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ABSTRACT
Oral bacteria form mixed-species biofilms known as dental plaque. Growth
of these complex microbial communities is often controlled with the use of
antimicrobial mouthrinses. Novel laboratory methods for testing the efficacy
of antimicrobials in situ are necessary to complement current clinical testing
protocols. In this study, we examined the effects of antimicrobial agents on
a streptococcal biofilm grown in a saliva-conditioned flowcell. The flowcell
coupled with confocal laser scanning microscopy enabled examination of
growing oral biofilms in situ without disruption of the microbial community.
Biofilms composed of Streptococcus gordonii DL1 were grown in an in vitro
flowcell and treated with several commercially available antimicrobial
mouthrinses containing essential oils, triclosan, cetylpyridinium chloride/
domiphen or chlorhexidine. The results of this study revealed varying abilities
of the antimicrobial agents to cause cellular damage on the growing biofilm
in situ. This study therefore demonstrated the usefulness of the flowcell in the
rapid assessment of antimicrobial efficacy.

INTRODUCTION
Dental plaque is an oral microbial biofilm comprising a
multi-species community that forms on the surfaces of the
oral cavity. Understanding the underlying mechanisms of
biofilm development has been facilitated by the use of
in vitro model systems (Wilson & Pratten, 1999; Hope
et al., 2002; Pratten et al., 2003). Similar model systems
have also been applied to study the effects of antimicrobial
agents on biofilm growth and viability. Examining the
impact of antimicrobials on oral biofilms in vivo has been
the focus of several recent investigations (Eley, 1999; Fine
et al., 2000; Pan et al., 2000; Wecke et al., 2000). However,
such studies have relied on methods that do not look at the
in situ effects of various antimicrobials. In many studies
the biofilms are disassociated before analysis, therefore
losing spatial information on the effects of antimicrobial
efficacy. Furthermore, many of the studies disrupt
the growing biofilm prior to antimicrobial treatment,
potentially causing an alteration in the response of the
biofilm to the agent (Fine et al., 2001). Although some
previously described studies do examine growing biofilms
in situ (Guggenheim et al., 2001; Zaura-Arite et al.,
2001), the biofilms are maintained statically and are not
exposed to salivary flow, a factor contributing to biofilm
formation (Palmer et al., 2001). Adherence of bacteria
to the substratum is a critical step to biofilm formation
(Whittaker et al., 1996) and salivary flow introduces an
added selective pressure. Here we present a model that

examines the effects of antimicrobials on monospecies
biofilms composed of Streptococcus gordonii, a known
colonizer of the tooth surface (Nyvad & Kilian, 1987).
The biofilms were grown within an in vitro flowcell that
utilizes human saliva supplemented with sucrose as the
nutrient source. The flowcell was initially designed to
enable biofilms to grow in an environment that mimics
the dynamic conditions of the oral cavity (Palmer &
Caldwell, 1995). Oral microenvironments are difficult
to model in situ because they are open systems subject
to (1) fluctuations of the complex nutrients in the
surrounding environment, (2) metabolic by-products of
the colonizing microbes, and (3) variable growth rates
of the microorganisms. The flowcell permits adherence
of early colonizing bacteria to a saliva-conditioned solid
substratum and direct examination by confocal laser
scanning microscopy (CLSM) without disruption to the
growing biofilm. To analyze the effects of antimicrobials
on the in vitro biofilms, we utilized CLSM, thus enabling
a three-dimensional reconstruction of biofilm structure
and antimicrobial efficacy.
In this study, four classes of antimicrobial agents were
used: essential oils, triclosan, cetylpyridinium chloride/
domiphen bromide, and chlorhexidine. These categories
of antimicrobial agents were selected to represent antimicrobial agents of diverse origin and widely differing
modes of action. We chose to use these commercially
available antimicrobial agents in their final formulation
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in order to mirror many previous clinical studies (van der
Hoeven et al., 1993; Pratten et al., 1998; Moran et al., 2000;
Pan et al., 2000; Leyes Borrajo et al., 2002). However, it is
recognized that vehicle excipients can enhance or reduce
activity of antimicrobials. By using CLSM, vitality staining
and image analysis software, we have complemented
previous clinical studies and can ascertain the efficacies of
various antimicrobial agents on undisrupted oral biofilms.

