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Morphological and biochemical changes in
Pseudomonas fluorescens biofilms induced by
sub-inhibitory exposure to antimicrobial agents
James J. Dynes, John R. Lawrence, Darren R. Korber, George D.W. Swerhone,
Gary G. Leppard, and Adam P. Hitchcock

Abstract: Confocal laser scanning microscopy (CLSM) and scanning transmission X-ray microscopy (STXM) were used
to examine the morphological and biochemical changes in Pseudomonas fluorescens biofilms grown in the presence of
subinhibitory concentrations of 4 antimicrobial agents: triclosan, benzalkonium chloride, chlorhexidine dihydrochloride,
and trisodium phosphate. CLSM analyses using the stains SYTO9 and propidium iodide indicated that the antimicrobial
agents affected cell membrane integrity and cellular density to differing degrees. However, fluorescein diacetate assays
and plate counts demonstrated that the cells remained metabolically active. Fluorescent lectin binding assays showed that
changes in the arrangement and composition of the exopolymer matrix of the biofilms also occurred and that these changes
depended on the antimicrobial agent. Detailed single cell analyses using STXM provided evidence that the cell morphology, and the spatial distribution and relative amounts of protein, lipids and polysaccharides in the biofilms and within the
cells were different for each antimicrobial. The distribution of chlorhexidine in the biofilm, determined from its distinct
spectral signature, was localized mainly inside the bacterial cells. Each antimicrobial agent elicited a unique response; P.
fluorescens cells and biofilms changed their morphology and architecture, as well as the distribution and abundance of biomacromolecules, in particular the exopolymer matrix. Pseudomonas fluorescens also exhibited adaptation to benzalkonium
chloride at 10 mg/mL. Our observations point to the importance of changes in the quantity and chemistry of the exopolymeric matrix in the response to antimicrobial agents and suggest their importance as targets for control.
Key words: NEXAFS, STXM, biofilm, antimicrobial, CLSM.
Résumé : La microscopie de balayage confocal de laser (MBCL ou CLSM) et la microscopie de balayage par transmission de rayons X (MBTX ou STXM) ont été utilisées pour examiner les changements morphologiques et biochimiques des
biofilms de Pseudomonas fluorescens cultivés en présence de concentrations sub-inhibitrices de 4 agents antimicrobiens :
le triclosane, le chlorure de benzalkonium, le dihydrochlorure de chlorhexidine et le phosphate trisodique. Les analyses en
CLSM réalisées à l’aide du colorant SYT09 et de l’iodure de propidium ont indiqué que les agents antimicrobiens affectaient l’intégrité de la membrane cellulaire et la densité cellulaire à différents degrés. Cependant, les essais réalisés avec le
diacétate de fluorescéine et la numération en boı̂te ont démontré que les cellules demeuraient métaboliquement actives.
Des essais de liaison de lectines fluorescentes ont montré que des changements dans l’arrangement et la composition de la
matrice d’exopolymères des biofilms survenaient également, et que ces changements dépendaient de l’agent antimicrobien.
Des analyses détaillées réalisées sur des cellules isolées par STXM ont prouvé que la morphologie cellulaire ainsi que la
distribution spatiale et les quantités relatives des protéines, des lipides et des polysaccharides des biofilms et des cellules
différaient en fonction des agents antimicrobiens. La distribution de la chlorhexidine dans les biofilms, déterminée par sa
signature spectrale distincte, était localisée principalement à l’intérieur des cellules bactériennes. Chaque agent antimicrobien induisait une réponse unique; les cellules et les biofilms de P. fluorescens changeaient de morphologie et d’architecture, et la distribution et l’abondance des biomacromolécules étaient aussi modifiées, notamment dans la matrice
d’exopolymères. Pseudomonas fluorescens montrait aussi une adaptation au chlorure de benzalkonium à 10 mg/mL. Nos
observations soulignent l’importance des changements dans la quantité et la chimie de la matrice d’exopolymères en réponse aux agents antimicrobiens et suggèrent que ces changements constituent des cibles de contrôle importantes.
Mots-clés : NEXAFS, STXM, biofilm, antimicrobien, CLSM.
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Introduction
Biofilms are communities of microorganisms surrounded
by extracellular polymeric substances (EPS) that can grow
on all types of hydrated surfaces, including foodstuffs, food
processing equipment, and medical devices. In the food industry, biofilm formation can lead to food contamination, reduced shelf life of food products, and transmission of
disease; accordingly, a variety of antimicrobial agents are
commonly employed to control biofilm formation. While
usually effective, microorganisms periodically develop resistance to antimicrobial agents, something that has become
an ongoing challenge to the food industry. Countermeasures
to antimicrobial resistance could be developed from an improved understanding of how the morphology and biochemistry of biofilms are affected by antimicrobial agents.
Differences in biofilm response to antimicrobial agents
may be ascribed to the variation in the structure and chemical composition of the antimicrobial agents, to the genetically determined morphology and biochemistry of the
biofilm, and to how the antimicrobial agent interacts with
the biofilm (Lindsay and Von Holy 2006). The minimum inhibitory concentration (MIC) is defined as the lowest concentration of a given antimicrobial agent sufficient to
inhibit the growth of a given species of microorganism.
Sub-inhibitory antimicrobial concentrations are those concentrations below the MIC (sub-MIC) that inhibit normal
cellular functions without causing death. Examination of
how sub-MIC impact different organisms has proven to be
a useful approach to investigate antimicrobial resistance
mechanisms (López-Diez et al. 2005; Okamoto et al. 2002;
Wojnicz and Jankowski 2007; Majtán et al. 2008).
Biofilm-based resistance may be evaluated effectively using direct visualization and analysis techniques (Lawrence et
al. 2003, 2007a; Neu and Lawrence 2005; MangalappalliIllathu and Korber 2006). Confocal laser scanning microscopy (CLSM) has been used to assess cell viability, cell
morphology, biofilm structure, and the form and composition of the exopolymer matrix of the biofilm (Korber et
al. 1994; Lawrence et al. 2007a, b; Neu et al. 2001). Scanning transmission X-ray microscopy (STXM) has been
used to quantitatively map the major classes of biomacromolecules (e.g., protein, lipids, and polysaccharides), and
chlorhexidine in biofilms at a spatial resolution of <50 nm
in hydrated biofilms (Hitchcock et al. 2002; Lawrence et
al. 2003; Dynes et al. 2006b).
Pseudomonas fluorescens is ubiquitous in nature and considered to be an important food spoilage organism associated with fresh produce (Hadjok et al. 2008) and meats
(Ouattara et al. 1997). Pseudomonas fluorescens CC840406-E is an environmental isolate that has been extensively studied in our laboratory (Caldwell and Lawrence
1986; Korber et al. 1989). Its biofilm formation and growth
characteristics are well known. Antimicrobial agents such as
chlorhexidine (CHX), triclosan (TCS), trisodium phosphate
(TSP), and benzalkonium chloride (BAC) are commonly
used in the food and personal care product industries. Comparative studies provide an opportunity to examine how antimicrobial agents, with different modes of action, influence
the properties of bacterial cells and biofilms. Accordingly, a
combination of CLSM and STXM was used to characterize
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the biochemical and morphological changes that occur in P.
fluorescens in response to sub-MIC of TCS, chlorhexidine
dihydrochloride, BAC, and TSP. Direct observation at the
microscale is anticipated to allow detection of changes in
the bacteria and biofilms that may point to alternate adaptation/resistance mechanisms and possible targets for control
which have been under-studied.

