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ABSTRACT 

In the recent years, vibrational spectroscopies (infrared spectroscopy) have been developed for all sorts of 
analysis in microbiology. Important features of these methods are the relative ease with which measurements 
can be performed. Fourier transform infrared spectroscopy (FT-IR) is a technique that has been used over the 
years in chemical analysis for the identification of substances and is one that may be applied to the 
characterization of microorganisms. Infrared spectroscopy is based on the measurement of the molecular bond 
vibration compounds, excited by radiation of a suitable frequency, when given the conditions for energy 
absorption by the molecules. Here, we review the potential application of vibrational spectroscopies for use in 
biology. It can be concluded that vibrational spectroscopy show high potential as novel methods. 
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1. INTRODUCTION 

Attempts to apply IR technology to biology began as 
early as the 1910s, when the use of IR spectroscopy for 
the analysis of biological samples was first suggested. 
By the late 1940s, the technique was being successfully 
explored for the study of biological materials and, in 
fact, IR spectroscopy has become an accepted tool for 
the characterization of biomolecules [1]. The earlier 
applications of FT-IR in microorganisms date back to 
the 1950s [2, 3, 4, 5]. The use of infrared (IR)-
spectroscopy as a means of differentiating and 
identifying bacteria was extensively reported at nearly 
this year. A critical review on this subject published in 
1959 summarized that, although bacteria definitely 
exhibit IR-spectra that are unique for individual strains, 
the identification of bacteria via IR-techniques cannot 
be regarded as a useful scheme as it is an impractical 
procedure [5, 6]. However, it was not until 1988 that 
Naumann et al. [7] reintroduced this technique as a 
useful tool in microbial identification [8]. 

 

The revival of IR-spectroscopy as a means for 
characterizing microbial samples was initiated after the 
development of modern interferometric IR-
spectroscopy, the availability of low-cost mini-
computers and powerful new algorithms for 
multivariate statistical analysis and pattern recognition 
methodologies [6]. In the past four decades it has been 
clearly demonstrated by several authors that infrared 
spectra from bacteria can be used for identification [9] 
and differentiation [10, 1]. In the last decade, FT-IR 
spectroscopy has been shown to be a powerful 
technique for the study of biological macromolecules 
[11] and of complex biological systems such as tissues 
and cells [12, 13, 14]. 

2. TECHNICAL PROPERTIES OF FT-IR 

FT-IR spectroscopy is a form of vibrational 
spectroscopy, and the FT-IR spectrum reflects both 
molecular structure and molecular environment. In this 
technique, the sample is irradiated with infrared 
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radiation from an infrared source, and the absorption of 
this radiation stimulates vibrational motions by 
depositing quanta of energy into vibrational modes [8, 
15]. Therefore, a molecule, when exposed to radiation 
produced by the thermal emission of a hot source (a 
source of IR energy), absorbs only at frequencies 
corresponding to its molecular modes of vibration in the 
region of the electromagnetic spectrum between visible 
(red) and short waves (microwaves) [1]. These changes 
in vibrational motion give rise to bands in the 
vibrational spectrum; each spectral band is 
characterized by its frequency and amplitude [15]. 

The IR region (1 to 100 µM) is subdivided in three 
zones, far-(100 to 25 µM), mid-(25 to 2.5µM), and near 
IR (2.5 to 1µM). The mid-IR depicts primary molecular 
vibrations and is the most common and widely 
employed region for the analysis of substances in 
chemistry and forensics. All molecules present 
characteristic absorbance peaks in a section of this 
region (1350 cm-1 to 1000 cm-1; NB: by convention, the 
frequency is usually expressed as wave numbers using 
the reciprocal cm as its unit: 1µM=104 cm-1); thus this 
physical property is considered as a molecular 
fingerprint. The far- and near IR are not frequently 
employed because only skeletal and secondary 
vibrations (overtones) occur in these regions producing 
spectra that are difficult to interpret [1]. 

Many of the infrared bands of biological interest occur 
in the frequency range between 4000 and 1000 cm-1. 
The FT-IR spectrum of a cell will exhibit contributions 
from all cellular macromolecules, including protein, 
lipid, carbohydrates, and DNA. Although the spectra of 
macromolecules are complex, protein, lipids, and DNA 
provide characteristic, non-overlapping contributions to 
the FT-IR spectrum. These non-overlapping spectral 
contributions permit the determination of 
macromolecular concentration from the band’s 
amplitude [15, 16]. 

