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tttttt I. INTRODUCTION

The word microscope is derived from the Greek words micros (small) and
skopeo (look at). From the dawn of science, biologists examined the morpho-
logical structures of animals, plants and tissues by the naked eye. With the
advent of the first light microscopes, most probably invented from the
Galilean telescope during the seventeenth century, scientists were able to look
at much smaller objects like protozoa and bacteria. The name of Antonie van
Leeuwenhoek (1632�1723) stands for this hallmark in microscopy with respect
to the visualization of microorganisms. Later on, the invention of so-called
compound light microscopes set a pioneering landmark. These microscopes
consisted of an objective lens and an eyepiece, which magnified the image
produced by the objective lens together with a focusing aid, a mirror or a
source for light and a specimen table for positioning and holding the speci-
men. These microscopes later on allowed scientists to magnify up to 10003 .
Those early light microscopy studies unravelled the astonishing diversity of
bacterial cell shapes and the binary fission of bacteria. By 1876, Ernst Abbe
had optimized the light microscope and analysed the effects of diffraction on
image formation. However, due to the physics of light, these microscopes
were limited to a resolution of around 0.2 μm. This physical theoretical limita-
tion of compound light microscopes was reached in the early 1930s. In addi-
tion, there has always been a scientific desire to look at much smaller details
of the interior morphology inside a eukaryotic cell, like mitochondria or the
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nucleus, or to be able to visualize the flagella in moving bacteria. The trans-
mission electron microscope (TEM) was the first electron microscope to
be developed by Knoll and Ruska (1932a, 1932b) in Lichtenfels, Berlin, in
1931/1932. The construction scheme of the TEM followed that of the
compound light microscopes with the exception that a focused beam of elec-
trons was used instead of light to examine and visualize the interior of the
specimen. The resolution was pushed to a limit of around 0.1 μm at that time.
Nowadays, modern TEMs have a resolution power reaching up to 0.05 nm.
The other common type of electron microscope is the scanning electron micro-
scope (SEM), which was invented in the late 1930s and 1940s. Knoll (1935)
and von Ardenne (1938, 1939) were involved in the first description and partly
building of an SEM. In 1942, the Americans, Zworykin, Hillier and Snijder
built the first SEM with a resolution power of around 50 nm. The first com-
mercially available instrument was brought to the market in 1965 by the
company Cambridge, in England. Modern SEMs have a resolution that is
around 1 nm, thus allowing the visualization of appendages of bacteria like
flagella or secretion systems of Gram-negative bacteria (Rohde et al., 2003b;
Chakravortty et al., 2005).
In addition to the introduction of transmission electron microscopy (TEM), the

development of preparative techniques for biological material that stabilize the
fragile microstructures to withstand the high vacuum in the microscope column
was required. The progress in technical and preparative techniques made TEM
very popular in the 1950s and 1960s with biologists and microbiologists (Luft,
1961; Palade, 1952; Palade and Siekevitz, 1956). These methods include the widely
used negative-staining procedure with heavy metals (Valentine et al., 1968),
the ultrathin sectioning procedure to gain insight into the internal structures
of microorganisms (Richarson et al., 1960), freeze-fracture (Bullivant and Ames,
1966) and freeze-etching (Moor and Mühlethaler, 1963; Gross et al., 1978)
methods and rapid freezing with subsequent freeze-substitution of the specimen
(Graham and Beveridge, 1990; Kellenberger, 1991). For the localization of pro-
teins, immune-EM methods carried out as pre-embedding labelling or post-
embedding labelling (Roth et al., 1978), as well as applying cryo-ultrathin sections,
were used (Griffiths et al., 1984; Tokuyashu, 1986). These methods have contrib-
uted to our understanding of bacterial morphological features like cell membrane
composition of Gram-negative bacteria, Gram-positive bacteria, Archaea and
mycobacteria. They have aided in the detection of bacterial structures like
sheathed or non-sheathed flagella, pili, fimbriae or stalks. During recent years,
other cryo-methods like high-pressure freezing (Hohenberg et al., 1994) with sub-
sequent freeze-substitution or cyro-sectioning have been introduced. These meth-
ods allow the observation in a fully hydrated state of the specimen without
chemical fixation or contrast-enhancing metal stains. A very recently introduced
technique is cryo-electron tomography (CET) allowing visualization of intact
bacteria in a nearly native state with high resolution to obtain a three-dimensional
image of the entire bacterium or interior structures (Baumeister et al., 1999).
Nevertheless, CET needs a “state of the art” high-voltage (300 kV) TEM and
sophisticated image acquisition and processing equipment. TEM has been widely
used throughout the microbiology community compared to SEM during the last
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several decades. However, with the advent of high-resolution field emission
scanning electron microscopes (FESEMs) in the early 1990s and due to increased
research on adherence to and invasion of pathogenic bacteria into host cells,
FESEM has become a more widely used and powerful tool in imaging bacterial
ultrastructure and interaction of bacteria within the ecological environment
(Rohde et al., 2003a, 2003b, 2011; Chakravortty et al., 2005; Kwok et al., 2007).
In this chapter, an overview of methods is presented that are commonly used to
image bacteria according to morphological criteria for taxonomic determination
based on light and electron microscopy methods. Procedures will be described
representing the most commonly used light microscopy methods for the charac-
terization of bacterial morphology. For higher resolution description of microor-
ganisms, electron microscopy techniques like negative-staining, embedding and
ultrathin sectioning for TEM and preparation schemes for high-resolution scan-
ning electron microscopy are presented.

tttttt II. LIGHT MICROSCOPY

The light microscope is an essential tool in every microbiology laboratory orien-
tated toward the description and identification of microorganisms. It goes back to
a long-standing use in microbiology, starting with the first scientific investigations
by van Leeuwenhoek using a single crude lens for visualization of microorgan-
isms. Light microscopy was also heavily involved in the discovery of the two fun-
damental categories in the bacterial world, the Gram-positive and Gram-negative
bacteria by Christian Gram in the mid-1880s. In 1932, Zernicke invented the
phase-contrast microscope resulting in much clearer images, especially of micro-
organisms. Nowadays, this technique is widely used when imaging bacteria
without any additional staining. Bacteria have been classified by light microscopic
examination on the basis of shape, size and staining characteristics. Although
unstained preparations can be used when applying phase-contrast imaging,
stained preparations generally provided a better and clear identification. The
shape and size of bacteria sometimes may be sufficient for presumptive identifica-
tion, but bacteria also possess certain characteristic structures such as capsules,
flagella, spores or polyphosphate granules. Their presence or absence is used as
a tool for identification, and by simple staining procedures the presence of
these structures can be demonstrated. For example, the presence of capsules may
be demonstrated by negative staining using India ink, nigrosin or dark field
microscopy. Some bacteria possess flagella and their number, size and position
are characteristic traits for the identification of some taxa. The presence of flagella
cannot be detected easily by light microscopy due to the small diameter of fla-
gella, although motility can be seen under a light microscope. To see the flagella,
it is necessary to increase their apparent diameter by first coating these structures
with a mordant such as tannic acid and then applying one of the special stains
such as the Leifson’s stain. In this section, a number of imaging techniques and
staining methods are described, which should allow for the publication of a more
complete description of newly isolated microorganisms.
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Books on light microscopy are readily available and give a good introduction
to the basic principles, physics and techniques involved. Satisfying light micros-
copy is best learned through direct practical experience and the art of preparing
a worthwhile specimen. Always try to prepare more specimens than you would
usually prepare since another slide with the same specimen might give an even
better image or have stained better than the previous one.

A. Illumination Techniques in Light Microscopy

1. Transmitted light microscopy

Transmitted light microscopy is the general term used for any type of micros-
copy where the light is transmitted from a source on the opposite side of the
specimen to the objective lens. The light is passed through a condenser to focus
it on the specimen for maximum illumination. After the light passes through
the specimen, it travels through the objective lens for magnification of the sam-
ple image and then to the oculars, where the enlarged image is viewed. To get
reasonable images, the specimen must be properly illuminated. The optimum
set-up for specimen illumination and image generation is known as Köhler illu-
mination. The microscopy techniques requiring a transmitted light path include
bright field, dark field, phase contrast, polarization and differential interference
contrast optics.

2. Bright field (Köhler illumination) microscopy

The Köhler system of illumination is an absolute must for high-resolution imag-
ing of microorganisms. It represents the normal light microscopy when no other
optical contrast technique is employed. Köhler illumination is achieved by
focusing an image of the light source at the level of the condenser diaphragm,
when the condenser is in the correct position relative to the specimen. Under
these illumination conditions, an objective lens in focus on the specimen will be
fully illuminated regardless of the size of the light source. The condenser is
used to focus parallel rays of light on the specimen, thereby giving the advan-
tages of an evenly illuminated field resulting in a bright image without or with
minimized glare.

3. Dark field microscopy

The specimen is illuminated obliquely, with no direct light entering the objec-
tive. This is achieved by illuminating the specimen with a hollow cone of light
such that only the light diffracted by the objects in the field of view is transmit-
ted through the microscope to the eye piece or camera. Other transmitted light
is at too low an angle to be detected by the objective lens, even with a high
numerical aperture. Features in the specimen plane, which scatter light, can
clearly be seen against a dark background. Dark field illumination is provided
by either a dark field element in a phase-contrast condenser or a purpose-built
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dark field condenser. The latter is required for high-resolution objectives to
prevent the oblique rays entering the wide aperture of the objective.

4. Phase-contrast microscopy

Phase-contrast microscopy is a technique used for gaining contrast in a translu-
cent specimen without staining the specimen. One major advantage is that
phase-contrast microscopy can be used with high-resolution objectives, but it
requires a specialized condenser and more expensive objectives. The optical
methodology was introduced by Zernicke in 1932. This technique exploits
the fact that light slows slightly when passing through biological specimens.
The specimen is illuminated by a hollow cone of light coming through a phase
annulus in the condenser. Phase-contrast objectives that have a corresponding
phase plate must be used. Light rays passing through the specimen are slightly
retarded, and further retardation takes place in the phase plate. When these
rays combine with rays that have not taken this other path, degrees of construc-
tive and destructive interference occur, which produce the characteristic light
and dark features in the image. Specimens for phase-contrast microscopy
should be as small as possible, and they must be mounted in a fluid or gel for
an even grey background in the image.