Materials and methods
Sample preparation
Pseudomonas fluorescens strain CC-840406-E was used
for all experiments. The details of its isolation and surface
colonizing characteristics have been described previously
(Caldwell and Lawrence 1986; Korber et al. 1989). Cultures
were stored at –80 8C in sterile 2 mL cryogenic vials
(Corning Glass Works, Corning, New York) containing
3 mm borosilicate glass beads (Kirsop and Snell 1984). Biofilms were prepared by inoculating continuous-flow slide
culture chambers (flow cells) with a 1-mL suspension of
log-phase cells obtained from batch cultures grown in
50 mL of 10% trypticase soy broth (TSB) (3 g/L) on a gyratory shaker at 21 8C ± 2 8C. Flow cells (see CLSM and
STXM design specification details below) were irrigated
with minimal growth medium [3 mmol/L Na2HPO47H2O,
2 mmol/L KH2PO4, 0.8 mmol/L (NH4)SO4, 0.4 mmol/L
MgSO47H2O, 0.02 mmol/L Ca(NO3)24H2O, and 0.8 mmol/L
FeSO4] (Lawrence et al. 1991) containing 1 g/L of glucose
at 21 8C ± 2 8C, at a laminar flow velocity using a peristaltic pump (Watson Marlow, Wilmington, Massachusetts).
The CLSM flow cells were viewed after 24 or 96 h (see
staining and lectin details below) and for the STXM experiments the silicon nitride window was removed from
the flow cell after 24 h (see wet cell preparation details
below). The CLSM experiments were repeated 3 times, on
separate occasions, while the STXM experiments were repeated twice on separate occasions. The STXM flow cells
were always run at the same time as the CLSM flow cells.
Generally, 1 image sequence was selected per biofilm for
detailed chemical analysis in the STXM studies, as time
available on the beamline was limited. For the CLSM 3–7
areas in a biofilm were examined per CLSM experiment.
The biofilms were grown in the absence (control) and
presence of selected antimicrobial agents: TCS (5-chloro-2(2,4-dichlorophenoxy)phenol), BAC (alkylbenzyldimethylammonium choride), CHX (1,1’-hexamethylene bis[5-(pchlorophenyl)biguanide]), and TSP. All chemicals were obtained from Sigma-Aldrich and were >95% pure.
The concentrations of the antimicrobial agents used in this
study were 3, 10, 1, and 1000 mg/mL for TCS, BAC, CHX,
and TSP, respectively. For BAC, CHX, and TSP the concentrations were selected to be ~50% below the planktonic MIC
(i.e., sub-MIC). The planktonic MIC values were determined
by monitoring bacterial growth in a 10% TSB solution containing selected concentrations of each antimicrobial agent,
by measuring the optical density at 600 nm (OD600) (Cheung
et al. 2007) at 20 min intervals over a 24 h period at
21 8C ± 2 8C. The MIC value was noted as the lowest antimicrobial concentration at which bacterial growth was not
observed. For TCS, the P. fluorescens strain CC-840406-E
was determined to be resistant at all concentrations includPublished by NRC Research Press
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ing saturation (~30 mg/mL). However, in the minimal
growth media the solubility of TCS was about an order of
magnitude less than that observed in the 10% TSB media,
hence, the reason for using much less than 50% below the
planktonic MIC as used for the other antimicrobial agents.
The BAC was dissolved in water and filter sterilized through
a 0.22 mm filter into the autoclaved minimal growth media,
while the other antimicrobials were added as powders directly into the autoclaved minimal growth media. Microbial
growth was never observed in the media reservoirs, confirming that the minimal growth media remained sterile after the
addition of the antimicrobial agents and throughout the experiments.
An index of viable cells released from the biofilm was
obtained by collecting the effluent from the CLSM chamber
exit tubes of the 96-h biofilms in duplicate and spreading
appropriate dilutions on 10% trypticase soy agar plates
(Wolfaardt et al. 1994b). The number of colony forming
units (CFU) per millilitre was determined after 24 h incubation of the agar plates at 21 8C ± 2 8C. The presence of only
the P. fluorescens colonial morphotype also confirmed that
no contamination of the apparatus occurred during the experiments.