To understand FT-IR spectra of biological samples, 
some fundamental knowledge on cell composition and 
the particular structures of the building blocks in 
biological samples is essential. It is important to 
recognize that infrared spectra of complex biological 
materials do not only describe the composition of cell, 
but also provide a number of specific bands that are 
sensitive to structural or conformational changes. It is 
also matter of fact that the physical state of the sample 
(hydration or aggregation state etc.) has a severe 
influence on FT-IR results. This makes it necessary to 
standardize sampling, preparation, and data acquisition 
procedures rigorously [16]. 

IR spectroscopy was greatly improved by the use of a 
new component: the interferometer and by the 
application of a mathematical transformation, the Fast 
Fourier Transform algorithm which allow for the 
simultaneous detection of all the transmitted energy. In 
general, for a system of identification of non-fastidious 
bacteria to be successful, growth conditions, such as the 
length of the growth period and the composition of the 
culture medium, should remain constant [1, 17]. 

An advantage of FT-IR spectroscopy is that this method 
can be applied to powdered, dehydrated, or aqueous 
samples. Also, the FT-IR spectrometer can be modified 
in order to make the study of very small samples, such 
as tissue sections and single colonies, a possibility. The 
technique is exquisitely sensitive [15]. 

The FT-IR technique has a remarkably far-reaching 
differentiation capacity in that it may provide results 
within a few minutes after obtaining single colonies of 
the pure culture, and may be uniformly applied to all 
microorganisms which can be grown in culture. 
Hierarchical clustering was applied to scrutinize 
spectral similarities and to achieve the classification of 
patterns. The results of cluster analysis are shown in the 
familiar form of minimal spanning tree, the so-called 
dendrogram. It is particularly interesting that the FT-IR 
technique is not restricted to the analysis of bacteria. 
Yeast, fungi and algae can also be analyzed [14, 16, 18, 
19, 20, 21, 22, 23, 24, 25, 26]. 

If cells are regarded as a complex mixture of 
bimolecular organized within different structures, every 
microbial cell will have a unique and characteristic 
spectrum stemming from the vibrational modes of all 
the molecules within it. The differences among taxons 
that are expressed as quantitative and qualitative 
differences in the composition and presence of the cell 
structures of each group could be translated into 
molecular differences and therefore into different 
spectral features. These spectral differences among 
groups could be used as a tool for identification [1, 27]. 

As all cell components depend on the expression of 
smaller or larger parts of genome, the FT-IR spectra of 
microorganisms display in a specific way a phonetic 
and a genetic fingerprint of the cells under study. This is 
why the specify of the technique is generally rather 
high, allowing differentiations at very different 
taxonomic levels, even down to the subspecies, strain 
and/or serotype level [16]. 

While it is a general prerequisite of the FT-IR technique 
to isolate pure cultures of the microorganisms in 
question, mixed cultures can be analyzed by measuring 
micro colonies (20 to 200 µm in diameter) which grow 
separately on solid agar media by means of a light 
microscope coupled to the FT-IR spectrometer. Small 
amounts of the microcolony spots suitable for FT-IR 
microscopic measurements are obtained by applying a 
special replica technique those spatially accurate 
transfers the first two to three cell layers of the 
microcolonies from the solid agar plates to infrared 
transparent plates (e.g. CaF2, BaF2 or ZnSe) [16]. 

For microbiological identification, two basic 
approaches can be distinguished in the chemometric 
techniques used at the moment. The first is based upon 
non-supervised or objective classification methods, 
analyzing naturally occurring groups in the data set and 
requiring no a priori knowledge of the sample identity; 
examples are factor analysis, principal component 
analysis (PCA) and hierarchical cluster analysis. Based 
on objective criteria of group membership, unknown 
samples are assigned to naturally occurring groups in 
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the data set. Inclusion of well-characterized samples in 
the analysis scheme allows groups to be identified on 
the basis of the properties/identities of these reference 
samples. The second group of chemometric techniques 
used in microbial identification is supervised 
techniques, i.e. requiring a priori knowledge of the 
sample identity. With a set of well-characterized 
samples, a model can be trained so that it can predict 
the identity of unknown samples. Examples of 
supervised methods are linear discriminant analysis 
(LDA) and artificial neural networks (ANNs) [6]. 