5. Fluorescence microscopy

Some biological substances, such as chlorophyll and some oils and waxes, have
primary fluorescence (auto-fluorescence). However, most biological molecules
do not fluoresce on their own. One exception is the fluorescence of coenzymes
like factor 350 and factor 420 in methanogenic bacteria (Doddema and Vogels,
1978). Therefore, for visualization of those non-fluorescent molecules they have
to be linked with fluorescent molecules so-called fluorochromes. The fluoro-
chromes emit light of a given wavelength when excited by incident light of a
different (shorter) wavelength. Specimens labelled with a fluorochrome such as
fluorescein or green fluorescent protein (GFP) are illuminated with the blue
wavelength of light and emit the energy as a longer wavelength (in this exam-
ple as a green fluorescence). Nearly all modern fluorescence microscopes are
designed as epi-fluorescence microscopes in which a dichroic mirror is built in.
The dichroic mirror cube comprises three components: a dichroic beam splitter
(partial mirror), an excitation filter and a barrier filter. Specific filters are used
to isolate the excitation and emission wavelengths for each fluorochrome.
The dichroic mirror reflects shorter wavelengths of light, allows longer wave-
lengths to pass and is required because the objective acts as both the condenser
lens (excitation light) and the objective lens (emission light). Therefore, the
beam splitter isolates the emitted light from the excitation wavelength. This
epi-illumination type of light path is required to create a dark background so
that emitted fluorescence can be easily detected. As a bright light source for
producing the correct wavelengths for excitation, normally a 50-W or 100-W
mercury arc lamp is used.
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6. Confocal laser scanning microscopy

One of the main problems in fluorescence microscopy is the out-of-focus blur
degrading the image by obscuring fine structures in the specimen, particularly
in thicker specimens, like in a biofilm. In conventional microscopy, not only is
the plane of focus in a certain part in the specimen illuminated, but much
of other parts of the specimen above and below this focus point are also illumi-
nated resulting in an out-of-focus blur from these areas. This out-of-focus light
leads to a reduction in image contrast and brightness as well as to a decrease in
resolution. In the confocal microscope, all out-of-focus structures are minimized
by a diaphragm, the confocal aperture. Thus, the confocal aperture, also called
detection pinhole, works at the image acquisition and formation. The detection
pinhole does not permit rays of light from out-of-focus points to pass through
it, resulting in no blurry images. The wavelength of light, the numerical aper-
ture of the objective and the diameter of the diaphragm (a wider detection pin-
hole reduces the confocal effect) affect the depth of the focal plane. When using
confocal microscopy to view fluorescence, where up to 90% of the emission
light can be filtered out by the pin hole, specific wavelength lasers are used as
light sources, since these are extremely bright and monochromatic. For imaging
the point of light, the laser beam is scanned across the specimen by scanning
mirrors. The emitted light passing through the detector pinhole is transformed
into electrical signals by a photomultiplier and displayed on a computer moni-
tor. One major advantage of confocal microscopy is the fact that single sections
through a specimen can be made, the number depending on the thickness of
the specimen, the so-called Z-series. These individual images can be merged
into a single image, resulting in an image of the entire specimen that is always
in focus.

B. Preparation Methods for Light Microscopy

1. Living cell suspensions

The examination of living bacterial cells can be performed easily by spreading a
drop of natural specimen or a culture on a microscope slide.

• Dilute or, if possible, concentrate a bacterial suspension to faint turbidity
with sterile buffer like phosphate buffered saline (PBS, 50 mM sodium-
phosphate, 50 mM potassium phosphate, 90 mM NaCl, pH 7.0).

• Place a drop of B5 μl on a microscope slide.
• Apply a cover slip; use a cover slip with No. 1 thickness (B0.15 mm thick) to

allow the usage of oil-immersion objectives for higher magnifications.
• If no immediate examination can be done, cover the edges of the cover slip

with clear nail polish, air-dry and then examine at a later time.

For solid or semi-solid material, e.g. from colonies of agar plates

• Place a drop of B10 μl of sterile buffer on a microscope slide.
• Transfer a minimal quantity of bacteria from a colony with the aid of a sterile

needle.
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• Resuspend the bacteria gently in the drop of buffer.
• Take 5 μl of the suspension and dilute further with sterile buffer.
• Cover the undiluted and diluted suspensions with a cover slip.

For all examinations, be aware of the fact that culture conditions and age of
the culture may influence the shape, size and length of bacteria. Furthermore,
most flagella are only expressed at a certain growth rate. The formation of intra-
cellular granules is also growth rate dependent.

2. Immobilization of motile bacteria

Examination of very motile bacteria sometimes requires immobilization. One
possibility is to add 15�25% gelatin to the bacterial suspension to reduce motil-
ity due to higher viscosity of the suspension. An additional method is as
follows:

• Melt 1.5�2% high-quality agar in distilled boiling water.
• Transfer the melted suspension onto a microscope slide covering an area

about the size of the cover slip.
• Allow the agar to solidify for 10 min.
• Dry the slide in a dust-free oven at 40�50�C.
• Place a drop of 25�50 μl of the bacterial suspension onto a cover slip.
• Turn the cover slip around and place on the dried agar on the microscope

slide.
• Dried agar will start to swell and press the bacteria against the cover slip,

thereby minimizing their motility.

3. Fixation of suspensions or smears

For staining of bacteria, it is recommended to fix bacteria to prevent alterations
in shape or loss of appendages like flagella or pili. If one deals with pathogenic
bacteria, it also is worthwhile to apply fixed bacteria to minimize the infection
risk. Bacteria can be fixed either physically by heat or chemically with alde-
hydes prior to staining procedures.

• Spread a smear of bacteria or 5 μl of suspension with faint turbidity onto a
microscope slide.

• Let the microscope slide air-dry completely.
• Pass the underside of the slide (bacteria facing upwards) several times over

the flame of a Bunsen burner, avoid overheating. As a rule of thumb, the
microscope slide should still be touchable with the fingers after heat fixation.

• By doing so bacteria are induced to adhere firmly to the glass of the micro-
scope slide.

• After cooling down, the slide can be used for staining.

Important: When morphological features are being examined, be aware of the
fact that heating and drying can cause detrimental effects on shape and size
of bacteria and most probably lead to distortions of the bacterial cell. For that
reason, chemical fixation is preferred.
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• Prepare a 5% formaldehyde solution in sterile buffer.
• Alternatively prepare a fixation solution consisting of 5% formaldehyde and

2% glutaraldehyde.
• Resuspend bacteria in the fixation solution until a faint turbidity is reached.
• Allow to react for 10�15 min at room temperature.
• Place on a microscope slide that is covered with poly-L-lysine (see

Section IV.A.2.).
• Air-dry completely and perform staining procedures.
• Alternatively, do not allow to dry at all during the following staining steps

after placing bacteria on the poly-L-lysine-coated microscope slides.

4. Negative staining of capsules and layers

Negative-staining with nigrosin or India ink is a quick and easy method to
gain information about the presence or absence of capsules or any other
layers around bacteria. An organism with a capsule will show a halo around
the cell.

• Place a drop (B25 μl) of a 7% nigrosin solution or Indian ink on a microscope
slide; depending on the specimen, sometimes Indian ink has to be diluted
with distilled water.

• Resuspend a small quantity of biomass in the staining solution.
• Apply a cover slip.
• Soak up redundant staining solution with filter paper until a thin layer of

staining solution is left under the cover slip and examine.
• Alternatively, place a drop (B15 μl) of the bacterial suspension on a micro-

scope slide.
• Cover with a cover slip.
• Place 7% nigrosin or the water-diluted Indian ink at one edge of the cover

slip.
• Soak the staining solution through the suspension by applying a piece of a

filter paper on the opposite side of the cover slip.
• This will result in an uneven distribution of the dye solution, and the best

area of dye thickness can then be examined.

5. Gram-staining

Numerous modifications of the Gram-staining have been published since the
first stains by C. Gram in 1884. Gram-staining is the most important stain
used to subdivide bacteria into the two groups: the Gram-positive bacteria
and the Gram-negative bacteria. In addition, there are also bacteria that are
referred to as Gram-variable. The principle of the Gram-stain involves staining
of bacteria with crystal-violet and then with an iodine solution as a mordant.
Bacteria are then washed with ethanol. Gram-positive bacteria retain the col-
our of the stain, whereas Gram-negative bacteria do not. Here the protocol
according to Bartholomew and Mittwer (1952) and Bartholomew (1962) will be
described.
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• Prepare a solution of 2.0 g crystal-violet in 20 ml ethanol (solution A).
• Prepare a solution of 0.8 g ammonium oxalate in 80 ml distilled water

(solution B).
• Mix solution A and solution B to obtain the crystal-violet staining solution.
• Store the solution for at least 24 h and filter it through a paper filter shortly

before use.
• Prepare the mordant solution consisting of 1.0 g iodine and 2.0 g potassium

iodide in 300 ml distilled water. It is useful to grind the iodine and potassium
iodide before making the solution.

• Store the mordant in amber bottles in the dark.
• Prepare the decolourizing solution of 95% ethanol.
• Prepare the counterstaining solution consisting of 10 ml safranin O (2.5% in

95% ethanol) in 100 ml distilled water.
• Put the microscope slide with heat-fixed bacteria in the crystal-violet staining

solution for 1 min.
• Wash the slide gently with an indirect stream of tap water for 5 s.
• Put the slide in the mordant solution for 1 min.
• Wash the slide gently with an indirect stream of tap water for 5 s.
• Blot the slide dry on filter paper.
• Put the slide in 95% ethanol with agitation for 30 s.
• Blot the slide dry with filter paper.
• Put the slide in the counterstaining solution of safranin O for 15 s.
• Wash the slide gently with an indirect stream of tap water until no colour is

visible in the water stream anymore.
• Blot the slide dry with filter paper and examine.

Important: Always run a control of known Gram-positive and Gram-negative
bacteria to judge the performance of the staining procedure and the reliability
of the results.

6. Flagella staining

Although the width of flagella is small, they can be detected by light micros-
copy and staining methods have been introduced to enhance the visibility of
flagella (Figure 1). All of these staining procedures have in common the fact
that they do not represent consistently reliable methods. Molecular Probess

(Invitrogen, Darmstadt, Germany) offer NanoOranges as a fluorescent dye,
which can be used as an effective method for visualizing flagellation of bacteria.
Here I will firstly describe the staining method according to Leifson (1951) or
Clark (1976), which represents one of the most established flagella staining
procedures.

• Prepare a solution of 1.5 g sodium chloride in 100 ml distilled water (solution
A).

