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Scanning confocal laser microscopy (SCLM) was used to visualize fully hydrated microbial biofilms. The
improved rejection of out-of-focus haze and the increased resolution of SCLM made it preferable to
conventional phase microscopy for the analysis of living biofilms. The extent of image improvement was
dependent on the characteristics of individual biofilms and was most apparent when films were dispersed in
three dimensions, when they were thick, and when they contained a high number of cells. SCLM optical
sections were amenable to quantitative computer-enhanced microscopy analyses, with minimal interference
originating from overlying or underlying cell material. By using SCLM in conjunction with viable negative
fluorescence staining techniques, horizontal (xy) and sagittal (xz) sections of intact biofilms of Pseudomonas
aeruginosa, Pseudomonas fluorescens, and Vibrio parahaemolyticus were obtained. These optical sections were
then analyzed by image-processing techniques to assess the distribution of cellular and noncellular areas within
the biofilm matrices. The Pseudomonas biofilms were most cell dense at their attachment surfaces and became
increasingly diffuse near their outer regions, whereas the Vibrio biofilms exhibited the opposite trend. Biofilms
consisting of different species exhibited distinctive arrangements of the major biofilm structural components
(cellular and extracellular materials and space). In general, biofilms were found to be highly hydrated, open
structures composed of 73 to 98% extracellular materials and space. The use of xz sectioning revealed more
detail of biofilm structure, including the presence of large void spaces within the Vibrio biofilms. In addition,
three-dimensional reconstructions of biofilms were constructed and were displayed as stereo pairs. Application
of the concepts of architectural analysis to mixed- or pure-species biofilms will allow detailed examination of the

relationships among biofilm structure, adaptation, and response to stress.

Biofilms are organized multicellular systems with struc-
tural and functional architecture which influence metabolic
processes, response to nutrients, resistance to antimicrobial
agents, predation, and other factors. Structural studies of
microbial biofilms and their formation have been performed
by using light microscopy to examine wet mounts (16, 23),
by using transmission and scanning electron microscopy
(12-15, 24), and by developing conceptual models (12).
Electron microscopy techniques are laborious and can pro-
duce artifacts resulting from sample preparation and limit
three-dimensional (3D) reconstruction of biofilms. Light
microscopy used in conjunction with computer-enhanced
microscopy (CEM) is an effective tool, but it is best applied
during the early phases of biofilm development (7, 16, 19,
20). Scanning confocal laser microscopy (SCLM) offers the
promise of detailed visualization of thick microbiological
samples in cases in which application of traditional phase or
fluorescence microscopy is limited. SCLM allows elimina-
tion of out-of-focus haze, and it allows horizontal and
vertical optical sectioning (0.2-pm intervals), determination
of 3D relationships of cells, and 3D computer reconstruction
from optical thin sections. In addition, images can be quan-
titatively analyzed by using image-processing techniques (5,
20). Extensive reviews of the application of SCLM to
biological materials have recently been published (1, 4, 9, 10,
25-27). However, applications in microbiology have been
limited. The objective of this study was to utilize SCLM and
CEM techniques to analyze the biofilm architecture of
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several bacterial species grown in continuous-flow slide
cultures.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Pseudomonas
fluorescens CC-840406-E, Pseudomonas aeruginosa 579,
and Vibrio parahaemolyticus BB22 (translucent variant)
were routinely cultivated in 10% Trypticase soy broth (3
g - liter™!) (Difco Media Co.), minimal growth medium
[Na,HPO, - 7H,0 (3 mM), KH,PO, (2 mM), (NH,),SO, (0.8
mM), MgSO, - 7H,O0 (0.4 mM), Ca(NO,), - 4H,0 (0.02
mM), glucose (0.1% wt/vol), FeSO, - 7TH,0 (0.9 uM)], and
75% 2216 marine broth (28 g - liter! (Difco marine broth;
Difco Media Co.), respectively. V. parahaemolyticus BB22
was obtained from M. Silverman (Agouron Institute, La
Jolla, Calif.) and was shown to inducibly produce lateral
flagella in response to surface contact (3). All pure cultures
were stored on glass beads at —80°C. Biofilms were prepared
by inoculating continuous-flow slide culture chambers with a
suspension of log-phase cells obtained from batch cultures
grown in 50 ml of the appropriate medium on a gyratory
shaker at 23 + 2°C. Construction, preparation, and inocula-
tion of slide culture chambers have been described previ-
ously (7, 8, 16). Chambers were irrigated with the appropri-
ate sterile medium at a bulk flow rate of 10 cm s™! (8 pm s™?
in the surface microenvironment) (17, 19) by using a peri-
staltic pump (Watson Marlow 201Z). Flow was maintained
for 24 to 48 h at 23 + 2°C before biofilms were viewed with
either SCLM or phase microscopy.

