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The visualization and quantification of adherent bacteria is still one of the most relevant topics in

microbiology. Besides electron microscopic techniques such as transmission electron

microscopy, scanning electron microscopy and environmental scanning electron microscopy,

modern fluorescence microscopic approaches based on fluorogenic dyes offer detailed insight

into bacterial biofilms. The aim of the present review was to provide an overview of the advantages

and disadvantages of different methods for visualization of adherent bacteria with a special focus

on the experiences gained in dental research.

Oral biofilm – an example of adherent
micro-organisms

In 1675, Leeuwenhoek was the first to detect micro-
organisms using a microscope in water and in saliva. Only
a few years later, he was already investigating bacteria in
adherent oral biofilms. Since then, oral biofilm formation
has been investigated thoroughly using different approaches.
In particular, the influence of different surfaces on the
process of bioadhesion can be easily explored (Hannig &
Hannig, 2009). Much experience on the visualization of in
situ or in vivo formed biofilms has been gained in the area of
dental research, and the methods which were adopted have
proven to be of relevance to all other fields of microbiology
(Nyvad & Kilian, 1987; Hannig, 1999; Bergmans et al., 2005;
Hannig et al., 2007b). The efficacy of antibacterial oral
health-care products as well as bacterial colonization of the
oral hard and soft tissues, such as enamel, dentin, the root
canal or periodontal pockets, have been intensively inves-
tigated (Marsh, 1993; Marsh & Bradshaw, 1995; Netuschil
et al., 1995; Hannig, 1999; Marsh & Martin, 1999; Bergmans
et al., 2005; Hannig et al., 2007b, 2009). A special advantage
of oral biofilm research is the opportunity to non-invasively
monitor biofilm formation in humans using samples of
different materials mounted on individual splints for
bacterial adherence in situ (Hannig & Hannig, 2009). The
aim of the present short review is to give an insight into
traditional and current methods for the visualization and
quantification of adherent bacteria or biofilms, with a
special focus on the experiences gained in dental research.

Quantification by determination of c.f.u.

The traditional method of determining the number of
adherent micro-organisms is the measurement of viability

by prior desorption through the use of ultrasonication or
vigorous agitation and subsequent plating on different agar
plates (Hannig et al., 2007b). Though this technique has
the advantage of determining the number of active
bacteria, there are some disadvantages to it which could
lead to misleading conclusions. This technique is not only
both labour- and time-intensive but it may very well select
for certain species when studying multispecies biofilms
from natural niches (Amann et al., 1995; Donlan &
Costerton, 2002). Furthermore, it is difficult to quantify
semi-planktonic adherent bacteria or desorbed biofilms
(Hannig et al., 2007b, 2009; Al-Ahmad et al., 2008a, b). In
Figs 1 and 2, flocks of adherent salivary bacteria are shown.
Quantification of such adherent bacterial agglomerates
with fluorescent dyes or by electron microscopy can differ
considerably from the c.f.u. numbers after ultrasonication
(Hannig et al., 2007b; Al-Ahmad et al., 2009a). Only a very
low percentage of bacteria in seawater, earth or sewage
sludge are culturable. This illustrates the necessity of
methods other than culture plates for the visualization,
quantification and identification of bacteria (Amann et al.,
1995).

High-resolution microscopic techniques

Though light microscopy as well as fluorescence micro-
scopy allow the visualization of bacteria, higher-resolution
techniques are required for detailed insight into the
ultrastructure of the bacteria and the surrounding matrix.
Several microscopic techniques with completely different
physical background are available. All electron microscopic
methods offer detailed insight into the ultrastructure of
bacteria and their environment but quantification of the
adherent micro-organisms is difficult.
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Scanning electron microscopy (SEM) allows visualization
of surface structures with a three-dimensional appearance
at very different resolutions (Fig. 2). However, due to the
high vacuum required for evaluation of the samples and
due to the fact that biological samples have non-conductive
properties, fixation, dehydration and coating with a
conductive material are necessary. Therefore, procedures
are required which do not destroy the structure of the
samples or cause artefacts (Bergmans et al., 2005). After
fixation with aldehydes in phosphate or cacodylate buffer,
the dehydration is carried out with a series of ascending
concentrations of acetone or ethanol. In this way, the water
is gradually replaced by the organic solvents. Afterwards,