MATERIALS AND METHODS

inoculum was then diluted to a final concentration of 2.5 ×
105 cells/ml of 25% saliva.

Biofilm growth
Each flowcell was inoculated with 500 µl of the bacterial
suspension containing 2.5 × 105 cells/ml of 25% saliva
and then inverted for 20 min without flow to facilitate
colonization of the bacteria onto the underside of the
glass coverslip. The biofilms were grown within flowcells
for 12 h and were maintained in an ambient-atmosphere
incubator at 37 ◦ C.

Saliva collection
Saliva was collected on ice from at least six healthy
individuals who had refrained from eating for a minimum
of 2 h prior to contributing. The saliva was pooled and
treated with 2.5 mM dithiothreitol while being stirred for
10 min to reduce the potential aggregation of salivary
proteins. The pooled saliva was then centrifuged at
30 000 × g for 20 min at 4 ◦ C as described (de Jong &
van der Hoeven, 1987). The supernatant was diluted
with three volumes of distilled water to produce a final
saliva concentration of 25%, and then filtered through
a 0.22 µm pore low-protein binding filter and frozen at
−20 ◦ C until use. Saliva was thawed immediately prior to
use and centrifuged at 1430 × g for 5 min to remove any
precipitate that might have formed during freezing and
thawing. The saliva was then supplemented with 50 mM
sucrose that facilitated biofilm growth.

Antimicrobial treatments
After the 12 h biofilm growth period, the peristaltic
pump was stopped and 500 µl of antimicrobial agent was
injected by syringe into the flowcell for either 30 or 60 s.
The antimicrobial agents used in this study included:
r (Pfizer, Morris Plains, NJ), containing
(1) Listerine
r (Colgate, Sydney, Australia) with
essential oils; (2) Plax
r (Procter and Gamble, Cincinnati,
triclosan, (3) Scope
OH) with cetylpyridinium chloride/domiphen bromide
r (Zila Pharmaceuticals, Phoenix,
(CPC), and (4) Peridex
AZ) with chlorhexidine. Each antimicrobial treatment
was examined in at least three independent flowcell
experiments using different saliva pools. For control
purposes additional flowcell tracks were injected with
70% ethanol for 30 s or left untreated. After treatment,
the flowcells were rinsed with 25% saliva for 10 min.

In vitro flowcell model
The in vitro flowcell model was modified from that
described by Palmer & Caldwell (1995). Two flow
chambers with a volume of 250 µl per track were milled
into a high-density polyethylene block and a glass coverslip
was attached with silicone adhesive, thus enabling the
biofilms to be examined in situ without disruption. The
flowcells were cleaned with 0.1 M HCl overnight and
then rinsed with 5 ml of distilled water. The flowcell was
disinfected by treatment with 100% bleach for 2 h and
rinsed with 5 ml of distilled water. The flowcell chambers
were treated with saliva for 10 min to coat the flowcell with
host-derived molecules. A peristaltic pump maintained
saliva flow at 200 µl/min to mimic human saliva flow rates
(Dawes et al., 1989; Palmer & Caldwell, 1995).
Bacterial inoculum
Streptococcus gordonii Challis strain DL1 was inoculated
into brain heart infusion (BHI) medium (Becton
Dickinson Co., Sparks, MD) and incubated overnight in
an anaerobic chamber (N2 : CO2 : H2 , 90 : 5 : 5) at 37 ◦ C.
A 300 µl aliquot of the culture was transferred into 8 ml
of anaerobically prereduced BHI medium and incubated
for 4 h at 37 ◦ C to achieve exponential growth. Cells were
pelleted at 1000 × g for 15 min, washed three times in
25% saliva, and resuspended to an A600 of 0.05. The