Flow cell design specifications
The flow cells used for the CLSM experiments were constructed of polycarbonate and glass. Multiple 40 mm 
3 mm  1 mm (length  width  depth) channels were
milled into the polycarbonate, then covered with a No. 1
cover slip sealed in place with self-leveling RTV silicon adhesive (WPI, Sarasota, Florida), which allowed for microscopic examination of the biofilm growing on the cover slip
(Wolfaardt et al. 1994a). Before inoculation, a 6% sodium
hypochlorite solution was used to surface sterilize the
CLSM flow cells for 1 h prior to rinsing with sterile water
and medium.
For the STXM experiments, the biofilm was grown directly on silicon nitride membranes (Silson Ltd., Blisworth,
United Kingdom) mounted in the flow cells, after which the
silicon nitride membranes were removed from the flow cells
and a wet cell constructed for analyses, as described previously (Dynes et al. 2006a, 2006b). STXM flow cells were
constructed from 2 glass microscope slides separated by a
gasket made from the silicon adhesive. In one slide, two
3 mm holes were drilled at each end and silicone tubing
was glued to the holes using silicone adhesive to form inlet
and outlet ports. The silicon nitride membrane was attached
to the unmodified slide with a butterfly clamp made from
cover slips fastened to the slide along 1 edge with silicone
adhesive. This chamber design permitted easy removal of
the delicate silicon nitride membrane. The STXM flow cell
dimensions were 40 mm  15 mm  1 mm (length  width
 depth). The STXM flow cells containing the silicon nitride membrane were autoclaved before inoculation. Because
of the difference in cross-sectional areas the flow velocities
were 0.01 (CLSM) and 0.04 cm/s (STXM). To check for
possible flow velocity effects, the biofilms growing on the
glass slides of the STXM chamber was compared with the
CLSM experiments. The results (not shown) were not significantly different from the 24 h CLSM biofilms (Fig. 1).
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Confocal laser scanning microscopy (CLSM) and probes
CLSM image sequences were collected using an MRC
1024 confocal laser scanning microscope (Zeiss, Jena, Germany) attached to a Microphot SA microscope (Nikon, Tokyo, Japan) equipped with a plan-apochromat, oil immersion
60, 1.4 numerical aperture lens. To investigate membrane
integrity, biofilm bacteria were stained simultaneously with
SYTO9 and propidium iodide (PI) in situ (Invitrogen Molecular Probes, Eugene, Oregon). Fluorescence of SYTO9 and
PI were recorded in the green (excitation/emission 488/
522 nm) and red channels (excitation/emission 535/
617 nm), respectively. Biofilm thickness and the cellular
density were determined by image analysis of CLSM image
sequences (Lawrence et al. 2007a). Comparison of the results was conducted with 1-way ANOVA using a commercial statistical software package (MiniTab, State College,
Pennsylvania).
The fluor-conjugated lectins Triticum vulgaris (specific
for N-acetyl-glucosamine residues and oligomers) and Vicia
villosa (specific for N-acetylgalactosamine) (Invitrogen Molecular Probes) were used to investigate changes in the form,
arrangement, and composition of the EPS in the 96 h biofilms (Neu et al. 2001). The fluorescence from the lectin labels attached to T. vulgaris and V. villosa was recorded in
the red (excitation/emission 568/598 nm) and green (excitation/emission 488/522 nm) channels, respectively.
As an additional measure of cell viability, 5- and 6carboxyfluorescein diacetate (FDA) was added to the 24 h
biofilms (Breeuwer et al. 1996). Cells that are metabolically active can cleave the diacetate, allowing the released
fluorescein (excitation/emission 492/517 nm) to fluoresce
(recorded in the green channel).
Scanning transmission X-ray microscopy and data
analysis
X-ray imaging and spectromicroscopy were carried out at
the Advanced Light Source (Berkeley, California) using the
STXM at beamline 5.3.2 (Kilcoyne et al. 2003; Warwick et
al. 2002). STXM was used analytically by recording images
at a sequence of energies (Jacobsen et al. 2000). Sequences
of 80–100 images between 280 and 320 eV (C 1s, and K 2p
regions) were recorded and converted to chemical component maps by fitting the optical density spectrum at each
pixel to the spectra of the reference compounds (protein,
lipid, polysaccharide, CO32–, K, and, where possible, the appropriate antimicrobial compound). The reference spectra of
the biological components and chlorhexidine dihydrochloride have been presented elsewhere (Lawrence et al. 2003;
Dynes et al. 2006b). The raw transmitted signals were converted to optical densities (absorbance) using incident flux
signals measured through regions of the wet cell devoid of
biofilm, to correct for the absorbance by the silicon nitride
membranes and water, and to compensate for the spectral
shape of the incident flux. The microscope energy scale
was calibrated to an accuracy of ±0.05 eV using the Rydberg peaks of CO2.
Quantitative component maps were derived for the major
biomacromolecules (protein, lipids, and polysaccharides)
and chlorhexidine by spectral fitting of C 1s image sequences measured between 280 and 320 eV using the singular
value decomposition (SVD) procedure (Jacobsen et al.
Published by NRC Research Press
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Fig. 1. Confocal laser scanning microscopy images of 24 h Pseudomonas fluorescens biofilms grown in the presence and absence of antimicrobial agents. (a) Control, (b) triclosan (TCS), (c) trisodium phosphate (TSP), (d) chlorhexidine dihydrochloride (CHX), and (e) benzalkonium chloride (BAC). The biofilm was stained with SYTO9 (green) and propidium iodide (red).

2000; Koprinarov et al. 2002; Dynes et al. 2006a). Note that
C 1s component maps for BAC and TCS could be derived
when these antimicrobials were included in the fitting procedure; however, based on our methodology (Dynes et al.
2006a, 2006b), the C 1s near-edge X-ray absorption fine
structure (NEXAFS) signals for BAC and TCS were not intense enough or sufficiently different to distinguish the TCS
or BAC contributions from those of the biomacromolecular
components of the biofilm with confidence. Hence, only the
CHX component maps are discussed. The reference spectra,
recorded from pure materials, were placed on absolute linear
absorbance scales (OD for 1 nm) by matching them to the
predicted response for the compound based on its elemental
composition and density, using tabulated continuum absorption coefficients (Henke et al. 1993). The component concentration is reported as the thickness (in nm) at each pixel,
which in turn depends on assumptions as to the effective
density of each component. Where individual component

maps are given, the lower and upper limits of the gray scale
are indicated. The reliability of the mapping for each component was evaluated using previously described methodology (Dynes et al. 2006a, 2006b), including examination of
the residual image, examination of the fit of the spectrum to
areas with the highest concentration identified by applying a
grayscale threshold technique, and by exploring different
reference compounds and combinations thereof. The relative
amount of protein, lipid, and polysaccharide in the entire biofilm was calculated from the respective component maps
by first integrating the thickness of these components over
the regions they were located, and second, ratio-ing the
amount for each species to the sum of the amounts of protein, lipid, and polysaccharide. Since the amount of antimicrobial agent (CHX, BAC, and TCS) in any sample was
extremely small, these relative compositions did not depend
on whether the antimicrobial agent was included in the fit or
not. The uncertainty in the scales for the component maps is
Published by NRC Research Press
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Table 1. Minimum inhibitory concentrations (MIC) of planktonic Pseudomonas fluorescens
cell cultures for specific antimicrobial agents, treatment concentrations, and the initial solution pH of the minimal growth media amended with antimicrobial agents.

Treatment
Control
Triclosan
Benzalkonium chloride
Trisodium phosphate
Chlorhexidine dihydrochloride

Minimum inhibitory concn.
(MIC; mg/mL)
NA
Resistant
20
2000
2

Treatment concn.
(mg/mL)
NA
3a
10
1000
1

Initial pH in
minimum growth
media
6.9
6.9
7.1
11.0
6.9

Note: NA, not applicable.
a

Maximum concentration of TCS that dissolved in the minimum growth media.

estimated to be ~10% relative and 40% absolute (Dynes et
al. 2006b). The percentage of the protein and lipid in single
cells was estimated by converting the integrated thickness of
these components for a single cell to a mass (g), which was
then divided by the estimated mass (g) of a single cell. To
convert integrated thickness to mass involved multiplying
the integrated thickness by the area and the density of the
biomacromolecules. The density assumed for protein was
1.35 g/cm3 (Fischer et al. 2004) and the density assumed
for lipid was 1.2 g/cm3 (Okuyama et al. 1984). The single
cell dry mass was calculated from the volume of single cells
and the wet cell density, assuming that the cell was 70%
water (Ingraham et al. 1983). The following formula was
used to calculate the volume (V) from the length (l) and
width
(w)
of
the
bacterial
cells:
V ¼ ½w2 ðp=4Þðl  wÞ þ ½pðw3 =6Þ (Loferer-Krössbacher et
al. 1998). The bacteria were considered as cylinders with
hemispherical ends at each side. The formula works equally
well for cocci and rods, since (l – w) becomes zero for
cocci. The average cell density (wet) was assumed to be
1.1 g/cm3 (Bjørnsen and Riemann 1988). The protein/lipid
ratio was determined from the protein and lipid integrated
thickness. All image and spectral processing was performed
with aXis2000 (Hitchcock 2007).
The morphological characteristics (length and width) of
the bacteria cells for each treatment were also determined
from the biology maps. The biology maps are the difference
of OD images recorded at 288.2 eV (peak of the C 1s ?
p*C=O signal of protein) and 282 eV (prior to the onset of
the C 1s absorption signal). The length was taken as the
long axis and the width as the short axis. Note all stages of
bacterial growth were included in the determinations (i.e.,
including cells at all stages of the cell division cycle). Comparison of the results was conducted with 1-way ANOVA
using a commercial statistical software package (MiniTab).