the samples have to be dried without destruction of the
complex structures. This is achieved by critical point
drying without formation of artefacts. Thereafter, the
ethanol is replaced by a transitional fluid, usually
consisting of carbon dioxide. Alternatively, the samples
can be freeze-dried. Finally the specimens have to be coated
with a conductive material, for example sputtered with
gold (Bergmans et al., 2005; Vitkov et al., 2005). With
SEM, evaluation of different bacterial species is not
possible. In addition, the differentiation of cocci, rods
and filaments according to the appearance of the bacteria is
sometimes difficult (Gusberti et al., 1985). However, SEM
is a valuable tool for investigation of conditioning films or

Fig. 1. Examples of visualization of adherent micro-organisms with fluorogenic dyes. (a) Adherent bacteria, streptococci
(magenta) and other eubacteria (green). Biofilm formation on enamel in situ for 12 h. Original magnification 1000-fold; CLSM.
(b) Chains of eubacteria on an enamel sample after 60 min exposure in the oral cavity; FISH, FDA-filter. Original magnification
1000-fold. (c) Visualization of glucans (red) associated with bacteria (blue). Biofilm formation on enamel in situ for 8 h. Bacteria
were stained with DRAQ5 and glucans with concanavalin A–Alexa Fluor 594. Original magnification 1000-fold; CLSM. (d)
Aggregate of bacteria, FISH, streptococci (magenta) and other eubacteria (green). Biofilm formation on enamel in situ for 12 h.
Original magnification 1000-fold; CLSM.
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proteinaceous layers such as the acquired dental pellicle
(Hannig et al., 2007a, 2008). Therefore, SEM can be
combined with gold-immunolabelling techniques for
visualization and quantification of certain proteins
(Hannig et al., 2007a, 2008).

The environmental scanning electron microscope (ESEM)
allows investigation of bacteria without any dehydration,
fixation or coating of bacteria in the natural state. This is a
clear advantage. However, some species such as Fusobacterium
nucleatum cannot be optimally visualized with this technique
(Bergmans et al., 2005). Furthermore, three-dimensional
visualization of the structures is sometimes limited.

The standard electron microscopic technique used for the
evaluation of ultrathin sections is transmission electron
microscopy (TEM). An important advantage of TEM is its
high resolution of down to 0.1 nm (Bergmans et al., 2005).
The indispensable fixation is typically carried out with
glutaraldehyde or osmium tetroxide, which also stains
lipids. A different option is cryo-fixation at 2135 uC to
help avoid artefacts. However, the contrast is rather low. In
addition, dehydration in a series of ascending concentra-
tions of ethanol or acetone is necessary, as well as
embedding in acrylic resin as a prerequisite for ultrathin
sectioning. Additionally, staining with heavy elements such
as lead citrate or uranyl acetate for the purpose of
contrasting is often required. Summing up, it may be
stated that TEM is an excellent method for the visualization
of bacteria and the surrounding extracellular matrix as well
as of the conditioning film or the dental pellicle but it is a
very time-consuming and complex technique (Hannig &
Balz, 1999; Hannig et al., 2008). Nonetheless, due to its
high resolution, TEM is still considered to be a gold
standard in electron microscopy.

Cryo-electron microscopy of vitreous sections offers the
opportunity of evaluating ultrathin sections of biological
samples in a hydrated state. The essential principle of this
technique is the formation of vitreous (non-crystalline) ice

preserving the appearance of the sample in its soluble state.
However, this approach also requires extensive preparation
of the samples, as well as highly specialized equipment
(Bouchet-Marquis & Fakan, 2009).