Bacterial vitality staining
To assess the effectiveness of the different antimicrobial treatments, the biofilms were stained with the
LIVE/DEAD Bacterial Viability kit (Molecular Probes,
Eugene, OR), which visualizes the integrity of bacterial
plasma membranes. The viability kit, used in recent
studies of oral biofilms (Guggenheim et al., 2001; Hope
et al., 2002; Hope & Wilson, 2003) consists of two
fluorescent markers: (1) SYTO 9, a green fluorescent
stain which is indicative of intact plasma membranes; and
(2) propidium iodide (PI), a red stain which targets those
cells that have incurred membrane damage. A solution
containing 1.67 µM of SYTO 9 and 10 µM PI was prepared
in 25% saliva and then injected into each track of the
flowcells. The stained biofilms were examined in situ
through the glass coverslip of the flowcell with either a
40× or 63× oil immersion lens on a Leica TCS4D confocal
laser scanning microscope.

Image analyses
To quantify the effectiveness of the antimicrobial
treatments, micrographs obtained by confocal microscopy
were analyzed with Metamorph 4.6r9 image analysis
software (Universal Imaging Corporation, Downington,
PA). Fluorescence intensity thresholds were set for green,
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Fig. 1: Effect of essential oils (EO) on 12 h biofilms. (A1 ) Confocal image of untreated negative control biofilm demonstrating extensive labeling with
SYTO 9 (green) indicating viability. (A2 ) A three-dimensional reconstruction of A1 rotated 90◦ in the x–z direction. (A3 ) High-magnification image of biofilm
reveals that a few of the streptococcal cells within the biofilm are labeled with propidium iodide (red). (B1 ) Micrograph of positive control biofilm treated
with ethanol. The majority of cells within the biofilm are stained yellow (colocalization of SYTO 9 with propidium iodide), suggesting that cells with damaged
membranes are more numerous than in A1 . (B2 ) Projection of ethanol-treated biofilm rotated 90◦ in the x–z direction. (B3 ) High magnification image of
cells within the ethanol-treated biofilm. (C1 ) Representative image of biofilms treated with EO for 30 s. Propidium iodide staining indicates widespread
membrane damage throughout the thickness of the biofilm. (C2 ) A three-dimensional reconstruction of C1 rotated 90◦ in the x–z direction, demonstrating
EO penetration to the base of the thick biofilm and efficacy of agent in disruption of vitality, as indicated by the red staining. (C3 ) High-magnification image
of biofilm treated with EO. Few viable cells (green) remain within the biofilm. Most cells stain yellow or red indicative of membrane damage. Scale bars:
50 µm (A1 , B1 , C1 ), 55 µm (A2 , B2 , C2 ), and 10 µm (A3 , B3 , C3 ). Black line in A2 , B2 , and C2 indicates substratum surface.

red and yellow pixels and normalized to account for empty
spaces. The pixel areas and their intensities were measured
using the image analysis software. The resulting values for
green and red fluorescent intensities were then analyzed
for statistical significance.
Statistical analysis
Descriptive statistics, including the mean and standard
error were calculated for each of the treatment groups.
One-way analysis of variance (ANOVA) was used
to determine whether significance differences existed
between the various treatments. To determine whether
the means were statistically different from each other a
Tukey’s pairwise comparison test was used at the chosen
level of probability (P < 0.05).

RESULTS
Adherence to the saliva-conditioned glass surface by
S. gordonii was observed in the flowcell chambers
immediately after inoculation (data not shown). An
untreated negative control and a 70% ethanol-positive