Results
The MIC of the antimicrobial-treated cultures is shown in
Table 1. Note that in the TCS-treated P. fluorescens culture,
growth continued even under saturated TCS conditions (in
TSB medium >30 mg/mL). Many pseudomonads are intrinsically resistant to TCS; the active ingredient in commercial
pseudomonas isolation agar is TCS (trade name Irgasan).

Confocal laser scanning microscopy (CLSM)
Cell viability and biofilm architecture
The 24 and 96 h P. fluorescens biofilms grown in the
presence and absence of antimicrobial agents were stained
simultaneously with SYTO9 and PI. Figure 1 shows typical
CLSM images of the 24 h antimicrobial-treated biofilms,
and Table 2 presents the cellular density (% surface area occupied by cells). In terms of the total cellular biomass accumulation in the biofilm (SYTO9 + PI-stained cells), the
treatments ranked as follows: control (CON) ‡ TCS >
TSP ‡ CHX > BAC. As a secondary indicator of viability, 5- and 6-carboxyfluorescein diacetate (FDA) was injected into the 24 h antimicrobial-treated and control
biofilms. All samples were able to cleave the diacetate in
FDA, confirming that metabolically active cells were
present in all biofilms.
Figure 2 displays typical CLSM images and depth profiles
of the 96 h biofilms stained with SYTO9 and PI, and Table 2
reports the cellular density. Similar to the 24 h biofilms
(Fig. 1), most of the cells in the 96 h control and TCS- and
TSP-treated biofilms were stained only with SYTO9. The
biofilm architecture continued to develop in the 96 h control
and TCS-treated biofilms, becoming a thick heterogeneous
biofilm with microcolonies and channel structures, whereas
the biofilm architecture of the 96 h TSP-treated biofilms remained thin and homogeneous like the 24 h TSP-treated biofilm (Fig. 1), with only slight increases in cellular density
(Table 2). The 96 h BAC-treated biofilm was different from
the 24 h BAC-treated biofilm, being considerably thicker
and more heterogeneous (Fig. 2), developing microcolonies
and channel structures like the control and the TCS-treated
biofilms. Also, in the 96 h BAC-treated biofilm the majority
of cells (~70%) were stained with SYTO9, but only ~25%
of the cells in the 24 h BAC-treated biofilm were stained
with SYTO9. The cells in the 96 h CHX-treated biofilm all
appeared stained by PI, and the biofilm remained thin and
relatively homogenous as it had at 24 h. In terms of cellular
biomass accumulation in the biofilm (SYTO9 + PI stained
cells), the 96 h treatments ranked as follows: BAC >
CON ‡ TCS > TSP ‡ CHX.
The 96 h effluent plate counts (i.e., CFU/mL) are shown
in Table 2 and their ranking was CON ‡ TCS > TSP >
BAC > CHX. The number of CFU released from the control
Published by NRC Research Press
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Table 2. The cellular density (%) as determined by in situ SYTO9 and propidium iodide binding analysis
of 24 and 96 h Pseudomonas fluorescens biofilms, and the plate counts from the effluent collected from
the flow cell tube of 96 h P. fluorescens biofilms treated with different antimicrobial agents.
Type of binding analysisa

Treatment

Cellular density
stained by
SYTO9 (%)

Growth period (24 h)
Control
Triclosan
Trisodium phosphate
Benzalkonium chloride
Chlorhexidine dihydrochloride

23.8±6.8a
19.9±6.7a
9.6±3.9b
0.1±0.1c
0.0±0.0c

Growth period (96 h)
Control
Triclosan
Trisodium phosphate
Benzalkonium chloride
Chlorhexidine dihydrochloride

24.6±10.8a
21.9±10.0ab
15.0±5.5b
24.3±14.6a
0.0±0.0c

Cellular density
stained by propidium
iodide (%)
0.2±0.2a
0.9±0.9a
0.9±0.4a
0.4±0.1a
9.5±6.0b
0.5±0.6a
0.4±0.8a
1.4±1.1a
10.9±9.5b
5.0±3.8c

Plate counts (CFU/mL 
104 of effluent solution)
ND
ND
ND
ND
ND
4000±2000
3000±2000
2±0.1
0.2±0.04
0.005±0.001

Note: CFU, colony forming units; ND, not determined.
a

Values followed by the same letter are not significantly different (p < 0.05, n = 4). Note that statistical comparisons
were made between SYTO9 and PI within each growth period, and not between the 24 and 96 h growth periods.

and TCS-treated biofilms were similar, and ~3 orders of
magnitude greater than from the TSP-treated biofilm. The
CFU in the BAC-treated biofilm were an order of magnitude
less compared with the TSP-treated biofilm and 40 times
more than the CHX-treated biofilm.
Chemistry of the extracellular polymeric substances (EPS)
Figure 3 shows CLSM images and depth profiles of the
96 h antimicrobial-treated biofilms stained with fluorconjugated lectins and Table 3 summarizes the analysis of
the amount of lectin binding present in each biofilm. In the
control biofilm, binding of the Triticum-lectin (red) was
observed but not Vicia-lectin binding (green). Triticumlectin binding for the TCS-treated biofilm was about twice
that of the control biofilm, and the TCS biofilm had extensive Vicia-lectin binding EPS concentrated in a layer at the
biofilm surface–solution interface. The TSP-treated biofilm
appeared dominated by the presence of Vicia-lectin binding
EPS. The thin CHX-treated biofilm EPS stained with both
Triticum- and Vicia-lectin, co-localization was evident on
the cells and microcolonies. For the BAC-treated biofilms,
Triticum-lectin binding was dominant as in the control biofilms, although the distribution pattern was altered with a
loss of the diffuse polymer between the microcolonies.