Laser microscopy. Images were obtained with an MRC-500
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FIG. 1. (a) Conventional phase-contrast photomicrographs of a 48-h P. fluorescens biofilm indicating approximate levels of the focal plane
in micrometers. Images are arranged in descending order from the outer surface of the biofilm (1.2 wm) to the glass (0 wm). Bar = 5 pm. (b)
SCLM images showing a series of horizontal optical sections of the 48-h P. fluorescens biofilm shown in panel a. The sections were taken at
0.2-pm intervals (glass surface = 0 pm) with negative fluorescence staining (0.1% fluorescein). Bar = 5 um.
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Lasersharp fluorescence scanning confocal microscope (Bio-
Rad Microscience, Toronto, Ontario, Canada) in conjunc-
tion with a Zeiss Photomicroscope III (Zeiss, Oberkochen,
Germany). The photomicroscope was equipped with a 100X,
1.3-numerical aperture (NA) oil immersion, phase-contrast
lens. Optical theory predicts that high-NA lenses have the
ability to reduce the thickness of the focal region (25). When
used in conjunction with confocal laser technology, high-NA
lenses have the potential to produce images with sub-200-nm
horizontal resolution in the xy axis and with reduced defo-
cused information from xz materials. Phase-contrast micros-
copy was conducted with a 100-W tungsten lamp (Zeiss
Illuminator 100), a green interference filter (Zeiss VG-9;
46-78-05; 546 = 10 nm), and a 100x, 1.3-NA oil immersion
lens. An argon laser with maximum emission lines at 488 and
514 nm was used as the excitation source for the fluoro-
phores. The fluorophore fluorescein was injected into the
flow cells at a concentration of 0.1%, allowing bacterial cells
to be visualized by fluorescence exclusion (6). The scanning
control and the image processor were housed in an IBM
PC/AT-compatible desktop computer. Beam scanning
through the x andy directions was facilitated through the use
of galvinometrically controlled mirrors. Intervals between
optical thin sections (xy section separation) and the positions
of sagittal sections (xz position) were user definable by using
the Bio-Rad interactive software in conjunction with a
computer-controlled, motor-driven focusing system con-
nected to the Zeiss photomicroscope. Images were collected
with a Bio-Rad photomultiplier pickup device and were
integrated and digitized with a Kalman true-running-average
filter (25). The video image obtained (512 by 512 pixels) was
displayed on a standard color monitor. Black-and-white and
color computer monitors were photographed with a Kodak
CRT cone and an Olympus OM-2n camera equipped with a
49-mm telemacro lens. Photographs were taken with either
Plus-X 125 ASA or Ektachrome 200 ASA film (Kodak,
Rochester, N.Y.).

Optical thin sections for the construction of stereoscopic
images of V. parahaemolyticus biofilm material were ob-
tained with the Zeiss LSM 100/Axiophot microscope com-
bination equipped with a 63x, 1.4-NA oil immersion, phase-
contrast lens. Initially, seven images were collected at
2.0-um intervals. These images were then serially arranged
and stereo pairs were created with the software provided
with the Zeiss laser microscope system. An image intensity
control function was used to normalize the brightness of
each section during the calculation of stereo pairs. The
reconstruction used was one which exaggerated the apparent
xz depth for maximal 3D effect, and it was not used for xz
distance measurements.

