s

ested bacteria samples (Fig. 2B). Both bands at 1377 an
396 cm−1 probably represent groups of proteins and lip
lthough each of them was attributed to different modes a

ailed above. Furthermore, all tested bacterial samples
TIR microscopy. The results presented inFig. 3A–C show
learly, in all the three examined different mixtures, a un
pectra for these mixtures which in fact demonstrate
pecific peaks, the fungal peak at about 1377 cm−1 and the
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Fig. 3. Each part of this figure [A, B and C] represents FTIR spectra in the
region of 1300–1500 cm−1 of theBacillus megateriumbacteria, one of the
examined fungi strains and the spectrum of a mixture of both the bacteria
and fungi. The specific peaks, the fungal peak at about 1377 cm−1 and the
bacterial peak at about 1400 cm−1, are marked by arrows.

peak at about 1400 cm−1. These results could mean that in
case of infections caused by a combination of both bacteria
and fungi, it might be possible to use these biomarkers for a
rapid and easy detection and identification.

4. Conclusions

In the present study, we examined the potential of FTIR
microscopy for easy and rapid discrimination between bac-
teria and fungi. Although the results obtained in this study
could be considered only as preliminary results, but still the
obtained interesting unique spectral peaks of bacteria and
fungi may be considered as a promising baseline for a future
study including large number of samples from different bac-
teria and fungi. Also, it seems to be that this technique might
be valuable for rapid detection and identification of infections

caused by pathogens which is highly important for successful
therapy course. Furthermore, only a small amount of sample
is required which can be easily obtained, and the final results
could be obtained during very short time (approximately 1 h).
It is therefore worthwhile to continue developing this tech-
nique as an efficient and reliable tool for the diagnosis and
identification of bacterial and fungal pathogens.
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