charide in the control and 24 h antimicrobial-treated biofilms are presented as composite color maps (Fig. 5),
derived from the component maps (not shown). The relative
amounts of protein, lipid, and polysaccharide in the control
and 24 h antimicrobial-treated biofilms are listed in Table 4.
There were clear differences in the spatial distribution of the
protein, lipid, and polysaccharide material between biofilms.
The relative amount of protein in the control and antimicrobial-treated biofilms ranged from 25% to 46% in the order
TSP > CON ‡ BAC > TCS ‡ CHX. The relative amount of
lipid in the biofilms ranged from 20% to 51% in the order
BAC > CHX > CON ‡ TCS ‡ TSP. The relative amount of
polysaccharide in the biofilms ranged from 15% to 53% in
the order TCS > CON ‡ CHX ‡ TSP > BAC.
The percentage of protein and lipids in single bacterial
cells in the control and antimicrobial-treated biofilms are
listed in Table 5. The percentage of protein in the bacterial
cells in these biofilms was similar to that of the control, except for the TCS-treated biofilm, which was higher. The cellular protein percentage followed the order TCS > CON ‡
TSP ‡ BAC ‡ CHX. The percentage of lipids in the cells of
antimicrobial-treated and control biofilms varied from 5% to
26% and followed the order TCS > CHX ‡ BAC > TSP ‡
CON. The protein/lipid ratio trend was CON > TSP >
BAC ‡ TCS ‡ CHX.

Scanning transmission X-ray microscopy (STXM)
Biomacromolecule mapping
Figure 4a displays an OD image of a 20 mm  20 mm region of the untreated control biofilm. This image was recorded in transmission at 288.2 eV, an energy where the
absorption is dominated by the strong C 1s ? p*C=O band
of the amide carbonyl of the protein (Stewart-Ornstein et al.
2007). The spectra of CHX, TCS, and BAC are presented in
Fig. 4b.
The spatial distribution of the protein, lipid, and polysac-

Cell morphology
The length and width (morphology) of the bacterial cells
in the 24 h biofilms were determined from the 288.2 eV biology maps (similar to those in Fig. 4a). Quantitative analyses of the cell morphology are summarized in Table 6. The
characteristic shape of the cells in the absence of antimicrobial agents (i.e., control) was rod shaped (l:w = 2.5). In contrast, the cells in the presence of CHX and TSP were
coccoid shaped (l:w = 1.4–1.5). Compared with the control,
the width of cells from the TCS-treated biofilm was considPublished by NRC Research Press
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Fig. 2. Confocal laser scanning microscopy images and depth profiles of 96 h Pseudomonas fluorescens biofilms grown in the presence and
absence of antimicrobial agents. (a) Control, (b) triclosan (TCS), (c) trisodium phosphate (TSP), (d) chlorhexidine dihydrochloride (CHX),
(e) benzalkonium chloride (BAC), and (f) depth profiles of biofilms. The letters (a–e) in (f) correspond to the same antimicrobial agent as
indicated in each image caption. The biofilms were stained with SYTO9 (green) and propidium iodide (red).

erably reduced, whereas its length was similar, with a l/w
ratio of 3.6. The morphology of the BAC-treated cells was
similar to that of the control (l:w = 2.3).
Chlorhexidine mapping
The TCS and BAC C 1s spectra were too similar to that
of the biomacromolecules spectra (Lawrence et al. 2003;
Dynes et al. 2006b) to permit derivation of TCS and BAC
component maps. Chlorhexidine was mapped in the 24 h biofilm and was associated with the lipids in the cell (Fig. 6).
The STXM detection limit for CHX was estimated by adding its spectrum to that of the major biomacromolecules
over a range of compositions. The detection limit was based
on the visibility of the characteristic sharp features at 285.1
and 286.4 eV, associated with C 1s ? p*ring and C 1s ?
p*C=N transitions in the phenyl and imide groups of chlorhexidine against the background spectrum of the other species. It was found that these 2 spectral features were readily
discernable at a level of 10 nm of CHX combined with the
spectrum of 50 nm of protein or 100 nm of lipid, and at a
level of 20 nm against a background combination spectrum
of 50 nm protein and 100 nm lipid. While the fractional sensitivity is not that exceptional, the absolute sensitivity is im-

pressive, since an average thickness of 10 nm of
chlorhexidine in a 500 nm high and 50 nm diameter column
(1 pixel) corresponds to ~1  10–17 mol assuming the density of pure CHX is 1.2 g/cm3.
Figure 7 presents the results of a curve fit to the spectrum
of a CHX-rich region (extracted from pixels with a CHX
thickness >40 nm) of the CHX-treated biofilm. Comparison
with the fit with and without the CHX component clearly indicates the spectral basis of the mapping capability.

Discussion
The inhibitory activity of many antimicrobial agents requires that the integrity of the cell membrane must be compromised through the insertion of the antimicrobial agent in
the cell membrane, leading to leakage of cytoplasmic materials or penetration of the compound into the cell, affecting
internal processes (McLandsborough et al. 2006). Leakage
of low molecular mass cytoplasmic constituents can be an
indication of irreversible disorganization of the cytoplasmic
membrane (Gilbert et al. 1977; Sampathkumar et al. 2003).
We were unable to confirm whether there was leakage of
cytoplasmic materials or damaged membranes using STXM,
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Fig. 3. Confocal laser scanning microscopy images and depth profiles of 96 h Pseudomonas fluorescens biofilm grown in the presence and
absence of antimicrobial agents. (a) Control, (b) triclosan (TCS), (c) trisodium phosphate (TSP), (d) chlorhexidine dihydrochloride (CHX),
(e) benzalkonium chloride (BAC), and (f) depth profiles of biofilms. The letters (a–e) in (f) correspond to the same antimicrobial agent as
indicated in each image caption. The biofilms were stained with the lectins Triticum vulgaris (red) and Vicia villosa (green).

Table 3. The volume per unit area coverage of different biofilm
exopolymers as determined by in situ lectin binding analysis of
96 h Pseudomonas fluorescens biofilms treated with different
antimicrobial agents.
Type of lectin binding analysisa
Treatment
Control
Triclosan
Trisodium phosphate
Benzalkonium chloride
Chlorhexidine
dihydrochloride

Triticum vulgaris
(mm3/mm2)
1.5b±0.9
3.4c±0.4
0.3a±0.1
0.5a±0.1
0.1a±0.1

Vicia villosa
(mm3/mm2)
0.0a±0.0
2.7c±1.4
0.7b±0.2
0.0a±0.0
0.1a±0.1

a
Values followed by the same letter are not significantly different (p <
0.05, n = 4).