Image analysis. Image processing and analyses were per-
formed with an IBAS 2000 image analysis computer (Kon-
tron, Eching, Germany). Images on photographic negatives
were converted to a video signal with a light table illumi-
nated by 4- to 75-W flood lights (color temperature of 2,820
K). An RCA (Lancaster, Pa.) TC1005 plumbicon tube tele-
vision camera equipped with a 49-mm telemacro lens was
used to convert illuminated negatives into an analog video
signal (20). The analog video signal was then digitized (768
by 512 by 8 bits) by using image averaging to eliminate
random electronic noise originating within the system. Dig-
itized images were then discriminated (20) to differentiate
cellular from noncellular material in the biofilm. The cell
boundaries were defined, and the number of cells, the cell
area, and the percentage of cell area were measured as
described previously (7).
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FIG. 3. (a) Conventional phase-contrast photomicrographs of P. aeruginosa biofilm showing the surface focal plane (0 pwm) and the
increase in defocused information at focal planes away from the glass surface. Bar = S wm. (b) Horizontal optical thin sections (0 to 2.6 pwm)
of the P. aeruginosa biofilm shown in panel a and obtained by SCLM. The biofilm was negatively stained with 0.1% fluorescein. The
horizontal sections show the removal of out-of-focus information and reveal aspects of the internal structure of the biofilm. Bar = 5 pm.

RESULTS

Comparison of phase and SCLM images. SCLM allowed
in-focus images to be obtained regardless of the position of
the optical section within the biofilm. Phase studies of the P.
fluorescens biofilm (Fig. 1a) provide reasonable images of
the cells located at the glass surface; however, the 0.8- and
1.2-um sections contain blurred information originating from
overlying and underlying cell material. The V. parahae-
molyticus (Fig. 2a) and P. aeruginosa (Fig. 3a) biofilms were
more than twice as thick (~2.6 wm) as the P. fluorescens
biofilm; therefore, phase section images were seen to dete-
riorate in quality and in the information contained. In
contrast, SCLM optical sections (0.2-pm increments) were
amenable to quantitative CEM analyses, with minimal inter-
ference originating from overlying or underlying cell material
(Fig. 1b, 2b, and 3b). The extent of image improvement
depended upon the characteristics of individual biofilms and
was most apparent when films were dispersed in three
dimensions, when the biofilm was thick, and when high
densities of cells were present. Conventional phase tech-
niques provided images with excessive out-of-focus informa-
tion from other sections, making measurements of all but
general biofilm parameters impossible.

Horizontal optical thin sectioning of bacterial biofilms.
Horizontal sectioning showed the form and arrangement of
cells of P. fluorescens, P. aeruginosa, and V. parahae-
molyticus, and it indicated complete penetration of the
biofilms by the 289-molecular-weight fluorescein molecules
in less than 1 min. All biofilms exhibited variation with depth
in the ratio of cellular to noncellular material. The Pseudo-
monas biofilms were more tightly packed at their attachment
surfaces and became increasingly diffuse near their outer
regions (Fig. 3b), whereas the Vibrio biofilms exhibited the

opposite trend (Fig. 2b). CEM analyses confirmed this
distribution of cells (Fig. 4) and showed that the biofilms
were highly hydrated, open structures composed of 73 to
98% noncellular material (including exopolysaccharides
[EPS] and pore space). The P. aeruginosa biofilm had a
higher cell-to-noncellular-material ratio, having 9 to 27%
cellular material in each optical section (with the highest cell
density [27%] occurring at the surface). In contrast, P.
fluorescens biofilms showed a similar cell arrangement over-
all, but a much lower cell-to-noncellular-material ratio (2 to
11.5%) was observed in each optical section. The V. para-
haemolyticus biofilm was characterized by a markedly dif-
ferent cell arrangement, with the biofilm appearing as an
inverted pyramid of cells. CEM analyses revealed that the
lowest cell density (4%) was at the glass surface and that the
highest cell density (13 to 16%) was near the outer region of
the biofilm (Fig. 2b and 4).

Sagittal sectioning of bacterial biofilms. SCLM also allowed
sagittal (xz) sectioning of biofilms (i.e., vertical thin sections
cut through the biofilm from the glass to the exterior
surface). Figures Sa through ¢ show a series of sagittal
sections through a portion of a Vibrio biofilm, revealing the
presence of extensive void spaces within the inner regions of
the biofilm, and they also illustrate the resolving power of
SCLM. The extended section through the biofilm (Fig. 5d)
shows the inverse nature of the cell distribution as described
on the basis of horizontal sections and CEM analyses. The
orientation of the cells in the basal layer of the biofilm is also
evident in these laser micrographs.

Stereoscopic images (3D) from optical thin sections. Figure
6 shows a 3D reconstruction of a 14-um-thick V. parahae-
molyticus biofilm resulting from the compilation of seven
individual thin sections. The reconstruction is presented in
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FIG. 3—Continued.

the form of a stereo pair. The presence of extensive void
spaces and the relative horizontal distances between cells in
the biofilm are easily visualized in this form of data display.
However, the vertical distances in the reconstruction are a
function of the projection chosen and do not represent the
true distances between sections.