control were conducted in parallel with each antimicrobial
treatment to demonstrate the minimal variability of
staining present in this assay. Untreated biofilms were
observed to be viable after the 12 h incubation.
Examination of biofilms treated with essential oils for
30 s showed widespread levels of membrane damage,
similar to those biofilms treated with 70% ethanol
(Fig. 1). Confocal micrographs of the biofilm revealed
effective penetration of both the antimicrobial agent and
vitality stains throughout the growing biofilm (Fig. 1).
High magnification images revealed that a few of the
cells comprising the biofilms remained viable despite
antimicrobial exposure (Fig. 1C3 ).
Treatment of biofilms with triclosan resulted in levels of
membrane damage that mirrored those biofilms exposed
to essential oils for similar periods (Fig. 2C1 , C2 , C3 ).
Confocal micrographs taken at higher magnifications
showed that only a few cells resisted the triclosan
treatment, similar to treatment with essential oils.
In biofilms treated with CPC mixture, moderate levels
of membrane damage were detected after 60 s exposures
(Fig. 3). Profiles of the treated biofilms obtained by CLSM
showed that CPC caused loss of membrane integrity only
in the top two-thirds of the biofilm after 60 s of treatment
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Fig. 2: Effect of triclosan (TR) on 12 h biofilms. Panels A1 , A2 , A3 are untreated negative controls as described in Fig. 1. Panels B1 , B2 , B3 are positive
controls treated with 70% ethanol, as described in Fig. 1. (C1 ) Representative image of biofilm treated with TR for 30 s showing extensive labeling with
propidium iodide (red) and SYTO 9 (green). Colocalization of stains appears yellow. (C2 ) A three-dimensional reconstruction of C1 rotated 90◦ in the
x–z direction, showing extensive propidium iodide labeling throughout biofilm thickness. (C3 ) High magnification confocal image of biofilm treated with
TR shows the majority of cells stained with propidium iodide and SYTO 9 (yellow), indicating loss of membrane integrity. Scale bars: 50 µm (A1 , B1 , C1 ),
65 µm (A2 , B2 , C2 ), and 10 µm (A3 , B3 , C3 ). Black line in A2 , B2 , and C2 indicates substratum surface.

(Fig. 3C2 ). Little or no change in biofilm viability was
seen after 30 s (see Fig. 5). High magnification confocal
micrographs of those cells in the lower one-third of the
biofilm (i.e. close to the glass substratum) indicated that
the majority of cells appear to be unaffected by CPC
treatment (Fig. 3C3 ). Overall, the 30 and 60 s exposures
of CPC appeared to be less effective than essential oils or
triclosan in causing loss of plasma membrane integrity.
The antimicrobial chlorhexidine also required a 60 s
exposure to cause widespread membrane damage in the
12 h growing biofilm (Fig. 4). Despite the longer time
needed for effective induction of membrane damage, the
damage appeared to be throughout the entire biofilm
(Fig. 4C2 ). However, as seen in the treatments with
essential oils and triclosan, high magnification images
showed a subset of the cells that resisted 30 and 60 s
chlorhexidine treatments (Fig. 4B3 and C3 , respectively).
To quantify the percentage of viable cells in each
treatment the fluorescence intensities of the confocal
micrographs were separated on the basis of green and
red pixels using image analysis software. A threshold was
set for both the red and green pixels and the total area
with green fluorescence was calculated for each treatment
(Fig. 5). The resulting values were then compared to
assess statistical significance. One-way ANOVA revealed
a statistically significant difference between the mean

values (P < 0.001) of the antimicrobial treatments. A
Tukey’s nonparametric pairwise comparison indicated
that there was a statistically significant difference (P <
0.05) between the untreated biofilms and 70% ethanol,
essential oils (EO), triclosan (TR) and chlorhexidine
(CHX) 60 s treated biofilms. Untreated biofilms were not
significantly different from CPC 30 s, CPC 60 s and CHX
30 s treated biofilms (Fig. 5).
Some variation in the thickness of oral biofilm growth
was observed throughout this study. To determine whether
significant differences occurred in biofilm thickness
between treatments, ten random samples were selected
throughout each flowcell track and the biofilm thickness
was measured using confocal microscopy z-sectioning.
The average thickness of the biofilms was 53 µm and
random measurements were statistically compared using a
two-sample t-test. The analysis indicated that the thickness
of the biofilms between treatments was not statistically
different at the 95% confidence level (P < 0.05).