as their expected concentrations and membrane alterations
were below the detection limit (~1  10–17 mol) and the
spatial resolution (~25 nm) of STXM.
Growth inhibition by antimicrobials does not always depend upon the loss of intracellular constituents, but instead
results from, at least in part, membrane structural perturba-

tions that, while not always drastic enough to perforate the
membrane, nonetheless interfere with normal membrane
functions (Guillén et al. 2004). Correlation of the cellular
membrane integrity with the cellular density and biofilm architecture can give insights into possible modes of antimicrobial action. The membrane of the cells in the 24 and
96 h TCS-treated biofilms were unaffected, indicating that
the TCS had not affected the cell membrane. Cell membrane
integrity was compromised in all cells in the 24 and 96 h
CHX-treated biofilm (Figs. 1 and 2). The CHX-treated biofilm also had the lowest cellular density and poorly developed biofilm structure (Table 2). Chlorhexidine has been
shown to alter the outer membrane and cytoplasm of Candida albicans (Ellepola and Samaranayake 1998). Our results are consistent with membrane damage, confirming that
P. fluorescens is sensitive to CHX. Nevertheless, the FDA
analysis of 24 h biofilms indicated the presence of metabolically active cells, and the effluent plate counts from the
96 h biofilms (Table 2) further confirmed the presence of
viable cells.
The low percentage (~10%) of PI-stained cells in the 24
and 96 h TSP-treated biofilms (Figs. 1 and 2) indicated that
the cell membrane of most cells was not compromised.
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Fig. 4. (a) Biology map (288.2–280 eV OD images) of the control biofilm of a 20 mm  20 mm area. (b) C 1s X-ray absorption (NEXAFS)
reference spectra of the antimicrobial agents. The spectra of triclosan (TCS), benzalkonium chloride (BAC), and chlorhexidine dihydrochloride (CHX) are plotted on an absolute linear absorbance scale with offset.

However, the thin biofilm and lower cellular density compared with the control indicated a reduced viability and reproduction of the biofilm cells. Sampathkumar et al. (2003),
using TEM, showed that the treatment of planktonic Salmonella enterica serovar Enteritidis cells with 1.5%–2.5% TSP
(compared with 0.1% TSP, pH 11 used in this study) resulted in the disruption and perforation of the outer and cytoplasmic membranes largely because of the alkaline pH
(~11), which in turn leads to loss of intracellular contents.
Thus, it appears that most cells in the TSP-treated biofilm
were resistant to the alkaline pH, although the cells were
stressed. In the BAC-treated biofilms the percentage of
membrane-compromised cells changed with time from
~70% of the cells at 24 h to ~25% of the cells at 96 h. However, while the cellular density of the 24 h BAC-treated biofilm was considerably less than the 24 h control biofilm, it
was similar to that of the control and TCS-treated biofilm
at 96 h (Fig. 2). Other researchers (Langsrud et al. 2003;
Braoudaki and Hilton 2005; Mangalappalli-Illathu and
Korber 2006; Bore et al. 2007) have shown that repeated exposures of various bacterial genera to increasing sub-MIC of
BAC resulted in adaptation or the acquisition of resistance.
Our observations suggest that some BAC-treated cells had
undergone adaptation over time in situ.
There is continuous interaction and exchange between
biofilm and planktonic populations (attachment, detachment,
and reattachment), and studies sampling planktonic populations have shown they were representative of the biofilm
population (Holm et al. 1992; Wolfaardt et al. 1994b).

Thus, the number of viable cells released in the effluent (determined by plating on agar) provides an index of biofilm
cell viability. Our viability results were in good agreement
with the 96 h cellular biomass accumulation (i.e., cellular
density; Table 2), except for the BAC-treated biofilm in
which an increase in biomass did not result in an increase
of viable cells in the effluent. The change in BAC biofilms
between 24 and 96 h in terms of viability and biomass may
be the consequence of BAC adaptation of P. fluorescens
biofilm cells.
Bacteria respond to environmental stress by altering their
cellular morphology, a phenomenon believed to permit continued cell growth and division (Young 2003, 2006). For example, Cefali et al. (2002) studied the response of
Pseudomonas aeruginosa during nutrient starvation and
they observed that the normally rod-shaped cells became
smaller and coccoid shaped. It was suggested that the shape
change was linked to the stationary phase and reduced energy requirements to cope with unfavorable conditions.
Other researchers (Givskov et al. 1994; van Overbeek et al.
1995; Rowan 1999; Jan et al. 2001; Steinberger et al. 2002)
have shown that the characteristic cell morphology of
stressed bacteria (starvation and pH) is also altered. Watkin
et al. (2003) showed that a decrease in pH from 7 to 4.8 resulted in Rhizobium leguminosarum cells becoming shorter
and wider, while maintaining a similar l/w ratio, relative to
an acid-sensitive mutant strain that did not change cell morphology. In the presence of CHX and TSP, the P. fluorescens used in this study also changed from the normal rod
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Fig. 5. Color composite maps (rescaled) of the protein (red), polysaccharide (green), and lipid (blue) spatial distribution in Pseudomonas
fluorescens biofilms grown in the presence and absence of antimicrobial agents, derived from the composite maps (not shown). (a) Control,
(b) triclosan (TCS), (c) trisodium phosphate (TSP), (d) chlorhexidine dihydrochloride (CHX), and (e) benzalkonium chloride (BAC).

Table 4. Relative amounts of the biomacromolecules in Pseudomonas fluorescens biofilms in the 24 h biofilms treated with different antimicrobial agents.
Relative amount in the biofilm (%)a
Treatment
Control
Benzalkonium chloride
Triclosan
Trisodium phosphate
Chlorhexidine
dihydrochloride

Protein
36
34
25
46
25

Lipid
24
51
22
20
36

Polysaccharide
40
15
53
34
40

a
Percentages may not total 100% owing to rounding. The maximum
error associated with each determination is estimated to be about 10%
relative and 40% absolute. The antimicrobial agent signals were not
accounted for in the relative amounts.

shape to a coccoid shape (Table 6), which is consistent with
a stress response. Interestingly, despite the fact that the P.
fluorescens was resistant to TCS, the cell shape changed,
although in the BAC biofilms the cells were not significantly different from the control in keeping with the suggestion that adaptation to BAC had occurred.

In this study STXM allowed the determination of the total
concentration and distribution of the proteins and lipids in
the individual cells (Table 5 and Fig. 5). The concentration
of protein in single cells is expected to be 40%–60% of the
total dry mass (m/m basis) (Ingraham et al. 1983). The percent protein determined by our method appears to be less
than this, in some cases by as much as a factor of 2–3. The
expected amount of lipid in bacterial cells varies from 10%
to 35% (Anderes et al. 1971; Ingraham et al. 1983), thus,
our results are in keeping with previous studies.
There is some indication that the spatial arrangement of
protein assemblies influences biochemical processes (e.g.,
correctly localizing synthetic enzymes) within the cell, such
as those involving bacterial morphology (Young 2003,
2006). There was also a change in the spatial distribution of
protein and lipid in the cells in the antimicrobial-treated biofilms. However, the detailed relationship between the spatial
distribution of protein and lipid and response to antimicrobial agents remains to be determined.
Following exposure to antimicrobial agents, there is often
a modification of the biomacromolecular composition and
quantity in the biofilm and bacterial cells. For example, López-Diez et al. (2005) monitored the effects of amikacin on
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Table 5. Amounts and percentages of protein and lipid, the protein/lipid ratios, and the cell volumes and masses for Pseudomonas fluorescens single bacterial cells in the 24 h biofilms treated with different antimicrobial agents.