DISCUSSION

The results described in this paper demonstrate the poten-
tial for noninvasive imaging of intact biofilms and confirm

the effective increase in resolution and depth of field and the
elimination of out-of-focus information through the applica-
tion of SCLM to biofilm studies. Furthermore, the reduction
of haze in the SCLM images results in output amenable to
computer image analysis. Cell boundaries obtained from
SCLM sections are easily discriminated, allowing the deter-
mination of cell number and cell area and the estimation of
cellular biomass. A major advantage of light microscopy is
its ability to allow examination of fully hydrated living
biological specimens. This advantage is fully maintained
with SCLM. For example, SCLM used in conjunction with
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FIG. 4. Quantitative CEM analysis of horizontal sections of P.
fluorescens, V. parahaemolyticus, and P. aeruginosa. CEM analy-
sis indicated that all three biofilms were highly hydrated structures
composed of 80 to 95% noncellular material. The Pseudomonas
biofilms were characterized by a dense cell mass in the basal region
(glass surface = 0 wm) with increased amounts of extracellular
material at the biofilm-liquid interface. In contrast, the V. parahae-
molyticus biofilm appeared as an inverted pyramid of cells with most
noncellular material found at the biofilm-glass interface. M, percent
cellular material; [, percent noncellular material.

fluorescence exclusion techniques (6) has been shown to
allow time courses of bacterial microcolony development to
be recorded. In contrast, biofilm preparation for electron
microscopy may induce morphological changes (dehydra-
tion, embedding, and disruption), leading to shrinkages of
50% during fixation (28). Also, time course analysis of
biofilm development by electron microscopy would prove
difficult. Therefore, the combination of digital image proc-
essing and confocal laser microscopy makes optical section-
ing of microbial biofilms a practical procedure. The high-
resolution capability (200 nm) is apparent in the comparison
of phase-contrast and SCLM xy images shown in the figures.
Individual cells situated in each SCLM scan plane are clearly
visible, without any defocused interference from overlying
or underlying cell or noncellular materials.

Architectural analysis of biofilms has been essentially
impractical (because of treatment-induced structural

J. BACTERIOL.

changes) in the absence of SCLM techniques. Morphologi-
cally, a biofilm is an open system of cells, exopolymeric
material, and extracellular spaces. The spatial arrangement
of the cells, EPS, and space may be referred to as the
biofilm’s architecture. The objectives of architectural analy-
sis are to identify the significant components of biofilm
structure and to facilitate quantitative analysis and investi-
gation. SCLM allows this type of approach and should
provide for quantitative analyses of structure and of the
influence of environmental and induced factors. Costerton
(11) has discussed structure and plasticity at different levels
of organization in the bacterial cell, including biofilm devel-
opment as a consequence of attachment to surfaces. The
architectural arrangement of a biofilm could be a chance
occurrence, but it may represent an optimal arrangement for
influx of nutrients, transfer of wastes, and establishment of
microenvironmental conditions, etc., subject to change as
the biofilm progresses from initial to more established
stages. For example, during the initial stages of biofilm
formation, distinct microcolony formation and behavior
have been observed (16, 18, 19). In the present SCLM study,
mature biofilms observed showed no evidence of distinct
microcolonies, indicating redistribution of cells within the
biofilm during development.

The examination of optical sections through the biofilms
revealed significant species-specific architecture. P. fluo-
rescens and P. aeruginosa followed the expected trends with
respect to cell density versus position within the biofilm. The
highest concentrations of cells within Pseudomonas biofilms
were observed closest to the solid-liquid interface (Fig. 1b
and 3b). In these cases, the basal biofilm layer provided the
foundation for a more diffuse upper layer of cells. In con-
trast, V. parahaemolyticus maintained a higher cell density
near the outer regions of the biofilm, with a more dissemi-
nated foundation of underlying cells (Fig. 2b). In addition,
significant channeling and porosity of the biofilm were
observed. This fundamental difference in biofilm structure
may be attributed to the role of lateral flagella (2) in the
attachment of Vibrio cells during surface colonization and
biofilm development, as well as the apparent reduced signif-
icance of EPS in Vibrio biofilms.