• Prepare a solution of 3.0 g tannic acid in 300 ml distilled water (solution B).
• Prepare a solution of 0.9 g pararosaniline and 0.3 g pararosaniline hydrochloride

in 100 ml 95% ethanol (solution C).
• Mix equal volumes of solution A and solution B.
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• Take two volumes of this mixture (A+B) and add to it one volume of solution C.
• The mixed staining solution can be used for a few weeks, but immediate

usage is recommended.
• Prepare an air-dried microscope slide with areas of attached bacteria.
• Use a wax pencil to draw a line around the bacteria.
• Fill the inside the area circled by the wax lines with the dye solution.
• Leave the dye solution for 5�10 min, the optimal time has to be determined

experimentally.
• Observe the dye solution until a golden film develops on the surface and pre-

cipitates form inside the dye solution.
• Take the slide and rinse gently with an indirect stream of tap water.
• Air-dry, apply a cover slip and examine. Flagella should stain red.

Another staining method for flagella according to Heimbrook et al. (1989) can
be used in suspension and has been applied successfully over years in a practi-
cal course for students.

• Prepare a solution consisting of 2% tannic acid in 10 ml 5% aqueous phenol
and 10 ml of saturated potassium aluminium sulfate (solution A).

• Set up a solution of saturated crystal-violet in 95% ethanol (solution B).
• Take 10 volumes of solution A and 1 volume of solution B, mix and pass

through a 0.2 μm filter.
• Fill a 1 ml syringe with the staining solution.
• Place a drop (5 or 10 μl) of the bacterial suspension on a microscope slide.
• Apply a cover slip.
• Allow to stand for 5�10 min.
• On the edge of the cover slip, place a small drop of staining solution; the

dye will diffuse under the cover slip. Alternatively, soak through by placing
a filter paper at the opposite side of the cover slip.

Figure 1. Light microscopic image of flagella (arrows) staining of Escherichia coli.

70



• Wait for 5 min and examine starting at the edge of the cover slip where the
dye has been placed.

7. Acid-fast staining

Bacteria of the genera Mycobacterium and Nocardia are medically relevant and
some cause infectious diseases. Many of these bacteria have unusual cell walls
that are waxy and nearly impermeable due to the presence of mycolic acids and
large amounts of fatty acids, waxes and complex lipids. These organisms are
difficult to stain with water-based stains, such as those used in Gram-staining.
Because the cell wall is so resistant to permeation by most compounds, these
bacteria require a special staining technique involving heat in order to drive the
stain into their complex cell wall.

• Dissolve 0.3 g of basic fuchsin in 10 ml of 95% ethanol.
• Add 5 ml of heated, melted phenol crystals to 95-ml distilled water.
• Mix both solutions and let stand for several days and filter through a paper

filter (carbol fuchsin stain).
• Add 3 ml of concentrated HCl to 97 ml of 95% ethanol (decolourizing

solution).
• Dissolve 0.3 g methylene blue chloride in 100 ml distilled water (counterstain

solution).
• Prepare an air-dried and heat-fixed bacteria suspension on a microscope

slide.
• Cut a piece of filter paper to fit the size of the slide and soak the filter paper

in the carbol fuchsin stain.
• Place the stained filter paper onto the slide.
• Heat the stain until it starts to steam by putting the underside of the micro-

scope slide on a hot plate or above a steaming water bath.
• While steaming for 5 min keep the sample moist with stain by regularly reap-

plying stain.
• Remove the filter paper.
• Wash the slide gently with an indirect stream of tap water until no colour

appears in the washing water.
• Hold the slide with forceps and wash it with the decolourizing solution.
• Wash immediately with tap water as above.
• Repeat the previous two steps if the bacterial the bacterial suspension looks

faintly pink.
• Cover the suspension with the counterstain (methylene blue) for 20�30 s.
• Wash with tap water.
• Apply a cover slip and examine.
• Acid-fast bacteria appear red and non-acid-fast bacteria in blue.

8. Endospore staining

Normal water-based techniques, such as the Gram-stain, will not stain these
tough, resistant structures. To stain endospores, malachite green must be forced
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into the spore using heat, in much the same way that carbol fuchsin is forced
through the waxy mycolic acid layer of mycobacterial cells in the acid-fast stain.

• Prepare a 0.5% malachite green solution in water.
• Prepare the counterstaining solution consisting of 10-ml safranin O (2.5% in

95% ethanol) in 100 ml distilled water.
• Prepare a heat-fixed suspension of bacteria on a microscope slide.
• Cut a piece of filter paper to fit the size of the slide and soak the filter paper

in the malachite stain solution.
• Place the stained filter paper on the slide.
• Heat the stain until it starts to steam by putting the underside of the micro-

scope slide on a hot plate or above a steaming water bath.
• While steaming for 5 min keep the sample moist with stain and by regularly

reapplying stain.
• Remove the filter paper.
• Wash the slide with an indirect stream of tap water until no colour appears

in the washing water.
• Counterstain the slide with safranin O for 30 s.
• Wash the slide with an indirect stream of tap water.
• Air-dry the slide and examine.
• Endospores appear bright green, whereas vegetative cells appear brownish-red.

9. Cytoplasmic inclusions staining

When grown under certain growth conditions, some bacteria produce intracellular
deposits termed inclusion bodies. These inclusion bodies are evident by phase-
contrast microscopy because of their refractility. For identification, specialized
staining procedures have to be performed. Here staining for poly-β-hydroxyal-
kanoate (also known as poly-β-hydroxybutyrate [PHB]), polyphosphate, glyco-
gen and lipids will be described.

a Poly-β-hydroxyalkanoate

• Prepare a solution of 0.3% Sudan black B in ethylene glycol (solution A).
• Prepare a solution of 0.5% safranin O in distilled water (solution B).
• Prepare a heat-fixed film of bacteria.
• Immerse the slide in solution A for 10�15 min.
• Wash the microscope slide with an indirect stream of tap water until no col-

our appears in the washing water.
• Air-dry the specimen.
• Afterwards, immerse and withdraw the microscope slide several times in

xylene.
• Always blot the slide dry on filter paper between each step.
• Wash the slide with an indirect stream of tap water until no colour appears

in the washing water.
• Blot dry.
• Poly-β-hydroxyalkanoate granules appear as blue-dark granules in a pink

cytoplasm.
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b Polyphosphate granules

• Prepare a saturated solution of methylene blue chloride by adding 1.6 g of
methylene blue chloride to 95% ethanol (solution A).

• Prepare a solution of 0.01% potassium hydroxide (solution B).
• Mix 30 ml of the supernatant of solution A with 100 ml of solution B. The

resulting staining solution is termed Loeffler’s dye.
• Alternatively, prepare a solution of 1% toluidine blue in distilled water.
• Prepare a heat-fixed film of bacteria.
• Immerse the slide in Loeffler’s dye or toluidine blue dye for 10�15 s.
• Wash the slide with an indirect stream of tap water until no colour appears

in the washing water.
• Blot dry on filter paper.
• With Loeffler’s dye, polyphosphate granules stain deep blue to violet,

whereas toluidine blue stains the granules red and the cytoplasm appears
blue.

c Glycogen

• Prepare a solution of 0.3% iodine and 0.6% potassium iodide in distilled
water (Lugol’s reagent); grind iodine before setting up the solution.

• Prepare a slide with a 5 μl drop of the bacteria solution.
• Apply a cover slip.
• Place a drop of Lugol’s reagent on one side of the cover slip.
• Soak the dye through the cover slip with filter paper by placing the filter

paper on the opposite side of the cover slip.
• Observe in bright field mode (not phase contrast).
• Starch granules appear black/blue, granulose blue/violet or brown/violet,

whereas glycogen appears reddish-brown.
• If this staining is not successful, periodate-Schiff staining (PAS) should be

performed.

PAS

• Prepare a solution of 20 ml of 4% aqueous periodic acid.
• Add 10 ml of 0.2 M aqueous sodium acetate and 70 ml of 95% ethanol.
• Protect the solution from light, solution A (periodate solution).
• Prepare a solution of 10 g of potassium iodide and 10 g sodium thiosulfate

pentahydrate in 200 ml distilled water.
• Add first 300 ml of 100% ethanol and then 5 ml of 2 M HCl to the potassium

iodide/sodium thiosulfate solution.
• Stir for 5 min, allow the sulfur precipitate to settle and then decant the super-

natant, solution B (reducing solution).
• Dissolve 2 g basic fuchsin in 400 ml of boiling distilled water.
• Cool to 50�C and filter through a paper filter.
• Add 10 ml of 2 M HCl and 4 g potassium metabisulfite, stir slightly.
• Fix stopper tightly and allow to stand for 12 h in a refrigerator.
• Add about 10 ml of 2 M HCl until the reagent does not show a pink tint after

drying on a glass slide, store in the dark, solution C (Schiff reagent).
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• Prepare a solution of 2 g potassium metabisulfite in 500 ml distilled water
and add 5 ml of concentrated HCl, solution D (washing solution).

• Prepare a solution of 0.002% aqueous malachite green, solution E (counterstain
solution).

• Prepare a smear of heat-fixed specimen on a glass slide.
• Flood the slide for 5 min in solution A (periodate solution).
• Wash the slide with 70% ethanol.
• Flood the slide for 5 min with solution B (reducing solution).
• Wash the slide with 70% ethanol.
• Stain for 15�45 min with solution C (Schiff reagent), time of staining has to

be determined experimentally.
• Wash the slide several times with solution D.
• Wash the slide with tap water.
• Counterstain with solution E for 2�5 s.
• Wash the slide with tap water, blot dry.
• Examined under oil immersion, glycogen or other polysaccharides appear

red, whereas cytoplasm appears green.

d Lipids

• A reliable method works with BODIPYs 493/503 Molecular Probess

(Invitrogen, Darmstadt, Germany).
• Dissolve BODIPYs 493/503 in 100% ethanol to give a stock solution of

1 mg/ml.
• Store in the dark for immediate use or freeze at 220�C for longer storage.
• Staining can be performed with unfixed or 1% formaldehyde-fixed bacteria.
• Rinse fixed bacteria several times in PBS.
• Resuspend the last pellet in a 1:250, 1:500 and 1:1000 dilution of BODIPY

493/503 in PBS. The best dilution has to be tested out empirically.
• Shake for 15 min.
• Wash three times with PBS.
• Place a 5-μl drop on a microscope slide, apply a cover slip and seal with nail

polish.
• Examine using a fluorescence microscope with blue excitation light (as for

fluorescein isothiocyanate, FITC).
• Take a phase-contrast image together with the fluorescence image and merge

the two images.
• Lipid droplets light up green.