Atomic force microscopy (AFM) can also reach a very a
high resolution of less than 1 nm, and has paved the way
towards real nanomicrobiology as recently reviewed by
Dufrene (2008). It has the great advantage in that vacuum
conditions are not required. Membrane components and
living cells can be evaluated directly in buffer or on solid
substrates (Dufrene, 2008). Even real-time monitoring of
structural changes due to the application of antibacterial
agents as well as of cell–cell interactions is possible
(Dufrene, 2008).

Staining techniques

Quantification of biofilm formation by different micro-
organisms can be carried out in a microtitre-plate test
using different staining assays such as crystal violet or
safranin and subsequent measurement of the absorbance of
the biofilm using an ELISA in a microplate reader
(Stepanovic et al., 2000; Kristich et al., 2004; Al-Ahmad
et al., 2008a). This staining is primarily used for
monitoring biofilm formation of micro-organisms in vitro.

Direct staining of adherent bacteria is possible using DAPI
(49,6-diamidino-2-phenylindole) binding to the AT-rich
regions of double-stranded DNA of vital and dead cells
(Schwartz et al., 2003). This technique is also suitable for
oral biofilms formed on enamel slabs, or for the
visualization and calculation of the total bacterial count
in comparison to the number of c.f.u. for bacteria which
have adhered to biomaterials (Hannig et al., 2007b; Al-
Ahmad et al., 2008b). However, no differentiation of
bacterial species is possible with this simple technique. For
this, one requires another fluorescence-based approach,
fluorescence in situ hybridization (FISH) (Amann et al.,

Fig. 2. Scanning electron micrographs of
different poly(lactide-co-glycolic acid) 3D-
scaffolds manufactured as bone replacement
materials and colonized with salivary micro-
organisms. Magnification �5000.

Visualization of bacteria
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1990; Paster et al., 1998). The FISH technique is based on
oligonucleotide probes labelled with fluorescent dyes
binding specifically to rRNA. A large number of intact
ribosomes representing the biological activity of the tested
cells is a prerequisite for this method, so that apparently only
vital bacteria are stained (Amann et al., 1990, 1995; Amann,
1995; Hannig et al., 2007b). FISH has been successfully used
in combination with confocal laser scanning microscopy
(CLSM) and epifluorescence microscopy for the visualiza-
tion of initial and mature oral biofilm formed in situ (Fig. 1)
(Thurnheer et al., 2001; Al-Ahmad et al., 2007, 2009a, b;
Dige et al., 2007; Hannig et al., 2007b).

Furthermore, fluorescent dyes are available for a number of
proteins or molecules. As an example, the extracellular
matrix can be visualized by using special glucan stainings
such as concanavalin A (Fig. 1). In addition to the
identification of species, the viability of the adherent
bacteria is also of considerable interest. Several stages of
viability are discussed and described in the literature: viable
and culturable, viable but non-culturable, dormant, non-
viable and pre-lytic, and avital dead bacteria (Decker,
2001). The exact differentiation of these stages is still one of
the greatest challenges in modern microbiology (Mason et
al., 1986; Lloyd & Hayes, 1995; Decker, 2001). About 50 %
of oral bacteria are viable but not culturable, emphasizing
the necessity of reliable viability assays (Aas et al., 2005).
Typically, a combination of different dyes for vital and
avital bacteria is used for this purpose. Apart from the still-
difficult definition of vital and avital bacteria, the problem
of several live/dead staining techniques is the stability of
the stainings. The interaction of different bacterial species
with certain dyes differs distinctly, yielding different
patterns of vitality (Decker, 2001). However, when
investigating the efficacy of antibacterial rinses or reagents,
it is of great relevance to visualize their effect on the
viability of the adherent bacteria. Biofilms and adherent
bacteria are often more resistant than free micro-organisms
(Marsh, 1993). In this short overview, it is only possible to
discuss some of the more common dyes out of the large
number of reagents used. Many live/dead stains test the
membrane integrity of the respective bacteria. Several vital
bacterial stains are based on the formation of fluorescein as
a result of intracellular esterase activity. It is a prerequisite
that these substrates diffuse freely into the bacterial cells
and yet remain within the interior of the cell after cleavage.

