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Microscopy is the only technique whereby bacterial biofilms
can be studied at the single-cell level in situ. Our
understanding of biofilm structure, physiology and control
hinges on the application of confocal scanning laser
microscopy and other advanced microscopic techniques.
Gene expression in four dimensions (x,y,z,t), interspecies
interactions, and the role of exopolymer are being defined. 
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Abbreviations
CSLM confocal scanning-laser microscopy/microscope
GFP green fluorescent protein
HSL homoserine lactone
SPM scanning probe microscopy

Introduction
Biofilms (microorganisms anchored to substrata) are a ubiq-
uitous form of bacterial growth; this recognition is relatively
recent even though some of the premiere examples of
microbial biofilms (e.g. dental plaque, microbial mats) have
been investigated for centuries. A great obstacle to the study
of biofilms — difficulty in obtaining clear photomicrographs
of the often densely packed microorganisms under hydrated
conditions — was overcome by a major advance in micro-
scope instrumentation: the confocal scanning-laser
microscope (CSLM) can document biofilm morphology and
physiology in four dimensions under in situ conditions. This
review is meant to orient the reader to the newer biofilm
microscopy literature, primarily with respect to confocal
microscopy, as well as to touch on new microscopic tech-
niques (or new applications of older techniques).

What is confocal microscopy and why is it
necessary in biofilm research?
The CSLM is a ‘high-tech’ epifluorescence microscope
that creates a thin (~0.3 µm) plane-of-focus in which out-of-
focus light has been blocked, traditionally by optical
barriers (confocal apertures: ‘pinholes’) but also now by the
physics of light absorption (‘multiphoton’ microscopy).
Laser light is scanned across the specimen to provide
intense, deeply penetrating excitation energy. Intrinsic flu-
orophores (biomolecules such as green fluorescent protein
[GFP] or chlorophyll) or exogenous probes (e.g. fluores-
cently labeled antibodies) are excited, the resulting

fluorescence is detected by photomultiplier tubes, and a
digital image is produced. A ‘stack’ (series of digital XY
optical sections) is automatically collected through comput-
er-controlled alteration of the microscope’s stage in the Z
dimension. Sections in the XZ plane (saggital sections) can
also be acquired. The stack can be computer-processed to
create, for example, three-dimensional reconstructions.

Three basic designs of CSLM are commercially available.
‘Real-time’ instruments are optimized for video-rate data
collection at the expense of axial and lateral resolution.
These devices are used primarily for study of physiological
phenomena on time scales of seconds or less, are generally
not useful for precise optical sectioning (morphological/
structural studies), and have therefore not yet found signifi-
cant application to biofilm work. The other types of CSLM
are point-scanning devices that offer high lateral and axial
resolution but slower image collection times. The ‘single-
photon’ CSLM has been available from several
manufacturers for about 15 years and is by far the most used
instrument in biological confocal microscopy. ‘Multiphoton’
CSLMs, which use tunable IR lasers to provide excitation
energy ‘packets’ (multiples of photons of longer wave-
lengths absorbed by lower-wavelength-excitable fluors), are
in their first generation of commercialization and theoreti-
cally offer several advantages over their single-photon
counterparts: lower sample damage through photobleaching
or heating; deeper penetration of excitation light; and
absence of light-obstructing pinholes (the optical section is
created solely by point-of-focus of the laser beam).
Performance/reliability issues (e.g. the lasers can be difficult
to tune and to stabilize) and laser price currently limit the
market for such instruments. Although these issues will be
resolved with time, as they were for single-photon devices,
the longer excitation wavelengths of the multiphoton sys-
tems result in a twofold poorer theoretical resolution than in
single-photon instruments.

In most biological disciplines, the CSLM has been used
primarily to examine fixed specimens that have been
stained with fluorescently labeled antibodies or organelle-
specific probes. In contrast, bacterial biofilm studies began
with the study of living biofilms as they grew on the sur-
faces of glass-walled perfusion chambers (flowcells [1,2]),
thereby permitting semi-continuous non-destructive docu-
mentation of temporal changes in biofilm structure/
physiology. Conventional microscopy of multilayered
biofilms is possible, however, through cryo-embedding
(frozen samples are embedded in a cryo-mounting media
such as TissueTek) or ambient temperature embedding in
a plastic resin, followed by microtome cutting; micrographs
are made of the individual (optically clearer) sections. This
lower-cost (a research-grade cryostat, ~$20,000, together
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with a high quality epifluorescence microscope, ~$25,000,
versus the >$200,000 price of a CSLM) approach to obtain-
ing biofilm images can produce sections as thin as 2 µm:
only about 10-fold thicker than what can be achieved by
confocal microscopy (optical sectioning) but still of lower
resolution. Fixation and dehydration required by sectioning
techniques can affect three-dimensional relationships.
Finally, physical sectioning, even when performed with
flawless technique, can disrupt fine structure of the
biofilms, thereby making spatial analysis difficult.