10. Immunofluorescence labelling of a bacterial cell surface-bound antigen

The following labelling protocol describes the immune labelling of a bacterial
cell surface-bound antigen. A prerequisite is that antibodies against the antigen
have been raised.

• Fix bacteria with 1% formaldehyde on ice for 1 h.
• Wash in PBS containing 10-mM glycine for quenching free aldehyde groups.
• Alternatively, the labelling protocol can be carried out with unfixed bacteria.
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• Centrifuge 2 ml of the unfixed/fixed bacteria solution in an Eppendorf tube.
• Resuspend bacteria in 500 μl PBS.
• Add purified antibodies to a final concentration of 50 μg in 500 μl PBS.
• Incubate for 1 h at 30�C.
• Wash three times with PBS.
• Resuspend the last pellet in a 1:150 or 1:200 dilution of anti-antibodies

(depending in which animal the antibodies were raised; if raised in rabbits
a goat anti-rabbit-antibody is used) coupled to a fluorescence dye like
Alexa Fluors 488 (green) or Alexa Fluors 568 (red) (Invitrogen, Darmstadt,
Germany).

• Incubate for 30 min at 30�C.
• Wash three times with PBS.
• Resuspend the last pellet in 100 μl PBS.
• Place a 5 μl drop on a microscope slide, apply a cover slip and seal with clear

nail polish.
• If Alexa Fluors dyes are used, no antifade chemical is needed. If FITC- or

rhodamine-coupled anti-antibodies are applied, an antifade chemical has to
be used to prevent bleaching under the fluorescence microscope.

• Examine using a fluorescence microscope at an excitation wavelength appro-
priate for the dye used.

tttttt III. TRANSMISSION ELECTRON MICROSCOPY (TEM)

The greatest challenge to examine biological material in a TEM is the non-
physiological condition to which specimen must be exposed. First, since
specimens are examined in a high vacuum, they have to be dry. Secondly,
the image contrast in a TEM results from electron scattering, and contrast
correlates directly with the amount of scattered electrons. The higher the
atomic number, the more electrons are scattered and the greater the contrast.
Unfortunately, most biological elements like carbon, hydrogen, oxygen or
nitrogen do not scatter electrons to gain a good contrast. To improve contrast,
heavy metals have to be added during the preparation steps. Thirdly,
electrons have a limiting power to penetrate the specimen. This requires a
preparation of a very thin specimen or slicing the specimen into thin sections
of 50�100 nm. In summary, the preparation of biological specimen while
retaining the native structural morphology was, is and will be a challenge for
TEM imaging. Here two of the main methods are described in detail (nega-
tive-staining and embedding of specimens for preparing ultrathin sections) to
obtain images for use in taxonomic classification.

A. Negative-Staining Methods

Negative staining is the most rapid, reproducible and easy-to-perform method
for analysing bacteria, phages or enzyme molecules in the TEM. Since negative
staining involves deposition of heavy atom, using stains like uranyl acetate on
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the specimen with subsequent air-drying, structural artefacts such as flattening
are commonly observed. It is assumed that the heavy-metal salt solutions
occupy hydrated regions of the specimen and penetrate into cavities within the
sample. The TEM image represents a projection of the sample, which is electron
translucent, whereas the surrounding areas of the sample are grey to dark.
Nowadays, cryo-electron microscopy is currently regarded as the best method
to view small native specimens after flash-freezing the samples in a thin film of
vitreous ice and imaging without staining. Nevertheless, negative staining is the
method of choice to characterize bacteria and to analyse surface appendages
like flagella, pili or fimbriae (Figures 2 and 3).

1. Preparation of carbon film on mica

• Cleave a piece of mica (3 cm3 3 cm) with a scalpel to gain a clean and even
surface.

• Place the mica with the newly cleaved side facing up in a Petri dish and fix
with tape and place in the carbon evaporation apparatus.

• Carbon films are produced by resistance evaporation of carbon rods, which
are sharpened to points and afterwards blunted to a diameter of 1 mm. The
blunted ends, touching each others, are then mounted in the evaporation
apparatus held together by a pressure spring. By passing an electric current
through the carbon rods, carbon is evaporated and the carbon film forms on
mica. Instead of using carbon rods, carbon thread can be evaporated, which
usually results in a more regular carbon film. The procedure used is based on
the available apparatus in the laboratory.

• Carbon-coated mica is stored in a Petri dish and sealed with Parafilmt to
avoid humidification.

2. Negative staining with carbon film

Specimen and supporting films require a mechanical support in the form of a
metal grid for imaging in the TEM. The grid itself exhibits an electron opaque
component, the bars and an electron translucent part, the open area. The number
of grid bars and percentage of open area can be varied depending of the grid
types used; 100�400 mesh (lines/inch.) grids are commonly used. Most EM grids
are made of copper because they are the cheapest and their non-ferromagnetic
character results in minimal distortion of the magnetic field of the objective lens.

Figure 2. Scheme for negative-staining applying carbon film on mica.
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In addition, the copper mesh also conducts heat away from the support film and
helps prevent thermal expansion, and hence movement of the specimen under
the electron beam can be minimized. For immune labelling studies, nickel grids
are used since copper grids develop copper rust with time when incubated with
high-salt buffers, like PBS.
The following three negative-staining solutions containing heavy-metal

solutions are commonly used:

• Aqueous 0.5�4% uranyl acetate solution, pH around 4.5, if pH needs to be
adjusted to the more basic side, add 0.1 M KOH carefully, above pH 5.0 non-
soluble UO2(OH)2 is formed, by adding 1 mM EDTA, the pH can be raised
to 7.5, but the grain size of the stain will increase (van Bruggen et al.,
1960, 1962).

• Aqueous 0.5�3% phosphotungstic acid solution or corresponding Na and
K salts, pH is adjustable with 1 M KOH or NaOH (Brenner and Horne, 1959).

Figure 3. Negative-staining of Escherichia coli and Helicobacter pylori with 2% uranyl acetate.
(A) Part of a flagellum (arrow) and pili (arrow heads) is depicted. (B) Pili (arrow heads) are
visible covering the surface of E. coli. (C) H. pylori displays an amphitrichous flagellation (at
both poles of the bacterium).
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• Aqueous 1�10% ammonium molybdate, for pH adjustment titrate with 0.1 M
KOH, NaOH or ammonia (Muscatello and Horne, 1968).

Important: Store all staining solutions in brown glass bottles in the dark.
Uranyl acetate is the preferred negative-staining solution since it is “wetting”

the specimen much better than the other stains and forms a continuous film of
stain on the carbon film. Phosphotungstic acid and ammonium molybdate tend
to form preferentially patches of stain instead of a staining film on carbon film.

• Pipette 50-μl droplets of the sample, washing and staining solutions on a
clean piece of Parafilmt. Take care that a pronounced convex meniscus is
always visible. For washing solutions, TE-buffer (20 mM TRIS, 1 mM EDTA
and pH 6.9) and distilled water can be used.

• Cut a square of 2 mm3 2 mm from the carbon-coated mica and hold the
piece with sharp, pointed forceps at one end of the piece of mica.

• Introduce the carbon-coated piece of mica at a 45� angle slowly into the sam-
ple solution. The carbon film will float off the mica, and particles will start to
adsorb to the carbon film. Part of the carbon film still has contact to the mica
and is held in place by the forceps. The floating time of the carbon film on
the sample solution depends on the number of particles in the solution.

Generally, the length of the adsorption time (normally 10�60 s) depends on
the number and size of the particles in the sample solution. For bacteria the
sample solution should be slightly turbid; for phages it is recommended to use
107�109 phages/ml; and for proteins a concentration of 50�100 μg protein/ml
is sufficient. To obtain reasonable results for the number of particles per view-
ing field in the TEM, the trial-and-error method applies.

• Remove the piece of mica slowly from the sample solution, and the carbon
film will fall back into its original position. Remove excess sample solution
by blotting on filter paper, but do not blot dry.

• Using the same procedure as described above, transfer the carbon film onto
TE-buffer and distilled water, always remove excess fluid by blotting on filter
paper.

• Completely float the mica off onto the staining solution by moving the piece
of mica under the surface of the staining solution drop, open the forceps, and
the piece of mica will fall to the bottom and the carbon film floats on the
staining solution.

• Pick up the carbon film with the adsorbed specimen using a 300 mesh copper
grid. The grid should be cleaned before with acetone. Since grids have the ten-
dency to be hydrophobic, it is recommended to put the grid with the rough
side on a drop of distilled water, leave for a few seconds and blot on a filter
paper and immediately put the grid onto the carbon film. Slightly press on the
grid with the forceps to get better contact of the film to the grid and to remove
the occasionally build air bubbles between the carbon film and the grid.

• Pick up the grid perpendicular from the staining solution drop, turn it
around and blot the staining solution from the grid with filter paper. Put the
filter paper at the edge of the grid and let the solution creep up the filter
paper. If the staining solution does not flow anymore into the filter paper,
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remove the filter paper immediately. Using this procedure, one usually gets a
gradient of shallow stain and deeper stain on the carbon film. Blotting of
staining solution is the most crucial step in the entire negative staining proce-
dure and needs a bit of training to reach the desired staining thickness.

• Air-dry the grid with the attached carbon film with the help of a warm light
globe by placing the grid under the globe at a distance of 1�2 cm for 10�15 s.

• Examine by TEM.

3. Preparation of carbon-coated plastic films on grids

Formvar films are widely used (Drummond, 1950; Bradley, 1954) and prepared
from 0.5�1% polyvinylformaldehyde in chloroform. Butvar films are prepared
from 0.5�2% polyvinylbutyral in chloroform. Both of these plastic films are rel-
atively stable under the electron beam and, when freshly prepared, exhibit a
hydrophilic character, which makes them suitable for attaching particles out of
aqueous solutions. A third plastic film can be made from a 1�2% collodion
solution in isoamyl acetate and is called a collodion film. All three types of films
can be coated with carbon to gain stability.

(a) Formvar/Butvar film

• Clean a glass microscope slide with detergent and air-dry. Place the slide in a
cylindrical glass funnel with a tap and a drain tube that has been filled with
1% Formvar or Butvar in water-free chloroform. The slide should not be
completely submersed; 1 cm of the upper edge should be still in air to facili-
tate handling of the slide.