3. APPLICATIONS OF FT-IR SPECTROSCOPY 

FT-IR spectra of intact microbial cells are highly 
specific, fingerprint-like signature which can be used to 
(i) discriminate between diverse microbial species and 
strains, (ii) detect in situ intracellular components or 
structures such as inclusion bodies, storage materials or 
endospores, (iii) detect and quantify metabolically 
released CO2 in response to various different substrates 
and (iv) characterize growth-dependent phenomena and 
cell-drug interactions. The characteristic information is 
extracted from the spectral contours by applying 
resolution enhancement techniques, difference 
spectroscopy, and pattern recognition methods such as 
factor, cluster, linear discriminant analysis, and artificial 
neural networks. Particularly interesting applications 
arise by means of a light microscope coupled to the 
spectrometer [16]. 

FT-IR spectroscopy of the whole cells is a valuable tool 
for the identification of microorganisms and is used, 
e.g. in strain collections, in medical applications, in the 
pharmaceutical industry and in drinking water control 
[28]. 

Microbial determination is a primary consideration with 
respect to food safety and quality in a processing, retail, 
or production environment. Conventional methods for 
production and identification of microorganisms depend 
on biochemical and serological tests that usually 
involve incubating the culture in selective agar media or 
broth for up to several days and then performing a 
specific test to determine the presence of a certain 
species of bacteria. The risk of such a lag in 
determination could potentially deter timely 
intervention and appropriate remedial measures to 
countered food contamination. Therefore, rapid and 
direct screening of microorganisms on food products 
could be an essential and a valuable tool to the food 
industry. With the improvement in analytical 
instrumentation FT-IR spectroscopy has been applied to 
chemically differentiate intact microbial cells 
nondestructively, by producing complex, yet distinct 
and reproducible biochemical fingerprints of bacteria 
[29]. 

An extensive investigation of bacterial cells of different 
species and strains has been undertaken by Naumann 
and his co-workers [30, 16]. These authors have shown 
that FT-IR absorption spectra are highly specific 
fingerprints of microbial cells and that, when 
multivariate statistical methods are employed to analyze 
the spectra, they make microbial characterization 

possible down to subspecies level. FT-IR spectroscopy 
not only provides a competitive and rapid identification 
method, but, since it allows the study of 
microorganisms in their intact state, it appears to be a 
very promising tool also for the study of microbial 
metabolism, antibiotic susceptibility and other 
interactions with drugs [31]. 

FT-IR can also be used to detect and identify particular 
cell constituents such as capsules, endospores or storage 
materials. Already in formerly published studies, 
detection of intracellular polysaccharides, poly-β-
hidroxybutyric acid (PHB) granules, and endospores 
was reported by authors using dispersive infrared 
spectroscopy [32]. 

4. CONCLUSIONS 

The prospect of FT-IR microscopy for microbiological 
characterizations is very promising. The main 
advantages of FT-IR which constitute its attractiveness 
are extreme rapidity compared to conventional 
techniques, uniform applicability to very diverse 
microorganisms and a high specificity that allows 
differentiations even down to subspecies level. The 
strength of the FT-IR technique is its ability to conduct 
epidemiological case studies and large screening 
experiments very quickly. Additional fields of 
applications are the detection of infection chains and the 
control of therapy, the maintenance of strain collection 
and the differentiation of microorganisms from the 
environment for which established systems are not yet 
available. In the food, water and pharmaceutical 
industries FT-IR may also contribute to improve 
microbiological quality control. For the control of 
biotechnological processes it might also be an 
alternative or additional to already existing analytical 
tools.  This new technology may help to scale down the 
number of cells to less than 103, to analyze mixed 
cultures and to detect light-microscopic and 
spectroscopic features of microorganisms 
simultaneously. Perceptively, the development of a 
fully automated system of microbiological analysis that 
combines detection, enumeration, and identification of 
microorganisms can be addressed [16]. 

Here we reviewed and discussed the opportunities of 
vibrational spectroscopies to study microorganisms. 
The techniques can be applied, but are not restricted to 
the fields of general microbiology, routine 
identifications, and specific clinical applications. A 
wide variety of methodologies or measurement schemes 
are available nowadays, allowing spectroscopists to 
define the most convenient approaches. Combined with 
the ever-expanding realm of chemometric analysis 
procedures, it is difficult to predict what exactly the 
niche for FT-IR spectroscopy will be in the 
microbiological toolbox. 
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