Although the confocal microscope has permitted examina-
tion of intact biofilms, an embedding step is still
advantageous in certain cases. Embedded biofilms are
much more robust and easy to handle; this is especially
important for techniques in which multiple washing steps
are required (e.g. nucleic acid hybridization, see below).
Agarose embedding is both simple and gives good results
when used with confocal microscopy [3]. Disadvantages
are that the agarose solution must be warm and that the
final preparations are rather fragile due to the low (0.1%)
agarose concentration. DNA-sequencing-grade acrylamide
(20%) is an excellent embedding medium [4••,5,6•]; these
preparations are easily handled and, for example, are suit-
able for 16S ribosomal probing or analysis of GFP
expression. Furthermore, acrylamide is virtually non-fluo-
rescent. Biofilms embedded by either of these methods
may be fixed, dehydrated, or still living.

Microscopic investigation of biofilm architecture
The earliest applications of the CSLM to biofilm research
were descriptive. Arrangement of single cells and of
microcolonies within living hydrated biofilms were
described with heretofore unknown precision [7], and the
value of digital images became recognized (reviewed in
[8]). Most of these pioneering studies were carried out
with monoculture biofilms and established important
models of biofilm growth or architecture, but the biofilms
bore little relevance to real-world scenarios. Two excep-
tions of note were an in vitro plaque model [9] and a
freshwater system (Figure 1 in [10]); these multispecies
biofilms showed significant differences from then-estab-
lished monoculture models. For example, they clearly
demonstrated a lower biomass density at the substratum
than at locations closer to the bulk-liquid interface
(‘inverted pyramids’), and many cells were positively
stained (e.g. appeared brighter than the background)
when examined using the then most commonly used
staining method (fluorescein-exclusion staining [11]) in
which cells usually appear darker than the background.
Key studies in which nutrient composition was demon-
strated to affect biofilm architecture were those of
Wolfaardt et al. [12] and Møller et al. [13], and a highly
multidisciplinary approach was taken by Singleton et al.
[14] in which confocal data contributed to models of flow
within biofilms. Signaling molecules such as homoserine
lactones (HSLs) have been shown to play an important
role in the architecture of model monoculture biofilms

[15]. Pseudomonas aeruginosa PAO1 wild-type biofilms
were thicker (but interestingly, less dense) and were more
susceptible to disintegration in the presence of the surfac-
tant sodium dodecyl sulfate than were biofilms of a
mutant strain that produced no HSLs. These results sug-
gest that signaling molecules such as HSLs can induce
structural and chemical changes during biofilm develop-
ment and that those changes (at least in these Pseudomonas
strains) can make the biofilm more resistent to certain
chemical treatments. Conversely, because increased
antibiotic resistance of biofilms over planktonically grown
cells is currently thought to involve variations on diffu-
sion-based mechanisms (either simple diffusion resistance
or exposure to antibiotic-degrading enzymes), the type of
biofilm produced by the mutant strain lacking HSLs
might in fact be even more resistant to antibiotic treat-
ment than the wild-type biofilm due to the higher degree
of cell-packing (less intercellular space).

As our understanding of the complexity of biofilms
increases, ‘simple’ descriptive architectural studies are
being replaced by those in which the three-dimensional
organization of the biofilm is related to other information,
such as species composition, relationship with the substra-
tum, or physiology.

Relationship of architecture with species composition
The development of species-selective fluorescently
labeled oligonucleotide probes has enabled micro-
scopists to distinguish between morphologically similar
cells within a biofilm (see [16] for a recent example).
Although this hybridization-based methodology cannot
be used non-destructively, it is a powerful tool for sorting
out spatial relationships. Because the hybridization
process requires dehydration, it is usually performed on
polyacrylamide-stabilized biofilms; the stabilization
allows some retention of three-dimensional structure, it
also assures that cells are less likely to be removed dur-
ing the multiple washing steps that are required, and it
results in a smile that can be stored and examined at a
later date. Hybridization can be combined with other
techniques to elucidate physiological interactions. An
elegant study [17] shows how the spatial relationship at
the single-cell level of physiologically important micro-
colonies within wastewater-treatment biofilms can be
correlated with microelectrode profiles of depth-depen-
dent changes in concentration of soluble chemical
species (nitrate/nitrite, oxygen). Even when coupled
with microscopy, the use of electrodes is an invasive
technique whose spatial resolution is uncertain in
biofilms, however, real-time concentration data on ions
of physiological importance to the biofilm outweigh
these disadvantages.