• Cover the funnel with a lid and allow to stand for 30�60 s.
• Open the tap and let the Formvar/Butvar solution drain out of the funnel;

the faster it flows the thicker the remaining film is.
• Wait another 30 s, open the lid and remove the slide with forceps and air-dry

in a sealed beaker for 5 min.
• With a razor-blade scratch the edges of the slide and cut through the film on

the upper part of the slide.
• Float off the Formvar/Butvar film on a clean distilled water surface in a large

Petri dish. This is best done by slowly immersing the slide with its short edge
at a 45� angle into the water. The Formvar/Butvar film will float off.

• Place the desired grids onto the Formvar/Butvar film with the shiny side up.
Start at the corners of the film and then place the grids onto the entire film
surface.

• Take a suitable-sized piece of Parafilmt backing paper (not Parafilmt itself),
which is larger in size than the Formvar/Butvar film and gently lower
it down onto the grid-covered Formvar/Butvar film, gently press on the
backing paper to remove air bubbles and wait until the backing paper is
completely wet. Alternatively, filter paper can be used to pick up the film.

• With forceps take the entire sandwich of backing paper, grids and
Formvar/Butvar film from the water surface in one fast movement.

• Turn the sandwich around and place it on filter paper and air-dry for a day.
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(b) Collodion film

• Clean a Büchner funnel with a tap or similar glassware with distilled water
and fill with water.

• Place a fine mesh wire gauze (distance between the bars less than 2 mm) or
filter paper (5 cm) on the bottom.

• Place grids on the wire gauze or filter paper with the shiny side down.
• Fill the tip of a glass pipette with collodion solution in water-free isoamyl

acetate.
• Place one drop of collodion solution on the water surface.
• The drop will spread, and when the surface is illuminated under an 45� angle

interference colours of the evaporating collodion solution can be visualized
on the nascent film.

• When interference has stopped, small wrinkles can often be detected on the
collodion surface indicating that all the solvent has evaporated.

• The collodion film is slowly lowered on the grids by draining off the water
through the tap.

• Take the gauze or filter paper, place it on filter paper for drying and air-dry
the collodion coated grids for a day at room temperature.

• Formvar/Butvar and collodion films can be used uncoated or coated with
carbon as described in Section III.A.2.

4. Negative staining with carbon-coated Formvar/Butvar films

• Pipette 50 μl droplets of the sample, washing and staining solutions on a
clean piece of Parafilmt. Take care that a pronounced convex meniscus is
always visible. Use TE-buffer (20 mM TRIS, 1 mM EDTA and pH 6.9) and dis-
tilled water as washing solutions.

• Place the carbon-coated Formvar/Butvar grid on the sample solution
(the carbon side facing into the solution). For making the carbon-coated
plastic films more hydrophilic, they can be glow discharged for 30 s
before usage.

• Leave the grid for 30�60 s on the sample solution depending on the number
of particles.

• Take the grid with forceps and blot the excess liquid on filter paper, do not
dry completely.

• Wash in TE-buffer by placing the grid on a drop of TE-buffer, blot onto filter
paper.

• Wash in distilled water, blot again on filter paper.
• Stain the sample by putting the grid on the staining solution of 1�4% aque-

ous uranyl acetate.
• After 30�60 s, take the grid from the staining solution and remove excess liq-

uid in the same way as described in Section III.A.2. for establishing a gradient
of shallow and deep stain on the grid.

• Air-dry.
• Examine by TEM.
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B. Metal-Shadowing

Besides negative-staining metal-shadowing with platinum, iridium, tungsten or
tantalum provides an effective method for visualization of bacterial appendages
like flagella, pili or fimbriae. Contrast is achieved by deposition of particles of
these metals at an angle of between 30� and 45�. One side of the appendage is
coated with the metal, whereas the other side has less metal or even no metal.
Therefore, this side appears brighter in the TEM compared to the metal-covered
side (Heinmets, 1949). Resolution of metal-shadowing depends on the metal
used, the method of evaporation and the evaporation temperature. Resistance
heating results in larger grain sizes than evaporation with an electron beam
gun.

• Fix the specimen with 3% formaldehyde and 1% glutaraldehyde on ice,
for 1 h, centrifuge the specimen at the lowest possible g-value to form a fluffy
pellet.

• Gently resuspend the pellet with TE-buffer, centrifuge again.
• Resuspend in a small amount of TE-buffer.
• Apply specimen solution onto a carbon-coated Formvar/Butvar grid.
• Allow to stand for 30�60 s and carefully blot dry onto filter paper.
• Wash grid with three drops of distilled water.
• Air-dry or freeze-dry the specimen.
• Depending of the evaporation unit, place the grid on a carrier.
• Install in the evaporation unit and metal-shadow.

Platinum-iridium wire is normally used because the metal film is relatively
stable to humidity; in case of a tungsten�tantalum film, grids have to be
observed immediately after metal-shadowing or stored in a desiccator.

C. Embedding and Ultrathin Sectioning

Nowadays, a wide variety of methods can be applied to prepare biological
material for examination of the intracellular morphology in the TEM. The
common aim is to obtain morphological information by reproducible meth-
ods, which can be repeated in other laboratories as well. Therefore, the
results obtained by one laboratory are strictly comparable with those
obtained by another. Technical methodology has reached a point where
reproducibility of specimen preparation is now possible in different labora-
tories. Reproducibility strengthens the belief that micrographs are faithful
reflections of the native state of the specimen. The risk of introduction of
technique-induced artefacts is lower as preparation techniques become more
refined. It often helps to study a given sample with a variety of preparation
techniques, as each can provide independent and self-consistent information.
It is a good practice to combine a conventional embedding method with a
cryo-based method, like high-pressure freezing and freeze-substitution, since
the latter should allow examination of the specimen in an even closer native
state.
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1. Conventional embedding of specimen for ultrathin sectioning

The most popular technique for examining the intracellular morphology of
biological materials is to embed the specimen in a liquid plastic resin, and after
polymerization of the resin, ultrathin sections are cut in the range of
50�100 nm. These sections can be examined in a TEM. Biological specimen is
chemically fixed with aldehydes, such as formaldehyde or glutaraldehyde, con-
trasted with solutions of heavy-metal salts like osmium tetroxide and uranyl
acetate, dehydrated in ethanol or acetone and embedded in plastic resins like
epoxy resins or acrylate resins. Subsequently, ultrathin sections are cut with
glass or diamond knives using an ultramicrotome, transferred to specimen
support grids, counterstained with heavy-metal salt solutions like uranyl acetate
or a combination of uranyl acetate and lead citrate before examination in the
TEM (for a comprehensive overview refer to the books of Hoppert and
Holzenburg (1998); Bozzola and Russel (1999); Glauert and Lewis (2000); and
Hoppert (2003)).

2. Fixation

The overall purpose of fixation is to maintain the native state, especially the
morphology of the specimen, so it can resist the effects of subsequent steps
in the preparative procedures. The common aim is to preserve every detail of
cellular ultrastructure right down to the molecular level exactly as it appears
in the native state. Nevertheless, it is well documented that chemical fixation
and dehydration will introduce some preparation artefacts. The first step is to
perform fixation of bacteria in their normal living condition, i.e., it is recom-
mended to fix bacteria in the growth medium. The primary purpose of the fix-
ative is to solidify the morphology of the sample as fast as possible. Proteins
floating in the cytoplasm and bound to cellular membranes should be kept at
their location, and the spatial relationships of the various proteins and com-
partments of bacteria should be preserved. Fixation should also render all the
other chemical constituents of the sample, such as nucleic acids, nucleopro-
teins, carbohydrates and lipids, insoluble. As mentioned above, the aim of fix-
ation is to preserve the native state of the specimen as well as possible by
chemical fixation. A commonly used fixation procedure is a mixture of 1�5%
formaldehyde (prepared from paraformaldehyde) and 1�3% glutaraldehyde,
followed by an osmification step using osmiumtetroxide. It is recommended
to fix the specimen in the growth culture media, thus avoiding centrifugation
and resuspending of bacteria in a buffer, which might be of a detrimental
effect on bacterial morphology.

• Prepare a 25% stock solution of formaldehyde by adding distilled water to
25 g of paraformaldehyde to reach a 100 ml volume. Heat the solution to
60�C with stirring and add drop by drop 10 M NaOH until the paraformalde-
hyde is dissolved. Leave the solution for 1 week at room temperature and
take the clear supernatant, pass it through a paper filter and centrifuge the
solution at 13,000 rpm.
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• Fixation of the specimen can be routinely performed in the culture medium
with 5% formaldehyde and 2% glutaraldehyde as the final concentration.
Sometimes it is advantageous to perform the formaldehyde fixation at first
for 5 min, followed by the glutardialdehyde fixation.

Important: Use EM-grade glutaraldehyde.

• Keep the specimen for at least 1 h at 4�8�C and centrifuge and resuspend the
pellet in an appropriate buffer. We use very often cacodylate buffer (0.1 M
cacodylate, 0.01 M CaCl2, 0.01 M MgCl2, 0.09 M sucrose and pH 6.9), alterna-
tively a HEPES buffer (pH 7.0) can be used.

• Repeat the centrifugation and washing step twice.
• Resuspend the last pellet in 1% or 2% osmium tetroxide either in distilled

water or in an appropriate buffer like cacodylate buffer.
• Perform the osmification at room temperature for 1�2 h, afterward wash

with buffer.

Important: Always perform osmification in a hood since osmiumtetroxide is
very volatile and toxic, always wear eye protection.

• Resuspend the pellet in 2% aqueous agar, which is kept at 45�C, mix the pel-
let with equal amounts of agar, soak the mixture in a glass Pasteur pipette
and pour the content after a partial solidification of the agar mixture on a
glass slide, put the glass slide on ice to aid further solidification of the agar,
cut small pieces of 2�3 mm and transfer in an Eppendorf tube. These steps
allow handling of the specimen without performing a centrifugation after
every preparation step so that the dehydration fluid and resin are replaced
by soaking and refilling the Eppendorf tube.

3. Dehydration

The aim of this preparation step is to replace all the free water in the sample
with a fluid that is miscible both with water and with the embedding resin
monomer. Usually ethanol, methanol and acetone are applied for dehydration.
Acetone, e.g., is the preferred agent for dehydration if the epoxy resin according
to Spurr (1969) is used. The duration of each dehydration step is kept as short
as possible to prevent extraction of components, especially lipids, resulting in
subsequent shrinkage of the sample. This is carried out on ice to prevent more
pronounced extraction processes. Dehydration and embedding in the epoxy
resin formula according to Spurr will be described.

• Add the graded series of acetone (10%, 30%, 50%) to an Eppendorf tube with
the specimen and allow to incubate for 10�15 min for each step on ice.