The ratio of cellular to noncellular material varied consid-
erably among species and also between optical sections (Fig.
4). The highest ratios were observed for P. aeruginosa
biofilms. In addition, a central zone within the P. aeruginosa
biofilm showed increased cell density in association with
surface detritus. A similar phenomenon was noticed in
tap-water biofilms by Kellogg (14). The P. fluorescens bio-
films contained less cell material at all optical sections than
did those of P. aeruginosa and were less developed verti-
cally. In contrast, V. parahaemolyticus biofilms exhibited an
inverted structure. Maintenance of a minimal basal layer is
likely important in preventing uncontrolled sloughing of the
biofilm, or this depopulation of the basal layer may precede
sloughing. The tortuous nature of biofilms has previously
been reported or hypothesized following a number of dif-
ferent studies, the majority of them relying on scanning
electron microscopy and transmission electron microscopy
observation of fixed biofilm specimens. Robinson et al. (24)
reported that studies of biofilms from anaerobic fixed-bed
reactor surfaces revealed an extensive network of channels
throughout the film matrix, and the researchers indicated
that these ultrastructural formations could function to main-
tain gas and nutrient exchange within the basal layer of the
biofilm. Our findings with V. parahaemolyticus (a facultative
anaerobe) revealed similar biofilm architecture that also
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FIG

5

Series of sagittal sections (xz optical thin section) at various positions through a Vibrio biofilm,
These views show the hydrated open nature of the V. parahaemolyticus biofilm and the relationship of cells to one another and to the substratum. Bar = S pm.

showing the form and arrangement of cells in vertical cross section.
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FIG. 6. 3D reconstruction of a V. parahaemolyticus biofilm displayed as a stereo pair. The 3D images were obtained by overlaying and
aligning seven horizontal optical thin sections taken at 2.0-um intervals. Bar = 5 pm.

possibly facilitated nutrient flux throughout the biofilm.
Channeling and porosity in addition to diffusion processes
would explain our observation that the biofilm did not hinder
the penetration of the 289-molecular-weight fluorescein mol-
ecules into the basal layers of the biofilms studied. This
observation supports the findings of Nichols et al. (22) that
EPS does not significantly inhibit diffusion of antimicrobial
agents. The researchers reported that tobramycin concentra-
tions at the base of a 100-um-thick biofilm would rise to 90%
of the external concentration in only 77 s.

There are a number of technical considerations which
must be evaluated before one can fully appreciate the
application of confocal laser imaging to the study of micro-
bial biofilms. In addition to being able to section biofilms at
a fixed point in time, low-molecular-weight, nontoxic fluo-
rescent compounds (pH, E,, and cation sensitive, etc.)
enable the user to optically probe fully hydrated biofilms at
intervals without film disruption. In addition, there are no
preparatory steps (such as drying) necessary to facilitate
these observations and analyses. These factors will permit
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routine time course studies whereby single cells can be
monitored until their progeny have ultimately formed a
mature biofilm. The effects of induced stresses (inhibitors,
antibiotics, and salts, etc.) can thus be evaluated against
fully developed biofilms similar to those likely to be targeted
in medicine and in industrial control applications. Further,
physical parameters of biofilms may be precisely measured
by SCLM. Present methods, such as light section micros-
copy (21), impose inherent limitations on the minimum
thickness (8 pm) of the biofilm which may be studied as well
as on the precision of the results (+3 wm) while offering none
of the optical information provided by SCLM (i.e., architec-
ture, cell position, cell number, and amount of noncellular
material). The relative ease of SCLM-linked computer 3D
reconstruction allows effective visualization of the biofilm in
a publishable form. Sagittal sectioning of biofilms also pro-
vides a unique side view (xz axis) of cells within the biofilm
and of their association with the substratum.

The studies described in this paper confirm the potential
for noninvasive imaging of viable biofilms with SCLM by
demonstrating the increased resolution and the elimination
of defocused haze. In addition, quantitative visualizations of
2D (both xy and xz), 3D, and potentially 4D (time course)
reconstructions of biofilm characteristics are possible. When
combined with the use of fluorescence probes, SCLM should
allow quantitative imaging, mapping, and display in 3D of a
broad range of biofilm parameters. Thus, studies utilizing
SCLM, particularly in conjunction with other light and
electron microscopy techniques, will improve the state of
understanding of the structures and natures of both pure-
and mixed-species biofilms and will facilitate applied efforts
which utilize or involve biofilms in industrial and medical
settings.
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