Interactions of biofilms with the substratum
An effect of substratum hydrophobicity on biofilm mor-
phology (attachment to the substratum) as displayed by a
marine bacterium was described by Dalton et al. [18], and
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biofilms grown within crevices demonstrated continued
growth (in contrast with their non-crevice-protected coun-
terparts) after exposure to a disinfectant [19]. Effects of
biofilms on materials can also be assessed. For example, the
corrosion of mild steel seems to be reduced when actively
metabolizing pure-culture aerobic biofilms are present [20].
This study also points out a problem that can be associated
with the use of multicomponent stains: indeterminate
staining, in which a stain mixture that should yield cells of
two distinct colors can result in some cells whose color is in
fact a mixture of the two stains. Examination of implantable
medical devices is a clinically relevant area in which tradi-
tional electron microscopy has produced outstanding
images  of difficult samples [21]. CSLM images of implants
can, however, be difficult to interpret [22,23], perhaps
because they are often acquired at low resolution [24] to
maximize the viewable area on the implant. Imaging of bac-
teria on living substrata is possible as shown by an
examination of bacterial attachment to lettuce leaves [25]. 

Microscopic investigation of biofilm
physiology and chemistry
That a gene becomes active is of interest, but it is also
important when it becomes inactive, and both processes
will be influenced by location of cells with respect to the
bulk liquid and to other cells in the biofilm; a microscop-
ic approach is the only manner in which time-resolved
three-dimensional data can be obtained. Prokaryotic gene
activity is often detected through a reporter enzyme sys-
tem: an enzyme gene (e.g. the lacZ gene whose product is
β-galactosidase or the lux gene whose product is bacterial
luciferase) whose transcription is coupled with that of the
gene of interest. To probe the activity of a lacZ-coupled
gene of interest, substrates are employed that are color-
less until enzymatically hydrolyzed. The lacZ system has
been used with epifluorescence microscopy [26,27], but
confocal applications have been limited because of diffi-
culty in finding acceptable substrates: they must be
cell-permeant, preferably visible-light-excitable, and the
resulting fluor should be non-diffusable [4••]. Luciferase
produces light rather than fluorescence, and can be
detected using sensitive cameras [28,29]. Quantitative
light detection has been used to show single-cell differ-
ences in natural bioluminescence by attached cells of
Vibrio spp. [30], and to show heterogeneity of toluene
degradation (tod/lux reporter) within a genetically engi-
neered Pseudomonas putida biofilm [31•]. Luciferase
activity can be axially resolved (RJ Palmer, unpublished
data), but to a much poorer degree than that of confocal
fluorescence detection.

If the product of the gene of interest is an enzyme, the
opportunity for direct detection exists. For example, alka-
line phosphatase activity has been monitored within a
biofilm using a substrate that changes its fluorescence
emission after hydrolysis [32•]. Cryosectioning was used to
prepare 5 µm thick sections for epifluorescence
microscopy, and the region of phosphatase expression

within the biofilm was shown to relate to accessibility of
the cells to nutrients.

Application of confocal microscopy to three-dimensional
localization of non-enzyme reporter systems, notably GFP
has brought significant advances to the understanding of
gene activity in biofilms. Ribosome content is an indicator of
growth potential (and is closely correlated to growth rate in
exponentially growing cultures), measurements of ribosome-
hybridization-signal intensity have therefore been used for in
situ determination of cellular activity [33]. The physiological
state of cells in biofilms can be assessed using specially
designed promoter–reporter systems which fluoresce only in
actively dividing cells. A recent study demonstrated the
growth activity and potential of Pseudomonas cells within a
biofilm. Briefly, an expression cassette that contained GFP
under control of a ribosomal rRNA promoter (growth-phase
regulated; active only when cells are growing) was construct-
ed, and the growth phase of individual cells in the
developing biofilm was monitored. Ribosome synthesis rate
and ribosome content were determined in situ giving a snap-
shot of the cells’ physiological state (C Sternberg et al.,
unpublished data; C Ramos et al., unpublished data).
Exchange of genetic information (plasmid transfer [34]) and
‘metabolic webs’ [6•] (Figure 1) can be similarly mapped in
three-dimensions. Recently, microautoradiography was used
in combination with ribosomal probing to visualize activity-
identity relations in microbial communities [35].