• Fill the Eppendorf tube with 2% uranyl acetate in 70% acetone and leave
overnight at 4�7�C.

• Continue the dehydration with 90% and 100% acetone steps on ice.
• Remove the specimen from the ice and bring to room temperature, repeat the

100% acetone step twice.
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4. Embedding with resin

Properties of an ideal embedding resin include it being soluble in acetone,
ethanol and methanol as well as in the resin monomers before polymerization.
The resin does not chemically modify itself, the specimen or physically disrupt
or distort the specimen. It should polymerize and harden uniformly, thereby
producing a sample block hard enough, yet plastic enough, to cut into ultrathin
sections. Last but not least, it should be stable under electron irradiation. None
of the available embedding resins fulfil all these characteristics. Nowadays, a
wide variety of resins can be used, which are grouped into the following main
categories: (a) water-soluble resins like glycolmethacrylate and Durcupan or
water-tolerating resins like the hydrophilic Lowicryl resins KM4 and KM11, (b)
methacrylate resins like GMA, HPMA or JB-4, (c) acrylic resins like LR White,
LR Gold or Unicryl and (d) epoxy resins like Epon 812, Araldite or Spurr’s
resin (Rosenberg et al., 1960; Luft, 1961; Kushida, 1964; Armbruster et al., 1982;
Carlemalm et al., 1982). The epoxy resin formula according to Spurr is often
used due to its low viscosity and therefore good penetration capabilities into
the sample (Spurr, 1969). In addition, Spurr, as well as Epon 812, is convenient
because the hardness of the final block is controlled by the proportions of the
two hardeners used in the monomer mixtures. If other resins are chosen, refer
to the manufacturer’s recommendations.

• Infiltrate with the resin following the scheme:
1 part/volume acetone:1 part/volume Spurr resin for 12 h
1 part/volume acetone:2 parts/volumes Spurr resin for 12 h
pure Spurr resin for 12 h with one to two changes
pure Spurr resin containing the catalyst for 24 h with one to two changes.

• Transfer the specimen to the bottom of a gelatine drug capsule (0.5 ml) and
fill the capsule with pure resin to three quarters.

• Put the gelatine capsules containing the specimen in a vacuum chamber and
apply a slight vacuum (0.6�0.8 bar) for 3�5 min. This step will release air in
the resin mixture, which might have been incorporated during the mixing
process. If this step is omitted, polymerized resin can be brittle and too hard
to perform proper sectioning.

• Before sealing the gelatine capsules with the lid, place a small notice in the
upper part of the capsule written on paper with a pencil to describe the sam-
ple. This notice will be polymerized together with the sample.

• Polymerize the specimen for 12 h at 70�C. If the ultrathin sectioning is not
satisfactory, polymerize for another 12 h.

5. Embedding for visualization of intracellular membranes

Since many bacteria, e.g., phototrophic bacteria or spore forming bacteria form
membranes intracellularly, a special fixation protocol is required. Aldehyde
fixation is followed by osmification, and on block-staining with uranyl acetate
embedding sometimes does not preserve the membranes properly. To gain
sufficient contrast of intracellular membranes, the thiocarbohydrazide ferrocya-
nide-reduced osmium method can be applied (Willingham and Rutherford, 1984).
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• Prepare a 1% thiocarbohydrazide solution in 58�C distilled water.
• Bring to room temperature.
• Filter using normal filter paper.
• Prepare a 1.5% ferrocyanide solution in 1% osmiumtetroxide in distilled

water shortly before usage of the solution.
• Fix the specimen with 5% formaldehyde and 2% glutaraldehyde for 30 min.
• Wash in an appropriate buffer like cacodylate buffer.
• Resuspend the pellet in the 1.5% ferrocyanide/1% osmiumtetroxide solution

and incubate for 30 min at room temperature.
• Centrifuge and resuspend the pellet in 1% thiocarbohydrazide for 5 min.
• Centrifuge and resuspend the pellet in 1.5% ferrocyanide/1% osmiumtetroxide

for 5 min.
• Centrifuge and wash once with an appropriate buffer, e.g. cacodylate.
• Follow the standard embedding protocol for embedding in Spurr resin (see

Section III.C.3. onwards).

6. Embedding for immunocytochemistry applying the progressive lowering of temperature
(PLT) method and Lowicryl resins

Lowicryl resins are the most popular resins for immunocytochemistry because
of their suitability for low-temperature embedding (Roth et al., 1978, 1981).
This has the advantage that cellular ultrastructure is very well preserved and
the antigenicity of proteins is retained. In addition, low-temperature embedding
reduces the extraction of lipids during the embedding procedure. Since
Lowicryls are methacrylate resins that are volatile and toxic, adequate fume
hoods, appropriate gloves (e.g. 4H gloves), and protective glasses should
always be used. Other disadvantages of this method are the technical efforts
that are required to maintain the specimens at low temperatures while infiltrat-
ing, embedding and polymerizing them. Lowicryl resin is available in four
types: two polar hydrophilic resins, K4M (used at 235�C and above) and K11M
(used at 260�C and above) and two non-polar hydrophobic resins, HM20 (used
at 270�C and above) and HM23 (used at 280�C and above).

• Fixation of the specimen is performed with either 1% formaldehyde on ice for
1 h or a fixation solution of 0.2% glutaraldehyde and 0.5% formaldehyde on
ice for 1 h.

• Wash the specimen with an appropriate buffer containing 10 mM glycine for
quenching unbound aldehyde.

• Immobilize the specimen in aqueous agar (see Section III.B.2.).
• Dehydrate the specimen with 30% ethanol/methanol on ice for 15 min.
• Dehydrate the specimen with 50% ethanol/methanol at 220�C for 30 min,

always cool down the dehydration step solution before use.
• Dehydrate the specimen with 70%, 90%, 100% ethanol/methanol at 235�C

for K4M (or at 260�C to 280�C for the other Lowicryl resins) for 30 min for
each step.

• Repeat the 100% ethanol/methanol step.
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• Infiltrate with 1 part ethanol/methanol/volume:1 part/volume Lowicryl
K4M at 235�C for 3 h.

• Infiltrate with 1 part ethanol/methanol/volume:2 parts/volumes Lowicryl
K4M at 235�C for 12 h.

• Infiltrate with pure resin at 235�C for 12 h with one change of resin.
• Infiltrate with pure resin at 235�C for 24 h with one change.
• Infiltrate with pure resin at 235�C for 3 h.
• Transfer the specimen in Lowicryl K4M-filled gelatin drug capsules at 235�C,

fill capsules completely, put on the lid of the gelatin capsule.
• Keep the specimen at 235�C and polymerize with 360-nm UV-light for 12 h

or longer.
• Polymerize specimen for another 2�3 days with 360-nm UV-light.

If the technical tools for low-temperature embedding are not commercially
available, reasonable home-made models can be designed. Since it is very
important to avoid inhaling the vapours, a foam box that fits in a fume hood
filled with dry ice can act as a cool chamber. A metal block with holes drilled in
it to accommodate 2-ml cryovials is a useful holder. For adjusting temperatures
from 220�C to 280�C, various amounts of ethanol/methanol can be added to
adjust the temperature. A thermometer sitting within a cyrovial is a useful way
to monitor the temperature. For UV polymerization, a foam box lined with alu-
minium foil attached to a hand-held UV-lamp and placed in a freezer at the
desired temperature is a good alternative and quite effective.

7. Embedding for immunocytochemistry using LRWhite resin

LRWhite is an acrylic resin and is especially useful for localization of proteins
in bacteria. It is easy to work with as it is purchased as a complete mixture with
low viscosity. Only the accelerator has to be added at the last infiltration steps.
LRWhite resin is less toxic compared to methacrylate resins. The disadvantages
of LRWhite are that it is usable from 0�C to room temperature and requires
heat (45�C) for polymerization; therefore heat-sensitive epitopes may not retain
sufficient antigenicity.

1. Fixation of the specimen is performed either with 1% formaldehyde on
ice for 1 h or with a fixation solution of 0.2% glutaraldehyde and 0.5% form-
aldehyde on ice for 1 h.

2. Wash the specimen with an appropriate buffer containing 10 mM glycine
for quenching unbound aldehyde.

3. Dehydrate the specimen with a graded series of ethanol (10%, 30%, 50%,
70%, 90%, 100%) for 15 min each step on ice.

4. Repeat the 100% ethanol step twice.
5. Infiltrate with 1 part/volume LRWhite resin without accelerator:1 part/vol-

ume 100% ethanol on ice for 2 h.
6. Infiltrate with 2 parts/volume LRWhite resin without accelerator:1 part/

volume ethanol on ice for 2 h.
7. Infiltrate with pure LRWhite resin without accelerator on ice for 12 h.
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8. Infiltrate with LRWhite resin containing the accelerator for 12 h with two
changes.

9. Transfer the specimen into gelatin drug capsules, fill the capsule
completely, put the lid of the gelatin capsule on.

10. Polymerize at 40�C or 45�C for 1 day.

8. Embedding after high-pressure freezing (HPF) and freeze-substitution (FS)

Chemical fixation applying aldehyde, osmium tetroxide and uranyl acetate has
the drawback that not all cellular components are simultaneously stabilized.
During the embedding process, certain cellular components can be lost due to
dehydration and infiltration of the resin at ambient temperature. In contrast to
chemical fixation, cryofixation enables a simultaneous fixation of all cellular
components. In addition, a much faster fixation rate can be achieved and the
cell structure is preserved in its native and physiologically active state.
Successful cryofixation, followed by FS, introduces dehydrating agents and fixa-
tives at low temperature and allows proper crosslinking of cellular components.
Taken together, HPF and FS reveal a superior morphological preservation of
the specimen and allow for an accurate immune localization of antigens at high

Figure 4. Ultrathin sections of Group A, B and C streptococci after chemical fixation and HPF and
FS followed by embedding in an epoxy resin according to Spurr.
(A) Chemical fixation and standard embedding reveal partial visibility of the cytoplasmic mem-
brane (cm). The Gram-positive cell wall exhibits an electron dense inner lamina (il) and a more
translucent outer lamina (ol). Note the absence of any capsular material or “hairy-like” structures
of the M-proteins. (B�D) HPF Group A (B), Group B (C) and Group C streptococci (D) after FS
exhibit a more pronounced visibility of the cytoplasmic membrane. In contrast to chemical-fixed
Group A streptococci (A, identical strain as in B), HPF-frozen bacteria exhibit capsular material
(cps) covering the outer lamina (ol). In addition, the outer lamina looks morphologically very dis-
tinct when compared with the chemical-fixed bacteria.
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resolution (Figure 4). This method is recommended if delicate microorganisms,
like Archaea, are embedded and ultrathin sectioned (Rachel et al., 2010).