Fluorescein diacetate (FDA), one of the first dyes adopted,
rapidly leaks from the cells and is rather unstable whereas
carboxyfluorescein diacetate is better retained due to its
negative charge (Leeder et al., 1989; Decker, 2001). Other dyes
for the staining of vital cells, such as SYTO 17, which is able to
penetrate intact membranes, are based on nucleic acid staining.

Many dyes for the staining of avital bacteria enter cells with
damaged plasma membranes and bind to nucleic acids,
yielding an enhancement in fluorescence of up to 1000-fold.

A typical stain for avital micro-organisms is ethidium
bromide, but its toxicity led to the development of

alternative reagents. Propidum iodide is superior to
ethidium bromide and penetrates only damaged cells
whereas ethidium bromide may also stain vital bacteria
(Dangl et al., 1982; Decker, 2001). Furthermore, ethidium
bromide is less reliable than propidium iodide as propidium
iodide has a lower charge and therefore a higher affinity for
DNA (Beletsky & Umansky, 1990; Lopez-Amoros et al.,
1995). Another option is modified ethidium homodimer-1
with its enhanced affinity for DNA, along with a low
membrane permeability (Glazer et al., 1990). A further
substrate, SYTOX, available as a green, orange or blue dye, is
also based on the staining of nucleic acids and easily
penetrates dead Gram-positive and Gram-negative cells with
defective membranes, but is described as being completely
excluded from vital bacteria (Roth et al., 1997).

FDA/ethidium bromide staining is poorly correlated with
c.f.u. when investigating typical strains of oral streptococci
(Decker, 2001), although this method has been described as
being able to successfully differentiate vital and avital
bacteria in oral biofilms (Netuschil et al., 1989). The
combination of SYTO 9 with propidium iodide seems to be
appropriate for oral streptococcal strains (Weiger et al.,
1999; Decker, 2001).

These stains are also found within the BacLight Viability kit
(Boulos et al., 1999). For vital cells, the small molecule
SYTO 9 is used penetrating vital and avital cells, whereas
the counterstain propidium iodide stains only dead cells
(Peeters et al., 2008). This causes some difficulties in the
evaluation of the data. Further studies are required to
compare the newer live/dead staining techniques, especially
for in vivo or in situ formed natural biofilms. Therefore, the
stability of the staining as well as the correlation of the
results with culture plate methods are important (Decker,
2001; Peeters et al., 2008).

In general, the compatibility of the different stains among
themselves and in comparison to the culture plate methods
should also be investigated with respect to the substrate
that the bacteria adhere to (Hannig & Hannig, 2009).
Dental materials and dental hard tissues in particular may
display heavy background fluorescence. Individual viability
assays have to be adapted according to the different
materials. A recent study compared different methods for
quantification of biofilms formed in 96-well microtitre
plates (Peeters et al., 2008). The authors tested the crystal
violet assay, which stains the bacteria and the matrix of
biofilm, the SYTO 9 assay, staining dead and viable biofilm
bacteria, and DMMB (1,9-dimethyl methylene blue),
which quantifies the biofilm matrix. In addition, several
assays for the quantification of viable bacteria in the
biofilm were compared: the XTT (tetrazolium salt) assay,
which is based on the reduction of the XTT dye to a water-
soluble formazan and quantifies viable bacteria; the
resazurin (Alamar Blue) assay, which is based on the
reduction of resazurin to pink resorufin; and the FDA
assay. The authors concluded that although all assays can
replace the determination of c.f.u., there are differences in
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the reproducibility of the different methods. Furthermore,
it depends on the application and the species being studied
for biofilm formation. In a study from our laboratory on
oral biofilm formation, the compatibility of FISH, DAPI
and live/dead (FDA/ethidium bromide) staining was
shown for initial bacterial colonization on enamel in situ
(Hannig et al., 2007b). However, the c.f.u. data differed
significantly from fluorescence-based assays as a desorption
step was necessary for determination of the c.f.u.