Treatment
Control
Benzalkonium
chloride
Triclosan
Trisodium
phosphate
Chlorhexidine
dihydrochloride

Cell volume
(mm3)a, b
1.1±0.2b
1.0±0.3b

Cell dry mass
(g  10–13)b, c
3.8±0.7b
3.5±1.4b

Total cellular
protein mass
(g  10–14)b, d
6.8±1.5c
5.0±1.8b

Percentage
of proteinb, e
18±3a
15±2a

Total cellular
lipid mass
(g  10–14)b
1.9±0.1a
3.2±0.3b

Percentage
of lipidb
5±2a
10±3b

Protein/
lipid ratiob
3.9±0.2d
1.5±0.2b

0.6±0.2a
0.7±0.4a

2.0±0.7a
2.4±1.2a

7.3±1.5c
3.3±0.8ab

29±9b
16±5a

4.6±1.3c
1.2±0.1a

26±12c
6±2a

1.2±0.2ab
2.7±0.3c

0.7±0.1a

2.2±0.1a

3.2±0.6ab

15±1a

3.2±0.3b

15±2b

1.0±0.3a

a

Values followed by the same letter are not significantly different (p < 0.05, n = 4).
Volume (V) calculated from the length (l) and width (w) of the bacterial cells: V = [(w2p/4)(l – w)] + [p(w3/6)] (Loferer-Krössbacher et al. 1998). The
bacteria were considered as cylinders with hemispherical ends at each side.
c
Assumes the average wet cell density was 1.1 g/cm3 (Bjørnsen and Riemann 1988) and that the cell was 70% water (Ingraham et al. 1983).
d
Assumes the density of protein was 1.35 g/cm3 (Fischer et al. 2004) and the density for lipids was 1.2 g/cm3 (Okuyama et al. 1984).
e
Total cellular biomacromolecule mass / cell dry mass.
b

Table 6. Morphological characteristics of the Pseudomonas fluorescens cells from 24 h biofilms treated with different antimicrobial agents.
Treatment
Control
Benzalkonium chloride
Triclosan
Trisodium phosphate
Chlorhexidine dihydrochloride

Mean length
(mm)a, b
2.2±0.5b
2.1±0.4b
2.1±0.4b
1.5±0.3a
1.4±0.3a

Mean width (mm)a, b
0.9±0.1b
0.9±0.1b
0.6±0.1a
1.0±0.1c
1.0±0.1c

Length:width ratio
2.5
2.3
3.6
1.5
1.4

Note: Determined from the 288.2 eV biology maps.
a

Length is defined as the long axis and width is defined as the short axis.
Values followed by the same letter are not significantly different (p < 0.05, n = 40).

b

P. aeruginosa under sub-MIC conditions using Raman spectroscopy. They found that as the concentration of amikacin
was increased, the protein-related peaks decreased while the
nucleic acid-related peaks increased. A study of a P. aeruginosa biofilm exposed to quaternary ammonium compounds
(QAC) (BAC belongs to this group) showed modifications
of the fatty acid composition indicating that the antimicrobial agent was interacting with the cell membrane (GuérinMéchin et al. 1999; Méchin et al. 1999). Moreover, resistant
cells of P. aeruginosa averaged 77% more total lipid versus
sensitive cells when grown in the presence of QAC, and
even in the absence of the QAC averaged 27% more lipid
than the sensitive cells (Anderes et al. 1971). Tattawasart et
al. (2000a, 2000b) reported that a CHX-resistant Pseudomonas stutzeri exhibited up- and down-regulation of protein
and lipopolysaccharide material. In our study the increase in
lipid content in the cells from the TCS-, CHX-, and BACtreated biofilms could reflect the overall importance of lipid
in bacterial cells and their role in the maintenance of the cell
envelope. McMurry et al. (1998) demonstrated that TCS
blocks lipid synthesis, thus, the high lipid content in the
TCS-treated biofilm is consistent with resistance to TCS.
Mooney (2006) studied the same P. fluorescens strain used
in this study and showed that in the presence of TCS 47
new proteins were produced, 67 of the common proteins
were upregulated, and 23 were downregulated. The increase

in protein content of the cells in the TCS-treated biofilm is
in keeping with the protein changes observed by Mooney.
Biofilm EPS may act as a diffusion barrier, molecular
sieve, and an adsorbent (Suci et al. 1994; Laspidou and Rittman 2002; Prakash et al. 2003), thereby providing a physical–chemical barrier to antimicrobials and preventing their
penetration to the cell envelope. Environmental conditions
(nutrients, pH, temperature, growth medium and substratum,
and age) are known to influence the composition and quantity of exopolymeric substances produced by bacterial biofilms (Wolfaardt et al. 1999). Therefore, alterations in EPS
glycoconjugate composition may represent an adaptive response to antimicrobial agents. For example, Staphylococcus
spp. biofilms grown in the presence of the sub-MIC of dicloxacillin showed a change in spatial structure and composition of the biofilm matrix when examined by CLSM
(Cerca et al. 2005). In this study we utilized fluorescent lectin binding analyses and STXM to assess changes in the glycoconjugate quantity and composition of antimicrobialtreated biofilms. Pseudomonas fluorescens produced different EPS compositions in response to the antimicrobials
(Figs. 3–5; Tables 3 and 4). STXM showed that the highest
quantity of EPS was in the 24 h TCS-treated biofilm. CLSM
showed that at 96 h TCS-treated biofilms had extensive EPS
and different layers with differing compositions (Fig. 3). It
was apparent that there were 2 types of EPS occurring as
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Fig. 6. Component maps for (a) protein; (b) lipid; (c) polysaccharides; (d) chlorhexidine (CHX), derived by singular value decomposition,
for the chlorhexidine-treated biofilm; and (e) color composite map (rescaled; red, protein; green, chlorhexidine; and blue, lipid) of selected
component maps. The gray scale (a–d) indicates quantitative thickness (nm).