• Grow the organism and centrifuge to form a fluffy pellet.
• Alternatively, the specimen can be grown within cellulose capillaries.
• Depending on the manufacturer of the high-pressure freezing unit, soak

the pellet in capillaries and freeze in copper tubes for the Leica EM-Pact/
Pact2 or use brass hats as for the Bal-Tec HPF 010. If brass hats are used,
perform filling and freezing quickly to avoid air-drying at the top of the
sample.

• Freeze the specimen and store in liquid nitrogen or transfer immediately into
the freeze-substitution unit.

Freeze-substitution is the process of dissolution of ice in the frozen specimen
by an organic solvent at a temperature below 270�C to prevent secondary ice
crystal formation. Normally a second fixative is added to the substitution
medium. Once substitution is complete, the specimen can be warmed up to
room temperature and embedded in resins. Alternatively, the specimen can be
embedded at low temperature (260�C to 235�C) in Lowicryl resins. Since
numerous protocols exist for freeze-substitution, one standard protocol is given
resulting in good ultrastructural preservation.

• Prepare a substitution media consisting of pure acetone supplemented with
2% osmium tetroxide plus up to 4% water (varies for the specimen exam-
ined, addition of water enhances visibility of membranes) and 0.25% uranyl
acetate.

• Pre-cool the substitution media to 290�C.
• Cover the specimen with the substitution medium.
• Substitute at 290�C for 12 h or longer.
• Raise temperature to 260�C, substitute for 12 h or longer.
• Raise temperature to 230�C, substitute for 12 h or longer.
• Raise temperature to 0�C.
• Rinse twice with pure acetone.
• Bring to room temperature.
• Embed the substituted specimen in Spurr resin (see Section III.C.4.) or any

other suitable resin.

For immunocytochemical localization studies, the above-mentioned substitu-
tion medium can be applied without osmium tetroxide. Substituted samples
can be embedded at room temperature in LRWhite resin (see Section III.C.7.)
or at lower temperatures depending on the Lowicryl resin used (see Section
III.C.6.).

9. Ultramicrotomy

Ultrathin sections of specimen should be 60�90 nm thick to allow proper imag-
ing under the TEM. Therefore, specimens embedded in gelatin capsules have to
be trimmed to obtain a small flat-topped pyramid with an area of 0.2�1 mm2
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and ultrathin sectioned using a diamond knife or a glass knife. Since several
different types of ultramicrotomes are on the market, the following scheme
describes only the main steps in obtaining ultrathin sections.

• Trim the specimen with a new razor-blade or a rotating milling cutter with a
diamond cutter.

• Area of the flat-topped pyramid should be between 0.2�1 mm2.
• Mount the trimmed specimen in the specimen holder of the ultramicrotome,

check that the specimen is held firmly by the holder.
• Insert the specimen holder in the ultramicrotome.
• Insert the knife with a clearance angle of 4�6�.
• Position the specimen parallel to the knife edge.
• Approach the specimen to the knife edge.
• Perform one to three thick sections of 0.5�1 μm.
• Fill the trough with distilled water.
• Start cutting with a section thickness of 150 nm.
• Observe interference colour of the section.
• Adjust section thickness to achieve a light yellow/gold interference colour of

the ultrathin sections, section thickness is around 60�90 nm.
• Observe the section thickness and floating of the sections from the knife edge.
• Move sections onto the water surface with the aid of a mounted eyelash;

arrange two to three sections together.
• Pick up sections from the water surface with a Formvar/Butvar grid by

slowly approaching the sections from above, press the grid onto sections,
allow sections to attach for a few seconds and then withdraw the grid.
Alternatively, sections can be picked up by inserting the grid with forceps
under the water surface in the trough and slowly moving the grid upwards
towards the sections at a 45� angle. Then move the grid slowly out of the
water, and sections will adhere to it.

Remove excess liquid with filter paper and air-dry.

• Post-staining of ultrathin sections with 4% uranyl acetate for 3�10 min, omit
direct sunlight or illumination.

• Rinse in three drops of distilled water.
• Stain in lead citrate in a CO2-free atmosphere (place NaOH pellets into a

Petri dish for CO2 absorption) for 1�5 min (Venable and Coggeshall,
1965).

Alternatively, the Ultrostain II (Leica, Wetzlar, Germany) can be applied. This
lead citrate solution can be used immediately, it causes only very minor precipi-
tation and is stable for years when kept in the dark at ambient temperature. For
easy use, fill a 5 ml syringe with staining solution from the stock solution. Seal
with a yellow tip and cover the end of the tip with Parafilmt to prevent CO2

influx into the syringe.

• Rinse inside the Petri dish with drops of boiled distilled water.
• Rinse with boiled water in a beaker.
• Air-dry and examine by TEM.
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tttttt IV. FIELD EMISSION SCANNING ELECTRON
MICROSCOPY (FESEM)

A. Preparation Steps for FESEM

1. Fixation

The aim of fixation is to preserve the native state of the specimen as well as pos-
sible by chemical fixation. A commonly used fixative is a mixture of 1�5%
formaldehyde (prepared from paraformaldehyde) and 1�3% glutaraldehyde. It
is recommended to fix the specimen in the growth culture media, thus avoiding
centrifugation and resuspending of bacteria in a buffer, which might have a det-
rimental effect on the morphology of the specimen.

• Prepare a 25% stock solution of formaldehyde by adding distilled water to
25 g of paraformaldheyde to reach a 100 ml volume. Heat the solution to
60�C with stirring and add drop by drop 10 M NaOH until the paraformalde-
hyde is dissolved. Leave the solution for 1 week at room temperature and
take the clear supernatant, pass it through a paper filter and centrifuge the
solution at 13,000 rpm.

• Fixation of the specimen is performed in the culture medium with 5% formal-
dehyde and 2% glutaraldehyde as end concentration. It is important to use
EM-grade glutaraldehyde.

• Incubate the specimen for at least 1 h at 4�8�C, centrifuge and resuspend the
pellet in TE-buffer, repeat the centrifugation and washing step with TE-
buffer. The washing step with TE-buffer reduces the formation of salt crystals
on the specimen.

2. Support for bacteria in FESEM

Due to the small size of bacteria, they require a support to be imaged. Different
types of filters (paper filter, Nucleopore filter) can be used as a support. The
main problem with using filters is the irregular background, which might mask
some morphological features of the specimen when imaged in the FESEM. The
Nucleopore filters are better in this respect since they provide a “clean” back-
ground, but still the numerous pores are visible in the images as well as the
specimen. For these reasons, cover slips (12 mm in diameter) are used, which
are coated with poly-L-lysine (Figures 5 and 6).

• Add a drop (50 μl) of 0.01-M poly-L-lysine on a cover slip and leave for
10 min.

• Wash the cover slip with distilled water and air-dry.
• Pipette 50 μl of the fixed and TE-buffer-washed specimen solution onto the

cover slip. If a lower cell density of bacteria should be examined, dilute the
fixed specimen solution with TE-buffer.

• Allow the fixed specimen solution to stand for 5�10 min (depending on the
size of the bacteria) so that the specimen can settle and is “glued” onto the
poly-L-lysine.
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• Transfer the cover slip into a fixation solution of 3% glutaraldehyde in
TE-buffer, allow to stand for 10�15 min at room temperature and subsequently
wash with TE-buffer.

Important: Be especially careful not to air-dry the specimen at any step during
these preparation steps.

3. Dehydration

For dehydration, a graded series of acetone or ethanol is applied. It is recom-
mended to dry acetone either with CaCl2 or using a molecular sieve before use.
Ethanol should be used from a freshly opened bottle.

• Transfer the cover slip in a small glass Petri dish or alternatively into a plastic
cell culture plate on ice (depending on the number of cover slips , a 4-well or
24-well plate can be used).

• Add the graded series of acetone/ethanol (10%, 30%, 50%, 70%, 90%) and
allow to stand for 10�15 min, when changing the solutions do not pipette the
solutions directly on the cover slip.

Figure 5. Field emission scanning electron microscopy (FESEM) of bacterial isolates prepared on
poly-L-lysine-coated glass cover slips at different dilutions.
Owenweeksia hongkongensis (A) and Runella slithyformis (B) were resuspended and then further
diluted to obtain low numbers of bacteria on the cover slip. (C and D) Dietzia maris and
Catenulispora acidiphila were applied directly after resuspension of the pellet, resulting in a “lawn”
of bacteria on the cover slip.
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Important: If dehydration is performed with acetone in a plastic culture plate,
transfer the cover slips from the 90% acetone step into glass Petri dishes because
100% acetone will dissolve the plastic Petri dish.

• Transfer the glass Petri dish or culture plate to room temperature.
• Add 100% acetone/ethanol, leave for 15 min, repeat the step.

Important: Be careful not to air-dry the specimen at this preparation step since
acetone will evaporate rapidly from the specimen in a warm environment.

4. Critical-point drying

The critical-point drying (CPD) step has to be performed to obtain a very
well prepared specimen for high-resolution imaging. For this step in the

Figure 6. Visualization of flagella from Escherichia coli with field emission scanning electron
microscopy (FESEM) and negative-staining with 2% uranyl acetate.
(A) Imaging was performed with the Everhart�Thornley SE-detector for topographical contrast
and the Inlens SE-detector for resolution. Both signals were mixed in a 50:50 ratio. White arrows
point to flagella. (B) Negative-staining of the identical sample reveals the long appendages
attached to the bacteria are flagella. (C) FESEM of flagella, which are directly adsorbed to the
cover slip.
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preparation, a CPD apparatus is used. For performing CPD, a number of differ-
ent apparatuses are available commercially. In principle, the specimens, which
are prepared in dehydration medium consisting of 100% acetone/ethanol, are
transferred in a pressure chamber filled with 100% acetone/ethanol at 8�C. The
chamber is set under pressure, and liquid CO2 is used as a transitional medium.
In several exchanges, acetone is replaced with liquid CO2. Transition of the
liquid CO2 to gaseous CO2 is done at the critical pressure for CO2 (73.8 bar) and
the critical temperature at 31�C. Above the critical point, the densities of the
drying medium in its liquid and gaseous phases are identical. Therefore,
a phase boundary no longer exists. If the temperature is kept above the critical
point, the gas phase can be slowly vented of the apparatus by a needle valve
and the specimen are dried without causing any surface tensions.
Alternatively, if no CPD apparatus is available, a chemical drying procedure

with hexamethyldisilazane (HMDS) can be applied. This methods works well,
especially for Gram-positive bacteria and some Gram-negative bacteria, but for
delicate organisms like Archaea or unknown species it is not recommended.