Challenge of standardized evaluation of stained
biofilms

Though various excellent staining procedures are available,
the three-dimensional, computer-based visualization,
evaluation and quantification of biofilms is still a challenge.
The structural organization of biofilms and the covering
grade of substrata are important parameters which can
describe the adaptation of micro-organisms to envir-
onmental influences (Møller et al., 1997; Nielsen et al.,
2000; Al-Ahmad et al., 2008a). The determination of mean
biofilm thickness and roughness, density, porosity, bio-
volume and covering grade is required in studying biofilm
development and modulation, for example by variation of
nutrition (Heydorn et al., 2000). Qualitative analysis and
imaging of biofilm often leads to the question of whether
the obtained data are representative of the observed
biofilm, irrespective of the staining assay used. Korber

et al. (1992, 1993) determined the minimum area that
should be studied to describe biofilm formed by
Pseudomonas aeruginosa. Heydorn et al. (2000) developed
the computer program COMSTAT, which comprises 10
features for quantifying three-dimensional biofilm stacks
(Heydorn et al., 2000; Chavez de Paz, 2009). Using this
program, the authors analysed four variables describing
biofilm structure of different Pseudomonas strains: mean
thickness, roughness, substratum coverage and surface to
volume ratio. This program is freely available from the
COMSTAT homepage at http://www.im.dtu.dk/comstat and
has been used by a large number of biofilm researchers
(Schaber et al., 2007; Sauer et al., 2009).

Other software packages and biofilm processing methods
have been developed for analysing colour image data to
representatively quantify or determine the distribution and
structure of microbial subpopulations (Yang et al., 2000,
2001; Xavier et al., 2001; Daims et al., 2006; Mueller et al.,
2006). Recently, a novel image analysis software package,
bioImage_L, was presented which allows in situ colour
segmentation for two colour image stacks without prior
transformation of micrographs into monochrome channels
(Chavez de Paz, 2009). In our own studies, we successfully
used a specific image analysis program (MetaMorph
Molecular Devices) to quantify different bacterial targets
in dental oral biofilms after detection with FISH in
combination with CLSM (Al-Ahmad et al., 2007, 2009a,

Table 1. Survey of current methods for visualization and quantification of adherent micro-organisms with respect to their main
advantages and limitations

Method Advantage Disadvantage

49,6-Diamidino-2-phenylindole Fast and easy method for visualization of adherent

micro-organisms

No identification of different species

No information on viability

Live/dead staining With recent methods stable coloration of vital and

avital bacteria

Reliable for evaluation of antimicrobial agents: relative

alteration of the proportion avital/vital

Still a great point of discussion: ‘How dead is

dead?’

No identification of different species

Fluorescence in situ

hybridization

Highly specific identification of different bacterial

species

Staining of only bacteria with intact membranes

Limited number of oligonucleotide probes

available

Scanning electron microscopy Excellent three-dimensional visualization of bacteria

on different surfaces

Quantification of bacteria limited

Environmental scanning electron

microscopy

Visualization of bacteria in their native state without

any fixation or dehydration

Quantification of bacteria limited

Certain bacterial species cannot be

distinguished properly

Transmission electron

microscopy

High-resolution insight into the ultrastructure of

the bacterial cells and the surrounding extracellular

matrix

Extensive preparation necessary (fixation,

ultrathin sectioning)

No quantification possible

Atomic force microscopy High-resolution visualization of bacterial structures,

membrane components and cell–cell interactions

without any fixation or dehydration

Reference: culture plate methods Gold standard for quantification, identification and

cultivation of bacteria

Only 50 % of oral bacteria are culturable

Desorption of adherent bacteria is necessary

Considerable experience required for

identification of different species

Visualization of bacteria
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b). The covering grade of the substratum can also be
analysed by this program, which is relevant in the
monitoring of antibacterial effects on biofilm formation
(Al-Ahmad et al., 2009a). It should be emphasized that
automation of biofilm imaging should be correlated with a
suitable image processing method.