DISCUSSION
The results of this study demonstrate that (1) the
saliva-conditioned flowcell provides a reproducible and
quantitative tool for the testing of multiple antimicrobial
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Fig. 3: Effect of cetylpyridinium chloride/domiphen bromide (CPC) on 12 h biofilms. Panels A1 , A2 , and A3 are untreated negative controls as described
in Fig. 1. Panels B1 , B2 , B3 are positive controls treated with 70% ethanol, as described in Fig. 1. (C1 ) Biofilm treated with CPC shows very little
membrane damage after 60 s exposure. (C2 ) A three-dimensional reconstruction of C1 rotated 90◦ in the x–z direction, demonstrating the inability of this
antimicrobial agent to cause membrane damage (red) throughout the thickness of the biofilm. (C3 ) High-magnification confocal image of CPC-treated
biofilm showing that most of the cells are fluorescing green, indicative of viability. Scale bars: 50 µm (A1 , A2 , B1 , B2 , C1 , C2 ), and 10 µm (A3 , B3 , C3 ).
Black line in A2 , B2 , and C2 indicates substratum surface.

agents in situ, and (2) the four tested antimicrobial
agents had various levels of effectiveness on S. gordonii
monoculture biofilms.
By using a saliva-conditioned flowcell, antimicrobial
agents can be tested in situ on undisturbed biofilms
thus providing spatial information on the efficacy of the
different agents. Many of the previous methods measured
the efficacy of antimicrobials on planktonic monocultures,
not biofilms (Fine et al., 2000; Pan et al., 2000). Studies
have shown that the susceptibility of oral bacteria to
antimicrobials decreases when bacteria are in biofilms
(Brown et al., 1988). By using flowcell-grown biofilms the
efficacy of antimicrobials can be tested and analyzed on
naturally forming dental plaque in situ, thus overcoming
many of the caveats associated with previously described
methods.
An additional attribute, although not unique to this
model system, is that biofilms grown in the flowcell can be
manipulated to contain a specific mixture of organisms.
However, in order to complement many previous studies
examining the effects of antimicrobial agents on oral
bacteria, we used a monoculture biofilm of S. gordonii,
a known early colonizer that grows well in monoculture
and in mixed-species biofilms (Palmer et al., 2001). This
simplified model enables the testing of various agents on
a known oral bacterial species in situ, and differs from

those studies in which the antimicrobials were tested on
bacterial cultures or disassociated biofilms. Information
from monoculture studies with a variety of species can be
used as a basis for additional studies with combinations of
several known species or biofilms formed from a natural
inoculum.
Of the antimicrobials tested, essential oils and TR
were the most effective in causing damage to the plasma
membranes of the S. gordonii biofilms in 30 s. Both CHX
and CPC caused little if any visible membrane damage
after a 30 s incubation. After 60 s, however, CHX caused
a significant increase in membrane damage. These results
are consistent with previous studies examining the effects
of TR and CHX on oral biofilms (Pratten et al., 1998;
Zaura-Arite et al., 2001), although in those studies the
exposure time to CHX was 60 s or greater. In this study,
we attempted to mimic exposure times often used in
in vivo clinical studies (i.e. 30 and 60 s) (Moran et al.,
1997; Fine et al., 2000; Pan et al., 2000).
Although variation of biofilm thickness was not
statistically significant between flowcells, one source of
possible variation in thickness could be the result of
differences in the acquired pellicle of host-derived proteins
from saliva on the glass surface of the flowcell. To reduce
inherent variations, saliva used in these experiments
was collected and pooled from six or more individuals.
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Fig. 4: Effect of chlorhexidine (CHX) on 12 h biofilms. Panels A1 , A2 , and A3 are untreated negative controls as described in Fig. 1. (B1 ) Representative
image of biofilm treated for 30 s with CHX. (B2 ) A three-dimensional reconstruction of B1 rotated 90◦ in the x–z direction. (B3 ) High-magnification
image of biofilm treated for 30 s with CHX. Biofilms are labeled extensively with SYTO 9, suggesting viability. (C1 ) Confocal image of biofilms treated
with CHX for 60 s showing more membrane damage (red) than in 30 s treatment. (C2 ) A 90◦ rotation of a three-dimensional reconstruction of C1 . (C3 )
High-magnification micrograph of a biofilm treated with CHX for 60 s showing extensive labeling of propidium iodide and SYTO 9 (yellow), thus indicating
membrane damage. Scale bars: 50 µm (A1 , B1 , C1 ), 55 µm (A2 , B2 , C2 ), and 10 µm (A3 , B3 , C3 ). Black line in A2 , B2 , and C2 indicates substratum
surface.