• Fixation is the same as for CPD, but dehydration of the specimen has to be
performed in ethanol.

• Once the specimen is in 100% ethanol, it must be transferred to 100% HMDS
in a graded series of ethanol�HMDS mixtures, just cover the specimen with
the liquid, perform the infiltration with HMDS at room temperature.

• 1 part/volume:1 part/volume, 100% ethanol:100% HMDS for 10 min.
• 1 part/volume:2 parts/volumes, 100% ethanol:100% HMDS for 10 min.
• 1 part/volume:3 parts/volumes, 100% ethanol:100% HMDS for 10 min.
• 1 part/volume:4 parts/volumes, 100% ethanol:100% HMDS for 10 min, keep

in mind that incomplete transition from ethanol into HMDS is a bad source
of problems.

• 100% HMDS with two changes for 5 min each step; be very cautious that the
specimen is not yet air-drying.

• Exchange once again with 100% HMDS.
• Let the specimen completely air-dry, depending on the sample size, for

10�30 min.

5. Mounting the specimen

Due to the hydrophilic character of most biological specimens, they should be
mounted and sputter coated immediately. For mounting, circles of adhesive
tape fitting the size of the sample stub are commonly used and work very well
for cover slips.

6. Sputter coating of the specimen

In general, biological specimens are poor electrical conductors. Therefore,
conductivity must be achieved by coating the specimen with conductive mate-
rial to perform imaging in a FESEM or other SEMs. In most cases, specimens
are sputter-coated with a thin layer of gold (around 5�10 nm, depending on the
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specimen) since gold is a very good secondary electron emitter. As other materi-
als for sputter coating, gold�palladium or platinum targets can be used. In
addition, carbon coating is also applicable but lacks a good emission of second-
ary electrons. If immune FESEM is performed, specimens have to be coated
with carbon to receive the good secondary electron signals of bound gold-
nanoparticles.

B. Immune FESEM

For some time, the identification of cellular components or proteins with immu-
nogold labelling by SEM was restricted due to limitations in the resolving
power of the SEMs for imaging gold-nanoparticles in the range of 5�15 nm
(Hoyer et al., 1979; de Harven et al., 1984). The improved resolving power of
FESEM instruments and the use of backscattered electron imaging helped this
situation considerably, and the method is now considered to be extremely sensi-
tive and specific for accurate localization of proteins or structures like the cap-
sule on bacterial cells. Since FESEM images the surface of the specimen, only
surface structures or proteins exposed on the bacterial surface can be localized
with antibodies and gold-nanoparticles. It is preferred to apply polyclonal IgG
antibodies instead of monoclonal antibodies because the polyclonal antibodies
exhibit a better binding capacity to the antigen. In addition, IgA or IgM is some-
times also suitable. It is recommended to purify the antibodies using affinity
chromatography like a protein A or a protein G Sepharose column.

1. Fixation of the specimen

• Fixation of the specimen is performed with 1% formaldehyde to retain suffi-
cient antigenicity of, e.g. a specific protein.

• The specimen is washed with PBS buffer containing 0.01 M glycine for
quenching free aldehyde groups and therefore minimizes some background
staining.

Important: As a rule of thumb, use a 2 ml Eppendorf tube filled with a turbid
solution of the fixed specimen; the resulting pellet after centrifugation should
measure around 15�20 μl in volume.

2. Incubation with antibody and protein gold-nanoparticles

• Dissolve the last pellet of the washing step in 200 μl PBS and add the specific
antibody. The concentration of the IgG antibodies should be in the range
50�100 μg IgG/ml; antibodies are always applied in access.

Important: It is strongly recommended to purify antibodies using a Sepharose
protein A or protein G column before usage.

• Incubate for 1 h at 30�C with occasional shaking.
• Wash three times with PBS buffer.
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• Dissolve the last pellet in PBS containing 1 mg/ml polyethylene glycol (PEG),
PEG provides better stability for the protein gold complexes.

• Add 5�10 μl of the stock solution of the protein gold complexes, the protein
A complexes are always used in access and the solution should exhibit a
slightly pink colour after adding the gold complexes.

Protein A-, protein G- and protein A/G-coated gold-nanoparticles or second
antibody-coated gold-nanoparticles are commonly used. These gold markers are
commercially available in a variety of gold-nanoparticle diameters ranging from
5 to 30 nm, which reflects a suitable diameter for FESEM analysis. It is recom-
mended to begin with 15-nm-diameter gold-nanoparticles for the first labelling
studies.

• Incubate for 30 min at 30�C with occasional shaking.
• Wash three times with PBS buffer.

3. Second fixation step

• Dissolve the pellet of the last washing step in PBS buffer with 2%
glutaraldehyde.

• Wash with PBS buffer and TE-buffer.

4. Mounting of the specimen

• Specimens can be placed onto poly-L-lysine-coated cover slips and critical
point dried (see Sections IV.A.2. and IV.A.4.)

• Alternatively, specimen can be mounted onto plastic film-coated grids.
• Place 2 μl of the sample onto a Butvar- or Formvar-coated 300 mesh grid.
• Allow to stand for 5 min.
• Blot the grid at a 45� angle onto filter paper and transfer immediately onto a

drop of TE-buffer to wash it.
• Blot the grid again onto filter paper and transfer onto a drop of distilled

water.
• Wash again in distilled water by blotting and transferring the grid onto

another drop of water.
• Blot the grid onto filter paper and air-dry.
• Grids are mounted onto circles of adhesive tape, which fit the size of the sam-

ple stub, press the edge of the grid firmly with scissors on the adhesive tape
for conductivity.

5. Coating of the specimen

• Coat the specimen with carbon (see Section III.A.1.).
• Or observe uncoated specimen.

For imaging gold-nanoparticles under the FESEM, specimens have to
be coated with carbon or uncoated specimen can also be examined. The
latter gives rise to surface charge accumulation. This phenomenon can be
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partially overcome by illuminating parts of the sample at a low magnification
for 5�10 min. In most cases, an equilibrium of impacting electrons from the
primary beam and emitted electrons will be build up to allow imaging.

6. Imaging of the specimen

• Start imaging with an acceleration voltage of 5 kV using the
Everhart�Thornley SE-detector (secondary electrons detector) and the In-lens
SE-detector in a 75:25 ratio.

• Once gold-nanoparticles are visible, change the acceleration voltage to a
higher or lower voltage to get the best images of the gold-nanoparticles and
the bacteria.

• If the SEM is equipped with a BSE-detector (backscattered electrons detector),
this detector can be used for detecting the gold signal (compositional contrast)
and the other detectors for imaging the bacteria (topographical contrast).

• If the SEM is equipped with an EsB detector (energy selective backscatter
detector), this detector gives an excellent contrast of the gold-nanoparticles.

Important: Small gold-nanoparticles can only be resolved in a FESEM due to
the high-resolution power. In a standard SEM, gold-nanoparticles can only be
imaged if a backscattered electron detector (BSE-detector) is used for imaging
and larger gold-nanoparticles (20 nm or 30 nm in size) should be applied for the
labelling studies.

tttttt V. SUPPLIERS OF LIGHT AND ELECTRON
MICROSCOPIC EQUIPMENT AND CHEMICALS

The following is a list of main suppliers of chemicals, supplies, accessories and
equipment for light and electron microscopy:

(a) Electron Microscopy Sciences (EMS) serves light and electron microscopy.
P.O. Box 550, 1560 Industry Road, Hatfield, PA 19440, USA
Tel.: ++01 21541284000, http://www.emsdiasum.com, catalogue also in
Chinese, Japanese, Russian, French, German and Spanish

(b) Plano GmbH serves light and electron microscopy.
Ernst Befort Str, 12, 35578 Wetzlar, Germany
Tel.: ++49 6441-97650, http://www.plano-em.de, catalogue only in German

(c) Agar Scientific serves electron microscopy.
Unit 7, M11 Business Link, Parsonage Lane, Stansted, Essex CM24 8GF,
England
Tel.: ++44 1279813519, http://www.agarscientific.com

(d) Ted Pella Inc. serves electron microscopy.
P.O.Box 492477, Redding, CA, USA
Tel.: ++015302432200, http://www.tedpella.com
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(e) Science Services GmbH serves electron microscopy.
Görzer Str. 70, 81549 München, Germany
Tel.: ++49 8915980280, http://www.scienceservices.de, catalogue only
in German

tttttt VI. CONCLUDING REMARKS

Many people might describe new microorganisms by light microscopy because
they have access to light microscopy equipment and not to any electron micro-
scopic equipment. Such techniques still have a merit nowadays. The light
microscopy procedures described in the chapter should provide sufficient
information for a morphological description of an isolated microorganism.
On the other hand, the use of electron microscopy has declined considerably
over the past decades despite the incredible ability of a wide array of EM meth-
ods to provide ultrastructural information, usually not revealed by other
approaches. In this aspect, it seems that the loss of interest in the use of electron
microscopy began as new technology emerged for light microscopic techniques,
especially live imaging microscopy and high-resolution confocal laser scanning
microscopy. A short glance in cell biology- or microbiology-orientated journals
undoubtedly reveals that EM image plates have been more and more replaced
by colourful confocal image plates. Nevertheless, electron microscopy remains
the only technique with sufficient high resolution and the only method to gain
morphological information about the intracellular organization at a glance of a
newly isolated microorganism when considering ultrathin sections. The ideal
approach would be to combine light microscopy with TEM and SEM/FESEM
for a comprehensive morphological description of newly isolated microorgan-
isms. New developments in respect to electron microscopic preparation
methods like high-pressure freezing and cryo electron tomography (CET) and
the newly invented TEMs with the possibility of performing elemental analy-
sis with electron spectroscopic imaging (ESI) and electron energy loss
spectroscopy (EELS) will allow for an even more sophisticated description of
microorganisms. In addition, new FESEMs are equipped with much more
sensitive detectors for SE or BSE or with new detectors like the energy selec-
tive backscattered detector (EsB) for identification of immune gold labelling.
These new technologies will open up new fields of insights into the world of
microorganisms. In summary, the described methodologies within this chap-
ter should provide a useful guideline to reach such goals independently if
light microscopy or electron microscopy � or both �are applied to gain
insight in morphological characteristics of a newly isolated microorganism.
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