Concluding remarks

Biofilm research is still a challenging field of interest and
the techniques for quantification, visualization and char-
acterization of micro-organisms have undergone rapid
progress within the last 15 years. Central advantages and
disadvantages are given in Table 1. However, some of these
promising techniques, such as AFM or ESEM, require
costly equipment while for others, such as TEM or SEM,
extensive preparation of the samples is necessary (Hannig,
1999; Bergmans et al., 2005; Dufrene, 2008).

Moreover, many bacteria are not culturable, for example
50 % of oral micro-organisms, even though they are vital or
viable (Aas et al., 2005). This underlines the relevance of
fluorescence stainings, which are relatively straightforward
to perform compared with sample preparation for TEM
(Hannig et al., 2007b). Furthermore, a well-documented
difficulty of culture plate methods is that they select for
particular species, leading to an overestimation of their
levels. Due to the limited culturability of many bacterial
strains, culture plate methods cannot be considered to be a
gold standard any longer, although they are still of
considerable relevance in and of themselves. Fluorescence
staining methods as well as modern microscopic techni-
ques such as AFM offer the opportunity to obtain
completely new insights into the world of micro-organisms
as well as their extracellular matrix (Dufrene, 2008). These
still progressing techniques have not been fully utilized to
date. Ultrastructure, viability and the metabolism of
bacteria are quite variable. The same is true for the
colonized substrates. In general, a combination of several
methods is to be recommended when investigating
adherent micro-organisms as the different methods yield
distinctly different valuable information about these
different aspects (Hannig et al., 2007b). Furthermore, the
respective substrate should also be considered when
selecting an appropriate method (Hannig & Hannig, 2009).

References

Aas, J. A., Paster, B. J., Stokes, L. N., Olsen, I. & Dewhirst, F. E.
(2005). Defining the normal bacterial flora of the oral cavity. J Clin
Microbiol 43, 5721–5732.

Al-Ahmad, A., Wunder, A., Auschill, T. M., Follo, M., Braun, G.,
Hellwig, E. & Arweiler, N. B. (2007). The in vivo dynamics of
Streptococcus spp., Actinomyces naeslundii, Fusobacterium nucleatum
and Veillonella spp. in dental plaque biofilm as analysed by five-
colour multiplex fluorescence in situ hybridization. J Med Microbiol
56, 681–687.

Al-Ahmad, A., Wiedmann-Al-Ahmad, M., Auschill, T. M., Follo, M.,
Braun, G., Hellwig, E. & Arweiler, N. B. (2008a). Effects of commonly

used food preservatives on biofilm formation of Streptococcus mutans
in vitro. Arch Oral Biol 53, 765–772.

Al-Ahmad, A., Wiedmann-Al-Ahmad, M., Carvalho, C., Lang, M.,
Follo, M., Braun, G., Wittmer, A., Mulhaupt, R. & Hellwig, E. (2008b).
Bacterial and Candida albicans adhesion on rapid prototyping-
produced 3D-scaffolds manufactured as bone replacement materials.
J Biomed Mater Res A 87, 933–943.

Al-Ahmad, A., Follo, M., Selzer, A. C., Hellwig, E., Hannig, M. &
Hannig, C. (2009a). Bacterial colonization of enamel in situ
investigated using fluorescence in situ hybridization. J Med
Microbiol 58, 1359–1366.

Al-Ahmad, A., Roth, D., Wolkewitz, M., Wiedmann-Al-Ahmad, M.,
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