Confocal microscopy has been adeptly applied to the
examination of free-radical-based disinfection [36]. A non-
fluorescent compound was employed which became
fluorescent after reaction with hydroxyl radicals or super-
oxide and excitation with 365 nm light. A time series of
saggital sections showed that free radicals were generated
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Figure 1

GFP as a gene-expression reporter. Pseudomonas putida R1
(containing a GFP-encoding expression cassette under control of the
Pm promoter from the TOL meta pathway of toluene degradation) cells
growing together with seven other species in a flowcell on 3-methyl-
benzoate (Pm is induced). (a) Single confocal slice at the substratum.
GFP-expressing cells are white; the other bacteria are faintly visible
(gray) due to slight autofluorescence. (b) The cone-shaped colony is
viewed from the substratum in three-dimensional rendering.
Autofluorescent cells have been filtered out by image processing. The
3D image is composed of 26 individual slices and rendered using
Spyglass software (Fortner Software LLC, Sterling, VA, USA).



within the biofilm during exposure to potassium monoper-
sulfate, presumably from the action of catalysts
incorporated into the substratum. Radical generation was
suggested to be the cause of a depth-dependent killing of
biofilm bacteria exposed to the persulfate.

It is important to recognize that confocal microscopy (or any
epifluorescence technique) cannot generally be used to
visualize unstained (nonfluorescent) material, such as the
exopolymer matrix in which biofilm cells are embedded.
Hence, conclusions regarding presence/absence/changes in
the extracellular matrix when that matrix was not specifi-
cally stained are based primarily on assumptions.
Exopolymer and its relationship to biofilm structure/func-
tion can, however, be explored using appropriate
techniques (e.g. fluorescent lectin staining [13,37•]).

Emerging techniques
The environmental scanning electron microscope (ESEM)
is a low-vacuum (near atmospheric pressure) scanning
electron microscope which can be used to image hydrated
samples. While the images are essentially topographical,
the technique has been used to demonstrate the degree of
exopolymer hydration in manganite-reducing biofilms
through comparison with dehydrated samples [38].

Scanning probe microscopy (SPM) comprises a suite of
instruments that move a cantilevered probe across a sur-
face in contact or near-contact modes. Force microscopy
measures the attraction/repulsion of the probe tip at reso-
lutions up to the atomic level (atomic force microscopy).
Variations in tip shape/composition, or in the way tip–sur-
face interaction is modulated, give different resolutions
and modes of interaction (force modulation microscopy,
electrostatic force microscopy, magnetic force microscopy,
phase detection microscopy). Although the images from
these techniques are topographical renderings of the tip-
surface interaction (meaning that the topographical
information actually represents numerical physicochemical
data), common applications are simply topographical
(obtaining the shape of the surface is the final goal of the
imaging process). SPM has produced images of dried bac-
teria that resemble those acquired with scanning electron
microscopy [39], but with greater detail at similar magnifi-
cation (especially in three dimensions) and without
extensive sample preparation, such as critical point drying
and coating. Gross antibiotic-induced changes in the cell
wall of a bacterium have been demonstrated [40]. Water is
integral to biological structures, and SPM is now being
applied to hydrated, living biological specimens [41],
although tip contamination must be considered [42]. In an
elegant application of force microscopy to bacterial struc-
ture, the influence of lipopolysaccharide composition on
relative strength-of-interaction between cells and substra-
ta has been quantified in aqueous solution [43••].

Chemical microscopy (Raman/infrared microscopy) pro-
vides spatially resolved (line scanning, global imaging)

chemical information on the specimen: spectroscopy
through the microscope. As in any microscope technique,
spatial resolution is finally limited by the wavelengths of
light used. IR microscopy (a broad-band absorption tech-
nique) has historically used wavelengths
(~2800–10,000 nm) too long for resolution of a single bac-
terial cell; spatial resolution is at best tens-of-micrometers.
Raman microscopy (a light-scattering technique which
measures small shifts in photon energy around a single
wavelength) using visible or near-IR lasers, however, can
resolve single bacterial cells [44•]. Furthermore, several
commercial confocal Raman microscopes exist that theo-
retically allow the chemical nature of biofilms to be
investigated in the axial as well as the lateral dimensions. 

Correlative microscopy is the use of two or more tech-
niques to investigate the same (or parallel) specimens.
Relatively easily performed with fixed specimens,
CSLM images have been combined with electron micro-
graphs to examine biofilm architectural features [3]. The
approach can also be employed with living biofilms; for
example, Palmer and co-workers [30,31•] have combined
photon-counting microscopy (to measure luciferase
activity, i.e. gene expression) with laser confocal
microscopy to analyze, firstly, viability in Vibrio species
[30] and, secondly, membrane potential in genetically
engineered P. putida cells [31•]. The potential for combi-
nation of the scanning probe methods or Raman methods
with epifluorescence techniques (including confocal)
promises major advances in our understanding of biofilm
structure/function. 

Conclusions
Microscopy has been rediscovered as a highly valuable
approach to all biological questions, and it is indispensable
for investigation of biofilms. Use of real-time gene
reporters in unfixed samples will provide the most signifi-
cant information on biofilm physiology. In vitro model
systems will continue to be important, but time-resolved
data collection and examination of real-world samples will
drive conceptual development.
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