Results from previous studies have shown that S. gordonii
DL1 consistently grows planktonically to densities ≥2 ×
107 cells per ml in different samples of pooled saliva
(Palmer et al., 2001), thus making the pooled saliva an
unlikely source of significant variation.
In three of the four antimicrobials, complete
penetration of the agents throughout the biofilms was
observed within 60 s as indicated by the fluorescent
staining. Evidence of membrane damage extended from
the glass substratum towards the lumen of the flowcell. In
biofilms tested with the agent CPC, it remained unclear
why the product did not cause widespread membrane
damage. Several possibilities include: (1) that the molecule
may not have been able to completely permeate the
biofilms; (2) that the molecule could penetrate but was
unable to cause membrane damage within the tested time
period; or (3), as CPC diffused though the biofilm, its
efficacy may have been reduced as it reacted with the
cells of the biofilm. Despite this uncertainty with CPC,
the vitality stains completely permeated the biofilm as
visualized with CLSM. Another observation suggesting
that the CPC molecule was able to completely penetrate
was the presence of spaces (2 to 10 µm) between the cells

of the growing biofilm. Studies have shown that dextran
beads with a relative molecular mass (Mr ) of 70 000 and
immunoglobulin (Ig) G molecules with Mr up to 150 000
are able to successfully penetrate biofilms up to 60 µm
(Thurnheer et al., 2002). The relative molecular mass of
CPC (cetylpyridinium chloride Mr 400, and domiphen
bromide Mr 414) as well as the solubility of CPC in
water suggest that CPC has the capacity to permeate
the entire biofilm thickness, although its diffusion and
reaction capabilities with the biofilm have yet to be tested
in this in vitro flowcell model.
Regardless of the antimicrobial agent examined in this
study, high magnification confocal micrograph images
revealed that some of the bacterial cells were unaffected
by the various treatments. These viable, intact cells were
randomly located throughout the growing community.
Previous studies have shown that, as compared with
planktonic forms, bacteria associated in biofilm communities are 10 to 1000 times more likely to be resistant
to antimicrobial agents (Fine et al., 2001; Mah & O’Toole,
2001). Many biofilms utilize alternative resistance mechanisms such as reduced growth and stress responses to
avert the cidal effects of the antimicrobial (Foley et al.,
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Fig. 5: Efficacy of antimicrobial treatments on 12 h biofilms measured with image analysis software showing the percentage of confocal micrographs
staining with SYTO 9, an indicator of viable cells. Each bar represents the average value obtained with at least four confocal micrographs (standard error
of the mean is indicated), (EO, essential oils; TR, triclosan; CPC, cetylpyridinium chloride/domiphen bromide; and CHX, chlorhexidine).

1999). Another factor known to alter the response of
biofilms to antimicrobial agents is age. Studies have shown
that, as a biofilm matures, cells are less susceptible to
the effects of antimicrobial agents (Carpentier & Cerf,
1993; Leriche et al., 2003). In this study we examined
12 h biofilms to approximate the length of time between
normal oral hygiene procedures. Additional time points
would be required to examine whether there is an agerelated reduction in the efficacy of those antimicrobial
agents used in this study. These observations, however,
reinforce the need to examine the effects of antimicrobials on undisturbed oral biofilms in situ rather
than on planktonic bacterial cultures or disassociated
biofilms.
This study represents an alternative, noninvasive
method for the examination of antimicrobials on intact
oral bacterial biofilms. The method complements current
clinical testing methods; however, this technique is unique
in that it mimics the natural salivary flow conditions
of the human mouth and yet does not require human
subjects for testing. Future work could utilize this method
to rapidly test new antimicrobial agents on biofilms
containing specific target species, mixed-species of a
defined composition, or natural saliva inocula without
disruption to the growing biofilm.
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