distinct layers in the 96 h TCS-treated biofilm versus only 1
EPS type in the control. This suggests that the TCS-treated
biofilm produced an EPS that contributed to the protection
from the TCS. The fact that the cell membrane remained undamaged is in keeping with the contention that a protective
environment may be created by EPS. The capacity to alter
EPS composition may be part of intrinsic resistance to antimicrobials for pseudomonads and other bacteria.
Relative to the TCS-treated biofilm, the CHX-treated biofilm had a very thin layer of EPS with a limited matrix surrounding the cells, as indicated by lectin staining (Fig. 3d).
In contrast, STXM indicated that there was EPS between the
cells (Fig. 5d) and it comprised ~40% of the biomacromolecules detected. The extensive membrane damage revealed
by the PI staining indicated that the cells had been compromised, suggesting that the EPS did not provide protection
from CHX. The low cell densities further suggest that CHX
may also interfere with the cell adhesion processes, and thus
biofilm formation and maintenance. Similarly, sub-MIC of
dicloxacillin interfered in cell attachment, causing a reduction in cell density and the production of thin biofilms relative to the control (Cerca et al. 2005). Viable cells were

detected in the TSP-treated biofilm; whereas lectin staining
indicated a change in the EPS composition versus the control. These observations parallel TCS, again suggesting an
important role for EPS in P. fluorescens resistance to antimicrobials. Although EPS has often been postulated as having an important role in bacterial resistance to
antimicrobials, it is increasingly clear that modifications to
the EPS composition and quantity are an important component of resistance. In the BAC-treated biofilm, EPS production increased with time, as was evident from the STXM
24 h studies and lectin staining of 96 h biofilms. Unlike the
TCS-treated biofilm, only 1 EPS type was detected and it
was stained by T. vulgaris as in the control. MangalappalliIllathu et al. (2008) observed changes in composition and
quantity of EPS in Salmonella enterica serovar Enteritidis
biofilms exposed to BAC. These results are again in keeping
with adaptation of the bacteria to BAC during this exposure
period, albeit without detection of change in EPS composition as observed for TCS.
STXM detected CHX in the biofilm and showed that it
was spatially localized, mainly in association with the cell
lipid material (Fig. 5). Previously, CHX was found to be asPublished by NRC Research Press
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Fig. 7. (a) Chlorhexidine (CHX) component map, with pixels having values >40 nm in pink, superimposed on the lipid component
map. (b) Curve fit to the spectrum extracted from these pixels. The
average thickness (nm) of the major components is indicated.
Comparison of the fit quality with and without the CHX component
clearly shows the improvement in the fit and thus the basis for the
quantitative chemical mapping.

175

macromolecules. STXM allowed high-resolution imaging,
with detailed mapping of the biofilm and cell structure and
composition, in conjunction with the localization of specific
biomacromolecules and the antimicrobial agent CHX. However, STXM did not allow identification and localization of
other antimicrobial agents. Additional effort will be required
to link the patterns of macromolecular distribution to antimicrobial response and effects. This approach allowed a quantitative analysis of the multifaceted response of P.
fluorescens to antimicrobial exposure and points to the need
for broader evaluation of the role of EPS in both adaptation
and resistance.
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Bore, E., Hébraud, M., Chafsey, I., Chambon, C., Skjæret, C.,
Moen, B., et al. 2007. Adapted tolerance to benzalkonium chloride in Escherichia coli K-12 studied by transcriptome and proteome analyses. Microbiology, 153: 935–946. doi:10.1099/mic.
0.29288-0. PMID:17379704.
Braoudaki, M., and Hilton, A.C. 2005. Mechanism of resistance in
Salmonella enterica adapted to erythromycin, benzalkonium
chloride, and triclosan. Int. J. Antimicrob. Agents, 25: 31–37.
doi:10.1016/j.ijantimicag.2004.07.016. PMID:15620823.
Breeuwer, P., Drocourt, J., Rombouts, F.M., and Abee, T. 1996. A
novel method for continuous determination of the intracellular
pH in bacteria with the internally conjugated fluorescent probe
5 (and 6-)-carboxyfluorescein succinimidyl ester. Appl. Environ.
Microbiol. 62: 178–183. PMID:16535209.
Caldwell, D.E., and Lawrence, J.R. 1986. Growth kinetics of Pseudomonas fluorescens microcolonies within the hydrodynamic
boundary layers of surface microenvironments. Microb. Ecol.
12: 299–312. doi:10.1007/BF02011173.
Cefali, E., Patane, S., Arena, A., Saitta, G., Guglielmino, S.,
Cappello, S., et al. 2002. Morphological variations in bacteria
under stress conditions: near-field optical studies. Scanning,
24: 274–283. PMID:12507381.
Cerca, N., Martins, S., Sillankorva, S., Jefferson, K.K., Pier, G.B.,
Oliveira, R., and Azeredo, J. 2005. Effects of growth in the prePublished by NRC Research Press

176
sence of subinhibitory concentrations of dicloxacillin on Staphylococcus epidermidia and Staphylococcus haemolyticus biofilms.
Appl. Environ. Microbiol. 71: 8677–8682. doi:10.1128/AEM.71.
12.8677-8682.2005. PMID:16332862.
Cheung, H.-Y., Chan, G.K.-L., Cheung, S.-J., Sun, S.-Q., and Fong,
W.-F. 2007. Morphological and chemical changes in the attached
cells of Pseudomonas aeruginosa as primary biofilms develop on
aluminium and CaF2 plates. J. Appl. Microbiol. 102: 701–710.
doi:10.1111/j.1365-2672.2006.03137.x. PMID:17309619.
Dynes, J.J., Lawrence, J.R., Korber, D.R., Swerhone, G.D.W.,
Leppard, G.G., and Hitchcock, A.P. 2006a. Quantitative mapping of chlorhexidine in natural river biofilms. Sci. Total Environ. 369: 369–383. doi:10.1016/j.scitotenv.2006.04.033.
PMID:16777190.
Dynes, J.J., Tyliszczak, T., Araki, T., Lawrence, J.R., Swerhone,
G.D.W., Leppard, G.G., et al. 2006b. Quantitative mapping of
metal species in bacterial biofilms using scanning transmission
X-ray microscopy. Environ. Sci. Technol. 40: 1556–1565.
doi:10.1021/es0513638. PMID:16568770.
Ellepola, A.N., and Samaranayake, L.P. 1998. The effect of limited
exposure to antimycotics on the relative cell-surface hydrophobicity and the adhesion of oral Candida albicans to buccal
epithelial cells. Arch. Oral. Biol. 43: 879–887. doi:10.1016/
S0003-9969(98)00064-8. PMID:9821511.
Fischer, H., Polikarpov, I., and Craievich, A.F. 2004. Average protein density is a molecular-weight-dependent function. Protein
Sci. 13: 2825–2828. doi:10.1110/ps.04688204. PMID:15388866.
Gilbert, P., Beveridge, E.G., and Crone, P.B. 1977. The lethal action of 2-phenoxyethanol and its analogues upon Escherichia
coli NCTC 5933. Microbiology, 19: 125–141.
Givskov, M., Eberl, L., Moller, S., Poulsen, L.K., and Molin, S.
1994. Responses to nutrient starvation in Pseudomonas putida
KT2442: analysis of general cross-protection, cell shape, and
macromolecular
content.
J.
Bacteriol.
176:
7–14.
PMID:8282712.
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